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Preface to ”Exclusive Papers of the Editorial Board
Members (EBMs) of the Materials Chemistry Section
of Molecules”

This book covers the recent contributions to the development of the “Materials

Chemistry” research fields by the Editorial Board Members of the “Materials Chemistry” Section of

Molecules in 2020.

The “Materials Chemistry” Section of Molecules, taking advantages from knowledge in

chemistry, biotechnology, chemical engineering, physics, and materials science, aims to be an open

access place for the dissemination of theoretical and experimental studies related to the chemical

approaches to materials-based problems.

The Materials Section benefits from the cooperation of 137 Editorial Board Members, whose

scientific contributions highlight the importance of an interdisciplinary environment where the

different expertise act synergistically to focus the progress in the field of creating and manipulating

new materials.

In this book, 13 papers (either research and review article) dealing with some of facet of Materials

Chemistry are collected. The aim is to provide readers with a vision of the relevance of papers

covering studies related to both the synthesis and characterization of organic and inorganic materials.

Some of the collected papers focused on synthetic approach to materials science.

Andrade et al. provided an overview of the 2015-2020 literature works covering the

implementation of unconventional methodologies in carbon–carbon (C–C) cross-coupling reactions,

including the use of alternative energy sources to solvent- free and green media protocols.

Garcı́a Velázquez et al. described a microwave-assisted synthetic approach for the fabrication

of water-soluble π -conjugated hexaazatrinaphthylenes-based dendritic architectures constructed by

hexaketocyclohexane and 1,2,4,5-benzenetetramine units.

Chalmpes et al. presented the preparation of carbon nanosheets and fullerols through

spontaneous ignition processes where coffee and fullerenes played the role of the combustible fuel,

whereas sodium peroxide acted as strong oxidizer.

Balestrat et al. investigated the pyrolysis of a liquid poly(vinylmethyl-co-methyl)silazane

modified by tetrakis(dimethylamido)titanium in flowing ammonia, nitrogen and argon followed

by the annealing of as-pyrolyzed ceramic powders for the synthesis of Si-Ti-N and Si-Ti-C

nanocomposite systems.

Dibenedetto et al. focused the attention of their research on TiO2/PbS heterostructures,

interesting materials for applications in different fields including catalysis, biomedicine, and energy

conversion. Authors investigated the synthesis as a function of the experimental conditions and the

heterostructures in terms of topology, structural properties, and optical properties

Pallavicini et al. examined different polymeric coatings for spherical gold nanoparticles, with

the aim of maintaining their spectral stability both in liquid inks and in dry prints, key feature for

their use in secure writing of photothermally readable information.

Bijelić et al. synthesized perovskites with Sr2NiMO6 (M = Te, W) structure using aqueous citrate

sol-gel route. The work aimed to address the great interest on double perovskites properties, which

is related to the coexistence of ferro/ferri/antiferro-magnetic ground state and semiconductor band

gap within the same material.

ix



Other contributions are related on the theoretical and experimental characterization of materials

properties.

To this regard, De Giorgi et al. focused their research on the comprehension of the environmental

effects on the optical and electronic properties of lead halide perovskites, with the ultimate aim to

describe the state of the art for development of perovskite-based sensors.

Arshid et al. employed a quasi-3D hyperbolic shear deformation theory, together with the

Hamilton’s principle and the modified couple stress theory, to analyze the vibrational behavior of

rectangular micro-scale sandwich plates resting on a visco-Pasternak foundation. Authors aimed to

provide new insights many modern engineering applications and their optimization design.

Vyazovkin’s paper is focused on the applications of the Kissinger method to estimate the

activation energy of different processes, including chemical reactions, crystallization and glass

transition. Author gave a theoretical discussion to explain the origins of the complex temperature

dependence of the respective rate, and then applied the Kissinger method to some available

experimental data.

Finally, biomedical application of materials is the topic of the last three papers of the book.

In the first of them, Curulli made an overview on the application of different nanomaterials and

nanocomposites with tailored morphological properties as sensing platforms for food analysis, with

particular attention to the sensors based on carbon-based nanomaterials, metallic nanomaterials, and

related nanocomposites

Schlachet et al. aimed to evaluate the biodistribution of mixed amphiphilic mucoadhesive

nanoparticles made of chitosan-g-poly(methyl methacrylate) and poly(vinyl alcohol)-g-poly(methyl

methacrylate) and ionotropically crosslinked with sodium tripolyphosphate in the brain after

intravenous and intranasal administration.

The biomedical part of the book is closed by Cirillo et al., who provided evidence that a

multifunctional hybrid hydrogel made of a caffeic-acid-sodium alginate bioconjugate and graphene

oxidecan act as a platform to either provide the electro-responsive release of biologically active

molecules such as Lysozyme or facilitate its crystallization under oxidative stress.

Giuseppe Cirillo

Editor

x
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Abstract: The ever-growing interest in the cross-coupling reaction and its applications has increased
exponentially in the last decade, owing to its efficiency and effectiveness. Transition metal-mediated
cross-couplings reactions, such as Suzuki–Miyaura, Sonogashira, Heck, and others, are powerful
tools for carbon–carbon bond formations and have become truly fundamental routes in catalysis,
among other fields. Various greener strategies have emerged in recent years, given the widespread
popularity of these important reactions. The present review comprises literature from 2015 onward
covering the implementation of unconventional methodologies in carbon–carbon (C–C) cross-coupling
reactions that embodies a variety of strategies, from the use of alternative energy sources to solvent-
free and green media protocols.

Keywords: cross-coupling reactions; microwave irradiation; ultrasounds; mechanochemistry;
solvent-free; water; ionic liquids; deep eutectic solvents; sustainability

1. Introduction

Cross-coupling reactions have attracted and inspired researchers in the academia and industry for
decades, given its significance as a synthetic tool in modern organic synthesis. The continuous interest
in cross-coupling reactions, with more than 40 years of history, has been mostly driven by its valuable
contributions and applications in the medicinal and pharmaceutical industries. Especially noteworthy
are reactions furnishing carbon-carbon bonds, regarded as one of the most challenging tasks in organic
synthesis. C–C Cross-coupling protocols developed by Suzuki [1], Heck [2], and Sonogashira [3],
among others, changed the way in which organic synthesis is conceptualized, endowing a practical
synthetic route for the direct formation of C–C bonds [4–6].

The continuous challenge of the design of reactions from a sustainable viewpoint (e.g., more efficient
energy consumption, easy catalyst recovery, avoidance of high amounts of organic solvents) has led to
the development of greener reaction protocols [7–10]. Tremendous efforts have been paid to develop
alternative energy inputs that can dramatically reduce the reaction time, resulting in higher yields
of the desired product. On the other hand, the use of eco-friendly media or solvent-free protocols
is preferred over common organic solvents to obtain the maximum conversion in an eco-friendly
manner [11–13]. Other issues such as efficient separation and subsequent recycling of the catalyst have
been effectively solved, mostly by heterogeneous catalytic systems, many of them involving metallic
nanoparticles [14,15], and, also, by the development of magnetic-supported catalysts [16–18].

The implementation of green methodologies in C–C cross-coupling reactions relies on a variety
of strategies, such as the use of microwave irradiation, ultrasounds, and mechanochemistry as
energy input under green and sustainable reaction media [11,19]. In this review, we wish to cover
recent advances reported in the literature from 2015 to date that have demonstrated a special focus
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on unconventional methodologies for the generation of C–C bonds using cross-coupling reactions.
Out of the scope of this review are photo-induced cross-coupling reactions. The synthesis of novel
heterogeneous catalysts is not analyzed separately.

2. Alternative Activation Methods for Cross-Coupling Reactions

The use of alternative means of activation can improve many established protocols, providing
superior results when compared to reactions performed under conventional conditions. Microwave
(MW) irradiation, ultrasounds, and mechanochemistry can be used to enhance conventional
experimental techniques for cross-coupling reactions.

2.1. Microwave Irradiation

Microwave (MW)-assisted synthesis has developed into a popular branch of synthetic organic
chemistry, being currently employed for a variety of chemical applications. MW irradiation
produces efficient internal heating by direct coupling of MW energy with the molecules (solvents,
reagents, and catalysts) that are present in a reaction mixture, in contrast to conventional heating
methods [14,20,21]. Reaction vessels employed in MW reactors, typically made out of microwave
transparent materials (borosilicate glass, quartz, or Teflon), allow the radiation to pass through
the walls of the vessel, creating an inverted temperature gradient as compared to conventional
thermal heating [22]. This unconventional MW energy results in the acceleration of chemical
reactions due to the selective absorption of MW radiation by polar molecules [20,21,23]. The rate
enhancements are essentially a result of a thermal effect, a change in temperature compared to
heating by standard convection methods [24,25]. The use of MW irradiation fulfils the requirement
of green chemistry, providing rapid heating, reduced reaction times, and, in many cases, increased
yields and selectivity with significant energy savings [23,26]. MW-assisted reactions have been
studied in detail by many researchers in numerous scientific areas, highlighting the advantages of this
methodology [22]. High-yielding C–C cross-coupling reactions under the influence of MWs have been
described in the literature for the past decade. There are extensive studies about Suzuki–Miyaura and,
to a lesser extent, Mizoroki–Heck and Sonogashira-type C–C cross-coupling reactions incorporating
MW irradiation.

In 2015, Martínez et al. described the MW-assisted Mizoroki–Heck reaction, under solvent-free
conditions, using a new family of solid catalysts, consisting in supported Pd nanoparticles (NP) on
a synthetic clay (laponite) (Scheme 1) [27].

Scheme 1. Heck reaction of iodobenzene with butyl acrylate using laponite-supported Pd nanoparticles
(NPs) [27]. MW: microwave.

The influence of reaction time and MW power employed on the catalytic results was thoroughly
studied by the authors. Complete conversions and excellent product yields were achieved in a few
minutes, representing a remarkable increase of around 24 to 60 times in comparison to the use of
conventional heating. It was observed that the time necessary to reach complete conversion was
dependent on the power of the MW source. The catalyst was efficiently recovered and reused
several times, achieving total conversion, outperforming most of the cases described in the literature.
Nevertheless, the use of high MW power was found to be detrimental for the catalyst lifetime, leading to
catalyst poisoning by coke deposition. In this sense, the authors highlighted that the best performances
could be obtained using MW power up to 25 W.

2
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Shah et al. provided an example of synergism between PdNP and MW heating in ligand-free
C–C cross-coupling reactions—namely, Suzuki, Hiyama, Heck, and Sonogashira [28]. PdNPs < 10 nm
were impregnated onto a commercially available microporous polystyrene resin and successfully
used to synthesize asymmetric terphenyls by the sequential addition of aryl boronic acids. Highly
pure coupled products were obtained in 6–35 min under MW heating, using benign low-boiling
solvents that otherwise would involve 4–30 h of inert atmosphere under conventional heating
(Figure 1). No side-products were observed, and, in most cases, the products were purified by simple
crystallization. The catalyst was successfully recycled up to six times without significant leaching or
a decrease in efficiency. A TEM analysis showed that the size of the NP remained unchanged after
the reaction.

Figure 1. A comparison of time and yield for standard protocols of various coupling reactions.
Reproduced with the permission of reference [28], Copyright 2016 Elsevier B.V.

Massaro and colleagues prepared a covalently linked thermo-responsive polymer on halloysite
nanotubes (HNTs) by means of MW irradiation, used as a support and stabilizer for PdNP [29].
The prepared HNT-poly(N-isopropylacrylamide) (PNIPAAM) nanomaterial showed a good catalytic
activity towards the Suzuki cross-coupling reaction of phenylboronic acid and several aryl halides
under MW irradiation in aqueous media and low catalyst loading (0.016 mol%), reaching turnover
numbers (TONs) and turnover frequencies (TOFs) up to 6250 and 37,500 h−1, respectively (Table 1).
The catalyst was easily separated from the reaction mixture and reused for five cycles, with a minor
drop in its catalytic activity and negligible Pd leaching.

Table 1. Suzuki cross-coupling reaction of phenylboronic acid with various aryl halides under optimized
reaction conditions under microwave (MW) irradiations [29].
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Ar-X Conversion (%) TON TOF (h−1)

4-bromoacetophenone >95 6250 37,500
4-iodoanisole 85 5310 31,870

4-bromobenzaldheyde 94 5880 35,250
4-bromoanisole 85 5310 31,880

3-bromobenzaldheyde 82 5130 30,750
4-iodoacetophenone 94 5880 35,250

2-iodotoluene 73 4560 27,380

Turnover number (TON) calculated as moles of substrate converted/moles of Pd. Turnover frequency (TOF)
calculated as TON/hours. HNT: halloysite nanotube; PNIPAAM: HNT-poly(N-isopropylacrylamide); PDNPs:
Pd nanoparticles, TBAB: tetrabutylammonium bromide.
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The beneficial use of MWs was also observed in a Sonogashira-type coupling reaction and reported
by Lei et al. [30]. After the study of the effect of different catalysts, bases, solvents, temperatures,
and reaction times on the coupling of 4-bromobenzonitrile to 4-((trimethylsilyl)ethynyl)benzonitrile,
chosen as the model reaction (Scheme 2), the authors extended the scope of the MW-assisted
reaction to a variety of substrates. Efficient conversion of the substrates into the desired
1-aryl-2-(trimethylsilyl)acetylene products with excellent yields was observed within a short reaction
time under MWs. Compared to the 4-bromobenzonitrile substrate, the 4-iodobenzonitrile substrate also
afforded quantitative yields. Moreover, several functional groups were well-tolerated under optimized
conditions, with excellent yields. The use of MWs was found to significantly improve the efficiency of
the method based on Cu and Pd-catalyzed Sonogashira-type coupling processes in a short reaction time,
making it a useful approach for the synthesis of structurally diverse 1-aryl-2-(trimethylsilyl)acetylene.

Scheme 2. Microwave-assisted Sonogashira-type coupling of 4-bromobenzonitrile to 4-((trimethylsilyl)
ethynyl)benzonitrile [30].

Savitha et al. explored the MW-assisted Suzuki–Miyaura cross-coupling reaction of the chloro
uracil analog with a wide array of (hetero) aryl potassium organotrifluoroborates, in water [31]. Aryl and
heteroaryl trifluoroborates were found to be excellent reagents for Pd-catalyzed cross-coupling reactions
with 6-chloro-3-methyluracil (Scheme 3). A set of electron-rich phosphines was employed, along with
Pd(OAc)2, as the catalyst. Although none of the catalytic systems provided exceptional results,
the catalytic activity was significantly enhanced when a Pd-XPhos precatalyst, a coordinatively
unsaturated complex, was employed, with excellent conversions (72–90%). The screening of solvents
showed that the reaction afforded exceptional conversion in plain water, which, in combination with
MW irradiation, increased its green potential.

Scheme 3. Suzuki–Miyaura cross-coupling reaction under MW irradiation [31].

In 2017, Baran and coworkers designed a heterogeneous Pd(II) catalyst containing a O-carboxymethyl
chitosan Schiff base (CS-NNSB) as the support material. The catalytic activity of CS-NNSB-Pd(II) was
examined in Suzuki cross-coupling reactions under mild conditions using a simple MW heating
technique and solvent-free reaction media [32]. CSNNSB-Pd(II) presented a high catalytic performance
and excellent selectivity for the coupling reaction of phenyl boronic acid with 4-bromoanisol, with very
low catalyst loading (6 mmol%) in a very short reaction time (5 min), offering high TON and
TOF values (up to 16,167 and 202,087), confirming the suitability of the proposed catalytic system.
The substrate scope was extended under the optimum conditions with a range of aryl halides, containing
withdrawing groups or electron-donating functional groups. While the coupling reactions of aryl
bromides and iodides provided the desired biaryls products with excellent yields, relatively lower
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reaction yields were observed for the aryl chlorides owing to the poor reaction activity. In addition,
the reusability and catalytic behavior of the catalyst was tested, and it could be reused up to
seven runs. Verbitskiy and colleagues proposed a convenient method for the synthesis of a new
fluorophore on the basis of 4,5,6-tri(het)-arylpyrimidine containing three electron-donating carbazole
moieties by consisting of a series of MW-assisted Suzuki cross-coupling reactions [33]. The synthesis
of the target structure of fluorophore was accomplished by using the sequence of MW-assisted
Suzuki cross-coupling and bromination with N-bromosuccinimide, using as a starting material
5-bromo-4,6-di(thiophen-2-yl)pyrimidine. The reaction time never exceeded 25 min, and the yield of
the target fluorophore 3,3’-(5,5’-(5-[5-(9-ethyl-9H-carbazol-3-yl)-3-hexylthiophen-2-yl]pyrimidine-4,6-
diyl)bis(thiophene-5,2-diyl))bis(9-ethyl-9H-carbazole) reached 56%, with the 29% combined yield over
three steps. The optical properties of the obtained compound were explored, envisioning possible
applications in sensors for nitroaromatic compounds.

MW irradiation was employed in another study for both the preparation of the catalyst and
its application for the Suzuki cross-coupling reaction of bromobenzene and phenylboronic acid [34].
Elazab et al. developed a simple and efficient synthetic protocol to produce highly active PdNP
catalysts supported on a copper oxide matrix using MW irradiation through a simple and fast approach
under mild temperature and pressure (Scheme 4). The synthesized Pd/CuO bimetallic catalyst with
an average size of 20–40 nm was investigated towards the Suzuki cross-coupling reactions in 50%
aqueous ethanol solvent using MW irradiation.

Scheme 4. Suzuki cross-coupling reactions using a Pd/CuO catalyst [34].

The prepared Pd/CuO catalyst was found to be stable, showing excellent conversion within
15 min at 150 ◦C, highlighting the crucial role played by the CuO solid support in preventing NP
agglomeration. Moreover, it could be simply recovered and recycled up to five times with a negligible
loss in performance or catalytic activity under the batch reaction. The implemented MW irradiation
method was recognized as simple, reliable, and rapid, allowing the synthesis of controlled-size NPs.
The results obtained for the Suzuki cross-coupling reaction are in line with those observed by Massaro
et al. [29] and discussed above in this section, even though the comparison is not straightforward,
as the experimental conditions are distinct—namely, catalyst support and loading and the microwave
power employed.

Zakharchenko et al. described the efficient MW-assisted C–C cross Suzuki–Miyaura coupling
reaction with a series of catalysts, including Pd(II) complexes. The synthesized materials, consisting
of 3-(2-pyridyl)-5R-1,2,4-triazoles Pd(LR)2 (R = ethyl, n-propyl, i-propyl, and t-butyl) catalyzed
the MW-assisted Suzuki–Miyaura cross-coupling reaction of bromoanisole with phenyl boronic acid
in the presence of a base. Furthermore, these heterogeneous catalysts were recovered and reused
without losing activity for quite a few consecutive cycles [35]. The low power of the MW irradiation
(10 W) used provided a much more efficient synthetic method than conventional heating, allowing for
the attainment of significantly better yields in much shorter times.

5
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2.2. Sonochemistry

Ultrasound-promoted organic synthesis is a powerful and important green methodology.
Sonochemistry is the use of ultrasound irradiation in chemical processes, leading to the generation
of intense mechanical, thermal, and chemical effects in a liquid medium as the consequence of
the cavitation phenomenon throughout the generation, growth, and sudden collapse of gaseous
microbubbles [14,36]. This feature creates extremely high local pressures (up to 1000 bar) and high
temperatures (up to 5000 K) that can trigger high-energy radical mechanisms in mild conditions [24].
The physical properties of the irradiated mixture are crucial for the effectiveness of cavitation, as well
as for the proper transfer of acoustic energy to the reactants.

Ultrasounds can therefore be used as an important tool to perform a number of chemical reactions,
enhancing rates and yields at shorter reaction times, with simpler and easier workup conditions
compared to conventional procedures [26,36]. Ultrasound-promoted procedures that combine
sonochemistry with green, nonconventional solvents or even solvent-free have been increasingly
reported in the literature, including, most frequently, the use of water, ionic liquids, poly(ethylene glycol)
(PEG), and others. Despite the large and diverse number of reports on this topic, very few data are
available on comparative results obtained for direct and indirect sonochemistry procedures.

In 2017, Rezaei developed a highly efficient procedure involving PEDOT nanofibers/Pd(0)
composites (PEDOT-NFs@Pd) as recyclable catalysts for the C–C cross-coupling reactions of aryl
halides with olefinic compounds under ultrasonic irradiation in water (Scheme 5) [37]. The catalytic
performance of the catalyst toward Heck cross-coupling reactions under ultrasound irradiation was
examined, being clear that the coupling reaction could be finished in a shorter time with better yields.
The author further explored the catalytic applicability of PEDOT-NFs@Pd towards Heck coupling
reactions of styrene and n-butyl acrylate with different aryl halides under optimized conditions,
showing that various aryl bromide or iodide with different substituent groups could be efficiently
converted to the corresponding products in high yields. Moreover, the catalyst was recovered by
simple filtration and reused quite a few times without a significant loss of activity.

Scheme 5. US-assisted Mizoroki–Heck cross-coupling reactions [37]. NF: nanofibers.

Panahi and colleagues reported the synthesis of a Pd nanomaterial based on a Cu-metal-organic
framework (MOF), Pd@Cu-MOF, as an effective catalyst for a Suzuki–Myaura C-C cross-coupling
under ultrasonic irradiation [38]. Operational parameters, such as temperature, time, solvent, and base,
were the first objects of optimization in a model reaction of phenylboronic acid and p-bromobenzene.
Subsequently, different derivatives of biaryl compounds were synthesized by the US-assisted reaction
of different aryl halide derivatives and phenylboronic acid derivatives in shorter reaction times
and considerably higher yields (75–99%) in the presence of a base. The catalyst was recoverable,
being reused for at least four consecutive reaction cycles.

In 2018, there was a US-assisted and Pd-catalyzed reaction of 4-bromoanisole and phenylboronic
acid in a 1:1 mixture of ethanol and water [39]. The authors explored the effects of several operating
parameters, such as US power, temperature, catalyst loading, and molar ratio on the catalytic
performance (Figure 2).

6



Molecules 2020, 25, 5506

Figure 2. (Left): Effect of solvent combination on the US-assisted Suzuki cross-coupling reaction.
(right): Effect of different bases on the US-assisted Suzuki cross-coupling reaction. Reaction Conditions:
4-bromoanisole (1 mmol) and phenylboronic acid (1.5 mmol) using 1.5 mol% of catalyst Pd/C,
base (2.0 mmol), 30 ◦C, ultrasonic bath, 22 kHz, and the irradiation power of 40 W. Adapted with
the permission of reference [39], Copyright 2017 Elsevier B.V.

Overall optimum conditions established were the catalyst loading of 1.5 mol%, molar ratio of
(phenylboronic acid:4-bromoanisole) 1.5, US power of 40 W, and duty cycle of 90% at a frequency
of 22 kHz for a maximum conversion of 98%, achieved in 35 min. This study also demonstrated
a very good catalytic performance using a volume ten times higher as compared to the normally used
volumes in the case of a simple ultrasonic horn. It was also observed that the reaction rate increased
with an increase in temperature over the range of 30–60 ◦C, decreasing beyond this temperature.

The development of a simple US-assisted protocol for the Suzuki–Miyaura reaction yielding
biphenyl compounds was reported by Baran et al. [40]. The catalytic performance of PdNPs@CMC/AG,
consisting of Pd(0)NP on a natural composite composed of carboxymethyl cellulose/agar polysaccharides
(CMC/AG), was evaluated in the synthesis of various biphenyl compounds by using ultrasounds.

The prepared nanocomposite exhibited an excellent catalytic performance for cross-coupling
reactions that contained aryl iodides, achieving high reaction yields. In addition, PdNPs@CMC/AG
was successfully reused up to six reaction cycles without a loss of its catalytic activity, indicating a high
reproducibility of PdNPs@CMC/AG. Compared to conventional methods, the US-assisted synthesis
technique reported in this study exhibited some advantages, such as a shorter reaction time, greener
reaction conditions, higher yields, and easier workup.

In 2018, Naeimi et al. reported a novel and efficient catalytic system consisting of Cu(I)-immobilized
on functionalized graphene oxide for the Sonogashira coupling reaction under ultrasonic irradiation [41].
The prepared nanocatalyst GO@SiO2-HMTA-Cu(I) (GO: graphene oxide; HMTA: hexamethylenetetramine)
afforded excellent yields of diarylethene compounds and short reaction times under mild reaction
conditions (Table 2). The catalytic activity of GO@SiO2-HMTA-Cu(I) was found to be dependent on
the type of leaving group: all aryl halides (chloride, bromide, and iodide). The products can be easily
separated from the reaction mixture by filtration. Furthermore, the catalyst was simply recycled and
reused eight times without a significant loss of activity.
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Table 2. Study of the effect of ultrasonic radiation on the Sonogashira reaction [41].

Power (W) Time (min) Yield (%)

Silent 120 -
35 60 81
40 50 87
45 35 93
50 25 98
55 25 98

Reaction conditions: aryl halide (1 mmol), phenyl acetylene (1.2 mmol) GO@SiO2-HMTA-Cu(I) and NEt3 (3 mmol)
in water. GO: graphene oxide; HMTA: hexamethylenetetramine.

In 2019, the same authors reported the synthesis of a magnetic thiamine Pd complex nanocomposite,
a novel, highly active, and reusable catalyst for the Mizoroki–Heck coupling reaction of several types of
iodo, bromo, and even aryl chlorides under US irradiation [42]. The prepared Pd catalyst demonstrated
an excellent performance for the efficient, mild, fast, clean, and safe sonochemical synthesis of
trans-stilbene derivatives at room temperature, producing the corresponding trans-coupled products
in excellent yields and moderate reaction times. The authors first examined the efficiency of the solvent
in the Mizoroki–Heck reaction, DMF being the most efficient for this transformation. The gathered data
demonstrated that, in the presence of ultrasonic irradiation and 0.02 g of the Pd(0) catalyst, the reaction
time was shortened to 8 min, with a sharp increase of the reaction yield to 99% (Table 3). The catalyst
was separated by the use of an external magnet and reused several times without a marked loss
of activity.

Table 3. Study of the effects of ultrasonic irradiation on the Mizoroki-Heck cross-coupling [42].

Power (W) Time (min) Yield (%)

25 30 61
30 26 73
35 21 85
40 15 91
45 8 99
50 8 99

Reaction conditions: Iodobenzene (1 mmol), styrene (1.2 mmol) catalyst (20 mg), and NEt3 (2 mmol) in DMF.

2.3. Mechanochemistry

A mechanochemical reaction is defined as a chemical reaction that is induced by the direct
absorption of mechanical energy [43]. Mechanochemical processes are completely different from
thermal processes, being usually performed using grinding in ball mills. The high speed achieved
under ball milling conditions results in a homogeneous mixture of reactants, which successively
facilitates chemical reactions. Particle refinement leads to an increase of surface area, surface energy,
and number of defects. Mechanochemistry can be used for the mechanical activation of solids, due to
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the increased surface energy, alterations in structure, chemical composition, or chemical reactivity
occurring throughout the milling process. The interest in mechanochemical synthesis is growing at
a fast pace, as it provides convenient, feasible, and greener methods for the synthesis of valuable
chemical compounds.

This method has been successively applied to several organic chemical reactions, involving many
methodologies under solvent-free conditions and, also, finding enhanced selectivities and reactivities
compared to reactions performed in a solution. Examples of mechanochemical-assisted cross-coupling
reactions are now becoming notorious in the literature.

In 2016, Jiang et al. studied the effects of the liquid-assisted grinding in the mechanochemical
Suzuki−Miyaura reaction of aryl chlorides [44]. The catalytic systems, using Davephos or PCy3,
were tested, showing strong influences from different liquids, with an unexpected improvement
of the yield over 55% when using alcohols as additives, which is most likely explained by in-situ
formed alkoxides and their participation in the oxidative addition. Further expansion of the substrate
scope using the Pd(OAc)2/PCy3/MeOH system afforded the desired products in good-to-high yields,
proving that it can be applied to both activated and unactivated aryl chlorides with good-to-high
yields (Figure 3). The result implicates that the liquid-assisted grinding effect does not only provide
a sub-stoichiometric solvent environment but may also participate in the formation of mechanically
induced transition species. Thus, this technique may have the potential to induce higher catalytic
activity for existing systems under high-speed ball milling conditions.

Figure 3. Mechanical Suzuki−Miyaura reaction of aryl chlorides using liquid-assisted grinding.
Reproduced with the permission of reference. [44], Copyright 2016 American Chemical Society.

The result implicates that the liquid-assisted grinding effect does not only provide
a sub-stoichiometric solvent environment but may also participate in the formation of mechanically
induced transition species. Thus, this technique may have the potential to induce a higher catalytic
activity for existing systems under high-speed ball milling conditions.

In 2017, Shi et al. described the synthesis of a cheap and reusable Pd catalyst supported on
MgAl-layered double hydroxides (Pd/MgAl-LDHs) to be used in Heck reactions under high-speed ball
milling conditions at room temperature [45]. The authors explored the effects of the ball milling size,
ball milling filling degree, reaction time, rotation speed, and grinding auxiliary category in the yields
of mechanochemical Heck reactions. The obtained results point out the suitability of this catalyst for
high-speed ball milling (HSBM) systems, affording a wide assortment of Heck coupling products in
satisfactory yields. Moreover, the catalyst could be easily recovered and reused for at least five times
without a significant loss of catalytic activity.

Cao et al. reported in 2018 a novel mechanochemical method for the synthesis and subsequent
reaction of organozinc species in a Negishi cross-coupling reaction [46]. Organozincs were generated
from an alkyl halide with the addition to the reaction mixture of a coupling partner along with a Pd
catalyst and tetrabutylammonium bromide (TBAB) to perform the Negishi reaction in a one-pot,
two-step process (Scheme 6).
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Scheme 6. Optimization of the one-jar, two-step reaction for mechanochemical Negishi cross-coupling
reactions [46]. PEPPSI: pyridine-enhanced pre-catalyst preparation stabilization and initiation.

The approach showed a broad substrate scope, offering broad opportunities for the in-situ
generation of organometallic compounds from base metals and their simultaneous engagement
in mechanochemical synthetic reactions without the need to use inert atmosphere techniques or
dry solvents.

Seo et al. reported a very complete study on the development of a broadly applicable mechanochemical
protocol for the solid-state Pd-catalyzed organoboron Suzuki–Miyaura cross-coupling reaction [47].
The authors studied the influence of olefin additives that might act as molecular dispersants and
the effect of the phosphine ligand on the solid-state organoboron cross-coupling reaction. The influence
of the mechanochemical reaction parameters on the solid-state reaction of 4-bromo-1,1’-biphenyl with
4-dimethylaminophenylboronic acid was also investigated (Table 4). Aiming to explore the scope
of the present solid-state coupling reaction, a variety of solid aryl bromides was used, affording
good-to-excellent yields (%).

Table 4. Investigation on the effects of varying the mechanochemical parameters [47].

Frequency
(Hz) Number of Balls Ball Size‘

(mm)
Yield
(%)

10 1 5 70
15 1 5 75
20 1 5 70
25 1 5 97
30 1 5 99
25 1 3 90
25 2 5 97

Reaction conditions: Pd(OAc)2 (0.009 mmol), DavePhos (0.0135 mol), CsF (0.9 mmol), H2O (20 µL), and 1,5-cod
(0.12 µL/mg) in a stainless-steel ball milling jar (1.5 mL).

Additionally, the use of solid aryl chlorides, boronic acids, aryl dibromides and dichlorides,
and polyaromatic hydrocarbon substrates were also studied for this reaction. Furthermore, the authors
explored the synthetic utility of the proposed protocol, conducting the solid-state cross-coupling
reaction on the gram scale under mechanochemical conditions (Figure 4) of 9-bromoanthracene with
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4-dimethylaminophenylboronic acid at the 8.0-mmol scale in a stainless-steel ball milling jar using four
stainless-steel balls, affording 87% yield in 3 h.

Figure 4. (Left): Reaction scheme for the solid-state cross-coupling of 9-bromoanthracene with
p-methoxyboronic acid. (Right): Solid-state coupling reaction on the gram scale. Reproduced with
the permission of reference [47], Copyright 2019 Royal Society of Chemistry.

For comparison, a solution-based Suzuki–Miyaura cross-coupling reaction was also conducted in
a large amount of solvent (dioxane) at a high temperature (100 ◦C) and extended reaction time (24 h),
obtaining, in this case, a moderate yield (52%). The mechanistic data obtained suggested that olefin
additives could act as dispersants for the Pd-based catalyst suppressing the higher aggregation of
the NPs, which could lead to the catalyst deactivation, acting also as stabilizer for the active Pd(0)
species upon coordination (Figure 5) [47].

Figure 5. Possible roles for the olefin additives in solid-state cross-coupling reactions. Reproduced
with the permission of reference [47], Copyright 2019 Royal Society of Chemistry.

Vogt et al. introduced a facile and highly sustainable synthesis concept for a Pd-catalyzed
mechanochemical reaction, turning catalyst powders, ligands, and solvents obsolete (Figure 6).
The authors performed the Pd-catalyzed C-C Suzuki polymerization of 4-bromo or 4-iodophenylboronic
acid, providing poly(para-phenylene) [48], and were surprised to observe one of the highest degrees
of polymerization (199) reported in the literature. The solvent-free environment of a ball mill enabled
the direct use of Pd milling equipment or Pd black catalyst, instead of conventional Pd(II) salts
or Pd complexes. With 4-iodophenylboronic acid as the monomer, a good yield and high degree of
polymerization were achieved in planetary ball milling using Si3N4 milling material, while full conversion
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to long-chain polymers was obtained in a mixer ball mill using a softer poly(methyl methacrylate) PMMA
vessel. In addition, the degree of polymerization achievable by this method surpassed those obtained by
solution or electrochemical processes. The obtained results indicate a most likely heterogeneous reaction
that was not improved by using established ligands from solution-based homogeneous procedures.

Figure 6. Mechanochemical Suzuki polymerization reaction of 4-bromophenylboronic acid to poly
(para-phenylene) (PPP). The catalyst was simplified from a Pd salt to Pd black and to simply Pd milling
balls. PMB: planetary ball mill; MM: mixer ball mill. Reproduced with the permission of reference [48],
Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

Pentsak et al. investigated the solid-state reaction of aryl halides with arylboronic acids in
the absence of a solvent and without any liquid additives [49]. A few important conditions for
performing the Suzuki–Miyaura reaction were analyzed in detail, pointing out the prominent role
of water, formed as a by-product in the side reaction of arylboronic acid trimerization. Minimal
amounts of water allow the initiation of the reaction with potassium tetraphenylborate and potassium
trifluoroborate. Electron microscopy studies revealed surprising changes that occurred within
the reaction mixture, such as the formation of spherical nano-sized particles containing the reaction
product. Catalyst recycling was easily performed, involving the product isolation by sublimation
and, thus, providing the possibility to completely avoid the use of solvents at all stages (Table 5).
Under optimized conditions, the quantitative yields could be achieved by conventional heating of
the solid-phase reaction mixture, without the need for additional mixing. The PdNPs/multi-walled
carbon nanotubes (MWCNT) catalyst can be reused multiple times without a loss of efficiency.
The absence of a liquid phase is an important factor to avoid metal leaching.

Table 5. Reuse of the PdNPs/MWCNT catalyst in the solid-phase Suzuki–Miyaura process [49].

Conversion%
Cycle

1 2 3 4 5 6 7

0.1 mol% of the catalyst 95 75 94 84 100 98 100
0.5 mol% of the catalyst 79 80 88 86 96 97 93

Reaction conditions: 1 mmol of aryl halide, 1.2 mmol of phenylboronic acid, 1.2 mmol of K2CO3, and 95 ◦C for 6 h.
MWCNT: multi-walled carbon nanotubes.

Soliman and co-workers explored the preparation of Pd(II) and Pt(II) composites with activated
carbon (AC), graphene oxide, and multiwalled carbon nanotubes by ball milling and their use
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as catalysts for the mechanical-assisted Suzuki–Miyaura reaction [50]. The Pd-AC composites
exhibited high catalytic activity towards the mechanochemical cross-coupling of bromobenzene and
phenylboronic acid, with yields up to 75%, achieving a TON and TOF of 222 and 444 h−1, respectively,
using the Pd(4.7 wt%)-AC catalyst (Table 6). The effect of small amounts of olefins on the reaction yield
was investigated for the most promising catalytic system (using cyclooctene as the additive), obtaining
relevant yields of ca. 80%. The authors highlighted the importance of ball milling as a promising
synthetic tool under eco-friendly conditions, in comparison to other approaches for the energy input,
such as MW and conventional heating.

Table 6. Mechanochemical Suzuki—Miyaura cross-coupling reactions of bromobenzene with
phenylboronic acid [50].

Catalyst Time Yield (%)

AC-Pd1 10 27
30 30

AC-Pd2 10 41
30 49

180 69
CNT-Pd1 10 37

30 29
CNT-Pd2 10 32

30 50
Pd(OAc)2 30 75

3. Unconventional Media for Cross-Coupling Reactions

The use of organic solvents as the traditional medium for organic synthesis continues to be
extensively applied. From a sustainable point of view, unconventional and more environmentally
benign reaction media should be explored [9,51]. Widespread effort has been made to develop efficient
catalytic systems under alternative media for cross-coupling reactions.

3.1. Solvent-Free

According to the principles of green chemistry, solvent-free protocols for organic reactions are of
great interest, reducing or eliminating the utilization of hazardous and expensive organic solvents.
Solvent-free methodologies have been commonly used under MW irradiation or mechanochemical
conditions often using supported reagents, achieving maximum conversion and minimizing wastes.

Dumonteil et al. described a Pd-catalyzed Mizoroki–Heck cross-coupling performed in solvent
and ligand-free conditions for the synthesis of abscisic acid (ABA), a well-known phytohormone
of great biological interest [52]. Upon optimization of the reaction parameters, various dienes and
trienes were obtained in moderate-to-good yields without isomerization. The optimized solvent-free
Mizoroki–Heck reaction was, furthermore, successfully applied to the synthesis of ABA, offering a short
new pathway using environmentally friendlier solvents and reagents as an alternative to the synthesis
already described in the literature.

Baran et al. devised a highly efficient heterogeneous Pd catalyst prepared using guar gum (GG),
a natural biopolymer [53]. The catalytic studies showed that GG-Pd is a very active catalyst for
Suzuki cross-coupling reactions under solvent-free media without any additives. Aryl halides bearing
electron-attracting or donating groups were converted to the desired coupled product in excellent
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yields within 5 min under green reaction conditions, showing significant tolerance against different
functional groups. Furthermore, the catalytic results indicated the yield order of biaryl yields as
follows: Ar-I > Ar-Br > Ar-Cl (Table 7).

Table 7. Catalytic activity of the guar gum (GG)-Pd catalyst in Suzuki–Miyaura coupling reactions [53].
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Additional stability tests showed that the catalyst could be reused at least ten times, with a minor
decrease of its catalytic performance and negligible Pd leaching. The authors foresaw the general
applicability of the designed GG-Pd catalyst and in industrial applications due to its economic and
catalytic advantages.

In 2019, Gribanov and colleagues reported the environmentally friendly and efficient synthesis
of fully substituted 1,2,3-triazoles comprising a solvent-free Pd-catalyzed Suzuki cross-coupling
reaction [54]. The efficiencies of the Stille and Suzuki reactions of halo-1,2,3-triazoles with pinacol
arylboronates were compared, revealing the preference of the Suzuki method. The elaborated protocol
proceeded without the use of solvents in aerobic conditions, low catalyst loadings, and KOH as
a base. The authors demonstrated the wide scope of this methodology, which can be extended to
heteroaromatic halides—particularly, challenging 4- and 5-halo-1,2,3-triazoles.

Bharamanagowda and colleagues synthesized a new hybrid core shell catalyst,
Fe3O4-lignin@PdNPs, through the support of PdNPs in a Fe3O4-lignin nanocomposite, obtained
by sonication (Figure 7) [18]. The performance of this novel catalyst was evaluated towards
the Mizoroki–Heck C-C cross-coupling reaction. The reaction between iodobenzene and n-butyl
acrylate afforded a yield as high as 99% under solvent-free conditions.

Figure 7. Synthesis of Fe3O4, Fe3O4-lignin, and Fe3O4-lignin@Pd-NPs. Reproduced with the permission
of reference [18], Copyright 2020 John Wiley & Sons, Ltd.

The scope of the catalyst was also explored for the same reaction of various aryl/heterocyclic
halides and n-butyl acrylate/styrene under optimized conditions, attaining the respective products
in high yields (73–99%). The catalyst was magnetically recovered and reused for five cycles of
the Mizoroki–Heck reaction of iodobenzene and n-butyl acrylate, achieving yields of the desired
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products of 90–95% without a significant activity loss and without any contamination. No visible
change was observed in the shapes and sizes of the PdNPs after recycling, as confirmed by TEM images.

3.2. Water as Solvent

Water is an abundant, safe, and green medium and has been applied to an array of organic
reactions in the last two decades [10,55]. Water plays a dual role as a medium and as a cocatalyst in
quite a few synthetic routes [9], playing an important role in the rate acceleration of reactions through
the establishment of extensive hydrogen bonds with the functional groups of reactants, thus activating
them in the process. In recent years, water has been used as a greener sustainable reaction medium
and applied to cross-coupling reactions in different supported catalytic systems for a wide variety of
nanoparticles as catalysts. The good yields might be due to a combination of the hydrophobic effect
of water and the nature of the support and the stabilization of leached metallic reactive species in
the water.

In 2016, Handa and co-workers proposed a new Cu/ppm Pd technology for selective
Suzuki–Myaura reactions of aryl iodides carried out under the mildest conditions based on
the remarkable synergistic effects between copper and ppm levels of Pd as the cocatalyst. Several biaryl
couplings were run to investigate the scope of this process using Na2CO3 as the base, at 45 ◦C, the mildest
conditions yet described for such Cu-catalyzed couplings, achieving, in general, moderate-to-good
yields. Control experiments were performed to confirm the synergistic effects by Cu/ppm Pd
(Scheme 7). [56]. The entire aqueous system, containing nanomicelles that function as the reaction
medium, the base, copper, and Pd can be recycled. The yields for biaryl were all comparable throughout
five cycles. The associated EFactor, an environmental factor that accounts for the ratio of the mass of
waste per mass of product for these couplings was of about 5.8, ca. ten times lower than those reported
and typically observed in the industry.

Scheme 7. Control experiments confirming a synergistic effect in the Suzuki–Miyaura reaction of aryl
iodides [56].

Guarnizo and co-workers studied the formation of Pd/magnetite NPs through the anchorage of
partially water-soluble 4-(diphenylphosphino)benzoic acid (dpa) on its surface [57]. The immobilized
dpa enables the easy capture of Pd ions deposited on the surface of the magnetite nanoparticles after
reduction with NaBH4. The catalytic efficiency for the Suzuki C–C coupling reaction was studied
for Fe3O4dpa@Pdx, with different Pd loadings. The highest TOF was obtained for Fe3O4dpa@Pd0.5,
affording the highest value reported to date for the reaction of bromobenzene with phenylboronic
acid in a mixture of ethanol/water. Remarkably, the same reaction carried out in water also returned
excellent yields. The small size of the PdNPs supported on magnetite in Fe3O4-dba@Pd0.3 and
Fe3O4dba@Pd0.5, along with the presence of Pd single-atom catalysts, explains the excellent results for
the Suzuki C–C coupling reaction both in neat water and in a mixture of ethanol/water.
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In 2016, Ghazali-Esfahani et al. prepared a highly robust and active heterogeneous catalyst for
Suzuki cross-coupling reactions that operated in water in the presence of an inexpensive base. For this
matter, PdNPs immobilized on a cross-linked imidazolium-containing polymer were evaluated as
a catalyst for Suzuki carbon-carbon cross-coupling reactions in aqueous media [58]. The prepared
PdNP-polymeric ionic liquid (PIL) nanocatalysts showed good catalytic activities for aryl iodides and
aryl bromides and moderate activity with aryl chloride substrates at low catalyst loadings (10 mg,
1.7 mol%). The coupling of sterically hindered substrates was also accomplished in reasonable yields
(Table 8). Aryl iodides and aryl bromides were efficiently converted to biaryl products in the presence
of phenylboronic acid in a high yield using short reaction times. The PdNP-PIL catalyst in water tends
to be superior to various catalysts in ionic liquids media. Moreover, the PdNP-PIL catalyst is also able
to couple aryl chloride substrates in a moderate yield (16–23%). The ability to reuse the PdNP-PIL
catalyst was explored using two different aryl iodide substrates. For both substrates, good recyclability
was observed over five catalytic runs with > 90% of the original activity retained with negligible
leaching, confirming the high stability of the catalyst, which is rather unusual. The catalyst is simple to
prepare, stable for prolonged periods, and easy to use and recycle.

Table 8. Suzuki cross-coupling reactions between phenylboronic acid and various aryl halides catalyzed
by PdNP-polumeric ionic liquid (PIL) [58].
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H I 98
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CN I 97
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MeO Br 99
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CN Br 98
Me Cl 23
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CN Cl 16

Ahadi et al. reported the synthesis of novel Pd-supported periodic mesoporous organosilica
based on the bipyridinium IL catalyst (Pd@Bipy–PMO) (periodic mesoporous organosilica) for
the Suzuki–Miyaura coupling reaction in water [59]. The reaction of 4–bromoacetophenone with
phenylboronic acid was chosen to perform the optimization of the overall process, studying the effects
of the solvent, temperature, catalyst amount, and base. Furthermore, the stabilized Pd species inside
the mesochannels provided high-to-excellent catalytic efficiency for the Suzuki–Miyaura coupling
of various iodo– and bromo–aryl derivatives and different boronic acids, presenting excellent yields
in a short reaction time. The activity of the heterogeneous catalyst was retained for six consecutive
recycling runs.

The role of the base in the ligand-free Pd-catalyzed Suzuki–Miyaura reaction in water under mild
conditions was explored by Wang et al. [60] through the establishment of a simple and efficient system.
The tested bases were shown to stabilize active Pd species, preventing aggregation and deactivation of
the species. For this matter, long-chain quaternary ammonium hydroxides were found to be the most
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suitable candidates. The effect of Pd loading on the reactivity of the reaction was studied by the authors
(Table 9). The limited solubility of biaryl compounds in water allowed the development of an efficient
method of filtration for product purification from the aqueous catalytic system. The ligand-free
Pd-catalyzed Suzuki–Miyaura reaction showed improved durability in water with ppm levels of Pd
loading. The entire catalytic system could be recycled after product separation. This water-compatible
and air-stable effective catalytic protocol represented an attractive green synthetic improvement in
Suzuki–Miyaura couplings.

Table 9. Reduction of Pd loading for the ligand-free Suzuki–Miyaura reaction between
4-methoxyphenylboronic acids and bromobenzene [60].

Pd Loading
(ppm)

TBAOH
(equiv.)

t
(h)

Yield
(%) TON TOF

(h−1)

30 2 2 >99 33,000 16,500
30 1 2 90 30,000 15,000
30 4 6 75 25,000 4100

Reaction conditions: bromobenzene (1 mmol), 4-methoxyphenylboronic acid (1.2 mmol), TBAOH (1–4 mmol), Triton
X-100 (0.1 mL), and H2O (7 mL), 45 ◦C, air.

Lambert et al. reported the highly efficient micellar catalysis in pure water provided by robust
polymeric micelles consisting of Pd(II)–NHC (NHC: N-heterocyclic carbene) units [61]. The authors
highlighted the several benefits conferred by the proposed approach to both the Suzuki–Miyaura and
Heck cross-coupling reactions, such as a very broad substrate scope, outstanding catalytic activity in
water, low catalyst loadings (0.1 mol%), easy recycling, and absence of metal leaching. For comparison
purposes, a molecular compound and a copolymer both exhibiting an analogous structure were
prepared separately and also tested (Figure 8). The three catalytic systems were compared for
the Suzuki–Miyaura reaction of 4-(hydroxymethyl)phenylboronic acid and iodotoluene. Remarkably,
the micellar catalyst led to full conversion, while the molecular and linear species provided 40% and
10% conversions, respectively. The substantial increase of the catalytic activity of the micellar catalyst
in water was ascribed to the increase in the local concentration around the Pd(II)–NHC sites favored
by the hydrophobic sequestrating effect.

All the features for the polymer are significantly distinct from the molecular and/or nonmicellar
catalytic versions, affording promising nanostructured catalytic supports from a green chemistry point
of view.

A sustainable and robust protocol for the copper-free Sonogashira cross-coupling under micellar
aqueous reaction conditions using the commercially available catalyst CataCXium A Pd G3 was
proposed by Jakobi et al. [62]. Several alkyne substrates were efficiently cross-coupled with a wide range
of aryl halides, affording improved yields and low catalyst loadings. The Pd-catalyzed Sonogashira
reaction (0.30 mol% catalyst loading) provided yields up to 98%, with the surfactant TPGS-750-M
in H2O and THF as the cosolvent. Overall, the optimization of the reaction parameters rendered
a simple and scalable operationally process able to provide a higher selectivity for heterocyclic
compounds, alkynylated arenes, and monofunctionalized products achieved by the micellar aqueous
reaction conditions.
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Figure 8. (Top): Reaction scheme for Suzuki coupling of 4-(hydroxymethyl)phenylboronic acid and
iodotoluene. (Bottom): The three bars refer to the 1st, the 2nd, and the 3rd catalytic cycles, respectively.
Reproduced with the permission of reference [61], Copyright 2018 The Royal Society of Chemistry.
TON: turnover numbers.

3.3. Poly(Ethylene Glycol)

Poly(ethylene glycol) (PEG) oligomers are efficient, eco-friendly, and low-volatility liquids with
a broad spectrum of chemical, industrial, and medical applications [63]. PEGs are readily miscible with
water and polar organic solvents but immiscible with nonpolar organic solvents, aliphatic hydrocarbons,
and supercritical CO2. The use of relatively inexpensive PEGs in recent years as a greener media
in several organic reactions has gained considerable attention [19,64]. PEGs are suitable media for
oxidation/reduction transformations, as they are nearly harmless, with a very low vapor pressure,
high catalytic capacity, high thermal stability, and stability in both acidic and basic media. Furthermore,
PEGs have been used as efficient additives in aqueous-phase cross-coupling transformations to improve
the interaction between water-soluble catalysts and organic reactants.

In 2015, PEG-400 was used as a solvent catalytic system for the Ni-catalyzed Sonogashira reaction
by Wei et al. [65]. The coupling reaction of aryl iodides with terminal alkynes was carried out in
a mixture of poly(ethylene glycol) (PEG-400) and water at 100◦C with K2CO3 as the base in the presence
of NiCl2(PPh3)2 and CuI, affording a range of arylacetylenes in good-to-excellent yields (Scheme 8).
The recyclability of the NiCl2(PPh3)2/CuI/PEG-400/H2O system was assessed, allowing the recovery
and recycling of the catalyst up to six times without a noticeable loss of catalytic activity. Apart from
catalyst reuse, this system also avoided the use of easily volatile organic solvents.

Scheme 8. Nickel-catalyzed Sonogashira coupling in poly(ethylene glycol) (PEG-400)/H2O [65].

PEG-400 was used a green solvent in the first Mn-catalyzed Sonogashira coupling reaction of aryl
iodides under mild reaction conditions [66]. First, the reaction was performed with iodobenzene and
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phenyl acetylene as the model substrates in PEG-400 at 70 ◦C, using Mn(OAc)22H2O as the catalyst and
Et3N as the base. Different bases and other commonly applied Mn catalysts were also tested, as well
as the effects of organic solvents, with no better results obtained compared with PEG-400. A variety
of diarylacetylenes was the obtained in moderate-to-good yields under standard conditions using
the proposed catalytic system.

The use of PEG was also the choice of Gautam et al. as an environmentally benign solvent for
the first palladacycle-catalyzed carbonylative Sonogashira cross-coupling of aryl iodides (Scheme 9) [67].
The oxime palladacycle (Figure 9) provided a phosphine-free approach for the synthesis of ynones
at low Pd loadings, therefore resulting in high catalytic TONs and TOFs extremely higher than
the best Pd catalyst reported in the literature for the model reaction of carbonylative cross-coupling
between 4-iodoanisole and phenylacetylene. The oxime palladacycle used in this protocol behaved
as an efficient and robust catalyst, thereby providing a phosphine-free protocol for the synthesis of
ynones. The palladacycle catalyst showed a good recyclability, being reused up to four times with
a slight decrease in activity.

Scheme 9. Oxime palladacycle-catalyzed carbonylative Sonogashira cross-coupling [67].

Figure 9. Oxime palladacycle used in the carbonylative Sonogashira cross-coupling of aryl iodides [67].

Khanmoradi et al. described the use of a Pd-vanillin Schiff base complex immobilized on mesoporous
MCM-41 (Figure 10) as an efficient catalyst for the Suzuki–Miyaura, Stille, and Mizoroki–Heck reactions
carried out in green solvents (H2O and PEG-400) [68].

Figure 10. Structure of the Pd-vanillin-MCM-41 catalyst [68].
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The results indicated the Pd-vanillin-MCM-41 catalyst was a highly efficient catalyst for various
aryl halides under mild conditions (Table 10). Phenyl iodides and phenyl bromides demonstrated
a good reactivity, providing the corresponding products in good-to-very good yields for all reactions.
The catalyst was reused for five consecutive cycles without a significant loss of its catalytic activity or
metal leaching.

Table 10. Catalytic results for the Heck reaction [68].
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Solvent Base (eq.) Catalyst (mol%) Yield (%)

PEG-400 K2CO3 0.53 72
PEG-400 K2CO3 0.71 91
PEG-400 K2CO3 0.88 91

EtOH K2CO3 0.71 -
H2O K2CO3 0.71 75
DMF K2CO3 0.71 83

PEG-400 Et3N 0.71 90
PEG-400 NaHCO3 0.71 75
PEG-400 NaHCO3 0.71 88
PEG-400 NaHCO3 0.71 35

Reaction conditions: aryl halide (1 mmol), n-butyl acrylate (1.2 mmol), and base (3 mmol), 120 ◦C, 25 min. PEG-400:
poly(ethylene glycol).

Zeynizadeh and co-workers recently reported the use of PEG-400 as a green solvent for
a Pd-free catalytic system in the Suzuki–Miyaura cross-coupling reaction [69]. A robust magnetic
and reusable catalyst, Fe3O4@APTMS@Cp2ZrClx(x = 0,1,2) magnetic nanoparticles (MNPs) (APTMS:
(3-aminopropyl)trimethoxysilane), presenting a core shell structure and previously prepared by
the authors, was used in this system. After optimization of the reaction conditions, the scope of
the presented procedure was examined for the reaction between various aryl(naphthyl) halides and
phenylboronic acid. The current strategy afforded relatively short and acceptable reaction times and
good-to-excellent yields of the pure biaryl products (Table 11). The reaction rate was found to be
strongly influenced by the presence of electron-donating and electron-withdrawing groups, the latter
presenting a higher rate rather comparatively. Furthermore, the TON and TOF values were obtained
up to 481 and 2884, respectively, for the mentioned Suzuki–Miyaura cross-coupling reaction.

3.4. Ionic Liquids

Ionic liquids (ILs) are understood as liquids composed of poorly coordinated ions with a melting
point below 100 ◦C that have recently attracted great interest as a “greener” alternative to conventional
organic solvents due to their notable physicochemical properties [51]. These include thermal stability;
nonflammability; recyclability; low vapor pressure; and catalytic properties, such as nonflammability,
nonvolatility, polarity, and stability [70]. The remarkable properties of ILs can be substantially modified
by changing the cationic and/or the anionic components, which can give rise to ILs with specific
properties via numerous combinations of cations and anions [71]. One of the most extensively studied
class of ILs is based on imidazolium cations with an appropriate counter anion, which are known
to support many organic transformations. In view of these attributes, ILs are increasingly being
used as popular reaction media in synthesis, analysis, catalysis, and separation, as well as medicine
and pharmaceuticals, as efficient and sustainable media and, not surprisingly, have been used in
cross-coupling reactions as efficient and sustainable media [10].
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Table 11. Suzuki–Miyaura cross-coupling reaction in the presence of Fe3O4@APTMS@Cp2ZrClx(x = 0, 1, 2)

as a Pd-free nanocatalyst in PEG-400 [69]. APTMS: (3-aminopropyl)trimethoxysilane.
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In 2015, Patil and coworkers described the use of dual-functionalized task-specific hydroxyl
functionalized IL as an excellent promoter in the Pd-catalyzed Suzuki–Miyaura cross-coupling of
aryl halides with arylboronic acids in water [72]. The IL cation with hydroxyl functionality induced
a reaction in water, acting as a reducing agent, whereas the anion with prolinate functionality served
as the ligand and stabilized and/or activated the in-situ generation of PdNPs. The generated PdNPs
exhibited excellent catalytic activity towards the Suzuki cross-coupling of aryl halide with aryl boronic
acid in water, without the need of a phosphine ligand (Table 12).

Strikingly, the coupling of less activated aryl chlorides also proceeded smoothly with aryl boronic
acid. The aqueous system containing ionic liquid along with PdNPs presented a good recyclability, up to
seven times, without a noticeable loss of catalytic activity, showing potential for industrial applications.

Hejazifar and coworkers reported the design and properties of surface-active ILs able to form stable
microemulsions with heptane and water and their application as a reaction media for Pd-catalyzed
cross-coupling reactions [73]. The application of the microemulsions as a reaction media resulted in
high reactivity even at a low catalyst loading, with excellent yields > 90% for most products resulting
from the coupling of aryl halides or boronic acids with electron-deficient substituents. The gathered
data demonstrated the dual role of IL of a surfactant and ligand not limited to the formation of a suitable
reaction media, providing the outstanding reactivity reported. The catalytic system behavior allowed
the simple and successful product separation and catalyst recycling.

The effects of the IL concentration on the catalytically active species towards Pd-catalyzed
cross-coupling reactions was studied by Taskin et al. [74]. A series of surface-active IL were applied as
additives in the Heck reaction of ethyl acrylate and iodobenzene, obtaining high yields (> 90%) in
water, pointing out the IL concentration as the key factor affecting the formation of the catalytically
active species in the reaction, the morphology, and chemical state of the Pd species (Figure 11).
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Table 12. Screening of ionic liquids for the Suzuki–Miyaura coupling [72].
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(BMIM) = 1-butyl-3-methylimidazolium, (HEMPy) = 1-(2-hydroxyethyl)-1-methylpyrrolidinium, (Cl) = chloride,
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Figure 11. Concentration dependence of Pd-metallomicelles and PdNPs in an aqueous-ionic liquid (IL)
micellar solution. Conditions: 2 mL (C12mimCl) 1 solution, 0.02 mmol Pd2(allyl)2Cl2, and 0.02 mmol
K2CO3 60 min at 80 ◦C under air. Reproduced with the permission of reference [74], Copyright 2017
The Royal Society of Chemistry.

At higher concentrations, the formation of a N-heterocyclic carbene complex was observed,
while, at lower surfactant concentrations, the rapid decomposition of metallomicelles into catalytically
active Pd(0) nanoclusters occurred, a unique behavior only observed for amphiphilic IL that differs
significantly from dimethylimidazolium-based IL or from conventional surfactants. The dual role of
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imidazolium-based surfactants as templates for NP formation through NHC carbene complex formation,
as well as stabilizers and surfactants for a consecutive reaction, was postulated by the authors.

The Hayouni research group used their previous expertise in the use of bio-sourced ILs as
solvents in hydrogenation processes to explore the potentialities of these ILs in the Heck reaction [75].
Bio-sourced ammonium and phosphonium carboxylate ILs obtained from l-lactic acid or l-malic acid
were easily synthesized and used as the solvent for the Heck coupling reaction between iodoarene or
halogenoaromatics with tert-butylacrylate used PdCl2 as catalyst.

With the use of NaHCO3, good conversion and selectivity were obtained using tetrabutylammonium
(TBA) ILs, presenting better results than those for a typical coupling media as the usual organic solvents
or commercial ILs, although the catalytic system could not be recycled. The replacement of the base by
triethylamine NEt3, a relative strong homogeneous base, afforded good efficiency, with the advantageous
possibility of recycling of the catalytic system without a loss of reactivity up to five times (Table 13).

Table 13. Catalytic results for the Heck reaction with organic solvents and ionic liquids (ILs) with NEt3

as the base [75].
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Solvent or ILs Cycle Conversion (%) Selectivity (%)

toluene 1 1 100
water 1 30 100
DMSO 1 76 80
TBP Br 1 47 100
TBA Cl 1 99 100

2 100 100
3 61 100

Reactions conditions: 1.2 mmol of iodobenzene and 600 mg of solvent. TBP: tetrabutylphosphonium,
TBA: tetrabutylammonium.

In 2018, solid salt precipitation issues in cross-coupling reactions were addressed by combining
basic anions with the trihexyl(tetradecyl)phosphonium ((P66614)+) cation, ensuring an IL by-product [76].
Among all synthesized basic salts, the novel IL base (P66614)(OH)4MeOH showed the highest basic
strength, being the most efficient in the Pd-catalyzed Suzuki–Miyaura cross-coupling reaction
(Figure 12). No precipitate was observed after the catalytic run due to the generation of the room
temperature IL (P66614)Cl. In addition, an easy recycling of the generated IL was predicted simply by
elution with MeOH on an ion exchange column, since (P66614)Cl was used in the synthesis of the active
base ((P66614)(OH)4MeOH) in an ion-exchange process.

The enhanced catalytic reaction rates for the Suzuki–Miyaura cross-coupling reaction was highlighted
by the authors as another advantage of the basic salt being an IL itself, when (P66614)(OH)4MeOH employed
as both the base and solvent was preferred over the use of 1,4-dioxane as the solvent.

In 2019, Matias et al. used, for the first time, a C-scorpionate Ni(II) complex (NiCl(κ3-HC[pz]3))Cl
(pz = pyrazol-1-yl) as a catalyst for the MW-assisted Heck–Mizoroki C–C cross-coupling in IL medium,
obtaining good yields of the corresponding products [77]. The replacement of common organic solvents
by suitable room temperature ILs as reaction medium addressed both the recyclability of the catalyst
and sustainability using greener solvents (Scheme 10). Furthermore, the use of the IL allowed an easy
separation of the product from the catalyst, since, at high temperatures, the IL dissolves all components
of the reaction mixture, but, at room temperature, the substrates and products form a second phase.
The stability of the catalyst in the IL allowed its recycling and reuse for several consecutive catalytic
cycles with preserved activity.
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amination (BHA) (black) and Suzuki–Miyaura coupling (SMC) (grey). Solid bars: 1,4-dioxane as
the solvent. Crosshatched bars: ILs as both the base and solvent. Inorganic base: KOtBu for BHA and
K2CO3 for SMC. (Right): Final reaction mixtures (with magnetic stir bar) for BHA (a) and SMC (b)
using (P66614)(OH)4MeOH as the base and dioxane as the solvent. Reproduced with the permission of
reference [76], Copyright 2018 The Royal Society of Chemistry.
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Scheme 10. Heck reaction of 4-bromoanisole and butyl acrylate in 1-butyl-3-methylimidazolium
bromide, catalyzed by [NiCl{κ3-HC(pz)3}]Cl (pz = pyrazol-1-yl) [77].

3.5. Deep Eutectic Solvents

The concept of deep eutectic solvents (DES) was introduced by Abbott and coworkers in 2003 [78]
with the deployment of ChCl:ZnCl2 acidic solvent in several reactions as a green alternative for ILs.
The concept of DES is, however, quite different from that of traditional ILs, since they are not entirely
composed of ionic species. DES are nowadays usually understood as combinations of two or three
safe and inexpensive components that are able to establish hydrogen bond interactions with each
other to form an eutectic mixture that presents a lower melting point than either of the individual
components [12,79]. DES constitute important alternatives to conventional organic solvents due to
their interesting properties and benefits, such as an attractive low price, no flammability, ease synthetic
accessibility, and benign and safe nature, along with recyclability and biodegradability and a low
ecological footprint. The most widely deployed DES are prepared by mixing a hydrogen bond
acceptor, exemplified by an inexpensive quaternary ammonium salt such as choline chloride (ChCl,
included in the so-called vitamin B4), with a hydrogen bond donor such as sugars, organic and
amino acids, urea (most of them are from renewable resources), or glycerol (a biowaste). The use
of DES allows to overcome drawbacks of ILs, such as a complicated synthesis procedure, difficult
high purity, and sensitivity to air and moisture. For example, the melting points of the DES are lower
than the melting points of the ILs. In addition, DES consists of relatively cheaper compounds when
compared to IL components. DES allows the solvation of various solutes in high concentrations
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much higher than their solubility in water. When compared to the conventional solvents, DES are
recognized as highly soluble, relatively less toxic, thermally stable, biodegradable, nonflammable,
and nonvolatile [12,80].

DES are now a matter of growing interest both at the academic and industrial levels. Extensive and
valuable reports have been published highlighting the beneficial impacts of DES in organic reactions,
playing a dual role of DES as a solvent and catalyst for many chemical processes [10,12]. Although,
the application of neoteric media in metal-catalyzed reactions has witnessed a remarkable growth in
recent years, fewer reports of catalytic systems regarding cross-coupling reactions carry out in DES
media are available in the literature.

In 2016, the synthesis of different tetrahydroisoquinolines using a DES (choline chloride:ethylene
glycol) and a catalyst based on magnetite-supported copper(II) oxide was explored by Marset and
coworkers [81]. The presence of a DES medium proved to be essential for the reaction to occur after
the testing of other VOC solvents as the reaction medium, being also important for minimizing the lactam
formation (Figure 13, left). Excellent results were obtained for the aryl group substituent, bearing both
electron-withdrawing or electron-donating groups), whereas, for phenyl derivatives, moderate yields
were obtained. A direct proportional relationship was also found between the conductivity of the DES
medium and the yield obtained. Moreover, the amount of copper in the catalyst was the lowest loading
ever reported [82–85].
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Figure 13. (Top) Reaction scheme of 2-(4-fluorophenyl)-1,2,3,4-tetrahydroisoquinoline and phenylacetylene.
(Bottom left) Obtained yield in different solvents for the products of the reaction shown on top.
(Bottom right) Recycling of the CuO–Fe3O4 catalyst and CuO–Fe3O4 and deep eutectic solvent (DES).
Reproduced with the permission of reference [81], Copyright 2016 The Royal Society of Chemistry.

The mixture (solvent and catalyst) was reused for ten consecutive cycles without any significant
loss of activity with this highly sustainable protocol, with water as the only stoichiometric waste,
demonstrating the high recyclability of the system (Figure 13, right). Upon catalyst recovery by
magnetic decantation, the obtained yield demonstrated a sharp decrease after four reaction cycles.

In 2017, the same research group reported the synthesis of cationic pyridiniophosphine ligands
to develop DES-compatible catalytic systems. The ligands were successfully employed to different
Pd-catalyzed cross-coupling reactions—namely, Suzuki–Miyaura, Sonogashira, or Heck couplings.
Optimization studies were performed to determine the best catalyst for the different reaction.
Furthermore, the scope of the cross-coupling reactions was explored, obtaining moderate-to-good yields
in general. The cationic phosphines enhanced the catalytic activity of Pd in this polar medium. Moreover,
the recyclability of these processes was also investigated, allowing the reuse of both catalyst and DES up
to five times without a significant loss of catalytic activity. The DES choline chloride:glycerol (1:2) was
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used as sustainable medium for the Pd-catalyzed Suzuki–Miyaura cross-couplings between (hetero)aryl
halides (Cl, Br, and I) and mono- and bifunctional potassium aryltrifluoroborates. The reaction
proceeded efficiently and chemoselectively in the air and under mild conditions, with a low catalyst
loading (1 mol%) and employing Na2CO3 as the base, without further additional ligands [86]. Overall,
valuable biaryls and terphenyl derivatives were obtained in excellent yields (>98%). The DES, catalyst,
and base were easily recovered and reused up to six cycles, with an Efactor as low as 8.74. The proposed
methodology was also applied by the authors to the synthesis of two nonsteroidal anti-inflammatory
drugs—namely, Felbinac and Diflunisal.

The above-mentioned DES, ChCl:Gly (1:2), was found to promote Sonogashira cross-couplings
using the commercially available Pd/C in the absence of external ligands. Heteroaryl iodides were
effectively coupled with both aromatic and aliphatic alkynes under heterogeneous conditions, affording
yields in the range 50–99% for 3 h at 60 ◦C by Messa et al. [87]. This catalytic system was also active
towards the Pd-catalyzed coupling electron-poor and electron-rich (hetero)aryl iodides, known to be
poorly reactive, with several aromatic alkynes, presenting a broad substrate scope and affording yields
ranging from 54% to 99%. The catalyst and the DES used were successfully recovered and reused up to
four times (Figure 14), presenting an Efactor as low as 24.4. A small change in the ligand structures,
from phosphines to cationic pyridiniophosphines, was enough to keep the excellent results in this DES
medium, such as those obtained in classical organic solvents. Moreover, the catalyst load increased up
to 5 mol% with the use of CuI (20 mol%) as the cocatalyst, demonstrating the feasibility of the difficult
SH Pd-catalyzed cross-couplings of alkyl-, trimethylsilyl-, and hydroxybenzyl-substituted alkynes,
obtaining yields in the range of 63–93%.
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and phenylacetylene. Adapted with the permission of reference [87], Copyright 2020 Wiley VCH.

In 2019, Saavedra et al. developed a novel, versatile, and DES-compatible bipyridine Pd complex
as a general precatalyst for several cross-coupling reactions [88]. The application of the prepared Pd
precatalyst to the Hiyama, Suzuki–Miyaura, Heck–Mizoroki, and Sonogashira cross-coupling reactions
in DES under aerobic conditions demonstrated a high catalytic activity. The same Pd precatalyst was
able to catalyze a broad number of cross-coupling reactions, keeping the excellent results obtained in
classical organic solvents given the hydrogen bond capacity of the ligand.
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The catalyst and DES system were easily and successfully recycled up to three or five consecutive
cycles, depending on the cross-coupling reaction, without a significant loss of activity. Overall, the authors
highlighted the great applicability, versatility, and sustainability of this system.

The first application of DES in the bioamination of ketones was devised by Paris and colleagues [89].
The stability of the amine transaminases (ATAs) was confirmed in DES-buffer mixtures up to 75%
(w/w) neoteric solvent, affording a good catalytic performance with high conversions (Figure 15).
The solubility of DES allowed the metal-catalyzed step at 200-mM loading of the substrate and
the following biotransformation at 25 mM. A chemoenzymatic cascade toward enantiopure biaryl
amines was therefore efficiently established owing to the unique properties of DESs. The authors
presented an excellent proof of concept for the unparalleled enzymatic activity of ATAs, highlighting
the practical value of biorenewable solvents in organic synthesis.
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4. Conclusions

The deployment of unconventional conditions for cross-coupling reactions, whether alternative
energy inputs, as well as new green unconventional media individually or combined, has brought
tremendous benefits and innovative approaches to synthetic chemistry. The use of these groundbreaking
approaches is in complete agreement with the principles of green chemistry through their numerous
advantages: change of reactivity, improvement of yields and selectivity, reduction of reaction time,
energy saving, and waste minimization.

Regarding alternative activation energy for cross-coupling reactions, important aspects must
be taken into consideration. The suggested approaches should be simple, without being too
specific, with an underlying mechanism and a systematic characterization of operational parameters
and a description of the experimental conditions of the MW, US, and mechanochemistry-assisted
reactions to facilitate comparisons between studies. The coupling of different technologies with other
unconventional media or methods of activation and the possible synergetic effects arising thereof, as well
as new fields of applications, should also be highlighted. The possibility of scaling-up the lab-scale
methodologies that provide excellent results would be the true realization of the sustainability goals
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aimed for by the authors. Considering the novelty witnessed in the scrutinized publications, a bright
future for the development of sustainable cross-coupling reactions is envisioned in the years to come.
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Abstract: A novel family of water-soluble π-conjugated hexaazatrinaphthylenes-based dendritic
architectures constructed by hexaketocyclohexane and 1,2,4,5-benzenetetramine units is developed
in a microwave-assisted organic synthesis (MAOS) approach. The structures and purity of these
compounds are verified by 1H and 13C-NMR, MALDI-TOF MS, UV-vis, elemental analysis, DSC,
AFM, STM and cyclic voltammetry.

Keywords: dendrimers; microwaves; hexaazatrinaphthylenes

1. Introduction

π-conjugated dendritic architectures have attracted a great deal of attention in recent years as their
design and synthesis was shown to render unusual molecular structures and interesting assemblies [1,2].
These dendrimers also possess relevant applications as active chemical components in electronic
and optoelectronic devices [2], in biological and material sciences [3], and as photocrosslinkable [4]
and photoswitchable devices [5]. Water-compatibility is one of the key properties of such dendritic
scaffolds, particularly interesting in view of their utilisation in biological fluids and potentially
anti-cancer treatment.

Hexaazatrinaphthylene (HATNA) derivatives are interesting compounds that have a variety
of properties [6], including liquid-crystal (discotic) [7], n-type semiconduction [8], magnetism [9]
and even fluorescence [10], depending on the type of substituent within the structure. Due to
this range of properties, an efficient, simple and tuneable preparation of such compounds to make
them water-soluble will be highly desirable with regards to their applications and compatibility in
aqueous chemistry.

With this important concept in mind, herein we report the design and simple preparation of a
novel series of water-soluble π-conjugated HATNAs (G1, G2 and G3, see Figure 1).
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Figure 1. New π-conjugated dendritic architectures of Hexaazatrinaphthylenes (HATNAs) (G1, G2 
and G3). 

These molecules were synthesized using an efficient microwave-assisted approach from 
hexaketocyclohexane octahydrate (1) and 1,2,4,5-benzenetetramine tetrahydrochloride (2) as 
building blocks. To the best of our knowledge, these compounds are the first examples of dendritic 
scaffolds based on HATNAs units. 

2. Results and Discussion 

The optimized conditions for the synthesis of G1 were achieved when 1 was heated with 3.75 
equiv. of 2 in a mixture of EtOH-HOAc glacial 8:2 under microwave irradiation for 30 min at 160 °C 
(87% yield) (Figure 2). G2 and G3 could be respectively obtained in 82% and 85% yields, under similar 
reaction conditions (1 equiv. 1 and 3 equiv. G1 and G2, respectively; see ESI). Condensing G1 and an 
excess of corresponding acyl chlorides, five derivatives (3a–e) were synthesized [11] (Figure 3). These 
types of materials (3a–e) have six amide groups in the aromatic π-electron system that contribute to 

Figure 1. New π-conjugated dendritic architectures of Hexaazatrinaphthylenes (HATNAs) (G1, G2
and G3).

These molecules were synthesized using an efficient microwave-assisted approach from
hexaketocyclohexane octahydrate (1) and 1,2,4,5-benzenetetramine tetrahydrochloride (2) as building
blocks. To the best of our knowledge, these compounds are the first examples of dendritic scaffolds
based on HATNAs units.

2. Results and Discussion

The optimized conditions for the synthesis of G1 were achieved [11] when 1 was heated with 3.75
equiv. of 2 in a mixture of EtOH-HOAc glacial 8:2 under microwave irradiation for 30 min at 160 ◦C
(87% yield) (Figure 2). G2 and G3 could be respectively obtained in 82% and 85% yields, under similar
reaction conditions (1 equiv. 1 and 3 equiv. G1 and G2, respectively; see ESI). Condensing G1 and an
excess of corresponding acyl chlorides, five derivatives (3a–e) were synthesized (Figure 3). These types
of materials (3a–e) have six amide groups in the aromatic π-electron system that contribute to the
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electron-withdrawing effect. Compound 5 was synthesized by condensation of G1 and orthoquinone
4 [12] as shown in Figure 3.
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Figure 3. (A) Chemical structure of hexaamides 3a–e derived from G1. (B) Synthesis of 5 for
condensation of 4 and G1.

All compounds were purified by chromatography and crystallization. 1H-NMR and 13C-NMR
spectra, MALDI-TOF MS, UV-vis, FT-IR and elemental analysis, unambiguously proved the structures
(see ESI). The self-organization of G1 into supramolecular nanostructures resulted from the interplay
balancing of intramolecular, intermolecular and interfacial interactions. This self-assembly phenomenon
was further investigated by 1H-NMR, DSC, STM and AFM (see below).

1H-NMR spectra showed that chemical shifts and line widths of G1 are strongly dependent on
the concentration (Figure 4) due to aggregation effects, in good agreement with previous reports.13

Molecular interactions are indeed stronger at dilute concentration (ca. 10−5 M) [13]. 1H-NMR chemical
shifts (DMSO-d6) of the aromatic protons for 3a–e and 5 are around δ 6.76–7.83 ppm, moving to
higher/lower field as compared with unsubstituted derivate G1. The dendritic structures G1, G2 and
G3 present a low solubility in chloroform, dichloromethane and acetone, but are readily soluble in
DMF, DMSO, ethanol and water.

35



Molecules 2020, 25, 5038

Molecules 2020, 25, x  4 of 11 

 

 
Figure 4. 1H-NMR spectra of compound G1 in DMSO-d6 at 0.001, 0.01, 0.1 and 1 mM at 20 °C. 

Therefore, the formation of hydrogen bonds causes the insolubility due to structural defects in 
columnar ordering that might crosslink neighboring columns via H-bonding, enforcing the intra-
columnar stacking order [14]. Thus, neighboring columns crosslinking via hydrogen bonding 
promote intra-columnar stacking order. Nevertheless, the distortion from the planarity of the 
aromatic frameworks of 3a–e due to the bulky groups brought high solubilities, presumably through 
the suppression of aggregation of the aromatic π-systems. Several attempts to crystallize all 
compounds in different solvent mixtures were unsuccessful, until now. According to molecular 
modeling, the diameters of G1 and G2 are about ca. 16.6 and 29.1 nm (see ESI) with a molecular 
weight of 474 and 1488 u.m.a., respectively (Figure 5). 

 
Figure 5. Optimized geometry of G1 (B3LYP/6-31g*, vacuum) and distances (Å) between atoms. 

When the aggregate of G1 was formed in a homogeneous aqueous solution at moderate or dilute 
concentration, the aggregation behavior was analyzed conveniently by spectroscopic methods such 
as 1H-NMR, UV-vis and MALDI-TOF MS (see ESI). The amine groups can maintain a subtle balance 
between HATNA-HATNA interaction and HATNA-solvent interaction to provide the one-
dimensional aggregate, which was confirmed by means of UV-vis spectroscopy (Table 1). In the 
ethanolic solution, G1 provides two absorption bands around 209 and 338 nm (Figure 6). The position 
of the emission maximum peaks undergoes a pronounced bathochromic and hyperchromic effect 
[15] with an increasing number of days from its preparation (Table 1), which indicates the formation 
of aggregates. The former two bands can be assigned to the transition from the highest ground state 
to the ν = 0 level of the lowest excited state (0–0 transition) and to the ν = 1 level (0–1 transition), 

Figure 4. 1H-NMR spectra of compound G1 in DMSO-d6 at 0.001, 0.01, 0.1 and 1 mM at 20 ◦C.

Therefore, the formation of hydrogen bonds causes the insolubility due to structural defects
in columnar ordering that might crosslink neighboring columns via H-bonding, enforcing the
intra-columnar stacking order [14]. Thus, neighboring columns crosslinking via hydrogen bonding
promote intra-columnar stacking order. Nevertheless, the distortion from the planarity of the aromatic
frameworks of 3a–e due to the bulky groups brought high solubilities, presumably through the
suppression of aggregation of the aromatic π-systems. Several attempts to crystallize all compounds
in different solvent mixtures were unsuccessful, until now. According to molecular modeling,
the diameters of G1 and G2 are about ca. 16.6 and 29.1 nm (see ESI) with a molecular weight of 474
and 1488 u.m.a., respectively (Figure 5).
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When the aggregate of G1 was formed in a homogeneous aqueous solution at moderate or dilute
concentration, the aggregation behavior was analyzed conveniently by spectroscopic methods such
as 1H-NMR, UV-vis and MALDI-TOF MS (see ESI). The amine groups can maintain a subtle balance
between HATNA-HATNA interaction and HATNA-solvent interaction to provide the one-dimensional
aggregate, which was confirmed by means of UV-vis spectroscopy (Table 1). In the ethanolic
solution, G1 provides two absorption bands around 209 and 338 nm (Figure 6). The position of the
emission maximum peaks undergoes a pronounced bathochromic and hyperchromic effect [15] with an
increasing number of days from its preparation (Table 1), which indicates the formation of aggregates.
The former two bands can be assigned to the transition from the highest ground state to the ν = 0

36



Molecules 2020, 25, 5038

level of the lowest excited state (0–0 transition) and to the ν = 1 level (0–1 transition), respectively.
The concentration-dependent spectral change was observable in aqueous solutions, which is attributed
to dynamic exchange between monomer and aggregate species. Similar photophysical behaviors of
three dendritic systems, G1, G2 and G3, implied that the effective conjugation length did not improve
as the dendritic generation increased.

Table 1. UV-vis spectral data for G1 10−5 M in ethanol at 20 ◦C.

Days

Max. Peak 1 1 3 5 7

Absorbance 0.1831 0.2611 0.3744 0.6018
λ (nm) 209 244 248 260

ε (M−1 cm−1) 18,310 26,110 37,440 50,180

Days

Max. Peak 2 1 3 5 7

Absorbance 0.1373 0.2225 0.3326 0.4463
λ (nm) 338 349 355 367

ε (M−1 cm−1) 13,730 22,250 33,260 44,630
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of the solution.

FT-IR data in the solution state confirm the presence of amino groups and the 1,2,4,5-tetrasubstituted
aromatic ring of compounds G1, G2 and G3. Theoretically, up to six hydrogen bonds can be formed
between successive coplanar disks within the same column. However, the fractions of intra- and
inter-molecular hydrogen bonds were not quantified in the present study. FTIR data for 3a–e in the
solid-state provides evidence for the existence of hydrogen bonds. The two NH stretching vibrations
in IR spectra located at 2910 and 3100 cm−1 are shifted to lower energy as compared to that of free NH
groups [16]. The presence of only one signal around 1650–1690 cm−1 corresponding to the carbonyl
group is indicative of the participation of all CO groups in the hydrogen bonds [17].

Table 2 shows the thermal behaviour of G1, G2 and G3 dendritic assemblies. All compounds
possessed high thermal stability and decomposed above 250 ◦C. Thermal gravimetric analysis (TGA)
showed no weight loss up to 275 ◦C. Glass transition temperatures (Tg) ranged from 142 to 163 ◦C,
while the crystallization transition temperature (Tc) range was 165–238 ◦C.
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Table 2. Mesophase assignment and transition temperatures, ◦C (onset)a of dendritic architectures.
Glass-transition (Tg), Crystallization (Tc), and Melting (Tm) temperatures of G1, G2 and G3 compounds
(transition enthalpies between parenthesis; J g−1).

Compound Tg
a [◦C] Tc1

a [◦C] Tc2
a [◦C] Tm

a [◦C]

G1 163 192 (69) 238 (44) 300
G2 142 165 (90) 220 (26) 275
G3 160 196 (72) — 254

a Measured by DSC at a heating and cooling rate of 10 ◦C min−1. The data from second heating scan and first cooling
scan are given and were found to be fully reproducible.

DSC results showed that G1-derivatives 3a–e (HATNA-NHCOR) and 5 did not form columnar
liquid crystalline phases as a consequence of the repulsion between adjacent cores (due to the large
negatively charged nitrogen atoms) [18]. DSC curves of 3a–e and 5 displayed a broad endothermic
peak increasing in intensity from 120 to 270 ◦C (maximum intensity peak) upon heating from RT to
350 ◦C (Figure 7).
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carried out with heating rate of 10 ◦C/min.

The associated enthalpy variation (25–76 J·g−1) suggests that phase transitions have a strong
first-order character. The non-mesogenic behaviour could be related to stabilizing forces induced by
van der Waals interactions linked to the aromatic cores charge distribution (see the Mulliken population
analysis performed using DFT calculation).

X-ray scattering experiments of G1 were performed with unoriented powder samples at room
temperature (see ESI, Figure S42) and confirmed the columnar mesophase. The X-ray patterns
revealed two main features: a series of reflections at relatively small angles and a reflection
at large angles corresponding to Bragg spacing of 0.37 nm (core–core separation), indicating a
two-dimensional arrangement of the columnar cross-sections in a hexagonal lattice. These data point
to the self-organisation of compound G1 into a columnar π–π stacking phase.

STM and AFM experiments were subsequently conducted using different supports, namely
Au(111) and mica, in order to confirm the aggregation behaviour of G1 in aqueous solutions. Isolated
discrete particles (less than 200 particles µm−2) could be found on the surface of Au(111) as shown in
Figure 8a. Although the smallest spots in Figure 8a correspond to particles with sizes in the range of
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1.5–3 nm, the majority of them, statistically speaking, are around 2.4 nm (Figure 8b) and range from
2–3 Å width.

Molecules 2020, 25, x  7 of 11 

 

Comparatively, results obtained for G1 adsorbed on a mica surface were remarkably different 
(Figure 8c–d). Two different types of structures grow very fast. Firstly, particles around 12–25 Ǻ in 
size and 3 Ǻ width appeared randomly distributed on the surface. Secondly, fibers [20] (30–40 nm in 
size and 4–6 Ǻ width) developed in the material [11]. The number and length of these fibers were 
increased at longer times of immersion. Therefore, G1 molecules self-assemble promoting a network 
of cross-linked fibers in mica. The fact that the width of the fiber is slightly larger than the molecular 
width would be in good agreement with an “edge-on” packing of G1 molecules giving rise to 1D fiber 
growth, as previously reported in similar disc-like moieties [21]. 

 
Figure 8. a) 75 nm × 75 nm STM 3D image of the Au(111) surface after 1 min immersion into a G1 10−9 
M water solution. b) Particle size histogram of G1. AFM image of mica surface after different times 
of immersion into a G1 10−5 M water solution. c) 1.75 µm × 1.75 µm, t = 1 min. d) 1.00 µm × 1.00 µm, t 
= 5 min (additional images, see ESI). 

Interestingly, G1 molecules seemed to be tilted with respect to a normal surface packing as we 
can conclude by comparing the diameter of the G1 molecule (ca. 16 Å) with the averaged width of 
the fibers, (4–6 Ǻ). This is likely to be due to the repulsive interactions between the hydrophobic 
HATNA cores and the strong hydrophilic mica surface which would in principle restrict a 
conventional “lying flat” position of the molecules. Considering the width of the fibers (30–40 nm), 
the fibrilar structures most probably comprise of several single stacks in an “edge-on” arrangement 
and parallel assembled. These hypotheses may point to a compromise between two main driving 
forces in the self-assembly of the compounds, namely the π-stacking interfacial interactions (involved 
in the aromatic cores of G1 within a single column) and the hydrogen bonding of amine side groups 
(which promote the intercolumnar packing) [20,21]. 

In order to ascertain the role played by the π-stacking interactions in G1 self-assembly, the 
microscopy study was subsequently extended to the use of highly ordered pyrolytic graphite (HOPG) 
as a substrate. HOPG has a comparatively larger hydrophobic surface than those of Au(111) and 
mica. 

Figure 9 shows a monolayer can be clearly seen growing near the HOPG terraces (Figure 9a–b, 
black arrows). Some big particles can also be found randomly distributed on the clean HOPG terraces. 
The size of this monolayer (2.6–3.2 Å) is in close agreement with the width of the G1 molecule lying 
flat on the HOPG surface, i.e., in a “face-on” arrangement [21]. Increasing the time of immersion 
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M water solution. (b) Particle size histogram of G1. AFM image of mica surface after different times of
immersion into a G1 10−5 M water solution. (c) 1.75 µm × 1.75 µm, t = 1 min. (d) 1.00 µm × 1.00 µm,
t = 5 min (additional images, see ESI).

Taking into account the molecular dimensions of G1 (ca. 16 Å in size × 2.4 Å high), the simpler
units found in aqueous solution should correspond at least to the G1-dimer. Comparable results have
indeed been observed in related molecules [19].

Comparatively, results obtained for G1 adsorbed on a mica surface were remarkably different

(Figure 8c–d). Two different types of structures grow very fast. Firstly, particles around 12–25 Ǻ in size

and 3 Ǻ width appeared randomly distributed on the surface. Secondly, fibers [20] (30–40 nm in size

and 4–6 Ǻ width) developed in the material. The number and length of these fibers were increased at
longer times of immersion. Therefore, G1 molecules self-assemble promoting a network of cross-linked
fibers in mica. The fact that the width of the fiber is slightly larger than the molecular width would
be in good agreement with an “edge-on” packing of G1 molecules giving rise to 1D fiber growth, as
previously reported in similar disc-like moieties [21].

Interestingly, G1 molecules seemed to be tilted with respect to a normal surface packing as we can
conclude by comparing the diameter of the G1 molecule (ca. 16 Å) with the averaged width of the fibers,

(4–6 Ǻ). This is likely to be due to the repulsive interactions between the hydrophobic HATNA cores
and the strong hydrophilic mica surface which would in principle restrict a conventional “lying flat”
position of the molecules. Considering the width of the fibers (30–40 nm), the fibrilar structures
most probably comprise of several single stacks in an “edge-on” arrangement and parallel assembled.
These hypotheses may point to a compromise between two main driving forces in the self-assembly
of the compounds, namely the π-stacking interfacial interactions (involved in the aromatic cores of
G1 within a single column) and the hydrogen bonding of amine side groups (which promote the
intercolumnar packing) [20,21].
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In order to ascertain the role played by the π-stacking interactions in G1 self-assembly, the
microscopy study was subsequently extended to the use of highly ordered pyrolytic graphite (HOPG)
as a substrate. HOPG has a comparatively larger hydrophobic surface than those of Au(111) and mica.

Figure 9 shows a monolayer can be clearly seen growing near the HOPG terraces (Figure 9a–b,
black arrows). Some big particles can also be found randomly distributed on the clean HOPG terraces.
The size of this monolayer (2.6–3.2 Å) is in close agreement with the width of the G1 molecule lying
flat on the HOPG surface, i.e., in a “face-on” arrangement [21]. Increasing the time of immersion and/or
the G1 concentration leads to an almost complete covering of the HOPG surface by multiple layers
resulting from self-assembled molecules (only some void areas left, Figure 9c–g). The majority of the
aforementioned voids mostly comprise of the HOPG free surface, a partial G1 monolayer and a second
superposed monolayer (Figure 9c,e,g).
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arrangement) cannot be ruled out, especially considering the fiber-like structures shown in Figure 
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Figure 9. AFM images of pyrolytic graphite (HOPG) after different times of immersion into a G1 10−5 M
water solution. (a) 420 nm × 420 nm, t = 5 min, (b) 1.1 µm × 1.1 µm 3D, t = 5 min, (c) 220 nm × 220 nm,
t = 10 min and (d) corresponding cross-section shows the first layer (red arrows) and the second layer
(green arrows). (e) 300 nm × 300 nm, t = 10 min and (f) cross-section showing the overlayer morphology.
(g) 620 nm × 620 nm, t = 10 min. Inset: 2.8 µm × 2.8 µm, t = 5 min, G1 10−4 M.
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The size of the second layer (ca. 6–7 Å, Figure 9d) was twice as great as that observed for the first
monolayer, pointing to a π-stacking assembly [22]. No noticeable differences in AFM measurements
under phase contrast mode could be observed (not even in the thickness between the first and the second
monolayer) [23]. Nevertheless, a different type of packing (molecules in an “edge-on” arrangement)
cannot be ruled out, especially considering the fiber-like structures shown in Figure 9e,f [21]. Last
and most interestingly, new assemblies appear at greater G1 concentration and/or time of immersion
(i.e., long fibers 5–10 nm width and more than one micron long are observed as depicted in Figure 9g
and inset). These fibers could only be found on HOPG when the surface was fully covered by several
layers of G1. Under the investigated conditions, a maximum of three layers was observed. AFM studies
on mica and HOPG consequently prove that these layers and fibers grow selectively on the appropriate
substrate. Such motives, which constitute a direct consequence of the π-stacking interactions, were not
observed on Au(111) (only discrete particles were obtained).

3. Experimental Section

Preparation of 5,6,11,12,17,18-hexaazatrinaphthylene-2,3,8,9,14,15-hexaamine (G1): To a 10 mL
reaction vial was added hexaketocyclohexane octahydrate (20 mg, 0,06 mmol, 20 mM) and
1,2,4,5-benzenetetramine tetrahydrochloride (3.75 equiv., 64 mg, 0.22 mmol, 73 mM) followed by 3 mL
of 8:2 EtOH-HOAc glacial. The closed vessel was heated and stirred in CEM Discover© reaction
cavity for 30 min at 180 ◦C. Then the reaction vessel was rapidly cooled at 60 ◦C. Upon cooling,
solvents were removed and the black residue was washed with hot glacial acetic acid (3 × 10 mL)
and ice water (2 × 10 mL). Drying for 48 h (under vacuum, 5–10 mmHg, 60–80 ◦C) afforded a
violet-black solid as pure product (25 mg, 87%). A sample for analysis was recrystallized from a
dichloromethane-ethanol mixture.

STM and AFM imaging were performed in air with a Nanoscope IIIa microscope from Digital
Instruments (Veeco). Preparation of samples: Ultrathin dry films of G1 were prepared from MilliQ water
solutions on atomically-flat substrates at room temperature. Samples were prepared by drop casting
from diluted water solutions during different times, and then subsequently were thoroughly rinsed
with MilliQ water and finally dried during several hours under N2 current flow before imaging.

4. Conclusions

A simple and efficient synthetic route towards the preparation of HATNA systems was prepared.
These peculiar π-conjugated compounds can offer the opportunity to synthesize hierarchically high
ordered self-assemblies (e.g., disk-like dendritic supramolecular systems) via π-stacking and the
formation columnar anisotropic architectures. The compound G1 can successfully self-assemble
into nanofibers on HOPG and mica surfaces, while only discrete particles were observed on Au(111)
surfaces. Optical and electrochemical properties of HATNA compounds as electron-transport materials
are currently under investigation in our laboratories.
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Abstract: Recently we have highlighted the importance of hypergolic reactions in carbon materials
synthesis. In an effort to expand this topic with additional new paradigms, herein we present novel
preparations of carbon nanomaterials, such-like carbon nanosheets and fullerols (hydroxylated
fullerenes), through spontaneous ignition of coffee-sodium peroxide (Na2O2) and C60-Na2O2

hypergolic mixtures, respectively. In these cases, coffee and fullerenes played the role of the
combustible fuel, whereas sodium peroxide the role of the strong oxidizer (e.g., source of highly
concentrated H2O2). The involved reactions are both thermodynamically and kinetically favoured,
thus allowing rapid product formation at ambient conditions. In addition, we provide tips on how to
exploit the released energy of such highly exothermic reactions in the generation of useful work.

Keywords: hypergolic reactions; sodium peroxide; carbon nanosheets; fullerols; useful energy

1. Introduction

Carbon plays a central role in material science due to its variety of forms and enchanted
properties [1]. Traditionally, carbon synthesis is an energy-consuming process that requires heating of
an organic precursor in an oven at elevated temperature for certain periods of time. In this respect,
the development of fast, spontaneous and energy-liberating (e.g., exothermic) preparative methods
at ambient conditions would be of great value in carbon materials synthesis. Recently, we have
introduced hypergolic reactions [2–4] as a useful tool in the rapid and spontaneous synthesis of a wide
range of carbon nanomaterials at ambient conditions [5–7]. It is worth noting, the released energy
from such highly exothermic reactions could be further exploited in the generation of useful work
(chemical, mechanical, electrical, etc.). In one case, we have shown the formation of carbon nanosheets
by the self-ignition of pyrophoric lithium dialkylamides salts in air, with the released energy being
utilized for the generation of thermoelectric power [5]. In another case, the spontaneous ignition of
an acetylene-chlorine mixture produced highly crystalline graphite at ambient conditions [6]. Lastly,
hypergolic mixtures based on nitrile rubber or Girard’s reagent T and fuming HNO3 as a strong
oxidizer, led to the formation of carbon nanosheets or photoluminescent carbon dot respectively, with
the released heat being utilized for the thermal transformation of a triazine precursor into graphitic
carbon nitride or of coffee grains into a lightweight carbon absorbent [7].

In an effort to further build upon these results from our group, in the present work we provide
additional new paradigms of hypergolic reactions in the service of carbon nanomaterials synthesis.
Sodium peroxide Na2O2 was used as a strong oxidizer [8], the latter being a source of highly
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concentrated H2O2 (a reactive oxygen species) upon contact with water. On the other hand, coffee [9,10]
and fullerenes C60 acted as the carbon source in the corresponding hypergolic mixtures. As far as the
carbon materials of interest is concerned here, these included carbon nanosheets [11] and fullerols
(hydroxylated fullerenes) [12].

In a first paradigm, the ignition of instant coffee grains by Na2O2 resulted in carbon nanosheets,
the latter shown here to be an effective solar energy absorbent. Interestingly, the energy released from
the reaction could be drain off to photovoltaics or to the preparation of important magnetic materials,
such as magnetic iron oxides from the thermal decomposition of ferric acetate. In a second paradigm,
simply crushing C60 in the presence of Na2O2 caused ignition of the mixture with simultaneous
formation of fullerols, a well-established fullerene derivative with interesting physico-chemical
properties and numerous applications.

2. Results and Discussion

2.1. Carbon Nanosheets

The XRD pattern of the coffee-derived carbon nanosheets exhibited a very broad reflection centred
at d002 = 3.9 Å (Figure 1, top), signalling the formation of amorphous carbon [13]. Likewise, Raman
spectroscopy gave broad D (1355 cm−1) and G (1590 cm−1) bands with a relatively intensity ratio
of ID/IG = 0.9 (Figure 1, bottom), both being typical features of non-crystalline carbon [13]. On the
other hand, the XPS spectrum of the nanosheets was identical to those reported in references 5 and 7
for oxidized carbon nanosheets. AFM study of the nanosheets showed the presence of large plates
with thickness 1.5–2.5 nm (Figure 2, top). The morphology and size of the sheets were additionally
confirmed by TEM microscopy (Figure 2, bottom).
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Figure 2. Top: AFM images of cross sectional analysis of selected carbon nanosheets. Bottom:
representative TEM images of the sheets.

The N2 adsorption-desorption isotherms for the carbon nanosheets is shown in Figure 3.
The sample exhibited isotherm of type I according to IUPAC classification, with a H4 type hysteresis
loop which is characteristic of slit-shaped pores. The surface area of the sample and the total pore
volume were calculated using BET equation (SBET) or alternatively, by the “t-plot” and Quenched
Solid Density Functional Theory (QSDFT) methods. According to these methods the specific surface
area was calculated to be 130 m2/g (SBET), 164 m2/g (St, t-plot) and 179 m2/g (QSDFT) respectively,
whereas the total pore volume found to be 0.06 cm3/g (cumulative at P/Po = 0.97), 0.06 cm3/g (t-plot)
and 0.085 cm3/g (QSDFT). From the pore size distribution PSD (inset) according to the QSDFT model
(Figure S1), carbon nanosheets seemed to exhibit micropores with two average sizes 1.2 nm and 1.7 nm
and mesoporous 3.7 nm. However, the volume analysis from “t-plot” (Figure S2) showed only the
presence of micropores in agreement with classification type of adsorption isotherm. It is obvious that
the observed step down in the desorption branch between relative pressures 0.4 to 0.6 (Figure 3), is
responsible for the observed mesoporous peak in the calculated PSD. That peak is probably an artefact,
caused by the spontaneous evaporation of metastable pore liquid (i.e., cavitation). Besides, H3 or H4
hysteresis is often attributed to the occurrence of pore blocking and percolation phenomena and it is
not only associated with the pore condensation [14]. From a practical point of view, the surface area of
the nanosheets in combination with the oxygen functionalities present on their surface could make the
material useful in adsorption processes (e.g., removal of heavy metals or dyes from water).
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The black solid could be used as a pigment in water glass paints for solar energy harvesting.
Water glass refers to an aqueous solution of the inorganic polymer sodium silicate (40%, Aldrich) that
can wrap and electrostatically stabilize any dispersed solid. To this aim, carbon nanosheets were
simply mechanically mixed with water glass to create the paint. The paint was then spread over
a piece of paper with a brush and left to dry at room temperature (see the corresponding black square
drawing in Figure 4, top). A similar drawing using an analogous CuO paint was also sketched in
a separate piece of paper (Figure 4, top); cupric oxide is a reference black pigment that is often used
in solar water heaters [15]. Following, both coatings were illuminated under an infrared lamp at the
same distance and for the same time (20 s) prior to scanning with a thermal camera. As it can be seen
from the thermal camera images in Figure 4, bottom, carbon nanosheets and cupric oxide developed
comparable temperatures (100–120 ◦C) under identical conditions. Hence, thanks to their flat surface
and blackness, the coffee-derived carbon nanosheets could be promising solar energy absorbents [16].
It should be noted that although the CuO film seems homogeneously darker, the nanosheets yield
higher temperature rise in places that appear even darker due to a higher mass of deposited material.
Thus, the temperature distribution as presented is valid.
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Figure 4. Top: dry carbon nanosheet and CuO paints on paper sheet (black squares). Bottom:
the corresponding thermal camera images after 20 s illumination with infrared lamp (left: carbon
nanosheets; right: CuO). Both samples developed comparable temperature after illumination under
identical conditions, thus demonstrating that the coffee-derived carbon nanosheets are effective solar
energy absorbents.

The heat and light produced from the reaction of the coffee grains with Na2O2 was utilized in
the generation of useful work. In one example, a miniature silicon photovoltaic panel connected with
a green LED light was placed above the ignition mixture with the front side facing down the mixture at
certain distance (Figure 5, top). The band-gap energy of silicon is 1.1 eV, the latter corresponding to the
infrared part of the electromagnetic radiation. Upon ignition, the thermal radiation and light produced
from the flame turned on the LED light (Figure 5, top), thus acting as a sort of thermophotovoltaic [17].
In another example, the heat produced from the hypergolic mixture was exploited in the thermal
decomposition of ferric acetate into magnetic iron oxide [18,19]. For this purpose, a quartz tube charged
with ferric acetate was dipped into an alumina crucible containing the hypergolic mixture (Figure 5,
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bottom). Ignition of the mixture provided the necessary heat for the thermal decomposition of the
precursor inside the tube into magnetic iron oxide (Figure 5, bottom).Molecules 2020, 25, x FOR PEER REVIEW 5 of 11 
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2.2. Fullerols

The ignition of coffee by sodium peroxide presented above is considered a classic demonstration
experiment in the area of hypergolic reactions that, as shown here, results in carbon nanosheets.
Another interesting hypergolic mixture reported for first time is the C60-Na2O2 system (Figure 10).
Although several carbon allotropes and their derivatives have been used as booster additives in
hypergolic fuels [20], however, it is very seldom to observe spontaneous ignition between elemental
carbon and a strong oxidizer upon direct contact. Perhaps a sole example in the literature refers to the
activated charcoal-Na2O2 pair [8] (see also Bretherick’s Handbook of Reactive Chemical Hazards). Hence,
the C60-Na2O2 system adds another example in the list, thus paving the way for the advancement
of novel hypergolics strictly based on carbon. It should be mentioned that similar treatment of other
carbon allotropes (e.g., nanodiamonds, carbon nanotubes) with Na2O2 gave no ignition. Apparently,
the small size and strain of fullerenes make them prone to ignition.

The C60-Na2O2 system is of synthetic value as well, since it can afford fullerols, an important
hydroxylated fullerene derivative. In general, the formation of fullerols from C60 requires the
simultaneous presence of H2O2 and NaOH [21]. In our case, both chemicals were released in-situ
by the peroxide hydrolysis in humid air (e.g., Na2O2 + 2 H2O → H2O2 + 2 NaOH). The ATR-IR
spectrum of the dark brown solid derived from the reaction displayed several broad bands of moderate
intensity at 3450 cm−1 (O-H), <3000 cm−1 (aliphatic C-H), 1717 cm−1 (C=O), 1618 cm−1 (enol C=C) and
1045 cm−1 (C-O) (Figure 6, top). The sharp peaks at 1183 cm−1 and 1427 cm−1 are ascribed to unreacted
C60, which cannot be completely removed by further washing (e.g., with toluene). This issue should
be cautiously taken into consideration upon scaling-up synthesis. These observations are similar to
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those reported by Afreen et al. elsewhere for fullerol formation from C60 [22]. Especially the O-H, enol
C=C and C-O stretchings at 3450 cm−1, 1618 cm−1 and 1045 cm−1 respectively, are indicative of the
attachment of -OH groups onto the C60 cage. Of particular interest is the appearance of aliphatic C-H
and carbonyl C=O bands in the spectrum. The carbonyl group is often ascribed in the literature to the
pinacol-pinacolone rearrangement in fullerene 1,2-diols [23]. However, such rearrangement seems
rather unlikely for fullerenes since it would require the movement of a fixed skeletal carbon within the
cage. In addition, it cannot explain the appearance of C-H aliphatics in the spectrum. Hence, these
bands should be better ascribed to the keto-enol tautomerism, which simpler involves the movement of
a hydrogen atom from the hydroxyl group of C=C-OH (enol form) to an alpha carbon (e.g., H-C-C=O,
keto from). In this way, both C-H and C=O bands can be rationalized in the spectrum. According to
TGA under N2 (Figure 6, bottom), fullerol exhibited a first weight loss below 150 ◦C due to the release
of hydration water (ca. 8% w/w) and another one between 150 and 600 ◦C due to dehydroxylation
of the cluster (ca. 13% w/w) [24]. These weight losses agree with the formula C60(OH)7·4H2O, i.e.,
low-hydroxylated fullerol [25]. It is worth noting, the latter formula is close to that of C60(OH)8·2H2O
previously reported by Afreen et al. [22].
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AFM study of the aqueous-dispersed solid revealed the presence of large globular nanoparticles
with size in the range of 15–25 nm (Figure 7). Fullerol typically has a size of 1.5 nm; however, it is
well-known to form larger aggregates and eventually fullerol nanoparticles (10–60 nm) as a result of
strong hydrogen bonding and π–π interactions between adjacent clusters [26].
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Figure 7. Representative AFM height images (top), 3D morphology (middle) and cross section analysis
profile (bottom) of the globular fullerol nanoparticles.

High resolution C1s XPS gave useful information about the structure of the synthesized fullerols
(Figure 8). The dominant peak at 285.2 eV is due to the carbon cage of the fullerols [27]. Additionally,
the shake-up features associated with the C60-cage atoms were identified at 288.5 eV and 291.2 eV [28,29].
On the other hand, the small fraction of sp3 carbons observed at 284.2 eV is consistent with a low degree
of functionalization (e.g., low-hydroxylated fullerols). The peak at 286.0 eV is typical of hydroxyl C-OH
groups, whereas those at 287.2 and 289.9 eV of C=O/C-O-C/C(O)O species [30]. Lastly, the feature at
283.0 eV is ascribed to iron carbides, the latter resulting from iron contamination of the sample by the
metallic container used for reaction.
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To sum-up, the ATR-IR, TGA, AFM and XPS data are well-consistent with the formation of
low-hydroxylated fullerol, a useful precursor to higher fullerols.

3. Materials and Methods

For safety reasons all experiments were conducted in a fume hood with ceramic tiles bench.

3.1. Carbon Nanosheets

2 g of instant coffee grains (Nescafe®) were mixed with 2 g Na2O2 beads (93%, Sigma-Aldrich, St.
Louis, MO, USA) in a porcelain dish followed by the quick addition of 1 mL water. Ignition started with
a short delay (30–45 s after water addition) giving off an intense yellow flame due to the sodium ions
present. The reaction led to a crude carbon residue after cooling of the product. Thorough washings
with water, dimethylformamide (DMF) and acetone afforded a fine black powder containing carbon
nanosheets (yield: 2%). The whole process is visualized in Figure 9. Any minor inorganic contaminants
due to the porcelain dish were removed by treating the sample with 48% HF aqueous solution.
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Figure 9. Left-to-right: instant coffee grains were mixed with Na2O2 beads in a porcelain dish.
Subsequent addition of water caused ignition of the mixture towards the formation of a crude carbon
residue. After thorough washings, a fine black powder was obtained containing carbon nanosheets.

3.2. Fullerols

150 mg of C60 powder (98%, Sigma-Aldrich, St. Louis, MO, USA) were crushed in the presence of
1.7 g Na2O2 beads (93%, Sigma-Aldrich, St. Louis, MO, USA) using a stainless steel mortar and pestle.
Due to rapid oxidation of the carbon clusters by the peroxide, the mixture ignited spontaneously
within few seconds. The product washed successively with concentrated HCl aqueous solution (37%)
in order to remove excess of Na2O2 (slow addition), water, and finally acetone. A fine dark brown
powder was obtained made up of fullerol clusters (yield: 10%). The clusters were soluble in water by
alkaline treatment with NaOH and sonication, due to neutralization of the acidic phenolic protons
into phenolate ionic groups [12]. The whole process is visualized in Figure 10. It should be mentioned
that the stainless steel mortar and pestle was used in order to crush the very hard Na2O2 beads. Also,
no ignition was observed upon crushing the Na2O2 beads inside the metallic container in the absence
of fullerenes, suggesting that no reaction is taking place between the peroxide and the walls of the
metallic container.
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Figure 10. Crushing fullerenes in the presence of Na2O2 in a stainless steel mortar and pestle caused
ignition of the mixture as evidenced by the generation of bright flash. Washing of the product led to
a dark brown powder, namely fullerols. Fullerols were soluble in water by mild alkaline treatment
and sonication.
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At this point we would like to first emphasize that the yields of the above reactions, although
low at first glance, are generally considered fair enough in materials science. Second, the selection of
a combustible material is rather a trial and error effort at this stage. Several other organic compounds
were tested in our lab but failed ignition with sodium peroxide. In many cases though, the reagents
reacted exothermically without giving off flame. We speculate that the quantity of mixed reactants
play a key role for ignition. Third, the reported hypergolic pairs are unique in terms of matching.
For instance, the reaction of coffee grains or C60 with fuming HNO3 (100%), though exothermic, gave
no ignition.

Powder X-ray diffraction (XRD) was performed using background-free Si wafers and Cu Ka
radiation from a Bruker Advance D8 diffractometer (Bruker, Billerica, MA, USA). Raman spectra
were recorded with a RM 1000 Renishaw micro-Raman system using a laser excitation line at
532 nm (Renishaw, Wotton-under-Edge, England). Attenuated total reflection infrared spectroscopy
(ATR-IR) measurements were performed using a Jasco IRT-5000 microscope coupled with a FT/IR-4100
spectrometer (Jasco, Easton, MD, USA). The ZnSe prism of the ATR objective had a 250 µm area
in contact with the sample. Background was subtracted and the baseline was corrected for all
spectra. Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris Diamond
TG/DTA (PerkinElmer, Inc., Waltham, MA, USA). The fullerol sample was heated under N2 flow
at a rate of 5 ◦C min−1. X-ray photoelectron spectroscopy (XPS) measurements were performed
in an ultra-high vacuum at a base pressure of 4 × 10−10 mbar with a SPECS GmbH spectrometer
equipped with a monochromatic Mg Kα source (hv = 1253.6 eV) and a Phoibos-100 hemispherical
analyser (Berlin, Germany). Spectral analysis included a Shirley background subtraction and peak
separation using Gaussian-Lorentzian functions in a least square fitting program (Winspec) developed
at the LISE laboratory, University of Namur, Belgium. The N2 adsorption-desorption isotherms were
measured at 77 K on a Sorptomatic 1990, ThermoFinnigan porosimeter (Thermo Finnigan LLC, San Jose,
CA, USA). Carbon nanosheets were outgassed at 150 ◦C for 20 h under vacuum before measurements.
Specific surface areas were determined with the Brunauer–Emmett–Teller (BET) method. Atomic force
microscopy (AFM) images were collected in tapping mode with a Bruker Multimode 3D Nanoscope
(Ted Pella Inc., Redding, CA, USA) using a microfabricated silicon cantilever type TAP-300G, with
a tip radius of <10 nm and a force constant of approximately 20–75 N m−1. The transmission electron
microscopy (TEM) study of carbon nanosheets deposited on carbon coated copper grids (CF300-CU-UL,
carbon square mesh, CU, 300 mesh from Electron Microscopy Science) was performed using the
instrument JEM HR-2100, JEOL Ltd., Tokyo, Japan operated at 200 kV in bright-field mode.

4. Conclusions

We have presented new hypergolic reactions towards the synthesis of functional carbon
nanomaterials, such-like carbon nanosheets and fullerols. The new systems composed of coffee
or fullerene as the combustible fuel and sodium peroxide as the strong oxidizer. In all instances,
synthesis was fast, spontaneous and exothermic at ambient conditions, thus enabling not only
facile carbon formation but also the generation of useful work (herein photovoltaic or chemical).
The coffee-derived carbon nanosheets, due to their flat surface and blackness, seemed to serve as
an effective solar energy absorbent, whereas fullerols itself is a well-known fullerene derivative with
important properties and uses. Overall, the present work builds upon previous results from our group,
showing altogether the wider applicability and generic character of hypergolic reactions in carbon
materials synthesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/9/2207/s1,
Figure S1: Fitting comparison between experimental data of carbon nanosheets and QSDFT model (N2, carbon
equilibrium transition kernel at 77 K based on a slit pore model), Figure S2: t-plot for nitrogen adsorbed at 77 K in
carbon nanosheets.
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Abstract: The pyrolysis (1000 ◦C) of a liquid poly(vinylmethyl-co-methyl)silazane modified by
tetrakis(dimethylamido)titanium in flowing ammonia, nitrogen and argon followed by the annealing
(1000–1800 ◦C) of as-pyrolyzed ceramic powders have been investigated in detail. We first provide a
comprehensive mechanistic study of the polymer-to-ceramic conversion based on TG experiments
coupled with in-situ mass spectrometry and ex-situ solid-state NMR and FTIR spectroscopies of
both the chemically modified polymer and the pyrolysis intermediates. The pyrolysis leads to X-ray
amorphous materials with chemical bonding and ceramic yields controlled by the nature of the
atmosphere. Then, the structural evolution of the amorphous network of ammonia-, nitrogen- and
argon-treated ceramics has been studied above 1000 ◦C under nitrogen and argon by X-ray diffraction
and electron microscopy. HRTEM images coupled with XRD confirm the formation of nanocomposites
after annealing at 1400 ◦C. Their unique nanostructural feature appears to be the result of both the
molecular origin of the materials and the nature of the atmosphere used during pyrolysis. Samples
are composed of an amorphous Si-based ceramic matrix in which TiNxCy nanocrystals (x + y = 1) are
homogeneously formed “in situ” in the matrix during the process and evolve toward fully crystallized
compounds as TiN/Si3N4, TiNxCy (x + y = 1)/SiC and TiC/SiC nanocomposites after annealing to
1800 ◦C as a function of the atmosphere.

Keywords: polymer-derived ceramics; nanocomposites; TiN; TiC; Si3N4; SiC; structural properties

1. Introduction

Silicon carbide (SiC) and silicon nitride (Si3N4) are technologically relevant high-performance
ceramics which attract nowadays strong interest for driving the development of energy, environment and
health sectors [1–4]. By the synergistic cooperation between SiC or Si3N4—as a matrix—and a dispersed
ceramic nanophase of different chemical composition—as a nano-precipitate—nanocomposites with
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peculiar physical and chemical properties (e.g., mechanical, electrical, optical, catalytic, etc.) that are of
high scientific and technological importance can be generated [5–8].

As developed functional properties closely depend on the synthesis route of these materials.
For this purpose; ceramic processing methods based on molecular engineering and precursor chemistry
are well appropriate approaches to design nanocomposites that can reach performances far beyond
those developed by more conventional synthesis routes. In general, such nanocomposites exhibit
improved properties when compared to those prepared via classical high temperature metallurgical
techniques because of the homogeneous distribution of the nanophase within the matrix (i.e., absence of
agglomeration of the nano-precipitates), the small size of the nano-precipitates (no sintering because of
the generally low temperature of preparation) and the lack of undesirable elements. A very convenient
precursor route to produce these materials in non-oxide ceramic systems such as those based on SiC and
Si3N4 is the polymer derived ceramics (PDCs) route [9–19]. Such a method uses preformed preceramic
polymers to be modified at molecular scale to form the nanocomposite precursors. The latter offers
the advantages for the in-situ synthesis of the ceramic nano-precipitates in a ceramic (possibility
of different nature) matrix during the pyrolysis and annealing experiments. In addition, it allows
processing materials in particular shapes and morphologies (dense or porous) that are difficult, or even
impossible to obtain from conventional routes [20–25].

In the present paper, we investigate the PDCs route to design titanium nitride/silicon nitride
(TiN/Si3N4) and titanium carbide/silicon carbide (TiC/SiC) nanocomposites using a commercial liquid
polysilazane. The preparation of such nanocomposites usually involves the use of polysilazanes
(TiN/Si3N4) [26–28] and polycarbosilanes (TiC/SiC) [5,29,30] as preformed preceramic polymers.
Herein, our approach involves first the synthesis of the nanocomposite precursor containing Si, Ti,
C, N and H elements from a poly(vinylmethyl-co-methyl)silazane which has been modified upon
reaction with tetrakis(dimethylamido)titanium. The thermo-chemical behavior of this precursor
under various atmospheres is directed to tailor the structure of the final materials: the polymer
is converted by heat-treatments (=pyrolysis) at 1000 ◦C under ammonia, nitrogen or argon into
single-phase amorphous ceramics with adjusted compositions; in particular their C and N contents.
The latter are subsequently annealed at higher temperatures in flowing nitrogen or argon to initiate the
crystallization of the nanophase, i.e., TiN, TiCxN1-x or TiC, and then of the matrix, i.e., Si3N4 or SiC.
Thus, this approach provides the material with tuned phase composition and nano-/microstructure
organization according to the temperature of annealing and the nature of the atmosphere applied
during the pyrolysis. To build further knowledge toward a more rational approach to the preparation of
ceramic nanocomposites in nitride, carbonitride and carbide systems—Si-Ti-N (TiN/Si3N4), Si-Ti-N-C
(TiNxCy (x + y = 1)/SiC), Si-Ti-C (TiC/SiC)—as reported in the schematic representation of the synthetic
process in Figure 1, the present work aims at (i) investigating the structure of a novel titanium-modified
polysilazane, (ii) providing a comprehensive mechanistic study of the polymer-to-amorphous ceramic
conversion during the pyrolysis of the precursor at 1000 ◦C in flowing ammonia, nitrogen and argon
and (iii) characterizing the high temperature behavior of single-phase amorphous ceramics during
their annealing and transformation into the titled nanocomposites. Thus, the results allow for a
knowledge-based preparative path toward nanostructured polymer-derived ceramics with adjusted
compositions and microstructures.
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2. Results and Discussion

2.1. Polymer Synthesis and Characterization

The titanium-modified polysilazane labeled PVMSZTi2.5 has been synthesized via the
reaction between tetrakis(dimethylamido)titanium Ti[N(CH3)2]4 (TDMAT as titanium source) and
a commercially available poly(vinylmethyl-co-methyl)silazane labeled PVMSZ by fixing a PMVSZ
(monomeric unit):TDMAT ratio of 2.5.

The modification of polysilazanes with TDMAT relies in general on the reaction between the
methyl-/dimethylamino groups of TDMAT and the silicon centers of PVMSZ, causing the decrease in
the number of Si–NH–Si (Equation (1)) and Si–H (Equation (2)) groups in the obtained precursors and
the concomitant evolution of dimethylamine and methane during the synthesis [26,27]. It should be
noted that TDMAT can also react with NH groups from the monomeric unit (Si(CH3)(CH=CH2)NH)0.2).
Moreover, as-formed -N-Ti[N(CH3)2]3 groups and -Si-N(CH3)-Ti[N(CH3)2]3 units can subsequently
condense with free SiH and/or NH units or stay as they stand. To support this discussion, we have
characterized the precursor by elemental analysis, FTIR and NMR spectroscopies.

-Si-H + H3C-N(CH3)-Ti[N(CH3)2]3→-Si-N(CH3)-Ti[N(CH3)2]3 + CH4 (1)

-N-H + N(CH3)2-Ti[N(CH3)2]3→-N-Ti[N(CH3)2]3 + HN(CH3)2 (2)

Compared to the chemical formula of PVMSZ ([Si1.0C1.5N1.1H5.5]n (oxygen content in the sample
is 0.4 wt% and can be therefore neglected), the elemental analysis data of the air- and moisture-sensitive
solid PVMSZTi2.5 sample—which allowed to determine a chemical formula of [Si1.0Ti0.3C3.0N1.6H8.5]n

(oxygen content in the sample is 0.6 wt% and can be therefore neglected)—confirms that (i) Ti is
incorporated at molecular scale in the structure of PVMSZ and (ii) the carbon, nitrogen and hydrogen
contents significantly increase. The measured formula shows that the Si:Ti ratio is higher (i.e., 3.3)
than the targeted value fixed before the synthesis, i.e., 2.5, indicating that the Ti content is lower than
expected. Most probably, the TDMAT introduced during the polymer synthesis has not completely
reacted with PVMSZ. Thus, a certain amount of unreacted TDMAT could be recovered during the
extraction of the solvent. Therefore, it is suggested that the reaction cannot be completed when too
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much TDMAT is added due to a high steric hindrance imposed by the evolutive PVMSZ structure,
i.e., the Si:Ti ratio becomes too small and the reactive functions of the neat PVMSZ are no longer
accessible. Based on Equations (1) and (2), the significant increase of the carbon, nitrogen and hydrogen
contents in the PVMSZTi2.5 sample can be caused by the formation of Si-N(CH3)-Ti bridges. However,
this significant increase is most probably related to the high portion of -Ti[N(CH3)2]3 units which are
present in as-formed units. They can be considered as side groups that do not further react during
the synthesis progress. Thus, this means that the PVMSZTi2.5 sample displays a higher degree of
crosslinking than PVMSZ because of the formation of Ni-Ti bonds and -Si-N(CH3)-Ti- bridges and a
relative high portion of surrounding-[N(CH3)2]3 groups. In order to obtain a complete view of the
titanium-modified polysilazane structure, the PVMSZTi2.5 sample has been characterized by infrared
sand solid-state NMR spectroscopies.

The FTIR spectrum of PVMSZTi2.5 (Figure S1 in Supplementary Materials) displays some of the
characteristic absorption bands of neat PVMSZ [31,32] attributed to the stretching of N-H bonds at
3376 cm−1 coupled to N-H deformations at 1174 cm−1, the stretching of C-H bonds in CHx groups
at 2960 cm−1 and the stretching of Si-H bonds and deformations of Si-CH3 units at 2123 cm−1 and
at 1250 cm−1, respectively. Below 1056 cm−1, absorption bands attributed to the stretching and
deformation vibrations involving Si-C, Si-N, C-H, C-C and N-Ti bonds overlap and cannot be assigned
unambiguously. The main changes occur in the intensity of some of the characteristic bands quoted
above. Thus, a decrease in the intensity of the absorption bands assigned to Si-NH-Si groups at 3376 and
1174 cm−1 and Si-H bonds at 2123 cm−1 is observed in the spectrum of PVMSZTi2.5—more significantly
for the bands assigned to N-H bonds. In parallel, there is appearance of a set of broad bands in the
range of 2750–2900 cm−1 attributed to the vibration of C-H bonds from the methyl/dimethylamino
groups present in TDMAT. The band at 1294 cm−1 can be assigned to the N-C bonds in -N(CH3) groups.
Another set of bands that can be attributed to deformation of C-H bands appears at around 1417 and
1457 cm−1. Thus, FTIR spectroscopy confirms the incorporation of -N(CH3) groups in PVMSZ possibly
via Equations (1) and (2):

(i) those involving -NH units in PVMSZ and -N(CH3)2 groups in TDMAT to form -N-Ti[N(CH3)2]3

units releasing dimethylamine according to Equation (1). This reaction occurs probably majoritarly;
(ii) those involving the silicon centers of PVMSZ and -N(CH3)2 groups in TDMAT causing the

decrease of Si-H groups while forming -Si-N(CH3)-Ti- bridges in the obtained precursor and the
concomitant evolution of methane according to Equation (2).

Moreover, the band at 3046 cm−1, which is assigned to the vibration of C–H bond in the vinyl
groups and the typical absorption band arising from the stretching of C=C double bonds in vinyl
groups at 1591 cm−1 present in PVMSZ are almost vanished in the FTIR spectrum of PVMSZTi2.5. It is
rather suggested that TDMAT acts as a catalyst for the polymerization of the vinyl groups (Equation (3)
and/or the hydrosilylation reaction between -Si–H and -Si-CH=CH2 units leading to the formation of
carbosilane bonds (-Si-C-C-Si-) (Equation (4)). Indeed, inorganic catalysts such as transition metals or
metal complexes could remarkably increase the hydrosilylation rate as well as lower the temperature
required for hydrosilylation [33–36].

n -Si-CH=CH2→ -(CH(-Si)-CH2)n (3)

-Si-CH=CH2 + -Si-H→ -Si-CH2-CH2-Si- and/or -Si-CH(CH3)-Si- (4)

To support this discussion, the FTIR spectra of PVMSZTi2.5 and a PVMSZ having undergone
the same thermal procedure than PVMSZTi2.5 without TDMAT—it is labeled PVMSZ_T—have been
compared (Figure S1 in Supplementary Materials). In the FTIR of PVMSZ_T, the bands attributed
to vinyl groups are still present although their intensities decrease. Thus, this confirms the catalytic
activity of TDMAT towards reactions involving vinyl groups. These results point out at three or four
main effects that took place during the reaction of PVMSZ with TDMAT as depicted in Equations (1)
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to (4). To achieve an in-depth understanding of the local carbon, silicon and nitrogen environments in
the polymer, we investigated 13C, 29Si and 15N solid-state NMR spectroscopy of the PVMSZTi2.5 sample
(Figure 2). The cross-polarization (CP) technique has been used for 13C and 15N-NMR experiments to
obtain spectra with reasonable acquisition times and signal-to-noise ratios.
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recorded for the PVMSZTi2.5 sample at 7 T.

The solid-state 13C CP MAS NMR spectrum of PVMSZTi2.5 (Figure 2a) exhibits signals which can be
simulated with four components as already performed with titanium-modified polymethylsilazane [27].
The signal emerging around 6 ppm is very broad with shoulders present around 0 and 14 ppm. It is
deconvoluted into two main components at 1 and 8 ppm to reproduce the shape of the signal although
the shoulder at 14 ppm could not be included in this deconvolution. 13C-NMR signals at around 0 ppm
are typical of carbon atoms of aliphatic groups bonded to a silicon atom [31,32,37–41], i.e., in this case,
the silylmethyl group -SiCH3 as identified in neat PVMSZ. The presence of two signals can be due to
the two types of SiCH3 unit-containing environments proposed in Equations (1) and (2):

(i) in SiCN3 environments (i.e., Si environment after reaction of the SiH groups in the monomeric
unit [Si(CH3)(H)NH]0.8 with TDMAT,

(ii) in SiCRN2 (R = H (i.e., Si environment in the monomeric unit [Si(CH3)(H)NH]0.8) or R = C
(i.e., Si environment in the monomeric unit [Si(CH3)(CH=CH2)NH]0.2)); thus units present in
PVMSZ that did not react upon chemical modification with TDMAT.

Moreover, this broad signal probably also contains minor signals corresponding to aliphatic carbon
atoms directly linked to a silicon as Si-(CH-CH2)n- groups formed as proposed through Equation (3)
or Si-CH2-CH2-Si and Si-CH(CH3)-Si units formed by hydrosilylation reactions as proposed through
Equation (4). The weak broad signal at around 14 ppm is in the aliphatic region and can be tentatively
assigned to aliphatic carbons not directly linked to a silicon such as Si-(CH-CH2)n or Si-CH(CH3)-Si
groups. The resonances at 39 and 45 ppm are assigned to -TiNCH3 groups [27]. In particular,
the peak at 45 ppm is attributed to NCH3 groups linked to titanium, i.e., -Si-N(Si-)-Ti[NCH3)2]3 units,
resulting from Equation (1). Indeed, its position is similar to the position of the signal identified in the
liquid-state 13C-NMR spectrum of TDMAT (Figure S2 in Supplementary Materials). Consequently,
the signal at 39 ppm is assigned to -N(CH3) groups in N2Si(CH3)-N(CH3)-Ti[NCH3)2]3 units resulting
from Equation (2). It should be mentioned that signals at 124 and 138 ppm—attributed to the
carbon of the vinyl groups present in PVMSZ—are identified the PVMSZTi2.5 sample (Figure S3 in
Supplementary Materials), but the weak intensity of the signals confirms that hydrosilylation is almost
complete during the synthesis of the PVMSZTi2.5 sample. The 29Si MAS spectrum of the PVMSZTi2.5
sample (Figure 2b) is composed of a main broad resonance at around −24 ppm that can be fitted
with two components at −21 and −29 ppm similarly to titanium-modified polymethylsilazane [27].
The signal at −21 ppm is related to HSiCN2 environments, i.e., CH3-Si(H)N2 units as present in
PVMSZ [31,32]. The other signal at −29 ppm could correspond to SiN3C environments and more
precisely to N2Si(CH3)-N(CH3)-Ti[NCH3)2]3 units resulting from Equation (2). In addition, there
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is a signal at around −9 ppm that is attributed to SiC2N2 environments. The 29Si chemical shift of
SiC2N2 environments depends on the conformation of the silazane [41]. Thus, the PVMSZTi2.5 sample
is preferentially composed of six- and eight-membered Si-N rings. The signal around −50 ppm is
typically for SiN4 environment although it is difficult to imagine such an environment in our polymeric
system. One reason could be the presence of a small portion of ending groups in PVMSZ that react
with TDMAT for the existence of such an environment. The experimental 15N CP MAS NMR spectrum
of the PVMSZTi2.5 sample (Figure 2c) shows two broad signals centered at −330 ppm and −370 ppm
and confirms the previous discussion. The signal at −330 ppm is attributed to HNSi2 environments
since these groups in the silazane backbone are expected between −335 ppm and −325 ppm [31]. The
additional signal centered at −370 ppm is assigned to NCH3 environments based on our data collected
for titanium-modified polymethylsilazane [27].

The combination of multinuclear solid-state NMR data with results derived from elemental
analyses and FTIR allows to have a complete understanding of the chemistry behind the reaction
between PVMSZ and TDMAT and a full view of the structure of the PVMSZTi2.5 sample. At least
three reactions depicted in Equations (1) to (4) occur during the synthesis of the PVMSZTi2.5 sample.
They allow building the polymer network and extending the degree of cross-linking of the polymeric
backbone. Titanium atoms are homogeneously distributed within the PVMSZ structure as bridges
i.e., those involving -(Si-N)n-Ti- units (Equation (1)) and those involving N2Si(CH3)-N(CH3)-Ti- units
(Equation (2)). In addition, hydrosilylation occurs during the synthesis to form carbosilane bridges
(Equation (4)). This leads to a relatively high crosslinked polyme containing a certain portion of side
grops of the type -Ti[N(CH3)2]x. The modification of the structure of PVMSZ—because of its reaction
with TDMAT—will affect its thermo-chemical behavior. The latter is investigated in the following
section through pyrolysis procedures up to 1000 ◦C in various atmospheres that allowed delivering
compounds with controlled phase composition.

2.2. Ceramic Conversion

Here, we first discuss the thermo-chemical transformation of the PVMSZTi2.5 sample into ceramic
materials up to 1000 ◦C in flowing ammonia, nitrogen and argon as monitored by TG experiments.
The collection of TG experiments allows having a good overview of the reactivity of the PVMSZTi2.5
sample with the different types of atmospheres. Then, the polymer-to-ceramic conversion has been
investigated in more details using tools complementary to TG experiments: (i) MS to identify the
gases evolving from the polymer during TG experiments under argon and nitrogen-MS was not
possible to be used in flowing ammonia, (ii) ex-situ spectroscopic analyses (FTIR and/or solid-state
NMR) of intermediates isolated during pyrolysis in such atmospheres to follow the evolution of the
chemical bonding and environments. All samples produced at 1000 ◦C have been characterized by
solid-state NMR.

2.2.1. TG Experiments

The thermo-chemical conversion of preceramic polymers into ceramics occurs through the
evolution of gaseous by-products involving a weight loss upon the heat treatment as reported in
Figure 3. Results are compared to data recorded from PMVSZ (Figure S4 in Supplementary Materials).
In contrast to TG curves recorded in nitrogen and argon atmospheres that exhibit one single-step
weight loss which is almost achieved at 700 ◦C, the TG curve of the PVMSZTi2.5 sample recorded in
an ammonia atmosphere is more complex and displays a three-step weight loss similarly to PVMSZ
(Figure S4 in Supplementary Materials) in the temperature range 30–1000 ◦C, i.e., from 30 to 250 ◦C
(1st weight loss), from 250 to 550 ◦C (2nd weight loss) and from 550 to 1000 ◦C (3rd weight loss).

The PVMSZTi2.5 sample is decomposed with weight losses measured at 1000 ◦C higher than
those measured for PMVSZ (Figure S4 in Supplementary Materials) in the same atmospheres whereas
the degree of crosslinking in PVMSZTi2.5 is supposed to be higher than in PVMSZ. As-formed units
are indeed expected to reduce the segment mobility of PVMSZ hindering depolymerization reactions
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in the polymeric network in the low temperature regime of the polymer-to-ceramic conversion;
thereby reducing the total weight loss of the precursor. However, in the present case, we observe
that a high cross-linking is not the only prerequisite to design preceramic polymers with high and
optimized ceramic yield. Another important issue is a sufficient latent reactivity of the precursors,
i.e., the ability to undergo further cross-linking reactions during the heat treatment. This is particularly
the case when -Si-H, -N-H and vinyl groups are present in the polymer to occur dehydrocoupling and
hydrosilylation reactions. Such units are supposed to be in a significant lower portion in PVMSZTi2.5
compared to PVMSZ because they reacted with TDMAT during its synthesis. Furthermore, TDMAT
catalyzed hydrosilylation reactions during the PVMSZTi2.5 synthesis. Therefore, dehydrocoupling
and hydrosilylation reactions are limited during the heat-treatment of the PVMSZTi2.5 sample. Finally,
the highest weight losses recorded for PVMSZTi2.5 is also a consequence of the presence of -N(CH3)3 as
side groups in its structure. They are not able to undergo cross-linking reactions and are decomposed
during the polymer-to-ceramic conversion. This is particularly understandable in flowing ammonia
because -N[(CH3)x]y units (x = 1 or 2 and y = 1 (for x = 1) and 1→ 3 (for x = 2)) are highly reactive
with ammonia to release amines as gaseous by-products via transamination reactions as illustrated in
Equation (5).

−Ti[N(CH3)x]y + yNH3 (g)→ -Ti[NH2]y + y(CH3)xNH3−x (5)

Since the polymer-to-ceramic conversion of preceramic polymers into ceramic materials is a
complex process, spectroscopic analyses (MS, FTIR and/or solid-state NMR) must be very extensive.
Thus, detailed discussions of these efforts are reported in detail hereafter.Molecules 2020, 25, x FOR PEER REVIEW 7 of 23 

 

 

Figure 3. TG curves recorded during decomposition of the PVMSZTi2.5 sample in flowing ammonia, 

nitrogen and argon. 

The PVMSZTi2.5 sample is decomposed with weight losses measured at 1000 °C higher than 

those measured for PMVSZ (Figure S4 in Supplementary Materials) in the same atmospheres whereas 

the degree of crosslinking in PVMSZTi2.5 is supposed to be higher than in PVMSZ. As-formed units 

are indeed expected to reduce the segment mobility of PVMSZ hindering depolymerization reactions 

in the polymeric network in the low temperature regime of the polymer-to-ceramic conversion; 

thereby reducing the total weight loss of the precursor. However, in the present case, we observe that 

a high cross-linking is not the only prerequisite to design preceramic polymers with high and 

optimized ceramic yield. Another important issue is a sufficient latent reactivity of the precursors, 

i.e., the ability to undergo further cross-linking reactions during the heat treatment. This is 

particularly the case when -Si-H, -N-H and vinyl groups are present in the polymer to occur 

dehydrocoupling and hydrosilylation reactions. Such units are supposed to be in a significant lower 

portion in PVMSZTi2.5 compared to PVMSZ because they reacted with TDMAT during its synthesis. 

Furthermore, TDMAT catalyzed hydrosilylation reactions during the PVMSZTi2.5 synthesis. 

Therefore, dehydrocoupling and hydrosilylation reactions are limited during the heat-treatment of 

the PVMSZTi2.5 sample. Finally, the highest weight losses recorded for PVMSZTi2.5 is also a 

consequence of the presence of -N(CH3)3 as side groups in its structure. They are not able to undergo 

cross-linking reactions and are decomposed during the polymer-to-ceramic conversion. This is 

particularly understandable in flowing ammonia because -N[(CH3)x]y units (x = 1 or 2 and y = 1 (for x 

= 1) and 1 → 3 (for x = 2)) are highly reactive with ammonia to release amines as gaseous by-products 

via transamination reactions as illustrated in Equation (5). 

−Ti[N(CH3)x]y + yNH3 (g) → -Ti[NH2]y + y(CH3)xNH3−x (5) 

Since the polymer-to-ceramic conversion of preceramic polymers into ceramic materials is a 

complex process, spectroscopic analyses (MS, FTIR and/or solid-state NMR) must be very extensive. 

Thus, detailed discussions of these efforts are reported in detail hereafter. 

2.2.2. Pyrolysis in Flowing Ammonia 

To elucidate the mechanisms governing the polymer-to-ceramic conversion in flowing 

ammonia, intermediates have been isolated during the pyrolysis of PVMSZTi2.5 at 200, 450, 700 and 

1000 °C with a dwelling time of 2 h at each temperature. Pyrolysis intermediates are labeled P-TNH 

(T being the temperature at which the sample was exposed; NH corresponds to ammonia 

atmosphere). Representative FTIR has been first carried out. The corresponding spectra are shown in 

Figure 4. 

Figure 3. TG curves recorded during decomposition of the PVMSZTi2.5 sample in flowing ammonia,
nitrogen and argon.

2.2.2. Pyrolysis in Flowing Ammonia

To elucidate the mechanisms governing the polymer-to-ceramic conversion in flowing ammonia,
intermediates have been isolated during the pyrolysis of PVMSZTi2.5 at 200, 450, 700 and 1000 ◦C
with a dwelling time of 2 h at each temperature. Pyrolysis intermediates are labeled P-TNH (T being
the temperature at which the sample was exposed; NH corresponds to ammonia atmosphere).
Representative FTIR has been first carried out. The corresponding spectra are shown in Figure 4.

The P-200NH sample spectrum displays the characteristic absorption bands of the PVMSZTi2.5
sample with a main decrease in intensity of the C-H (from methylamino groups) vibration and
deformation bands from 2750 to 2900 cm−1 and from 1375 to 1500 cm−1. These changes are confirmed
in the spectrum of the P-450NH sample. Thus, these observations prove the occurrence of the reaction
depicted in Equation (5) in the low temperature regime of the pyrolysis (T < 450 ◦C) as suggested based
on TG experiments. To support our observations, the N-H vibration band around 3380 cm−1 becomes
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much broader toward lower wavenumbers and more intense suggesting the formation of both -NH
and-NH2 units as expected through Equation (5). This can be explained by the fact that -Ti[NH2]y

groups formed in Equation (5) can further condense with formation of NH-containing bridges such as
Ti-NH-Ti bridges by release of ammonia according to Equation (6).

-Ti-NH2 + -Ti-NH2→ -Ti-NH-Ti- + NH3 (g) (6)Molecules 2020, 25, x FOR PEER REVIEW 8 of 23 
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Figure 4. FTIR spectra of pyrolysis intermediates isolated in flowing ammonia and derived from
PVMSZTi2.5.

In contrast, the intensities of the Si-H vibration band around 2120 cm−1 and SiCH3 deformation
band around 1250 cm−1 are relatively stable in the corresponding spectra indicating their poor reactivity
under ammonia below 450 ◦C. Changes occur in the spectrum of the P-700NH sample. The intensity of
the bands attributed to these units significantly decrease demonstrating that Si-H and Si-CH3 groups
(as well as Si-CH2-CH2-Si/Si-CH(CH3)-Si units) react with ammonia at intermediate temperatures.
It is—in general—reported in the temperature range 400–700 ◦C for polysilazanes [42,43] according to
a nucleophilic substitution by ammonia that releases dihydrogen and methane (Equation (7)).

-Si-R + NH3→ -Si-NH2 +RH (R = H, CH3, C2H4Si-) (7)

As proposed by Choong Kwet Yive et al. for polysilazanes [42,43], homolytic cleavages are the
most probable reactions occurring in a parallel way according to Equations (8)–(10).

-Si-R→ -Si• + R• (R = H, CH3, C2H4Si-) (8)

R• + NH3 (g)→ RH + •NH2 (9)

-Si• + •NH2→ -SiNH2 (10)

As-formed -SiNH2 groups could self-condense at intermediate temperature (Equation (11)) and
in the highest temperature regime of the pyrolysis (T > 700 ◦C, Equation (12)) during the conversion
process with formation of Si-NH-Si and -N(Si)3 units by release of ammonia.

-Si-NH2 + -Si-NH2→ -Si-NH-Si- + NH3 (11)

-Si-NH-Si- + -Si-NH2→ -N(Si)3 + NH3 (12)
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Similarly, -Si-NH2 groups (Equation (11)) as well as -TiNH-Ti- units (Equation (6)) can condense
with -TiNH2 (Equation (5)) to form -Si-NH-Ti- and -N(Ti)3 units, respectively. In parallel, we cannot
exclude that unreacted SiH and NH units can react together at high temperature to release hydrogen.
Thus, the decomposition of the majority of functional groups is observed in the P-700NH sample
to form -Si-N- and -Ti-N- bonds. In addition to this observation, the alteration in the shape of the
absorption bands compared to the earlier state is due to the amorphous character of the material. This
is confirmed with the broadness of the main signal in the spectrum recorded after pyrolysis at 1000 ◦C
(P-1000NH). There are no more organic groups and the spectrum is expected to exhibit a mixture of
‘SiN’ and ‘TiN’ units as discussed earlier.

Multinuclear solid-state NMR spectroscopy (Figure 5) has been used to identify the most important
structural rearrangements occurring during the thermo-chemical conversion of PVMSZTi2.5 in flowing
ammonia. Within this context, the pyrolysis intermediates isolated at 450 ◦C (P-450NH) and 1000 ◦C
(P-1000NH) have been analyzed by probing the local environment around silicon (29Si, Figure 5a) and
carbon (13C, Figure 5b).
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Figure 5. Experimental 29Si MAS NMR (a) and 13C CP MAS NMR (b) spectra recorded for the pyrolysis
intermediates derived from PVMSZTi2.5 at 7 T.

Compared to the 29Si MAS spectrum of the PVMSZTi2.5 sample (Figure 2b), the 29Si MAS spectrum
of the P-450NH sample (Figure 5a) results in a small shift of the main signal toward the resonance at
−28 ppm attributed to SiN3C units while the signal assigned to SiC2N2 units is retained. This suggests
that HSiCN2 units (and SiN4 units) are the main environment affected by the pyrolysis under ammonia
in the low temperature regime of the pyrolysis. In parallel, the 13C CP MAS signals at 39 and 45 ppm
in the spectrum of the P-450NH sample attributed to -TiNCH3 units disappear (Figure 5b) compared
to the 13C CP MAS spectrum of the PVMSZTi2.5 sample (Figure 2a). This confirms that such units
are decomposed during the first step of the pyrolysis under ammonia as suggested by FTIR. Thus,
the spectrum of the P-450NH sample shows one main signal around 10 ppm assigned to carbon atoms
of aliphatic groups bonded to a silicon atom and/or a carbon atom linked to another aliphatic carbon.
The presence of Si-CH(Si-)-CH3 units or Si-(CH-CH2)n environments confirms that such units persist
upon further heat-treatment at intermediate temperature in flowing ammonia. More changes take
place in the P-1000NH sample. Obviously, nucleophilic substitutions and rearrangements occur in
the temperature range 450–1000 ◦C that cause a modification of the chemical environment around
the silicon atoms. Solid-state NMR suggests a predominantly covalent material in which silicon is
mainly present in SiN4 environments (the corresponding signal can be simulated with one component)
confirming the occurrence of reactions depicted from Equations (7) and (12). Thus, based on FTIR and
NMR spectroscopies and deduced Equations, the P-1000NH sample is made of -N(Si)3 and -N(Ti)3
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units. As a consequence, the thermo-chemical conversion of the PVMSZTi2.5 sample in flowing
ammonia can be seen as represented in Figure 6.
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Figure 6. Schematic diagram of the thermo-chemical conversion of titanium-modified poly(vinylmethyl-
co-methyl)silazanes into Si-Ti-N ceramics in flowing ammonia.

2.2.3. Pyrolysis in Flowing Nitrogen and Argon

• Pyrolysis in flowing nitrogen

Pyrolysis intermediates have been also isolated under nitrogen during the pyrolysis of PVMSZTi2.5
at 200, 450, 700 and 1000 ◦C with a dwelling time of 2 h at each temperature. Pyrolysis intermediates are
labeled P-TN (T being the temperature at which the sample was exposed; N corresponds to nitrogen
atmosphere). Representative FTIR has been first carried out. The corresponding spectra are shown in
Figure 7.
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Figure 7. FTIR spectra of pyrolysis intermediates isolated in flowing nitrogen and derived from
PVMSZTi2.5.

In good agreement with the relative stability of the PVMSZTi2.5 sample during TG experiments
up to 200 ◦C (around 6 wt% of weight loss to be compared to around 17 wt% in flowing ammonia at
the same temperature), the P-200N sample spectrum displays the characteristic absorption bands of
the PVMSZTi2.5 sample with a relative stability in terms of intensity of bands attributed to the bonds
characterizing the functional groups such as C-H, N-H and Si-H. To corroborate this observation,
we investigated MS during the TG experiment in flowing nitrogen (Figure 8).
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Figure 8. MS curves recorded during TG experiments of the PVMSZTi2.5 sample in flowing nitrogen:
dihydrogen (a), hydrocarbons (b) and amines (c).

The MS curves show that the temperature range R.T. 200 ◦C is only associated with a release of
dimethylamine (m/z = 44) fragments indicating the occurrence of condensation reactions involving
side groups of the type -N((CH3)2)y (y = 1→ 3) and NH units which already took place during the
synthesis of the PVMSZTi2.5 sample (Equation (1)). Although the methylamine fragments could not
be detected, the release of this gas, however, cannot be excluded in the low temperature regime of
the thermo-chemical conversion through the cleavage of the -Si-N(CH3)-Ti units formed by Equation
(2), then abstracting hydrogen atoms. In this temperature range, MS also identifies the release of
dihydrogen (m/z = 2), most probably because of dehydrocoupling reactions involving NH and SiH
groups that did not react during the synthesis of the polymer (-Si-H + -Si-H→ -Si-Si- + H2 and -N-H +

-Si-H→ -N-Si- + H2). These reactions are well known to occur at relatively low temperature [43] and
methane (m/z = 15, 16) as a continuity of Equation (2). It should be pointed out that these signals can
be also attributed to ammonia because of the occurrence of transamination reactions as depicted in
Equations (13)–(15) [44].

2 -Si-NH-Si-→ -Si-NH2 + -N(Si)3 (13)

-Si-NH2 + -Si-NH-Si-→ -N(Si)3 + NH3 (g) (14)

3-Si-NH-Si-→ 2-N(Si)3 + NH3 (g) (15)

The release of dihydrogen and methane—in addition to acetylene, ethylene or ethane fragments
(m/z = 26)—becomes much more intense above 200 ◦C in excellent agreement with the significant band
intensity changes occurring in the spectrum of the P-450N sample: the band intensity of the bonds
characterizing the functional groups significantly decreases indicating that the polymer-to-ceramic
conversion mainly takes place between 200 and 450 ◦C as suggested through the TG experiment that
identified a weight loss of around 25 wt% at 450 ◦C. Associated with the main release of dihydrogen
and methane, this band intensity decrease continues between 450 and 700 ◦C (P-700N); temperature at
which the weight loss (32.5 wt%) is almost complete as indicated through the corresponding TG curve.
Only the vibration bands attributed to C-H bond are still present as functional groups. Thus, from 200
to 750 ◦C, the decomposition reactions involve—in part—radical mechanisms [45–47]. As observed
with FTIR spectra recorder in flowing ammonia, the absorption bands shape is characteristic of the
amorphous character of the material after pyrolysis at 1000 ◦C (P-1000N). They are representative
of amorphous ceramics showing no more organic groups and exhibiting a mixture of ‘SiN’, ‘SiC’
units probably also with ‘TiCxNy’ units (x + y = 1). Hence, based on these results, it seems that the
decomposition of the PVMSZTi2.5 sample under nitrogen first mainly occurs via the polymerization
mechanisms depicted in Equations (1) and (2) to crosslink the polymer backbone. Then, radical
reactions (Equation (16)) followed by hydrogen abstraction (Equation (17)) take place at intermediate
temperature to consolidate the ceramic structure already at 700 ◦C through the formation of dihydrogen
and hydrocarbons.

-Si-R→ -Si• + R• (R = H, -CH3, -CH2-CH2-Si-/-CH(CH3)Si-) (16)
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R• + H•→ RH (R = H, -CH3, -CH2-CH2-Si-/-CH(CH3)Si-) (17)

Hydrogen radicals are formed by the decomposition of C-H bonds in the high temperature regime
of the thermo-chemical conversion. It should be pointed out that the identification of methane can
be due to the cleavage of C-C bonds as suggested through Equation (18). Then, the CH3

• radical can
abstract hydrogen from Si-H bonds (Equation (19)).

-Si-CH(CH3)-Si→ -Si-CH•-Si + CH3
• (18)

CH3
• + -SiH→ -CH4 + Si• (19)

The large escape of ethylene CH2=CH2 may arise from the degradation of the Si-CH2-CH2-Si
units formed by hydrosilation during the synthesis of the PVMSZTi2.5 sample according to Equations
(20) and (21).

Si-CH2-CH2-Si→ -Si• + •CH2-CH2-Si (20)

•CH2-CH2-Si→ Si• + CH2 = CH2 (21)

The temperature range 700–1000 ◦C is probably associated with dihydrogen release due to
homolytic cleavage of residual C-H bonds followed by H abstraction (Equations (22) and (23)).

-C-H→ C• + H• (22)

H• + H•→ H2 (23)

• Pyrolysis in flowing argon

The thermo-chemical conversion of the PVMSZTi2.5 sample in an argon atmosphere is similar to
that one observed in flowing nitrogen based on the profile of the weight loss curve recorded during the
TG experiments. The main difference takes place in the high temperature regime of the TG experiment
since the weight loss is not stabilized after pyrolysis at 1000 ◦C in flowing argon. To understand the
behavior of the PVMSZTi2.5 sample in an argon atmosphere, in-situ MS experiments were performed
and the corresponding curves are represented in Figure 9.
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Figure 9. MS curves recorded during TG experiments of the PVMSZTi2.5 sample in flowing argon:
dihydrogen (a), hydrocarbons (b) and amines (c).

The nature of the gases that are released from the PVMSZTi2.5 sample in flowing argon and
the temperature ranges in which their release significantly occurs matches with the data recorded
in nitrogen atmosphere. Only the fragments at m/z = 26, 27 and 30 are identified in either nitrogen
(m/z = 26) or argon (m/z = 27 and 30). The ion signals at m/z = 26 and 27 most probably correspond
to the C2H2

+ and C2H3
+ fragments; thereby arising due to the same molecules, i.e., ethane and

ethylene evolving in both argon and nitrogen. The ion signal at m/z = 30 corresponds to the release
of methylamine that takes place under argon at low temperature as dimethylamine release occurs.
The release of methylamine is suggested in flowing nitrogen despite the fact that it is not detected by
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MS. Thus, the discussion on the thermo-chemical conversion of the PVMSZTi2.5 sample in flowing
argon fits the one given previously under nitrogen and the same mechanisms occur in both atmospheres
in similar temperature range. Based on the results from FTIR and MS obtained in both nitrogen and
argon atmospheres, it is suggested that the thermo-chemical conversion involves three main steps:

(1) Below 300 ◦C, the precursor undergoes thermal cross-linking via condensation reactions involving
both side groups of the type -N((CH3)2)x (x = 0, 1, 2, 3) and NH units (Equation (1)) and
-Si-N(CH3)-Ti- that cleaves upon heating to abstract hydrogen releasing methylamine.

(2) From 300 to 700 ◦C, mainly hydrocarbons such as methane and ethane/ethylene and hydrogen
are released from the evolving system via radical reactions then H abstraction.

(3) Above 700 ◦C, the remaining hydrogen atoms are gradually removed through homolytic
cleavage of C-H bonds and then H abstraction to lead to a single-phase amorphous covalently
bonded ceramic.

As reported in Figure 10, these reactions lead to P-1000N and P-1000A samples both displaying in
their 29Si MAS spectra a relatively broad signal at around −48 ppm ascribed to SiN4 environments.
However, its broadness—especially on the left part of the main signal—tends to indicate an enrichment
in carbon around silicon to form SiCxN4-x (0 ≤ x ≤ 4) type units compared to the sharper signal
identified in the spectrum of the P-1000NH sample that can be simulated with one component as
indicated in Figure 5.
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Figure 10. Experimental 29Si MAS NMR for the pyrolysis samples isolated at 1000 ◦C in flowing argon
and nitrogen at 7 T.

Thus, the thermo-chemical conversion of the PVMSZTi2.5 sample in flowing nitrogen and argon
can be seen as represented in Figure 11 based on the TG data coupled with in-situ MS and ex-situ FTIR
and solid-state spectroscopies of pyrolysis intermediates.

2.3. High-Temperature Phase and Microstructure Evolution of Single-Phase Amorphous Ceramics

After pyrolysis experiments, the X-ray diffractograms reveal that as-pyrolyzed samples are poorly
crystallized as shown by the diffuse peaks identified in the patterns of the P-1000NH, P-1000N, P-1000A
samples (Figure 12a). In a first approximation, they tend to reveal the slow nucleation of face-centered
cubic (fcc) TiN crystals (powder diffraction file (ICDD PDF) number: 00-038-1420) according to the
presence of peaks at 2θ around 36.5◦, 42.6◦ and 62.3 which can be attributed to the (111), (200) and (220)
TiN reflections, respectively. To support this observation, the very broad peak in the range 72.8–75.2◦
(peak positions changes according to the nature of the atmosphere) could be attributed to the (311) TiN
reflection. The crystallite sizes are low and range from 1.4 (P-1000NH) to 1.7 nm (P-1000A).
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Figure 12. XRD patterns of P-1000NH, P-1000N and P-1000A (a) and P-1400NH, P-1400N and the
P-1400A (b).

For all samples prepared at 1000 ◦C, EDS analyses demonstrate that:

(i) the initial Si:Ti ratio (2.5) fixed in the polymer is retained in the derived ceramics,
(ii) a strong tendency to decrease the carbon content from the sample treated under argon (P-1000A,

carbon content of 16.4 wt%) to samples treated under ammonia (P-1000NH, carbon content of
1.5 wt%).

Thus, we can suggest that the P-1000NH sample is only made of Si, Ti and N whereas the P-1000N
and P-1000A samples are composed of Si, Ti, C, N. The increase of the annealing temperature to 1400 ◦C
under nitrogen (P-1400NH and P-1400N samples) and argon (P-1400A sample) with a dwelling time
of 2 h at 1400 ◦C does not change the solid-state 29Si NMR response: all spectra report the broad
peak characteristic of SiN4 environments with—for the P-1400N and P-1400A samples—emerging
peaks in the range −10 to −35 ppm due to SiC4 and SiCxN4-x (0 ≤ x ≤ 4) type units (see Figure S5
in Supplementary Materials). SiC4 environments can be identified in such spectra by comparing
them with the spectrum of the P-1800A sample which exhibits only this signal. Although solid-state
NMR does not show any changes in the chemical environment of Si, XRD investigations show that
annealing to 1400 ◦C involves further crystallization of the materials (Figure 12b). XRD patterns of the
P-1400NH, P-1400N, P-1400A samples reveal better defined and shaper peaks at 2θ = 36.5◦ (P-1400N
and P-1400A) and 36.7◦ (P-1400NH), from 42.3◦ (P-1400A) to 42.6◦ (P-1400NH), from 61.7◦ (P-1400A)
to 62.0◦ (P-1400NH), 74.1◦ and 77.5◦ (all samples). Since the positions tend to slightly change between
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samples according to the used atmosphere, we tentatively suggested that the XRD patterns exhibit
the (111), (200), (220), (311) and (222) peaks from a TiCxNy (x + y = 1) crystalline phase with different
stoichiometries. For instance, the peaks (111), (200) and (220) can be indexed according to the TiC0.3N0.7

phase (ICDD PDF 00-042-1488) at 36.45◦, 42.35◦ and 61.44◦; the TiC phase (ICDD PDF 00-032-1383)
at 35.90◦, 41.70◦ and 60.44◦; and the TiN phase (ICDD PDF 00-038-1420) at 36.66◦, 42.59◦ and 61.81◦,
diffraction patterns, respectively.

As previously reported using the lattice parameter values for pure TiN and TiC and the lattice
parameters of various TiCxNy phases, the lattice constant of TiCxNy (x + y = 1) is a linear function of
its chemical composition which obeys Vegard’s law [48,49]. Thus, the observed shift of the XRD (200)
reflection in Figure 12b was used to estimate the chemical composition of the TiCxNy (x + y = 1) phase
in the ceramics prepared at 1400 ◦C (Table 1) [50].

Table 1. Structural parameters measured based on XRD pattern of nanocomposite samples.

Samples (200) Peak
Position (2θ, ◦) d200 (nm) Lattice Parameter a

(nm)
Composition of the
TiCxNy from XRD

P-1400NH 42.6 0.212 0.4245 TiN
P-1400N 42.45 0.213 0.4264 TiC0.2N0.8
P-1400A 42.3 0.214 0.4273 TiC0.3N0.7

P-1500NH 42.6 0.212 0.4245 TiN
P-1500N 42.3 0.214 0.4273 TiC0.3N0.7
P-1500A 42.25 0.214 0.4273 TiC0.4N0.6

P-1600NH 42.6 0.212 0.4245 TiN
P-1600N 42.2 0.214 0.4283 TiC0.4N0.6
P-1600A 42.1 0.215 0.4293 TiC0.6N0.4

P-1800NH 42.6 0.212 0.4245 TiN
P-1800N 42.15 0.214 0.4288 TiC0.5N0.5
P-1800A 41.9 0.216 0.4312 TiC0.8N0.2

No further XRD peaks are observed except the (002) peak attributable to sp2 carbon identified
in the P-1400A sample. Based on the crystallite size (from 1.9 nm (P-1400NH) to 3.1 nm
(P-1400N/P-1400A)), the P-1400NH sample can be considered as a TiN-based ceramic displaying
the lowest crystallization degree.

To assess the phase micro-/nanostructure of these materials, the P-1400NH, P-1400N, P-1400A
samples have been further studied by means of TEM (Figure 13). Figure 13a depicts a featureless
low magnification TEM image of P-1400NH which is significantly different from images recorded for
P-1400N and P-1400A samples. In the latter, specimens consist of homogeneously dispersed small
nuclei (dark contrast) embedded in an amorphous network. The Selected Area Electron Diffraction
(SAED) patterns of the P-1400N and P-1400A samples identify more distinct rings which can be indexed
to the (111), (200) and (220) plans of the TiCxNy phase indicating an extent of the crystallization in
those samples. In the high-resolution micrographs (Figure 13d–f), the analysis of the P-1400NH sample
(Figure 13d) reveals the presence of nanocrystals with a lattice spacing of 0.24 nm corresponding to
the d-spacing of the lattice plane of the TiN structure, i.e., the (111) direction of the fcc cubic rocksalt
TiN structure which agrees with the phase identified in the X-ray diffractogram of the same sample
(Figure 12b). The HRTEM micrographs in Figure 13e,f demonstrate that crystallization occurs in-situ
in the P-1400N and P-1400A samples. Lattice fringes of the TiCxNy nanocrystals—with diameter
less than 5 nm as better calculated in Figure 13e,f—are observed which confirms that the samples
represent nanocomposites with a fringe spacing of 0.25 nm. As a conclusion, heat-treatment above
1400 ◦C provides access to nanocomposites composed of nano-precipitate homogeneously distributed
in an amorphous matrix. Thus, in the following section, we investigated separately ammonia-treated
samples and nitrogen/argon-treated samples.
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Figure 13. TEM images of P-1400NH (a,d), P-1400N (b,e) and the P-1400A samples (c,f) with inserted
selected area electron diffraction patterns in (a–c).

2.3.1. Ammonia-Treated Samples Heat-Treated in the Temperature Range 1500–1800 ◦C

After heat-treatment at 1500 ◦C, the P-1500NH sample shows sharper and more intense TiN XRD
peaks (crystallite size = 16 nm) as well as emerging XRD peaks corresponding to nanosized α-Si3N4

(ICDD PDF number: 04-005-5074) crystals (Figure 14a). HRTEM (Figure 15a) confirms clear evidence
for the crystallization process of the TiN nanophase (P-1500NH) appearing as small nuclei (around
10 nm). We can clearly distinguish the fcc structure of TiN nanocrystals with a fringe spacing of
0.24 nm (Figure S7a in Supplementary Materials). This is confirmed through the SAED pattern (inset
in Figure 15a).
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Figure 15. TEM micrographs of P-1500NH (a), P-1500N (b) and P-1500A (c) samples with selected area
electron diffraction pattern as insets.

The increase of the annealing temperature confirms TiN crystal growth as shown through the
XRD patterns of samples annealed at 1600 ◦C (P-1600NH, crystallite size = 22.4 nm) and 1800 ◦C
(P-1800NH, crystallite size = 27.4 nm). Samples represent nanocomposites made of crystallized TiN
and Si3N4 (α and β (ICDD PDF number: 04-033-1160)) phases (Figure 14a). In the following section,
we discussed the crystallization behavior of the samples pyrolyzed then annealed in flowing nitrogen
and argon together.

2.3.2. Nitrogen and Argon-Treated Samples Heat-Treated in the Temperature Range 1500–1800 ◦C

The increase of the temperature to 1500 ◦C (P-1500N (Figure 14b) and P-1500A (Figure 14c))
involves further crystallization of both TiC0.3N0.7 (crystalline size = 10.8 nm) and α and β-Si3N4 phases
in P-1500N (see Figure S6 in Supplementary Materials) and both TiC0.4N0.6 (crystalline size = 28.4 nm)
and β-SiC (ICDD PDF number: 00-029-1129) phases in P-1500A. In the latter, we cannot exclude the
presence of α/β-Si3N4 phases because of the relative broadness of the XRD peaks. Thus, compared
to the (200) XRD peak position in the XRD pattern of the P-1400N and P-1400A samples (Figure 12b,
Table 1), the reflections of the TiCxNy (x + y = 1) phase slightly shift towards lower diffraction angles
indicating that the TiCxNy (x + y = 1) phase becomes enriched in carbon. This is illustrated in Figure 16
for the P-1500A sample and its derivatives at 1600 ◦C (P-1600A) and 1800 ◦C (P-1800A).
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Figure 15b,c displays the low magnification images of the P-1500N and P-1500A samples.
They show that nanocrystals with a size that can exceed 20 nm—in particular for the sample
formed under argon—co-exist with an amorphous phase appearing as a bright-appearing network.
The SAED patterns (insets in Figure 15b,c) are composed of distinct spots that indicate the high degree
of crystallinity of TiCxNy (x + y = 1) nanocrystals. The high magnification of HRTEM images of
both samples exhibit lattice fringe of the TiCxNy (x + y = 1) nanophase with an equal fringe spacing
of 0.25 nm. (Figure S7 in Supplementary Materials). Pyrolysis temperatures of 1600 ◦C identified
compositions of TiC0.4N0.6 (P-1600N; crystalline size = 25.8 nm) and TiC0.6N0.4 (P-1600A; crystalline
size = 43.3 nm) (Table 1) along with SiC. The heat-treatment to 1800 ◦C involves further crystallization
of the phases and we noticed that the diffraction (200) peaks shift toward lower diffraction angles of TiC
indicating an increase in the lattice parameter and the formation of the TiC0.5N0.5 (P-1800N; crystalline
size = 109.6 nm) and TiC0.8N0.2 (P-1800A; crystalline size = 109.8 nm) solid solutions whereas β-/α-SiC
could be assigned to other peaks (Figure 14b,c). From line broadening of the (220) reflection, the β-SiC
crystallite size is estimated to be 99.8 nm.

EDS analyses (See EDS mapping in Figures S8 and S9 in Supplementary Materials) of the P-1600A
and P-1800A, samples indicated the gradual formation of TiC/SiC nanocomposites with the increase
of the temperature to 1800 ◦C, especially using argon as an atmosphere. The identification of SiC4

environments has been confirmed in the P-1800A sample via 29Si solid-state NMR (See Figure S5 in
Supplementary Materials). To be more accurate in the C, N and O contents, we investigated C/S
and N/O/H analysis for these samples and, by considering the measurement of Si and Ti contents
by EDS, we found that they exhibited chemical formulas of Si1.0Ti0.2C0.8N0.200.02 (P-1600A) and
Si1.0Ti0.2C1.1N0.100.01 (P-1800A) indicating the formation of a nanocomposite composed of 20 wt% of
TiC in a SiC matrix free of carbon whereas nitrogen could be neglected according to the very low content
(1.5 wt%). Thus, through the modulation of the atmosphere of pyrolysis, we succeeded in the design of
nitride, carbonitride and carbide nanocomposites using an unique titanium-modified polysilazane.

3. Materials and Methods

3.1. General Comments

The synthesis of the precursor is carried out in a purified argon atmosphere passing through
a column of phosphorus pentoxide and then a vacuum/argon line by means of standard Schlenk
techniques. The cleaned glassware is stored in an oven at 90 ◦C overnight before being connected to
the vacuum/argon line, assembled and pumped under vacuum for 30 min and then filled with argon.
All chemical products are handled in an argon-filled glove box (Jacomex, Campus-type; O2 and H2O
concentrations kept at≤0.1 ppm and≤0.8 ppm, respectively). Toluene (99.85%, Extra Dry over Molecular
Sieve, AcroSeal(R)) was purchased from Acros Organics™. The poly(vinylmethyl-co-methyl)silazane
(commercial name: Durazane® 1800) was provided by Merck company, Germany, stored in a fridge
and used as-received. It is labeled PVMSZ. Anal. Found (wt%): Si, 41.3; C, 27.3; N, 22.7; H, 8.3; O, 0.4.
[Si1.0C1.5N1.1H5.5]n (Referenced to Si1.0 and oxygen content was omitted in the empirical formulae).
FTIR (ATR/cm−1): ν (N−H) = 3388 (m), ν (C−H) = 3046 (s), 3010 (s), 2954 (s), 2895 (s), 2852 (m), ν (Si−H)
= 2121 (vs), δ (vinyl) = 1591 (m), δ (CH2) = 1405 (m), δ (Si−CH3) = 1251 (s), δ (N-H): 1166 (m), δ (C-H +

C-C + N−Si−N + Si-C) = 1005-630 (vs); 1H NMR (300 MHz, CDCl3, δ/ppm): 0.4–0.1 (br, SiCH3), 1.1–0.5
(br, NH), 4.9–4.4 (br, SiH), 6.3–5.7 (br, vinyl). Tetrakis(dimethylamido)titanium (Ti[N(CH3)2]4, 99.99%)
was obtained from Acros Organics™, stored in a fridge and used without further purification. It is
labeled TDMAT.

3.2. Polymer Synthesis

The reaction between PVMSZ and TDMAT is done in toluene at temperature of reflux (115 ◦C)
in a three-neck round-bottom flask. In a typical experiment, 5.7 g of TDMAT (16.5 mmol) is quickly
added with a syringe under flowing argon to a solution of 2.7 g of PVMSZ (41.2 mmol referred to
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the theoretical monomeric unit of the polymer) in 80 mL of toluene at RT under vigorous stirring.
Then, the temperature is increased up to 115 ◦C under static argon and kept at this temperature under
vigorous stirring for three days. After cooling down, the solvent is extracted via an ether bridge
(100 ◦C/1.5.10−1 mbar) to release an air- and moisture-sensitive titanium-modified PVMSZ labeled
PVMSZTi2.5 (2.5 being the Si:Ti ratio) that appears as a brownish-black powder. Anal. Found (wt %):
Si 25.8, Ti 11.9, C 33.1, N 20.7, H 7.9, O 0.6. [Si1.0Ti0.3C3.0N1.6H8.5]n (Referenced to Si1.0 and oxygen
content was omitted in the empirical formulae). FTIR (KBr/cm−1): ν(N−H) = 3376 (w), ν (C−H) =

2960 (s), 2848 (s), 2761 (s), ν(Si−H) = 2123 (m), δ(CH3) = 1457 (s), δ(CH2) = 1417 (m), δ(C-N) = 1294 (m),
δ(Si−CH3) = 1250 (s), δ (N-H): 1174 (m), δ (C-H + C-C + N−Si−N + Si-C + Si−N−Ti) = 1054-655 (vs).

3.3. Synthesis of the Ceramic Materials

Polymeric powders are placed in alumina boats in the glove-box, then introduced in a sealed tube
under argon atmosphere to prevent any oxygen contamination of the samples during the transfer to
the furnace. Powders are then introduced under argon flow into a silica tube inserted in a horizontal
furnace (Carbolite BGHA12/450B). The tube is evacuated (0.1 mbar) and refilled with anhydrous
ammonia (99.99%), nitrogen (99.995%) or argon (99.995%) to atmospheric pressure. Subsequently,
the samples are subjected to a cycle of ramping of 5 ◦C.min−1 in the temperature range 200–1000 ◦C in
flowing ammonia, nitrogen or argon (dwelling time of 2 h at the temperature selected among 200, 450,
700 and 1000 ◦C). A constant flow (120 mL min−1) is passed through the tube during the pyrolysis cycle.
After cooling under argon atmosphere, ammonia-, nitrogen- and argon-pyrolyzed samples are stored
in the glove-box for characterization. Samples are labeled P-TX with T being the temperature at which
the polymer has been exposed and X corresponding to the nature of the atmosphere: X = A for argon,
X = N for nitrogen and X = NH for ammonia. For the high temperature (T > 1000 ◦C) investigation,
samples pyrolyzed at 1000 ◦C (P-1000NH, P-1000N and P-1000A) are subsequently introduced in a
graphite furnace (Gero Model HTK 8 for ammonia-pyrolyzed samples and a Nabertherm VHT-GR
for nitrogen- and argon-pyrolyzed samples) for annealing treatments. The furnaces are pumped
under vacuum (1.10−1 mbar), refilled with nitrogen for ammonia- and nitrogen-pyrolyzed samples or
with argon for argon-pyrolyzed samples and maintained under a constant flow of gas (200 mL min−1)
during the whole heat treatment. The program consists of a 5 ◦C.min−1 heating ramp up to the
maximum temperature fixed in the range 1400–1800 ◦C, dwelling at the selected temperature for 2 h
and cooling down to RT at 5 ◦C.min−1. Samples are labeled P-TX with T the temperature at which
the polymer has been exposed (1400, 1500, 1600 and 1800 ◦C) and X corresponds to the nature of the
atmosphere: X = A for argon, X = N for nitrogen and X = NH for ammonia (200 ◦C ≤ T ≤ 1000 ◦C) and
then nitrogen T > 1000 ◦C.

3.4. Material Characterization

As the polymers are reactive towards moisture and oxygen, the following sample preparations were
performed within a glove box. The chemical structure of polymers was determined by transmission
FTIR spectroscopy using a Nicolet Magna 550 Fourier transform-infrared spectrometer. 1H NMR
data of PMVSZ solutions in CDCl3 were obtained using a Bruker AM 300 spectrometer operating at
300 MHz. Tetramethylsilane (TMS) was used as a reference for the NMR data. Solid-state 13C CP
MAS, 15N CP MAS and 29Si MAS NMR spectra were recorded on a Bruker AVANCE 300 spectrometer
(7.0 T, ν0(1H) = 300.29 MHz, ν0(13C) = 75.51 MHz, ν0(15N) = 30.44 MHz, ν0(29Si) = 59.66 MHz)
using 4 mm and 7 mm Bruker probes and a spinning frequencies of 10 and 5 kHz, respectively. 13C
and 15N CP MAS experiments were recorded with ramped-amplitude cross-polarization in the 1H
channel to transfer magnetization from 1H to 13C and 15N. (Recycle delay = 3 s, CP contact time =

1 ms, optimized 1H spinal-64 decoupling). Single pulse 29Si MAS NMR spectra were recorded with a
recycle delay of 60 s. Chemical shift values were referenced to tetramethylsilane for 13C and 29Si and
CH3NO2 for 15N. Chemical analyses of the polymers were performed using a combination of several
methods at Mikroanalytisches Labor Pascher (Remagen, Germany). Thermogravimetric analyses
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(TGA) of samples were performed in flowing ammonia at 5 ◦C.min−1 to 1000 ◦C using silica crucibles
(Setaram TGA 92 16.18, SETARAM Instrumentation (Caluire, France)). In addition, they were done in
flowing nitrogen or argon at 5 ◦C.min−1 to 1000 ◦C using alumina crucibles at ambient atmospheric
pressure (STA 449 F3, Netzsch GmbH, Selb, Germany) coupled with mass spectrometer (Omnistar,
Pfeiffer Vacuum GmbH, Asslar, Germany) in outlet. The phase composition of ceramic samples was
determined by XRD analysis (Bruker AXS D8 Discover, CuKα radiation, Billerica, MA, USA). The scans
were performed in the range of 2θ ∈ 〈20◦; 85◦〉 with a step of 0.015◦ and an exposure time of 0.7 s.
The diffractograms were analyzed using the Diffrac + EVA software with the JCPDS-ICDD database.
Crystallite sizes of TiCxNy crystals were calculated from the FWHM of the (200) diffraction lines using
the Scherrer’s equation while their chemical composition was measured by considering the interlayer
spacing d200 and the lattice parameter a considering both the Scherrer equation and the Vegard’s law.
The chemical analysis of selected powders was determined by scanning electron microscopy equipped
with energy dispersive spectroscope (EDS-SEM, JEOL IT 300 LV, Tokyo, Japan) and confirmed for
some of them using hot gas extraction techniques with a Horiba EMGA-830 for oxygen, nitrogen and
hydrogen contents and using a combustion analysis method for carbon content on a Horiba Emia-321V.
Structural and morphological characterizations were conducted by Transmission Electron Microscopy
with a JEM-2100F model from JEOL (Japan) for nitrogen- and argon-treated samples and at the Indian
Institute of Technology Madras, Chennai using TECNAI 20G2, FEI instruments (Hillsboro, OR, USA)
with an accelerating voltage of 200 kV & JEOL 3010 (Japan) at an accelerating voltage of 300 kV for
ammonia-treated samples.

4. Conclusions

Within the present study, a titanium-modified polysilazane has been synthesized by adding
tetrakis(dimethylamido)titanium Ti[N(CH3)2]4 (TDMAT as titanium source) to a commercially available
poly(vinylmethyl-co-methyl)silazane labeled PVMSZ according to an atomic Si:Ti ratio of 2.5. The effect
of the nature of the atmosphere including ammonia, nitrogen and argon behind its thermo-chemical
conversion and the crystallization behavior of derived amorphous ceramics has been critically
investigated. Synthesis reactions involved N-H and Si-H bonds in polysilazanes and N(CH3)-based
groups in TDMAT as well as hydrosilylation reactions based on complementary characterization tools
including FTIR, solid-state NMR and elemental analysis. Thus, the incorporation of Ti increased the
crosslinking degree of the polysilazane and introduced side groups that affect the weight change
during the further polymer-to-ceramic conversion. Titanium plays a major role in modifying the
mechanisms of the polysilazane-to-ceramic transformation, especially in the low temperature regime
of the thermal decomposition by prohibiting the distillation of small polymer fragments occurring
with PVMSZ and then releasing amines most probably from side groups and hydrocarbons based
on radical reactions. Pyrolysis mechanisms have been identified based on TG experiments, FTIR,
solid-state NMR and MS spectroscopies. After pyrolysis to 1000 ◦C, materials are X-ray amorphous
(although nucleation of TiCxNy (x + y = 1) nanocrystals could be considered) and display a Si:Ti
ratio in good agreement with the ratio fixed the polymers. The final nano-/microstructure evolved
according to the annealing temperature fixed in the range 1400–1800 ◦C. Ammonia-treated amorphous
ceramics evolved toward nanocrystalline-TiN/amorphous-Si3N4 whereas nitrogen- and argon-treated
ceramics led to nanocrystalline-TiCxN1-x/amorphous-SiC(N) nanocomposites after annealing at 1400 ◦C.
At 1800 ◦C, highly crystallized nanocomposites are obtained in the Si-Ti-N (ammonia-treated ceramics)
and Si-Ti-C (argon-treated ceramics) systems. The nitrogen-treated samples represent TiCxNy

(x + y = 1)/SiC nanocomposites.

Supplementary Materials: The following are available online, Figure S1: FTIR spectra of PVMSZ, PVMSZ_T and
PVMSZTi2.5 samples, Figure S2: liquid-state 13C-NMR spectrum of TDMAT, Figure S3: experimental 13C CP
MAS NMR recorded for the PVMSZTi2.5 sample from −20 to 160 ppm, Figure S4: TG curves recorded during
decomposition of PVMSZ in flowing ammonia, nitrogen and argon, Figure S5: experimental 29Si CP MAS NMR
for the P-1400NH, P-1400N, P-1400A and P-1800A samples at 7 T, Figure S6: identification of the α and β-Si3N4
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phases in the XRD pattern of P-1500N, Figure S7: HRTEM micrographs of P-1500NH (a), P-1500N (b) and P-1500A
(c) samples with FFT images obtained from HRTEM images of P-1500N (b) and P-1500A (c) samples as insets,
Figure S8: EDS mapping of the P-1600A sample, Figure S9: EDS mapping of the P-1800A sample.
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Abstract: Fabrication of heterostructures by merging two or more materials in a single object.
The domains at the nanoscale represent a viable strategy to purposely address materials’ properties
for applications in several fields such as catalysis, biomedicine, and energy conversion. In this case,
solution-phase seeded growth and the hot-injection method are ingeniously combined to fabricate
TiO2/PbS heterostructures. The interest in such hybrid nanostructures arises from their absorption
properties that make them advantageous candidates as solar cell materials for more efficient solar
light harvesting and improved light conversion. Due to the strong lattice mismatch between TiO2

and PbS, the yield of the hybrid structure and the control over its properties are challenging. In this
study, a systematic investigation of the heterostructure synthesis as a function of the experimental
conditions (such as seeds’ surface chemistry, reaction temperature, and precursor concentration),
its topology, structural properties, and optical properties are carried out. The morphological and
chemical characterizations confirm the formation of small dots of PbS by decorating the oleylamine
surface capped TiO2 nanocrystals under temperature control. Remarkably, structural characterization
points out that the formation of heterostructures is accompanied by modification of the crystallinity
of the TiO2 domain, which is mainly ascribed to lattice distortion. This result is also confirmed by
photoluminescence spectroscopy, which shows intense emission in the visible range. This originated
from self-trapped excitons, defects, and trap emissive states.

Keywords: colloidal heterostructures; seed mediated growth; heterogeneous nucleation; PbS/TiO2

heterostructure; TiO2 nanocrystal defects
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1. Introduction

The colloidal approach, which is extensively used to prepare nanoparticles (NPs) and nanocrystals
(NCs) with a variety of sizes and shapes [1–4], has, in recent decades, made a step forward by fabricating
hybrid NPs [5–11] based on the combination of two or more materials in one solid nano-object for
application in several fields, including biomedicine, environment, catalysis, and sensing [12–16].
In principle, any desired inorganic material can be purposely assembled to form the hybrid structures,
characterized by properties that possibly derive from a simple combination, enhancement, or mitigation
of the properties of the individual materials or can bring on completely new physical and chemical
properties. Metal-metal [5,6], semiconductor-semiconductor [17–23], metal-semiconductor [24–27],
and magnetic-semiconductor [28,29] hybrid structures have been prepared by different solution-phase
approaches such as seed mediated epitaxial and non-epitaxial deposition [14,17,30–33], cation
exchange [34–36], and coupling promoted by the bifunctional linker [37,38]. With the exception
of the last strategy, where pre-synthesized NPs are assembled ex-situ at distances inherently induced
by the linker, the other approaches rely on the growth of the new phase on pre-existing NPs with
the two domains in intimate contact. Face miscibility and lattice mismatch between the two phases
control the feasibility of the hybrid structure and its final topology. Cation exchange, which consists of
the kinetically driven replacement of cations of pre-existing NCs with new cations while retaining
anion sub-lattice, has been exploited for the fabrication of multi-component materials under a mild
temperature condition [34,35]. The new phase, nucleated at the NC surface facet, may topotaxially
grow toward the interior of the NCs or form original morphologies due to facet-dependent exchange
reaction, nanoscale asymmetry, and anisotropy. Although this strategy shows great potentiality for
the easy fabrication of novel heterostructures, it has been mainly limited to the fabrication of hybrid
structures belonging to the II–VI, I−III−VI, and IV−VI classes of semiconductors and characterized
by the same anion for both domains. Conversely, a huge variety of hybrid structures with each
component having a different size, shape, spatial orientation, composition, and crystalline structure,
have been synthesized by the multi-step seed-mediated growth [10,39–41]. The reaction scheme
consists of the first step of synthesis of the seeds, which is followed by the heterogeneous nucleation
and growth of the new phase upon precursor’s injection. Even though the presence of seeds in solution
provide a thermodynamic and kinetic gain to the nucleation of a new phase by References [8,9,42],
and, even though heterogeneous nucleation results in more favoured than homogenous nucleation,
the achievement of a high yield of hybrid structures remains challenging, which is often affected by the
separate homogenous nucleation of the new phase. According to the colloidal synthesis theory, the
Gibbs energy barrier to heterogeneous nucleation is lower than that of homogenous nucleation due to a
series of factors including wettability between seeds and nuclei, and further decreases at an increase of
a new phase monomer supersaturation and reaction temperature. Similarly, the presence of the seeds
affects the nucleation rate. In spite of the fact that heterogeneous and homogeneous nucleation paths
follow the same kinetic law, heterogeneous nucleation is generally faster than homogeneous nucleation
under an actual supersaturation condition. However, while at low supersaturation, heterogeneous
nucleation dominates at high supersaturation. Homogenous nucleation has been reported to be the
preferred path [43]. Though temperature and supersaturation define the synthetic condition that make
the formation of hybrid structures prevail over homogeneous nucleation, the final hybrid material
topology is mainly shaped by the interfacial strain and facet dependent on chemical reactivity [9,23].
A positive strain energy term (γstrain) contributes to the interfacial tension (γi) and, together with
the solid/solution surface tension of seeds (γseed/solution) and nuclei (γnuclei/solution), defines the overall
surface tension (∆γ = γnuclei/solution + γi – γseed/solution). The ∆γ value allows prediction of the growth
mode of the heterostructure as well as the topology of the hybrid NP. Centrosymmetric core-shell
hybrid structures form when the lattice constants of the two components do not differ significantly
(Frank-van der Merwe mode, ∆γ < 0), while non-centrosymmetric structures are achieved at ∆γ < 0,
only if interfacial energy between the two materials is large enough and when certain regions on the
seed surface are accessible and reactive. At ∆γ > 0 and at high lattice mismatch (>5%) between the two
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phases, the deposition of the new nuclei on the seed occurs by formation of islands-like structures
(Volber-Weber mode). In this case, the energy strain is released by atoms rearranging or by interfacial
misfit dislocation. However, these theoretical predictions do not take into account the presence in
solution phase strategies of organic surfactants, which modulate the solid/solution interfacial tension
and enable the formation of heterostructures, even combining dissimilar materials [20].

This work focuses on the synthesis of hybrid nanostructures based on the nucleation of PbS
NCs onTiO2 NPs. Colloidal TiO2/PbS hybrid NCs have been prepared following diverse strategies,
such as seed-mediated hot-injection [20], ultrasound ionic deposition [44], successive ionic layer
adsorption, and a reaction method (SILAR) [45], or by PbS and TiO2 NCs assembling with very short
bifunctional linker molecules [38]. Such a type of hybrid structure has gained increasing attention
in recent decades for its potential application in solar cell devices [46–48]. Coupling of the TiO2

wide band gap semiconductor (3.2 eV) with PbS NPs with a size dependent narrow band gap that
extends to the NIR region may overcome the intrinsic limitation of TiO2, which only absorbs the
ultraviolet portion of the solar spectrum [49,50] thanks to PbS-mediated sensitization process [51,52].
Enhanced solar light harvesting and efficient electron transfer have been reported to improve the
performances of solar cells [20,44]. However, charge carrier dynamic at the interface strongly depends
on the appropriate choice of the two material band offsets. Quantum confined PbS NCs, characterized
by a large exciton Bohr radius [44], offer the possibility to well control the band edge alignment with
TiO2 by simply tuning their size. Solar light photogenerated electron/hole pairs can be forced either
to recombine within the PbS materials, according to type-I heterojunction behaviors or to separate
by efficient interparticle electron transfer in a type-II heterojunction [8]. However, as pointed out by
Trejo et al. [53], the deposition of PbS over TiO2 suffers from the large lattice mismatch between the
two materials. Island-like structures of PbS, grown by chemical vapour deposition on crystalline TiO2

film, show a PbS domain characterized by bond distortion from the bulky crystalline phase, which
results in changes in the electronic structure of the PbS and increase of the energy gap. Similarly,
as described by Acharya et al. [20], the final topology of the TiO2 nanorods/PbS hybrid structure,
grown by the solution phase strategy, and the PbS domain size are dictated by the large interfacial
strain at the two-material interface. The work pointed out that, thanks to the use of colloidal NCs
as seeds in the synthesis, the interfacial strain can be tuned through the TiO2 ligands, which results
in near-epitaxial small island-like or single large PbS structures deposited on TiO2 nanorods [20].
The growth mode and the PbS domain size, lastly, defines the electron transfer properties at the hybrid
structure interface [20]. This results in a type-II hybrid heterojunction and efficient electron transfer
from PbS to TiO2 domains [20], when PbS domains with sizes below 7 nm decorate the TiO2 nanorods.

The present study aims at synthesizing and extensively characterizing TiO2/PbS hybrid NCs
prepared by a seeded growth approach using purposely functionalized TiO2 NCs as seeds and
allows the PbS domains growth, in situ, by the hot injection method. The work wants to examine
the critical role of interfacial strain in the fabrication of such hybrid TiO2/PbS NCs in directing the
heterostructure topology, domain structure, and final optical properties. The effectiveness of PbS
deposition on TiO2 seeds, passivated with a native layer of oleic acid (OA), or surface modified with
oleylamine (Olam), and the final hybrid structure topology, have been explored by varying the precursor
concentration, and, thus, monomer supersaturation as well as injection temperature. The systematic
morphological investigation allows defining the synthetic conditions, which brings a high yield
of hybrid nanostructures under limited homogeneous nucleation, successfully attained at specific
precursor concentration and under controlled temperature conditions, when using Olam-capped TiO2

NCs as seeds. It has been shown that the presence of Olam as a capping agent, loosely bound at the
TiO2 NCs surface, allows an easier PbS monomer deposition, which provides the hybrid structure
formation. Lastly, the surface modification and interfacial strain between TiO2 and PbS have been
found to strongly affect the structural and optical properties of the hybrid NPs and, in particular,
the optical properties of the TiO2 domain.
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2. Results and Discussion

In this scenario, the synthesis of TiO2/PbS hybrid NCs by seeded-mediated growth and hot
injection approaches has been developed. The main aim of this work is to examine how parameters
such as injection temperature, precursor concentration, supersaturation, and ligands composition at the
TiO2 seed surface can modulate the energetic and kinetic factors that promote colloidal heterogeneous
nucleation over homogeneous nucleation, and determine the yield and topology of the heterostructures.
The general procedure relies on the hot-injection [54] at different temperatures ranging from 120 ◦C
to 80 ◦C, into the TiO2 seeds suspension, of the Pb-oleate precursor, prepared by decomposing PbO
in oleic acid and ODE. This is followed by the addition of HMDS solution in ODE (Pb:HMDS molar
ratio 5:1). Upon injection, Pb-oleate and HMDS readily decompose, which results in the sudden
release of monomers that burst the nucleation of PbS [55–58]. Homogenous nucleation represents the
upper-limit to heterogeneous nucleation under a high supersaturation condition (Figure 1A), while,
at low supersaturation (Figure 1B), the interplay between the lattice mismatch and the solid/solution
surface tension for each phase defines the topology of the hybrid structure. In addition, increasing
the injection temperature makes the exchange dynamic faster between surfactants bound at the seeds’
surface and the free ligands in solution, which renders the seed surface more accessible to the monomer
deposition, and, concomitantly, allows faster monomer diffusion [29], which profitably improves
heterogeneous nucleation. However, in general, above a certain temperature threshold, which depends
on the reaction mixture composition and precursor nature, the higher the temperature, the faster
becomes the homogeneous nucleation. In this case, two precursor concentrations have been used
with [Pb2+] ranging from 0.01 M to 0.005 M and [HMDS] from 0.002 M and 0.001 M and decreasing
injection temperature, namely 120 ◦C, 100 ◦C, and 80 ◦C, have been investigated by fixing the growth
temperature at 80 ◦C.
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Figure 1. Seeded-growth under high (A) and low (B) supersaturation condition. Homogenous
nucleation represents the upper-limit to heterogeneous nucleation. At low supersaturation, the overall
interfacial energy (∆γ = γnuclei/solution + γi – γseed/solution, with γi = interfacial tension) defines the
topology of the hybrid structure that, under high interfacial strain, may result in segregated phases
(∆γ < 0) or island-like structures (∆γ > 0, Volmer-Weber growth mode). The grey dodecahedral shape
NP represents the TiO2 NC seeds while the orange structures represent the PbS NCs.

The reaction has been stopped after 10 min since prolonged heating has been observed to be always
accompanied by the reaction mixture discoloration, which is likely ascribed to partial dissolution of
the PbS domains.

2.1. Fabrication of TiO2/PbS Hybrid NCs

Monodispersed platelet-like colloidal TiO2 NCs seeds with an average size of nearly 7 nm
(σ% = 13%, Figure 2A) have been synthesized by an alcholisis reaction between OA and 1-octadecanol
that results in water release in the reaction flask [59] and titanium ethoxide hydrolysis, which is
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followed by the titanol condensation reaction. The FTIR spectrum of the TiO2 NC sample (Figure 3a
and 3(a1) allows disclosing the ligand composition and the type of ligand coordination at the NC
surface. The 3300–2800 cm−1 range (Figure 3a) shows the vibrational modes of the cis-9-octadecenoil
hydrocarbon chain of OA (see Figure S1A) used as a coordinating agent during the synthesis with
characteristic absorption peaks at 2917 cm−1 and 2849 cm−1, ascribed to the intense symmetric and
antisymmetric C-H stretching of methylenic groups at 2960 cm−1, attributed to the antisymmetric
stretching of the terminal -CH3 group, and, at 3005 cm−1, corresponding to the weak but definite band,
which is characteristic of the =C-H symmetric stretching.
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TiO2 NCs (b–b1).

The peaks at 1463, 1410, 1290, and 940 cm−1 (Figure 3(a1)) can be ascribed to –CH2– bending of
the hydrocarbons chain, –C–O–H in-plane bending, –C–OH stretching vibrations, and –O–H out of the
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plane mode of the carboxylic acid moiety, respectively. The presence of an intense –C=O stretching
mode at 1710 cm−1 confirms that OA binds the TiO2 NCs surface through the oxygen of the carbonyl
group in a monodentate R–C(=O)–O form rather than forming bidentate RCO2-M structures [60–62].
The FTIR spectrum also shows the characteristic broad and intense stretching of metal–oxygen TiO2

bonds below 800 cm–1. The as-prepared TiO2 NCs have been addressed in the paper as OA-capped
TiO2 NCs.

The first set of reactions for the synthesis of hybrid TiO2/PbS NCs has been performed by using
seeds as the OA-capped TiO2 NCs suspensions. TEM micrograph of the sample, prepared upon
injection at 120 ◦C of Pb-oleate at [Pb2+] = 0.01M and HDMS at 0.002M is reported in Figure 2B. Small
dots of nearly 5 nm in diameter (σ% = 14%), highlighted by the dashed red circles in the picture,
are visible together with features clearly ascribed to TiO2 NCs (Figure 2A). Furthermore, isotropic
growth and formation of a spherical PbS domain are typically achieved since OA is the sole ligand in
the reaction mixture released upon Pb-oleate precursor decomposition and/or desorbed from the TiO2

surface at a high temperature, and, given that OA does not preferentially bind any specific PbS face,
and dynamically desorbs and adsorbs at the PbS surface [54].

Homogeneous nucleation of PbS has not been found to be suppressed even by decreasing the
injection temperature at 100 ◦C (Figure S2, [HDMS] = 0.002M, [Pb2+] = 0.01M), which would have
been expected to favor heterogeneous nucleation over homogeneous nucleation nor by decreasing the
precursor concentration (Figure 2C, [HMDS] = 0.001M, [Pb2+] = 0.005M) while keeping the injection
temperature constant. However, in the latter case, even to a lower extent, morphologies characterized
by tiny dots decorating the TiO2 NCs seeds have been detected (white dashed circle in Figure 2C),
which confirms that depletion of the monomer under low supersaturation condition may improve the
yield of heterostructures. The monomer concentration used for the synthesis of the sample reported in
Figure 2C has been applied for further experiments.

To optimize reaction conditions toward high yield formation of TiO2/PbS heterostructures without
homogeneous nucleation, it should be considered that hybrid structures are difficult to achieve. In fact,
since a high energy strain [20,53] has been reported between PbS and TiO2, this, in principle, would
not favor the deposition of PbS in intimate contact with the TiO2 domains. However, TiO2/PbS
heterostructures have been reported to be successfully achieved when TiO2 {001} facets merge with
the cubic PbS (rock-salt) {100} face, even though the two faces show a substantial 6.9% lattice
mismatch [20,53]. In this case, OA ligands, which are known to specifically tightly bind to the TiO2

{001} faces [63,64], contribute in limiting the formation of the hybrid structure, which hinders the
deposition of PbS on the seed surface. A different scenario is, then, expected by replacing OA with a
new capping layer that less strongly passivates the TiO2 NCs {001} faces. After extensive purification
steps of the TiO2, NCs to partially remove the physisorbed OA and the excess of OA in solution [65],
Olam has been added in large excess for the exchange reaction. Olam is an l-type ligand and it loosely
binds by means of nitrogen electron pair the TiO2 NCs [66], preferentially coordinating the {101} faces,
which leaves the {001} faces that are highly reactive and available for PbS deposition. According
to the ligand-exchange rules [66], since OA binds the TiO2 NC surface through the monodentate
oxygen of the carboxylic moieties, acting as an l-type ligand, it can be effectively exchanged by Olam
without affecting the electroneutrality of the TiO2 NCs [66]. The FTIR spectrum of the Olam treated
TiO2 NCs is reported in Figure 3b and 3(b1). The spectral range between 3100 cm−1 and 2800 cm−1,
characteristic of the symmetric and antisymmetric C-H stretching modes of saturated and unsaturated
hydrocarbons, does not show any appreciable change if compared to the untreated OA-capped TiO2

NCs, since both OA and Olam bring the same alkyl (cis-9 octadecenoyl) chain. However, the inspection
of 1900–750 cm−1 wavenumber range (Figure 3(b1)) shows the complete disappearance of the peaks
at 1710 cm−1 (υs –C=O) and at 940 cm−1 (O-H out of plane modes) characteristics of the carboxylic
group, which confirms the removal of the OA from the TiO2 NC surface. Even though addition of
Olam can promote the formation of oleyl ammonium-oleate salt due to acid-base equilibrium, the
two bands’ characteristics of oleate, centered at 1528 and 1442 cm–1, respectively, are not detected.
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The FTIR spectrum of the 1700–800 cm−1 region, reported in Figure 3(b1), mainly dominated by the
intense peak at 1459 cm−1 ascribed to the –CH2 scissoring, shows a peak at 1070 cm−1 ascribed to the
C–N stretching mode, and a peak at 790 cm−1 ascribed to the –NH2 wagging, superimposed to the
strong broad stretching of metal–oxygen bonds below 800 cm–1, which is characteristic of the TiO2 NC
samples. These active stretching modes and the lack of the peak at 1616 cm−1, which corresponds to
the –NH2 scissoring, is visible in the spectrum of the free Olam (Figure S1(B1)). This suggests that
Olam coordinates the surface of the TiO2 NCs through the amino groups.

The Olam-capped TiO2 NCs have been used as seeds for preparing a new set of samples.
Figure 2D–F reports the morphological characterization of the samples obtained at [HMDS] = 0.001 M,
[Pb2+] = 0.005 M, and at an injection temperature of 120 ◦C (Figure 2D), 100 ◦C (Figure 2E), and 80 ◦C
(Figure 2F). A high yield (white dashed circle Figure 2D) of TiO2 NCs, decorated with tiny dots (size
nearly 1.8 nm and σ% = 14%), ascribed to TiO2/PbS NCs, are displayed in Figure 2D, which corresponds
to the sample prepared at an injection temperature of 120 ◦C, even though isolated dots of nearly
2.9 nm (σ% = 9%) are also visible (red dashed circle Figure 2D), which suggests the concomitant
occurrence of both homogeneous and heterogeneous nucleation. The decrease of the precursors’
injection temperature down to 100 ◦C (Figure 2E) mainly results in sole nanostructures, based on TiO2

NCs decorated with small spots (nearly 1.7 nm and σ% = 13%) and a negligible number of isolated dots.
Further reduction of the injection temperature at 80 ◦C causes only a slight darkening of the solution
color upon precursors injection. The TEM micrograph (Figure 2F) reveals a low yield of TiO2-decorated
structures. Therefore, while in the presence of OA-capped TiO2 seeds, the homogeneous nucleation of
PbS could not be eluded, even at the lowest tested supersaturation condition. The exchange of OA with
Olam has promoted the formation of structures attributed to heterogeneous NCs and the formation of
isolated PbS NCs has been strongly limited by decreasing the reaction temperature. Further chemical,
structural, and spectroscopic characterization has been carried out for the sample prepared starting
from Olam-capped TiO2 NCs and injection of PbS precursors ([HMDS] = 0.001 M, [Pb2+] = 0.005 M) at
100 ◦C that shows, by TEM characterization, the limited homogenous nucleation and the higher yield
of tiny dots decorated TiO2 NCs.

2.2. Structure and Chemical Composition of TiO2/PbS Hybrid NCs

Olam-capped TiO2 NCs (Figure 4A) and the TiO2/PbS hybrid NC sample (Figure 4B) have been
investigated by high-angle annular dark-field-scanning TEM (HAADF-STEM). Based on incoherently
scattered electrons, the HAADF-STEM («Z-contrast») imaging mode shows a contrast related to the
average atomic number (~Z1.7). This translates into high sensitivity to variations in the atomic number
of atoms in the sample and, thus, enables an easy identification of areas characterized by a different
mean atomic number.

Small bright dots, ascribed to a high mean atomic number material, decorate less bright NCs
(Figure 4B), which corresponds to TiO2 seeds (Figure 4A). The observed island-like structure of the
material decorating the TiO2 NCs retraces the Volmer-Weber growth mode, as expected, from the
high lattice mismatch between PbS and TiO2. STEM-EDS analysis (Table 1) and XPS characterization
(Figure 4C) have been carried to unveil the chemical composition of the hybrid structure.

Table 1. STEM-EDS analysis (atomic %) of TiO2 NCs and TiO2/PbS hybrid structure.

Ti% O% Pb% S%

TiO2 NCs 33 66 - -
TiO2/PbS NCs 20 73 8 low
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Figure 4. HAADF-STEM images (scale bar 10 nm) of (A) TiO2 seed NCs and (B) TiO2/PbS hybrid
nanostructures. (C,D) XPS spectrum of TiO2/PbS hybrid NCs in the 130–170 eV range: raw data
(scattered plot) and fitting curve of the S 2p (C, light blue line) and of the Pb 4f (D), based on two
contributions Pb1 (D, green line) and Pb2 (D, violet line). (E) XRD spectra of TiO2 NCs (red line) and
TiO2/PbS hybrid (blue line) together with the Bragg hkl reflections positions for TiO2 anatase (bottom
markers, crystal system: tetragonal, PDF2-ICDD code: 842186) and PbS (upper panel, crystal system:
cubic, PDF2-ICDD code: 00-005-0592) crystal structures. The XRD spectra of the two samples are
reported, and shifted for the sake of clarity. Filled square and empty circle symbols are ascribed to TiO2

anatase and PbS peaks, respectively.

The STEM-EDS data confirm the presence Pb and S in the TiO2/PbS hybrid NCs, even though the
latter content is lower than that expected to be consistent with the presence of PbS domains. However,
it must be mentioned that quantification of sulfur in PbS by EDS is affected by a large uncertainty
due to the overlap of the S Kα (2.31 keV) and Pb Mα (2.34 keV) X-ray peaks, given the relatively low
energy resolution (~100 eV in the mentioned energy range) of EDS. Therefore, the quantification of
the S atomic content relies on fitting the two peaks with a consequent uncertainty. Concomitantly,
an increase in O content with respect to Ti (O%: Ti% 3.6:1) is revealed in the hybrid NC sample
compared to TiO2 NC seeds (O%: Ti% 2:1), which is in disagreement with the stoichiometry of TiO2.
This means that other O sources contribute to the O signal. PbS photo-oxidation [67,68], reasonably
taking place in samples stored under air and atmospheric humidity, and residual Pb-oleate, present in
excess during the synthesis, can explain the high O content revealed in the hybrid structure. Residual
Pb-oleate can also reasonably account for the excess of Pb over S detected by the STEM-EDS analysis.
The overall stoichiometry of the TiO2/PbS hybrid system has been assessed by XPS characterization
(Figure 4C) [68,69]. The XPS spectrum shows the typical peaks of both S (Figure 4C) and Pb (Figure 4D)
in the binding energy range of 130–170 eV. In particular, the Pb 4f signal is composed of two peaks
ascribed to Pb4f 7/2, at 138.4 ± 0.2 eV and Pb 4f 5/2, at 143.2 ± 0.2 eV. The most prominent feature of the
Pb4f 7/2 peak position agrees with the presence of Pb ions in the Pb2+ oxidation state. This peak has been
fitted with two major contributions (Figure 4D), which include a prominent Pb1 component centered
at 138.6 eV, correlated to binding energy values of oxidized or hydroxylated species (PbSO3, Pb(OH)2)
or residual Pb-oleate, expected to have their contributions within the window of 138.4–138.6 eV,
according to the NIST database [68] and Pb2, the less intense component, located at 137.8 eV, which is a
binding energy value corresponding to Pb in PbS (137.8 ± 0.4eV in the NIST database). The S2p signal
(Figure 4C) has been fitted with a single component located at 160.9 ± 0.3 eV that can be attributed to S
bound to Pb (PbS rock-salt type formation, 160.6 ± 0.6 eV in the NIST database) [70]. The quantitative
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analysis, made by comparing the signal of the Pb component at 137.8 eV and the S, with each one
attributed to the PbS, shows a Pb: S ratio of 1:1, which reflects the stoichiometry of bulk-like PbS.
Therefore, the results of the overall HAADF-STEM, STEM-EDS, and XPS characterization (Figure 4C)
suggest the formation of small PbS dots with residual Pb-oleate and other oxidized Pb species [68,69].

X-ray diffraction patterns of TiO2 (Figure 4E red line) and TiO2/PbS hybrid NCs (Figure 4E:
blue line) together with the Bragg hkl reflections for TiO2 anatase and PbS crystal structures are
reported in Figure 4E. TiO2 NCs show a pattern characterized by peaks that can be indexed with
the crystallographic structure of TiO2 anatase (crystal system: tetragonal, PDF2-ICDD code: 842186),
while the hybrid TiO2/PbS NCs shows a pattern profile characterized by the presence of both PbS
rock-salt (crystal system: cubic, PDF2-ICDD code: 85128) and TiO2 anatase (crystal system: tetragonal,
PDF2-ICDD code: 842186) crystalline phases. In particular, the diffraction peak at nearly 2θ = 25.4◦,
has been indexed as the overlap between the (101) of TiO2 and (111) of the PbS. The broad peak at
2θ = 28.6◦matches the reflection peak (220) of the PbS rock-salt phase, since their broadening accounted
for the very small size of the PbS domain, as confirmed by the TEM characterization and XPS chemical
analysis. Diffractions peaks at 2θ~37.9◦, 48.0◦, and 54.6◦ corresponding to the (004), (200), and (211)
hkl Bragg reflections of the TiO2 anatase structure are found both in the hybrid structures and in the
TiO2 NCs.

The apparent difference in relative integral intensity of specific diffraction peaks in TiO2 NCs
compared to TiO2/PbS hybrid NCs suggests a possible structural change that have been analyzed in
the following. The integral intensity ratio for the TiO2 reflections (004)/(200) has a value of 1.20 in TiO2

NCs, which decreases to 0.37 in TiO2/PbS hybrid NCs. Similarly, the integral intensity ratio (101)/(200)
is nearly 3.58 in TiO2 NCs and becomes 1.86 for the NCs’ hybrid structures. This latter ratio value
should be slightly underestimated, which is the peak (200) at 2θ = 25.4◦ where the overlap between
two contributions arise from the TiO2 (101) and the PbS (111) reflections. The intensity ratios show that
the (004) and (101) TiO2 reflections are less represented with respect to the (200) one in the TiO2/PbS
hybrid NCs, which indicates a decrease of the crystallinity along the [004] and [101] directions for the
TiO2/PbS NCs hybrid structure with respect to the [200] one.

Bonding distortions in TiO2/PbS hybrid structures have been demonstrated in literature [53] with
the periodic bonds at the TiO2 surface compromising the crystal structure of PbS during its deposition.
In this case, XRD data clearly suggest a structural modification of the TiO2 seed in the hybrid structure.
In order to accommodate the misfit between the two materials’ lattice parameters and reduce the
interfacial strain, partial disruption of the TiO2 anatase crystallinity, mainly along the [101] and [004]
directions, may occur. However, XRD analysis does not provide any quantitative estimation on the
PbS crystalline domain due to the small size of this domain in the hybrid structures.

2.3. Spectroscopic Characterization

Characterizations of colloidal semiconductor NCs by absorption and emission spectra is essential
for monitoring the material optical properties in view of their applications in sensing, energy conversion,
and optoelectronic devices. In addition, in the case of TiO2 NCs, photoluminescence spectroscopy
represents a powerful technique for tracking the evolution of defective states [71]. Since the valence and
conduction bands of TiO2 are associated with the O-2p and Ti-3d states, respectively, rearrangements
of Ti and O atoms can bring modifications in the band edge structures [72].

UV-Vis-NIR absorption spectra (Figure 5A) as well as stationary (Figure 5B, λex at 375 nm)
and time-resolved emission (Figure S3) in the visible range of Olam-capped TiO2 seeds (red line,
Figure 5A,B) and TiO2/PbS hybrid nanostructures (blue line, Figure 5A,B) have been recorded.
TiO2 colloidal dispersion (Figure 5A, red line) shows the absorption line profile characteristic of an
indirect band gap semiconductor highlighting a steep absorption onset in the UV region, which is
consistent with the energy gap of anatase TiO2 (3.2 eV), while the absorption spectrum of TiO2/PbS
hybrid NCs (Figure 5A, blue line) spans over the UV-Vis-NIR spectral range. This confirms the presence
of PbS domains. In particular, the spectrum shows a broad absorption at 545 nm (2.26 eV) consistent
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with the first exciton transition of small PbS NCs with sizes below 2 nm [73,74]. This is represented by
the PbS domain decorating the TiO2 NCs and a week band at 850 nm (1.46 eV) ascribed to exciton
transition of homogeneously nucleated PbS NCs, with a size of nearly 3 nm, present in the sample at a
very low extent. The band broadening can be attributed to the broad size distribution of PbS domains,
which is also revealed by the TEM characterization (Figure 2E).

Molecules 2020, 25, x FOR PEER REVIEW 10 of 17 

 

the TiO2/PbS sample, are the one that is mainly contributed to the emission tail in the green-red visible 
spectral region. Early studies [75] attribute blue emission (400–450 nm) in TiO2 NCs to self-trapped 
exciton (STE), which corresponds to self-localized photogenerated charges, that, in anatase TiO2, can 
be more easily formed thanks to the long Ti-Ti interionic distances, the low TiO6 octahedral 
coordination, and the limited symmetry of the structure [75]. 

  
Figure 5. (A) UV-Vis-NIR absorbance spectra and (B) steady state emission spectra (λex= 375 nm) in 
the visible spectral range of the Olam-capped TiO2 seeds (red line) and TiO2/PbS hybrid structures 
(blue line). Each sample has been suitably diluted in order to show the same absorbance value at 375 
nm. 

Emissive bands mainly located in the green and red spectral region are attributed to structural 
defects like Ti-interstitials and/or oxygen vacancies, which introduce sub bandgap defect states [76] 
that contribute to recombination paths of photogenerated electrons with holes trapped on 
undercoordinated Ti3+ or involve shallow states. Even though these emission bands become 
particularly relevant in high surface area materials such as NCs [75], which are expected to feature a 
high density of trap/defect states, the PL spectra of the synthesized TiO2 and TiO2/PbS hybrid NCs 
show only an emission tail in the green and red spectral region. This result can be explained by 
considering that oxygen vacancies suffer from the presence of O2 when acting as a scavenger of 
conduction band electrons and induce a strong PL quenching [71,75].  

On the basis of these considerations, the fitting contributions of the TiO2 NC PL band centered 
in the range of 400–450 nm can be mainly attributed to STE while the one centered at 462 nm is 
ascribed to indirect recombination via oxygen defects [77]. The week emission of the TiO2 NC sample 
with the tail almost completely quenched at 600 nm suggests a low density of oxygen defects 
compared to the TiO2/PbS hybrid nanostructure. In the TiO2/PbS hybrid sample, a broad and more 
intense emissive component centered at 488 nm (2.6 eV) and extending up to 700 nm is displayed. 
This band is attributed to the charge transfer from Ti3+ to the nearby oxygen anion in a TiO68− complex 
structure, and also most likely originated from the recombination of electrons at oxygen-related 
defect states with the holes in the valence band [71]. Since oxygen vacancies improve the formation 
of STE, an increased intensity of the emission in the blue spectral region is detected for the TiO2/PbS 
hybrid sample. The increase in the surface oxygen vacancy states is also corroborated by the decrease 
of the average lifetimes of the decay profile. A faster PL decay (Figure S3) at 460 nm has been also 
measured with averaged lifetimes decreasing from 23 ns for TiO2 seeds to only 5 ns in the hybrid 
structures, which indicates the introduction of non-radiative pathways in the recombination of the 
excited charge carriers. Since oxygen vacancies are more stable, they do not remain as surface defect 
states, but tend to migrate at subsurface layers, which affects the TiO2 structures and potentially 
generates a partially amorphous layer [71], as corroborated by the XRD characterization.  

Only a very weak emission of the PbS domain has been observed. The lack of a significant 
emission signal in the far visible range expected for the PbS domain of 2 nm could be possibly 
ascribed to a PL quenching induced by electron transfers from PbS to TiO2 or to a strong red shift of 
the PL due to energy transfer phenomena among PbS NCs in close proximity with each other. A week 

Figure 5. (A) UV-Vis-NIR absorbance spectra and (B) steady state emission spectra (λex = 375 nm) in
the visible spectral range of the Olam-capped TiO2 seeds (red line) and TiO2/PbS hybrid structures (blue
line). Each sample has been suitably diluted in order to show the same absorbance value at 375 nm.

The PL spectra in the visible region reported in Figure 5B (λex = 375 nm) show a structured
emission with two main bands peaked at nearly 415 nm and 435 nm for both samples and an emission
tail extending up to 600 nm and 700 nm for the TiO2 and TiO2/PbS hybrid NCs, respectively. However,
an increased intensity, without evident modifications of the line profile, is detected for the emission
spectrum of the TiO2/PbS hybrid structures compared to the TiO2 NC seeds.

Gaussian deconvolution (Figure S4A,B) of the PL spectrum of each sample (TiO2 NC, Figure S4A
and TiO2/PbS hybrid NC Figure S4B) performed using four components results in emission bands
centered at 411 nm (3 eV), 434 nm (2.86 eV), 445 nm (2,78 eV), and 462 nm (2.68 eV) for the TiO2 NC
sample and at 413 nm (3 eV), 439 nm (2.82 eV), 446 nm (2.78 eV), and 488 nm (2.5 eV) for the TiO2/PbS
sample, respectively. The component centered at 462 nm, for the TiO2 NC sample, and 488 nm, for the
TiO2/PbS sample, are the one that is mainly contributed to the emission tail in the green-red visible
spectral region. Early studies [75] attribute blue emission (400–450 nm) in TiO2 NCs to self-trapped
exciton (STE), which corresponds to self-localized photogenerated charges, that, in anatase TiO2, can be
more easily formed thanks to the long Ti-Ti interionic distances, the low TiO6 octahedral coordination,
and the limited symmetry of the structure [75].

Emissive bands mainly located in the green and red spectral region are attributed to structural
defects like Ti-interstitials and/or oxygen vacancies, which introduce sub bandgap defect states [76] that
contribute to recombination paths of photogenerated electrons with holes trapped on undercoordinated
Ti3+ or involve shallow states. Even though these emission bands become particularly relevant in high
surface area materials such as NCs [75], which are expected to feature a high density of trap/defect
states, the PL spectra of the synthesized TiO2 and TiO2/PbS hybrid NCs show only an emission tail in
the green and red spectral region. This result can be explained by considering that oxygen vacancies
suffer from the presence of O2 when acting as a scavenger of conduction band electrons and induce a
strong PL quenching [71,75].

On the basis of these considerations, the fitting contributions of the TiO2 NC PL band centered in
the range of 400–450 nm can be mainly attributed to STE while the one centered at 462 nm is ascribed
to indirect recombination via oxygen defects [77]. The week emission of the TiO2 NC sample with the
tail almost completely quenched at 600 nm suggests a low density of oxygen defects compared to the
TiO2/PbS hybrid nanostructure. In the TiO2/PbS hybrid sample, a broad and more intense emissive
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component centered at 488 nm (2.6 eV) and extending up to 700 nm is displayed. This band is attributed
to the charge transfer from Ti3+ to the nearby oxygen anion in a TiO6

8− complex structure, and also
most likely originated from the recombination of electrons at oxygen-related defect states with the holes
in the valence band [71]. Since oxygen vacancies improve the formation of STE, an increased intensity
of the emission in the blue spectral region is detected for the TiO2/PbS hybrid sample. The increase
in the surface oxygen vacancy states is also corroborated by the decrease of the average lifetimes of
the decay profile. A faster PL decay (Figure S3) at 460 nm has been also measured with averaged
lifetimes decreasing from 23 ns for TiO2 seeds to only 5 ns in the hybrid structures, which indicates
the introduction of non-radiative pathways in the recombination of the excited charge carriers. Since
oxygen vacancies are more stable, they do not remain as surface defect states, but tend to migrate at
subsurface layers, which affects the TiO2 structures and potentially generates a partially amorphous
layer [71], as corroborated by the XRD characterization.

Only a very weak emission of the PbS domain has been observed. The lack of a significant
emission signal in the far visible range expected for the PbS domain of 2 nm could be possibly ascribed
to a PL quenching induced by electron transfers from PbS to TiO2 or to a strong red shift of the PL
due to energy transfer phenomena among PbS NCs in close proximity with each other. A week and
broad band, located in the NIR region at 1095 nm (1.14 eV), is displayed in Figure S4C. However, more
in-depth characterization needs to be carried out to confirm the charge transfer process at the interface.

3. Materials and Methods

3.1. Materials

Titanium(IV) ethoxide (TEO, technical grade), 1-decanol (DL, ~97%), 1-octadecene (ODE, technical
grade 90%)), oleic acid (OA, technical grade 90%), oleylamine (Olam, technical grade 70%), lead oxide
(II) (PbO, ≥99.0%), and hexamethyldisilathiane (HMDS, synthesis grade) were used for NCs synthesis.
Acetone (≥99.5%) and ethanol (≥99.8%) were used as non-solvents to recover the colloidal NCs from
the reaction mixture. Hexane and tetrachloroethylene (TCE, A.C.S. spectrophotometric grade ≥99%)
were used as solvents to disperse the synthesized NCs. All reagents and solvents were purchased by
Sigma-Aldrich (Milan, Italy) and used without further purification.

3.2. Synthesis of Organic-Capped TiO2 NCs

1 mmol of OA and 13 mmol of DL were dissolved in 15 mL of ODE and degassed for 1 h at 120 ◦C
in a three-necked flask. Then, the temperature was set to 290 ◦C and 1 mmol of TEO was rapidly
injected. The reaction was stopped after 1 h by cooling the reaction flask to room temperature. TiO2

NCs were collected by adding acetone and three cycles of centrifugation/re-dispersion in hexane with
the addition of acetone. NCs were dispersed in hexane (OA-capped TiO2 NCs). Olam-capped TiO2

NCs were prepared by a ligand exchange reaction on OA-capped TiO2 NCs with Olam as follows:
1.5 mL of extensively washed native OA-capped TiO2 NCs were dispersed in 10 mL of ODE in the
presence of 0.6 mmol of Olam and sonicated for more than 1 h. The colloidal solution was purified by
non-solvent addition, centrifugation, and re-dispersion in hexane.

3.3. Synthesis of TiO2/PbS Hybrid NPs

The TiO2/PbS NC hybrid structures were synthesized by a seed-mediated growth reaction. In
a three-neck flask, 1.5 mL of TiO2 NC seeds, 0.2 mmol, (either OA-capped or Olam-capped TiO2)
were dispersed in 10 mL of ODE and degassed at 80 ◦C for 30 min. In another flask, 0.2 mmol of
PbO were dispersed in 10 mL of ODE in the presence of 0.6 mmol OA under inert atmosphere and
heated up to 120 ◦C for 30 min to decompose the PbO. The Pb-oleate precursor was then injected in
the flask with the TiO2 NCs’ colloidal dispersion and was stirred under nitrogen for 10 min ([Pb2+]
= 0.01 M ÷ 0.005 M), which was followed by the injection of HMDS sulfur precursor (HMDS: Pb
molar ratio 1:5) at the different injection temperatures: 120 ◦C, 100 ◦C, and 80 ◦C (Tinj) and the sudden
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decrease of the temperature down to 80 ◦C (growth temperature Tgrowth) to stop the nucleation.
The reaction mixture was left to stir for 10 min and then stopped by cooling down the solution.
The NPs were collected by the addition of ethanol as a non-solvent and washed with three cycles of
centrifugation/re-dispersion in hexane. The samples were then re-dispersed in 2 mL of TCE for further
characterization. Three batches have been prepared for each synthetic approach in order to confirm
the reproducibility of the morphological and spectroscopic results.

3.4. Sample Characterization

UV-Vis-NIR absorption spectra were recorded by using a Cary 5000 spectrophotometer (Varian,
Agilent Technologies Italia S.p.A, Milano, Italy). Steady-state and time-resolved UV−Vis-NIR
photoluminescence experiments (PL) were performed by using a Fluorolog 3 spectrofluorimeter
(Horiba Jobin-Yvon, Roma, Italy) equipped with both a continuous wave Xe lamp (450 W) and a
∼80 ps pulsed laser source (NanoLED 375 L), which emitted at 375 nm with a repetition rate of 1 MHz,
and interfaced with a TBX-PS photon counter for steady-state and time-resolved (TRPL) measurements
in the visible range and with a Peltier-cooled InGaAs detector for the NIR range. Fast Fourier transform
infrared (FTIR) spectroscopy measurements were carried out in attenuated total reflection (ATR)
mode with Spectrum One FTIR spectrometer (Perkin–Elmer, Milan, Italy) equipped with a triglycine
sulfate (TGS) detector. The spectral resolution was 4 cm–1. The internal reflection element (IRE)
was a three bounce 4 mm diameter diamond microprism. Cast films were prepared directly onto
the IRE by depositing the sample solutions (3–5 lL) onto the upper face of the diamond crystal and
allowing the solvent to evaporate. For morphological characterization, a JEM-1011 transmission
electron microscope (TEM) of JEOL (Tokyo, Japan) was employed, operating at 100 kV acceleration
voltage. Samples were prepared by dipping the carbon-coated copper grid in the colloidal dispersion
of the NCs and NPs, prepared at a suitable dilution, and let the solvent evaporate. The particle average
size and size distribution was obtained by counting at least 150 particles for each sample by means of
a freeware Zeiss AxioVision analysis program (Jena, Germany). In particular, the average size was
measured and the percentage relative standard deviation (σ%) was calculated in order to define the
NC size distributions. High-angle annular dark field-scanning TEM (HAADF-STEM) images and
energy-dispersive X-ray spectroscopy (EDS) analyses were acquired using an image Cs-corrected
JEM-2200FS TEM (JEOL) with a Schottky emitter, operated at 200 kV, equipped with a Bruker (Berlin,
Germany) Quantax 400 STEM system and a XFlash 5060 silicon-drift detector (60 mm2 active area).
The EDS spectra were quantified by the Cliff-Lorimer method applied to the O Kα peak (at 0.52 keV),
the S Kα peak (at 2.31 keV), and the Pb Lα peak (at 10.55 keV). For these analyses, the samples were
prepared by drop-casting the colloidal suspensions onto a double amorphous carbon film (ultrathin
on holey)-coated Cu grid. X-ray photoelectron spectroscopy (XPS) characterizations were performed
on an Axis UltraDLD spectrometer (Kratos) using a monochromatic Al Kα source (15 kV, 20 mA).
The binding energy was calibrated by setting the main C1s peak (corresponding to C–C bonds) to
284.8 eV. A D8 Discover X-ray powder diffractometer (Bruker AXS Advanced X-ray Solutions GmbH,
Karlsruhe, Germany) was used in Bragg-Brentano θ/2θ acquisition geometry using a copper Kα x-ray
tube (0.154 nm) and a scintillation detector. The XRD patterns were recorded at a fixed incidence angle
of 5◦ while moving the detector in the range 10–120◦ with a step size of 0.05◦. A qualitative analysis of
the crystalline phase content was performed using the QUALX 2.0 program [78]. Samples for XRD
characterizations were prepared by drop casting of concentrated NPs’ dispersions on silicon substrates.

4. Conclusions

A seeded growth combined with a hot-injection approach has been used to prepare TiO2/PbS
hybrid structures under a controlled experimental condition (reaction mixture composition, seed surface
chemistry, and injection/nucleation temperature), suitably defined to limit homogenous nucleation
and favor heterogeneous nucleation. The morphological and chemical characterization confirms
the formation of small dots ascribed to PbS NCs decorating the oleylamine capped TiO2 NCs, upon
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injection at 100 ◦C of the Pb and S precursors, at the concentrations of 0.005 M and 0.001 M, respectively.
The hybrid structure topology has been demonstrated to be strongly affected by the high interfacial
strain between the TiO2 and PbS, which agreed with the Volmer-Weber growth mode.

The XRD characterization suggests a structural modification of the TiO2 seeds in the hybrid
structure with partial disruption of the TiO2 anatase crystallinity, likely induced to accommodate the
misfit between the two materials’ lattice parameters and reduce the interfacial strain. The presence of
dominant defect states in the TiO2 domain of the hybrid structure is confirmed by steady state and time
resolved photoluminescence. The enhanced intensity of the emission band for the TiO2/PbS hybrid
NCs compared to TiO2 NCs has been ascribed to a higher density of defect oxygen vacancies with
emissive states in the green region and improved formation of STE whose emission falls in the blue
region of the visible spectrum.

Supplementary Materials: The following are available online. Figure S1: FTIR spectra of neat oleic acid and
oleylamine. Figure S2: TEM micrograph of oleic acid-capped TiO2 NCs after injection of [Pb2+] = 0.01 M, [HMDS]
= 0.002 M at 100 ◦C. Figure S3: Time-resolved photoluminescence decay at 460 nm (λex = 375 nm) of TiO2 NCs
and PbS/TiO2 hybrid nanostructures. Figure S4: Gaussian deconvolution of photoluminescence spectra (λex =
375 nm) in the visible range and in the NIR range of TiO2 NCs and PbS/TiO2 hybrid nanostructures.
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Abstract: When using gold nanoparticle (AuNP) inks for writing photothermal readable secure
information, it is of utmost importance to obtain a sharp and stable shape of the localized surface
plasmon resonance (LSPR) absorption bands in the prints. The T increase at a given irradiation
wavelength (∆Tλ) is the retrieved information when printed patterns are interrogated with a laser
source. As ∆Tλ is proportional to the absorbance at the wavelength λ, any enlargement or change of the
absorbance peak shape in a printed pattern would lead to wrong or unreliable reading. With the aim
of preparing AuNP inks suitable for inkjet printing of patterns with stable and reliable photothermal
reading, we prepared liquid solutions of spherical AuNP coated with a series of different polymers
and with or without additional dispersant. The optical stability of the inks and of the printed patterns
were checked by monitoring the shape changes of the sharp LSPR absorption band of AuNP in the
visible (λmax 519 nm) along weeks of ageing. AuNP coated with neutral polyethylenglycol thiols
(HS-PEG) of mw 2000–20000 showed a strong tendency to rapidly agglomerate in the dry prints.
The close contact between agglomerated AuNP resulted in the loss of the pristine shape of the LSPR
band, that flattened and enlarged with the further appearance of a second maximum in the Near
IR, due to plasmon hybridization. The tendency to agglomerate was found directly proportional to
the PEG mw. Addition of the ethylcellulose (EC) dispersant to inks resulted in an even stronger and
faster tendency to LSPR peak shape deformation in the prints due to EC hydrophobicity, that induced
AuNP segregation and promoted agglomeration. The introduction of a charge on the AuNP coating
revelead to be the correct way to avoid agglomeration and obtain printed patterns with a sharp LSPR
absorption band, stable with ageing. While the use of a simple PEG thiol with a terminal negative
charge, HS-PEGCOO(−) (mw 3000), was not sufficient, overcoating with the positively charged
polyallylamine hydrochloride (PAH) and further overcoating with the negatively charged polystyrene
sulfonate (PSS) yielded AuNP@HS-PEGCOO(−)/PAH(+) and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−),
both giving stable prints. With these inks we have shown that it is possible to write photothermally
readable secure information. In particular, the generation of reliable three-wavelength photothemal
barcodes has been demonstrated.

Keywords: gold nanoparticles; photothermal effect; nanoink; inkjet printing; secure writing; anti-counterfeit
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1. Introduction

Nanoparticles (NPs) capable of relaxing thermally when irradiated at the wavelength of their
absorption bands add interesting photothermal properties to the many peculiarities of matter at
the nanoscale. NP of this kind are made of highly absorbing substances such as Prussian Blue [1],
copper sulfide [2] or, more frequently, noble metals [3]. In the latter case, the absorption bands responsible
of the photothermal effect are due to the well-known phenomenon of localized surface plasmon resonance
(LSPR). Excitation at the wavelengths of such bands gives typically a weak fluorescent emission [4]
unless pulsed lasers sources are used, generating in the latter case the more intense two photon
luminescence (TPL) [5]. Continuous irradiation of LSPR bands with laser or wide spectrum continuous
sources leads thus to a largely prevalent thermal relaxation [5]. The maximum of absorption of the LSPR
bands (λmax) of Ag and AuNP is a function of their dimensions and shape, that are both tunable during
synthesis [6]. In particular, by decreasing the symmetry of Ag and Au nanoparticles from that of a
sphere to those of elongated, branched or more complex shapes, such as nanorods, nanostars, nanoplates
and nanoshells, the absorption maximum can be easily shifted from the visible to the Near-IR (NIR)
range [3,6] including the so-called ‘bio-transparent window’ (750–900 nm). Following this, many papers
have been published proposing antitumoral [7] and antibacterial [8] photothermal through-tissues
therapies by using such non-spherical NP. Besides giving a photothermal response in solution and
in-vitro or in-vivo wet conditions, dry surfaces coated with patterns of photothermal NP display an
even more intense effect [9,10]. With this in mind, we recently proposed a radically different application
of the photothermal effect of NIR-absorbing gold nanostars (GNS), i.e. Their use in a new approach in
secure writing and anti-counterfeiting applications [11].

Briefly, this approach includes: i) preparing photothermal NP inks, i.e., liquid solutions of
NP suitable for inkjet printers; ii) printing patterns on a given bulk substrate (eg paper, glass);
iii) interrogating the printed pattern by irradiating it with a laser source at a given wavelength (λexc);
iv) thermally reading the response with a thermocamera, obtaining a thermogram (T vs t, starting
from T0 at t = 0) from which the maximum reached temperature (Tmax) is determined and the thermal
answer is calculated as ∆T = Tmax − T0, as sketched in Figure 1A,B.

A simple information is retrieved from this operation, as the ∆T answer may be YES or NO if
it is higher or lower than a chosen threshold. In Figure 1, the chosen ∆T threshold is 10 ◦C, and the
exemplificative thermograms of Figure 1A,B give a YES and NO answer, respectively. While we also
proposed more sophisticated reading systems to create anticounterfeit secure printed patterns [11] like
multiwavelength-interrogation photothermal barcodes, even the simple YES/NO thermal reading on a
single irradiated point allows to obtain encoding/reading of secure information, as it requires complex
technologies both to be written and to be read, and the correct keys are needed to interpretate the
thermal response. The keypoint of the present paper is pictorially illustrated in Figure 1C,D. Given a
sharp absorption band, the obtained ∆T is strongly dependent on λexc and once a threshold ∆T has
been chosen (10 ◦C in the exemplifying sketch), a YES answer may become a NO answer even by
relatively small changes in λexc (compare the response of λexc2 with that of λexc1 and λexc3). In this case
the knowledge of the correct λexc (and of the laser irradiance to be used) is one of the keys necessary to
a user to verify if a printed point gives the exact expected answer. On the other hand, large absorption
bands as in Figure 1D give the same thermal answer (YES, in the Scheme) for a large range of λexc, eg for
the same wavelengths of λexc1, λexc2 and λexc3 of Figure 1C. With such large featureless absorptions
the uniqueness of the correct wavelength of the laser source is lost, knocking down the security level of
this key.
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Figure 1. (A) and (B): examples of typical thermograms, i.e., T vs time profiles obtained irradiating a
photothermally responsive printed pattern. ∆T values are calculated as the T differences Tmax − T0

evidenced by the azure double arrows; T0 is 20 ◦C in both examples; a threshold ∆T of 10 ◦C has been
chosen: in panel A ∆T < 10 ◦C (thermal answer: NO), in panel B ∆T > 10 ◦C (thermal answer YES).
(C): visual sketch of how the photothermal answer changes by changing λexc with a print having a
sharp absorption peak: small thermograms in the red-framed squares are what obtained (left to right)
with λexc1 (∆T < 10 ◦C, answer: NO), λexc2 (∆T > 10 ◦C, answer: YES); λexc3 (∆T < 10 ◦C, answer:
NO). (D): same, but with a large featureless absorpion band: at the same three λexc of panel C all the
thermograms (red-framed squares) give ∆T > 10 ◦C, i.e., a YES answer.

LSPR bands of AuNP are intense and sharp, and, in principle, such NP are ideal for preparing
photothermally responsive inks suitable for this approach. However, as we have observed using
GNS-containing inks [11], when AuNPs have been printed and the printed pattern is dry, the distance
between nanoparticles may get so short that plasmon hybridization takes place [12,13]. This leads to large,
featureless absorption bands, completely different from those observed in solution. Moroever, AuNPs are
typically prepared in water as colloidal suspensions, while inks for inkjet printers must be liquid mixtures
with higher viscosity and lower surface tension than water. Due to this, solvent mixtures have to be used
(eg water with alcohols such as isopropanol and ethylene glycol) [11,14] and coatings must be grafted to
AuNP to avoid agglomeration and precipitation due to solvent change. In summary, the correct AuNP
coating must both grant stability in ink and avoid post-printing hybridization issues, i.e., it must be able
to maintain AuNP at a sufficient inter-particle distance once a pattern is printed and dried out. At this
regard, ionic polymers have been proposed as optimal coatings for gold nanostars [11] and nanorods [15].
In the present paper we use simple spherical gold nanoparticles (d = 17 nm), whose colloidal solutions
have a sharp LSPR absorption in the visible (λmax = 519 nm in water) and we examine a series of
different coatings, including neutral or charged thiolated polyethylene glycol polymers (HS-PEG) of
increasing length, both in the presence or absence of a typical thickening agent for traditional inks (ethyl
cellulose, EC) [16] that may act as a dispersant. After this, we also examine the effect of alternate layers
of oppositely charged ionic polymers. With all the coatings we have studied the NP stability in the ink,
the sharpness vs flattening (due to hybridization) of the LSPR absorption in the printed patterns and the
evolution with time of the LSPR absorption of both inks and prints. Ageing is of course an extremely
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relevant parameter for any real-life secure writing application. Finally, a proof of concept is presented of
how to retrieve a correct or wrong photothermal answer at different λexc using AuNP inks prepared
with optimal or unsuitable coatings.

2. Results and Discussion

2.1. AuNPs

The starting material for all inks preparations was citrate-coated spherical AuNPs prepared by
the Turkevich method [17], i.e., by reduction of HAuCl4 with excess sodium citrate in bidistilled
water (for details see Materials and Methods). Several 500 mL samples of such AuNP solutions were
prepared in the course of the study. In all cases the expected sharp LSPR absorption band typical of
small Au nanospheres was observed, with λmax = 519 nm, see Figure 2A, imparting the typical intense
purple-red color to the colloidal solutions (Figure 2B).
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Figure 2. (A): absorption spectrum of a freshly prepared solution of citrate-coated AuNP. (B): photograph
of the same solution. (C): TEM image obtained from the same solution.

These aqueous colloidal solutions of citrate-coated AuNP are stable with time (no spectral changes
in a 60 days range). Transmission electron microscope (TEM) imaging confirms the expected spheroidal
shape of the prepared AuNP, Figure 2C, with average d = 17(±1) nm for all preparations. ζ-potential
was−34(±2) mV (average of six preparations), due to the citrate coating. The Au(III) to Au(0) conversion
yield can be safely considered ~100%, thanks to the noble nature of gold and to the large excess of
the reductant (citrate anion). It has to be noted that following the Turkevich protocol, the total Au
concentration in these colloidal solutions is 2.5 × 10−4 M (0.049 mg Au/mL). However, this value is too
low for such solutions to be used as an ink component. As an example, we used colloidal solutions with
0.5–0.3 mg Au/mL (corresponding to 16.7–10 nM nanoparticles) for preparing photothermal inks with
GNS [11]. Moreover, addition of alcohols is required to tune the viscosity to values suitable for inkjet
printers. In this work we adopted a solvent mixture that we have already found to be optimal [9,11],
i.e., 70% v/v aqueous AuNP solution, 20% v/v ethylene glycol and 10% v/v 2-propanol, with a viscosity
and surface tension 1.92 cP and 40 mN/m, respectively, that is suitable for inkjet printers. Mixing the
aqueous colloidal solution to the alcoholic components may induce agglomeration of citrate-coated
AuNP. In addition, to prepare inks we needed 10-fold concentrated AuNP solutions (10 × solutions
hereinafter), that can be obtained by ultracentrifugation, supernatant removal and pellet redissolution
in 1/10 of the initial volume (see Materials and Methods for details). To make AuNP stable during all
these procedures we coated them with PEG thiols, obtaining AuNP@HS-PEG.

2.2. AuNPs Coated with Neutral HS-PEG of Different Lengths

We used a series of thiolated PEG of general formula HS-(CH2CH2O)n-CH3, with molecular
weights mw = 2000, 5000, 10000 and 20000 (n ~ 44, 112, 226 and 453, respectively). For sake of

102



Molecules 2020, 25, 2499

simplicity, we refer here to such polymers as HS-PEGmw. In addition, also the α,ω bifunctional polymer
HS-(CH2CH2O)n-CH2COOH was used, with average mw 3000 (n ~ 66), referred to as HS-PEGCOOH in this
paper. The –COOH group has typically a pKa of 4–5. Accordingly, in neutral water (pH 7) HS-PEGCOOH
is deprotonated, bears a terminal negative charge, and can be referred to as HS-PEGCOO(−). Due to
this, the properties of AuNP coated with HS-PEGCOOH are described in the Results and Discussion
Section 2.4, that is dedicated to charged coatings, despite of the fact that HS-PEGCOOH has properties
similar to those of all the neutral HS-PEG coatings.

The coating step is carried out by adding the chosen HS-PEG in 2 × 10−5 M concentration to a
volume of freshly prepared AuNP solution. HS-PEG concentration was chosen with this rationale:
a spherical AuNP of 17 nm diameter has a mass of 4.97 × 10−17g; the Au(0) concentration in the
citrate-coated AuNP solutions is 0.049 mg Au/mL; this leads to a 1.64 × 10−9 molar concentration of
AuNP; an AuNP of 17 nm has ~ 6 × 103 surface atoms [18], this meaning a concentration of potentially
available surface Au atoms in the AuNP solution of ~ 9.8 × 10−6 M. Following also the obvious
consideration that, due to steric crowding, not all the Au surface atoms can be coordinated by a
thiolate group [19], we considered 2 × 10−5 M as a sufficiently large excess for HS-PEG to saturate
the AuNP surface in the coating process. With all the used HS-PEG we observed a ~ 5 nm red-shift
of the LSPR band maximum (λmax = 524 nm) on grafting, due to the small local refractive index
change when displacing citrate with −S-PEG on the NP surface. As representative of all pegylations,
the spectrum of AuNP@HS-PEG5000 (10 ×) is compared in Figure 3A (red line) with that of the starting
AuNP solution (black line; identical spectra were obtained for all other HS-PEG). It has to be pointed
out that the two spectra are recorded in 1 mm and 1 cm cells, respectively, and thus, in principle,
their absorbances should be identical. However, pegylation and preparation of 10 × solutions requires
repeated ultracentrifugation/redissolution cycles, that slightly decrease the AuNP quantity at each
cycle, explaining the difference in Figure 3A. The spectrum of the ink obtained from the 10 × solution
is also displayed in Figure 3A (blue line). Ink samples were obtained by adding 100 µL 2-propanol and
200 µL ethylene glycol to 700 µL of a 10 × pegylated AuNP aqueous solution.
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Figure 3. (A): absorption spectra of aqueous colloidal solutions of citrate coater AuNP (black) and
10 × AuNP@HS-PEG5000 (red) and of the ink obtained from the latter (blue). (B): evolution with
time (3–14 days) of the absorption spectrum of an ink made with AuNP@HS-PEG2000 (time-color
correspondances are shown in the palnel). (C): absorption spectra after 7 days for inks prepared with
AuNP coated with the four different neutral HS-PEG (1 mm cell).

Accordingly, in the just prepared ink the absorbance decrease is due to dilution with alcohols.
However, no change in the spectrum shape is observed, indicating stability in the new solvent mixture
at least on a short time stint (the spectrum was recorded 1 h after mixing). Also λmax does not shift
significantly, as expected from the small refractive index (nD) differences between water and the additives,
(water nD 1.33, 2-propanol nD 1.37, ethylene glycol nD 1.43), from the preponderance of water in the
ink and from the small sensitivity to refractive index changes of the LSPR band of gold nanospheres
(44 nm/RIU; RIU = refractive index units) [20]. On the other hand, inks show instability on ageing
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(weeks range), with the ink color changing from red to violet-blue (see SM1). This can be monitored
spectroscopically. Figure 3B shows the representative case of AuNP coated with HS-PEG2000. While after
3 and 7 days the spectrum was still superimposable on the initial one, after 14 days a shoulder appeared
at λ > 650 nm, as a typical indication of AuNP agglomeration [21]. Interestingly, inks prepared with
AuNP coated with HS-PEG of increasing molecular weight showed that AuNP with longer PEG coatings
undergo more significant AuNP agglomeration, when compared at the same ageing time (Figure 3C,
7 days). This counter-intuitive observation can be rationalized by observing the number of grafted HS-PEG
per AuNP, Table 1 (data obtained from thermogravimetric analysis, SM2).

Table 1. Dimensional and chemical-physical data of PEG-coated AuNP.

Citratea HS-PEG2000 HS-PEG5000 HS-PEG10000 HS-PEG20000

rhyd (nm)b 16(1) 23(1) 54 74 93

ζ (mv) −32(2) −13(1) −5(1) −8(1) −1(1)

%w/wc 10.69(5) 21.95(6) 21.72(3) 29.41(7)

n/NPd 1805 1758 890 651
a Parent AuNP, with no PEG coating b hydrodynamic radius determined in water. c % of PEG weight in dry samples;
water is adsorbed on the solid samples used for TGA measurements, the % Au is calculated by subtracting the % of
PEG and % of water to 100 (see SI for TGA profiles and details); d number of polymer chains per NP.

Such a number decreases on increasing the PEG length, most probably due both to hindering of
the –SH function of the incoming polymers and to hindering of the available surface on the AuNP
by the already grafted chains, two effects that become more significant with increasing the polymer
dimensions. The slow agglomeration observed when AuNP coated with high mw PEG are dissolved in
the alcohols/water ink mixture corresponds to the situation in which NP with low (i.e., partial) polymer
coverage are dissolved in a poor solvent. In this case, we expect to find a minimum with negative free
energy for approaching NP that interdigitate their polymer chains at NP-NP distances < 2L (L being
the thickness of the coating polymer layer) [22].

Table 1 reports also the hydrodynamic radius and the ζ-potential values of the AuNP with
different coatings. Citrate-coated AuNP have a highly negative ζ value (−34 mV) due to the citrate
layer. Citrate is displaced when HS-PEGs are added. The latter adhere on the Au surface in the
thiolate –S-PEG form and this explains the observed negative ζ values, that however decrease with the
increasing coating thickness (the ζ-potential is measured at the slipping plane), erasing any electrostatic
contribution to AuNP stability.

Using freshly prepared inks (ageing < 1 day), we printed patterns of ~ 1.0 cm2 on glass surfaces
using the dropcasting protocol described in the Material and Methods Section 3.3.7. Such protocol
allowed us to avoid the use of expensive research instruments for inkjet printing (not owned by our
laboratories), while also allowing to prepare printed patterns mimicking the actually inkjet-printed
ones. We used surface densities similar to those obtained with the optimal parameters standardized on
a Dimatix Materials Printer DMP-2800 research inkjet printer (FUJIFILM Dimatix, Inc., Santa Clara
(CA), USA) in previous collaborations [9,11]. Such parameters were 10 pL drops with 1681 drops
mm−2 density and 1–11 printed layers with a 0.42 mg Au/mL ink concentration, corresponding to
the 0.71–7.81 µg Au/cm2 range. In the present paper the inks concentration varied among 0.21 and
0.11 mg Au/mL, depending on the preparation. Using a 40 µL volume of inks, these spread over a
~1 cm2 surface (see Materials and Methods Section 3.3.7). This allowed us to print surfaces with a
Au density between 8.4 µg/cm2 and 4.4 µg/cm2. We found a similar behaviour for all prints, almost
independently on the mw of the HS-PEG coating (see SM3). Figure 4 shows the representative case
of AuNP@HS-PEG5000. Printed surfaces were first examined after standard drying (14 h at 40 ◦C).
A λmax red-shift of 20 nm was observed in the absorption spectrum with respect to the liquid ink,
blue line in Figure 4A. This is attributable to local refractive index changes, as after drying AuNP are
no more dispersed in a water/alcohols mixture but surrounded by the PEG chains, that have an higher
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refractive index than water (eg nD = 1.45 for PEG200 [23]. AuNP surface wetting by residual ethylene
glycol (nD = 1.43) from the ink formulation should be also taken into account, due to its higher boiling
point (197.6 ◦C) with respect to water and 2-propanol (82.5 ◦C). A corresponding slight color change
is perceivable also to the eye, when a just-dropcasted surface (a 40 µL drop of liquid ink on glass,
Figure 4B) is compared with a 14 h-dried out surface, Figure 4C.
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Figure 4. (A): absorption spectra of liquid ink containing AuNP@HS-PEG5000 (black) and printed on glass
(dropcasted ink dried for 14 h, blue). (B): a drop of liquid ink just casted on glass. (C): same, after 14 h
drying (corresponds to the blue spectrum in panel A). (D): same, after 7 days ageing (corresponds to the
violet spectrum in panel E) (E): absorption spectra of the same ink (black) and evolution of the printed
pattern after 1–7 days. (F): comparison of the absorption spectrum of the AuNP@HS-PEG5000 in water
(black), of a 7 days aged print (violet), and after redissolution in water of the aged print (red). (G): TEM
image of the AuNP redissolved from a 7 days aged print.

Following the evolution of the printed pattern with time by absorption spectroscopy (Figure 4E)
revealed a progressive enlargement of the LSPR band with the formation and increase of a second
maximum at longer wavelengths (λmax = 700 nm after 7 days, dark violet spectrum). This is due to the
agglomeration of AuNP, that leads to sufficiently short interparticle distances that LSPR hybridization
takes place [13]. In agreement with spectral data, the color of 7 days aged printed patterns turns to
blue-violet, Figure 4D. Printed patterns aged 7 days were redissolved in water by prolonged ultrasound
treatment. Identically to the parent AuNP@HS-PEG5000 aqueous solutions (spectrum added for
comparison in Figure 4F, black line), the obtained deep red solution displays an absorption spectrum
with λmax at 524 nm, Figure 4F, red line. However, the LSPR absorption is still significant at λ > 600 nm,
suggesting a not complete separation into individual AuNP and the persistence of small agglomerates.
This is consistent with TEM images obtained from solutions of redissolved AuNP@HS-PEG5000

printed patterns, Figure 4G, showing separate and agglomerated AuNP, still maintaining the original
dimensions and shape, together with AuNP that have apparently started an authentic aggregation
(i.e., fusion) process (see also SM4 for a larger image).
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While the general behaviour of printed patterns is similar among all inks made with AuNP
coated with neutral HS-PEGs, aggregation and consequent spectral changes parallel what observed for
liquid inks, i.e., it is more significant for AuNP coated with the highest molecular weight polymers
(see SM3). This clearly states that it is useless to increase the PEG dimensions in the coating to avoid
that, in printed patterns, the dry AuNP could come sufficiently close one to the other to give plasmon
hybridization. There is an apparent contraddiction with the hydrodynamic radius trend observed in
Table 1 for aqueous colloidal solutions, as rhyd increases with PEG mw. However, PEG chains have
a good affinity for water, where they tend to outspread, while in the dry printed patterns we can
hypothesize that their chains collapse on the AuNP surface, allowing close approach between AuNP.

2.3. Pegylated AuNP Codissolved with EthylCellulose (EC)

In the attempt of obtaining inks that fit the requirements of an inkjet printer while also assuring
AuNP separation in the printed patterns, i.e., avoiding LSPR hybridization, we added EC, a non-
volatile polymer, to the AuNP liquid inks. The aim was to keep AuNP dispersed in the dry prints,
i.e., statistically separated and mechanically immobilized within the dispersant matrix. EC was chosen
as it is used as standard dispersant and binder in the formulation of nanoparticle-based inks for inkjet
printers [16]. EC scarce solubility in water and aqueous mixtures forced us to use ethanol as the solvent.
AuNP@HS-PEG5000 were dissolved in ethanol, in which they were stable at least for 24 h, showing a
sharp LSPR absorption slightly red shifted with respect to water (λmax 528 nm) due to the refraction
index change (see SM5). Addition of 0.1% w/v EC was carried out on 1.5 mL ethanolic AuNP solution,
using commercial EC with η (viscosity) of 10, 22, 46 and 100 cp (for all the ECs (ethyl cellulose) samples
the nominal viscosity η reported by the seller (Sigma Aldrich, Milano, Italy) in the specification sheets
refers to 5% EC solutions in 80:20 toluen/ethanol). The nominal degree of methoxy substitution on the
D-glucose units of cellulose is 48% for all the used products, so the differences in η are all attributable
to differences in mw, that may be empirically calculated as 243000, 378000, 571000 and 882000 for EC
with 10, 22, 46 and 100 cP viscosity, respectively (mw = k(η)n, where k and n are empirical constants
that depends on the method used to determine mw; mw mentioned in this paper are calculated using
typical values reported for EC, k = 66.96 × 103, n = 0.56 [24]). In all cases, no significant LSPR shift was
observed on EC addition. Ink stability was checked by absorption spectroscopy, observing that after
4 days only the solution with 10 cP EC still showed an acceptable spectrum (comparable to that of the
PEG-coated AuNP dissolved in pure ethanol), while solutions with ECs with higher η presented a
shoulder at ~ 700 nm, already indicating aggregation (SM6). Nevertheless, glass surfaces were printed
using freshly prepared inks with all the four EC additives. A large, shifted absorption band was always
observed after the usual 14 h drying process, Figure 5A. We hypothesise that this is due to aggregates
of AuNP with different overall shape and dimensions. Further studies were carried out using the EC
with lower viscosity (10cp), that was empirically choosen due to the closer similarity of the absorption
spectrum of its printed patterns (Figure 5A (i), λmax = 580 nm) with the original AuNP LSPR band.
Ethanolic inks containing EC 10cP in different w/v percentages (0.05–0.3%) were prepared and glass
surfaces printed. Absorption spectra after an ageing time of 7 days are shown in Figure 5B for 0.1, 0.2
and 0.3% solutions.

A few observations can be made here. First, the use of pure ethanol with added EC caused the
spreading of the dropped ink on a larger area (actually all the area delimitated by a PDMS fence,
see Materials and Methods) and resulted in a strong coffee stain effect, as it can be seen by the photographs
of the printed slides (Figure 5B, insets). Prints changed to a blue color, as expected from the large range of
absorption that includes visible and NIR, and a more significant λmax red shift was observed in the spectra
for higher EC concentrations. These results discouraged the use of hydrophobic polymeric additives in inks,
at least as long as AuNP are coated with hydrophilic polymers. Second, AuNP dramatically agglomerate
in the liquid ink and in the dried out printed patterns, with the complete loss of the original sharp LSPR
band shape. The longer was the EC polymer chain and the higher was the additive concentration, the more
intense was this phenomenon. Although we have discarded and not further investigated these systems,
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we can hypothesize that the presence of the non-volatile hydrophobic polymer in the printed patterns
promotes segregation of the hydrophilic AuNP during the drying process, with the formation of clusters
of nanoparticles of different shapes and dimensions. This hypothesis is consistent with the increasing
degree of LSPR red shift with increasing EC concentration. SEM images on printed patterns allow to
visualize the EC matrix but also the AuNP, see Figure 5C (0.2% EC printed sample). AuNP can be spotted
both as isolated particles and as aligned or cropped groups (see in particular the enlarged section framed
in red). The different type and degree of aggregation is consistent with the large, featureless absorption
band, that is generated by the superimposition of different LSPR hybridizations.
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in ethanol with 0.1% EC of different viscosity (viscosity values are indicated in the panel). B: 311 
Figure 5. (A): absorption spectra of fresh prints (i.e., after 14 h at 40 ◦C) obtained with AuNP@HS-PEG5000

in ethanol with 0.1% EC of different viscosity (viscosity values are indicated in the panel). (B): absorption
spectra of 7 days aged prints obtained with AuNP@HS-PEG5000 in ethanol with 10 cP EC at 0.1–0.3 %
concentration. (C): SEM image taken on the print (ii) in panel (B) (EC 10 cP, 0.2%). The lower red-framed
area is a 2 × enlargement of the upper red-framed area.

2.4. Coating with Ionic Polymers

The next step of this study was to coat AuNP with ionic, charged polymers. A first HS-PEGCOOH
(mw 3000) layer was grafted on the surface as already described for the neutral HS-PEG, in order to
have both sterical stabilisation and a significantly negative ζ-potential for the AuNP. We measured ζ
= −22 mV in neutral water. The negative charge is due to the carboxylic acid moieties, that are fully
deprotonated at pH 7, as the typical pKa of a –COOH groups is in the 4–5 range (eg the pKa of acetic acid
is 4.76). Accordingly, we describe AuNP coated with this polymer as AuNP@HS-PEGCOO(−), see sketch
in Figure 6. The ζ value is consistent with those reported in Table 1 for neutral HS-PEG coatings with
mw 2000 and 5000 (−13 and −6 mV, respectively) as in the latter cases the weakly negative values are
due to the residual influence at the slipping plane of the remote negative thiolate groups grafted on the
AuNP surface. From TGA analysis (SM2E-F) we calculated the number of polymers per AuNP as 1532,
slightly lower than what found for the longer but neutral HS-PEG5000. This is coherent with what we
observed with HS-PEGCOOH and GNS [25] and is attributable to the electrostatic repulsive effect between
grafted and incoming polymers. Overcoating with PAH, a positively charged ionic polymer, was obtained
by electrostatic adhesion of the polymer chains to the negatively charged AuNP@HS-PEGCOO(−).
PAH was added in 2 x 10−5 M concentration to AuNP@HS-PEGCOO(−) solutions, as this quantity
demonstrated sufficient to obtain the maximum PAH coating in the AuNP@HS-PEGCOO(−)/PAH(+)
complexes (see Figure 6 for a sketch). These have a ζ-potential of +36(2) mV after 2 h equilibration at
room temperature and two cycles of ultracentrifugation-redissolution in bidistilled water to remove non
adhering PAH (final pH in the 5–6 range). The use of larger concentrations of PAH did not lead to an higher
ζ-potential, suggesting complete coating with the chosen concentration. Finally, these complexes were
also further overcoated with the negatively charged polymer PSS using an identical synthetic procedure
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to obtain the AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) complex (sketch in Figure 6). This displayed a
negative ζ-potential of −27(2) mV (final pH ~ 6). It has to be pointed out that in the slightly acidic pH
range of these solutions and up to strongly basic pH values (eg 9 or higher), the ζ-potential values
do not change, as all the polymers maintain their ionic state and their typical charge. First, as we
have already discussed, a –COOH function is prevalently deprotonated at pH > 5. Then, PAH is a
polyamino polymer containing only –NH2 functions, and protonated primary amines have typically
pKa values > 10 (eg pKa = 10.60 for n-butylammmonium [26]. Finally, PSS has –SO3

− groups that
are deprotonated up to pH 14 (eg, benzenesulfonic acid is a strong acid [27]). The absorption spectra
in water show a sharp LSPR maximum for all complexes, with negligible λmax variations (< 5 nm)
with any of the coatings. TGA and DLS measurements (Table 2) gave consistent results, showing an
increasing quantity of coating material both as an absolute value and in the ratio with respect to the
Au content, and an increase of the hydrodynamic radius on stepping from AuNP@HS-PEGCOO(−) to
AuNP@HS-PEGCOO(−)/PAH(+) and to AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−). Ink preparation was
carried out using again the standard formulation of 70%(v/v) aqueous component (containing the coated
AuNP), 20% v/v ethylene glycol and 10% v/v 2-propanol. Prior to mixing with alcohols, 10 × aqueous
solutions of coated AuNP were analyzed by ICP-OES to determine Au concentration (data listed in Table 2).
Inks were prepared either with the pure colloidal solution (AuNP@HS-PEGCOO(−)/PAH(+) case) or with
the colloidal solutions diluted with a calculated volume of bidistilled water (AuNP@HS-PEGCOO(−)
and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) cases) so to have all inks with the same Au concentration of
0.11 mg/mL.

Table 2. Dimensional and chemical-physical data of AuNP coated with charged polymers.

AuNP@HS-PEGCOO(−) AuNP@HS-PEGCOO(−)/PAH(+) AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−)

rhyd(nm)a 58(2) 178(8) 197(6)

ζ (mv) −22(2) +36(2) −27(3)

%w/wb 12.27(4)
Au: 86.61(4)

18.17(3)
Au: 76.73(3)

20.27(4)
Au: 74.46(4)

Au concc 1.07 × 10−3 M (0.211 mg/mL) 7.88 × 10− 4M
(0.155 mg/mL)

9.38 × 10−4M
(0.185 mg/mL)

λmax(nm)d 524 534 526
a Hydrodynamic radius determined in water. b % of organic material and % of gold in the dry products, determined
by TGA; water is adsorbed on the solid samples, the % Au is calculated by subtracting the % of organic matter and
% of water to 100; c Au concentration (by ICP-OES) in the 10-fold preconcentrated aqueous solutions, before ink
formation; d maximum of absorption measured in the ink solvent mixture.

The lower Au concentration in the 10× aqueous solution of AuNP@HS-PEGCOO(−)/PAH(+) is due
to the repeated ultracentrifugation cycles required to remove the excess PAH and to the tendency of
PAH-coated NP to adhere to the plastic walls of the test tubes, resulting in a less efficient redissolution [25].
Table 2 also reports λmax values of inks absorption spectra recorded 1 h after preparation. Small λmax

variations were observed with respect to water, but a sharp LSPR band of identical shape as in water
(Figure 6A) was obtained in all cases. However, for the ink containing AuNP@HS-PEGCOO(−), similarly to
what described for all the PEG-coated AuNP, ink ageing (7 days) resulted in the formation of a shoulder
at longer wavelength, Figure 6B. On the contrary, the spectra of inks with AuNP overcoated with PAH
and PSS did not change in 7d (Figure 6B), indicating ink stability. Printing was carried out with the usual
procedure using freshly prepared inks, and the stability of the printed patterns was monitored again by
absorption spectroscopy. Figure 6C–E compares the spectra recorded 1 day and 14 days after printing
for the three inks. While prints with the AuNP@HS-PEGCOO(−) ink showed the growth of a band at
longer wavelength (λmax 720 nm), due to AuNP agglomeration, both inks with AuNP overcoated with
ionic polymers displayed an excellent peak shape constancy. The insets of Figure 6C–E display the visual
aspect of prints after 14 days. Prints with the AuNP@HS-PEGCOO(−) ink turned into a blue-violet color,
while the original red-purple color was maintained for prints with the inks containing AuNP further
coated with PAH and PSS. To further consolidate this observation, Figure 6F–G display SEM images taken
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on printed glasses (14 days ageing). A sharp difference was observed between an AuNP@HS-PEGCOO(−)
print, Figure 6F, and an AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) print, Figure 6G. In the former, AuNP are
thoroughly aggregated, while in the latter they are all sharply separated. A SEM image for a 14 days
aged print from a AuNP@HS-PEGCOO(−)/PAH(+) ink, included in the Supplementary Materials (SM7),
showed analogous features as those obtained with the AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) ink).
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Figure 6. (A): absorption spectra of as-prepared inks; (B): inks after 7 days ageing; (C–E) absorption spectra
of dry printed patterns after 1 day (dashed lines) and 14 days ageing (solid lines) for AuNP@HS-PEGCOO(−)
(C), AuNP@HS-PEGCOO(−)/PAH(+) (D), AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) (E); insets are photos
taken on 14 days aged prints; F-G: SEM imaged of 14 days aged prints with AuNP@HS-PEGCOO(−) (F)
and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) (G).

Noticeably, also in the case of the AuNP@HS-PEGCOO(−) prints, redissolution in water reverted
agglomeration, yielding well separated AuNP (TEM image in SM8) with an absorbance identical to
that recorded before ink formation (SM8).

2.5. Photothermal Reading of Secure Information

Once we obtained inks that give prints with the desired spectral stability, we carried out a
proof-of-concept study on writing secure photothermal information. We used both AuNP@HS-
PEGCOO(−)/PAH(+) and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) inks, and compared the results with a
print of the AuNP@HS-PEGCOO(−) ink. The photothermal response was recorded with interrogation of
printed patterns with 1 day and 14 days ageing. The photothermal studies were carried out by irradiating
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printed patterns with laser sources at three different wavelengths (λirr), 488, 514 and 720 nm. This is the
set of sources that falls inside the absorption range of the prints and that is currently available in our
laboratories. We followed a protocol that we have already successfully adopted [10,11]. Briefly, using a
E40 thermocamera (FLIR System, Inc., Santa Barbara, CA, USA)) we read a 320 × 240 pixels thermal
image, inside which we define a ROI (region of interest) that includes the laser-irradiated area. We run
data analysis determining the maximum temperature inside the ROI (± 0.1 ◦C accuracy). At a λirr at
which the prints display a significant LSPR absorption, a typical steep ascending T vs time profile is
observed on irradiation, turning into a plateau in less than 10 s (thermograms sketched in Figure 1 give
qualitatively similar examples; SM9 reports actual thermograms for this study). From such data we obtain
∆Tλ = Tmax − T0, with Tmax = temperature of the plateau at a given λ of irradiation and T0 = temperature
before irradiation. The ∆Tλ data for prints with the three inks are displayed in Figure 7, superimposed to
the absorption spectra of the prints.
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Figure 7. (A–C): absorption spectra (left vertical axis; full lines 1 day after print, dashed lines 14 days
after print) and ∆Tλ values (circles, right vertical axis) for prints on glass slides with inks containing
AuNP@HS-PEGCOO(−), AuNP@HS-PEGCOO(−)/PAH(+) and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−),
respectively; panel A displays ∆Tλ values both for 1 day after print (black circles) and for 14 days after
print (grey circles), while in panel (B) and (C) the ∆Tλ values at 14 days are not displayed as they are
superimposable to those at 1 day. (D–F): Sλ values and relative three-wavelength barcordes for the same
sequence of prints, after 1 day (left bars at a given wavelength) and after 14 days (right bars).

The expected ∆Tλ vs λirr trend was observed, approximately following the absorbance spectra
profile. Noticeably, comparison of spectra at 1 day and 14 days after printing (solid and dashed lines,
respectively) evidenced a perfect stability of the prints with inks of AuNP overcoated with PAH and
PAH/PSS, while a very significant further spectral change took place for AuNP@HS-PEGCOO(−) ink
prints. Among the three inks prints, the most significant differences were observed when irradiating at
720 nm. The absorbance at 720 nm was high for prints with AuNP@HS-PEGCOO(−) inks after 1 day, due
to aggregation and plasmon hybridization, and evolved to an even higher absorbance after 14 days. As a
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consequence ∆T720 = 8.4 ◦C (1d) and 11.4 ◦C (14 days), Figure 7A. On the other hand, in the prints obtained
with inks of AuNP@HS-PEGCOO(−)/PAH(+) and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) the coatings
prevented aggregation and plasmon hybridation, keeping the original shape of the band unchanged
after both 1 day and 14 days. Accordingly Abs720 is negligible and ∆T720 too (< 1 ◦C). As an example of
application of the YES/NO reading scheme highlighted in the Introduction [11], if ∆T = 5 ◦C was chosen
as the threshold for a YES answer with λirr = 720 nm, the prints with AuNP@HS-PEGCOO(−)/PAH(+)
and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) inks would give a NO answer, that is the correct one
for an unaltered print. On the other hand, prints with the AuNP@HS-PEGCOO(−) ink, would give a
YES answer, that is wrong (altered print). Beside the application of this simple concept, a robust way
to obtain a more complex information from photothermal data has been introduced in our previous
papers [11], that eliminates possible uncertainties due to laser power oscillations or ink concentration.
A multiwavelength test with multiple levels can be set by defining a normalized temperature signature:

Sλ = (∆Tλ,max − ∆Tλ)/ ∆Tλ,max

where ∆Tλ,max is the largest T increase among those obtained with the available set of laser sources
(∆T514 in our case) and ∆Tλ is the T increase obtained when irradiating at any wavelength λ. A three
level answer generating a three-color barcode can be established by choosing such levels as:

Sλ ≤ 0.25 barcode color: white

0.25 < Sλ ≤ 0.5 barcode color: grey

Sλ > 0.5 barcode color: black

In this study we have only three available laser sources, so we can generate a barcode with three
bars. However, these are enough to establish a clear difference between a correctly printed surface,
like those with AuNP@HS-PEGCOO(−)/PAH(+) and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) inks,
and a print with unsufficiently protected AuNP i.e., that with AuNP@HS-PEGCOO(−) ink.

Figure 7D–F show the Sλ values for the three prints and the corresponding three-wavelengths
barcodes. Identical barcodes are obtained for the PAH- and PAH/PSS-overcoated AuNP inks (Figure 7E,F),
that do not change after 14 days. On the contrary, the print with the AuNP@HS-PEGCOO(−) ink gives
a different barcode at 1 day that, in addition, changes with time (14 days). It has to be noted that
this result has been obtained by choosing a given surface concentration of gold, the three irradiation
wavelengths and the three Sλ levels. Even considering a very simple printed pattern as in this work,
all these parameters are the keys in which information can be hidden, i.e. Their values are all needed
both to write and to read the correct multiwavelength barcode. Of course, a stable ink that produces a
print with a sharply peaked and time stable absorption is necessary. We have here shown that inks made
of AuNP@HS-PEGCOO(−)/PAH(+) and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−) are suitable for this
purpose. Finally, it has to be stressed that periodical check along a 2 months period of the inks and of the
prints obtained with the PAH and PAH/PSS coated AuNP gave unmodified spectra.

3. Materials and Methods

3.1. Materials

Tetrachloroauric acid trihydrate (99.99%), sodium citrate dihydrate (≥ 99%), Triton X-100 (laboratory
grade), sodium borohydride (≥ 98%), silver nitrate (> 99%), poly(ethylene glycol) methyl ether
thiol (mw 2000), poly(allylamine) hydrochloride (PAH, mw 50000), sodium poly(4-styrene sulfonate)
(PSS, mw 70000), nitric acid (≥ 65%), nitric acid (1M), hydrochloric acid (≥ 37%), sulfuric acid (95.0–97.0%),
hydrogen peroxyde (30% w/w), ethanol (≥ 99.8%), 2-propanol (99.5%), and ethyl cellulose (10 cP; 22 cP;
46 cP; 100 cP) were bought from Sigma Aldrich (Milano, Italy); α-mercapto,ω-carboxy poly(ethylene
glycol) (mw 3000), poly(ethylene glycol) methyl ether thiol (mw 5000), poly(ethylene glycol) methyl ether
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thiol (mw 10000), and poly(ethylene glycol) methyl ether thiol (mw 20000) were bought RAPP Polymere
(Tübingen, Germany); Ethylene glycol (99.5%) and ammonia solution in water (30% w/w) were bought
from Carlo Erba Reagenti S.p.A. (Milano, Italy) Glass coverslides (22 × 26 mm, 0.14 mm thickness) were
bought from Delchimica Scientific Gòassware (Napoli, Italy).

3.2. Instrumentation

We used a Sonorex sonicating bath (Bandelin electronic, Berlin, Germany). Ultracentrifugation
was carried out with a Z366 ultracentrifuge (Hermle Italia, Rodano, Italy). UV-Vis-NIR absorption
spectra were recorded on Cary 50 and Cary 6000 spectrophotometers (Varian, Agilent, Santa Clara
(CA), USA); spectra on solutions were taken in 1 cm or 1 mm glass or quartz cuvettes, spectra on glass
slides were taken using a dedicated Varian sample holder). Measurement of pH was carried out with a
pH-meter (pH 50 model, XS Instruments, Carpi, Italy) with an Orion 91022 BNWP combined glass
electrode (Thermo Scientific, Monza, Italy) that was calibrated before measurements with solutions
buffered at pH = 4 and pH = 7. Dynamic Light Scattering (nanoparticles dimensions) was performed
with a Zetasizer Nano ZS90 instrument (Malvern Panalyticals, Malvern, UK); the same instrument was
used for ζ-potential measurements, by using a dedicated dipcell electrode (1 mL samples of colloidal
solutions for both techniques). ICP-OES analysis were carried out on an Optima 3000 DW system
(Perkin Elmer Italia, Milano, Italy). SEM images were acquired with a Mira XMU series field emission
scanning microscope (FEG-SEM) (Tescan, Brno, Czech Republic) at the Arvedi Centre (University of
Pavia). Thermogravimetric analyses were carried out on Q5000 instrument (TA Instruments, New Castle
(DE), USA). TEM images were taken on JEM-1200 EX II 140 instrument (Jeol Italia SPA, Basiglio,
Italy) at the University of Pavia Centro Grandi Strumenti (CGS), on parlodion-coated copper grids,
after drying a dropping of 10 microliters of solution. Thermograms were recorded with a FLIR E40
thermocamera driven by the Flir Tools + dedicated software.

3.3. Methods

3.3.1. Glassware and Glass Coverslides Cleaning

Before any synthesis involving nanoparticles, glassware underwent a purification procedure to
remove any possible traces of metal ions [28], i.e., it was rinsed with bidistilled water and then cleaned
by filling it with aqua regia (3:1 v/v HCl 37% and HNO 3 65%) for 20 min, after which time the oxidant
mixture was removed and the glassware filled with bidistilled water and sonicated for 3 min. The last
water washing procedure was then repeated 2 further times. Finally glassware was kept at 120 ◦C in
an oven for 2 h. Coverslides were washed with the same procedure, using staining jars filled with aqua
regia, in which six or eight coverslides were kept in a vertical position.

3.3.2. AuNP Synthesis

Spherical AuNP were prepared with the standard Turkevich method [17]. Briefly, 87 µL of a 1.44 M
tetrachloroauric acid solution in water were added to 500 ml of boiling bidistilled water. Heating was
then switched off and under 25 mL of a 1.7·10−2 M sodium citrate dihydrate solution in water were
added under magnetic stirring. The synthesis was considered complete after further 2h of stirring.
Total Au concentration in the final solution is 2.4 × 10−4 M.

3.3.3. AuNP Coating with HS-PEGs

Pegilation (surface coating with HS-PEGs) was obtained by treating at room temperature a given
volume of the citrate-coated AgNP stock colloidal solution with a quantity of the chosen HS-PEG
(added as a solid) so to reach a 2.0 × 10−5M concentration. The obtained solution was then stirred at
RT for 3 h, after which time the excess HS-PEG was removed by ultracentrifugation. 10 mL plastic
ultracentrifuge test tubes were used, at 13000 rpm for 25 min. After this time the product was found at
the bottom of the rest tube a pellet of purple powder. The supernatant was carefully removed with a
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Pasteur pipette and the pellet redissolved in 10 mL bidistilled water. The process was repeated two
more time. To obtain 10 × concentrated AgNP solution the pellet was redissolved in 1 mL bidistilled
water Pegilation (surface coating with HS-PEGs) was obtained by treating at room temperature a given
volume of the citrate-coated AgNP stock colloidal solution with a quantity of the chosen HS-PEG
(added as a solid) so to reach a 2.0 × 10−5M concentration. The obtained solution was then stirred at
RT for 3 h, after which time the excess HS-PEG was removed by ultracentrifugation. 10 mL plastic
ultracentrifuce test tubes were used, at 13000 rpm for 25 min. After this time the product was found at
the bottom of the rest tube a pellet of purple powder. The supernatant was carefully removed with a
Pasteur pipette and the pellet redissolved in 10 mL bidistilled water. The process was repeated two
more time. To obtain 10 × concentrated AgNP solution, at the end of the last cycle the pellet was
redissolved in 1mL bidistilled water.

3.3.4. Overcoating with Charged Polymers

The first step required the pegylation of AuNP with HS-PEGCOOH (mw 3000), that was carried out
as described in the previous section. After the last ultracentrifugation cycle the AuNP@HS-PEGCOO(−)
pellet was redissolved in 10 mL bidistilled water. More 10 mL portions were prepared from the same
AuNP stock colloidal solutions, and these were gathered to prepare a 100 mL stock solution of the
pegylated particles. After this, a 2 × 10−3 M solution of PAH in bidistilled water was prepared from
the commercial product and the quantity needed to obtain a 2 × 10−5M solution was added with a
micropipette to 50 mL of the AuNP@HS-PEGCOO(−) solution. The reaction mixture was alowed to
equilibrate for 2 h at RT. After that time, two ultracentrifugation cycles with supernatant discard and
redissolution in the same volume of bidistilled water were carried out to remove the PAH excess,
obtaining a solution of AuNP@HS-PEGCOO(−)/PAH(+). The same procedure was carried out on the
latter solution adding PSS at a 2 × 10−5M conc, thus preparing AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−).
For all ink preparations, a 10 mL volume of a solution of AuNP with the chosen charged coating was
ultracentrifuged again, and the pellet redissolved in 1 mL bidistilled water.

3.3.5. Ink Preparation

Inks were prepared by in 1.0 mL volumes by adding 200 µL ethylene glycol and 100 µL 2-propanol
to 700 µL of 10 × concentrated AuNP solution, followed by gentle mixing on a reciprocal shaker at RT
for 2 min. Larger volumes were prepared maintaining the same volume proportions.

3.3.6. Inks with Ethyl Cellulose.

Due to the negligible solubility of EC in water, a different formulation was used. First, 5 mL of
AuNP@HS-PEG5000 colloidal solution were added to 5 mL ethanol in ultracentrifuge tubes, followed
by 13000 rpm 30 min ultracentrifugation, after which the supernatant was discarded and the pellet
redissolved in 10 mL ethanol. A second ultracentrifugation followed, after which the pellet was
redissolved in 0.5 mL ethanol to obtain a 10 × AuNP@HS-PEG5000 solution. This process was carried
out simultaneously on 10 ultracentrifuge tubes and the 10 × portions were gathered to obtain 5 mL
of concentrated ethanol solution. 1 mL ink samples were prepared by adding EC as a solid with
weight/volume percent of 0.05–0.3% (0.5 to 3 mg/mL).

3.3.7. Printing on Glass Slides

Forty µL of the chosen ink were dropcasted on a glass coverslide that was treated as described in
Section 3.3.1. The coverslides still bearing a liquid drop of ink were transferred in an oven thermostatted
at 40 ◦C carefully maintaining a horizontal set up. After 14 h the samples were considered dry and ready
for characterization. A circular print of diameter 11–12 mm diameter was obtained (corresponding to
a ~ 1cm2 area; in the rare event of prints with different shape or dimensions, these were discarded).
When using the less viscous ethanol inks (EC containing inks), we drop the 40 µL drop inside a
polydimethylsiloxane (PDMS) square well (1 cm side) drawn on the glass coverslide. This was done to
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limit the liquid spreading and maintain the print on the desired surface area (~ 1 cm2), when using
such inks. The square well was drawn by hand with a thin brush and a freshly prepared PDMS
solution, obtained by mixing in 10:1 ratio a SYLGARDTM 184 Silicone Elastomer base and its dedicated
SYLGARD curing agent (both purchased from Sigma Aldrich, Milano, Italy). PDMS polymerisation
was completed with 3 min at 140 ◦C.

3.3.8. Determination of the Gold Content in Inks

The actual gold content in inks was determined to be sure that it was in the 0.16–0.21 mg/mL range.
When lower concentrations were found, the ink was discarded and the colloidal aqueous solution used
for its preparation was reconcentrated by ultracentrifugation. For quantitative analysis 200 µL of ink
was treated with 500 µL aqua regia, observing immediated decoloration (Au oxidation). After 1 h,
the sample was diluted to 10 mL with bidistilled water and then analysed for the gold content with an
ICP-OES instrument.

3.3.9. Sample Preparation for Scanning Electon Microscope (SEM) Imaging.

Printed glass coverslided were cut to obtain a 1 cm2 section, then coated with a 5 nm graphite
layer by sputtering before imaging.

3.3.10. Thermogravimetric Analysis (TGA)

One hundred mL of 1 × colloidal solution of AuNP with the chosen coating were subdivided into
10 ultracentrifuge tubes of 10 mL. After the UC, the pellets were redissolved in 1 mL bidistilled water,
transferred to 2.5 mL Eppendorf vials and ultracentrifuged for 25 min at 13000 rpm. After discarding
most of the supernatant, the 10 samples were carefully gathered using a micropipette in a single
Eppendorf vial and dry blown with a nitrogen flow, obtaining 2–3 mg solid samples. Thermogravimetric
analysis was performed in a Q5000 system by TA Instruments by heating the obtained powders in
a Pt crucible from room temperature up to 600 ◦C at 5 ◦C/min under nitrogen flux. The data were
elaborated by Universal Analysis v.4.5A by TA Instruments and the mass loss and temperature at mass
loss values were evaluated considering the DTG signals

3.3.11. Measurement of the Photothermal Effect

We used a FLIR E40 thermocamera with Flir Tools+ dedicated software for data acquisition and
analysis. Thermal images were 320 × 240 pixels. For each thermogram a ROI was defined, that included
the laser-irradiated area. Data analysis allowed to determine the maximum temperature inside the ROI
(± 0.1 ◦C accuracy) for each thermal image. In a typical thermogram a thermal image was aquired
every 0.25 s for 60–120s. All the laser sources have a beam waist of 1 cm, power was 90 mW for the 488
and 520 nm sources and 116 mW for the 720 nm source (∆T was consequently normalized).

4. Conclusions

In this research work we have examined different polymeric coatings for spherical AuNPs, with
the aim of maintaining their spectral stability both in liquid inks and in dry prints, as this is a mandatory
feature for their use in secure writing of photothermally readable information. The traditional linear
HS-PEG coatings (mw 2000–20000) were found unsuitable, as they demonstrated uncapable to avoid
agglomeration of the coated AuNP both in the liquid ink and in the dry prints. Moreover, we also found
a counter-intuitive trend of agglomeration promotion with the increase of the polymer length (i.e., mw),
that is due to a less efficient grafting of HS-PEG on AuNP surface with increasing mw. Also the
tested dispersant polymer, EC, revealed unefficient in keeping AuNP separated in the prints. On the
contrary, the presence of a poorly hydrophilic matrix as EC promotes segregation of the hydrophilic
AuNP (coated with HS-PEG5000) and their agglomeration. Effective coatings for maintaining a sufficent
interparticle separation and avoid LSPR hybridization were instead found when AuNP bearing a first
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HS-PEGCOO(-) coating (necessary to introduce an high negative ζ-potential) were overcoated with
the positively charged ionic polymer PAH or with PAH and a further overcoating with the negatively
charged ionic polymer PSS. In both cases the high ζ-potential and the thickened coating layers
contributed to keep AuNP at a sufficiently large distance to avoid the hybridization of their LSPR bands.
Accordingly, prints with AuNP@HS-PEGCOO(−) have a poorly efficient protection against AuNP
agglomeration and give a photothermal information reading radically different with respect to what
expected from their absorbance as inks; morevoer, their photothermal information reading changes with
time. Affordable and time-stable prints are instead obtained both with AuNP@HS-PEGCOO(−)/PAH(+)
and AuNP@HS-PEGCOO(−)/PAH(+)/PSS(−), from which durable multiwavelength photothermal
barcodes can be read after the definition of a number of security keys.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/11/2499/s1,
SM1. Inks ageing for AuNP@HS-PEGX000 (X = 5, 10, 20), spectra and photographies; SM2. TGA (thermogravimentric
analysis) profiles; SM3. Absorption spectra of prints with AuNP@HS-PEGmw; SM4. Larger TEM image of
AuNP@HS-PEG5000 redissolved in water after printing; SM5. Absorption spectrum of AuNP@HS-PEG5000 in
ethanol; SM6. Absorption spectra of AuNP@HS-PEG5000 in EtOH with added EthylCellulose; SM7. SEM image of a
14 days aged print with AuNP@HS-PEGCOO(−)/PAH(+) ink; SM8. UV-Vis absorbance spectra and TEM images of
redissolved AuNP@HS-PEGCOO(−) prints; SM9-Thermograms
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Abstract: Double perovskites have been extensively studied in materials chemistry due to their
excellent properties and novel features attributed to the coexistence of ferro/ferri/antiferro-magnetic
ground state and semiconductor band gap within the same material. Double perovskites with
Sr2NiMO6 (M = Te, W) structure type have been synthesized using simple, non-toxic and costless
aqueous citrate sol-gel route. The reaction yielded phase-pure nanocrystalline powders of two
compounds: Sr2NiWO6 (SNWO) and Sr2NiTeO6 (SNTO). According to the Rietveld refinement of
powder X-ray diffraction data at room temperature, Sr2NiWO6 is tetragonal (I4/m) and Sr2NiTeO6

is monoclinic (C12/m1), with average crystallite sizes of 49 and 77 nm, respectively. Structural
studies have been additionally performed by Raman spectroscopy revealing optical phonons typical
for vibrations of Te6+/W6+O6 octahedra. Both SNTO and SNWO possess high values of dielectric
constants (341 and 308, respectively) with low dielectric loss (0.06 for SNWO) at a frequency of 1 kHz.
These values decrease exponentially with the increase of frequency to 1000 kHz, with the dielectric
constant being around 260 for both compounds and dielectric loss being 0.01 for SNWO and 0.04 for
SNTO. The Nyquist plot for both samples confirms the non-Debye type of relaxation behavior and
the dominance of shorter-range movement of charge carriers. Magnetic studies of both compounds
revealed antiferromagnetic behavior, with Néel temperature (TN) being 57 K for SNWO and 35 K
for SNTO.

Keywords: antiferromagnet; double perovskite; high-κ dielectric; nickel; tellurium; tungsten

1. Introduction

Complex metal oxides have a great fundamental and practical interest. They attract a great
attention of the researchers due to the strong correlation between chemical composition, features of
the crystal structure, magnetic, electrical and functional properties [1–3]. Nanostructured magnetic
compounds have been investigated thoroughly as they can possess different physical and chemical
properties compared to their bulk counterparts [4,5]. For example, many research groups [6–12] have
shown that the transition temperature in antiferromagnetic materials (TN—Néel temperature) increases
with the reduction of particle size. Sometimes, in the case of antiferromagnetic materials, additional
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transition might be observed [13] or spin canting effect might take place [14,15]. This behavior is
usually not reported in bulk forms. Alterations can additionally be observed in dielectric properties
and usually they are explained by changes in size, shape and particle or grain boundaries [16–18].
Concerning dielectric properties, it is desired to produce a material with high value of dielectric
constant (permittivity) and low value of dielectric loss [19–22]. High-κ dielectric materials are materials
with high value of dielectric permittivity. They are used in semiconductor manufacturing processes
where they replace widely-used silicon dioxide as gate dielectrics. This allows the increase of the
gate performance in term of capacitance [23]. However, most of these materials are manufactured
as composites with polymers, such as PVA or PVDF, to increase the value of dielectric constant and
decrease the value of dielectric loss [24]. High-κ dielectric polymer composites have been reported to
be successful in various applications [25–30].

The other thing that can be tailored by particle size control is a value of optical band gap. This has
shown a similar trend as transition temperature: It increases with a decrease in particle size [31].
Double perovskite materials are usually reported as semiconductors, with band gap values from 3 to
6 eV [32].

All of the above mentioned properties arise from specific crystal structure and are strongly
correlated to it. Perovskite structure is summarized by general formula ABX3, where A is large cation
such as alkali or earth alkali, B is small cation mostly transition metal and X stands for oxide, sulfide or
halide anion [33]. Multiple substitutions could be performed at either A, B or X sites. In A2B’B”O6

double perovskites, half of the B site is occupied by one transition metal cation, such as Ni2+ and the
other half is occupied by some other transition metal cation, such as W6+ or a semimetal like Te6+ [34].
Here, Ni2+ possess a finite magnetic moment arising from unpaired d electrons, while Te6+ and W6+

are non-magnetic since their d orbitals are empty. This combination might produce some novel effects
in single material, which is why these materials have been of a great interest during the last couple
of decades.

Sr2NiWO6 (SNWO) and Sr2NiTeO6 (SNTO) have been studied since the 1960s and 1970s of
the twentieth century and mostly were prepared in the bulk polycrystalline form or in the form of
single crystals. SNWO was previously prepared only once in 2016 in nanocrystalline form using the
sol-gel method by Xu et al. [35] and its photocatalytic activity was studied. It was first prepared
by Fresia et al. [36] in 1959, then it was studied in the 1960s by Brixner [37], and Nomura [38,39],
in the 1970s by Köhl [40] and later by Todate [41], Iwanaga [42], Gateshki [43], Tian [44] and more
recently by Liu [45], Blum [46] and Rezaei [47]. SNTO was among first studied by Köhl [48], Lentz [49],
Rossman [50] and later studied by Todate [41], Iwanaga [42], Ortega San-Martin [51] and Orayech [52].

Mostly the structure and magnetic properties have been investigated for these compounds with
lack of knowledge in the dielectric part. Therefore, in this contribution our goal is to clarify dielectric
properties and to investigate the effects that occur due to size reduction to nanoscale. For the first time
we give a detailed explanation of dielectric properties for both compounds and show effects of size
reduction on the magnetic properties.

2. Results and Discussion

2.1. Powder X-ray Diffraction

Powder X-ray diffraction has been performed in order to investigate phase purity, crystal structure
as well as microstructural parameters of as synthesized materials. The Rietveld refinement was
conducted along with microstructural analysis [53], and the typical Rietveld output plots are given
in Figures 1 and 2 whilst the results of the refinement are summarized in Tables 1–4. Both figures
reveal phase purity of as synthesized double perovskites since all observed Bragg reflections were
correctly described by the calculated curve based on the assumed structural models. Only in Figure 2
are several spikes in the difference curve observed; however, they are most probably attributed to some
small preferred orientation.
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Table 1. Crystallographic data and Rietveld refinement parameters obtained from the XRD patterns of
the synthesized compounds.

Chemical Formula Sr2NiTeO6 Sr2NiWO6

Space group C12/m1 (12) I4/m (87)
Molecular weight 457.53 513.77

Z 2
Crystal system Monoclinic Tetragonal

Lattice parameters (Å)

a = 9.663(1)
b = 5.6132(2)
c = 5.5833(2)
β = 125.32(1)◦

a = 5.5644(2)
c = 7.9025(4)

Cell volume (Å3) 247.09(4) 244.68(2)
Calculated density (g/cm3) 6.15 6.97

Data collection range 10–90◦
No. of parameters refined 24 18

No. of bond lengths restrained 11 0
No. of bond angles restrained 0 0

Average apparent crystallite size (nm) 77 49
Average apparent microstrains (×10−4) 17.462 11.828

Phase composition (wt %) 100
RB (%) 5.84 6.1

Conventional Rp, Rwp, Re (%) 27.0, 16.5, 11.8 19.9, 14.4, 9.31
χ2 1.961 2.398

Sr2NiWO6 crystallized in tetragonal centrosymmetric space group I4/m with lattice parameters
equal to a = 5.5644(2), c = 7.9025(4) Å, while Sr2NiTeO6 crystallized in monoclinic centrosymmetric
space group C12/m1 with lattice parameters: a = 9.663(1), b = 5.6132(2), c = 5.5833(2) Å, β = 125.32(1)◦.
Although investigated compounds differ significantly in terms of crystal symmetry, their unit cell
volume values are quite close.
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Table 2. Structural parameters for Sr2NiTeO6 extracted at room temperature (292 K). The site occupancies
are expressed in terms of the ratio m:M—site multiplicity:multiplicity of a general position (8).

Atom Wyckoff Position x a y a z a B (Å2) b Occupancy

Sr 4i 0.751(1) 0 0.235(2) 0.9(1) 1/2
Ni 2d 0 1/2 1/2 0.1(1) 1/4
Te 2a 0 0 0 1.8(1) 1/4
O1 8j 0.0264(9) 0.2443(9) 0.266(1) 1.7(2) 1
O2 4i 0.2436(7) 0 0.301(2) 1.7(2) 1/2

a Atomic coordinates in 3D space; b Debye-Waller factor.

Comparison of atomic positions extracted by Iwanaga et al. [42] for bulk SNTO with this work,
presented in Table 2, reveals quite different values, although they correspond to the same space group.
As opposed to nanocrystalline SNTO reported in Table 2, in bulk as reported in [42] there are two
different positions for magnetically-active Ni2+ cation (2a and 2d), which could result in different
magnetic properties.
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Figure 2. Calculated (black) vs. experimental (red) powder X-ray diffraction pattern for Sr2NiWO6.

Table 3. Structural parameters for Sr2NiWO6 extracted at room temperature (292 K). The site occupancies
are expressed in terms of the ratio m:M—site multiplicity:multiplicity of a general position (16).

Atom Wyckoff Position x a y a z a B (Å2) b Occupancy

Sr 4d 0 1/2 1/4 1.30(7) 1/4
Ni 2a 0 0 0 0.9(1) 1/8
W 2b 0 0 1/2 1.19(5) 1/8
O1 8h 0.269(3) 0.200(3) 0 2.35(4) 1/2
O2 4e 0 0 0.255(2) 2.35(4) 1/4

a Atomic coordinates in 3D space; b Debye-Waller factor.

Figure 3 shows the crystal structures of as synthesized compounds visualized by VESTA
software [54] and Table 4 shows selected interatomic distances calculated by the Rietveld method.
SNTO shows structural arrangement consisting of layers of TeO6 octahedra centered in corners of bc
planes, mutually linked with NiO6 octahedron, centered in the middle of bc rectangle. The 3D structure
was further composed by alternate linking of tilted TeO6-NiO6 octahedra along the [100] direction.
The voids formed with such stacking were filled by SrO12 cuboctahedron. SNWO is rock-salt ordered
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with the arrangements of a mutually slightly-rotated corner-sharing NiO6-WO6 octahedra along the
c-axis due to the tetragonal distortion.
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Figure 3. Crystal structures of the synthesized compounds visualized by VESTA [49].

In monoclinic Sr2NiTeO6 there are two types of octahedra that differ according to their
lengths: shorter (smaller volume) TeO6 octahedra and slightly larger NiO6 octahedra. Moreover,
both octahedra are highly distorted since the apical line is not perpendicular to the equatorial plane.
Tetragonal Sr2NiWO6 comprises NiO6 octahedra and WO6 octahedra that differ to each other according
to their bond lengths: Equatorial bond lengths in NiO6 are visibly shorter compared to WO6, while the
apical lengths of NiO6 are slightly longer than in WO6, as seen from the Table 4. It is noteworthy that
SrO12 cuboctahedron is more distorted (more different Sn-O bond lengths) for SNTO in comparison
with SNWO which is the result of lower symmetry of SNTO. The line broadening analysis performed
within the Rietveld refinement reveals that SNTO shows higher crystallinity (average crystallite
size equals to 77 nm) compared to SNWO (49 nm). Although the crystallinity is higher for SNTO,
its microstrain level is also higher compared to SNWO, which is an unexpected and interesting finding.

Table 4. Selected interatomic distances for synthesized compounds.

Compound Bond Type Bond Length (Å)

Sr2NiTeO6

Sr-O1 x2 2.707(7)

Sr-O1 x2 2.689(1)

Sr-O1 x2 2.909(1)

Sr-O1 x2 2.900(8)

Sr-O2 x1 2.558(2)

Sr-O2 x1 3.026(1)

Sr-O2 x2 2.837(3)

Ni-O1 x4 2.052(7)

Ni-O2 x2 2.047(6)

Te-O1 x4 1.929(6)

Te-O2 x2 1.947(5)

Sr2NiWO6

Sr-O1 x4 2.606(1)

Sr-O1 x4 2.988(2)

Sr-O2 x4 2.7825(1)

Ni-O1 x4 1.873(2)

Ni-O2 x2 2.0151(1)

W-O1 x4 2.099(2)

W-O2 x2 1.9361(1)
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2.2. Unpolarized Raman Spectroscopy

Raman spectroscopy was conducted in order to inspect bond length stretching and possible
phonon confinement effects that frequently occur in nanocrystalline materials. Figure 4 shows
Raman spectra of double perovskites: tetragonal Sr2NiWO6 (SNWO in Figure 4a), and monoclinic
Sr2NiTeO6 (SNTO in Figure 4b). According to Kroumova et al. [55] and based on the space group,
Sr2NiTeO6 has 7Ag + 5Bg, 12 first-order Raman active modes (optical modes) in total. Sr2NiWO6 has
3Ag + 3Bg + 31Eg + 32Eg, which is also 12 first-order Raman active modes in total. Only four bands out
of 12 for both SNWO and SNTO appear in Figure 4. Peaks appearing in the range from 100–150 cm−1

are assigned to lattice translational modes [51]. They are observed at 134 cm−1 for SNWO and at
142 cm−1 for SNTO. Peaks in the range 350–450 cm−1 are assigned to ν5 mode, which appears due
to oxygen bending in octahedra [56,57]. It is observed at 440 cm−1 for SNWO and at 416 cm−1 for
SNTO. Since the Te6+-O bond is the shortest bond for the studied SNTO, it is also the strongest bond
for this compound and higher frequencies in the spectrum should be primarily assigned to ν1 and ν2

vibrations of the Te6+O6 octahedron. Hence, for SNTO, the frequencies corresponding to vibrations
of Ni2+O6 octahedron are not expected and indeed were not observed. Peaks assigned to ν2 mode
are due to asymmetric stretching that appear in the range 470–650 cm−1 according to Silva et al. [56].
This mode is represented by two peaks for both compounds, at 497 and 564 cm−1 for SNWO and at
510 and 600 cm−1 for SNTO. The highest wavenumber appearing within spectra (850 cm−1 for SNWO
and 762 cm−1 for SNTO) is assigned to ν1, symmetric stretching of the WO6 and TeO6 octahedra,
respectively. Optical phonons for both compounds are summarized in Table S1 in the Supporting file.
Similar to Silva et al. [56], we also observe a larger difference in the ν1 vibration between Te6+- (d10) and
W6+-based (d0) compounds. These authors correlated the increase of wavenumber in W-containing
compounds compared to Te-containing compounds with the increase of the force constant (bonding
energy) of the W-O bond in the WO6 octahedron. The Te6+ cation has a fully-occupied d10 orbital
configuration, which avoids the formation of π-type Te-O bonds. On the other hand, the W6+ cation has
a d0 orbital configuration, allowing the overlap of the t2g orbitals The increase of force constant/bonding
energy occurs due to the overlapping of t2g orbitals of the octahedrally-coordinated W6+ cation [56].
Similar arguments are valid for the absence of vibrations of Ni2+O6 octahedron for SNWO. Although,
the shortest bond in this compound is the equatorial Ni-O bond (1.873(2) Å), the formation of π-type
W-O bonds occurred, which resulted in the increase of W-O bonding energy, thus Raman modes of
W6+O6 dominate. Ayala et al. [58] studied tetragonal and monoclinic double perovskites and came to
conclusion that these spectra resemble to those of cubic Fm-3m perovskites. The similarity comes from
the fact that tetragonal and monoclinic structures arise from the small distortions of the cubic cell [56].
When comparing our SNWO spectrum in Figure 7a with the bulk SNWO reported by Manoun et al. [59],
there is a progressive shift to lower wavenumbers (lower energies); line shapes are broadened and
asymmetric on the lower energy side. Additionally, symmetry breaking becomes more emphasized.
These effects occur due to the reduction of size and quantum confinement effect [60–62]. Actually,
the impact of the size reduction on the Raman spectra is quite visible, since SNWO contains smaller
crystals compared to SNTO and thus its Raman bands are also broader, reflecting a higher disorder
in SNWO.

2.3. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

To investigate the morphology and chemical composition of as-prepared compounds, scanning
electron microscopy (SEM) and energy dispersive X-Ray spectroscopy (EDX) measurements were
performed. SEM images are shown in Figure 5, EDX spectra for both compounds are shown in Figure S1
and Figure S2 in SI.
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SEM images show irregularly round-shaped particle agglomerates for both SNTO and SNWO at
the same magnification (1 µm). It is clearly visible that SNTO particles are larger than SNWO particles,
which is in accordance with microstructural analysis conducted using the Rietveld refinement method.
The surface morphology of the particles represents the random distribution of the various size of the
grains and visible grain boundaries.
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Figure 5. SEM images of SNTO (a) and SNWO (b).

The energy dispersive X-ray spectrum and elemental mapping suggest the presence of all elements
is similar to the base composition confirming that both synthesized compounds SNTO and SNWO
are free from impurity. Figure S1 shows that Sr2NiWO6 consists of 61.2 at % O, 19.7 at % Sr, 10.8 at
% Ni and 8.3 at % W, which nearly corresponds to the proposed chemical formula. It is similar with
Sr2NiTeO6, which consists of 63.4 at % O, 18.1 at % Sr, 9.9 at % Ni and 8.6 at % Te (Figure S2).

2.4. Dielectric Properties

Figure 6a displays dielectric constant and Figure 6b dielectric loss versus frequency for SNTO
and SNWO ceramic samples at room temperature. It is observed that the dielectric constant (εr)
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and dielectric loss (tan δ) are high at lower frequency regime and decreases at higher frequency
regime, indicating that the familiar dielectric dispersion phenomenon as observed in the case of
normal ferroelectrics. Frequency-temperature dependence of εr and tan δ is associated with various
polarization effects, such as ionic, dipolar, electronic and space charge that appears at multiple levels of
material reaction due to short and long-range movement of mobile charges. At low-frequency regions,
the space charge and dipolar polarization are at the peak and interfacial polarizations efficiently add
to the upper value of εr. In the high-frequency region, the electronic polarizations become most
significant compared to other polarizations, leading to invariant dielectric constant. The decrease
in the value of dielectric constant with the rise in frequency may be due to the dipoles unable to follow
the rapid oscillating field [63]. The dielectric loss has a similar type of trend as εr in the low-frequency
regime, where the loss is high due to the influence of compositional disorder, leading to a relaxation
phenomenon [64]. Mutual comparison between SNTO and SNWO reveals that SNWO has a lower
value of εr (308 compared to 341 at 1 kHz), while its dielectric loss is significantly lower (0.06 compared
to 0.23). Moreover, frequency-dependent quantities show milder decrease for SNWO, indicating its
better perspective for electronic applications.
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2.5. Impedance Spectroscopy

The Nyquist plot in general has several semicircular arcs, whereby the first circle (higher frequency)
represents the grain/bulk effect, the second circle (intermediate frequency) represents the grain boundary
effect and the third circle (lower frequency) represents the electrode effect. Normally, depressed
semicircular arcs are obtained with the center below the abscissa implying departure from Debye
type behavior. There are several factors, such as atomic defect distribution, stress–strain phenomena,
grain boundary, and grain orientation, which can be correlated to the above-described non-ideal
behavior. The depressed semicircles also provide evidence of polarization phenomena with the
allocation of relaxation times. In Debye-type behavior, the center of the circle lies exactly on the real
Z-axis [65]. Figure 7 shows the depressed semicircle and the non-Debye type of relaxation phenomena
are occurring for both synthesized materials. The commercial Z Smipwin software is used to fit the
experimental impedance data to an equivalent circuit model bearing a constant phase element (CPE).
The parameters derived from fitting are grain resistance, grain capacitance, grain boundary resistance,
and grain boundary capacitance and corresponding values are listed in Table 5. Figure 8 shows the
frequency-dependent M′′ and Z′′ plot of (a) SNTO and (b) SNWO ceramics. It represents the effect of
longer- and shorter-range movement of charge carriers on the relaxation process. The shorter-range
charge carrier dominancy is interpreted by the M′′ and Z′′ peaks mismatch, whereas if the M′′ and Z′′
peaks exactly match then it is related to the long-range motion of charge carriers [66]. In Figure 8a,b,
it is depicted that the peaks of the M′′ and Z′′ of SNWO and SNTO coincides in the same position,
suggesting the dominance of shorter-range movement of charge carriers.
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the equivalent electrical circuits are displayed.

Table 5. The values of grain resistance and grain capacitance from the Nyquist plot fitting.

Composition Rg (Ω) a Cg (F) b Rgb (Ω) c Cgb (F) d

Sr2NiWO6 1.054 × 104 1.270 × 10−10 1102 1.083 × 10−8

Sr2NiTeO6 1.016 × 104 1.268 × 10−10 1179 1.057 × 10−8

a Grain resistance; b Grain capacitance; c Grain boundary resistance; d Grain boundary capacitance.
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2.6. Magnetic Properties

Temperature-dependent susceptibility of SNTO measured in a magnetic field of 1000 Oe is shown
in Figure 9. The susceptibility increases as temperature decreases from room temperature down to 35 K.
At Néel temperature (TN) = 35.0 K, the susceptibility exhibits a maximum, in agreement with already
reported antiferromagnetic ground state of SNTO [42]. No difference between zero-field-cooled (ZFC)
and field-cooled (FC) susceptibility was observed. The measured susceptibility in high temperature
region (T > 100 K) was analyzed using a Curie-Weiss law χ = C/(T−ϑ). The result, presented as a full
line in χ−1 vs. T plot (inset in Figure 9), gave the Curie constant C = 1.4 emu K/mol and Curie–Weiss
temperature ϑ = −210 K. The effective magnetic moment µ =

√
8 C = 3.3 µB in agreement with the

expected value for Ni(II) ions with non-zero orbital contribution L [67]. The magnetization curve M(H)
at 2 K (Figure S3) is linear up to the maximal magnetic field of 50 kOe with very small magnetization
(0.04 µB at 50 kOe), as expected for the antiferromagnetic ground state.
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Figure 9. Temperature-dependent susceptibility and inverse susceptibility (inset) of SNTO.

In Figure 10a the temperature-dependent magnetic susceptibility is shown for SNWO. A local
maximum of susceptibility (Néel temperature) appears here at a higher Néel temperature (TN) = 56.6 K.
The magnetization M(H) curve at 2 K is linear as in SNTO (Figure S3), with a very small value of the
magnetization in a maximal field of 50 kOe. Both results speak in favor of antiferromagnetic ground
state in SNWO, as already reported in the literature [42,46]. A slightly higher Néel temperature (56.6 K)
than the literature data for bulk material (53 K in [42], 54 K in [46]) might be ascribed to a nanosized
material in our case. Various researchers have already described that Néel temperature increases with
the decrease in crystallite size [6–12].

Above TN, the susceptibility follows the Curie–Weiss law (inset in Figure 10). The same analyses
as performed in the case of SNTO (Curie-Weiss fit), which gave the Curie–Weiss temperature ϑ =−125 K
and effective magnetic moment of 3.2 µB. These values are similar to the literature data [42,46].

However, below TN, the susceptibility starts to increase once again. The ZFC/FC splitting can
be observed below 6 K, which was, to our knowledge, not reported yet in literature. In order to
investigate this low temperature signal in more detail, we performed additional AC susceptibility
measurements (susceptibility in alternating magnetic field) shown in Figure 10b. The AC susceptibility
has been measured at three different frequencies of the applied magnetic field—1, 10, and 100 Hz.
The amplitude of AC magnetic field was 6 Oe. The maximum of AC susceptibility is at approximately
Tmax = 6 K for the frequency of the applied field of 1 Hz, and shifts to higher temperatures with frequency.
This feature is typical for a frustrated magnetic system, where both ferromagnetic and antiferromagnetic
interaction are present in the system simultaneously, and (or) there is some degree of disorder
in a distribution of magnetic moments. [68] The relative shift of Tmax with frequency (inset in Figure 10b),
G = ∆Tmax

Tmax(1 Hz) ∆ logv
= 0.07, falls somewhere between the values of typical spin glasses and

superparamagnetic systems [69]. A very similar signal can be found also in NiO nanoparticles [68].
We tentatively ascribe this low temperature signal to the magnetism of uncompensated nickel ions on
the surface of nanoparticles, where the perfect antiferromagnetically-ordered environment around the
magnetic ions, as established in bulk compounds, is corrupted.
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Figure 10. Temperature-dependent susceptibility and inverse susceptibility (inset) of SNWO (a).
AC susceptibility (susceptibility in alternating magnetic field) around the low temperature peak (b) and
shift of the maximum of AC susceptibility with frequency (inset in (b)).

3. Materials and Methods

Materials. The following commercially available chemicals were used without further purification:
Ammonium tungsten oxide hydrate and ammonium tellurate from Alfa Aesar, Germany; strontium(II)
nitrate, and nickel(II) nitrate hexahydrate from Sigma Aldrich, Germany; citric acid monohydrate
99.9% from T.T.T., Croatia; and concentrated ammonia solution 25% from Gram-Mol, Croatia.

Synthesis. Double perovskites were synthesized using aqueous sol-gel citrate method, previously
reported for triple perovskites [57,70]. Stoichiometric amounts were dissolved in 10% citric acid
solution (10 g of citric acid in 100 mL of MiliQ water) for synthesis of SNTO: A total of 2 mmol of
strontium(II) nitrate, 1 mmol of nickel(II) nitrate hexahydrate and 1 mmol of ammonium tellurate.
For synthesis of SNWO, instead of ammonium tellurate, 1/12 mmol of ammonium tungsten oxide
(molecular formula: H40N10O41W12•xH2O) was used. The value of pH was adjusted to 5 using
concentrated ammonia solution (pH-meter 211, HANNA, Zagreb, Croatia). Reaction mixture was then
evaporated at 95 ◦C, with constant stirring on a magnetic stirrer (IKA RCT Basic, Staufen, Germany),
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until black resin was formed. Black resin was further dried in a drying oven (Instrumentaria ST-05,
Sesvete, Croatia) at 120 ◦C for 24 h and grinded in a mortar with a pestle. Obtained black powder was
first calcined at 600 ◦C for 8 h and then at 950 ◦C (SNTO) or 1000 ◦C (SNWO) for 12 h (Furnace SN
342689, Nabertherm GmbH, Lilienthal, Germany). Heating rate for both calcination steps was 2 ◦Cper
minute. Synthesis procedure is represented in Scheme 1 below.
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Scheme 1. Schematic representation of sol-gel synthesis of double perovskites Sr2NiTeO6 and
Sr2NiWO6.

Preparation of pellets for dielectric measurements. The calcined powder was converted into
fine particles and 5 wt % of binder polyvinyl alcohol (PVA) was mixed. Further, disk-shape pellets
comprising a diameter of 10 mm and a thickness of 1.2 mm were sieved employing a hydraulic
press (Model number: 220-93614-01, Shimadzu, Kyoto, Japan) with cold pressure of 4.0 × 106 Nm−2.
Subsequently, the green pellets were sintered at 1250 ◦C for 4 h at a heating rate of 8 ◦C/min in a tube
furnace (Model number: SH-FU-50TS, SH Scientific, Daejeon, Korea). One of the pellets of each
composition was taken and rubbed with zero emery paper to make the opposite sides smooth and
parallel. The high-quality silver paint was painted on both opposite sides of each pellet that served as
an electrode and further electrical characterization was performed.

Methods. Powder X-Ray diffraction patterns were collected on a Panalytical XPert Pro
Diffractometer with θ–2θ geometry (Malvern Panalytical, Malvern, UK), using monochromatized
CuKα radiation (40 kV, 40 mA) at 292(2) K, in the range of 2θ from 10◦–90◦ with the step size of 0.02.

Unpolarized Raman spectroscopy was performed at room temperature in backscattering geometry
using a Renishaw inVia Raman microscope system (Reinshaw GmbH, Pliezhausen, Germany) with
a HeNe laser (633 nm) for excitation, in the range 50–1100 cm−1 with 2 mW laser power. Samples were
placed on the microscope slides in a powder form.

The surface morphology was investigated using a scanning electron microscope (M/S TESCAN
Mira 3, Brno, Czech Republic).

The resistive and capacitive parameters were fetched from a computer-coupled phase-sensitive
meter (Hioki IM3570, Nagano, Japan). The electrical properties of the prepared pellets were examined
over a frequency sweep (1 kHz–1 MHz) and at room temperature.

Magnetic properties were investigated using a MPMS-XL-5 magnetometer (Quantum Design,
San Diego, CA, USA). All presented data were corrected for diamagnetic contribution estimated from
Pascal’s constants [71].

4. Conclusions

This study was performed to clarify the impact of size reduction on magnetic properties and to
investigate dielectric properties of synthesized Ni-based double perovskites. Most of the reported
literature deal with bulk materials and their magnetic properties along with detailed crystal structure
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analysis. Since miniaturizing and enhancing the performance has become a trend in the production of
electronic devices, our motivation was to decrease crystallite size of already known compounds and to
shed some light on their magnetic and electrical properties.

Double perovskites Sr2NiTeO6 and Sr2NiWO6 both possess magnetically active Ni2+ cation and
magnetically inactive d10 Te6+ (diameter of 0.56 Å for coordination number 6 [72]) and d0 W6+ (diameter
of 0.60 Å for coordination number 6 [72]) cations, respectively. Coexistence of these two species
in a single-phase material is one of the conditions for coupling of magnetic and dielectric properties
within the same material, which leads to multifunctionality.

So far, we have successfully synthesized, using modified sol-gel route phase pure Ni-based
perovskites, Sr2NiTeO6 and Sr2NiWO6. Since the ionic radii values of octahedrally-coordinated Te6+

and W6+ are similar [72], it would be expected that their crystal structures are also similar. The value of
their Goldschmidt tolerance factors are the same up to fourth decimal digit (t = 0.9889) [33]. However,
even the small difference in ionic radii can produce different structures. Thus, Sr2NiWO6 is crystalized
in the tetragonal crystal system (I4/m) with an average crystallite size of 49 nm, while Sr2NiTeO6

is monoclinic (C12/m1) with 77 nm the average crystallite size. On the other hand, monoclinic and
tetragonal structures are both formed because of small distortions of the cubic cell, so their similarity is
still preserved.

Both compounds are antiferromagnetically ordered, as it has already been reported before for
their bulk and single crystal forms. Sr2NiTeO6 behaves the same as nanocrystalline and bulk material,
having the same value of Néel temperature (TN = 35 K). However, Sr2NiWO6 possesses a slightly
larger value of TN (56.6) than single crystal (53 K) and bulk (54 K) forms, which often occurs due to
size reduction.

For the first time we reported the results of dielectric measurements for these compounds.
Both compounds have high values of dielectric constants (341 for Sr2NiTeO6 and 308 for Sr2NiWO6) at
room temperature and low frequency (1 kHz), which classifies them as high-κ dielectrics. Moreover,
the W-containing compound is promising for application in electronic devices, since its dielectric
loss of 0.06 at 1 kHz is significantly lower compared to its Te counterpart. Impedance spectroscopy
results point out that the non-Debye type of relaxation phenomena are occurring for both compounds,
suggesting also the dominance of the shorter-range movement of charge carriers.

These materials could be promising candidates to use in electronic devices because they possess
both dielectric and antiferromagnetic behavior. Additionally, the size reduction to nanoscale favors the
production of smaller devices with enhanced functionality.

Supplementary Materials: The following are available online, Table S1: Optical phonons (in cm−1) of phase
pure SNWO and SNTO, Figure S1: EDX spectrum of SNWO, Figure S2: EDX spectrum of SNTO, Figure S3:
Magnetization curves of SNTO and SNWO at 2 K.
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Abstract: Lead halide perovskites are currently widely investigated as active materials in photonic
and optoelectronic devices. While the lack of long term stability actually limits their application
to commercial devices, several experiments demonstrated that beyond the irreversible variation
of the material properties due to degradation, several possibilities exist to reversibly modulate the
perovskite characteristics by acting on the environmental conditions. These results clear the way to
possible applications of lead halide perovskites to resistive and optical sensors. In this review we
will describe the current state of the art of the comprehension of the environmental effects on the
optical and electronic properties of lead halide perovskites, and of the exploitation of these results for
the development of perovskite-based sensors.

Keywords: lead halide perovskites; sensors; photoluminescence; amplified spontaneous emission;
thin films

1. Introduction

The field of the development of chemical sensors has undergone a significant expan-
sion in the last decade and it is currently one of the most active research area in nanoscience.
The possible applications of gas sensors are extremely broad, and include, for example, the
detection of air pollutants for environmental monitoring, of explosive vapors for security
control and of toxic gases hazardous to human health [1–5].

Among the possible active materials, thin films of semiconductors are particularly
promising, due to the possibility to tune electrical and/or optical properties when inter-
acting with the gas analyte. The main properties of ideal sensors are the sensitivity, the
selectivity and the reversibility which permit one to detect very low concentrations of
gases (target gases), discriminate among them and come back to the pristine stage when
the exposition is over. Another crucial issue is a fast response to the stimulus induced
by the interaction of the gas with the sensing element and a high recovery speed. The
possibility to use the sensor in simple working conditions, moreover, requires the capability
to operate at room temperatures without the need for an external trigger, and good stability
to external conditions; low-cost and facile fabrication processes are also important for the
development of cheap devices with a long operational lifetime.

To date, sensing has been achieved almost entirely by examining changes in the
electrical conductance of properly prepared nanostructures of semiconducting materials
exposed to different environments [6]. The typical active materials are metal oxides, such
as SnO2, ZnO, TiO2, Co3O4 and FeO, which need elevated temperatures (200–400 ◦C) to
operate [7]. This feature limits the application of these materials for the detection in
flammable or explosive atmospheres and the investigation of biomaterials. A further
drawback of metal oxide resistive sensors is the typical need for pre-treatments in order
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to induce the sensing properties and the need for expensive deposition techniques for the
realization of the sensing devices [8].

For these reasons, the research aiming to develop novel active materials for sensing,
able to combine cheap deposition, high sensitivity and the capability to operate at room
temperature is still running.

Among the different classes of innovative semiconducting materials, lead halide per-
ovskites recently started to receive enormous interest thanks to their unique capability
to combine simple film deposition from a solution, active properties typical of semicon-
ductors and wide chemical flexibility [9–12]. The general chemical formula of lead halide
perovskites is APbX3, where X = Cl, Br or I, or mixed Cl/Br and Br/I systems, and A is
an organic group in hybrid organic–inorganic perovskites or an inorganic cation in totally
inorganic ones.

The chemical and physical properties of the perovskites strongly depend on the
preparation procedures. APbX3 are typically obtained by two methods: synthesis from
solution and deposition from vapor phase. Alternative procedures, even if less com-
mon, are through solid-state reactions [13] or atomic-layer-deposition (ALD) [14]. In the
precipitation-from-solution procedure, the precursors (PbX2 and AX) are simultaneously
dissolved in a solution; the subsequent evaporation of the solvent, by heating or spin-
coating, leads to the formation of the perovskite crystals (one step method). In the two-step
procedure, instead, a solution containing the lead halide salt is spin-coated onto a substrate
and dried in order to obtain a PbX2 film. Then the film is exposed to AX (e.g., dipped
in a AX-based solution) to convert the PbX2 film into the perovskite. In the vapor-phase
deposition the perovskite is obtained by the coevaporation of the lead halide salt and
the AX halide. This method generally yields more uniform films if compared with those
synthesized from solution. In the solid state reactions, equimolar amounts of PbX2 and
AX are loaded in a tube, shaken to homogenize the mixture and then heated to obtain
a homogeneous solid (in some cases through a melted phase). Alternatively, PbX2 and
AX are placed in a mortar and ground with a pestle to get a uniform powder. Finally,
multistep synthesis based on the conversion of a seed PbS film, deposited by ALD, into
PbX2 and the subsequent formation of the perovskite through a dip in an AX solution
has been explored by Sutherland et al. [14]. This procedure yields thin films with highly
controlled thickness and excellent purity. Under appropriate synthesis conditions, colloidal
lead halide nanocrystals can be obtained in solutions and nanocrystal (NC) films can be
deposited onto substrates by means of drop-casting or spin-coating. [15,16].

The first synthesis of metal halide perovskites dates back to the late 1970s [17,18],
but their physical and chemical properties have not been deeply investigated until the
pioneering research of Miyasaka’s group in 2009 [19], when they used hybrid perovskite as
a light absorbing material in a solar cell, reaching less than 4% efficiency. Since then, thanks
to their large absorption coefficient, low defect density and high carrier mobility [12,20,21],
perovskites have attracted more and more attention, and in a short time all the research
efforts have brought to the actual solar cells’ power a conversion efficiency of 25.5% [22].

Together with the development of solar cells, a wide variety of active properties of
lead halide perovskites have been demonstrated, such as electroluminescence, efficient
photoluminescence and optical gain, thereby showing perovskites to be candidate active
materials for other optoelectronic devices.

Metal halide perovskites indeed have also been exploited for the realization of
LEDs. Starting from the first reports of the electroluminescence in organic–inorganic
perovskites [23,24], lots of advances have been made, leading to bright emission devices [25].
The possibility to deposit perovskite films through solution-based techniques and tune the
emission wavelength by varying the chemical composition of the perovskite allowed re-
searches to obtain light emitting diodes with increased efficiency and wide color
gamuts [10,26–28].

Concurrently, the first report of room temperature amplified spontaneous emission
(ASE) has been provided [29], which cleared the path for the implementation of lead
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halide perovskites as active materials for lasers. Great efforts have been made to improve
the ASE properties [16,30–35] and lasers have been realized with different geometries,
such as microcavity lasers [11], distributed feedback lasers [36], whispering gallery mode
lasers [37] and random lasers [38].

Moreover, due to perovskite attractive electrical and optical properties, a new route
for the application of perovskites in the detection of high-energy radiation, such as X-ray,
gamma and deep-UV photons, has been opened up [39–48]. In particular, the ability to
convert high-energy photons into lower-energy, direct bandgap emissions recently made
Cs-based perovskites ideal candidates for implementation in deep-UV photodetectors. As
an example, inorganic CsPbBr3 quantum dots (QDs) have been integrated into perovskite
photodiodes as fluorophors playing two roles: they act as a down-conversion layer, con-
verting incident UV into emitted 510 nm light, and protect hybrid perovskite from UV
degradation [46].

However, the lack of long term chemical stability to date still prevents applications in
commercial devices.

In particular, many experiments demonstrated that lead halide perovskite films are
sensitive to the environment chemical composition, and depending on the chemical na-
ture of the interacting species, the material can show irreversible interactions, leading to
degradation or reversible interactions thereby preserving the active properties when the
external gas source is removed. The reversible interactions could be potentially exploited
for sensing applications.

Another interesting aspect of lead halide perovskites for sensors development is
related to their tendency to form films with pores on the surface, potentially allowing
an efficient superficial interaction with gas species and improving gas adsorption and
evacuation. These features could be important to allow fast sensor response and recovery
times and high sensitivity even at room temperature [49].

Recently, various review articles debating the use of perovskite as sensing materials
have been published [50–52], that deal with different classes of perovskites (such as metal
oxide and metal halide perovskites), concern the interaction of the sensing material with
metal ions, solvents and gases, and focus on the chemical point of view of the interaction
between the perovskite and the analyte [53].

In this paper, differently from what already done, we want to focus on a particular
class of perovskites, i.e., lead halide ones, and review the actual state of art of the research
on the effects of interaction with the environment. We will initially investigate the main
processes inducing perovskite degradation, due to the interaction with light, surrounding
atmosphere (oxygen, moisture, NH3 or other gases or volatile organic compounds (VOCs)),
and due to heating. Then we will focus on the reversible modulation of electrical and
optical properties of perovskites, that can be exploited for the development of perovskite
gas sensors giving an almost complete overview of the tested devices.

2. Environmental Stability of Perovskites

The environmental stability is a particularly relevant property for any material aiming
to be used in any application, as it allows the realization of devices with a long operative life.
In particular an active material for a solar cell should be stable when operating in air and
under sun light, and should also be stable against heating induced by the sunlight exposure.
For these reasons, given the impressive increase of the power conversion efficiency of
perovskite solar cells, many groups investigated the stability of perovskite thin films under
exposure to different external perturbations, with a particular focus on the perovskite
irreversible degradation channels.

In this section we will describe the main results in literature about perovskite degra-
dation due to the exposure to light, heating, and environmental species, such as oxygen,
moisture or other gases (such as NH3, H2 and volatile organic compounds).

Even if most of the referenced papers below report stability tests on perovskite for
the realization of solar cells, exploring both the variations of structure/morphology and
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of the electro-optical properties, the results about the intrinsic stability of the material are
expected to be of general validity and independent of the specific application.

2.1. Light and Temperature Effects

Most of the experiments about lead halide perovskites have been performed on iodide
perovskites, and in particular, on MAPbI3, which thanks to its absorption edge in the near
infrared, has been widely used as active material in solar cells.

A preliminary interesting result on the MAPbI3 stability has been obtained on active
films stored in dark and vacuum condition [54], surprisingly demonstrating that the mate-
rial shows irreversible degradation even if not exposed to light and to external chemical
species. The self degradation was ascribed to a sequence of four different processes: de-
composition of MAPbI3 in [MA]+, [PbI2]

− and [I]− ions; dissociation of [PbI2]
− into Pb0

and I−2 at the perovskite surface; regeneration of I−2 ions at the perovskite interface and
formation of AuI2 at the interface with the gold electrode of the solar cell device.

Starting from this evidence of intrinsic instability it is easy to understand that ad-
ditional factors, such as light exposure, heating or interaction with the environment can
induce further degradation processes.

The effects of sunlight exposition are reported by Misra et al. [55] who investigated
the material stability by measuring the evolution of the absorption spectra of MAPbI3
thin films, deposited and encapsulated in a glove box (thus exposed to light in an inert
environment), and exposed to concentrated sunlight of 100 suns. The authors observed
that light exposure for times up to 1 h has no effects on the absorption spectra if the sample
was kept at 25 ◦C (see Figure 1a). On the contrary, a clear variation of the absorption
is observed when the film is exposed to concentrated sunlight with a film temperature
increase to only 45–55 ◦C (see Figure 1b). In particular, beyond a general reduction of the
total absorption (see inset of Figure 1b), a clear variation of the absorption lineshape is
observed, with a reduction of the intrinsic MAPbI3 absorption and an increase of absorption
in the range 400–460 nm, ascribed to MAPbI3 decomposition with crystallization of its
inorganic component PbI2. This effect is not observed when the sample is heated at the
same temperature without light exposure, evidencing that a combination of heating and
lighting is required to determine the degradation. In the same experiment the authors
also demonstrated that no degradation takes place in MAPbBr3 films, both at 25 ◦C and at
45–55 ◦C, clearly evidencing that the light-induced degradation is highly dependent on the
hybrid perovskite composition (see Figure 1c). The higher stability of Br-based hybrid lead
halide perovskite with respect to the I-based one was ascribed to differences in the ionic
ratio of Br− and I− ions that influences the perovskite crystal structure. In particular the
cubic crystalline phase of MAPbBr3 results denser and thus less prone to environmental
molecules attacks than the tetragonal structure of MAPbI3.

Figure 1. UV–Vis absorption spectra of encapsulated MAPbI3 films exposed for various times at (a) '25 ◦C and (b)
'45–55 ◦C: spectral modifications appear at high temperature, whereas (c) the MAPbBr3 film remains stable even at
'45–55 ◦C. Adapted with permission from [55]. Copyright © 2015, American Chemical Society.
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The higher stability of MAPbBr3 with respect to MAPbI3 also comes from the higher
bromine electronegativity and to the stronger Pb-Br bond compared to the Pb-I one, and of
the H-Br bond compared to the H-I one [54,55].

The details of photo-degradation and thermal decomposition of MAPbI3 and MAPbBr3
have been also investigated by Juarez-Perez [56]. Beyond evidencing that light and heat
can, in proper conditions, determine the perovskite degradation, the experiment allowed to
conclude that parts of the reaction determining the release of gas compounds are reversible
and cannot be considered real degradation channels. In particular the released CH3NH2
cannot be considered as degradation products of perovskites because they can resynthesize
MAPbI3 if the film is in a closed environment (for example, an encapsulated film). On the
contrary, the back formation to MAX (X = Br, I) or MAPbX3 from the released CH3X + NH3
molecules is thermodynamically unfavorable and prone to form non-primary ammonium
salts, and it is thus an authentic detrimental pathway for perovskite degradation.

Further insight in the light induced MAPbI3 degradation processes was obtained by
X-ray photoelectron spectroscopy (XPS) on films irradiated in vacuum by a blue laser [57].
A two step degradation process was proposed, with an initial decomposition of MAPbI3
leading to the formation of PbI2 and volatile compounds, such as NH3 and HI. Then, PbI2
further decomposes into metallic lead (Pb0) and iodine (I2). A saturation of the degradation
was observed after 480 min of laser irradiation, when the ratio of metallic Pb to total Pb
was about 33%.

The thermal stability of MAPbI3 perovskite films has been also investigated by Con-
ings et al. [58] in various ambient conditions (pure N2, O2 and ambient air), corroborating
the idea that bringing perovskite films to a temperature of 85 ◦C, which is close to the
temperature at which perovskite is formed, can induce surface decomposition, even in
an inert atmosphere. The presence of oxygen and water molecules further accelerates the
disintegration process since they react with the methylammonium iodide (MAI) cation,
leading to the breakage of the perovskite unit cell.

A nice example of the correlation between the active material degradation and the
variation of its optical properties has been obtained by Motti et al. [59] who analyzed
the effects of the photoexcitation energy density on the photoluminescence (PL) and the
transient absorption of polycrystalline thin films, of both hybrid (MAPbBr3 and MAPbI3)
and fully inorganic (CsPbBr3) perovskites.

In all the investigated materials they demonstrated that the laser pumping results
in the formation, even in vacuum, of sub-bandgap defect states, quenching the PL. This
effect is evidenced by PL measurements as a function of the excitation density showing
a progressive increase of the PL intensity as the excitation density increases, but also a
systematically lower PL intensity when the excitation density is decreased back to the
initial value (see Figure 2a). This effect is also present when the samples are pumped in air,
but the relative decrease of the PL intensity is, surprisingly, much weaker. This suggests
that the presence of oxygen in the atmosphere, even in small amounts, attenuates the effect
as it acts as passivating agent for such defect states.

The role of the excitation wavelength on MAPbI3 perovskite thin films has instead
been described by Quitsch et al. [60]. They demonstrated that an increase of the photo-
luminescence intensity (called photobrightening) occurs under green laser illumination
(λ > 520 nm), while the decrease of the emitted PL is obtained by excitation with a blue led
(λ < 520 nm), as shown in Figure 2b. In particular, the threshold wavelength, separating
photobrigthening from photodegradation, is determined by the PbI2 energy band gap.
The quenching of the photoluminescence is indeed related to a photodegradation process,
ascribed to the formation of I2 by photolysis of PbI2 and/or hole transfer between the
photoexcited species under blue light exposure. Moreover, similarly to the previous report,
oxygen has been demonstrated to have a positive role in inducing the photobrightening,
since oxygen-based species act as passivating agents for perovskite halide vacancies.
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Figure 2. (a) Relative photoluminescence quantum yield (PLQY) curves of MAPbBr3 polycrystalline
thin films in air (red) and in a vacuum (blue). Adapted with permission from [59]. Copyright ©
2016, American Chemical Society. (b) Percentage PL intensity change of a MAPbI3 film for 60 s of
illumination in air, for excitation wavelength between 540 and 465 nm (gray shades). Between each
measurement the sample was kept for 15 min in the dark in order to reduce the overall stress (white
columns); the emission was detected at the PL peak position (778 nm). Adapted with permission
from [60]. Copyright © 2018, American Chemical Society.

The evidence of several degradation channels in hybrid organic–inorganic perovskites
stimulated the research of novel chemical compositions allowing a stability increase. In this
frame a particularly interesting class of materials are fully inorganic perovskites, in which
the organic cation is replaced by an inorganic atom (typically Cs) [61].

A couple of interesting experiments have been performed in order to investigate
the stability of CsPbBr3 perovskite nanocrystals films [62,63], evidencing that also these
materials show several degradation processes induced by light and depending on the
environment chemical composition.

In particular it has been shown that under illumination of 450 nm light-emitting diode
they suffer degradation, resulting in a sample color change from green to yellow, both in
solutions and in films.

As highlighted in Figure 3c–f, the pristine green nanocrystal (NC) solution is formed
by highly monodispersed nanocrystals with an average length of about 5–10 nm; as the
exposition time goes on, NCs tend to aggregate forming clusters, up to 50 nm after about
2 h of illumination, and the solution color turns to yellow (Figure 3a,b). This effect has been
observed both in solution and in films and is ascribed to the light source which removes
bonding ligands from the surface of the nanocrystals, allowing them to merge and form
bigger aggregates. Concurrently, the PL emission intensity decreases as a function of the
illumination time, coming with a redshift of the PL peak. The surface decomposition of
the nanocrystals determines indeed an increase of the surface charge trap states, which
quenches the sample light emission, whereas the shift toward longer wavelengths is
attributed to the greater crystals dimensions. Moreover, the degradation process has
been demonstrated to be dependent on the power illumination, since a 89.4% PL loss has
been obtained at 175 mW/cm2 and it reaches higher values (99.3%) at 350 mW/cm2 for
CsPbBr3 films.

In addition to illumination, other factors have been reported to influence the sample
degradation. The color variation is indeed not present in encapsulated samples, evidencing
the effects is not simply due to photodegradation. On the other hand, no degradation is
also observed if the samples are stored in dark, even in oxygen atmosphere, suggesting
that a combination of light exposure and oxygen is necessary to induce the degradation.
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Figure 3. (a) PL emission spectra of the colloidal CsPbBr3 toluene solution and (b) the optical images of the cuvette as
a function of the illumination time (175 mW/cm2). (c) Transmission electron microscope (TEM) and (d) high resolution
transmission electron microscope (HRTEM) images of CsPbBr3-NCs. (e) TEM and (f) HRTEM images of the a CsPbBr3

sample after 2 h of illumination. Adapted with permission from [62]. Copyright © 2017, American Chemical Society.

The role on the NCs size for CsPbBr3 films under UV light illumination has also been
investigated in [63], evidencing that the morphology of the film remains more stable (quite
unchanged) for samples composed of bigger grains. The authors deposited two CsPbBr3
NCs films with an average crystal dimensions of 9.7 nm and 11.4 nm, respectively, emitting
at 495 nm (NC495) and 520 nm (NC520). The experimental results evidenced that under
UV light exposure NC520 NCs remain rather unchanged, whereas smaller crystals in
the NC495 sample tend to merge and form bigger oval-shaped aggregates, related to the
formation of Cs4PbBr6 products, as evidenced in XRD spectra.

However, both samples (NC495 and NC520) suffer from the combined detrimental
action of light irradiation and temperature, since both show a PL intensity decrease for
increasing temperature values from 80 K to 400 K, under UV light illumination. The
observed quenching of the photoluminescence is probably related to the formation of trap
states which limit radiative recombination processes, and are ascribed to the photooxidation
mechanism of lead atoms in perovskite films.

2.2. Air, Oxygen and Humidity Effects

There is strong evidence that in presence of air, oxygen and/or humidity the per-
ovskites can modify their properties, and the irradiation and temperature effects are
enhanced. With the aim to understand the ambient induced degradation, numerous
investigations have been carried on by studying the effects of oxygen and wet or dry air.

For example, close attention has been payed to the role of humidity in the atmosphere
in contact with a perovskite sample, even if opposing results have been reported. Some of
them point out a detrimental action of water molecules on the morphological stability of the
perovskite structure, others evidence that it does not inevitably lead to deleterious effects.

The ascertained intrinsic thermal instability of MAPbI3 [58] is boosted in ambient air.
Even if the samples annealed at 85 ◦C after 24 h show structure variation regardless the
atmosphere (N2, dry O2 or ambient air), the authors found that the major changes are
induced when the samples are treated in air. Water and oxygen molecules can interact with
the methylammonium cations, leading to the formation of new carbon based species and
the release of nitrogen. Moreover, moisture accelerates the formation of metallic lead (Pb0)
clusters from Pb2+ ions, in addition to the most commonly known formation of PbI2 as
degradation product of MAPbI3 perovskite.

All these degradation pathways find confirmation in XPS measurements, as reported
in Figure 4. The left panel of Figure 4 shows the carbon compounds XPS peaks of the as-
prepared sample (black curve) and for the sample stored in different atmospheric conditions
(air, oxygen and nitrogen, up to 120 h of storage). The pristine sample is characterized by
two carbon contributions, one at higher binding energy (286.7 eV) and the other one at
lower binding energy (285.3 eV). The first one is ascribed to the C-N bound of the MAI
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cation (indicated as “perov.” in the figure), whereas the second one refers to C-C and C-H
bounds of hydrocarbons formed on the perovskite surface at the deposition stage.

Heating the sample supports the release of the methylammonium volatile compounds,
leading to a gradual disappearance of the C-N bound peak, in favor of the hydrocarbon
ones. This effect results to be more prominent in presence of oxygen and water molecules,
and is corroborated by a concurrent decrease of the N1s core level peak intensity, at 402 eV,
sign of the release of N2 molecules from the perovskite surface (central panel of Figure 4).
Besides, the panel on the right evidences the appearance of metallic lead with the Pb0 peak
at about 137 eV at increasing exposition times in air.

Figure 4. XPS measurements on MAPbI3 perovskite samples treated at 85 ◦C for up to 24 h in
different atmospheres. Adapted with permission from [58]. Copyright © 2015, WILEY-VCH Verlag
GmbH and Co. KGaA, Weinheim.

Humidity is also revealed to be a critical factor in the performance of MAPbI3 solar
cells due to the deleterious effects of H2O vapor on the perovskite [64]. Morphology
and crystal structure measurements have been performed for perovskite films exposed to
different atmospheric conditions in the dark (0–90% RH). It has been observed that before
humidity exposure all the perovskite samples are characterized by a rough surface whereas,
after being in contact with water molecules, they undergo a recrystallization process,
becoming smooth and highly ordered; moreover, this process is more emphasized for
higher humidity content. X-ray diffraction (XRD) measurements then prove the formation
of an hydrate product, similar to (CH3NH3)4PbI6 · 2H2O, after the exposure of perovskite
to humid air in the dark. Anyway, the hydration process seems to be reversible and
the perovskite can partially recover its pristine structure after being stored in vacuum
or dry atmosphere. In addition, time-resolved absorption spectra highlighted that there
are not radical changes in perovskite typical peaks for samples stored up to 14 days in
different humidity conditions meaning that, despite the morphological changes observed,
the perovskite excited state properties do not change.

In agreement with the previous report, Galisteo-Lopez et al. [65] rule out the irre-
versible detrimental action of moisture on MAPbI3 perovskite film chemical composition.
Optically pumping the sample, the PL maximum registered at 775 nm shows an initial
photoactivation stage followed by a radiation quenching (Figure 5a). Measurements taken
in different atmospheres (ambient air, N2 and O2; Figure 5b) allow one to identify mois-
ture and oxygen as the responsible molecules for photodarkening and photoactivation
processes, respectively. Water molecules, in particular, induce the formation of hydrates
species on the surface of perovskite, determining a quenching of the photoluminescence.
Switching the atmosphere from ambient air to a pure oxygen one allows, on the other hand,
to partially recover the sample emission, evidencing that O2 acts as a trap states filler.

Even if the presence of moisture in the atmosphere surrounding the sample influences
its photoluminescence emission, it has been verified that water molecules do not cause
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permanent degradation of the film. Under prolonged optical pumping in humid conditions,
it has been indeed demonstrated that the film does not suffer any color change in its
aspect, proving that the interaction of perovskite with water molecules does not induce the
formation of PbI2 molecules on the sample surface.

Figure 5. (a) Temporal evolution of PL intensity maximum at 775 nm for MAPbI3 perovskite films, under monochromatic
light excitation (500 nm), showing an initial photoactivation stage followed by intensity quenching after tc. (b) Evolution
of the PL peak intensity when switching the atmosphere from air to nitrogen and then to pure oxygen. Adapted with
permission from [65]. Copyright © 2015, American Chemical Society. https://pubs.acs.org/doi/10.1021/acs.jpclett.5b00785.
Further permission should be directed to the ACS.

On the contrary, other works support the idea of moisture induced permanent degra-
dation, both in MAPbI3 [66,67], FAPbI3 [68] and mixed halide perovskites [69].

Concerning the interaction between the active mean and the environment (in particu-
lar, moisture), film morphology seems to play a fundamental role. Being a phenomenon
related to uppermost part (surface) of the perovskite, the morphology and the dimensions
of the grains composing the deposited film, the presence of grain boundaries and their
chemical composition can deeply influence the interaction process, and as a consequence,
limit or accelerate the degradation of the film.

The morphology of FAPbI3 perovskite films, for example, has been analyzed through
atomic force microscope (AFM) topography images, which evidenced that the sample
remains stable when stored in controlled atmosphere below 30% of relative humidity (RH)
at room temperature, but suffers moisture action when the atmosphere reaches 50% RH,
and completely decomposes in PbI2 when soaked in water.

In particular, grain boundaries result to be the starting point for perovskite decomposi-
tion, representing a pathway for the interaction with water molecules; the degradation then
proceeds deeper into the grains. Once the degradation process is started, the morphology
of the film changes, resulting in a merging of neighbour grains which form bigger clusters
and the appearance of a non perovskite phase, as evidenced in Figure 6a–c [68].

As a consequence, a scaling behavior with grain size has been revealed [67]: since
degradation process starts from grain boundaries (Figure 6d), the perovskite films com-
posed of bigger grains result more stable than the films with smaller grains. Another
peculiarity relates to the fact that the degradation process, starting from grain boundaries,
expands along in-plane direction when the sample is annealed after deposition; otherwise,
when the sample does not receive any post-deposition treatment, chemical modifications
result more uniform. An annealing process, indeed, facilitate the release of MA ions or
MAI from the surface of the perovskite, leaving a PbI2-terminated surface. As PbI2 is less
soluble in water than MA ions, the top plane surface of the annealed film results less prone
to humidity degradation. Moreover, grain boundaries have been seen to be composed of
an amorphous region, caused by an excess of MAI during the film formation phase, which
facilitates moisture permeation and then induces degradation (Figure 6f).

The chemical composition of the active material has been proved to play a fundamental
role in the response to humidity, as evidenced through the experiment of Howard et al. [69]
on thin films of CsxFA1−xPb(IyBr1−y)3 mixed halide perovskites. Different concentrations
of Cs/FA cations and I/Br halides have been chosen in order to show which is the photolu-
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minescence response of the films at different humidity concentrations (with RH ranging
from 5 to 55%).

At low humidity levels, for RH ranging from 5% to 35%, all the samples analyzed,
regardless their chemical composition, show an enhancement of the emitted light intensity
for increasing humidity content. Water molecules, indeed, remove defect states not already
passivated from O2 molecules, determining a PL intensity increase.

Switching the atmosphere from 35% to 55% of RH, on the other hand, the chemical
composition of the active material results to be crucial. Low (17%) Br content samples,
indeed, maintain the PL intensity at the same level; high (38%) Br content samples, instead,
show a PL intensity decrease combined with a PL peak red-shift, both independently from
the Cs percentage.

The presence of high humidity content, moreover, is responsible for the degradation of
the perovskite. 55% of RH is indeed sufficient to form a thin layer of monohydrate species
on the perovskite surface. As the water adsorption proceeds, dihydrate species are formed,
leading to perovskite degradation with PbI2, PbBr2 and CsxFA1−xIyBr1−y formation and
the presence of new surface trap states. Since moisture presence influences the halide ions
mobility in the perovskite crystal structure, major Br-content samples results to be more
affected by degradation and suffers PL intensity quenching processes to a greater extent.

Figure 6. (a–c) AFM images of FAPbI3 film, showing the different stages of the degradation process, from the fresh sample
(dark black film) to the degraded one (pale yellow). Adapted with permission from [68]. Copyright 2018, WILEY-VCH
Verlag GmbH and Co. KGaA, Weinheim. (d) Schematic representation of the degradation of MAPbI3 perovskite film in
moisture; the degradation mechanism starts from grain boundaries and extends towards the grain center along the in-plane
direction. (e) Degradation percentage as a function of the moisture exposure time for different film thicknesses. (f) A
HRTEM cross-sectional image highlighting the presence of an intergranular film (IGF) between two neighboring grains.
Republished with permission of the Royal Society of Chemistry, from [67], © 2017.

Another chemical species deeply investigated is oxygen; metal halide perovskites
have been revealed indeed to be highly sensitive to the presence of O2 molecules, both in a
pure oxygen atmosphere and in ambient air.

Fang et al. [70], for example, showed how the atmosphere surrounding a MAPbBr3
perovskite single crystal can modulate its photoluminescence emission. Pumping the sam-
ple with a 400-nm excitation laser, with a pulse repetition of 1.4 MHz, the effect of different
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gases has been studied, monitoring the PL emission every 10 s. Is has been verified that the
presence of dry N2, CO2 and Ar does not affect perovskite light emission in time; air, dry O2
and wet N2 instead induce PL changes, in particular determining photoactivation processes.
The major PL enhancement is observed in presence of air, suggesting that oxygen and
water molecules are the real responsible for the observed emission variations. Switching
the chamber atmosphere to vacuum condition, an almost immediate photoluminescence
quenching is observed, and the process results to be reversible when going back to air
atmosphere.

The experimental results thus lead to think that the interaction between perovskite
and water/oxygen molecules is a physisorption, rather than a chemisorption. Oxygen and
water molecules role is to act as electron donors, neutralizing an excess of positive Pb2+

charges on perovskite. Since those trap states have been demonstrated to be located mostly
on the surface rather than in the perovskite bulk, a control of the surface trap states density
through sample exposure to different gases is possible. As a consequence, a reversible PL
intensity modulation can be obtained and MAPbBr3 single crystals become suitable for
new potential applications in the detection of oxygen and water vapor.

Similarly to what reported above, also Zhang et al. [71] observed a PL intensity
modulation from MAPbBr3 perovskite single crystals. Interestingly, the analysis evidenced
that the photoluminescence intensity decrease, obtained passing from air to vacuum at-
mosphere, was accompanied by a corresponding modulation of the electrical properties.
In particular, both dark current and photocurrent, measured through the gold electrodes
deposited on the MAPbBr3 film surface, have been observed to increase in vacuum con-
ditions. This suggests the formation of shallow trap states in ambient air exposure; since
those trap states are close to the perovskite band edges, photogenerated carriers can be
trapped in, forming radiative recombination centers and then leading to a PL enhancement.
As a consequence, in presence of air charge carriers are trapped and radiatively recombine,
and can not be available for photocurrent in the perovskite device; viceversa, in vacuum
conditions, the density of trap states is reduced and the current increases.

Air, moisture and light stimuli have then been also studied together, in order to
evaluate the possible synergistic effects arising from their combined presence.

As an example, Tian and its coworkers [72] investigated the luminescence properties
of a spin coated MAPbI3 perovskite polycrystalline film, studying both the PL intensity
variation by CW 514 nm excitation laser and the PL decay dynamics under picosecond
pulsed laser, when the sample is exposed to different external stimuli. In particular, they
focused on the curing action induced by the combined presence of light and oxygen, needed
to deactivate quenching sites in the perovskite crystal structure. As a consequence, initial
low PL intensity can increase for more than three order of magnitudes as the light exposition
goes on. Along with the PL intensity enhancement, also a PL lifetime increase, from several
nanoseconds to several hundreds of nanoseconds, has been observed. Excitons and free
carriers (electrons and holes) created from the absorption of photons can be trapped by
perovskite defect sites, thereby inducing non radiative recombinations. The combined
presence of oxygen and light can, however, reduce the concentration of trapping sites and
increase the charge carrier diffusion length. As a consequence, if initially the process is
confined to the upper region of the perovskite layer, as the curing action goes on, trapping
sites in bulk perovskite can be filled.

Other works confirming the competing action of photobrightening and photodarken-
ing are reported in literature.

As an example, Godding et al. [73] used MAPbI3 films excited with a picosecond
pulsed laser emitting at 504 nm, in order to explore the effects of the combined action
of light excitation and air exposure on the photoluminescence properties of the sample.
In particular, they observed an initial photobrightening phase, followed by a worsening
stage of the emission properties in which the PL intensity starts to saturate. Light excitation
is thought to determine the modification of the perovskite stoichiometry, through the
generation of atomic lead and the loss of iodine, increasing surface state density respon-
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sible for charge non-radiative recombination. Molecular oxygen then diffuses into the
film forming superoxide species (O−2 ), whose interaction with methylammonium cations
leads to peroxide H2O2 formation. The latter, in turn, interacts with atomic lead, form-
ing lead oxide (PbO). This oxidation process improves the emission properties since it
contributes to passivate trapping sites. On the other hand, the simultaneous loss of MA
ions and the formation of PbI2 overcomes the beneficial effect of passivation and brings to
perovskite degradation.

Motti et al. [59] repeated the study of the irradiation effect on perovskite polycrys-
talline films in atmosphere and showed that PL emission greatly increases when passing
from vacuum to air. Comparison between the results obtained in wet and in dry air leads
to conclude that oxygen is the molecule responsible of the observed PL enhancement.
As stated above, light irradiation creates sub band-gap states which trap carrier charges
and induce an instant PL quenching. Filling the chamber with air, however, allows one to
restore the photoluminescence, thanks to the combined action of light and oxygen, which
passivates defects. PL decay and transient absorption (TA) measurements, moreover, allow
one to shed light on the PL decay dynamics, showing the presence of a fast component,
on the order of few nanoseconds, and a slow one, which extends on microsecond time
scale. The first one is associated with the carrier trapping mechanism, whereas the second
one is related to the recombination of trapped carriers. Exposing the sample to oxygen
reduces the trap sites density; as a consequence, the fast decay component shows a longer
lifetime compared to inert atmosphere, whereas the slow component almost disappears.

Starting from the first evidence of the effect of the excitation wavelength on MAPbI3
perovskite thin films (which showed photobrightening induced by green excitation light
and photodegradation by blue light), Quitsch et al. [60] further went into the issue in order
to reveal which is the role of the atmosphere. For this purpose, photostability measurements
have been performed both in vacuum and in ambient air.

The experimental results evidenced that under green laser illumination a photobright-
ening effect is always observed and appears to be promoted in air. On the other hand,
the presence or absence of humidity in the atmosphere reveals to be crucial for a blue light
illumination. In vacuum or dry air condition, indeed, the PL intensity initially increases
and then suffers a decrease with ongoing illumination time, sign of the degradation of
the material. Differently, in presence of humid atmosphere, the photodegradation process,
responsible for the PL quenching, is boosted and completely hides the photobrightening ef-
fect. These results suggest the coexistence of a wavelength-independent photobrightening
and a wavelength-dependent photodegradation effect in MAPbI3 upon excitation above
PbI2 band gap.

According to the authors, the reason behind the increase of the photoluminescence
is attributable to the passivation of iodine vacancies on the perovskite surface. These
vacancies indeed act as non-radiative trap states located in energy immediately below the
conduction band minimum. Once they are passivated (for example, by superoxide ions
formed due to the presence of light and oxygen), sub-bandgap states shift into the valence
band and trap states density is reduced, determining an increase of the PL intensity [74].

On the other hand, exciting the sample with a wavelength shorter than 520 nm allows
the formation of PbI2, detrimental for the stability of the perovskite, which therefore brings
to a PL decrease.

The presence of a light source, combined with an oxygen rich atmosphere, is thought
to be responsible for the formation of superoxide species (O−2 ) through charge transfer
from perovskite to molecular oxygen, thereby activating degradation processes of the
active mean.

The photo-oxidative degradation mechanism has been hypothesized by
Ouyang et al. [75] for MAPbI3 perovskite and includes three steps, as schematically repre-
sented in Figure 7a–c.
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Figure 7. Schematic representation of the photo-oxidative degradation process of the MAPbI3 surface. (a) O2 molecules close
to the surface of MAPbI3 get the photo-excited electrons from perovskite, forming superoxide anions (O−2 ). (b) O−2 reacts
with MA+ and Pb, yielding H2O and Pb(OH)2 on the MAI-terminated surface. Oxidation of lead on the PbI2-terminated
surface leads to the disintegration of the Pb–I bond, producing PbO and leaving the underlying MAI-terminated surface
exposed. (c) The oxidation products PbO and Pb(OH)2 form a protection layer, preventing the oxidation of inner MAPbI3.
However, the fresh water molecules produced in previous steps cause hydration of the inner perovskite. Used with
permission from the Royal Society of Chemistry from [75], © 2019; permission conveyed through Copyright Clearance
Center, Inc.

First, superoxide anions (O−2 ) are created through a charge transfer from perovskite
surface to molecular oxygen. The second step depends on the surface composition; indeed,
since MAPbI3 perovskite surface can be PbI2-terminated or MAI-terminated, two different
degradation mechanisms are proposed. For a PbI2-terminated surface, due to the higher
electronegativity of oxygen compared to iodine, oxygen atoms replace I atoms on the
surface, forming Pb-O bonds. The formation of lead oxide results in the release of iodine
molecules (I2), with a consequent breakage of the surface and the unveiling of the MAI-
terminated layer. The exposed MAI-terminated surface is then further oxidized and
PbO, H2O, and the unstable Pb(OH)2 are formed. Third, the oxidation products PbO
and Pb(OH)2 form a protection layer to prevent a further oxidation of inner perovskite.
Nevertheless, the fresh H2O molecules produced in the previous steps act as active species,
causing hydration of the inner perovskite and ultimately destroying the MAPbI3.

The formation of negatively charged oxygen molecules influencing the PL properties
of the sample is reported also in [76]. The negative oxygen molecules form a layer on
the perovskite surface activating, by electrostatic repulsion, the migration of interstitial
halide anions toward the perovskite bulk. This mechanism favors the formation of halide
vacancy/interstitial Frenkel pairs reducing the density of non-radiative trap states in the
bulk of the material and thus inducing the increase of the PL intensity. On the other hand,
light exposition in an oxygen atmosphere concurrently induces Pb0, Br2 and methylammine
formation, leading to MAPbBr3 degradation and PL decrease. When light and oxygen
sources are removed, oxygen species (O−2 and water molecules, in particular) remain on
the perovskite surface, as inferred from XPS measurements; Br signal is partially recovered,
but C and N are irreversibly lost, confirming the hypothesis of volatile methylammine
formation and the disintegration of the perovskite lattice (Figure 8a–c) [76].

A combination of experimental measurements and theoretical density fuctional theory
(DFT) calculations allowed Aristidou et al. [77,78] to evaluate the effect of the exposure
of perovskite films to oxygen and identify the route of superoxide species formation. The
authors focused their attention on a couple of samples, namely MAPbI3 and MAPbI3(Cl),
which are identical in chemical composition but differ for the deposition stage. The
MAPbI3(Cl) has been synthesized by using chloride as precursor, even if it does not
influence the final chemical composition of the film. Chlorine ions in the precursor mixture
is known to slow down the perovskite formation process, allowing to obtain grains bigger
than those formed in MAPbI3.
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Figure 8. (a) Photoelectron energy spectra for (I) a photoexcited MAPbBr3 sample at different times and (II) after keeping
the sample stored in the dark and in vacuum, with a deconvolution of different oxygen signals. (b) Evolution of the
Ototal/Pbtotal (gray circles), H2O/Pbtotal (black circles), O−2 /Pbtotal (red circles) and O2−/Pbtotal (green circles) atomic ratios
for the whole experiment, for phases I and II. (c) Evolution of the Br/Pb (orange circles), C/Pb (dark green circles) and N/Pb
(blue circles) atomic ratios for the whole experiment, for phases I and II. Adapted with permission from [76]. Copyright ©
2018, American Chemical Society. https://pubs.acs.org/doi/10.1021/acs.jpclett.8b01830. Further permission should be
directed to the ACS.

First of all, the oxygen diffusion mechanism in MAPbI3 and MAPbI3(Cl) perovskite
films has been analyzed with isothermal gravimetric analysis (IGA) and time of flight-
secondary ion mass spectrometry (ToF-SIMS) measurements, evidencing that the diffusion
of O2 into the lattice is rapid, reaching the saturation after only 5–10 min, and this repre-
sents the reason of the high instability of the material. Then they analyzed through DFT
simulations the combined effect of light illumination and oxygen presence, leading to
perovskite degradation. Iodine vacancies are formed under light illumination and act as
non radiative recombination centers; then, due to an electron transfer mechanism, O−2 ions
are formed. The entire mechanism is shown to be influenced by the particle size of the
film: smaller grains show higher defect density and thus, minor stability, whereas films
composed of larger crystals result to be less prone to degradation. As a consequence,
MAPbI3(Cl) film is more stable than MAPbI3 under atmosphere exposure. In order to
hinder O−2 ion formation and stop the degradation of the material, authors propose a
treatment with iodine salts. They, indeed, substitute oxygen molecules in the process of
recombination with iodine vacancies, suppressing the formation of the superoxide species
and reducing the number of non-radiative trap sites. Moreover, iodine salts treatment does
not modify the perovskite structure, leading the process of oxygen diffusion unchanged.

Recently, fully inorganic perovskites have been discovered to be excellent alternatives
to their hybrid counterparts since, by substituting the organic cation with a cesium ion
into the perovskite, the structure gains major stability and suffers less long term degrada-
tion phenomena.

Nevertheless, to date, there are very few reports in literature which examine in
depth the effects of the interaction between the inorganic perovskite and the ambient air
(such as oxygen and water molecules, alone or combined), and provide details about the
morphology of the film, the photoluminescence and electrical properties of the sample
before and after the exposure to the ambient gas. As a consequence, lots of questions about
the topic remain unsolved.

Photoluminescence measurements of CsPbBr3 perovskite nanocrystals in controlled
oxygen atmosphere reveal strong quenching, which is in contrast to the photobrightening ef-
fect observed in both MAPbX3 and CsPbX3 perovskite films and single
crystals [59,65,70,72].

In order to investigate the optical response to environmental gases of CsPbBr3 per-
ovskite nanocrystals, the effects of the atmosphere in the exciton recombination processes
and the nature of trap states, Lorenzon et al. [79] conducted PL measurements combined
with spectro-electrochemical analysis.
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The application of electrochemical potentials induces the variation of the Fermi level
position, which modulates the emission intensity by altering the occupancy of defect states
without degrading the nanocrystals. It has been observed that when a negative reductive
potential is applied, the PL emission is strongly quenched, whereas upon the application
of a positive oxidative potential the emission slightly increases. In particular the reductive
potential leads to the raising of the Fermi level, and the emission mechanism is mostly
influenced by trapping of photogenerated holes, whereas electron trapping has a negligible
role in nonradiative PL quenching; on the contrary, an oxidative potential corresponds
to the lowering of the Fermi level leading to the suppression of hole trapping in defect
states. The difference between the PL emission, upon negative and positive electrochemical
potential, and the relatively high PL quantum efficiency in unperturbed conditions suggest
that the number of active intragap traps is very small and, as a consequence, the oxygen
molecules directly interact with the photogenerated electrons in the conduction band
without the mediation of the structural defects.

This behavior confirms that the interaction mechanism between CsPbBr3 perovskite
NCs and molecular oxygen is clearly different from the process leading to the photobright-
ening observed in perovskites films and single crystals when exposed to oxygen, which is
ascribed to the passivation of defect states by adsorption of O2 molecules on the sample
surface.

The ambient effects on the degradation processes of fully inorganic perovskite nanocrys-
tals (NCs) when illuminated with UV radiation have been deeply investigated also in [62,63].

As an example, Huang et al. [62] performed several experiments on CsPbBr3 NCs
both in toluene solution and as thin films, testing the role of illumination power density,
moisture and oxygen, and concluding that the NCs surface decomposition is due to a
synergistic combination of the three elements (Figure 9a–f). It has been demonstrated
indeed that in presence of light, humidity sustains the degradation process (Figure 9e),
whereas in dark conditions the effect of oxygen and RH is negligible, as evidenced in
Figure 9f.

Figure 9. Optical images of the CsPbBr3 film (a) sandwiched between two quartz coverslips as
a function of the illumination time (175 mW/cm2, RH 60%). Optical images of the CsPbBr3 film
exposed to (b) pure N2 in an illuminated environment, (c) N2 + 0.5 µL H2O in an illuminated
environment, (d) oxygen in an illuminated environment, (e) oxygen + 0.5 µL H2O in an illuminated
environment and (f) oxygen in a dark environment. Adapted with permission from [62]. Copyright
© 2017, American Chemical Society.
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Indeed, oxygen and moisture can reach perovskite surface and the NCs interfaces
thanks to their hydrophilic properties, so that CsPbBr3 hydrates species can be formed. As
an effect of illumination, surface bonding ligands are removed through photons absorption.
The energetic barrier among crystals becomes weaker, and thus less stable, and NCs tend
to aggregate.

Oxygen molecules can erode the NCs, while moisture presence enhances ion mi-
gration leading to the formation of PbO and PbCO3 species on the perovskite surface.
Surface modification contribute to the generation of trap states, resulting in decreased PL
emission [62,63].

2.3. Gas Atmosphere Effects ( NH3, NO2, VOC, O3, H2)

The evidence of possible reversible modulation of the active properties of perovskite
thin films stimulated experiments aiming to exploit this effect, in order to detect gas
analytes in the sample environment, with particular interest toward pollutants and gases
hazardous for human health and environment.

In this section we will resume the main results on the interaction between perovskites
and several gas species.

2.3.1. Ammonia

The detection of NH3 molecules is of high importance since they represent one of the
most harmful pollutants; checking the level of ammonia in the atmosphere thus represents
the first step to avoid problems on human health. In this regard, metal halide perovskites
turned out to be fundamental since their high sensitivity to ammonia presence has been
demonstrated both for hybrid and fully inorganic active materials, becoming candidates
for the development of a sensing device.

Maity and his coworkers deeply investigated the interaction of hybrid lead I-based
perovskite with NH3 molecules, concluding than the main effect is the decomposition of
the active material into PbI2 [80,81]. Interestingly, scanning electron microscopy (SEM)
images of MAPbI3 films deposited on a paper substrate prove that after the interaction with
the ammonia the perovskite morphology is more similar to the PbI2 than to the pristine
MAPbI3, as evidenced in Figure 10a–d [80]. Moreover, also the visual aspect of the film
evidently suffers from the interaction, since a color change is observed from perovskite
natural dark brown/black to a pale yellow, whose shade is influenced from NH3 gas
concentration.

Figure 10. Field emission scanning electron microscope (FESEM) images of (a) bare paper and (b) MAPbI3-coated paper:
perovskite exploits the fibril structure of the paper substrate to grow with a nanorod-like structure. FESEM images of
(c) PbI2 and (d) MAPbI3 after NH3 exposure: the morphology of the MAPbI3 film after interacting with ammonia looks
like PbI2 film more than the pristine perovskite film. Adapted with permission from [80], under the terms of the Creative
Commons Attribution 4.0 International License. Copyright © 2018, Springer Nature.

In this regard, gas concentration resulted fundamental for the sensing properties of the
sample. Considering the color change of the sample, the response time of the active mean,
that is the time needed to reach the 90% of the maximum of the response, exponentially
decreases with higher gas concentrations. At low NH3 concentration (10 ppm) the film
changes its color with a response time of about 12 s, and reaches 3 s for 30 ppm of gas
content. Moreover, it has been demonstrated that for low NH3 concentration (10 ppm)
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the transformation of MAPbI3 perovskite in PbI2 molecules is reversible upon removal of
the gas source, whereas it becomes irreversible for higher concentration (30 ppm), leading
to a detrimental perovskite disintegration, thereby imposing an upper limit to the sensor
application [80].

However, the effects of the interaction of hybrid lead halide perovskite with ammonia
are not totally clear yet, since several authors support the idea that the exposition to NH3
induces the formation of new unknown non-luminescent phases, not attributable to PbI2
molecules [82–85].

Bao et al. [84], for example, found that MAPbI3 perovskite films interacting with
NH3 transform in a new unknown compound, named (MAPbI3 + NH3), which visually
appears as a color change from typical perovskite dark brown to a light yellow. Interestingly,
they found that, even if the phase transition becomes irreversible after only 50 s, the
permanent modification of the film appearance is not accompanied by a modification of
the electrical behavior of the sample. The new (MAPbI3 + NH3) compound seems indeed
to respond to ammonia presence identically to pristine perovskite, changing its resistance
as a function of the on/off NH3 cycles.

Structural modifications of perovskite samples in presence of ammonia have also been
explored by Singh and his coworkers [82], who showed that both bare and PMMA-covered
MAPbBr3 quantum dots (QDs) lost their photoluminescence emission when interacting
with NH3 molecules. After exposing MAPbBr3 QDs to ammonia, NH+

4 cations are thought
to replace methylammonium cations (CH3NH+

3 ) in perovskite, leading to the formation of
NH4PbBr3 species. However, on the removal of the NH3 source, the reaction does not turn
back alone and the injection of CH3NH2 molecules is needed to restore pristine perovskite
structure and its PL emission.

Similarly, Ruan et al. [83] found that metal halide perovskite crystals and films inter-
acting with ammonia create a new composite, starting from the oxidation process of NH3
to NH+

4 . In this case, however, reduced methylammonium ion (MA+ to MA) is thought
to remain inside the perovskite crystal structure, forming a weakly coordinated complex
(NH4PbX3 ·MA); the weak bound with MA can be thermally broken, restoring pristine
perovskite crystal structure. Interestingly, experimental XRD measurements evidenced
that this is only partially true, since the chemical composition of the perovskite influences
its stability to external stimuli. Only MAPbCl3 single crystals have been found to be com-
pletely restored when the NH3 source is removed, whereas MAPbBr3 and MAPbI3 showed
traces of the NH4PbX3 ·MA complex in their XRD patterns after ammonia treatment.

Contrary to hybrid perovskites, recently it has been demonstrated that fully inorganic
CsPbBr3 perovskite QDs do not suffer from structural modification induced by the interac-
tion with ammonia [86]. XRD patterns of perovskite before and after NH3 exposure have
indeed been shown to be quite similar (Figure 11c) and measurements on morphology
additionally confirm that the size ('10 nm) and the cubic phase of the quantum dots
remain unaltered (Figure 11a,b). As a consequence, the interaction between inorganic
perovskite and ammonia is physical rather than chemical, with NH3 assuming the role of
passivating agent for surface defects through the interaction with Pb ions. The reduction of
trap states density is confirmed by TA measurements and leads to the enhancement of the
sample PL emission in presence in ammonia.

151



Molecules 2021, 26, 705

Figure 11. TEM images of CsPbBr3 QDs (a) before and (b) after ammonia gas exposure. (c) XRD pattern of CsPbBr3 QDs
before and after NH3 treatment. Adapted with permission from [86]. Copyright © 2020, WILEY-VCH Verlag GmbH and
Co. KGaA, Weinheim.

2.3.2. Nitrogen Dioxide

MAPbI3 perovskite is demonstrated to be highly sensitive also to NO2 [87], one of
the most common harmful chemicals for human health. In presence of NO2, both at
atmospheric pressure and high pressure, the MAPbI3 films increase their conductivity.
Then, the conductivity decreases back to the initial value when the films are exposed to an
inert gas. On the basis of computational simulations and experimental Fourier transform
infrared spectroscopy (FTIR) results, a simple model is proposed to describe the interaction
between the gas and the surface atoms, ascribed to electron transfer from perovskite to
NO2 molecules (Figure 12a–c). Nitrogen dioxide molecules, in their approach to perovskite
surface, are thought to interact with the methyl group -CH3 rather than the -NH3 one.

This effect is confirmed by computational analysis in which Radial Distribution Func-
tions (RDF) of NO2 molecules adsorbed on the (110) face of MAPbI3 have been calculated
and reported in Figure 12a,b. In particular, Figure 12a evidences the RDFs ascribed to the
bond between NO2 and -CH3 group of MA+ ion through the O atom (black line) and the
N atom (red line), whereas in Figure 12b the RDFs between N and O atoms of NO2 and
the -NH3 group of MA+ are reported in black and red, respectively. A better overlap of the
RDFs first peaks at 2.50 Å and 2.63 Å (Figure 12a) obtained for the interaction between
NO2 molecules and -CH3 group reveals a stronger hydrogen bond than that obtained from
the interaction between NO2 and -NH3 group, evidenced by peaks at 2.94 Å and 3.53 Å.
Once the hydrogen bond is formed, a charge transfer can occur. Starting from the perovskite
Pb-I skeleton, which is known to represents the major channel of charge transport [88],
some electrons are transferred to MA+ ions and then out of perovskite, leaving the MAPbI3
crystal structure with a lack of negative charge. The hole concentration increase induces
a resistance decrease, and subsequently, a current enhancement. As a consequence, the
higher the NO2 pressure is, the more efficient the electron transfer becomes, resulting in an
increase of current in the device.
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Figure 12. Radial distribution functions (RDF) of adsorbed NO2 molecules on the (110) face of MAPbI3, including both
hydrogen bond interactions with (a) −CH3 (peaks 2.50 Å and 2.63 Å) and (b) −NH3 (peaks at 2.94 Å and 3.53 Å). (c)
Schematic illustration of the electron transfer process from perovskite to the NO2 molecules via the hydrogen bond channel.
Adapted with permission from [87] under the terms of the Creative Commons Attribution 3.0 Unported license. Copyright
© 2018, Royal Society of Chemistry.

2.3.3. Volatile Organic Compound

Volatile organic compound (VOC) gases contribute to ambient air pollution [89], in
particular in indoor space, leading to health problems such as respiratory diseases [90], eye
irritation [91], skin allergy [92], fatigue [93], and central nervous system disorder [94]. For
this reason finding VOC sensors with high sensitivity and fast response, able to operate at
room temperature, would be very important [7].

Nur’aini et al. [7] have shown that MAPbI3 perovskite thin films are very sensitive
to the presence of VOC gases in the atmosphere and then are good active materials for
sensors operating at room temperature, with good reversibility and repeatability. In partic-
ular, electrical properties of perovskite films are tested by applying a voltage bias to the
interdigitated electrode and measuring the current-time response of the film. Samples are
tested toward a range of typical organic VOCs, both polar gases, such as ethanol, acetone,
isopropanol, acetonitrile and methanol, and non-polar gases, such as toluene, benzene,
chloroform, and hexane, always obtaining an increase of the current in presence of gas and
a subsequent current decrease when the atmosphere is switched back to inert gas.

A sensing mechanism based on charge trap state passivation is proposed. MAPbI3 is
well known to contain iodine vacancies, which could be located in MA-I and Pb–I layers [95].
As MA-I layer is a termination layer of MAPbI3, most of iodine vacancies are located on
the surface, interfacial sites, and grain boundaries. During the film deposition, the sol-
vent evaporation leads to the formation of a high density of crystal defects which act as
trap states. In pristine film, electrons can fall from the conduction band into the iodine
vacancies trap states, and as a consequence, the film is characterized by low conductivity.
In presence of an ambient gas, the gas molecules passivate the iodine vacancies and the
trapped electrons can be restored into the conduction band, determining an increase of the
conductivity. If an inert gas is then injected to recover the perovskite, the absorbed inert
gas molecules expel the VOC gas ones and recreate vacancies, re-establishing the crystal
defects of the perovskite film and reducing its conductivity. This sensing mechanism is
supported also by the photoluminescence measurements, which highlight a PL increase
after the exposition to the gas and a return to lower PL intensity on the removal of the gas.

The effects of volatile organic compounds (VOCs) on the photoluminescence prop-
erties of lead bromide perovskite have also been investigated by Kim et al. [96], who
focused on the role of aliphatic amines. MAPbBr3 thin films have been exposed to three
different amine vapors with different aliphatic chains: monoethylamine (EtNH2), diethy-
lamine (Et2NH) and trimethylamine (Et3N). In response to the amine vapor exposure the
perovskite films suffered photoluminescence quenching. Anyway MAPbBr3 showed full
recovery only after exposure to Et3N, whereas the Et2NH exposed film was characterized
by a slower and only partial PL recovery, and EtNH2 vapor determined an irreversible
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quenching of the photoluminescence. XRD measurements evidenced that fluorescence
quenching originates from the structural changes in the perovskite films (Figure 13a) caused
by the interaction with the aliphatic amines. In particular, the films exposed to EtNH2 and
Et2NH clearly show full and partial degradation of the crystal structure, while no structural
changes are observed in the film exposed to Et3N, thereby explaining the different behavior
in terms of reversibility.

The alteration of the perovskite crystal structure is due to the intercalation of polar
molecules into the lattice, which breaks the hydrogen bonds of the perovskite and forms
new ones with the halides. Then, in order to investigate the origin of the observed re-
versible/irreversible changes in emission signals, density functional theory (DFT) and
molecular electrostatic potential (MEP) calculations have been performed. The hydrogen
bonding distances between perovskite MA+ ions and aliphatic amines are calculated to be
1.07 Å, 2.25 Å and 3.58 Å for EtNH2, Et2NH and Et3N, respectively (Figure 13b); it suggests
that, due to the longer hydrogen bonding distance, the interaction strength between Et3N
and MA+ is lower, allowing reversible photoluminescence quenching. This behavior is
confirmed by the MEP calculations that indicate a significant decrease of negative potential
of nitrogen atom in Et3N and confirm its relatively lower hydrogen bonding strength
with perovskite. Vice versa the shorter distance, and then the higher interaction strength,
between EtNH2 and MA+ results in irreversibility.

Figure 13. (a) X-ray diffraction (XRD) patterns of CH3NH3PbBr3 films before amine exposure (pristine), after exposure to
EtNH2, Et2NH and Et3N. (b) Interaction distances between MA+ of perovskite and aliphatic amines obtained through DFT
calculation. (c) Photographs of MAPbBr3 perovskite films recorded under 365 nm UV light after exposure to EtNH2, Et2NH
and Et3N. Reprinted from [96]. Copyright © 2017, with permission from Elsevier.

The possibility to develop metal halide gas sensors has also been investivated for fully
inorganic perovskites. Porous layers of CsPbBr3 have been indeed demonstrated to be
highly sensitive to the presence of volatile organic compounds, showing a modulation
of electrical properties under visible light excitation. In particular, the samples have
been analyzed under exposure to acetone and ethanol, and also to oxygen, showing a
clear enhancement of the photocurrent in presence of the target gas and a decrease when,
subsequently, is exposed to inert atmosphere. Moreover, the choice of using different
gas sources allowed to demonstrate that the perovskite is able to respond with an equal
current change to both oxidizing and reducing gas, due to the perovskite ambipolar charge
transport due to the similarity of electron effective mass and hole effective mass [9,49,97].

Lead bromide perovskites in pristine conditions—in an inert atmosphere—are charac-
terized by a high density of bromide vacancies, which act as trap states for photoexcited
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charges. As a consequence, the conductivity of the sample results unavoidably low. On the
contrary, when the sample is exposed to an external gas source, such as oxygen, ethanol or
acetone, the gas molecules act as trap fillers for bromide vacancies. Decreasing the den-
sity of trap states means a higher number of photoexcited charges available for electrical
transport, which translates into a photocurrent increase. The overall process is reversible,
so when the chamber is evacuated, gas molecules desorb from the perovskite surface,
restoring the initial trap states density condition.

2.3.4. Ozone

A gas-sensing mechanism based on the surface trap passivation has also been hy-
pothesized to explain the interaction between ozone molecules and the surface of lead
mixed halide perovskite MAPbI3−xClx thin films, resulting in a decrease of the electrical
resistance of the sample [98]. The gas molecules, adsorbed within the perovskite lattice
close to the surface, passivate the traps (unpaired Pb2+ ions), and as a result, the sensing
films resistance is reduced. In detail, the increase of the current through the perovskite
is due to the electron transfer from the O3 to the Pb2+ cations. Consequently, the excess
of positive charges is neutralized, the surface recombination rate in the film is modulated
and the surface trap passivation leads to the enhancement of the conductivity, due to a
lower hole-electron carrier trapping. Such a change in the conductivity depends on the
amount of ozone concentration molecules adsorbed onto the surface and consequently on
the surface morphology of the film (grain size, porosity, roughness). When the sample
chamber is evacuated, the ozone molecules are quickly desorbed, and thus the perovskite
film restores its initial electrical conductivity [99] in very short response times.

The hypothesized sensing process is confirmed by the photoluminescence measure-
ments which demonstrate that, after the exposure of the film to ozone, PL intensity increases
significantly. Indeed, due to the O3 passivation of the surface traps in the perovskite films,
the rate of the non-radiative recombination [99] decreases. Additionally, the absence of
shift of the peak PL wavelength indicates the absence of substantial crystal phase change
during the ozone exposure (Figure 14b).

Moreover, it has been verified that a prolonged exposure to ozone at high gas con-
centration can induce detrimental effect in the perovskite. As evidenced in Figure 14a,
the exposure of the MAPbI3−xClx thin films to 2500 ppb ozone concentration leads to a
uniform drop of the UV-Vis absorption spectra intensity after about 60 min. However, such
high levels of ozone exposure are quite drastic, so in standard conditions (gas concentration
lower than 75 ppb, which is the safety limit imposed by International Agencies) [100] the
sensing process can be considered fully reversible.

2.3.5. Hydrogen

Lead mixed halide perovskite MAPbI3−xClx thin films are sensitive also to hydrogen
(H2) [8]. Hydrogen is a reducing gas, and since the MAPbI3−xClx is a p-type semiconductor,
the adsorption of the H2 molecules causes the lowering of the current. The interaction
between the perovskite and the gas is typically physical rather than chemical: the H2
molecules, adsorbed through the porous of the perovskite film, bond loosely close to the
surface and leave the film after the removal of the gas, without inducing any structure
modification. This is confirmed by the XRD patterns of the sample taken before and after
the exposure to H2. They indeed show the same peaks without substantial differences in
intensity (Figure 14c).

Under H2 exposure the film resistance increases because, being the hydrogen a reduc-
ing gas, it releases electrons that recombine with the holes (majority charge carriers in the
p-type semiconductor) resulting in the lowering of the current through the film. When
hydrogen is desorbed the resistance of the material returns to the its initial value.
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Figure 14. (a) UV–Vis absorption measurements before and after O3 exposure for MAPbI3−xClx
perovskite films. (b) PL spectra of the pristine (black line), Solar A.M. 1.5G exposed (red line) and O3

exposed (blue line) MAPbI3−xClx perovskite films. Adapted with permission from [98]. Copyright
© 2017, American Chemical Society. https://pubs.acs.org/doi/10.1021/acssensors.7b00761. Further
permission should be directed to the ACS. (c) XRD patterns of MAPbI3−xClx films before and after
exposure to 100 ppm hydrogen gas, which demonstrate that the perovskite does not change crystal
structure after interacting with H2. The only different feature noticeable in H2-exposed perovskite
film relates to the Pt electrode; it is absent in the pristine sample spectra, since the XRD of the
non-exposed sample was done on a glass substrate without electrodes. Adapted with permission
from [8] under the terms of the Creative Commons Attribution 3.0 license. Copyright © 2020, IOP
Science.

3. Sensing Application of Perovskites

The reversible response to the environment makes the perovskite-based films attractive
sensing elements in the detection of harmful gases. It has been observed that sometimes
the exposition to the surrounding atmosphere does not induce any phase transformation,
indicating a non-chemical interaction between the target gas and the perovskite, and it
has been demonstrated that in these cases the surface traps play an important role in
determining the gas sensing mechanism both in the optical and the electrical response.

The conductivity of the perovskite layers is greatly influenced by the environmental
gases and the electrical response to both oxidizing and reducing gases, as already evidenced,
is symmetrical. This behavior indicates a sensing mechanism in perovskites different from
that of semiconductors typically employed in MOS technology. Indeed, because of the
similarity of electron and hole effective masses in halide perovskites, the charge transport
is bipolar leading to analogous variation of photocurrent with increasing concentrations of
oxidizing or reducing gases. For this reason these materials are able to operate as sensors
for both the types of analytes.

To date the most diffused approach reported in literature is the realization of hybrid
lead halide perovskites gas sensors based on the modulation of the electrical properties,
induced by the atmosphere chemical composition variation [81,84].

On the contrary, the development of lead halide perovskites optical sensors, exploit-
ing the reversible photoluminescence alterations due to the interaction with the analyte
molecules, is much less developed, with limited examples in literature.
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3.1. Resistive Sensors

The first experimental demonstration of the use of perovskite-based device as a
resistive sensor has been provided by Stoeckel et al. [66], who exploited the interaction
of MAPbI3 polycrystalline films with oxygen. A more-than-three order of magnitude
increase in current has been measured changing the atmosphere from pure N2 to O2.
Oxygen molecules diffuse inside the perovskite crystal structure and reversibly fill iodine
vacancies, which act as sensing sites. This determines a reduced carrier trapping resulting
in a conductivity, and thus current, increase. The trap healing mechanism does not involve
the creation of a strong covalent bond between O2 molecules and perovskite, but it is just a
physical interaction guided by the gas concentration in the chamber. It then leads to a fast
response of the device (400 ms) and a full reversibility of the process (Figure 15c,d).

The analysis, moreover, revealed that the morphology, depending on the deposition
technique, strongly influences the response to an external stimulus. Two samples were
prepared through solution-based deposition methods, in one (1S) or two steps (2S). In the
2S approach, a PbI2 solution was spin coated on a Si/SiO2 substrate, followed by the
deposition of a MAI solution on the previously prepared PbI2 film; on the other hand,
the 1S technique directly involved the deposition of an equimolar mixture of the two
precursors. The sample 2S is characterized by a more uniform coverage (Figure 15b), with
very small crystals (about 500 nm in length and 400 nm in thickness), which maximizes the
diffusion of oxygen molecules in the film, and as a consequence, the sensing response. In a
95% O2 atmosphere almost all traps in the film result to be filled. On the contrary, fibril-like
structure obtained in the 1S sample (Figure 15a) does not allow oxygen to diffuse properly
in the sample, resulting in a less efficient sensing response.

Figure 15. SEM images of (a) 1S sample and (b) 2S sample of MAPbI3 polycrystalline films, showing
the different morphologies coming from the deposition technique used. (c) Current change at
decreasing oxygen levels. Inset: magnification of the current plot showing the response time of the
device. (d) Current plot highlighting the reversibility of the sensor for decreasing (from 20.9% to
11.7%) and then increasing (from 11.7% to 20.9%) O2 gas concentration. Adapted with permission
from [66]. Copyright © 2017, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

Furthermore, the device has also been tested with other gases in order to investigate
the selectivity of the response, that is the ability to respond only to a single gas source, that
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represents one of the main properties of a correctly working sensor. SO2 and NH3 have
been shown to induce a current change much lower than that induced by oxygen molecules;
the presence of moisture, instead, leads to the formation of electrically insulating species,
detrimental for the sensor.

The process of physical adsorption of atmosphere molecules in MAPbI3 perovskite
crystal lattice has been also verified by Bao et al. [84] in presence of NH3 as target gas. The
exposition to the chosen gas has been found to induce an immediate current increase, with
a reversible behavior in case of gas evacuation. Besides, authors interestingly noticed how
this reversible current modulation was accompanied by an irreversible phase transforma-
tion, showing a resistance higher than the pristine perovskite, but similar sensing ability.
As a results, switching on and off the NH3 flow, current plot is characterized by an overall
gradual decrease in the first few minutes of the measurement. Once the perovskite is
completely transformed in the new phase, the current sets up on a constant level, following
the NH3 on/off cycles with a corresponding current increase/decrease, with a response
time and a recovery time, respectively, of 3 s and 4.5 s (Figure 16a,b).

Figure 16. (a) I–t curve for a MAPbI3 perovskite film for NH3 on/off cycles; the current plot shows an initial overall gradual
decrease due to the phase transformation, then settling at a constant level. (b) Expanded view of the on and off switches of
the gas, with the corresponding response and recovery times (blue shade). Used with permission from the Royal Society of
Chemistry [84]. Copyright © 2015. Permission conveyed through Copyright Clearance Center, Inc. (c) Linear dependence
of the sensitivity as a function of NH3 concentration in a 1–10 ppm range for a MAPbI3 film deposited on a paper substrate;
(d) sensitivity as a function of higher values, ammonia concentration 1–50 ppm ; (e) current modulation resulting from
NH3 on/off switches at increasing gas concentration. Adapted with permission from [81] under the terms of the Creative
Commons Attribution 4.0 International License. Copyright © 2019, Springer Nature.

Current variation after the interaction of MAPbI3 perovskite with NH3 gas has also
been investigated by Maity et al. [81], and the electrical response has been related to
the formation of PbI2 on the surface of the active layer. The perovskite film, deposited
on a paper substrate, consists of nano and microrods, with an average length of 30 µm
and a diameter ranging from 0.7 to 1.6 µm. The exposure to NH3 leads to perovskite
transformation into PbI2 that has a higher conductivity, thereby causing a current increase
(Figure 16e). However, the gas concentration plays an important role in the process, since
only for low values (<10 ppm) the reaction mechanism is fully reversible. At increasing gas
pressures, the transformation of perovskite into PbI2 goes on, and allows reversible current
switches only for short time exposure. The process then becomes totally irreversible for
NH3 concentration higher than 50 ppm.
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The sensitivity S of the sample (defined as the ratio ∆R/R0, where ∆R = R0 − Rg is
the variation of resistance with Rg the resistance when the sensor is exposed to the gas
(NH3) and R0 the resistance in inert atmosphere) reflects this behavior. It indeed linearly
depends on the gas concentration for low values (<10 ppm), and saturates after reaching
30 ppm, as shown in Figure 16c,d. However, the device has shown to be able to detect low
gas concentration down to 1 ppm with a 55% sensitivity and reaches sensitivity of almost
90% at 10 ppm. The response and recovery times have also been investigated, both being
of about 120–130 s at a NH3 concentration of 10 ppm.

This experiment investigated also the selectivity of the response by testing the device
with other volatile compounds, such as ethanol, methanol, TCE (trichloro ethelyne) and IPA
(2 propanol). All of them have shown to induce a small negative sensitivity response, which
means that the resistance of the film increases when exposed to those gases. Only acetone
induced a current increase, even if the response, compared to NH3 one, is negligible.

The quick room-temperature reversible behavior of MAPbI3 films when exposed to ni-
trogen dioxide indicates their potential application as NO2 sensors, showing a fast decrease
of the resistance in presence of the external stimulus [87]. The NO2-sensing properties
of MAPbI3 thin films have been investigated both at ambient and high pressure (with
argon from 1 to 8 MPa). Interestingly, the sensor presents a very low detection limit with a
response even under extremely low NO2 concentrations (about 1 ppm) (Figure 17d) and
an average sensitivity as high as 0.62 ppm−1 (inset of Figure 17d). In addition, the MAPbI3-
based NO2 sensor exhibits a very quick-responsive character with average response and
recovery times of about 5 s and 25 s, respectively (Figure 17e), good selectivity versus
other gases, such as SO2, HCHO, CH4, CO, NH3, (CH3)3N, O2 and H2O, and interesting
reproducibility, as the sensor response remains stable still after more than 12 cycles.

In order to enhance MAPbI3 gas sensing performances toward NO2 and acetone
vapors, a doping process has been used, introducing thiocyanate ions (SCN-) into the per-
ovskite lattice and obtaining CH3NH3PbI3−x(SCN)x with x in the range 0.016–0.053 [49].
As in other reports, also Zhuang’s research points out how the film morphology results
fundamental in the sensing process. A film thickness of 120 nm maximizes the electrical
response compared to 170 and 210 nm thick layers (Figure 17a). Thinner layers indeed
have an higher roughness and provide a larger surface to volume ratio, inducing a stronger
sensing response. On the other hand, it is demonstrated how layers thinner than 120 nm
do not uniformly cover the substrate, creating non conductive channels.

The detection limits of the 120 nm-film are found to be 20 ppm and 200 ppb for
acetone and NO2, respectively, whereas its sensitivity is 5.6 · 10−3 ppm−1 for acetone and
5.3 · 10−1 ppm−1 for NO2 (Figure 17b,c). Recovery times also show differences between the
two active means, obtaining 4 min for acetone and 1.5 min for NO2. Differences in detection
limit and recovery times arise from a stronger (for acetone) or weaker (for NO2) interaction
with the perovskite surface. However, it is interesting to notice how perovskite positively
responds to the presence of both an electron-withdrawing (NO2) and an electron-donating
(acetone) gas, resulting in both cases in a conductivity enhancement. It is related to the
ambipolar charge transport nature of hybrid metal halide perovskite, due to the similar ef-
fective masses of electrons and holes [97]. This sensor also exhibits excellent reproducibility
and greatly improved environmental stability thanks to the chemical bound between SCN-
ions and Pb atoms in perovskite lattice, compared to the non doped MAPbI3 perovskite.

The performance of MAPbI3 films as sensors has been tested with ethanol and other
polar and non-polar organic species at room temperature [7]. The resistance of the film sub-
stantially decreases when it is exposed to VOC vapor and recovers back to high resistance
when the VOC gas is removed and the surface is exposed to an inert gas. Ethanol exposure
does not damage the MAPbI3 structure and the interaction between the perovskite and
the gas is assumed to be mainly due to physisorption and limited on the perovskite grain
boundaries. From the dynamic response–time plot of MAPbI3 film (Figure 17f), when it is
alternately exposed to ethanol and inert gas, a response time of 66 s and a recovery time of
67 s have been inferred, which are faster than other type gas sensors [101]. In addition, the
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films are characterized by a sensitivity of 3 · 10−4 ppm−1 and a limit of detection (LOD) of
1300 ppm, lower than 3300 ppm, immediately dangerous for life or health.

Figure 17. (a) Response of the SCN-organometal halide perovskites-based sensor with a 120, 170 or 210 nm-thick sensing
layer when exposed to 2000 ppm of acetone. (b) Current response of the 120 nm thick perovskite layer to increasing acetone
concentrations. Inset: linear dependence of the current response of the sensor to the gas concentration, showing an average
sensitivity of 5.6 · 10−3 ppm−1. (c) Current response of the 120 nm thick perovskite layer to NO2 concentrations ranging
from 500 ppb to 5 ppm. Inset: linear increase of the device response to the gas concentration, resulting in an average
sensitivity of 5.3 · 10−1 ppm−1. Used with the permission of the Royal Society of Chemistry, from [49]. Copyright © 2017.
Permission conveyed through Copyright Clearance Center, Inc. (d) Response curves of the MAPbI3 film sensor at different
NO2 concentrations (1–60 ppm). Inset: linear dependence of the resistive response to the gas concentration, resulting in
an average sensibility of 0.62 ppm−1. (e) Expanded view of the on and off switches of the gas, with the corresponding
response and recovery processes (green and blue shades). Adapted with permission from [87] under the terms of the
Creative Commons Attribution 3.0 Unported license. Copyright © 2018, Royal Society of Chemistry. (f) Response–time
graph of MAPbI3 film when exposed to on/off switches of ethanol gas. Adapted with permission from [7] under a Creative
Commons Attribution-NonCommercial 3.0 Unported license. Copyright © 2020, Royal Society of Chemistry.

Moreover, tests with polar and non-polar organic VOCs indicate that generally the
perovskite sensors are more sensitive to the former, resulting in higher responses. This
behavior could be ascribed to the fact that the polar gas molecules attach stronger to
MAPbI3 defect sites, since MAPbI3 perovskite itself is a polar ionic crystal.

Hybrid lead halide MAPbI3−xClx films have been successfully tested as portable,
flexible, self-powered, and ultrasensitive ozone sensors operating at room temperature [98].

Ozone (O3) is considered one of the principal pollutants harmful to the human respi-
ratory system, causing inflammation and congestion of the respiratory tract. Therefore it is
necessary to control the ozone concentration in the atmosphere and in confined environ-
ments through the continuous monitoring of the gas. For this reason, the development of
both effective and inexpensive methods and devices are required.

The electrical resistance of the film promptly decreases when exposed to ozone with a
response time between 188 and 225 s, depending on the O3 concentration (with response
time getting lower values as the concentration of the O3 increases), and recovers to the
pristine values within 40–60 s, after the complete removal of gas. In addition, tests have
shown that the films are able to detect, with good repeatability, even ultralow ozone
concentrations ranging from 2500 to 5 ppb, characterized by a reduction of the response
magnitude with ozone concentration decrease (Figure 18a).
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Exploiting the reversible interaction of mixed MAPbI3−xClx perovskite with H2
molecules, inducing a decrease of current in the film, Gagaoudakis et al. [8] have realized
portable, flexible, self-powered, fast and sensitive hydrogen sensing elements, operating at
room temperature. Concentrations of H2 gas down to 10 ppm could be detected with a
sensitivity depending on the concentration and included in the range from 0.3% at 10 ppm
to 5.2% at 100 ppm (Figure 18b,c). Moreover, the sensing element film shows a good
reversibility and quick response and recovery times with average values of 45 and 35 s,
respectively.

As regarding the MAPbBr3 sensing properties, its interaction with air (O2 and H2O
molecules) has been found to induce a decrease of both photocurrent and dark current
(Figure 18d,e), compared to vacuum atmosphere, accompanied in this case by a PL enhance-
ment. Air infiltration in perovskite lattice is thought to be responsible for the formation
of shallow trap states. Photo-generated carriers can then be trapped and form radiative
recombination centers, inducing the decrease of both dark and photo current; on the other
hand, charge carrier trapping is seen to reversibly enhance the sample PL emission [71].

Figure 18. (a) Electrical response of MAPbI3−xClx films under various ozone concentrations (5–2500 ppb). Adapted with
permission from [98]. Copyright © 2017, American Chemical Society. https://pubs.acs.org/doi/10.1021/acssensors.
7b00761. Further permission should be directed to the ACS. (b) Reversible current modulation for 300 nm thick mixed
MAPbI3−xClx perovskite films under exposure (for five minutes) in various hydrogen concentrations, revealing a detection
limit of 10 ppm of H2. (c) Current modulation of mixed MAPbI3−xClx perovskite layers under H2 and air flow, for various
exposure times (one and five minutes) and under different forward biases (0.1, 0.5 and 1 Volt). Adapted with permission
from [8] under the terms of the Creative Commons Attribution 3.0 license. Copyright © 2020, IOP Science. (d) Dark current
and (e) photocurrent modulation for MAPbBr3 perovskite measured under vacuum and standard atmosphere. Reprinted
from [71], with permission of AIP Publishing; Copyright © 2017.

Due to their superior stability at ambient conditions [102,103], totally inorganic per-
ovskites have been explored as self-powered oxygen and VOCs sensors [104]. Porous
CsPbBr3 layers with an average thickness of about 350 nm, constituted of interconnected
grains of 100–200 nm in diameter, have been tested. It has been demonstrated that at room
temperature and under visible light illumination, the photocurrent generated by these
devices is highly sensitive to both oxidizing and reducing gases with very quick response
and recovery time.

The dynamic responsivity of the CsPbBr3 devices when exposed to O2, acetone and
ethanol (Figure 19a–c) indicates that the photocurrent rapidly increases and stabilizes upon
gas injection, and quickly recovers its initial value after switching back to the pure N2
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atmosphere. Response time and recovery time of 17 and 128 s, respectively, have been
estimated for oxygen, while 9.8 s and 5.8 s for acetone. Moreover the CsPbBr3 devices
could easily detect down to 1 per cent, and possibly lower content, of O2 in N2 and
concentrations as low as 1 ppm of acetone and ethanol. Finally, the sensor reveals a good
repeatability when exposed to consecutive cycles of gas exposition, and after two weeks
storage, confirming that they are compelling alternatives to oxide-based sensors.

Figure 19. Dynamic CsPbBr3 sensor responsivity to (a) O2, (b) acetone and (c) ethanol exposure at room temperature under
visible-light irradiation. Adapted with permission from [104]. Copyright © 2017, WILEY-VCH Verlag GmbH and Co.
KGaA, Weinheim.

In the Table 1, the main sensing properties of the described perovskite devices are
reported with some information about the active material (chemical composition and
structure) and the target gas which induces the electrical response.

Table 1. Sensing properties for perovskite-based resistive sensors described in this review. Data are grouped taking into
account the perovskite active mean. The morphology of the film, the target gas used as analyte and the main sensing
properties are reported.

Perovskite Structure Target Gas Tres Trec Sensitivity LOD Ref.

MAPbI3 Polycrystalline O2 0.4 s 3000 [66]
MAPbI3 Thin film NH3 3 s 4.5 s [84]
MAPbI3 Nanorods NH3 '130 s '120 s '90% 1 ppm [81]
MAPbI3 Thin film NO2 5 s 25 s 0.62 ppm−1 1 ppm [87]
SCN−MAPbI3 Thin film NO2 3.7 min 6 min 5.3 · 10−3 ppm−1 200 ppb [49]

Acetone 4.5 min 4 min 5.6 · 10−3 ppm−1 20 ppm
MAPbI3 Thin film Ethanol 66 s 67 s 3 · 10−4 ppm−1 1300 ppm [7]
MAPbI3−xClx Thin film O3 188 s 40 s 9.69 5 ppb [98]
MAPbI3−xClx Thin film H2 39 s 61 s 0.3% 10 ppm [8]
MAPbBr3 Single crys-

tal
Air [71]

CsPbBr3 Nanocrystals O2 17 s 128 s 0.93 10,000 ppm [104]
Acetone 9.8 s 5.8 s 0.03 1 ppm
Ethanol 0.025 1 ppm

Tres and Trec refer to the response and recovery time, defined as the time needed to
reach the 90% of the final value and the time to fall to 10% of the final value after removing
the gas source, respectively. The last column shows instead the limit of detection (LOD),
i.e., the minimum gas quantity the sensor is able to detect.

Concerning the sensitivity (S), in literature there is not a common definition, so some
disorder can be generated and a clarification is needed. Some authors refer to S as the
ratio ∆I

I0
= I−I0

I0
where I represents the current value obtained in presence of the target

analyte and I0 is the reference value in inert atmosphere [8,66,104]. Similarly, S can be
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considered as the ratio ∆R
R0

= R−R0
R0

, where the resistance change is evaluated [81]. So they
provide S value with a reference gas concentration. Others distinguish between RS (the
sensor response) and S, specifying that the first one refers to the above mentioned ratio
∆I/I0 [7,49] or the resistance ratio R/R0 [87], whereas the S represents the sensor response
(RS) divided by gas concentration, expressed in ppm−1. In these cases, sensitivity values
are not dimentionless and often refer to average values [49,87]. A last sensitivity definition
comes from [98] where S is defined as the ratio Imax/Imin where the terms represents the
maximum and the minimum values the current reaches in the on/off gas cycle. Finally,
some authors do not report any sensitivity value [71,84].

3.2. Optical Sensors

Even if the metal halide perovskite resistive response to the presence of a particular
gas is the most studied thus far, recently some reports have highlighted how the presence
or absence of a particular analyte can induce the activation or deactivation of some relax-
ation processes, and consequently, determine a change in the sample photoluminescence
emission. Having a deeper insight into the issue can represent the starting point for the
application of lead halide perovskite as luminescent-based gas sensor. The interaction
between perovskite films and gases of different nature has been proved to induce modifica-
tion both of the visual aspect of the film, noticeable as a color change, and a PL modulation,
which returns to the initial value once the gas source is removed.

3.2.1. Color Change Gas Sensor

The first report of a reversible color change from perovskite films interacting with
the surrounding atmosphere dates back to 2013 with Zhao’s experimental analysis [85].
The exposition of MAPbI3 perovskite films to ammonia gas was found to lead to a rapid
(<1 s) change in its color from brown to transparent, and then turn back to its pristine
condition upon removing the NH3 gas. XRD measurements highlighted structural changes
in perovskite crystals, likely due to the formation of an intercalation compound or a
coordination complex from perovskite and NH3 interaction. Since similar results have
been found also for MAPbI3−xClx and MAPbBr3 perovskites, the discovery opened a route
for a potential use of lead halide perovskite as optical sensor application.

Later, Maity’s group developed a paper-based gas sensor in which MAPbI3 per-
ovskite film changes its color from pristine black to yellow when exposed to NH3 vapors
(Figure 20a) [80]. Contrary to what previously stated, color change has been ascribed to
PbI2 molecules formation, confirmed by XRD measurements.

Unfortunately, both studies highlighted the presence of an exposition limit in terms of
time and gas concentration, above which the color change process becomes irreversible
due to the perovskite film degradation (Figure 20b).

Figure 20. Photographs of the MAPbI3 film exposed to (a) 10 ppm NH3 gas, which allows a reversible
process, and to (b) 30 ppm, which induces an irreversible film transformation. Adapted with
permission from [80] under the terms of the Creative Commons Attribution 4.0 International License.
Copyright © 2018, Springer Nature.
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3.2.2. PL Emission-Based Gas Sensors

The atmosphere around a perovskite sample has been proved to be crucial for the
modulation of the photoluminescence emission. Oxygen, water molecules or other volatile
compounds are indeed verified to be responsible, for example, for trap states passivation
processes, leading to an increase of the photoluminescence intensity, or modification of
the chemical structure of the perovskite, inducing a worsening of the optical properties of
the film.

In case of controlled atmosphere inside a test chamber, the effect of a single source
can be evaluated, as it happened for the experimental analysis of Howard et al. [69],
who demonstrated how humidity alone can induce perovskite degradation through the
formation of hydrated species or facilitate ion migration. Besides, the combined effect of
two analytes has also been evaluated.

The role of oxygen and water molecules on the photoluminescence properties of
hybrid MAPbI3 perovskite films has been subject matter of the research for Galisteo-
Lopez et al. [65], evidencing that the PL activation is related to the passivation of trap
states by O2 molecules, whereas a humid atmosphere is responsible for the photodarkening
process. This feature is evident considering the PL maximum at 775 nm as a function of
illumination time, for a sample exposed to air under continuous optical 500 nm excitation.
As shown in Figure 5a, the PL peak shows an initial increase, reaches its maximum value
at tc and then decreases for higher illumination times. Moreover, both photoactivation and
photodarkening processes are demonstrated to be dependent on the pump intensity; for
increasing excitation intensities, indeed, the rate of photoactivation process increases and tc
becomes smaller, reaching a stationary behavior after 0.7 W/cm2 pump intensity. However,
the emission spectral shape has been evaluated at different excitation times, for a fixed
pump intensity, evidencing that it remains unchanged. This feature, together with the fact
that no color change of the film has been observed, allows one to exclude any permanent
degradation process of the film.

A possible explanation of the observed experimental results involves the presence
of Pb2+ ions on the pristine perovskite surface, which act as trap sites for photoexcited
charges, reducing the number of charges available for radiative recombination processes.
Once oxygen molecules are injected in the test chamber, they passivate such trap states
with the formation of lead oxide, leading to the PL intensity increase. On the other hand,
moisture in atmosphere induces the formation of hydrated species, which weaken the
hydrogen bonds between organic cations and PbI6 octahedra and support the formation
of complexes with water molecules. Since it does not completely destroy the perovskite
crystal structure, a recovery of the photoluminescence is possible switching the atmosphere
from air to pure oxygen under illumination (Figure 5b).

Air molecules have been demonstrated to act as passivating agents also for bromide
based hybrid lead halide perovskites, affecting the photoluminescence emission [70,71].
The result is a PL enhancement when the external atmosphere is switched from vacuum to
air. However, differently from the above mentioned research [65], O2 and water contribu-
tions are not separated.

In particular, Fang et al. [70] observed a drastic photoluminescence decrease passing
from air to vacuum atmosphere, the emission going down to 10% of the initial maximum
value after 120 s. Since the effect of the exposure to the gas can be reset by evacuating
the test chamber, it implies the interaction is governed by physical rather than chemical
processes. With the aim of checking the selectivity of the response, the MAPbBr3 single
crystal samples have been exposed to other gas sources (dry N2, CO2 and Ar); however it
was found that they do not produce any effects on the PL intensity. Afterwards, the authors
investigated the trap healing mechanism in order to have a deeper knowledge about the
position of the traps inside the crystal.

In this regard, both 400 nm- and 800 nm-laser excitations have been used, the latter
allowing to obtain a two-photon excitation and interaction with the innermost regions of
the crystal below the surface. Unlike in the 400-nm excitation experiment (Figure 21d), the
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PL intensity modulation under atmosphere change has been found to be much smaller
under two-photon excitation (Figure 21b), concluding that the photocarrier recombination
is strongly affected by the surface properties (Figure 21a–d). Additional evidence comes
from 2D pseudoplots of the time resolved photoluminescence (TRPL) under 800 nm and
400 nm excitation, as shown in Figures 21a,c. The latter indeed evidences that the emission
peak wavelength suffers a redshift with ongoing illumination time, whereas in the 800 nm
excitation case the emission wavelength remain unaltered, proving that the traps are
located near the surface of the film rather than in the bulk.

Figure 21. (a) 2D pseudocolor plot of TRPL under 800 nm femtosencond laser excitation in air. (b) Two-photon (800 nm)
excited PL spectra measured in air and in a vacuum. (c) 2D pseudocolor plot of TRPL under 400 nm excitation; the
red line indicates the emission peak wavelength. (d) PL spectra registered in a vacuum and in air, under 400 nm laser
excitation. Adapted with permission from [70] under the terms of the Creative Commons Attribution-NonCommercial
license. Copyright © 2016, American Association for the Advancement of Science.

Moreover, the PL quenching observed from the exposition of MAPbBr3 single crystals
from air to vacuum has been noticed to have a corresponding current modulation, revealing
a positive correlation between the resistance of the sample and the air pressure [71]. As a
consequence, both dark current and photocurrent have been shown to increase in vacuum.
This behavior relates to the fact that air infiltration in perovskite lattice can form shallow
trap states close to the perovskite band edges. Those states can trap photo generated carri-
ers, acting as radiative recombination centers. Therefore, in presence of air the PL intensity
enhances and a smaller quantity of carriers is available for the conduction, resulting in a
current decrease.

The interaction with ammonia, on the contrary, induces structural changes in hybrid
lead halide perovskite, regardless of the chemical composition. Ruan et al. [83], for example,
realized MAPbX3 (X = I, Br, Cl) single crystals and washed them with a 30 wt.% ammonia
solution, revealing an instantaneous color change for all the samples, which indicates that
a new phase on the film is formed. Despite XRD measurements indicated that MAPbX3
structure is recovered after an annealing process post-treatment, it evidences how the
halogen size influences the stability of the material. Cl presence in MAPbCl3 single crystals,
indeed, not only leads to a contracted crystal unity cell, but also determines a more stable
perovskite structure compared with the larger unit cell of MAPbI3, which shows a complete
phase change after ammonia treatment.

Among the three samples, MAPbBr3 showed an almost complete restoration of the
XRD peaks after the ammonia treatment; as a consequence, it has been chosen as active ma-
terial for the realization of the NH3 sensor. In particular, its photoluminescence decreases
of 60% in 2 s when exposed at low ammonia concentration (vapor from 0.3 wt.% NH3
solution), and recovers the initial level in 20 s after removing the NH3 source. However, for
higher gas concentrations the sensing response has been found to be slower, reaching 45 s
and 1300 s as recovery time for 1 wt.% and 3 wt.% NH3 solution, respectively. The sensor
has then been tested with other volatile compounds, such as water, methanol, ethanol and
acetone and the response has been measured as the ratio ∆I/I0, where ∆I represents the
variation of PL intensity with and without the external stimulus. Methanol, ethanol and
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acetone interaction resulted in a PL increase of 25%, 5% and 8%, respectively, whereas
water vapor determined a 32% luminescence quenching.

Hybrid lead halide perovskites have also been tested for the detection of volatile
organic compounds, exploring the role of the chemical nature of the target gas and its
influence on the response of the active mean.

The sensing mechanism of the MAPbI3 perovskite devices proposed by
Nur’aini et al. [7] for VOCs is supported by the photoluminescence (PL) measurements
(Figure 22a). Adsorption of VOC gas molecules to vacancies in MAPbI3 film leads to trap
state passivation. Before ethanol exposure, high density of crystal defects is indicated by
low PL intensity, whereas during the exposition the defect density becomes lower and
crystallinity of perovskite improves, leading to the PL intensity increases.

From the study of Kim et al. [96], focused on the interaction between MAPbBr3 and
aliphatic amine gases (EtNH2, Et2NH and Et3N) (Figure 13c), effective naked-eye fluores-
cence sensors based on MAPbBr3 nanoparticle films have been realized. The exposition to
all amines has been observed to lead to PL quenching with changes in intensity of strong
green fluorescence; nevertheless the process is fully reversible only for Et3N exposure with
very fast recovery time (<1 s).

MAPbBr3 nanoparticles are used as excellent optical sensors for the detection of picric
acid (2,4,6-trinitrophenol, TNP), potent explosive for lethal weapons, with high selectivity
and sensitivity both in solution and vapor state [105]. The nanoparticles in toluene, yellow-
colored under room light, emit bright green fluorescence when irradiated with UV light
at 364 nm (inset of Figure 22b) and the solution shows quenching of the fluorescence
(up to 97%) almost instantaneously when TNP is added (Figure 22c,d). Moreover the
perovskite nanoparticles are very sensitive and are able to detect TNP with a very low
limit of detection, down to femtomolar (10−15 M) concentrations. The response is due
to the properties of TNP that, being a good electron acceptor, quenches the perovskite
fluorescence efficiently. A key role on the overall detection mechanism is played by the
hydroxyl group which interacts with the perovskite nanoparticles through the formation
of very stable hydrogen bonding.

Figure 22. (a) Photoluminescence intensity of MAPbI3 perovskite film before and after ethanol gas exposure. Adapted
with permission from [7] under a Creative Commons Attribution-NonCommercial 3.0 Unported license. Copyright ©
2020, Royal Society of Chemistry. (b) Emission spectrum of MAPbBr3 nanoparticles. Inset: photographs of the nanoparticle
suspension in toluene under room light (left, yellow colored) and 364 nm UV light (right, green colored). (c) Fluorescence
spectra of MAPbBr3 nanoparticles at an increasing concentration of TNP, ranging from 10−3 M to 10−15 M, with the (d)
corresponding quenching percentage for the increasing TNP concentration. Used with the permission of the Royal Society
of Chemistry, from [105]. Copyright © 2014. Permission conveyed through Copyright Clearance Center, Inc.

Recently, also fully inorganic perovskites have been explored as optical sensors be-
cause they exhibit higher long term stability with respect to the hybrid perovskites.

Based on the results inferred from the investigations on the interaction between fully
inorganic perovskites and ambient air, CsPbBr3 perovskite nanocrystals have been tested
as oxygen sensing materials [79] and PL measurements have revealed a strong emission
quenching. Actually, the photoluminescence emission modulation in presence of O2 rich
atmosphere is due to the direct extraction of photogenerated electrons from the conduction
band of the NCs causing the PL quenching (Figure 23).
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Figure 23. Integrated PL intensity and corresponding PL quantum yield (ΦPL) of CsPbBr3 NCs
for O2/vacuum and humid air/vacuum cycles between P = 1 bar (gray shades) and P = 10−3 bar
(white). Adapted with permission from [79]. Copyright © 2017, American Chemical Society.
https://pubs.acs.org/doi/10.1021/acs.nanolett.7b01253. Further permission should be directed to
the ACS.

Differently, the photoluminescence modulation in CsPbBr3 single crystals in presence
of oxygen [106,107] is an effect of the trap state passivation and through theoretical cal-
culations the nature of these trap states has been investigated. The presence of bromide
vacancies on the perovskite surface determines the formation of shallow energy levels at
the bottom of the conduction band minimum (CBM) that could trap charge carriers and
give rise to non-radiative recombination. When O2 molecules are adsorbed at the location
of bromide vacancies, a charge redistribution happens and the shallow trap states at the
bottom of the CBM are removed, inducing an increase in the photoluminescence emission.

Recent researches report fully inorganic perovskites as sensing material for the de-
tection of ammonia and explosive vapors, confirming the idea that these materials could
represent the ideal candidates for the realization of optical sensors.

Contrary to results obtained with hybrid perovskites, CsPbBr3 based sensor works in
a PL turn-on mode rather than in a PL quenching one [86]. The exposition of the sample to
ammonia gas reveals an incredible photoluminescence intensity increase of the QDs (about
three times than the original one) and the pristine condition is restored when the gas source
is removed (Figure 24a). Moreover, TEM and XRD measurements reveal that the size and
morphology of the QDs remain the same after treatment, and the crystalline structure is
retained after being exposed to ammonia gas. It suggests the interaction between perovskite
and NH3 is physical rather than chemical, where ammonia molecules passivate surface
defects of perovskite QDs, reducing the non radiative component from 18.78% to 12.73%.
The sensor is shown to have a low detection limit of 8.85 ppm and a response and recovery
times of about 10 s and 30 s, respectively, for a 50 ppm ammonia concentration (Figure 24b).
The selectivity of the active material has also been tested, first evaluating the effect of O2
molecules, then a variety of other gases (such as acetone, water, isopropanol, HCl, ethanol,
CO2), all of them inducing just a slightly decrease of the photoluminescence intensity.

The effect of the dimensionality of the sensing material has instead been analyzed
by Harwell et al. [108], evidencing how by tuning the perovskite dimensionality from 3D
(bulk CsPbBr3) to 2D (layered phenethylammonium (PEA)2Cs2Pb3Br10) and finally to 0D
(CsPbBr3 nanocrystals) structures can dramatically enhance the response of the films to
external stimuli. CsPbBr3 nanocrystals (Figure 24c), thanks to their low dimensionality,
have a high surface to volume ratio, which makes them efficient for the detection of 2,4-
dinitrotoluene (DNT) vapors through photoluminescence quenching. Contrary to what
observed for 3D and 2D perovskite structures, CPB nanocrystals have been indeed seen to
respond to the presence of DNT vapors with a rapid drop in PL in about 1 min, and recover
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about 50% of the emission when returning to pure nitrogen atmosphere (Figure 24d). The
reversibility of the PL response to the exposure to DNT vapors is probably due to the
presence of ligands on the perovskite NC surface, which prevent DNT molecules from
strongly binding to the perovskite. As a consequence, when the gas source is removes, the
analyte molecules can easily desorb and the pristine condition is restored.

Contrary to what we have seen for perovskite resistive sensors, the study on photolu-
minescence modulation based sensors, both with hybrid and fully inorganic perovskites,
is not furthered yet. Physical and chemical mechanisms behind the interaction between
perovskite and different analytes are not clear so far. Literature lacks of a systematic and
extensive study of sensing properties, allowing to identify a good sensing material thanks
to parameters such as response and recovery times, sensitivity and limit of detection. Up
to now, most authors have provided qualitative researches, showing the potential response
of the active mean to a determined analyte in terms of increase or quenching of the photo-
luminescence. However, it could represent a starting point for a future research involving
a complete study of the sensing properties of both hybrid and promising fully inorganic
perovskites, with the aim to have a better insight into the question and develop an efficient
gas sensor.

Figure 24. (a) Dynamic sensing response of CsPbBr3 quantum dots (QDs) for different NH3 concen-
trations (from 25 to 350 ppm). (b) Four successive sensing cycles of the CsPbBr3 QDs at 50 ppm.
Adapted with permission from [86]. Copyright © 2020, WILEY-VCH Verlag GmbH and Co. KGaA,
Weinheim. (c) Transmission electron microscopy images of CsPbBr3 nanocrystals. (d) Photolumi-
nescence emission as a function of time for a CsPbBr3 nanocrystal film under repeated cycles of
exposure to pure nitrogen (white areas) and DNT vapors in N2 (gray areas). Adapted with permis-
sion from [108] under a Creative Commons Attribution (CC BY) license. Copyright © 2020, AIP
Publishing.

4. Perspectives

As we have extensively discussed, the interaction of the perovskites with the ambient,
when does not lead to reversible effects, is detrimental to their sensing properties. So im-
proving the performance of gas sensing devices requires specific expedients to reduce their
degradation over time and when subjected to external stimuli.
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To this aim, perovskites with different chemical compositions, dimensionality and
surface morphology, or passivation strategies could be employed for the optimization and
the stabilization of the sensing devices.

Chemical action on the perovskite composition can improve the sensing ability of the
active material—for example, through a doping process [49] or by simply modifying the
halogen, which has been demonstrated to influence both the stability and the response
speed [83].

Moreover, the deposition process can change the morphology properties of the result-
ing film (such as the thickness and the substrate coverage) [49,66] affecting, in turn, the
device sensitivity. Additionally, the dimensionality of the perovskite can strongly influence
the response of the device and it has been shown that switching from 3D to 0D structures
allows one to obtain an higher sensitivity to the external stimuli thanks to the 0D greater
surface to volume ratio [108].

Furthermore, post-deposition processes, such as annealing treatments, have been seen
to improve the stability of the perovskite against moisture, and consequently, enhance the
sensitivity of the perovskite toward environmental gases [70].

Operational stability improvement of lead halide perosvkites has been proved also for
drop cast CsPbBr3 NC thin films deposited on hexamethyldisilazane (HMDS) hydrophobic
functionalized substrates. These results are ascribed to a closer NC packing in the films on
treated substrate, allowing the reduction of the film interaction with external moisture [16].

In the research of new sensing systems, with the aim of the device sensitivity enhance-
ment, another route is open.

In PL-based optical sensors, the photoluminescence of the active mean is sensitive
to the surrounding gas partial pressure with quenching or enhancement of emission in
presence of a target gas. It is proven that in some materials (mostly polymers) exhibiting
amplified spontaneous emission (ASE), the sensing sensitivity can be further boosted by
harnessing the ASE and the lasing action.

Therefore, novel methods of gas sensing based on ASE or lasing in perovskites should
be explored and proposed.

It has been demonstrated that metal-lead halide perovskites exhibit good light ampli-
fication emission. Evidence of high optical gains and efficient amplified spontaneous emis-
sions (ASE) is reported for bulk polycrystalline thin films of organic-
inorganic [29,31,109,110] and fully inorganic perovskites [33,35] and for perovskite nanocrys-
tal films [16,38,111–114].

However, it has been observed that laser irradiation in vacuum of some perovskites
thin films could result in ASE degradation [30]. The correlation between the observed
ASE operational stability and the irradiation-induced variations in the local morphology
and emission properties, observed at high excitation energy density, suggests that the
main process leading to ASE quenching is related to the film melting induced by localized
heating. Instead, the photodegradation lessens at lower excitation energy density. Sur-
prisingly, ASE properties, such as intensity and stability, are improved when the film is
irradiates in air, indicating that the interaction with oxygen has overall positive effects on
the emission properties.

In spite of that, the influence of ambient gas on the perovskite active material that leads
to the ASE intensity modulation is to date almost unexplored. Otherwise, the gas-induced
modulation of ASE intensity has been already observed and studied in other materials.

ASE sensitivity to an external stimulus was demonstrated since 2005 [115] in semi-
conducting organic polymer. Trace vapors of the explosives 2,4,6-trinitrotoluene (TNT)
and 2,4-dinitrotoluene (DNT) induce ASE attenuation during irradiation of thin films due
to the introduction of non-radiative deactivation pathways competing with stimulated
emission. Attenuation of ASE intensity is observed when the organic polymer thin films
are irradiated in presence of TNT vapors down to 5 ppb, showing a sensitivity to the
explosives, which is higher when films are pumped at energy densities near the lasing
threshold, up to more than 30 times higher than that observed from spontaneous emission.
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Analogously, also oligofluorene based compounds, such as Ter(9,9-diarylfluorene)
(TDF) films, are demonstrated to be sensitive to the surrounding oxygen partial pressure
with fast response, reversibility and high efficiency [116]. The PL emission intensity
is quenched by the presence of O2, while the emission spectral features, such as peak
wavelength, vibronic progression and bandwidth, are unaffected. Beside it has been
shown that sensitivity of a chemical sensor can be enhanced in both amplified spontaneous
emission and lasing action. In particular, ASE attenuation is found to be 10 times higher
than spontaneous emission quenching and enhanced up to 20-fold in lasing action.

The experimental evidence of the enhanced sensitivity of an optical gas sensor when
the ASE or the lasing action are monitored, instead of the PL emission, stimulates the
exploration of the response of perovskites at excitation densities overcoming the ASE
threshold. Indeed, similar sensing improvements could be expected in perovskites optical
sensors, but such results are still missing in recent literature.

To obtain high-performance sensing devices it is mandatory to have active materials
with high operation stability. For this reason, the stability improvement of light emission,
amplification and lasing is an issue that is receiving growing attention. To enhance the
ASE operational stability, the deposition of encapsulating layers, such a poly(methyl
methacrylate) (PMMA) layer, followed by epoxy resin and glass encapsulation [109], or
a commercial fluoropolymer layer (CYTOP) [36], has been proposed for MAPbBr3 bulk
polycrystalline thin films. However, these expedients are not suitable for sensing devices,
since the top layers prevent the interaction of the active material with the surrounding
gases.

An alternative strategy is the treatment of the surface or, in some cases, of the substrate
with functionalization chemicals.

As an example, concerning NC films an ASE stability improvement has been reported
in films of MAPbBr3 nanocrystals treated with benzyl alcohol [113]. The addition of benzyl
alcohol during the synthesis positively affects the structural and photophysical properties of
the MAPbBr3 nanocrystals resulting in very stable nanocrystals and nanocrystal thin films,
even after 4 months storage under ambient conditions, exhibiting near-unity PLQY, high
optical gain (520 cm−1) and ultralow ASE thresholds (∼13.9 µ J cm−2) under femtosecond
excitation.

It has been demonstrated also that a hydrophobic functionalization of the substrates
with HMDS improves the ASE properties of drop cast CsPbBr3 nanocrystal thin films with
a decrease of threshold down to 45%, an optical gain increase of up to 1.5 times and an ASE
operational stability increase of up to 14 times [16].

In future, the employment of functionalized perovskites with good ASE properties,
high stability and remarkable sensitivity to ambience, could lead to the realization of
high-performance devices, by monitoring the ASE and the laser emission in the presence
of target gases.
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Abstract: A novel quasi-3D hyperbolic shear deformation theory (QHSDT) with five unknowns
is here employed, together with the Hamilton’s principle and the modified couple stress theory
(MCST) to analyze the vibrational behavior of rectangular micro-scale sandwich plates resting on a
visco-Pasternak foundation. The sandwich structure features a Nomex or Glass phenolic honeycomb
core, and two composite face sheets reinforced with graphene nanoplatelets (GPLs). The effective
properties of both face sheets are evaluated by means of the Halpin-Tsai and extended rule of mixture
(ERM) micromechanical schemes. The governing equations of the problem are derived by applying
the Hamilton’s principle, whose solutions are determined theoretically according to a classical
Navier-type procedure. A parametric study checks for the effect of different material properties,
length-scale parameters, foundation parameters and geometrical properties of the honeycomb cells,
and the reinforcing GPLs, on the vibration response of the layered structure, which can be of great
interest for many modern engineering applications and their optimization design.

Keywords: graphene nanoplatelets; honeycomb structures; modified couple stress theory; quasi-3d
hyperbolic shear deformation theory; sandwich structures; vibration analysis

1. Introduction

In the last decades, lightweight mechanical components and layered structures have increased
the attention of many researchers and scientists, due to the increased demand in modern engineering,
together with a possible reduction in their production cost. Among them, sandwich structures can be
regarded as subset of multilayered composite structures consisting of outer facings and a soft core
in-between, including foam, honeycomb, corrugated core, various bio-inspired cores, etc. The choice of
sandwich materials depends on the structural functionality as well as on the lifetime loading, availability
and cost. For example, Graphite-epoxy and carbon-epoxy multilayered facings are typically used in
aerospace applications, whereas glass-epoxy or glass-vinyl ester are adopted in civil and marine layered
structures. At the same time, the core of sandwich aerospace structures is often made of aluminum or
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Nomex honeycomb, whereas, a closed-cell or open-cell foam represents the typical core choice in civil
engineering, instead of a balsa core, usually applied in ship sandwich structures. As far as the honeycomb
sandwich-type plate is concerned, the adhesive bonding between the honeycomb core and face sheets is
the responsible for the load transferring among the sandwich constitutive parts. In such a context, one of
the pioneering works on the topic is represented by Ref. [1], where the authors studied the vibrational
behavior of sandwich beams with a honeycomb core [1]. In 2004, different vibration tests were performed
experimentally by Yanfeng and Jinghui [2] to study the vibration transmissibility and shock-absorbing
properties of the honeycomb thin plates, while computing their damping ratios and highest frequencies of
vibration. From a theoretical and numerical perspective, a comprehensive review of studies on sandwich
structures is mentioned in the following, covering the more recent developments on the topic. Li and
Jin [3] applied a third-order shear deformation plate theory (TSDT) and classical plate theory (CPT) to
examine the free vibration of rectangular plates with a honeycomb structure, whereas a semi-analytical
approach was suggested in [4] for the bending, buckling and free vibration analysis of sandwich panels
with square-honeycomb cores. At the same time, the influence of the skin/core debonding phenomena
on the overall vibrational behavior of sandwich plates was analyzed by Burlayenko and Sadowski [5],
whose results helped to address sandwich plates non-destructive damages. In line with this work, a
wavelet analysis has been recently applied by Katunin [6], to detect and identify possible damages in
sandwich structures and their effect on the global vibrational structural response. The sensitivity of the
vibration response of a honeycomb core structure to random geometrical or mechanical irregularities
was also outlined theoretically by Mukhopadhyay and Adhikari [7]. A novel method was proposed
by Duc et al. [8] to study the vibrational response of sandwich cylindrical panels with a honeycomb
core, based on the first-order shear deformation theory (FSDT), fourth-order Runge-Kutta method and
Galerkin method. Among the most recent solutions of increasing the intrinsic damping properties of
sandwich structures, Piollet et al. [9] proposed the use of entangled cross-linked fibers as core materials
within sandwich beams and performed different steady-state tests for different excitation levels to study
their high-damping and nonlinear vibration response. Moreover, Kumar and Renji [10] studied the
acceleration response and natural modes of sandwich panels with a honeycomb core subjected a diffused
acoustic field, developing a methodology to estimate their strain field in low frequency modes, based
on the acceleration response. A novel model based on the differential quadrature method (DQM) was
successfully proposed by Sobhy [11] to study the coupled hygrothermal bending response of functionally
graded (FG) graphene platelets/aluminum sandwich-curved beams equipped by a honeycomb core.
A numerical and experimental investigation based on a classical finite element approach and imaging
correlation method was also performed by Li et al. [12] for the study of the dynamic response of shallow
sandwich arches with aluminum face sheets and auxetic reentrant hexagonal metallic honeycomb
core under a localized impulsive loading, providing useful data and results for the honeycomb cells
deformation [12]. In 2017, Chen et al. [13] examined the nonlinear mechanical behavior of a sandwich
structure. Their model was made of FG porous layer reinforced by graphene nanoplatelets (GPLs).
Moreover, Karimiasl et al. [14] studied the nonlinear vibration behavior of multiscale nanocomposites
nanoshells, resting on an elastic foundation, and subjecting to a hygrothermal environment. Furthermore,
in 2019, the instability characteristics of a magnetorheological (MR) fluid core patched to two piezoelectric
FG-GPLRC face sheets were investigated by Eyvazian et al. [15], while proving the positive effect of
magnetic field on the system’s mechanical behavior. More recently in 2020, Torabi and Ansari [16] hired
the Mindlin’s plate model and the phase-field approach to have a throughout comprehension of the
vibration response for cracked FG GPL-RC plates with stationary cracks.

The large benefits of sandwich structures and their mechanical performances, have increased the
interest of the scientific community to develop even more accurate theories for their study. For example,
an improper definition of a mechanical parameter, even at small scales, can cause a meaningful variation
in the acquisition of results, with deleterious effects on the overall performance of sensitive systems, as
aircraft and space vehicles. This makes extremely important the use of accurate theories, where the
proper definition of the mechanical parameters is mandatory to obtain reliable results. In such a context,
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many works from the literature have applied CPTs, FSDTs, or higher-order-theories (HSDTs) for the
study of plate and shell structures even with complicated materials and geometries. For example,
Khoa et al. [17] applied a HSDT to examine the vibration response of FG carbon nanotubes (CNTs)
reinforced composites cylindrical shells in thermal environment. The same problem was also studied
by Ibrahim et al. [18], according to FSDT, and coupled with thermal conditions. Li et al. [19] used CPT
to model clamped honeycomb sandwich panels to study the nonlinear forced vibrational response.
Many further applications of the HSDT to coupled problems of sandwich panels and shell structures
can be found in [20–28]. A valid theoretical alternative to handle the plate structures is represented by
the quasi-3D hyperbolic shear deformation theory (QHSDT) which accounts for both transverse shear
and normal deformations and satisfies the zero traction boundary conditions on the plate surfaces
without using any shear correction factor. In QHSDT the number of unknown functions involved in
displacement field is only equal to five, instead of six or more unknowns required by the other shear
and normal deformation theories. The computational efficiency of this method was recently verified
in Refs. [29–31]. Inspired by these few pioneering works from the literature, in the present paper we
propose a QHSDT to study the free vibration response of sandwich structures with a honeycomb core
resting on a visco-Pasternak foundation. The governing equations of the problem are derived from the
Hamilton’s principle and solved in closed form via the Navier’s method. The analytical solutions from
our formulation are verified with those reported in literature, where a parametric investigations aims at
determining the effect of the material variation, GPLs gradient index and dispersion patterns, geometry,
internal cells angle, or thickness of layers on the natural frequencies for the selected sandwich structure.

2. Theoretical Formulation

Consider a rectangular sandwich plate with thickness h, length a, width b, as illustrated in Figure 1,
together with the reference coordinate system (x, y, z). The sandwich structure is immersed within
a visco-Pasternak elastic foundation, and it is made of a honeycomb core with thickness hc and two
composite face sheets with thickness ht and hb at the top and bottom side, respectively. This means
that the total thickness of the structure is h = hc + ht + hb.Molecules 2020, 25, x FOR PEER REVIEW 4 of 25 
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Figure 1. Geometrical model of sandwich structure.

In the current study, a QHSDT is adopted to define the position of an arbitrary point in the
micro-model. The major advantage of using such a displacement field is that the problem is not limited
to plane-strain conditions (i.e., εzz , 0), as typically occurs in the other 2-D theories such as FSDT,
that could cause possible discrepancies between the theoretical and experimental results. Based on a
QHSDT, the displacement field is defined as [32]
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U(x, y, z, t) = u(x, y, t) − z ∂
∂x wb(x, y, t) − f (z) ∂∂x ws(x, y, t),

V(x, y, z, t) = v(x, y, t) − z ∂
∂y wb(x, y, t) − f (z) ∂∂y ws(x, y, t),

W(x, y, z, t) = wb(x, y, t) −ws(x, y, t) −wst(x, y, z, t)
(1)

where u and v stand for the displacement components along the x and y directions, respectively; ws,
wb and wst are the transverse displacement components due to bending, shear and stretching effects,
respectively, with

wst(x, y, z, t) = g(z)ϕ(x, y, t) (2)

In the last relation, ϕ is an additional displacement variable that accounts for the effect of normal
stress; g(z) and f (z) are expressed by the following functions [29]

f (z) = ((h/π)sinh(πz/h) − z)/(cosh(π/2) − 1), (3)

g(z) = 1− f ′(z) (4)

where f ’(z) denotes the first derivative of function f with respect to z. The strain-displacement relations
follow the von-Karman’s assumptions [31]

εxx =
∂u(x,y,t)

∂x − z∂
2wb(x,y,t)
∂x2 − f (z) ∂

2ws(x,y,t)
∂x2 ,

εyy =
∂v(x,y,t)
∂y − z∂

2wb(x,y,t)
∂y2 − f (z) ∂

2ws(x,y,t)
∂y2 ,

εzz = −∂
2( f (z)ϕ(x,y,t))

∂z2 ,

γxy =
∂v(x,y,t)
∂x − 2z∂

2wb(x,y,t)
∂x∂y − 2 f (z) ∂

2ws(x,y,t)
∂x∂y +

∂u(x,y,t)
∂y ,

γxz =
∂ws(x,y,t)

∂x + (1− f ′(z)) ∂ϕ(x,y,t)
∂x − f ′(z) ∂ws(x,y,t)

∂x ,

γyz =
∂ws(x,y,t)

∂y + (1− f ′(z)) ∂ϕ(x,y,t)
∂y − f ′(z) ∂ws(x,y,t)

∂y ,

(5)

whereas the constitutive equations for the honeycomb core and FG-GPLs face sheets, read as follows [33]



σxx

σyy

σzz

σxy

σyz

σxz



c, f

=




C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66






εxx

εyy

εzz

γxy

γyz

γxz



(6)

where Cij are the elastic constants for each part of the sandwich structure. More specifically, for the
honeycomb core, the elastic constants read as follows [29]

C11c =
E11(−ν23ν32+1)

δ , C22c =
E22(−ν13ν31+1)

δ ,

C33c =
E33(−ν12ν21+1)

δ , C12c = C21c =
E11(ν23ν31+ν21)

δ ,

C13c = C31c =
E11(ν21ν32+ν31)

δ , C23c = C32c =
E22(ν12ν31+ν32)

δ ,
C44c = G23, C55c = G13, C66c = G12

(7)

where
δ = 1− 2ν12ν13ν32 − ν12ν21 − ν13ν31 − ν23ν32 (8)

and

E11 = Eh
cosθ0(1− γ2

0 cot2 θ0)

sin2 θ0(φ0 + sinθ0)
γ3

0, (9)

E22 = Eh
(1− γ2

0(φ0 sec2 θ0 + tan2 θ0))(φ0 + sinθ0)

cos3 θ0
γ3

0, (10)
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E33 = Eh
2 + φ0

2 cosθ0(φ0 + sinθ0)
γ0, (11)

G12 = Eh
(φ0 + sinθ0)

φ2
0(1 + 2φ0) cosθ0

γ3
0, (12)

G13 = Gh
cosθ0

(φ0 + sinθ0)
γ0, (13)

G23 = Gh

(
(φ0 + sinθ0)

(1 + 2φ0) cosθ0
+

(φ0 + 2 sin2 θ0)

2(φ0 + sinθ0)

)
γ0

2 cosθ0
, (14)

ρc = ρh
2 + φ0

2 cosθ0(φ0 + sinθ0)
γ0, (15)

ν12 =
cos2 θ0(1− γ2

0 csc2 θ0)

sinθ0(φ0 + sinθ0)
, (16)

ν21 =
(1 + φ0)(1− γ2

0 sec2 θ0) cos2 θ0

sinθ0(φ0 + sinθ0)
, (17)

ν31 = ν32 = νh (18)

In the relations above, the Young’s modulus, shear modulus, density, and Poisson’s ratio are
defined in a homogenized form by means of the mechanical properties Eh, Gh, ρh and vh of the
honeycomb material [34]. Besides, φ0 is the internal cells angle of the honeycomb structure; ϕ0 =

h0/l0 and γ0 = t0/l0 stand for the internal aspect ratio and dimensionless cells thickness, respectively,
in which h0, l0 and t0 are the geometrical parameters defining the hexagonal cells as represented in
Figure 1. For FG-GPLs reinforced face sheets, the elastic constants Cijf are given by

C11 f = C22 f = C33 f =
(1−ν(z))E(z)

(1+ν(z))(1−2ν(z)) ,

C12 f = C13 f = C23 f =
ν(z)E(z)

(1+ν(z))(1−2ν(z)) ,

C44 f = C55 f = C66 f =
E(z)

2(1+ν(z))

(19)

The mechanical properties for both face sheets vary throughout the thickness, and they are
clearly function of the effective material properties, defined, in turn, by means of the Halpin-Tsai
micromechanical model, as follows [35]

E(z) =
3
8

1 + ζLηLVGPL

1− ηLVGPL
EM +

5
8

1 + ζWηWVGPL

1− ηWVGPL
EM (20)

In the last relation, EM denotes the Young’s modulus of the matrix; VGPL refers to the volume
fraction of GPLs; ζL, ζW, ηL and ηW are the geometrical properties of GPLs, i.e.,

ζL = 2 LGPL
hGPL

, ηW = (EGPL/EM − 1)/(EGPL/EM + ζW),
ζW = 2 wGPL

hGPL
, ηL = (EGPL/EM − 1)/(EGPL/EM + ζL),

(21)

LGPL, hGPL, wGPL and EGPL being the length, thickness, width and Young’s modulus of GPLs, respectively.
It is noteworthy that the summation of GPLs and matrix volume fractions equals one, where the GPLs
volume fraction is determined as

VGPL =
gGPL(z)

gGPL(z) + (
ρGPL
ρM

)(1− gGPL(z))
(22)
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where ρGPL and ρM refer to the density of the reinforcement phase and matrix, respectively. Moreover,
gGPL is the weight fraction of GPLs that obey the following relations for three different dispersion
patterns though the face sheets thicknesses [36]

For a parabolic pattern

gGPL(z) =
4
h2

f

λPWGPLz2 (23)

For a linear pattern

gGPL(z) = λLWGPL(
1
2
± z

h f
) (24)

in which the positive and negative signs are related to the top and bottom face sheets, respectively.
For a uniform pattern

gGPL(z) = λUWGPL (25)

In Equations (23)–(25), λP, λL and λU are the gradient index of GPLs for their parabolic, linear,
and uniform dispersion patterns, referred to the total GPLs content, as reported in Table 1.

Table 1. Graphene nanoplatelets (GPLs) gradient index for different values of their total content [36].

Total GPLs Content (Percentage) λU λL λP

0 0 0 0
1/3 1/3 2/3 1
1 1 2 3

The further properties for the face sheets are the Poisson’s ratio and density, which are determined
via the ERM as [37]

ρ(z) = ρGPLVGPL + ρMVM, (26)

ν(z) = νGPLVGPL + νMVM (27)

3. Governing Equations of the Problem

The Hamilton’s principle is here applied to gain the governing equations of the problem [38]

t2∫

t1

δ(Λ −K −Π)dt = 0 (28)

where Π, Λ and K denote the applied external work, the strain energy, and the kinetic energy for the
sandwich structure, respectively. The strain energy of the system consists of two parts: the classical
strain energy and the energy component from the MCST. The following relation is used to define the
total strain energy for the selected sandwich structure [39]

Λ =
1
2




∫
x

∫
y

∫
core

(
σc

i jεi j + mc
i jχi j

)
dz dy dx

+
∫
x

∫
y

∫

f aces

(
σ

f
i jεi j + m f

i jχi j

)
dz dy dx



; i, j = x, y, z (29)

where mij andχij stand for the higher-order stresses and symmetric rotation gradient tensor, respectively,
defined in the following

mi j = 2l2mµχi j; (i, j = x, y, z) (30)

where lm is the MCST material length scale parameter, and µ is the Lame’s parameter. Moreover, the
components of the symmetric rotation gradient tensor can be determined using the following compact
relation
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χi j =
1
2

(
Θi, j + Θ j,i

)
(31)

This means that

χxx = ∂
∂x Θx, χyy = ∂

∂y Θy, χzz =
∂
∂z Θz,

χxy = 1
2

(
∂
∂y Θx +

∂
∂x Θy

)
, χyz =

1
2

(
∂
∂z Θy +

∂
∂y Θz

)
, χxz =

1
2

(
∂
∂z Θx +

∂
∂x Θz

) (32)

in which, the infinitesimal rotation vector Θ is defined as

Θi =
1
2
(curl(u)),i (33)

which means
Θx = 1

2

(
∂
∂y W(x, y, z, t) − ∂

∂z V(x, y, z, t)
)
,

Θy = 1
2

(
∂
∂z U(x, y, z, t) − ∂

∂x W(x, y, z, t)
)
,

Θz =
1
2

(
∂
∂x V(x, y, z, t) − ∂

∂y U(x, y, z, t)
) (34)

In addition, the kinetic energy for the whole microstructure can be defined as [40].

K =
1
2

∫

x

∫

y

+h/2∫

−h/2

ρc, f (z)



(
∂U
∂t

)2

+

(
∂V
∂t

)2

+

(
∂W
∂t

)2dzdydx (35)

where U, V and W refer to the displacement components introduced in Equation (1).
For a structure resting on a visco-Pasternak elastic foundation, the external work due to the

substrate can be defined as follows [41]

Π =

∫

x

∫

y

1
2




KW(wb + ws)
2 −KG(wb + ws)

∂2(wb+ws)

∂x2 −
KG(wb + ws)

∂2(wb+ws)

∂y2 +

Cd(wb + ws)
∂(wb+ws)

∂t



dxdy (36)

where KW is the Winkler parameter, KG is the shear layer parameter, and Cd denotes the damping
parameter, respectively. By substitution of Equations (29), (35), (36) into the Hamilton’s principle (28),
after a mathematical manipulation we get the following governing equations of motion in terms of
displacement field

δu :

−C110
∂2u(x,y,t)

∂x2 + C111
∂3wb(x,y,t)

∂x3 + F110
∂3ws(x,y,t)

∂x3 +

+C121
∂3wb(x,y,t)
∂x∂y2 + F120

∂3ws(x,y,t)
∂x∂y2 − E130

∂ϕ(x,y,t)
∂x +

−C440
∂2v(x,y,t)
∂x∂y − 1

4 K ∂4v(x,y,t)
∂x∂y3 −C120

∂2v(x,y,t)
∂x∂y +

+2C441
∂3wb(x,y,t)
∂x∂y2 + 2F440

∂3ws(x,y,t)
∂x∂y2 −C440

∂2u(x,y,t)
∂y2 +

+ 1
4 K ∂4u(x,y,t)

∂y4 − 1
4 K ∂4v(x,y,t)

∂x3∂y + 1
4 K ∂4u(x,y,t)

∂x2∂y2 +

−I0
∂2u(x,y,t)

∂t2 + I1
∂3wb(x,y,t)
∂t2∂x + I3

∂3ws(x,y,t)
∂t2∂x = 0

(37)
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δv :

−C120
∂2u(x,y,t)
∂x∂y + C121

∂3wb(x,y,t)
∂x2∂y + F120

∂3ws(x,y,t)
∂x2∂y −C220

∂2v(x,y,t)
∂y2 +

+C221
∂3wb(x,y,t)

∂y3 + F220
∂3ws(x,y,t)

∂y3 − E230
∂ϕ(x,y,t)

∂y −C440
∂2v(x,y,t)
∂x2 +

+2C441
∂3wb(x,y,t)
∂x2∂y + 2F440

∂3ws(x,y,t)
∂x2∂y −C440

∂2u(x,y,t)
∂y∂x + 1

4 K ∂4v(x,y,t)
∂x4 +

− 1
4 K ∂4u(x,y,t)

∂x3∂y + 1
4 K ∂4v(x,y,t)

∂x2∂y2 − 1
4 K ∂4u(x,y,t)

∂x∂y3 +

−I0
∂2v(x,y,t)

∂t2 + I1
∂3wb(x,y,t)
∂t2∂y + I3

∂3ws(x,y,t)
∂t2∂y = 0

(38)

δwb :

−C121
∂3u(x,y,t)
∂x∂y2 + C122

∂4wb(x,y,t)
∂x2∂y2 + F121

∂4ws(x,y,t)
∂x2∂y2 −C221

∂3v(x,y,t)
∂y3 +

+C222
∂4wb(x,y,t)

∂y4 + F221
∂4ws(x,y,t)

∂y4 − E231
∂2ϕ(x,y,t)

∂y2 − 2C441
∂3v(x,y,t)
∂x2∂y +

+4C442
∂4wb(x,y,t)
∂x2∂y2 + 4F441

∂4ws(x,y,t)
∂x2∂y2 − 2C441

∂3u(x,y,t)
∂y2∂x +

−C111
∂3u(x,y,t)

∂x3 + C112
∂4wb(x,y,t)

∂x4 + F111
∂4ws(x,y,t)

∂x4 −C121
∂3v(x,y,t)
∂x2∂y +

+C122
∂4wb(x,y,t)
∂x2∂y2 + 2K ∂4wb(x,y,t)

∂x2∂y2 + K ∂4ws(x,y,t)
∂x2∂y2 +

+K0
∂4ϕ(x,y,t)
∂x2∂y2 −K1

∂4ws(x,y,t)
∂x2∂y2 + K ∂4wb(x,y,t)

∂y4 + 1
2 K ∂4ws(x,y,t)

∂y4 +

+ 1
2 K0

∂4ϕ(x,y,t)
∂y4 + 1

2 K1
∂4ws(x,y,t)

∂y4 + K ∂4wb(x,y,t)
∂y4 + 1

2 K1
∂4ws(x,y,t)

∂x4 +

+ 1
2 K ∂4ws(x,y,t)

∂x4 + 1
2 K0

∂4ϕ(x,y,t)
∂x4 + F121

∂4ws(x,y,t)
∂x2∂y2 − E131

∂4ϕ(x,y,t)
∂x2 +

−Cd
∂wb(x,y,t)

∂t −Cd
∂ws(x,y,t)

∂t + KG
∂2wb(x,y,t)

∂x2 + KG
∂2ws(x,y,t)

∂x2 +

+KGg∂
2ϕ(x,y,t)
∂x2 + KG

∂2wb(x,y,t)
∂y2 + KG

∂2ws(x,y,t)
∂y2 + KGg∂

2ϕ(x,y,t)
∂y2 +

−Cdg∂ϕ(x,y,t)
∂t −KW gϕ(x, y, t) −KWws(x, y, t) −KWwb(x, y, t) − I1

∂3u(x,y,t)
∂t2∂x +

+I2
∂4wb(x,y,t)
∂t2∂x2 + I5

∂4ws(x,y,t)
∂t2∂x2 − I1

∂3v(x,y,t)
∂t2∂y + I2

∂4wb(x,y,t)
∂t2∂y2 +

+I5
∂4ws(x,y,t)
∂t2∂y2 − I0

∂2wb(x,y,t)
∂t2 − I0

∂2ws(x,y,t)
∂t2 − I4

∂2ϕ(x,y,t)
∂t2 = 0

(39)
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δws :

1
2 K1

∂4wb(x,y,t)
∂x4 + 1

4 K3
∂4ws(x,y,t)

∂x4 + 1
4 K2

∂4ϕ(x,y,t)
∂x4 − F111

∂4wb(x,y,t)
∂x4 +

+ 1
2 K1

∂4wb(x,y,t)
∂y4 + 1

4 K3
∂4ws(x,y,t)

∂x4 + 1
4 K2

∂4ϕ(x,y,t)
∂x4 − 1

4 K5
∂2ws(x,y,t)

∂x2 +

− 1
4 K5

∂2ws(x,y,t)
∂y2 − 1

4 K4
∂2ϕ(x,y,t)

∂x2 − 1
4 K4

∂2ϕ(x,y,t)
∂y2 − F110

∂3u(x,y,t)
∂x3 +

−F120
∂3v(x,y,t)
∂x2∂y + F121

∂4wb(x,y,t)
∂y2∂x2 + F122

∂4ws(x,y,t)
∂y2∂x2 − E132

∂2ϕ(x,y,t)
∂x2 +

−F120
∂3u(x,y,t)
∂y2∂x + F121

∂4wb(x,y,t)
∂x2∂y2 + F112

∂4ws(x,y,t)
∂x4 + F122

∂4ws(x,y,t)
∂x2∂y2 +

−F220
∂3v(x,y,t)
∂y3 + F221

∂4wb(x,y,t)
∂y4 + F222

∂4ws(x,y,t)
∂y4 − E232

∂2ϕ(x,y,t)
∂y2 +

−G550
∂2ws(x,y,t)

∂x2 −G550
∂2ϕ(x,y,t)

∂x2 + G551
∂2ws(x,y,t)

∂x2 + G551
∂2ϕ(x,y,t)

∂x2 +

+G661
∂2ws(x,y,t)

∂y2 + G661
∂2ϕ(x,y,t)

∂y2 + K1
∂4wb(x,y,t)
∂x2∂y2 + 1

2 K2
∂4ϕ(x,y,t)
∂x2∂y2 +

+ 1
2 K3

∂4ws(x,y,t)
∂x2∂y2 + 1

2 K1
∂4ws(x,y,t)

∂y4 + 1
2 K ∂4wb(x,y,t)

∂x4 + 1
2 K1

∂4ws(x,y,t)
∂x4 +

+ 1
4 K ∂4ws(x,y,t)

∂x4 + 1
4 K0

∂4ϕ(x,y,t)
∂x4 + K ∂4wb(x,y,t)

∂x2∂y2 + 1
2 K ∂4ws(x,y,t)

∂x2∂y2 +

+K1
∂4ws(x,y,t)
∂x2∂y2 + 1

2 K0
∂4ϕ(x,y,t)
∂x2∂y2 + 1

2 K ∂4wb(x,y,t)
∂y4 + 1

4 K ∂4ws(x,y,t)
∂y4 +

1
4 K0

∂4ϕ(x,y,t)
∂y4 − 2F440

∂3v(x,y,t)
∂x2∂y + 4F441

∂4wb(x,y,t)
∂x2∂y2 + 4F442

∂4ws(x,y,t)
∂x2∂y2 +

−2F440
∂3u(x,y,t)
∂x∂y2 −Cd

∂wb(x,y,t)
∂t −Cd

∂ws(x,y,t)
∂t −Cdg∂ϕ(x,y,t)

∂t +

+KG
∂2ws(x,y,t)

∂x2 + KG
∂2wb(x,y,t)

∂x2 + KGg∂
2ϕ(x,y,t)
∂x2 + KG

∂2ws(x,y,t)
∂y2 +

+KG
∂2wb(x,y,t)

∂y2 + KGg∂
2ϕ(x,y,t)
∂y2 −KW gϕ(x, y, t) −KWws(x, y, t) −KWwb(x, y, t)+

−I3
∂3u(x,y,t)
∂t2∂x + I5

∂4wb(x,y,t)
∂t2∂x2 + I6

∂4ws(x,y,t)
∂t2∂x2 − I3

∂3v(x,y,t)
∂t2∂y +

+I5
∂4wb(x,y,t)
∂t2∂y2 + I6

∂4ws(x,y,t)
∂t2∂y2 − I0

∂2wb(x,y,t)
∂t2 − I0

∂2ws(x,y,t)
∂t2 +

−I4
∂2ϕ(x,y,t)

∂t2 = 0

(40)

δϕ :

− 1
2 K1

∂4wb(x,y,t)
∂y4 − 1

4 K2
∂4ϕ(x,y,t)

∂y4 − 1
4 K3

∂4ws(x,y,t)
∂y4 − 1

2 K1
∂4wb(x,y,t)

∂x4 +

+ 1
4 K3

∂4ws(x,y,t)
∂x4 + 1

4 K2
∂4ϕ(x,y,t)

∂x4 + 1
4 K4

∂2ϕ(x,y,t)
∂y2 + 1

4 K5
∂2ws(x,y,t)

∂y2 +

+ 1
4 K5

∂2ws(x,y,t)
∂x2 + 1

4 K4
∂2ϕ(x,y,t)

∂x2 −G550
∂2ws(x,y,t)

∂x2 −G550
∂2ϕ(x,y,t)

∂x2 +

+G551
∂2ws(x,y,t)

∂x2 + G551
∂2ϕ(x,y,t)

∂x2 + G661
∂2ws(x,y,t)

∂y2 + G661
∂2ϕ(x,y,t)

∂y2 +

−K1
∂4wb(x,y,t)
∂x2∂y2 − 1

2 K2
∂4ϕ(x,y,t)
∂y2∂x2 − 1

2 K3
∂4ws(x,y,t)
∂y2∂x2 +

+ 1
4 K0

∂4ϕ(x,y,t)
∂x4 − 1

4 K ∂4ws(x,y,t)
∂x4 − 1

2 K ∂4wb(x,y,t)
∂x4 + 1

4 K0
∂4ϕ(x,y,t)

∂y4 +

+K ∂4wb(x,y,t)
∂y2∂x2 + 1

2 K ∂4ws(x,y,t)
∂y2∂x2 + 1

2 K0
∂4ϕ(x,y,t)
∂y2∂x2 + 1

4 K ∂4wb(x,y,t)
∂y4 +

+ 1
4 K ∂4ws(x,y,t)

∂y4 + E330ϕ(x, y, t) + E230
∂v(x,y,t)
∂y − E131

∂2wb(x,y,t)
∂x2 − E132

∂2ws(x,y,t)
∂x2 +

−E232
∂2ws(x,y,t)

∂y2 − E231
∂2wb(x,y,t)

∂y2 −G660
∂2ϕ(x,y,t)

∂y2 −G660
∂2ws(x,y,t)

∂y2 +

−Cd
∂wb(x,y,t)

∂t −Cd
∂ws(x,y,t)

∂t −Cdg2 ∂ϕ(x,y,t)
∂t −KW gwb(x, y, t) −KW gws(x, y, t)+

−KW g2ϕ(x, y, t) + KGg∂
2ws(x,y,t)
∂x2 + KGg∂

2wb(x,y,t)
∂x2 + KGg2 ∂

2ϕ(x,y,t)
∂x2 +

+KGg∂
2ws(x,y,t)
∂y2 + KGg∂

2wb(x,y,t)
∂y2 + KGg2 ∂

2ϕ(x,y,t)
∂y2 +

−I4
∂2wb(x,y,t)

∂t2 + I4
∂2ws(x,y,t)

∂t2 + I4
∂2ϕ(x,y,t)

∂t2 = 0

(41)

More details about the coefficients in Equations (37)–(41), are reported in the Appendix A.
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4. Analytical Solution Procedure

The differential equations of the Equations (37)–(41) are solved analytically according to the
Navier’s procedure in this section. Therefore, for a simply supported structure, we consider the
following theoretical expressions for the displacement components [42]

u(x, y, t) = U cos(αx) sin(βy)eiωt,
v(x, y, t) = V sin(αx) cos(βy)eiωt,
wb(x, y, t) = Wb sin(αx) sin(βy)eiωt,
ws(x, y, t) = Ws sin(αx) sin(βy)eiωt,
ϕ(x, y, t) = Φ sin(αx) sin(βy)eiωt

(42)

in which U, V, Ws, Wb and Φ are the unknown coefficients. In addition, α and β are defined as mπ/a
and nπ/b, respectively, where m and n are the mode numbers along the length and width direction,
respectively. After substituting Equation (42) into Equations (37)–(41), the equations of motion gain
the following compact form

(
[K]5×5 + iω[C]5×5 −ω2[M]5×5

)
{d} = 0 (43)

where [K], [C], and [M] refer to the stiffness matrix, damping matrix, and mass matrix, respectively,
whereas {d} is the displacement vector. The natural frequencies of the structure are then obtained by
solving the classical eigenvalue problem (43).

5. Numerical Results

In this section we illustrate the numerical results, in terms of vibration response, for a microsandwich
plate with a honeycomb core made of Nomex or Glass phenolic, and Epoxy-reinforced GPLs as face
sheets. The Nomex has the following properties: Es = 3.2 GPa, ρ = 48 kg/m3, and ν = 0.4. For the
Glass phenolic, the same properties of Ref. [43] are assumed herein. The Epoxy matrix and GPLs
reinforcement phase for the face sheets have the following properties [44]

EGPL = 1.01 TPa, ρGPL = 1062.5 kg/m3, νGPL = 0.186,
LGPL = 2.5µm, wGPL = 1.5µm, hGPL = 1.5 nm,
EM = 130 GPa, ρM = 8960 kg/m3, νM = 0.34

The microplate has a total height equal to 150 µm, 80% of whose total height corresponds to the
core, and the rest is equally divided between the two face sheets. The length of the square plate is
ten-fold of its thickness. The internal cell angle, aspect ratio, and dimensionless cells thickness are
assumed to be π/6, 1, and 0.1, respectively. Moreover, the material length-scale parameter is kept as
15 µm according to Ref. [36].

To check for the reliability of our formulation, we compare the results for a single-layer
FG-GPL-reinforced square microplate with predictions by Thai et al. [45]. The comparative results are
summarized in Table 2, in terms of dimensionless natural frequencies defined as Ω =

(
ωa2/h

)√
ρM/EM,

for various mode numbers, while considering the effect of the aspect ratio (a/h) and length-scale
parameter-to-total thickness (lm/h). Based on Table 2, a very good agreement is observable between
the results from our formulation and those ones from Ref. [45], where some negligible differences are
related to the different kinematic assumptions, and/or different solution techniques.

In Table 3, we also summarize the natural frequencies for different mode numbers, as computed
according to a MCST or a classical elasticity theory (CET), for a varying internal cell angle from 30◦ up
to 60◦. Based on results in Table 3, note that the mode number and internal cell angle yield a reverse
effect on the natural frequency of the sandwich microplate, whereby an increasing mode number
and a decreasing internal cell angle get higher values of the natural frequencies. It seems also that
CET-based predictions are always more conservative than those once based on a MCST, in agreement
with findings in Refs. [46–50] from the literature.
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Table 2. Comparative evaluation between our results and those ones of Ref. [45] for a square microplate
and different mode numbers.

a/h lm/h

0.0 0.2 0.4 0.6 0.8 1.0

5
Epoxy Present 0.2145 0.2322 0.2786 0.3319 0.4143 0.4815

Ref. [45] 0.2148 0.2301 0.2708 0.3271 0.3920 0.4615

Uniform
Present 0.4460 0.4820 0.5794 0.7114 0.8622 1.0220
Ref. [45] 0.4468 0.4789 0.5639 0.6813 0.8164 0.9613

10
Epoxy Present 0.0586 0.0632 0.0752 0.0918 0.1109 0.1315

Ref. [45] 0.0586 0.0629 0.0745 0.0905 0.1091 0.1290

Uniform
Present 0.1219 0.1314 0.1564 0.1910 0.2308 0.2736
Ref. [45] 0.1219 0.1310 0.1551 0.1885 0.2271 0.2686

Table 3. Effect of the internal cells angle of the honeycomb core on the structural response, as predicted
by modified couple stress theory (MCST) and classical elasticity theory (CET).

ω (MHz)

(m, n) θ=30◦ θ=45◦ θ=60◦

MCST
(1, 1) 0.1789 0.1762 0.1728
(2, 1) 0.3821 0.3691 0.3542
(2, 2) 0.5113 0.4940 0.4758

CET
(1, 1) 0.1678 0.1633 0.1577
(2, 1) 0.3555 0.3376 0.3166
(2, 2) 0.4545 0.4310 0.4064

Another key aspect of the problem can be the sensitivity of the response to various GPLs
dispersions in the Epoxy matrix over a wide range of mode numbers, as listed in Table 4. It is worth
noticing that the sandwich structure becomes stiffer for an increased quantity of GPLs as reinforcing
phase, and the natural frequency enhances dramatically in each mode number.

Table 4. Effect of the GPLs dispersion patterns on the natural frequencies of the micro structure, for
different mode numbers.

ω (MHz)

(m, n) Uniform (λU = 1) Parabolic (λP = 1) Linear (λL = 2) Epoxy

(1, 1) 0.1745 0.1637 0.2115 0.1044
(2, 1) 0.3584 0.3368 0.4246 0.2192
(2, 2) 0.4832 0.4521 0.5670 0.2950
(3, 1) 0.5849 0.5505 0.6799 0.3656
(3, 2) 0.6794 0.6378 0.7860 0.4287
(3, 3) 0.8131 0.7606 0.9387 0.5016

It seems also that a linear dispersion of GPLs in the Epoxy matrix with λL = 2 is more effective
than other types of distribution with λP = λU = 1 for an overall increase in the structural stiffness. This
shows that the GPLs dispersion coefficient plays a crucial role, more than the type of GPLs dispersion,
for an increase in the natural frequency.

Figure 2 shows the variation of the natural frequency for the sandwich microplate against the
lm/h ratio, for different dispersions of GPLs. By increasing lm/h rational value, and keeping constant
the total thickness of the sandwich model, the natural frequency increases monotonically, for each
fixed value of λL, λP, λU. This behavior is due to a reduced flexibility of the sandwich microplate
which corresponds to a stiffness and stability enhancement. For each type of GPLs dispersion, a higher
distribution coefficient obtains higher natural frequencies.
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Figure 2. Size and GPLs amount effects on the fundamental natural frequency.

Figure 3 plots the effect of the aspect ratio, a/b, on the natural frequency of the microstructure
for different GPLs dispersion coefficients. For each fixed GPLs dispersion coefficient and type, an
increased aspect ratio up to one clearly reduces the natural frequency reaching the minimum value for
a cubic sandwich structure. Once this minimum value is passed, the aspect ratio rolling up causes a
monotonic increase in the natural frequency for each selected GPLs dispersion coefficient and type.
A further systematic analysis is also performed to check for the sensitivity of the natural frequency
alternation with the lm/h ratio, under different assumptions for the honeycomb core material in Figure 4.
Based the plots in this figure, it is worth observing that the most rigid sandwich microstructure is
obtained for a uniform Nomex honeycomb core material, where the most flexible one is reached for an
Epoxy/Glass Phenolic core material. All the other results based on an Epoxy/Nomex honeycomb or
Uniform/Glass Phenolic core material assumption are very close to each other, and fall always within
the previous two cases. As also plotted in Figure 5, the natural frequency decreases monotonically
for an increasing geometrical ratio hGPL/LGPL of the reinforcing phase, as predicted by a CET or a
MCST, respectively, while assuming three different rational values for LGPL/WGPL, namely, LGPL/WGPL
= 1; 5/3; 2. This means that the GPLs length variations (reduction or enhancement) have a direct
relationship with the natural frequency, stiffness and rigidity. For each selected theory, an increased
value of LGPL/WGPL reduces gradually the natural frequency for each fixed value of hGPL/LGPL. Based
on a comparative evaluation of the curves in Figure 5, it can be noted that MCST provides always a
higher natural frequency compared to the CET.
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In Figure 6 we analyze the effect of the viscoelastic foundation on the vibration response, while
providing the 3D plot of the natural frequency for different combinations of KW, KG under three different
assumptions for the damping parameter Cd = 500; 1000; 1500 (N·s/m) is provided. By increasing the
Winkler and Pasternak parameters (KW, KG) the structural stiffness increases together with the natural
frequency for each fixed value of Cd. Based on the three plots, it is worth mentioning the great damping
effect on the frequency response, where a decreased value of Cd obtains higher frequencies for each
fixed combination of KW, KG.
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The effect of the internal aspect ratio φ0 and dimensionless cell thickness γ0 on the first natural
frequency of the sandwich microplate is plotted in Figure 7. Based on the results in this figure, larger
magnitudes of γ0 lead to an increased system stability. On the other hand, a clear reduction in the
structural stiffness and frequency is gained by internal aspect ratio enhancement and honeycomb core
thickness reduction in the case of fixed internal cells angle equal to 30◦. This means that, for a constant
value of total thickness, a lower face sheet thickness to core thickness ratio results in a higher stiffness
and weaker flexibility.
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Figure 7. Effect of the honeycomb cells’ geometrical parameters on the first natural frequency of
the structure.

Moreover, based on the curvatures plotted in Figures 8 and 9 which represent the first natural
frequency versus the honeycomb core internal cell angle φ0 for different internal aspect ratios ϕ0,
it seems that an enhancement of both parameters gets a natural frequency reduction. In addition,
Figure 9 illustrates that the thicker honeycomb core provides higher structural stiffness and natural
frequency. As a final parametric investigation, we check for the variation of the first natural frequency
with the lm/h, based on the MCST or CET, under the assumption of three different core thicknesses.
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Based on the plots in Figure 10, it should be noted that the natural frequency increases significantly
for higher values of lm/h ratio, when the problem is tackled by a MCST, whereas it remains almost
unaffected by lm/h according to a CET. This confirms, once again, the great importance of adopting a
size-dependent approach instead of classical formulations.
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6. Conclusions

In this work, a QHSDT is employed to investigate the vibrational behavior of sandwich honeycomb
microplates with two GPLs’ composite face sheets, resting on elastic foundations. The equations
of motion are obtained by applying the Hamilton’s principle, where the Navier-type solutions are
determined in analytical form. Based on a large systematic investigation, it is noted that an Epoxy/Nomex
honeycomb core makes the sandwich structure less flexible than Epoxy/Glass phenolic and uniform glass
phenolic core materials, whereby a uniform Nomex honeycomb core provides the highest structural
stiffness. Moreover, a larger dimensionless cell thickness (γ0) yields an increased stability in the system,
whereas internal aspect ratio elevation provides structural stability reduction along with the system’s
stiffness and natural frequency. The results based on a MCST are compared to predictions from CET to
provide a clear understanding about vibrational responses’ sensitivity to size-dependent parameters.
In agreement with findings from the literature, a CET always produces more conservative results
compared to an MCST, which justifies the necessity of adopting non classical approaches instead of the
classical ones. The proposed model together with our numerical results could be very useful for the
design and manufacturing of many aerospace, automotive or shipbuilding engineering applications,
where honeycomb structures are recommended for their great capability to tolerate high pressures and
stresses despite their light structure.
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Appendix A Appendix

The coefficients in Equations (37)–(41) are defined as in the following

C110, C111, C112 =

∫ hc
2 +ht

hc
2

C11 f (z)
(
1, z, z2

)
dz +

∫ hc
2

− hc
2

C11c(z)
(
1, z, z2

)
dz +

∫ − hc
2

− hc
2 −hb

C11 f (z)
(
1, z, z2

)
dz,

C120, C121, C122 =

∫ hc
2 +ht
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Abstract: The Kissinger method is an overwhelmingly popular way of estimating the activation energy
of thermally stimulated processes studied by differential scanning calorimetry (DSC), differential
thermal analysis (DTA), and derivative thermogravimetry (DTG). The simplicity of its use is offset
considerably by the number of problems that result from underlying assumptions. The assumption of
a first-order reaction introduces a certain evaluation error that may become very large when applying
temperature programs other than linear heating. The assumption of heating is embedded in the
final equation that makes the method inapplicable to any data obtained on cooling. The method
yields a single activation energy in agreement with the assumption of single-step kinetics that creates
a problem with the majority of applications. This is illustrated by applying the Kissinger method
to some chemical reactions, crystallization, glass transition, and melting. In the cases when the
isoconversional activation energy varies significantly, the Kissinger plots tend to be almost perfectly
linear that means the method fails to detect the inherent complexity of the processes. It is stressed
that the Kissinger method is never the best choice when one is looking for insights into the processes
kinetics. Comparably simple isoconversional methods offer an insightful alternative.

Keywords: crosslinking polymerization (curing); decomposition; degradation; liquid and solid state;
phase transitions; thermal analysis

1. Introduction

The thermal behavior of materials is explored broadly by the techniques of differential scanning
calorimetry (DSC), differential thermal analysis (DTA), and thermogravimetry (TGA). Kinetic analysis
of the data obtained by these techniques provides important insights into the fundamental issues of
the reactivity and stability of materials. When it comes to kinetics, the Kissinger method is by far the
most popular way of evaluating the activation energy of thermally stimulated processes. The method
was introduced in two successive publications [1,2] that, according to the Scopus database, have been
cited over 12,000 times. Yet, science is not a popularity contest, so that a routine followed by the
majority is not guaranteed to yield the best or even simply a correct result. As a matter of fact, the
method is not among the techniques recommended [3] for advanced kinetic studies. Most of the
time, it is employed in materials characterization work that among other quantities reports a number
that presumably characterizes an energy barrier to a thermal process under study. In this situation,
the Kissinger method provides an unbeatably simple way of estimating the activation energy.

While a desired trait, simplicity may carry the risk of trivializing the problem. This applies fully
to the Kissinger method as its formalism largely oversimplifies the kinetics of the processes it treats.
Nowadays, as never before, the kinetics community concerned with thermally stimulated processes
has come to realize that these processes are commonly multi-step [3]. As such, they have more than
one energy barrier that controls them, so that the temperature dependence of their rates cannot be
described by a single activation energy. In contrast, the Kissinger method yields a single value of
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the activation energy regardless of the process complexity. In other words, this method is destined
to generally miss the actual kinetic complexity. Clearly, this is an essential limitation of the method.
Nonetheless, it is just as clear that exposing this limitation is unlikely to stop the enormous usage of
the Kissinger method. Respectively, this is not an objective of the present work. Rather, it aims at
helping those who use the method to do it in a conscientious manner. It means to use the method with
the clear realization that its application does not usually provide adequate insights into the processes
kinetics and typically yields the results of a very limited value.

To accomplish the task, we consider a number of the applications of the Kissinger method that
include the most popular ones such as chemical reactions, crystallization and glass transition. For each
of the processes considered we give a brief theoretical discussion to explain the origins of the complex
temperature dependence of the respective rate. Then we apply the Kissinger method to experimental
data to see whether the said complexity manifests itself in the application. In addition to that, we briefly
discuss some general limitations that are associated with the underlying assumptions of the method.

2. Basics of the Method

The simplest form of the Kissinger equation for estimating the activation energy, E, is as follows:

E = −R
d ln

(
β

T2
p

)

dT−1
p

(1)

where R is the gas constant, β is the heating rate and Tp is the temperature that corresponds to the
position of the rate peak maximum. Most commonly Tp is determined as the temperature of the peak
signal (maximum or minimum) measured by DSC, DTA or derivative thermogravimetry (DTG).

A curious fact about Equation (1) is that it had been proposed in an obscure paper by Bohun [4] a
few years before the famous publications [1,2] by Kissinger. A more instructive form of the Kissinger
equation is the integral one:

ln



β

T2
p


 = ln

(
−AR

E
f ′
(
αp

))
− E

RTp
(2)

where f ′(α) =
d f (α)

dα . Equation (2) originates from the basic rate equation of a single-step process:

dα
dt

= A exp
(−E

RT

)
f (α) (3)

where α is the extent of conversion of the reactant to products, t is the time, A is the preexponential
factor and f (α) is the reaction model. A list of the models is available elsewhere [5].

Both Equations (1) and (2) suggest that the activation energy can be evaluated as the slope of

the Kissinger plot of ln
(
β

T2
p

)
vs. T−1

p . However, Equation (2) indicates that for this plot to be linear the

intercept should be a constant independent of the heating rate. This condition is not generally satisfied
because αp is known [6] to depend on β. To satisfy it, f ′(α) should be independent of α. This is the case
of a first order reaction model, f (α) = 1 − α, for which f ′(α) = −1. However, for the majority of the
reaction models f ′(α) depends on α and, thus, on β. This introduces some inaccuracy in estimating the
value of E. As shown by Criado and Ortega [7] for a large variety of models the respective error does
not exceed 5% as long as E/RT > 10.

It needs to be stressed that checking for potential systematic variation of αp with β should be taken
as a general prerequisite for using the Kissinger method. The existence of such variation can be an
indication of the process complexity as discussed by Muravyev et al. [8]. They have also demonstrated
that even a moderate change of 0.06 in αp, caused by a change of β from 1 to 10 K min−1, can result in a
systematic error in E as large as 15%.
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The error caused by the dependence of αp on β is eliminated in isoconversional methods [5,9,10].
One of them is the Kissinger-Akahira-Sunose method [11]. It employs the same equations as the
Kissinger method (i.e., Equations (1) and (2)) but replaces Tp with Tα. The latter is the temperature
related to a given conversion at different heating rates. This is a more accurate way of estimating the
activation energy. A critical advantage of an isoconversional method over the Kissinger one is that it
affords determining the activation energy, Eα, as a function of conversion. A significant systematic
variation of Eα with α reveals that the process under study involves more than one step. As shown
later, this is an essential piece of kinetic information that the Kissinger method tends to miss.

Obviously, the method is not highly accurate but its numerical accuracy is rather tolerable for
many practical purposes. Holba and Sestak [12] have additionally questioned the accuracy of the
Kissinger method due to not accounting for the thermal inertia component of the heat flow as measured
by heat flux DSC (or DTA). Indeed, it is typically assumed that the process rate is directly proportional
to the heat flow, dQ/dt:

dα
dt

=
1

Q0

dQ
dt

(4)

where Q0 is the total heat released or absorbed during the process. This assumption is due to Borchardt
and Daniels [13], whose analysis suggests that the thermal inertia term can be neglected. Not correcting
for this term should unavoidably cause some systematic error in the value of the activation energy.
This is because the raw (i.e., uncorrected) DSC peaks appear at somewhat higher temperature than
they should, and the magnitude of this temperature shift increases with increasing the heating rate.
In regard to the Kissinger method, it means that the Tp values determined from uncorrected DSC peaks
are shifted to a higher temperature.

The corrected heat flow is obtained via a relatively simple adjustment:

dQ
dt

= RHF + τ
d(RHF)

dt
(5)

where RHF is the raw heat flow as measured by DSC and the second addend is the thermal inertia
term. This adjustment, however, requires estimating the time constant τ. This is done by analyzing the
back tail of a DSC peak measured for melting of a pure metal [14]. The value of τ is proportional to the
total heat capacity of the sample. On the other hand, the temperature correction is proportional to
βτ. It means that the effect of thermal inertia decreases with using smaller sample masses and slower
heating rates. As a rule of thumb, the International Confederation of Thermal Anlaysis and Calrimetry
(ICTAC) recommendations [15] suggest that for kinetic studies the product of the mass and heating
rate should be kept under 100 mg K min−1.

Our previous study has demonstrated [16] that ignoring thermal inertia in decomposition of 3 mg
samples of polystyrene at the heating rates 2–20 ◦C min−1 causes statistically insignificant error when
estimating the activation energy by an advanced isoconversional method [17]. Here we use the same
data set [18] to compare the effect of thermal inertia on the activation energy estimated by the Kissinger
method. The results are presented in Figure 1. As expected, the Kissinger plot for the corrected data
is shifted to lower temperatures. The magnitude of the shift is barely detectable at slower heating
rates but becomes larger at the faster ones. Upon accounting for thermal inertia, the E value has
increased from 183 ± 6 to 191 ± 7 kJ mol−1, that is, by only 4%. However, with account of the respective
uncertainties, the t-test suggests that the difference is not statistically significant. This example does
not mean that the effect of thermal inertia is negligible in general. Ultimately, the effect is determined
by the magnitude of the temperature shift. As long as the latter does not rise above 2–3 ◦C, the effect
should be negligible [16].

Another rarely considered issue related to the accuracy of the Kissinger method is its applicability
to the temperature programs other than the one of linear heating. It is noteworthy that the linear heating
rate is introduced in the Kissinger derivations by replacing dT/dt with β. However, the related equation
is derived for the condition of the rate maximum, that is, the respective values have the meaning of
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the instantaneous heating rate, βp. The latter can be defined for a nonlinear heating program that, in
principle, affords extending the Kissinger method beyond the standard linear heating [19]. This is
important in connection with the sample controlled thermal analysis [20], in which the temperature
program is controlled by the response of the reaction rate to heating. This idea is implemented
commercially in the techniques of high or maximum resolution TGA. The application of the Kissinger
method in the case of nonlinear heating programs has been scrutinized by Sanchez-Jimenez et al. [21].
They have demonstrated that in the case of nonlinear heating the value of αp can vary significantly
with βp, so that the respective Kissinger plot yields a completely erroneous value of the activation
energy. Therefore, the major conclusion here is that before applying the method to the data obtained
under a program other than simple linear heating, one needs to make sure that there is no significant
variation of αp with βp.Molecules 2020, 25, x FOR PEER REVIEW 4 of 17 
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In addition, many types of runs are carried out under cooling temperature programs. Whether
cooling is linear or not, the data obtained cannot be treated by the Kissinger method. A simple
indication is that Equation (2) contains a logarithm of β. As already stated, the value of β replaces the
value of dT/dt, so that on cooling β is necessarily negative. Obviously one cannot take a logarithm of a
negative value, which means that Equation (2) cannot be used for cooling data. Forcing Equation (2) to
treat cooling data by dropping the negative sign of β results in obtaining completely invalid values
of the activation energy [22,23]. That is, the Kissinger method should never be applied to the data
obtained on cooling.

3. Chemical Reactions

As already mentioned, the Kissinger method is based on Equation (3), which is the rate equation
of a single step reaction. The temperature dependence of the latter is determined by a single activation
energy that is readily evaluated by the Kissinger method. The problem, though, is that the reactions in
the condensed (i.e., solid or liquid) phase typically involve multiple steps and, therefore, face more
than a single energy barrier. This has important implications for the temperature dependence of the
reaction rate.
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Let us consider a very simple reaction that involves two competing steps, each of which follows
the same model. The rate of this reaction is:

dα
dt

= k1(T) f (α) + k2(T) f (α) ≡ [k1(T) + k2(T)] f (α) = ke f (T) f (α) (6)

where the subscripts 1 and 2 designate the rate constants, k(T), respectively related to the individual
steps. In its turn, the temperature dependence of the rate constant is defined via the Arrhenius equation:

k(T) = A exp
(−E

RT

)
(7)

Experimentally, the activation energy is determined from the slope of the plot of a logarithm of
the rate constant vs. reciprocal temperature, that is, as the following derivative:

E = −R
d ln k(T)

dT−1
(8)

Plugging kef(T) from Equation (6) into Equation (8) gives:

E =
E1k1(T) + E2k2(T)

k1(T) + k2(T)
(9)

Equation (9) suggests that the experimentally determined activation energy for the above reaction will
be temperature dependent, which also means that the respective lnk(T) vs. T−1 plot will be nonlinear
as illustrated elsewhere [24].

Comparing Equation (8) with Equation (1) suggests that the Kissinger plot for the above reaction
would also be nonlinear and the respective activation energy temperature dependent. If this nonlinearity
were easy to detect, the application area of the Kissinger method could be extended to multi-step
kinetics. In reality, detecting such nonlinearity is not easy and contingent on several conditions. One of
them is the number of heating rates used, that is, the number of points on the Kissinger plot. It is
nearly impossible to detect the nonlinearity with less than 5 points. However, the typical application
of the Kissinger method is limited to 3–4 heating rates. Another important factor, is the width of the
temperature range of the Tp values. The wider the range, the better chances to detect the nonlinearity.
In experimental terms, a wider range of Tp means a wider range of β. The ratio of the maximum to
minimum heating rate should be no less than 5. Even if all these conditions are met, the nonlinearity
may still escape detecting because the difference in the activation energies of the individual steps is not
large enough.

A much more sensitive way of detecting the reaction complexity is to use an isoconversional
method [5,9,10] that allows one to determine the activation energy as a function of conversion. As an
example, Figure 2 provides a comparison of the Kissinger plot with a dependence of the isoconversional
activation energy (Eα) on conversion for the thermal decomposition (dehydration) of calcium oxalate
monohydrate as measured by DSC [25]. As one can see, the activation energy estimated by an
isoconversional method varies from about 105 to 75 kJ mol−1. This means that the respective Kissinger
plot should be nonlinear. In particular, its lower temperature part should have a steeper slope than the
high temperature one. This actually is the case, if one looks very closely. Yet, the change in the angle of
the slope is a little over 3◦ and, thus, is easy to miss. Furthermore, treating this plot as linear, that is,
ignoring the small nonlinearity, yields a high value of the correlation coefficient (r), which means that
statistically this nonlinearity insignificant. All this illustrates how insensitive the Kissinger method is
in detecting the reaction complexity. This is especially alarming considering that this Kissinger plot
includes 10 heating rates ranging from 0.75 to 20 ◦C min−1 and covering a 53 ◦C interval.

203



Molecules 2020, 25, 2813Molecules 2020, 25, x FOR PEER REVIEW 6 of 17 

 

 
Figure 2. Kissinger plot for thermal dehydration of CaC2O4 H2O. Dash line is least square fit to 
experimental data (squares). Solid line is a fit to the three lower temperature data points. It 
demonstrates that the angle of the slope changes for higher temperature data. Inset shows variation 
in isoconversional activation energy. Data from Liavitskaya and Vyazovkin [25]. 

Naturally, the question can be raised whether the statistically insignificant nonlinearity is 
important. An answer depends on the purpose of the kinetic study. If one simply needs to obtain a 
ballpark estimate for the activation energy, such nonlinearity can be ignored. However, it is critically 
important when one strives for a mechanistic understanding of the estimate. For instance, the 
decreasing dependence of Eα shown in Figure 2 is not just something encountered in a particular 
instance of dehydration of calcium oxalate monohydrate. It is a general phenomenon observed for a 
wide variety of reversible decompositions [26] that include dehydration of diverse crystal hydrates. 
For this type of processes, the activation energy depends on the equilibrium pressure, P0, of the gas 
product as [18]: 𝐸 = 𝐸 + Δ𝐻 𝑃𝑃 − 𝑃 (10) 

where E1 is the activation energy of the forward reaction, ΔH0 is the reaction enthalpy and P is the 
partial pressure of the gas product. According to Equation (10), E should decrease with increasing 
temperature because P0 increases, making the second addend increasingly smaller. Clearly, none of 
that information can be gained from the single value 82 ± 1 kJ mol−1 estimated by the Kissinger method 
(Figure 2). 

It is worth noting that Agresti [27] has proposed a modification to the Kissinger method that 
accounts for the pressure dependence. As expected, the resulting Kissinger plots are nonlinear and 
their curvature increases dramatically in the vicinity of equilibrium temperatures. 

Concerning the reaction complexity, there is a common belief that it has to manifest itself via the 
rate peaks that reveal shoulders or other aberrations of the regular bell-shaped form. Definitely, 
discovering such features is a sign of the reaction complexity. However, the opposite is not true, 
meaning that the absence of such features in DSC, DTA or DTG peaks does not mean that the reaction 
is simple, that is, single step. Figure 3 illustrates such situation in the case of epoxy-anhydride 
crosslinking polymerization (sometimes termed as curing). It is seen that the respective DSC peaks 
are of regular bell-shaped form without any obvious aberrations. Yet, the isoconversional activation 
energy demonstrates a significant increase from about 20 to 70 kJ mol−1, which again results from a 
multi-step reaction mechanism [28] At the same time, the Kissinger plot is almost perfectly linear (r 
= −0.9999) and yields a single value of the activation energy, 71 kJ mol−1 [29]. The latter obviously 
gives no hints regarding the reaction complexity. 
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experimental data (squares). Solid line is a fit to the three lower temperature data points. It demonstrates
that the angle of the slope changes for higher temperature data. Inset shows variation in isoconversional
activation energy. Data from Liavitskaya and Vyazovkin [25].

Naturally, the question can be raised whether the statistically insignificant nonlinearity is important.
An answer depends on the purpose of the kinetic study. If one simply needs to obtain a ballpark
estimate for the activation energy, such nonlinearity can be ignored. However, it is critically important
when one strives for a mechanistic understanding of the estimate. For instance, the decreasing
dependence of Eα shown in Figure 2 is not just something encountered in a particular instance of
dehydration of calcium oxalate monohydrate. It is a general phenomenon observed for a wide variety
of reversible decompositions [26] that include dehydration of diverse crystal hydrates. For this type of
processes, the activation energy depends on the equilibrium pressure, P0, of the gas product as [18]:

E = E1 + ∆H0 P
P0 − P

(10)

where E1 is the activation energy of the forward reaction, ∆H0 is the reaction enthalpy and P is the
partial pressure of the gas product. According to Equation (10), E should decrease with increasing
temperature because P0 increases, making the second addend increasingly smaller. Clearly, none of
that information can be gained from the single value 82 ± 1 kJ mol−1 estimated by the Kissinger method
(Figure 2).

It is worth noting that Agresti [27] has proposed a modification to the Kissinger method that
accounts for the pressure dependence. As expected, the resulting Kissinger plots are nonlinear and
their curvature increases dramatically in the vicinity of equilibrium temperatures.

Concerning the reaction complexity, there is a common belief that it has to manifest itself via
the rate peaks that reveal shoulders or other aberrations of the regular bell-shaped form. Definitely,
discovering such features is a sign of the reaction complexity. However, the opposite is not true,
meaning that the absence of such features in DSC, DTA or DTG peaks does not mean that the reaction
is simple, that is, single step. Figure 3 illustrates such situation in the case of epoxy-anhydride
crosslinking polymerization (sometimes termed as curing). It is seen that the respective DSC peaks
are of regular bell-shaped form without any obvious aberrations. Yet, the isoconversional activation
energy demonstrates a significant increase from about 20 to 70 kJ mol−1, which again results from
a multi-step reaction mechanism [28] At the same time, the Kissinger plot is almost perfectly linear
(r = −0.9999) and yields a single value of the activation energy, 71 kJ mol−1 [29]. The latter obviously
gives no hints regarding the reaction complexity.
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Of course, there are cases of single-step reactions. These ordinarily are multi-step reactions whose
overall kinetics is limited or dominated by one step. In these cases, the Kissinger method could serve
as a basis for an adequate kinetic analysis. The problem, though, is that the method does not typically
possess the sufficient sensitivity to differentiate reliably between the single and multi-step kinetics.
The occurrence of single-step kinetics can be easily detected by an isoconversional method as the
absence of any significant dependence of Eα on α. However, employing an isoconversional method for
such purpose immediately makes the use of the Kissinger method redundant.

Last but not least, the Kissinger method is a part of the ASTM E698 technique for Arrhenius kinetic
constants for thermally unstable materials [30]. This technique relies on using a single value of the
activation energy estimated by the Kissinger method to make predictions of a material behavior under
isothermal conditions. Unfortunately, in the case of the reaction complexity this technique produces
rather poor predictions, that is, significantly less accurate than the ones produced via isoconversional
methods that use variable activation energy [31,32].

4. Crystallization

There are about as many publications on the application of the Kissinger method to crystallization
as to chemical reactions. The applications are so common that sometimes one can see the claims
that the method was proposed by Kissinger for estimating the activation energy of crystallization.
This, of course, is absolutely false. In reality, neither of his seminal papers [1,2] even contains the
word “crystallization.”

To understand the problems with this particular application, one needs to recognize that the
temperature dependence of the crystallization rate differs dramatically from that of the reaction rate.
Decreasing temperature makes chemical reactions to proceed slower. Crystallization rate depends
on supercooling, ∆T = Tm − T with respect to the equilibrium melting temperature, Tm. At small
supercoolings, crystallization accelerates with decreasing temperature until reaching the maximum rate
at some temperature Tmax. At large supercoolings, that is, at temperatures below Tmax, the crystallization
rate decreases with decreasing temperature.

This complex temperature dependence cannot be described by a single Arrhenius equation, which
is the basis of the Kissinger method. It is described well by the models of nucleation or nuclei growth
that combine the Arrhenius kinetics with the underlying thermodynamics of crystallization. The

205



Molecules 2020, 25, 2813

rate of crystallization can be limited by the formation of nuclei or by the growth of existing nuclei.
The temperature dependence of the nucleation rate is adequately represented by the Turnbull and
Fisher model [33]:

n = n0 exp
(−ED

RT

)
exp

(−∆G∗
RT

)
(11)

where n is the nucleation rate constant, n0 the preexponential factor, ED is the activation energy of
diffusion and ∆G* is the free energy barrier to nucleation. The size of this barrier for a spherical nucleus
is as follows:

∆G∗ =
16πσ3T2

m

3(∆Hm)
2(∆T)2 =

Ω

(∆T)2 (12)

where σ is the surface energy (surface tension), ∆Hm is the enthalpy of melting per unit volume and Ω
is a constant that collects all parameters that do not practically depend on temperature. The derivations
can be found in various sources, for example, References [9,34–38].

If the crystallization rate, u, is limited by the growth of existing nuclei, it depends on temperature
as follows [38]:

u = u0 exp
(−ED

RT

)[
1− exp

(∆G
RT

)]
(13)

where u0 the preexponential factor and ∆G is the difference in the free energy of the final (crystalline)
and initial (liquid) phase. Surprisingly, the monographic literature does not consider Equation (13) as
commonly as Equation (11). Thus, it needs a few comments here. First, it is readily derived as the
difference between the rates of the forward and reverse transition. For the forward rate, the energy
barrier is ED, whereas for the reverse rate it is ED − ∆G (∆G < 0). The frequency (preexponential) factor
is assumed the same for both rates.

Second, the free energy terms in Equations (11) and (13) differ entirely in their meaning. The ∆G*

term in Equation (11) is the energy barrier that makes it a positive value. The ∆G term in Equation (13)
is the free energy change for a spontaneous process and, thus, negative. Note that Equation (13)
is sometimes written with a negative sign in front of ∆G when it is referred to as the driving force.
The latter in the strict thermodynamics sense [39] should be a positive quantity. This, however,
may create extra confusion of dealing with positive ∆G for a spontaneous process. One way or another,
the argument of the exponential function in the bracketed term of Equation (13) must be negative.

Despite their differences, Equations (11) and (13) suggest the existence of the rate maximum. In both
equations, the acceleration at small supercooling is due to the thermodynamic terms. In Equation (11),
it occurs because the nucleation barrier ∆G* decreases with increasing the supercooling (Equation (12)),
that is, with decreasing temperature. In Equation (13), the dependence on supercooling is introduced
via an approximate equality [35,36,38]:

∆G = ∆Hc

(Tm − T
Tm

)
≡ ∆Hm

(T − Tm

Tm

)
(14)

where ∆Hc is the enthalpy of crystallization. Then, as temperature lowers and supercooling increases
the value of ∆G becomes increasingly more negative. As a result, the exponential function in the
bracketed term (Equation (13) decreases toward zero, whereas the term itself increases toward unity.
Thus, the acceleration is associated with the bracketed term that becomes larger at larger supercoolings.

In both cases (Equations (11) and (13)), the thermodynamic acceleration is counteracted by the
diffusional retardation that originates from continuously growing viscosity of the melt. This behavior is
represented by the exponential term containing ED. At some point the diffusional retardation starts to
outweigh the thermodynamic acceleration, so that the rate begins to drop with decreasing temperature.
As a result, the rate passes through a maximum.

Figure 4 (inset) displays the temperature dependence of the rate derived by combining
Equations (13) and (14). Such dependence for the nucleation rate (n in Equation (11)) can be
seen elsewhere [40]. Either of these dependencies passes through a maximum. However, in general
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the growth process tends to demonstrate the maximum at Tmax, which is larger (closer to Tm) than that
for the nucleation process.
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Most relevant to the Kissinger analysis is that the existence of the rate maximum on the temperature
dependence entails the inversion of the sign of the experimentally determined activation energy. This is
unavoidable because the activation energy is determined by the sign of the temperature derivative
of the rate. In the temperature region above Tmax the rate decreases with increasing temperature;
the sign of the experimental activation energy is negative. However, below Tmax the rate increases as
temperature rises so that the sign is positive. An analytic expression for the temperature dependence
of the activation energy is arrived at by plugging u for k(T) in Equation (8) that yields the following:

E = ED +
∆Hm exp

[
∆Hm(T−Tm)

RTTm

]

exp
[

∆Hm(T−Tm)
RTTm

]
− 1

(15)

The resulting dependence is depicted in Figure 4. Indeed, it is seen that E takes on large negative
values in the vicinity of Tm but increases toward 0 as temperature drops toward Tmax. Yet, in the limit
of large supercoolings (T < Tmax) E is positive and decreases from ED toward 0 as temperature rises.
The nucleation model (Equation (11)) gives rise to a different analytic expression for the temperature
dependence of the activation energy [9], viz.:

E = ED −Ω




2T

(Tm − T)3 −
1

(Tm − T)2


 (16)

Nevertheless, the dependence predicted by Equation (16) is very similar to the one predicted by
Equation (15) and has exactly the same asymptotes, that is, ED and −∞ for the infinitely large and
small supercooling respectively.

The above has direct relevance to the experimental studies of the crystallization kinetics. It needs be
recognized that experimentally the temperature region above Tmax is accessed by cooling melts, whereas
the one below Tmax by heating glasses. The applications of the Kissinger method to crystallization of
melts are usually encountered in the field of polymers. As explained earlier, the Kissinger method
cannot be applied to the data obtained on cooling and when forced to do that yields entirely erroneous
values of the activation energy [22,23].

207



Molecules 2020, 25, 2813

When the Kissinger method is applied to crystallization of glasses, it yields positive activation
energies that are commonly reported as constant temperature independent values. On the other
hand, the theory predicts the activation energy of the glass crystallization to decrease with increasing
temperatures. It means that the corresponding Kissinger plots should be nonlinear, or, more precisely,
concave down. As already noted, detecting the curvature requires using multiple heating rates spread
over a broad range. For example, the effect is detectable (Figure 5) in the data obtained for crystallization
of Ga7.5Se92.5 and Si12.5Te87.5 glasses [41,42]. Note that in both cases the range of the heating rates used
is unusually broad, 5–90 ◦C min−1. However, if one looks at these plots within a more typical range
5–25 ◦C min−1 (first five points corresponding to the lower temperatures) the curvature is practically
unnoticeable. Expectedly, it is much easier to detect a variation in the activation energy by using an
isoconversional method. For these two glasses the isoconversional activation energy decreases 1.5 times
(from 85 to 55 kJ mol−1 for Ga7.5Se92.5 and from 200 to 130 kJ mol−1 for Si12.5Te87.5) in the temperature
range of crystallization [41,42]. It should be emphasized that the curvature of the Kissinger plots for
crystallization increases dramatically when using ultrafast scanning calorimetry [43]. This technique
permits employing both much faster heating rates and much broader range of them.
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5. Glass Transition

The glass transition appears to be the third most important application area of the Kissinger
method. One of popular models used for describing the glass transition kinetics is the
Tool-Narayanaswami-Moynihan model (TNM) [44–46]. It can be presented as follows:

ln τ = ln τ0 +
xE
RT

+
(1− x)E

RT f
(17)

where τ is the relaxation time, τ0 is the preexponential factor, x is the nonlinearity parameter and Tf is
the fictive temperature. The relaxation time in Equation (17) is an analog of the reciprocal rate constant
in the Arrhenius equation. The model indicates that the whole process of the glass transition is driven by
a single constant activation energy. This is a simplification also known as thermorheological simplicity,
which, by no means, is the general rule for the relaxation behavior [47]. An important limitation of the
model is that it, in particular, predicts the Arrhenius temperature dependence for viscosity, whereas
this dependence is generally of the Williams-Lander-Ferry (WLF) [48] or Vogel-Tammann-Fulcher
(VTF) [37,49,50] type.
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Based on Equation (17), Moynihan et al. [51] have proposed methods of estimating the activation
energy of the glass transition from either cooling or heating data. For heating, E is evaluated from the
heating rate dependence of the glass transition temperature:

E = −R
dln β

dT−1
g

. (18)

In their paper, Moynihan et al. point out that Tg can be defined from calorimetric measurements as
temperature of the extrapolated onset or inflection point or the heat capacity maximum. The latter
corresponds to the endothermic peak that appears on heating in DSC at the end of the glass
transition event.

The appearance of this peak, sometimes referred to as the glass transition peak, has inspired
numerous applications of the Kissinger method for determination of the activation energy of the glass
transition. Unfortunately, most of these application have been wrong. Apparently, many believe that
simply observing a DSC peak that shifts with the heating rate justifies the application of the Kissinger
method. This is certainly not true in the case of the glass transition. The problem is not specific to
the Kissinger method itself, although it may appear as such [52]. Rather, it arises from heating the
glasses not having a proper thermal history. As stressed by Moynihan et al. [51,53,54], obtaining a
correct value of E from Equation (18) requires creating a glass of a specific thermal history. Namely,
immediately before heating the glass has to be cooled at the rate, which is equal (or proportional) to the
rate of heating. Also, cooling must occur from the equilibrium state, that is, from well above Tg down
to well below Tg. Using other thermal histories gives rise to the E values that can deviate dramatically
from the correct one [54].

While demonstrated [54] in the case of Equation (18), the importance of using the proper thermal
history applies fully to the application of the Kissinger method. As a matter of fact, both the
Moynihan (18) and Kissinger (1) equations yield nearly identical values of E when Tg is estimated
as the peak temperature of the glass transition and they both produce equally wrong values in the
case of not using the proper thermal history [55]. Nevertheless, the application of Equation (18) to
Tg = Tp when using the proper thermal history does give rise to correct values of E [56]. Putting all
these results together, we can conclude that one can use the Kissinger method to obtain the correct
values of E as long as the glass transition measurements are performed on a sample exposed to the
proper thermal history, for example, when using heating at β immediately preceded by cooling at −β,
as mentioned before. More importantly, it makes no sense trying to determine the E values by the
Kissinger or Moynihan method by heating the as-is glass samples. The resulting values would be
largely the fortuitous ones that are impossible to interpret in a meaningful way.

Assuming that the glass transition measurements are performed under a proper thermal history,
we can now return to aforementioned limitation of the TNM model associated with the oversimplified
(i.e., Arrhenius) treatment of the temperature dependence of the relaxation time or viscosity. As stated,
the more general is the WLF or the VTF dependence. The VTF equation for the relaxation time is:

ln τ = ln τ0 +
B

T − T0
(19)

where B is a constant and T0 is a reference temperature. The respective Arrhenius plot, lnτ vs. T−1 is
nonlinear and gives rise to the activation energy that decreases with increasing temperature as follows:

E = R
BT2

(T − T0)
2 (20)

A similar dependence derives [48] from the WLF equation.
This brings about an important question as to whether the activation energy of the glass transition

should be a constant or temperature dependent (i.e., variable) value. Based on the Adam-Gibbs
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theory [57], the activation energy in the Arrhenius equation is proportional to the size of the region that
rearranges cooperatively during the transition. This size is inversely proportional to the configurational
entropy that increases with T so that the experimental activation energy is expected to decrease with T.
In practice, one may or may not detect this variation depending on the dynamic fragility [58] of the
systems studied. According to Angell [58], there are strong and fragile glassformers that demonstrate
distinctly different lnτ vs. T−1 plots. For the strong glass formers, these plots are nearly linear, that is,
Arrhenian. For the fragile ones, they are nonlinear, that is, of the WLF/VTF type. Typical examples
of the strong and fragile glassformers respectively are inorganics and polymers. On the other hand,
organics and metals tend to fall between those two limits.

In any event, when it comes to the Kissinger analysis of the glass transition one may obtain either
linear or nonlinear Kissinger plots depending on the fragility of the systems studied. Examples of
such plots are shown in Figure 6 for two glasses: boron oxide (B2O3) and polystyrene (PS). The Tp

values have been extracted from the previously published DSC data [59,60] As seen from the figure,
the Kissinger plot is practically linear for the strong glassformer, boron oxide, whereas it is nonlinear
for the fragile one, polystyrene. That is, the activation energy of the glass transition is expected to be
practically constant in the former case but temperature dependent in the later one. Note that detecting
nonlinearity of the Kissinger plots requires using multiple heating rates in relatively broad range.
Much more sensitive way of detecting a variation in the activation energy of the glass transition is
to employ an isoconversional method that demonstrates clearly that the variability of the activation
energy is proportional to the fragility [61]. Remarkably, the method has been capable of detecting a
minor variation in the activation energy even in the case of boron oxide [60].
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6. Melting and Other Processes

In addition to the three major application areas discussed above, the Kissinger method has been
used for treating some other processes. Although these applications are relatively scarce, they are still
of research interest. The most common and, perhaps, most confusing is melting. A detailed discussion
regarding the theory and practice of the melting kinetics is given elsewhere [40]. Here, we only reiterate
a few important points directly relevant to the Kissinger method.

The basic thermodynamics suggests that on heating of a substance its temperature remains
constant throughout the melting process. This temperature is the equilibrium melting temperature,
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which is independent of the heating rate. The confusion may arise from the fact that the position of the
DSC peak (i.e., Tp) measured for melting usually demonstrates a noticeable increase with the heating
rate. This effect is observed because the DSC peaks are typically presented not as a function of the
sample temperature but as a function of the reference (furnace) temperature. The latter obviously
increases during continuous heating at the rate β. In this situation, the value of Tp represents the
reference temperature, at which the substance has finished melting. This temperature shifts with the
heating rate according to the following equation [62]:

Tp − Tm =
√

2Rs f ∆Hmmβ (21)

where Rsf is the thermal resistance and m is the mass.
As seen from Equation (21), for melting the shift of Tp with β is determined by physical parameters

other than the activation energy. It means that, as a rule, the application of the Kissinger method
to the Tp vs. β data would yield a number that does not represent the activation energy of melting.
An exception to this rule are the compounds that undergo real superheating, that is, the compounds,
whose temperature does rise during melting. For certain reasons [40], melting with superheating
cannot be identified by plotting DSC signal against the sample temperature. A simple yet informative
test [63] is checking whether the melting peak width increases with increasing either the heating rate
or the sample mass. If it does, the melting occurs without superheating and the Kissinger method
cannot be applied.

The absence of the aforementioned DSC peak broadening is indicative of melting with superheating.
A more definitive (quantitative) criterion is based on determining the value of the exponent z in
Equation (22):

Tp = Tm + Bβz (22)

where B and z are fit parameters. According to Toda [63], the z values markedly smaller than 0.5
indicate that melting occurs with superheating. In this circumstance, the Kissinger method can be
applied to obtain an estimate for the activation energy of melting.

As an example of melting with superheating we consider the case of glucose. Superheating of this
substance was reported by Tammann [64] and then reconfirmed by Hellmuth and Wunderlich [65].
For this compound, the z value (Equation (22)) has been found [66] to be 0.2 that confirms the occurrence
of superheating. Applying the Kissinger method to the DSC data on glucose melting [67] gives rise
to a plot (Figure 7) that is practically linear with a significant correlation coefficient (r = −0.9986).
Correspondingly, the method yields a single constant activation energy 294 kJ mol−1.Nonetheless, an
isoconversional method yields activation energy that decreases from about 350 to 230 kJ mol−1.

Important is that a decrease of the experimental activation energy of melting with increasing
temperature is justified theoretically [40]. Theoretically, the kinetics of melting is treated by the
nucleation and nuclei growth models (Equations (11) and (13)), that is, just as the kinetics of
crystallization. Both models can be used to derive the temperature dependence of the activation energy.
The growth model (Equation (13)) gives rise [67] to:

E = ED −
∆Hm exp

[
∆Hm(Tm−T)

RTTm

]

exp
[

∆Hm(Tm−T)
RTTm

]
− 1

(23)

and the nucleation model (Equation (11)) to:

E = ED + Ω




2T

(T − Tm)
3 +

1

(T − Tm)
2


 (24)
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Note that Equation (24) is mathematically identical with Equation (16) as can be found by replacing
(T − Tm) with − (T − Tm). Either Equation (23) or Equation (24) predicts E to decrease with increasing T
and they both have the same asymptotes. When T is close to Tm (i.e., at small superheatings) E tends to
+∞, whereas at large superheatings E tends to ED.
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It should be emphasized that the curvature of the Kissinger plots can be more prominent than
the one seen in Figure 7. This has been found in the melting kinetic studies on poly(ethylene
terephthalate) [68] and poly(ε-caprolactone) [69]. The curvature is larger when melting occurs closer to
Tm. In such a case, it can be sufficient to evaluate the actual dependence of E vs. T that can further be
used for estimating the parameters of the nucleation (Equation (24)) and nuclei growth (Equation (23))
models via fitting [67–69].

Lastly, one should keep in mind that the models of nucleation and nuclei growth are potentially
applicable to a wide variety of phase transitions taking place on heating and cooling. Since it has
been already explained that the Kissinger method cannot be applied to the processes taking place on
cooling, we only mention examples of phase transitions occurring on heating. These include gelation
of aqueous solutions of methylcellulose [70], the coil-to-globule transition in aqueous solutions of
poly(N-isopropylacrylamide) [71], and solid-solid transition in some salts [72]. All these transitions
demonstrate the E values that decrease with temperature. In addition, the curvature of the Kissinger
plots has been large enough to determine the E vs. T dependence [71,72]. Fitting Equation (24) to this
dependence has afforded estimating the magnitude of the free energy barrier (Equation (12)) and its
dependence on temperature.

7. Conclusions

An overview of the problems associated with the Kissinger method has been presented. The method
is not very accurate. There are different kinds of inaccuracies associated with the assumptions made to
derive its basic equations. The assumption of the first-order reaction model normally does not give rise
to a large error in the activation energy when the process follows another reaction model. However,
this error may become exceedingly large when the process is studied under a temperature program
other than the linear heating. The assumption that the kinetics is measured on heating is embedded in
the final equation of the method. This makes the Kissinger method unsuitable for any data obtained
on cooling.
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The method yields a single activation energy that is consistent with the assumption of single-step
kinetics. This feature of the method is seen as its most essential problem because the majority of
the processes it is applied to are not single-step kinetics. The problem has been illustrated by using
common applications of the method. The Kissinger plots tend to be almost perfectly linear in the case
of the multi-step kinetics, readily revealed by isoconversional methods. It means that the method
tends to yield a single activation energy when a process is controlled by more than one energy barrier.
For this reason, the Kissinger method is usually incapable of providing adequate insights into the
processes kinetics. As shown by comparison, isoconversional methods provide a significantly more
insightful alternative.

To finalize we should note that over the years there have been some developments of the Kissinger
method. In particular, efforts have been made to obtain an analytical [73] and exact [74] solution to the
Kissinger equation, to adjust it to melt crystallization [12] and reversible decompositions [27], and to
exploit the nonlinearity of the Kissinger plots [10]. So far, these developments have had little impact on
the mainstream usage of the method that boils down to the straightforward application of the original
equation and reporting a single value of the activation energy.
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Abstract: Recently, nanomaterials have received increasing attention due to their unique physical and
chemical properties, which make them of considerable interest for applications in many fields, such as
biotechnology, optics, electronics, and catalysis. The development of nanomaterials has proven
fundamental for the development of smart electrochemical sensors to be used in different application
fields such, as biomedical, environmental, and food analysis. In fact, they showed high performances
in terms of sensitivity and selectivity. In this report, we present a survey of the application of different
nanomaterials and nanocomposites with tailored morphological properties as sensing platforms for
food analysis. Particular attention has been devoted to the sensors developed with nanomaterials
such as carbon-based nanomaterials, metallic nanomaterials, and related nanocomposites. Finally,
several examples of sensors for the detection of some analytes present in food and beverages, such as
some hydroxycinnamic acids (caffeic acid, chlorogenic acid, and rosmarinic acid), caffeine (CAF),
ascorbic acid (AA), and nitrite are reported and evidenced.

Keywords: nanomaterials; electrochemical sensors; hydroxycinnamic acids; caffeine; nitrite

1. Introduction

The introduction of novel functional nanomaterials and analytical technologies indicate the
possibility for advanced electrochemical (bio)sensor platforms/devices for a wide number of
applications, including biological, biotechnological, clinical and medical diagnostics, environmental and
health monitoring, and food industries.

Nanoscale materials and nanomaterials are known as materials where any measurement is not
as much as 100 nm. Nanomaterials reveal exciting properties that make them appeal to be exploited
in electrochemistry and in the improvement of the (bio)sensors. Recent advances in nanotechnology
have created a growing demand for their possible commercial application [1].

Nanotechnology involves the synthesis and characterization of nanomaterials,
whereby nanomaterial can be defined as a natural or synthesized material containing particles, in an
unbound state or as an aggregate or as an agglomerate, and where, for 50% or more of the particles in
the number size distribution, one or more external dimensions is in the size range of 1–100 nm [2,3].

By reducing the material dimensions at the nanometre level, the chemical and physical properties
of such a material can be modified and they are totally different with respect to the same corresponding
bulk material [4–6].

Carbon nanotubes (CNTs) and gold nanoparticles (AuNPs) are among the most broadly explored
nanomaterials because of their exceptional properties, which can be connected in different applications,
e.g., detecting, and imaging. Yet, to date, the exploration field of advancement for the synthesis
of new functionalized AuNPs and CNTs for sensing applications is a dynamic research territory.
The combination of these nanomaterials has been developed, promoting improvements in controlling
their size and shape [7,8].
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Electroanalytical methods and electrochemical sensors have improved the analytical approach in
different application fields, ranging from the biomedical to the environmental ones [9].

Particularly the modification and/or functionalization of the electrodic surface with nanomaterials
involves an amplification of the corresponding electrochemical signal and it has proven very attractive
for developing sensors with high sensitivity and selectivity [9].

In this review, we present a survey of the applications of different nanomaterials and
nanocomposites as electrochemical sensing platforms for food analysis. The sensors analytical
parameters, such as linearity range, detection limit, selectivity, and their possible applications to real
samples are described and highlighted.

2. Electrochemical Techniques

Electrochemistry offers a wide range of electroanalytical techniques. A typical electrochemical
experiment includes a working electrode made of a solid conductive material, such as platinum, gold,
or carbon, a reference electrode, and a counter electrode, all the electrodes are generally immersed in a
solution with a supporting electrolyte to guarantee the conductivity in the solution [10].

Electrochemical sensors belong to the largest family of chemical sensors. A chemical sensor can be
defined as “a small device that, as the result of a chemical interaction or process between the analyte
and the sensor device, transforms chemical or biochemical information of a quantitative or qualitative
type into an analytically useful signal” [11]. This definition can be extended to the electrochemical
ones modifying it in this way: a small device that, as the result of an electrochemical interaction
or process between the analyte and the sensing device, transforms electrochemical information of
a quantitative or qualitative type into an analytically useful signal [11]. The use of a nanomaterial
together with the analyte kind and nature have proven crucial for the sensor sensitivity, selectivity,
and stability [12]. As for all the chemical sensors, the critical parameters of electrochemical sensors are
sensitivity, detection limit, dynamic range, selectivity, linearity, response time, and stability [13].

Several electrochemical methods have been employed for the detection of food additives,
biological contaminants, and heavy metals [9].

In general, an electrochemical reaction can generate different measurable data, depending on the
electrochemical technique adopted. In fact, a measurable current can be generated, and in this case,
the corresponding electrochemical techniques are the amperometric ones. Alternatively, a potential can
be measured and/or controlled, and in this case, the corresponding electrochemical techniques are the
potentiometric ones. Finally, the electrochemical techniques, involving measurements of impedance
at the electrode/solution interface are included in the electrochemical impedance spectroscopy (EIS)
method [14].

Starting from the presentation of EIS, we propose a brief presentation and overview of the best
known and used electrochemical techniques.

EIS is an electroanalytical method used for the evaluation of electron-transfer properties of the
modified surfaces and in understanding of surface chemical transformations. EIS analysis provides
mechanistic and kinetic information on a wide range of materials, such as batteries, fuel cells,
corrosion inhibitors, etc. [14].

The overall electrochemical behaviour of an electrode can be represented by an equivalent circuit
comprising resistance, inductance, and capacitance. The equivalent circuit elements, useful for analyte
detection are resistance to the charge transfer Rct and the double layer capacitance Cdl. The measured
capacitance usually arises from the series combination of several elements, such as analyte binding
(Canal) to a sensing layer (Csens) on the electrode (Cel). The sensitivity is then determined by the relative
capacitance of the analyte layer and the sensing layer. One difficulty with capacitive sensors is that
their sensitivity depends on obtaining the proper thickness of the original sensing layer.

Voltammetry belongs to the class of the amperometric techniques because the current produced
from an electrochemical reaction is measured whilst varying the potential window. Since there are
many ways to vary the potential, we can consider many voltammetric techniques. Among others,
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the most common and employed are the following: cyclic voltammetry (CV), linear sweep voltammetry
(LSV), differential pulse voltammetry (DPV), and square wave voltammetry (SWV) [15–18].

CV and LSV are widely employed voltammetric techniques to study the electrochemical behaviour
of an electroactive molecule.

DPV and SWV can be classified as pulse voltammetric techniques.
DPV and SWV in comparison with CV can be used to study the redox properties of extremely small

amounts of electroactive compounds for several reasons, but principally: (1) in these measurements,
the effect of the charging current can be minimized, so higher sensitivity is achieved and (2) only
faradaic current is extracted, so electrode reactions can be analyzed more precisely.

Chronoamperometry (CA) is a potentiostatic technique, where the current is recorded as a time
function. In Figure 1, an overview of the electrochemical methods of analysis, namely voltammetry,
amperometry, electrochemical impedance spectroscopy (EIS), and potentiometry, is reported.
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Figure 1. Overview of electrochemical methods of analysis: voltammetry, amperometry, electrochemical
impedance spectroscopy (EIS), and potentiometry [19].

All the above-mentioned techniques have been widely employed in the development of
electrochemical sensors for different application fields.

3. Nanomaterials, Nanotubes, Nanoparticles, and Nanocomposites

Recent developments in nanomaterial synthesis have allowed the development of advanced
sensing systems [9,19].

Generally, we have considered modifications of the working electrode with different nanomaterials,
ranging from the classical nanotubes to nanocomposites, among different nanostructures, such as
graphene, metal nanoparticles, and/or nanostructured polymers. In addition, non-conventional
sensing platforms, such as paper and/or screen-printed electrodes (SPE), also modified with different
nanomaterials and/or nanostructures, have been considered. Hence, in this review, we report some
example of these non-conventional sensing platforms, present in the literature and employed for
different application fields [20,21].

Nanomaterials play a crucial role in the development of electrochemical sensors, improving the
sensor stability, sensitivity, and selectivity in the presence of the common interferences.

In the following subparagraphs we introduce and describe nanomaterials and examples of the
related electrochemical sensors just to show their applicability in the electrochemical sensing area.
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3.1. Carbon-Based Nanomaterials

Carbon-based nanomaterials (single-walled carbon nanotubes (SWNTs), multi-walled carbon
nanotubes (MWNTs), single-walled carbon nanohorns (SWCNHs), buckypaper, graphene,
fullerenes (e.g., C60), etc. present very interesting properties, such as high surface-to-volume ratio,
high electrical conductivity, chemical stability/durability, and strong mechanical strength, and for these
reasons they have found a large applicability in the sensing area [22–28].

Carbon nanotubes (CNTs) present several properties associated to their structure, functionality,
morphology, and flexibility to be employed in synthesis of hybrid or composite materials due to their
hollow cylindrical structure.

Carbon nanotubes can be classified as single-walled nanotubes (SWNTs), double-walled nanotubes
(DWNTs), and multi-walled nanotubes (MWNTs) depending on the number of graphite layers.
Functionalized CNTs have been used in several application fields. The chemical functionalities can
easily be designed and tuned through the tubular structure modification.

Some interesting examples of carbon nanomaterials based electrochemical sensors, related to
different application fields not only to food analysis, are illustrated below.

Venton and co-workers have used metal microelectrodes modified with CNTs for assembling
an electrochemical sensor for detecting dopamine in vitro and in vivo. [29]. It has been found that
CNTs-coated niobium (CNTs-Nb) microelectrode showed a low detection limit of 11 nM for dopamine.
The CNTs-Nb sensor was also employed to detect stimulated dopamine release in anesthetized rats
and showed high sensitivity for in vivo measurements.

The design and synthesis of functionalized CNTs for biological and biomedical applications are
highly attractive because in vivo sensing requires high selectivity, accuracy, and long-term stability.
Zhang et al. have prepared an electrochemical ascorbic acid sensor for measuring ascorbic acid in
brain using aligned carbon nanotube fibers (CNF) as a microsensor [30], obtaining very interesting
results. The sensor measured ascorbic acid concentration of 259.0 µM in the cortex, 264.0 µM in the
striatum, and 261.0 µM in the hippocampus, respectively, under normal conditions.

Graphene is one of most applied nanomaterial in the sensing area. Different graphene-based
materials have been produced (e.g., electrochemically and chemically modified graphene) using many
procedures [31]. Graphene shows properties such as high conductivity, accelerating electron transfer,
and a large surface area, very similar indeed to the corresponding properties of CNTS, so it is considered
a good candidate for assembling sensors to determine several target molecules [9,31].

Graphene oxide (GO) is hydrophilic and can be dispersed in water solution because of hydrophilic
functional groups (OH, COOH and epoxides) at the edge of the sheet and on the basal plane.

On the other hand, GO has a low conductivity in comparison to graphene, so reduced GO (rGO)
is more employed as electrode modifier in electrochemical sensing/biosensing area [31].

Fluorine doped graphene oxide was used to prepare an electrochemical sensor for the detection of
heavy metal ions such as Cd2+, Pb2+, Cu2+, and Hg2+. Square wave anodic stripping voltammetry
was employed for the detection of the heavy metal ions. The authors have evidenced that the presence
of fluorine builds a more appropriate platform for the stripping process, from the comparison between
the sensor based on GO and the sensor based on F-GO [9].

Li and co-workers developed a based electrochemical sensor for the detection of metal ions,
Pb2+ and Cd2+, employing a Nafion–graphene composite film. The synergistic effect of graphene
nanosheets and Nafion gave rise to a better sensitivity for detecting metal ion and enhanced the
electrochemical sensor selectivity [32].

Li and co-workers have reported a graphene potassium doped modified glassy carbon electrode,
for the determination of sulphite in water solution. A linear response in the concentration range of
2.5 µM–10.3 mM with a detection limit of 1.0 µM for SO3

2− has been obtained. The graphene electronic
properties resulted modified by the K doping [33].

A glassy carbon electrode was modified by means of hexadecyl trimethyl ammonium bromide
(CTAB) functionalized GO/multiwalled carbon nanotubes (MWCNTs) for the detection of ascorbic
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acid (AA) and nitrite. The combination of GO and MWCNTs provided a sensing platform with high
electrocatalytic activity, increased surface area, as well as good stability and sensitivity, allowing for
the determination of nitrite and AA at the same time [34].

3.2. Gold Based Nanomaterials

Since the first examples of gold nanoparticles (AuNPs) synthesis, AuNPs have been employed for
the assembly of different sensors. From an electroanalytical point of view, Au nanoparticles and in
general gold nanomaterials were employed in the electrochemical sensing area because of their high
conductivity, their compatibility, and a high surface to volume ratio [35,36]. Gold nanomaterials have
been used for the selective oxidation processes, or rarely, for the reduction ones.

Important improvements have been performed in the Au nanoparticles and nanomaterials
synthesis for electrochemical sensing. However, researchers are dealt with several
challenges/criticalities, such as size control, morphology, and suitable dispersion and/or stabilizing
agents and/or media. The recent development of nanoporous Au materials seems to be fundamental in
overcoming these challenges and hierarchical gold nanoporous materials have been recently reported for
biomedical applications [37]. Some interesting examples of gold nanomaterials based electrochemical
sensors, related to different application fields not only to food analysis, are illustrated below.

An electrochemical sensor using a gold microwire electrode for the detection of heavy metals ions,
such as copper and mercury, in seawater was described by Salaün and coworkers. The sensor using
gold microwires was able to detect the two metals ions at the same time by means of anodic stripping
voltammetry [38].

Concerning the same analytical issue, i.e., the detection of different heavy metals ions at the
same time, Soares and co-workers developed an electrochemical sensor using a vibrating gold
microwire, and determined arsenic, copper, mercury, and lead ions in freshwater by means of stripping
voltammetry [39].

Recently, gold nanopores were synthesized by the alloying/dealloying method for increasing the
electrochemical performance of an analyte under investigation and several examples are reported below.

Ding and co-workers prepared a nanoporous gold leaf by dealloying the Au/Ag alloy in nitric
acid. The resulting 3D gold nanostructure allowed the small molecules movement inside. For example,
it was employed to modify a GCE for detecting nitrite. The increased surface area and the high
conductivity of the 3D nanostructured gold network justify the good performance of the sensor [40].

Other examples concerning the use of nanoporous gold have involved more properly the
electrochemical investigation of different analytes with this new nanomaterial as proof of concept to
apply it in the sensing area.

A green synthesis of nanoporous gold materials was proposed by Jia and co-workers by means of a
cyclic alloying/de-alloying procedure. The resulting nanoporous gold film modified electrodes showed
very interesting electrochemical performances in terms of a high surface area and good selectivity [41].

Lin et al. modified a GCE via the electrodeposition of Au nanoparticles on polypyrrole (PPy)
nanowires. AuNPs enhanced the conductivity of the polymer nanowires and consequently the electron
transfer rate resulted higher than that at bare GCE and/or at GCE just modified with the polymer
nanowires [42].

Finally, a nanoporous Au 3D nanostructure was synthesized as a proof of concept to be applied
as a sensing platform for detecting hydrazine, sulphite, and nitrite, present in the same sample.
The nanostructured sensor showed good performances in terms of selectivity and sensitivity [43].

3.3. Hybrid Nanocomposites

To improve and amplify the performances of a sensor and/or a sensing platform, nanomaterials
such as carbon and/or metal nanomaterials were incorporated in different polymers both natural
(e.g., chitosan) or (electro)synthesized (e.g., PEDOT, polypyrrole). Some interesting examples of hybrid
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nanocomposite based electrochemical sensors, related to different application fields not only to food
analysis, are illustrated below [44].

As a first example, we can introduce an electrochemical sensor using a
polypyrrole–chitosan–titanium dioxide (PPy–CS–TiO2) nanocomposite for glucose detection.
Interactions between the TiO2 nanoparticles and PPY enhanced the sensor properties in terms of
sensitivity and selectivity [45].

Bimetallic Au–Pt nanoparticles have been incorporated in rGO and the electrochemical behaviour
of resulting nanocomposite was investigated and compared with the electrochemical behaviour of the
bimetallic nanoparticles and of the rGO. An enhanced electrochemical activity is observed, probably
due to the increase of the surface area and to the increase of the nanocomposite conductivity respect to
the bimetallic nanoparticles and to the rGO [46].

Feng et al. assembled a sensor for caffeic acid detection through a nanocomposite obtained by the
combination of worm-like Au–Pd nanostructures and rGO [47]. From the spectroscopic characterization,
the nanotubular worm-like Au–Pd nanostructures were uniformly distributed on rGO.

A carbon paste electrode was modified with a nanocomposite obtained by combining AuNPs and
MWCNTs. The oxidation of nitrite was investigated at such a modified electrode and showed better
performances in terms of electrocatalytic behaviour respect to those at the bare carbon paste electrode
and/or to those at CPE modified with only AuNPs or with only MWCNTs [48].

A hybrid nanocomposite was prepared by assembling Pt nanoparticles on a graphene surface.
The modified electrode was used for the detection of ascorbic acid (AA), uric acid (UA), and dopamine
(DA), obtaining interesting results in terms of selectivity [49].

Chen and co-workers proposed a Pt nanocomposite combining Pt nanoparticles and single-walled
carbon nanotubes (SWCNTs), instead of graphene or MWCNTs.

A GCE modified with this nanocomposite was used for the electrochemical detection of
α-methylglyoxal. A good linearity in the concentration range of 0.1–100.0 µM, and a detection
limit of 2.80 nM were obtained. The sensor was applied to detect α-methylglyoxal in real samples of
wine and beer [50].

Yegnaraman and co-workers reported an Au based nanocomposite for the detection of AA, UA,
and DA to test the selectivity for detecting analytes present in the same solution. The nanocomposite
film was synthesized by introducing Au nanoparticles into the PEDOT polymer matrix. The modified
GCE determined AA, UA, and DA simultaneously, with improved sensitivity and selectivity [51].

A glucose impedimetric biosensor [52] was assembled using a metal composite composed by
a gold microtubes (AuµTs) architecture and polypyrrole overoxidized by Curulli and co-workers.
A platinum (Pt) electrode was coated by gold microtubes, synthesized via electroless deposition within
the pores of polycarbonate particle track-etched membranes (PTM). This platform was successfully
used to deposit polypyrrole overoxidized film (OPPy) and to verify the possibility of developing a
biosensor using OPPy, the characteristics of the H2O2 charge transfer reaction were studied before the
enzyme immobilization. This composite material seems to be suitable in devices as biosensors based
on oxidase enzymes, just because hydrogen peroxide is a side-product of the catalysis and could be
directly related to the concentration of the analyte. Finally, a biosensor consisting of a Pt electrode
modified with AuµTs, OPPy, and glucose oxidase was assembled to determine the glucose. The most
important result of this biosensor was the wide linear range of concentration, ranging from 1.0 to
100 mM (18–1800 mg·dL−1), covering the hypo- and hyperglycaemia range, useful in diabetes diagnosis,
with limit of detection of 0.1 mM (1.8 mg·dL−1) and limit of quantification of 1.0 mM (18 mg·dL−1).

A wide range of glucose biosensor prototypes have been developed during these years, but the
challenge is to obtain a biosensor capable of measuring the glucose concentration in the normal range
(i.e., representative of healthy patients) and in the range of hyperglycaemia values (especially for
diabetes patients, for clinical diagnosis of this widespread pathology). Very few examples propose
biosensors with improved analytical performances, especially in terms of an extended linearity
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(still 50 mM ≈ 901 mg·dL−1, useful for the hyperglycaemia pathology values), high selectivity toward
the most common interferents and an improved stability [53–55].

4. Electrochemical Sensors for Food Analysis: Some Examples

In this section, several examples of the electrochemical sensors employing different nanomaterials
and applied to detect different analytical targets such as some hydroxycinnamic acids (caffeic acid,
chlorogenic acid, and rosmarinic acid), ascorbic acid, and nitrite were illustrated and discussed.

4.1. Phenolic Antioxidants

Natural antioxidants are species of great interest in many areas, as food chemistry, health care and
clinical applications. They have beneficial effects on human health and could play an important role in
the prevention and treatment of many pathologies (such as cardiovascular disorders, cancer, etc.) and
to protect from oxidative stress [56–61]. The classification of antioxidants is commonly carried out
based on the chemical structure, determining their reactivity. However, their antioxidant action is also
strictly related to the redox properties and consequently their knowledge is very crucial for a better
understanding of antioxidant mechanisms.

Among the natural antioxidants found in fruits and plants, hydroxycinnamic acids (HAs)
are very important and present in all parts of the fruit and/or plant [62–64]. Undoubtedly, these
compounds in food provide added value for their well-known health benefits, for their technological
role, and marketing. The electrochemical methods have been extensively used to investigate the redox
properties of various species and as analytical tool for the determination of redox target molecules.
At present, as for other classes of antioxidants, the analysis of HAs and phenolic antioxidants is usually
carried out using chromatographic techniques, which require sophisticated equipment and laborious
analytical procedures [57]. The use of electrochemical methods for analytical purposes is receiving
increasing interest [57], since they are fast, accurate, sensitive and can be used for the analysis of
different and complex matrices with a low cost.

Both electrochemical sensors and biosensors are widely used for the determination of HAs and
phenolic antioxidants. However, the electrochemical responses have been studied only from an
analytical point of view, whereas the relationship between the antioxidant chemical structure and
electrochemical behaviour has been neglected [65]. The understanding of key factors that affect the
electrochemical response of analytes could promote the design of highly efficient sensors. To this aim,
the role of the chemical structural features of antioxidants and nature of the electrode surface must
be evaluated.

Recently, electrodes modified with nanocomposite films were successfully used for the analysis of
antioxidants, such as caffeic acid, in complex matrices [66,67]. These films consist of gold nanoparticles
(AuNPs) embedded into chitosan, a biodegradable and biocompatible polymer containing many
hydroxyl and amino groups that can interact with the analytes. Later, the electrochemical response of
structurally related antioxidants on electrodes modified with different gold–chitosan nanocomposite
films was investigated and discussed [65,66].

To evaluate how the chemical structural features of analytes affect the electrochemical behaviour,
different types of antioxidants, such as catechols, hydroxycinnamic acids, and flavonoids, structurally
correlated and bearing different functional groups and steric hindrances, have been studied.
This investigation [66] has demonstrated that the electrochemical response for structurally related
antioxidants at AuNPs–chitosan modified electrodes depends on several parameters. The chemical
structural features of the analytes affect the interaction with the electrode surface. However,
their electrochemical behaviour cannot be explained only on these bases.

The nanostructure and surface functional groups of AuNPs-chitosan modified electrodes have
also a key role. In particular, the formation of a collaborative network with interconnected metal
nanoparticles in chitosan film significantly affects the electron transfer properties, whereas the surface
functional groups can promote the interaction with the antioxidants. An overview of the behaviour of
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catechols, hydroxy cinnamic acids, and flavonoids derivatives at different AuNPs–chitosan modified
electrodes has been illustrated by Curulli and co-workers [66].

A better response was observed for molecules with two hydroxyl groups in ortho position of
the catechol ring, with a peculiar molecular symmetry (i.e., rosmarinic acid) and with a low steric
hindrance, in particular for caffeic acid, chlorogenic acid, and rosmarinic acid. Moreover, the interaction
with the antioxidants is also affected by the functional groups at modified electrode surface and the size
and distribution of AuNPs into the polymeric matrix. The understanding of the parameters affecting
the electrochemical behaviour of analytes at modified electrodes is a key issue and could significantly
promote the design of highly efficient sensors.

4.1.1. Caffeic Acid

Caffeic acid (CA, 3,4-dihydroxycinnamic acid, chemical structure in Figure 2) is well known as a
phenolic antioxidant. CA is present in wines, coffee, olive oil, as well as in some vegetables and fruits.
It has several pharmacological functions and properties [62,68].
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According to the literature [66], several analytical methods have been employed for the detection of
caffeic acid, from liquid chromatography to the electrochemical ones. Considering the electrochemical
approach, involving nanomaterials, several examples are reported in Table 1.

Gold–chitosan nanocomposite is successfully proposed for assembling a sensitive and selective
electrochemical sensor for the determination of an antioxidant such as caffeic acid by Curulli’s
group [66,67]. Taking advantage of the peculiar sensing performance of the nanocomposite, an analytical
method based on differential pulse voltammetry for the determination of the polyphenol index in
wines was proposed.

In this approach, colloidal gold nanoparticles (AuNPs) stabilized into a chitosan matrix were
prepared using a green route. The synthesis was carried out by reducing AuIII to Au0 in an aqueous
solution of chitosan and different organic acids. It has been demonstrated that by varying the nature
of the acid it is possible to tune the reduction rate of the gold precursor (HAuCl4) and to modify
the morphology of the resulting metal nanoparticles. The use of chitosan enables the simultaneous
synthesis and surface modification of AuNPs in one pot. Because of the excellent film-forming
capability of this polymer, AuNPs−chitosan solutions were used to obtain hybrid nanocomposite films
that combine highly conductive AuNPs with many organic functional groups. Figure 2, the proposed
scheme for the interaction between the AuNPs-chitosan nanocomposite and caffeic acid is illustrated.
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Au-chitosan nanocomposites are successfully proposed as sensitive and selective electrochemical
sensors for the determination of caffeic acid, by means of Differential Pulse Voltammetry. A linear
response was obtained over a wide range of concentration from 5.00 × 10−8 M to 2.00 × 10−3 M,
and the limit of detection was 2.50 × 10−8 M. Moreover, further analyses have demonstrated that a
high selectivity toward caffeic acid can be achieved without interference from catechin or ascorbic
acid (flavonoid and nonphenolic antioxidants, respectively). The quantification of the caffeic in red
and white wines was also accomplished by standard addition method. The only sample treatment
required in all cases consisted of an appropriate dilution with the supporting electrolyte solution,
and the obtained results are in accordance with amounts reported in the literature for commercial
samples [66,67].

An electrochemical sensor composed of Nafion–graphene nanocomposite film for the voltametric
determination of caffeic acid (CA) has been proposed by Filik and co-workers [69]. A Nafion graphene
oxide-modified glassy carbon electrode was fabricated by a simple drop-casting method and then
graphene oxide was electrochemically reduced over the glassy carbon electrode. The electrochemical
analysis method was based on the adsorption of caffeic acid on Nafion/ERGO/GCE and then the
oxidation of CA during the stripping step. The resulting electrode showed an electrocatalytical
response to the oxidation of caffeic acid (CA). At optimized test conditions, the calibration curve for
CA showed two linear segments: The first linear segment increased from 0.1 to 1.5 µM and second
linear segment increased up to10 µM. The detection limit was determined as 9.1 × 10−8 M using SWV.
Finally, the proposed method was successfully used to determine CA in white wine samples.

An electrochemical sensor based on molecularly imprinted siloxanes (MIS) film was developed
for the selective determination of CA by Kubota group [70]. The MIS film was prepared by
sol-gel process, using the acid catalysed hydrolysis and condensation of tetraethoxysilane (TEOS),
phenyltriethoxysilane (PTEOS), and 3-aminopropyltrimethoxysilane(3-APTMS) in the presence of CA
as a template molecule. The MIS film was immobilized onto Au electrode surface pre-modified with
3-mercaptopropyltrimethoxysilane (3-MPTS). Under the optimized conditions, by using differential
pulse voltammetry (DPV), the sensor showed a linear current response to the target CA concentration
in the range from 0.500 to 60.0 µM, with a detection limit of 0.15 µM. The film exhibited high selectivity
toward the template CA, as well as good stability and repeatability for CA determinations. Furthermore,
the proposed sensor was applied to determine CA in wines samples and the results agreed with those
obtained by a chromatographic method.

Curulli’s group developed a PEDOT (poly(3,4-ethylenedioxy) thiophene) modified Pt sensor
for the determination of caffeic acid (CA) in wine [83]. Cyclic voltammetry (CV) with the additions
standard method was used to quantify the analyte at PEDOT modified electrodes. PEDOT films were
electrodeposited on platinum electrode (Pt) in aqueous medium by galvanostatic method using sodium
poly(styrene-4-sulfonate) (PSS) as electrolyte and surfactant. CV allows for detecting the analyte over
a wide concentration range (10.0 nM–6.5 mM) with a detection limit of 3.0 nM. The electrochemical
method proposed was applied to determine CA in white and red wines and the obtained results are in
accordance with amounts reported in literature for commercial samples [65,66].

Thangavelu [71] reported a caffeic acid (CA) electrochemical sensor using reduced graphene oxide
and polydopamine composite modified glassy carbon electrode (RGO@PDA/GCE). Cyclic voltammetry
(CV) was used to investigate the electrochemical behaviour of different modified electrodes (bare GCE,
RGO/GCE and RGO@PDA/GCE) toward oxidation of CA and the CV results showed that RGO@PDA
composite has higher electrocatalytic activity to related CA oxidation than other modified electrodes.
Differential pulse voltammetry was used for determination of CA and the response of CA was linear
over the concentration ranging from 5.0 nM to 450.55 µM with the low detection limit of 1.2 nM.
The composite modified electrode has acceptable selectivity in the presence of interfering species.
The practical applicability of the composite was evaluated in wine samples and the obtained recovery
of CA in wine samples confirms its potential for practical applications.
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An Au-PEDOT/reduced graphene oxide nanocomposite (Au-PEDOT/rGO) modified glassy carbon
electrode (GCE) showed significantly high electrocatalytic activity toward caffeic acid (CA) oxidation
as compared to bare GCE and Au-PEDOT modified electrode [72]. Under optimized conditions,
the Au–PEDOT/rGO constructed sensors exhibited a wide linear range of 0.01–46 µM with a detection
limit as low as 0.004 µM for the detection of CA. To validate its possible application, the present
sensor showed a satisfactory anti-interference performance, high reproducibility, and sensitivity for
the determination of CA in the red wine sample.

Liu et al. proposed Pd-Au/PEDOT/graphene (Pd-Au/PEDOT/rGO) nanocomposites,
easily prepared in an aqueous medium by a one-pot method [73]. In addition to the Pd-Au nanoparticles
deposited on the PEDOT polymer structure, dendritic bimetallic Pd–Au nanoclusters were also observed
in the composites. The morphology of the nanocomposite was greatly influenced by the molar ratio
of the added metal salt precursors. X-ray photoelectron spectroscopy and X-ray diffraction analyses
indicated the presence of synergism and electron exchange between the Pd–Au bimetallic nanoclusters.
The resultant nanocomposite improved the electronalytical parameters of the obtained sensor for CA
detection. Under optimized conditions, the Pd-Au/PEDOT/rGO modified glassy carbon electrode
showed a linear response range of 0.001–55 µM and a detection limit of 0.37 nM. The practical
application of the Pd-Au/PEDOT/rGO/GCE was tested to determine CA in red wine samples and a
good recovery was obtained. The proposed method proved sufficient for practical applications without
any sample pretreatment.

A well-defined one-dimensional (1D) rod-like strontium vanadate (SrV2O6) was prepared by
simple hydrothermal method without using any other surfactants/templates [74]. The formation of
rod-like SrV2O6 was confirmed by various analytical and spectroscopic techniques. The as-prepared
rod-like SrV2O6 was employed as material for assembling an electrochemical sensor for the detection
of caffeic acid (CA) as well as visible light active photocatalyst for the degradation of metronidazole
(MNZ) antibiotic drug. As an electrochemical sensor, the SrV2O6 modified glassy carbon electrode
(GCE) showed an electrocatalytic activity for the detection of CA by chronoamperometry (CA) and
cyclic voltammetry (CV). In addition, the electrochemical sensor showed good selectivity, a linear
response range of 0.01–207 µM, and a detection limit of 4 nM.

Shen-Ming Chen reported the simultaneous electrochemical deposition of gold and palladium
nanoparticles on graphene flakes (Au/PdNPs-GRF) for the sensitive electrochemical determination of
caffeic acid (CA) [75]. The electrochemical determination of CA at Au/Pd NPs deposited on GRF were
studied by using cyclic voltammetry and differential pulse voltammetry. Au/PdNPs-GRF electrode
exhibited electrocatalytic activity towards CA with wide linear range of 0.03–938.97 µM and detection
limit of 6 nM, respectively. Moreover, the Au/PdNPs-GRF was found to be a selective and stable active
material for the sensing of CA. In addition, the proposed sensor was employed successfully in real
sample analysis of fortified wines.

As a proof-of-concept, an eco-friendly Au@α-Fe2O3@RGO ternary nanocomposite modified
glass carbon electrode (GCE) was investigated for electrochemical detection of caffeic acid [76].
Characterization studies confirmed Au and α-Fe2O3 nanoparticles are uniformly distributed on
the surfaces of reduced graphene oxide (RGO) nanosheets. The electrochemical mechanism
involves the synergistic electrocatalytic activity of Au and α-Fe2O3 towards caffeic acid oxidation,
with the RGO serving as an efficient electron shuttling mediator enhancing the sensor performance.
The Au@α-Fe2O3@RGO modified GCE caffeic acid sensor showed a linear response range of 19–1869µM
and a detection limit of 0.098 µM. This ternary nanocomposite displays catalytic performance as well as
selectivity toward caffeic acid. To demonstrate the potential application of the Fe2O3@RGO modified
GCE caffeic acid sensor, caffeic acid in a coffee sample was measured.

Pt-PEDOT/reduced graphene oxide (Pt-PEDOT/rGO) nanocomposites were easily prepared
by a simple and cost-effective one-pot method and used for modifying GCE for CA detection.
The Pt-PEDOT/rGO nanocomposites modified glassy carbon electrode (Pt-PEDOT/rGO/GCE) displayed
higher charge transfer efficiency and electrocatalytic activity to the oxidation of caffeic acid
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(CA) in comparison with the bare GCE, and rGO modified electrodes (rGO/GCE). Furthermore,
the Pt-PEDOT/rGO/GCE showed a linear range of 5.0 × 10−9 to 5.0 × 10−5 M with a low detection limit
of 2.0 × 10−9 M for the CA determination. Finally, the modified electrode was also applied to detect
CA in green tea and black tea samples with promising recovery results [77].

Pt/Cu nanocrystal with uniform trifurcate structure has been synthesized by using KI as
structure-directing agent during the reduction process for developing an electrochemical sensor
for CA detection [78]. Due to the large surface area of this synthesized dendritic trifurcate nanocrystal
and the synergistic effect between Pt and Cu, this nanocatalyst showed interesting performances when
applied to the electrochemical detection of caffeic acid. Specifically, the detection limit is 0.35 µM and
the linear range is from 1.2–1.9 µM. Finally, the modified electrode was also applied to detect CA in
red wine samples with good recovery data.

A nanocatalyst based on copper sulphide nanodots grown on graphene oxide sheets nanocomposite
(Cu2SNDs@GOS NC) was synthesized by a simple sonochemical technique and applied in
electrocatalytic sensing of caffeic acid (CA) [79]. The nanocomposite modified screen printed carbon
electrode (SPCE) showed electrocatalytic performance towards CA oxidation. Under optimized
conditions, Cu2S NDs@GOS NC modified electrode showed fast and sensitive amperometric responses
towards CA. The linear range was 0.055–2455 µM and the detection limit is 0.22 nM. The Cu2S
NDs@GOS NC/SPCE can quantify the amount of CA present in carbonated soft drinks and red wine
without sample pretreatment.

Electrosynthesized PEDOT layers with different thickness and different doping counterions are
investigated for their application in electrochemical CA sensing [80]. In terms of electroanalytical
characteristics, adsorption control provides higher electroanalytical sensitivity in a narrow concentration
range of linear response. Diffusion control results in markedly lower sensitivity values but extended
range of linearity in the concentration dependence. The use of a non-linear calibration curve provides an
extended concentration range for electroanalytical purpose under the established adsorption-controlled
conditions. Doping counterions (polystyrene sulfonate and dodecyl sulphate) have no effect on the
electroanalytical performance of PEDOT for CA oxidation.

An environmentally friendly sensor for the quantification of caffeic acid (CA) is reported [81].
Bismuth decorated multi-walled carbon nanotubes drop casted with cetyltrimethylammonium bromide
demonstrated synergistic catalytic properties on enhancing the surface area of the carbon paste electrode.
The proposed modified sensor was used to determine CA by differential pulse voltammetry (DPV)
technique. The best results were obtained at physiological pH where the response was linear over a
range of 6.0 × 10−8 to 5.0 × 10−4 M and with a limit of detection of 0.157 nM. The proposed sensor
exhibited good performances vs. the most common interferents. The detection of CA in samples,
such as coconut water, teas, and fruit juices without pretreatments was also reported.

Aicheng Chen reported a novel electrochemical sensor developed using fluorine-doped graphene
oxide (F-GO) for the detection of caffeic acid (CA) [82]. The electrochemical behaviour of bare glassy
carbon electrode (GCE), F-GO/GCE, and GO/GCE toward the oxidation of CA were studied using
cyclic voltammetry (CV), and the results obtained from the CV investigation revealed that F-GO/GCE
exhibited a high electrochemically active surface area and electrocatalytic activity. Differential pulse
voltammetry (DPV) was employed for the CA detection, obtaining a linear concentration range from
0.5 to 100.0 µM with a limit of detection of 0.018 µM. Furthermore, the sensor selectivity was tested
for the presence of other hydroxycinnamic acids and ascorbic acid. Moreover, the F-GO/GCE offered
a good sensitivity, long-term stability, and a good reproducibility. The practical application of the
electrochemical F-GO sensor was verified using several samples of commercially available wine.
The developed electrochemical sensor can directly detect CA in wine samples without pretreatment,
making it a promising candidate for food and beverage quality control.
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4.1.2. Chlorogenic Acid

Chlorogenic acid (CGA, 5-O-caffeoylquinic acid, chemical structure in Figure 3) is a naturally
occurring phenolic compound metabolized by several plants such as Calendula officinalis and Echinacea
purpurea [84,85].
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Clinical investigations demonstrated that CGA can be classified as an anti-hypertension,
anti-inflammatory, anti-carcinogenic, anti-bacterium, and antitumor agent [84]. Furthermore, there are
also reports that CGA has a potential role in the regulation of glycemia levels in type 2 diabetes [84].
Therefore, the quantitative measurement of CGA in plant materials has attracted great interest,
and different analytical methods have been employed for the determination of CGA, including high
performance liquid chromatography, capillary electrophoresis, and electrochemical methods [85].
Nevertheless, electrochemical methods provide a rapid and simple procedure, relatively low-cost
equipment, and possible in situ analysis. However, there are only few reports on the electrochemical
behaviour/detection of CGA. Considering the electrochemical approach involving nanomaterials,
examples are reported in Table 2.

Gao reported and described a multi-walled carbon nanotube modified screen-printed electrode
(MWCNTs/SPE), employed for the electrochemical determination of CGA [86]. Cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) methods for the determination of CGA were proposed.
Under the optimal conditions, the sensor exhibited linear ranges from 4.8 × 10−4–4.4 × 10−2 M,
and the detection limit for CGA of 3.38 × 10−4 M. According to the proposed analytical method,
the MWCNTs/SPE was applied to the determination of CGA in coffee beans and the recovery was
94.74–106.65%. The result of CGA determination was in good agreement with those obtained by HPLC.

The preparation of a modified carbon paste electrode using highly defective mesoporous
carbon (DMC) and room temperature ionic liquid 1-Butyl-3-methylimidazolium hexafluorophosphate
(BMIM.PF6) was described [85] and the obtained sensor was employed for the electrochemical detection
of chlorogenic acid (CGA) in herbal extracts. DMC with defective structure was synthesized via a facile
method using nanosilica as a hard template, sucrose as a carbon source, and KNO3 as defect inducing
agent. The proposed sensor exhibited good performances toward the electrochemical reaction of CGA
in aqueous solution. The electrocatalytic behaviour was further considered as a detection procedure for
the CGA determination by SWV. Under optimized conditions, the linear response range and detection
limit were 2.00 × 10−8–2.50 × 10−6 M and 1.00 × 10−8 M, respectively. The method was successfully
applied for determination of CGA in extracts of Calendula officinalis and Echinacea purpurea.
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A novel gold nanoparticles-doped TAPB-DMTP-COFs (TAPB, 1,3,5-tris(4-aminophenyl)benzene;
DMTP, 2,5-dimethoxyterephaldehyde; COFs, covalent organic frameworks) composite was prepared
via COFs as the host matrix to support the growth of gold nanoparticles. Then, this composite was
used to assemble an electrochemical sensor and presented a good electrocatalytic activity toward the
oxidation of chlorogenic acid (CGA) in the phosphate buffer solution (pH 7.0) [87]. This electrochemical
sensor displays a linear range of 1.00 × 10−8–4.00 × 10−5 M, with a detection limit of 9.50 × 10−9 M.
According to the proposed method, the sensor was applied to the determination of CGA in coffee,
fruit juice, and in herbal extracts, and the recovery was 99.20–102.50%. The results of CGA determination
were in good agreement with those obtained by HPLC.

An innovative nanocomposite of multiwalled carbon nanotubes (MWCNTs), copper oxide
nanoparticles (CuONPs) and lignin (LGN) polymer were successfully synthesized and used to modify
the glassy carbon electrode for the determination of chlorogenic acid (CGA). Cyclic voltammetry (CV)
showed a quasi-reversible, adsorption-controlled and pH dependent behaviour. Differential pulse
voltammetry (DPV) was applied and used for the quantitative detection of CGA. Under optimal
conditions, the proposed sensor showed linear responses from 5 mM to 50 mM, whilst the limit of
detection was found to be 0.0125 mM. The LGN-MWCNTs-CuONPs-GCE were applied to detect the
CGA in real coffee samples with the recovery ranging from 97 to 106% [88].

The as synthesized ZnO@PEDOT:PSS modified glassy carbon electrode (GCE) was employed for
the electrochemical detection of chlorogenic acid (CGA) [89]. The composite structure is formed by
zinc oxide (ZnO) having the flower-like structure and by poly(3,4-ethylenedioxythiophene) polymer
doped with poly(4-styrenesulfonate) (PEDOT: PSS). The nanocomposite was synthesized successfully
through the one-pot chemical synthesis. The physicochemical properties of the synthesized composite
were studied by using various analytical techniques. Specifically, ZnO@PEDOT:PSS-GCE towards
CGA oxidation shows a linear range of 0.03–476.2 µM and limit of detection 0.02 µM, respectively.
Furthermore, the ZnO@PEDOT:PSS-GCE effectiveness for the determination of CGA is tested by using
coffee powder and soft drink as real samples.

The detection of chlorogenic acid in clinic samples for metabolic kinetics studies is a challenging
task due to the low concentration and lack of sensitive analytical methods. Concerning this analytical
issue, a porous pencil lead electrode (PLE) has been used to detect chlorogenic acid by SWV technique.
The sensitivity was significantly improved due to the accumulation of CGA at the porous structure of
the electrode. Under the optimized conditions, the concentration of chlorogenic acid was linear in the
range of 7.7 × 10−8–7.7 × 10−6 M with detection limits of 4.5 × 10−9 M. The electrode was used for the
determination of chlorogenic acid in human urine with near 100% recovery [90].

4.1.3. Rosmarinic Acid

Rosmarinic acid (RA, chemical structure in Figure 4) is the ester of caffeic acid, predisposed to
biological activities. [91]. It is also one of the natural antioxidants acting as an antiseptic, antiviral,
antibacterial and anti-inflammatory agent. RA is an important and major secondary metabolite present
in some plants and applied also in various fields such as medicine, cosmetics, and food industry.
Due to the known impacts of RA on Alzheimer’s disease, it was used to improve cognitive function as
well as to reduce the severity of the renal disease [91].
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Several studies have been reported concerning the determination of RA in different matrices
using different analytical approaches such as chromatography, fluorescence, electrochemical sensors
(very few papers), capillary electrophoresis [92].

Two different electrochemical sensing approaches are reported below the electrochemical behaviour
of rosmarinic acid at the surface of a DNA-coated electrode was investigated using square-wave
stripping voltammetry [93]. The voltammetric studies showed that rosmarinic acid is oxidized in
two successive pH-dependent steps, each involving the transfer of two electrons and two protons.
These oxidations correspond to two electroactive catechol groups. Moreover, strong interaction between
the immobilized DNA and rosmarinic acid accumulates RA on the electrode surface resulting in an
efficient preconcentration leading to high sensitivity of the sensor for rosmarinic acid determination.
Several experimental parameters affecting the sensor response were optimized. Under optimized
conditions, a linear concentration range of 0.040–1.5 µM with a detection limit of 0.014 µM was obtained.
The proposed method was applied to the analysis of a rosemary extract. The obtained data was in
good agreement with those obtained from HPLC analysis.

A modified carbon paste electrode (CPE) was designed and fabricated used magnetic functionalized
molecularly imprinted polymer (MMIP) nanostructure for selective determination of RA in some plant
extracts [93]. The MMIP nanostructure functionalized with −NH2 group (Fe3O4@SiO2@NH2) was
prepared by surface imprinting approach and then used as modifier for the sensor. The nano sized
functionalized MMIP particles (i.e., Fe3O4@SiO2@NH2) superparamagnetic behaviour was analysed
and verified. In addition, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) techniques
were used for study the electrochemical behaviour and determination of RA on the modified CPE.
Based on the results, the modified sensor has good sensitivity and selectivity for the detection of RA
in the presence of other species compared to unmodified electrodes. Under optimum conditions,
two linear concentration ranges (0.1–100 µM and 100–500 µM) with a detection limit of 0.085 µM were
obtained. Finally, the applicability of the designed sensor was examined for determination of RA
in four plant extracts, including Salvia officinalis, Zataria multiflora, Mentha longifolia, and Rosmarinus
officinalis.

4.2. Caffeine

Caffeine (CAF, chemical structure in Figure 5) a natural alkaloid, distributed in seeds, nuts,
or leaves of a number of plants, mainly coffee, cocoa, tea, with the natural function as insecticide, is the
most widely consumed psychoactive substance in human dietary. Many physiological effects of CAF
are well known, from stimulation of the central nervous system, diuresis, and gastric acid secretion [94]
to nausea, seizures, trembling, and nervousness. Mutation effects on DNA have been also reported.
Moreover, it is considered a risk molecule for cardiovascular diseases. Recently, also an antioxidant
activity has been suggested for CAF, showing protective effects against oxidative stress. The presence
of CAF in many beverages and drug formulations of worldwide economic importance [94] makes it
an analyte of great interest and although many different analytical methods are currently applied,
novel analytical methods for fast, sensitive and reliable determination of CAF are always necessary,
especially for particular purposes, as the determination in specific matrix in the presence of interfering
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agents, or in a specific concentration range, besides under beneficial conditions in terms of time
consumption, material cost, and procedure ease [94].
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Electrochemical determination of CAF on different electrode materials, usually bare and
miscellaneously modified carbon-based electrodes, has been also reported in literature [94].
The electrochemical methods offer a series of practical advantages as procedure ease, not too expensive
instruments, the possibility of miniaturization, besides good sensitivity, wide linear concentration
range, suitability for real-time detection, and reduced sensitivity to matrix effects. Several examples,
concerning CAF detection via nanomaterials based electrochemical sensors are reported in Table 3.

As a first example of nanomaterials application to detect caffeine, we would like to mention
a voltammetric sensor for caffeine, based on a glassy carbon electrode modified with Nafion and
graphene oxide (GO) [95]. It exhibits a good affinity for caffeine (resulting from the presence of Nafion),
and good electrochemical response (resulting from the presence of GO) for the oxidation of caffeine.
The electrode enables the determination of caffeine in the range from 4.0 × 10−7 to 8.0 × 10−5 M, with a
detection limit of 2.0 × 10−7 M. The sensor displays good stability, reproducibility, and high sensitivity.
It was successfully applied to the quantitative determination of caffeine in beverages. Kubota group
described the development of a novel sensitive molecularly imprinted electrochemical sensor for
the detection of caffeine [96]. The sensor was prepared on a glassy carbon electrode modified with
multiwall carbon nanotubes (MWCNTs)/vinyltrimethoxysilane (VTMS) recovered by a molecularly
imprinted siloxane (MIS) film prepared by sol–gel process. MWCNTs/VTMS was produced by a simple
grafting of VTMS on MWCNTs surface by in situ free radical polymerization. The siloxane layer was
obtained from the acid-catalyzed hydrolysis/condensation of a solution constituted by tetraethoxysilane
(TEOS), methytrimethoxysilane (MTMS), 3-(aminopropyl)trimethoxysilane (APTMS), and caffeine as a
template molecule. The MIS/MWCNTs-VTMS/GCE sensor was tested in a solution of the caffeine and
other similar molecules. After optimization of the experimental conditions, the sensor showed a linear
response range from 0.75 to 40 µM with a detection limit (LOD) of 0.22 µM. The imprinted sensor was
successfully tested to detect caffeine in real samples.

Pumera group reported and discussed the electrochemical detection of caffeine at different
chemically modified graphene (CMG) surfaces with different defects and oxygen functionalities [97].
The analytical performances of graphite oxide (GPO), graphene oxide (GO), and electrochemically
reduced graphene oxide (ERGO) were compared for the detection of caffeine. It was found that ERGO
showed the best analytical parameters, such as lower oxidation potential, sensitivity, linearity range
(5.00 × 10−5–3.00 × 10−4 M) and reproducibility of the response. ERGO was then used for the analysis
of real samples. Caffeine levels of soluble coffee, teas, and energy drinks were measured without the
need of any sample pre-treatment.
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A solution containing anisotropic gold nanoparticles (AuNPs), chitosan (CHIT), and ionic liquid
(IL, i.e., 1-butyl-3-methylimidazolium tetrafluoroborate, (BMIM) (BF4)) was cast on a graphene(r-GO)
modified glassy carbon electrode to assemble an electrochemical sensor for the determination of
theophylline (TP) and caffeine (CAF) [98]. The factors influencing this analytical approach are
investigated, including the ingredients of the hybrid film, the concentrations of r-GO, HAuCl4,
and IL, and the buffer solution pH. Under the optimized conditions, the linear response ranges are
2.50 × 10−8–2.10 × 10−6 M and 2.50 × 10−8–2.49 × 10−6 M for TP and CAF, respectively. The detection
limits are 1.32 × 10−9 M and 4.42 × 10−9 M, respectively. The electrochemical sensor shows good
reproducibility, stability, and selectivity, and it has been applied to the determination of TP and CAF
in real samples. A sensitive and selective nanocomposite imprinted electrochemical sensor for the
determination of caffeine has been proposed by Rezaei [99]. The imprinted sensor was fabricated on
the surface of pencil graphite electrode (PGE) via one-step electropolymerization of the imprinted
conductive polymer, including gold nanoparticles (AuNPs), and caffeine. Because of the presence
of specific binding sites on the molecularly imprinted polymer (MIP), the sensor responded quickly
to caffeine. AuNPs were introduced for the enhancement of electrical response. The linear ranges
of the MIP sensor were from 2.0 to 50.0 and 50.0 to 1000.0 nM, with the limit of detection of 0.9 nM.
Furthermore, the proposed method was applied for the determination of caffeine in real samples
(urine, plasma, tablet, green tea, energy, and soda drink).

Curulli group developed a simple and selective method for the determination of caffeine also
in complex matrix at a gold electrode modified with gold nanoparticles (AuNPs) synthetized in a
chitosan matrix in the presence of oxalic acid [94]. A scheme of the approach and method used for the
caffeine detection is illustrated in Figure 5.

The electrochemical behaviour of caffeine at both gold bare and gold electrode modified with
AuNPs was carried out in acidic medium by cyclic voltammetry (CV), differential pulse voltammetry
(DPV) and electrochemical impedance spectroscopy (EIS). Electrochemical parameters were optimized
to improve the electrochemical response to caffeine. The most satisfactory result was obtained using
a gold electrode modified with AuNPs synthetized in a chitosan matrix in the presence of oxalic
acid, in aqueous solution containing HClO4 0.4 M as supporting electrolyte. The performance of
the sensor was then evaluated in terms of linearity range (2.0 × 10−6–5.0 × 10−2 M), operational and
storage stability, reproducibility, limit of detection (1.0 × 10−6 M) and response to a series of interfering
compounds as ascorbic acid, citric acid, gallic acid, caffeic acid, ferulic acid, chlorogenic acid, glucose,
catechin and epicatechin. The sensor was then successfully applied to determine the caffeine content
in commercial beverages and the results were compared with those obtained with HPLC-PDA as an
independent method and with those declared from manufacturers.

A novel graphene oxide-reduced glutathione modified carbon paste (GORGCP) sensor has been
assembled for sensitive determination of CAF in 0.01 M phosphoric acid (H3PO4) solution of pH
range (1.0–5.0) in both aqueous and surfactant media (0.5 mM sodium dodecylsulfate (SDS) [100].
The interaction of CAF over the surface of sensor was investigated using different electrochemical
techniques. The linear detection range of CAF was between 8–800 µM with a limit of detection of
0.153 µM. The sensor showed a good selectivity and was applied for detecting CAF in real samples
with recoveries, ranging from 97.76% to 101.36%.

Walcarius and co-workers [101] reported the more recent sensor for CAF detection involving
nanomaterials. A nano-cobalt (II, III) oxide modified carbon paste (NCOMCP) sensor was prepared
and applied to the determination of CAF in both aqueous (0.01 M H2SO4) and micellar media
(0.5 mM sodium dodecylsulfate, SDS). The electrochemical behaviour of CAF was studied by means
the most common electrochemical techniques. Using DPV, CAF was detected in a concentration range
between 5.0 and 600 µM, with a limit of detection of 0.016 µM. The sensor showed good selectivity
vs. the most common interferences and was applicable for CAF sensing in several commercial coffee
samples with recoveries ranging from 98.9% to 101.9%.
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4.3. Ascorbic Acid

l-Ascorbic acid (AA) or Vitamin C is a water-soluble vitamin and antioxidant, present in many
biological systems and food. The biochemically and physiologically active form is the l-enantiomer,
with a γ-lactone structure [102]. AA is an ideal scavenger free-radical and singlet oxygen or act as
a chelating agent. As a strong antioxidant, it acts as a two-electron donor involving hydrogen atom
transfer, giving rise to the ascorbate radical ion first, and finally to dehydroascorbic acid. The AA
action prevents the oxidation of several compounds present in food and/or beverages. The deficiency
of AA can cause several diseases, such as rheumatoid arthritis, Parkinson’s and Alzheimer’s diseases,
and even cancer [102]. The excess of AA can result to several other diseases such as gastric irritation.
Moreover, in the presence of heavy metal cations, the excess of AA has other drawbacks, because it can
act as a pro-oxidant, in other words it limits its own antioxidant action tills to produce the reactive
oxygen species, causing oxidative stress. Therefore, the determination of AA in biological fluids is very
important for the diagnosis of such diseases. The quantitative determination of AA is also necessary
for different application fields, including among others, cosmetics, drugs, and food [103].

Conventional bare electrodes, like Pt, Au, and glassy carbon, were used for the ascorbic
acid detection but because of the vitamin C overpotential, fouling of the electrode surface was
observed, involving low sensitivity and selectivity. Nanomaterials were used for the modification of
conventional electrode to reduce the overpotential and to enhance the electrode sensitivity, selectivity,
and reproducibility.

In Table 4, some interesting examples whereby the electrochemical sensors employing
nanomaterials were designed and successfully applied for the AA detection in food analysis are reported.
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A smartphone-based integrated voltammetry system using modified electrode was developed for
simultaneous detection of biomolecules and it is a fine example to combine nanomaterials and innovative
technological approach. The system included a disposable sensor, a coin-size detector, and a smartphone
equipped with application program [113]. Screen-printed electrodes were used, where reduced
graphene oxide and gold nanoparticles were electrochemically deposited. The smartphone is the core
device to communicate with the detector, elaborate the data, and record voltammograms in real-time.
Then, the system was applied to detect standard solutions of the biomolecules and their mixtures as
examples. The results showed that the method allowed the selective detection of the target molecules.
The system was then tested to detect the different molecules, including AA, in artificial urine and in
beverages. with linear and high sensitivity.

Arduini and co-workers reported an interesting development of a carbon black nanomodified
inkjet-printed sensor for ascorbic acid detection for AA detection [114]. The possibility to use the
paper employed in printed electronics as a substrate to develop a paper-based sensor is analysed and
evaluated. In Figure 6, the procedure to manufacture paper-based inkjet printed electrodes and the
dimensions of the printed electrodes are shown.
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To improve the electrochemical performances of the inkjet-printed sensor, a dispersion of carbon
black nanoparticles was used to modify the working electrode, for assembling a nanomodified
electrochemical sensor platform. This disposable sensor was characterized both electrochemically
and morphologically, and it has been used to detect ascorbic acid as model analyte. It has been
evidenced that the presence of carbon black as nano modifier decreased the overpotential for ascorbic
acid oxidation in comparison to the unmodified sensor. Under optimized experimental conditions,
this printed electrochemical sensor was successfully employed for the detection of ascorbic acid in a
dietary supplement, and the results were in agreement with those declared from the manufacturers.

Rahman and co-coworkers modified with ZnO·CuO nanoleaves a flat GCE, fabricated through
a conducting nafion polymer matrix in order to detect selective acetylcholine and ascorbic acid
simultaneously [106].

Concerning ascorbic acid, a linearity range from 100.0 pM to 100.0 mM was obtained with a
detection limit of 12.0 pM. ZnO·CuO nanoleaves were synthesized by using a wet-chemical technique.
This sensor applied for the determination of acetylcholine and ascorbic acid in real samples, i.e., human,
mouse, and rabbit serum, orange juice, and urine, with satisfactory results.

Decorated carbon nanoonions (CNOs) with nickel molybdate (NiMoO4) and manganese tungstate
(MnWO4) nanocomposite were used to modify a glassy carbon electrode (GCE) and to detect AA in
real samples [107].

The high conductivity and large surface area of the CNOs and the electrocatalytic effect of NiMoO4

and MnWO4 nanocomposite provide a synergistic effect on the electrooxidation processes of AA.
The modified GCE surface with a synthesized nanocomposite of CNO-NiMoO4-MnWO4 was used to
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determine ascorbic acid using differential pulse voltammetry (DPV) method. The developed ascorbic
acid sensor displayed a wide dynamic calibration range (1–100 µM) with a detection limit of 0.33 µM.
The sensor was applied to determine AA in real samples of orange, tomato, strawberry, and pineapple
juices with satisfactory recovery.

Vidrevich and co-workers developed a voltammetric sensor based on a carbon veil (CV) and
phytosynthesized gold nanoparticles (Au-gr) for ascorbic acid (AA) determination [108].

Extract from strawberry leaves was used as source of antioxidants (reducers) for Au-gr
phytosynthesis. The sensor exhibits a linear response to AA in a concentration range from 1 µM to
5.75 mM and a limit of detection of 0.05 µM. The sensor was successfully applied for the determination
of AA content in fruit juices without samples preparation. A correlation (r = 0.9867) between the
results of AA determination obtained on the developed sensor and integral antioxidant activity of fruit
juices was observed.

A nonenzymatic amperometric sensor for determination ascorbic acid has been developed using
the glassy carbon electrode (GCE) modified with mesoporous CuCo2O4 rods [109].

The mesoporous CuCo2O4 rods were prepared by hydrothermal method. The sample is pure
spinel CuCo2O4 rods with mesoporous structure. The mesoporous CuCo2O4 rods showed a linearity
range of AA concentration (1–1000 mM) with a linearity range from 1.00 to 1000 µM. The detection
limit is down to 0.21 µM. The CuCo2O4/GCE AA sensor exhibited good performance in terms of
stability, repeatability and selectivity and was appled to tetect AA in vitamin C tablets.

A simple, sensitive and precise electroanalytical method was developed using flow injection
analysis (FIA) with amperometric detection and reduced graphene oxide sensor for ascorbic acid
determination in samples of multivitamin beverages, milk, fermented milk, and milk chocolate [110].

No interference of sample matrix was observed, avoiding solvent extraction procedures
(samples were only diluted). The FIA allowed a detection limit of 4.7 µM. Good precision (RSD < 7%)
and accuracy (recoveries between 91 and 108%) evidenced the robustness of the method. The method
was compared with ultra-fast liquid chromatography (UFLC), obtaining statistically similar results
(95% confidence level).

A Cu-based nanosheet metal–organic framework (MOF), HKUST-1, was synthesised using a
solvent method at room temperature. An indium tin oxide (ITO) electrode) was modified with this
material to catalyse the electrochemical oxidation of ascorbic acid [111].

Under optimal conditions, the oxidation peak current at +0.02 V displayed a linear relationship
with the concentration of AA within the ranges of 0.01–25 and 25–265 µM, respectively. The limit
of detection was 3 µM. The porous nanosheet structure of HKUST-1 could explain the significative
enhancement of the effective surface area and the electron transfer capaability. Moreover, the novel AA
sensor demonstrated good reproducibility, stability, and high selectivity towards glucose, uric acid
(UA), dopamine (DA), and several amino acids. It was also successfully applied to the real sample
testing of various AA containing tablets.

Metal nanoclusters (NCs) are highly desirable as active catalysts due to their highly active surface
atoms. Among the reported metal clusters, nickel nanoclusters (Ni NCs) have been less well developed
than others, such as gold, silver and copper. A simple method was developed by Chen to synthesize
atomically precise Ni clusters with the molecular formula of Ni6(C12H25S)12 [112].

The Ni6 NCs can be self-assembled into nanosheets due to their uniform size. It was found that the
Ni6(C12H25S)12 clusters were loaded on carbon black and the resulting nanocomposite (Ni6 NCs/CB)
was used to modify a GCE. The modified GCE was used to determine AA. The Ni6 NCs/CB based
sensor showed high sensing performance for AA with a wide linear range (1–3212 µM) and a detection
limit of 0.1 µM. The high catalytic activity could be due to the high fraction of surface Ni atoms with
low coordination in the sub-nanometer clusters. Finally, Ni clusters can be used as highly efficient
catalysts for the electrochemical detection of AA in tablets.
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4.4. Nitrite

Nitrite is an additive used to extend the shelf-life of beverages and foods such as ham, salami,
and other cured meats [9]. On the other hand, it proves harmful for the human body if it is added to
food and beverages at levels higher than those indicated by the safety standards. The World Health
Organization (WHO) has established a concentration limit of 3.0 mg·L−1 (65.22 µM) for nitrite in
drinking water [115]. Therefore, the detection and quantification of nitrite is one of the critical issues of
food analysis. Novel nanomaterials have been synthesized and used for the design of advanced sensors
for the nitrite detection. It has been shown that nanomaterial-based electrocatalysts significantly
improve analytical performances for the nitrite determination and several examples are reported in
Table 5. We must evidence that the majority of them are concerned with the detection in water samples,
but very significant examples are concerned with cured meats and milk.

As first example, we present a sensor based on silver nanoparticles stabilized by polyamidoamine
(PAMAM) dendrimer, synthesized by a simple chemical reduction method [116]. The Ag-PAMAM
modified electrode exhibited good electrocatalytic performance for the oxidation of nitrite.
Under optimized conditions, in a pH 6.0 phosphate buffer solution, the sensor displayed a linear range
from 4.0 µM to 1.44 mM with a detection limit of 0.4 µM. Furthermore, the proposed sensor was used
for the determination of nitrite in tap water and milk samples.

Du and co-workers have prepared a promising electrochemical sensor based on Pt nanoparticles
synthesized by a one-pot hydrothermal method and distributed on the surface of reduced graphene
oxide (RGO) sheets [117]. The morphology and composition of as-prepared PtNPs-RGO composites
have been characterized by different spectroscopic methods. The Pt-RGO modified electrode shows a
good linearity between the peak current and concentration of nitrite (the range is not declared) with
a detection limit of 0.1 µM. Compared to the Pt nanoparticles or the RGO modified glassy carbon
electrode, the nanocomposite-based sensor shows a good reproducibility, stability, and anti-interference
electrocatalytic performance toward nitrite sensing. Finally, it has been applied to detect nitrite
in beverages.

Cellulose is the most abundant, renewable, biodegradable, natural polymer resource on earth
and can be a good substrate for catalysis. For this reason, Zhang and co-workers used straw cellulose,
oxidized by 2,2,6,6 tetra-methylpiperidine-1-oxylradical (TEMPO), and then they synthesized via
a hydrothermal method a TEMPO oxidized straw cellulose/molybdenum sulphide (TOSC-MoS2)
composite for modifying a GCE [118]. The TOSC-MoS2 modified glassy carbon electrode is used as
electrochemical sensor for detecting nitrite. Cyclic Voltammetry (CV) results showed TOSC-MoS2

has electrocatalytic activity for the oxidation of nitrite. The amperometric response results indicate
the TOSC-MoS2 modified GCE can be used to determine nitrite with linear ranges of 6.0–3140 and
3140–4200 µM and a detection limit of 2.0 µM. The proposed sensor has good anti-interference
performance, and it has been applied to real sample analysis (river and drinking water).

Shen-Ming Chen group has prepared and evaluated a palladium nanoparticles (PdNPs) decorated
functionalized multiwalled carbon nanotubes (f-MWCNT) modified glassy carbon electrode for
the amperometric determination of nitrite in different water samples [119]. The f-MWCNT/PdNPs
composite modified electrode was prepared by electrodeposition of PdNPs on the surface of f-MWCNT.
The resultant sensor exhibits excellent electrocatalytic activity towards the oxidation of nitrite compared
to MWCNT, f-MWCNT, and PdNPs modified electrodes. The amperometric method was used to
determine nitrite and the response of the nitrite on modified electrode was linear in the concentration
range from 0.05 to 2887.6 µM with a detection limit of 22 nM. Sensor was further applied to detect
nitrite in different water samples (river, pond, and drinking water).

240



M
ol

ec
ul

es
20

20
,2

5,
57

59

Ta
bl

e
5.

A
n

ov
er

vi
ew

of
el

ec
tr

oc
he

m
ic

al
se

ns
or

s
fo

r
ni

tr
it

e
de

te
rm

in
at

io
n,

us
in

g
na

no
m

at
er

ia
ls

an
d/

or
na

no
co

m
po

si
te

s.

El
ec

tr
oc

he
m

ic
al

M
et

ho
ds

El
ec

tr
od

e
M

at
er

ia
l

Li
ne

ar
it

y
R

an
ge

(m
ol
·L−

1 )
LO

D
(m

ol
·L−

1 )
A

pp
li

ca
ti

on
R

ef
er

en
ce

D
PV

A
gN

Ps
@

PA
M

A
M

/G
C

E
4.

00
×

10
−6

–1
.4

4
×

10
−3

4.
00
×

10
−7

M
ilk

an
d

ta
p

w
at

er
[1

16
]

D
PV

Pt
N

Ps
/r

G
O

/G
C

E
Li

ne
ar

it
y

ra
ng

e
no

td
ec

la
re

d
1.

00
×

10
−7

Be
ve

ra
ge

s
[1

17
]

D
PV

TO
SC

-M
oS

2/
G

C
E

6.
00
×

10
−6

–4
.2

0
×

10
−3

2.
00
×

10
−6

R
iv

er
an

d
dr

in
ki

ng
w

at
er

[1
18

]

A
m

pe
ro

m
et

ry
f-

M
W

C
N

T
/P

dN
Ps

/G
C

E
5.

00
×

10
−8

–3
.0

0
×

10
−6

2.
20
×

10
−8

R
iv

er
,p

on
d,

an
d

dr
in

ki
ng

w
at

er
[1

19
]

D
PV

G
N

s/
G

C
E

1.
00
×

10
−6

–1
.0

5
×

10
−4

2.
20
×

10
−7

Ta
p

w
at

er
[1

20
]

D
PV

Pd
/F

e 3
O

4/
po

ly
D

O
PA

/R
G

O
/G

C
E

2.
50
×

10
−6

–6
.4

7
×

10
−3

5.
00
×

10
−7

R
iv

er
w

at
er

an
d

sa
us

ag
e

[1
21

]

A
m

pe
ro

m
et

ry
rG

O
/A

cr
/G

C
E

4.
00
×

10
−7

–3
.6

0
×

10
−3

1.
20
×

10
−7

M
ilk

,m
in

er
al

an
d

ta
p

w
at

er
[1

22
]

A
m

pe
ro

m
et

ry
M

nO
2/

G
O

-S
PE

1.
00
×

10
−7

–1
.0

0
×

10
−3

9.
00
×

10
−8

Ta
p

an
d

m
in

er
al

w
at

er
[1

23
]

D
PV

A
uN

Ps
/c

ar
bo

si
la

ne
-d

en
dr

im
er

/G
C

E
1.

00
×

10
−5

–5
.0

0
×

10
−3

2.
00
×

10
−7

N
at

ur
al

w
at

er
[1

24
]

SW
V

C
u/

M
W

C
N

T/
R

G
O

/G
C

E
1.

00
×

10
−7

–7
.5

0
×

10
−5

3.
00
×

10
−8

Ta
p

an
d

m
in

er
al

w
at

er
s,

sa
us

ag
es

,s
al

am
i,

an
d

ch
ee

se
[1

25
]

D
PV

M
O

Fs
-d

er
iv

ed
α

-F
e 2

O
3/

C
N

Ts
/G

C
E

1.
00
×

10
−7

–7
.5

0
×

10
−5

3.
00
×

10
−8

Ta
p

an
d

m
in

er
al

w
at

er
s,

sa
us

ag
es

,s
al

am
i,

an
d

ch
ee

se
[1

26
]

D
PV

C
oC

N
M

/G
C

E
5.

00
×

10
−6

–7
.0

5
×

10
−6

1.
80
×

10
−7

Ta
p

w
at

er
[1

27
]

D
PV

A
g/

C
uN

C
s/

M
W

C
N

Ts
/G

C
E

1.
00
×

10
−6

–1
.0

0
×

10
36

2.
00
×

10
−7

La
ke

w
at

er
,d

ri
nk

in
g

w
at

er
an

d
se

aw
at

er
.

[1
28

]

D
PV

C
o 3

O
4@

rG
O

/C
N

Ts
/G

C
E

8.
00
×

10
−6

–5
.6

0
×

10
−2

1.
60
×

10
−8

Ta
p

w
at

er
[1

29
]

D
PV

N
i@

Pt
/G

r/
G

C
E

1.
00
×

10
−5

–1
.5

0
×

10
−2

N
ot

de
cl

ar
ed

Ta
p

w
at

er
[1

30
]

D
PV

A
uN

Ps
@

C
u-

M
O

F/
G

C
E

1.
00
×

10
−7

–1
.0

0
×

10
−2

8.
20
×

10
−8

R
iv

er
w

at
er

[1
31

]

241



Molecules 2020, 25, 5759

A highly sensitive electrochemical method was developed by Kalcher and co-workers for the
determination of nitrites in tap water using a glassy carbon electrode modified with graphene
nanoribbons (GNs/GCE) [120]. Graphene nanoribbons (GNs) have been synthetized and aligned to the
surface of glassy carbon electrode (GCE) and showed good electrocatalytic activity for nitrite oxidation.
Studies about electrochemical behaviour and optimization of the most important experimental
conditions were performed using cyclic voltammetry (CV) in Britton–Robinson buffer solution (BRBS),
while quantitative studies were undertaken with amperometry. The influence of most common
interferents was found to be negligible. Under optimized experimental conditions linear calibration
curves were obtained in the range from 0.5 to 105 µM with the detection limit of 0.22 µM. The proposed
method and sensor are successfully applied for the determination of nitrite present tap water samples
without any pretreatment.

A green route was used to synthesize Pd/Fe3O4/polyDOPA/RGO composite. The in-situ nucleation
and growth of Fe3O4 and Pd nanostructures was performed on reduced graphene oxide (RGO), based on
poly DOPA (3,4-Dihydroxy-l-phenylalanine, DOPA) [121]. This composite showed an electrocatalytic
activity toward nitrite oxidation. The amperometric results indicated that Pd/Fe3O4/poly DOPA/RGO
modified glassy carbon electrode was employed to determine nitrite with a linear range of 2.5–6470 µM
and a detection limit of 0.5 µM. With good anti-interference behaviour and good stability, the proposed
sensor was successfully applied for the determination of nitrite in Yellow River water and sausage
extract with satisfactory results.

Flexible and free-standing reduced graphene oxide (rGO) papers, doped with dye molecules such
as phenazine, phenothiazine, phenoxazine, xanthene, acridine, and thiazole, were used to assemble an
electrochemical sensor for nitrite detection by Aanyalıoglu [122]. The assembling procedure included
two basic steps: vacuum filtration of a dispersion containing GO sheets and dye molecule through a
membrane and reduction of free-standing GO/dye paper to rGO/dye paper by treatment with hydriodic
acid. Electrical conductivity and electrochemical performance studies indicated that acriflavine (Acr)
doped rGO paper electrode showed the best performance for the oxidation of nitrite. The resulted
amperometric sensor was very stable, flexible, and reproducible, with a detection limit of 0.12 µM and
linear range of 0.40–3600 µM. Under optimized conditions, it was applied to detect nitrite in milk as
well as mineral and tap water samples.

A screen-printed amperometric sensor based on a carbon ink bulk-modified with graphene
oxide decorated with MnO2 nanoparticles (MnO2/GO-SPE) was prepared as a sensor for nitrite
detection by Banks and co-workers [123]. The MnO2/GO-SPE showed an electrocatalytic activity for
the electrochemical determination of nitrite in 0.1 M phosphate buffer solution (pH 7.4), with a limit of
detection of 0.09 µM and with two linear ranges of 0.1–1 µM and 1–1000 µM, respectively. Additionally,
the nitrite sensor presented a good selectivity, reproducibility, and stability and was applied to detect
nitrite in tap and mineral water samples.

A paper-based, low-cost, disposable electrochemical sensing platform was developed for nitrite
analysis based on graphene nanosheets and gold nanoparticles by Miao [132]. In comparison with the
electrochemical responses at bare gold and glassy carbon electrodes, a considerably higher oxidation
current was recorded. At the paper-based electrode, the fouling effect due to the oxidation products
adsorption was negligible. Moreover, this paper-based sensing platform was applied to determine
nitrite in environmental and food samples.

Glassy carbon and platinum electrodes were modified with composite films including gold
nanoparticles (AuNPs) and a carbosilane-dendrimer with peripheral electronically communicated
ferrocenyl units (Dend), by Alonso and co-workers [124]. The modified electrodes exhibited interesting
electrocatalytic activity toward the oxidation of nitrite, giving higher peak currents at lower oxidation
potentials than those at the bare electrode and at the dendrimer-modified electrode. Under the
optimized conditions the sensor has a linear response in the 10 µM to 5 mM concentration range, and a
detection limit of 2.0 × 10−7 M. The sensor was successfully applied to the determination of nitrite in
natural water samples.
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An electrochemical sensor based on Cu metal nanoparticles distributed on multiwall carbon
nanotubes-reduced graphene oxide nanosheets (Cu/MWCNT/RGO) for determination of nitrite and
nitrate ions was assembled by Rezaei group [125]. The morphology of the nanocomposite was
investigated using different spectroscopic methods. Under optimized experimental conditions,
the modified GCE showed catalytic activity toward the oxidation of nitrite with a significant increase
in oxidation peak currents in comparison with those at bare GCE. Using SWV the sensor showed a
linear concentration range from 0.1 to 75 µM with detection limit of 30 nM for nitrite. Furthermore,
the sensor was applied to the detection of nitrite in the tap and mineral waters, sausages, salami,
and cheese samples.

Highly ordered MOFs-derived α-Fe2O3/CNTs hybrids through in-situ insertion of carbon
nanotubes and their subsequent calcination were prepared for the electrochemical detection of
nitrite. Metal organic frameworks (MOFs), composed of metal ions and organic ligands connected
each other through strong coordination bonds, have been widely applied in gas storage and separation
[0]. The in-situ insertion of CNTs improves the electron-transfer between the α-Fe2O3 and CNTs,
making α-Fe2O3 highly active for oxidation of nitrite. The sensor demonstrated good performances of
nitrite detection with the limit of detection of 0.15 µM, and the linear range from 0.5 µM to 4000 µM.
Finally, it was applied for the detection of nitrite in tap and pond water.

Another MOFs was used to prepare a sensor for detecting nitrite by Zhou and co-workers [127].
The MOFs were calcined in argon atmosphere to prepare magnetic Co nanocages (CoCN).
The synthesized CoCN were deposited on the surface of glassy carbon electrode obtaining a magnetic
sensing platfor(CoCN/MGCE). The prepared CoCN/MGCE displayed interesting performance for
electrocatalytic oxidation of nitrite, with a linear concentration range of 5–705 µM with a 0.18 µM
detection limit. The proposed sensor was applied for detecting nitrite in real samples of tap water.
A glassy carbon electrode modified with Ag/Cu nanoclusters and multiwalled carbon nanotubes
to detect nitrite was prepared using the electrodeposition method [128]. This electrode showed
electrocatalytic activity for the oxidation of nitrite. Upon an increase of the nitrite concentration
from 1.0 µM to 1.0 mM, the current response increased linearly, with a detection limit of 2 × 10−7 M.
The electrode exhibited good stability, and it was applied in the detection of nitrite in lake water,
drinking water and seawater.

An electrochemical sensor based on cobalt oxide decorated reduced graphene oxide and carbon
nanotubes (Co3O4-rGO/CNTs) has been prepared for the nitrite detection. The sensor showed a linear
concentration range from 8 µM to 56 mM and a detection limit of 0.016 µM. It was also applied to
determine the nitrite level in tap water real samples with satisfactory recovery [129].

Core-shell Ni@Pt nanoparticles were synthesised on graphene [Ni@Pt/Gr] by Medhany [130].
This synthesized nanocomposite was characterized by different spectroscopic methods.
Ni@Pt/Gr electrode showed electrocatalytic activity towards nitrite oxidation. Linear calibration
curves were recorded at Ni@Pt/Gr electrodes obtaining a linear concentration range of 10–15 mM.
The prepared nanocomposite could successfully estimate nitrite concentration in drinking water
samples. Finally, another example of a sensor using a MOF system has been added. An electrochemical
sensing platform based on a Cu-based metal-organic framework (Cu-MOF) decorated with gold
nanoparticles (AuNPs) was assembled by Chen for the detection of nitrite [131]. AuNPs were
electrodeposited on Cu-MOF modified glassy carbon electrode (Cu-MOF/GCE) using the potentiostatic
method. The AuNPs decorated Cu-MOF (Cu-MOF/Au) displayed a catalytic effect for the oxidation of
nitrite due to the high surface area and porosity of Cu-MOF, preventing the aggregation of AuNPs.
The amperometry was adopted for quantitative determination of nitrite. The prepared electrochemical
sensing platform demonstrates high sensitivity, selectivity, and good stability for the detection of nitrite.
It shows two wide linear ranges of 0.1–4000 and 4000–10,000 µM, and a low detection limit of 82 nM.
Moreover, the sensing platform can also be used for the nitrite detection in river water samples.
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5. Conclusions

An overview of the most recent applications of nanomaterials and electrochemical sensors in food
analysis has been presented.

It is evident that a plethora of nanomaterials including hybrid nanocomposites has been prepared,
characterized, and used for different sensing applications, in many cases, the design has involved an
accurate and targeted control of shape and dimensions of the nanostructure.

In many cases smart nanomaterials/nanocomposites, based on carbon nanostructures,
metal nanoparticles/clusters and polymer both natural and/or synthetic, have been prepared and
coupled with the most common electroanalytical techniques with very interesting results in terms of
sensitivity, linearity range amplitude and selectivity. A challenge for the future is the application of
all these promising results for defining widespread analytical protocols for addressing the food
security issue, employing low cost, biocompatible materials and polymers as well as greener
synthetic approaches and devices, e.g., screen printed electrodes, where the criticalities due to
fouling are eliminated.

Although the majority the described sensors demonstrated a possible usefulness for food analysis
area, they have been validated only in the laboratory. Generally, there are many electrochemical sensors
for the food analysis of additives and contaminants. However, the number of the corresponding
commercially available sensors is very limited. Precise and accurate validation studies are strongly
suggested for a real employment of these electrochemical sensors for food and beverage safety
testing. In addition, the impacts of environmental constraints, storage, selectivity, the matrix effects
due to the complexity of food samples, and stability under real operative conditions must be
verified. The validation and testing of statistically relevant numbers of samples, comparability,
and interlaboratory studies to validate the robustness of such sensing platforms are the next critical
steps for the achievement of industry level acceptance and regulatory approvals. It would be highly
beneficial if these sensors were to be introduced by the food industry to monitor the safety and the
quality of processed food and beverages.

Moreover, studies of the toxicity and degradation of these nanomaterials are required. All these
issues should be further addressed before the introduction to the sensors market.

Finally, the development of smart sensors is linked to the development of portable devices.
Improved portability may be achieved through the connectivity and integration of electrochemical
sensors with devices such as smartphones and tablets, but very few examples are available [113].
Such an integration of two distinct areas of research (sensors and ICT), addressing the day-to-day
needs of people, could facilitate the introduction of the next generation of smart sensors into the food
processing industries to increase the quality and safety of food and beverages.
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Erçağ, E. Novel Spectroscopic and Electrochemical Sensors and Nanoprobes for the Characterization of Food
and Biological Antioxidants. Sensors 2018, 18, 186. [CrossRef]

64. Bounegru, A.V.; Apetrei, C. Voltammetric Sensors Based on Nanomaterials for Detection of Caffeic Acid in
Food Supplements. Chemosensors 2020, 8, 41. [CrossRef]

65. Di Carlo, G.; Curulli, A.; Trani, A.; Zane, D.; Ingo, G.M. Enhanced electrochemical response of structurally
related antioxidant at nanostructured hybrid films. Sens. Actuators B 2014, 191, 703–710. [CrossRef]

66. Di Carlo, G.; Curulli, A.; Toro, R.G.; Bianchini, C.; De Caro, T.; Padeletti, G.; Zane, D.; Ingo, G.M.
Green Synthesis of Gold–Chitosan Nanocomposites for Caffeic Acid Sensing. Langmuir 2012, 28, 5471–5479.
[CrossRef]

67. Curulli, A.; Di Carlo, G.; Ingo, G.M.; Riccucci, C.; Zane, D.; Bianchini, C. Chitosan Stabilized Gold
Nanoparticle-Modified Au Electrodes for the Determination of Polyphenol Index in Wines: A Preliminary
Study. Electroanalysis 2012, 24, 897–904. [CrossRef]

68. Kang, N.J.; Lee, K.W.; Shin, B.J.; Jung, S.K.; Hwang, M.K.; Bode, A.M.; Heo, Y.-S.; Lee, H.J.; Dong, Z.
Caffeic acid, a phenolic phytochemical in coffee, directly inhibits Fyn kinase activity and UVB-induced
COX-2 expression. Carcinogenesis 2008, 30, 321–330. [CrossRef]

69. Filik, H.; Çetintaş, G.; Aslıhan Avan, A.; Aydar, S.; Naci Koç, S.; Boz, İ. Square-wave stripping voltammetric
determination of caffeic acid on electrochemically reduced graphene oxide–Nafion composite film. Talanta
2013, 116, 245–250. [CrossRef]

70. Leite, F.; de Jesus Rodrigues Santos, F.R.W.; Tatsuo Kubota, L. Selective determination of caffeic acid in wines
with electrochemical sensor based on molecularly imprinted siloxanes. Sens. Actuators B 2014, 193, 238–246.
[CrossRef]

71. Thangavelu, K.; Palanisamy, S.; Chen, S.M.; Velusamy, V.; Chen, T.W.; Kannan Ramarajc, S.
Electrochemical Determination of Caffeic Acid in Wine Samples Using Reduced Graphene
Oxide/Polydopamine Composite. J. Electrochem. Soc. 2016, 163, B726–B731. [CrossRef]

72. Liu, Z.; Xu, J.; Yue, R.; Yang, T.; Gao, L. Facile one-pot synthesis of Au–PEDOT/rGO nanocomposite for
highly sensitive detection of caffeic acid in red wine sample. Electrochim. Acta 2016, 196, 1–12. [CrossRef]

247



Molecules 2020, 25, 5759

73. Liu, Z.; Lu, B.; Gao, Y.; Yang, T.; Yue, R.; Xu, J.; Gao, L. Facile one-pot preparation of Pd–Au/PEDOT/graphene
nanocomposites and their high electrochemical sensing performance for caffeic acid detection. Rsc Adv. 2016,
6, 89157–89166. [CrossRef]

74. Karthik, R.; Vinoth Kumar, J.; Chen, S.-M.; Senthil Kumar, P.; Selvam, V.; Muthuraj, V. A selective
electrochemical sensor for caffeic acid and photocatalyst for metronidazole drug pollutant-A dual role by
rod-like SrV2O6. Sci. Rep. 2017, 7, 7254. [CrossRef] [PubMed]

75. Thangavelu, K.; Raja, N.; Chen, S.-M.; Liao, W.-C. Nanomolar electrochemical detection of caffeic acid
in fortified wine samples based on gold/palladium nanoparticles decorated graphene flakes. J. Colloids
Interface Sci. 2017, 501, 77–85. [CrossRef]

76. Bharath, G.; Alhseinat, E.; Madhu, R.; SM Mugo Alwasel, S.; Harrath, A.H. Facile synthesis of
Au@α-Fe2O3@RGO ternary nanocomposites for enhanced electrochemical sensing of caffeic acid toward
biomedical applications. J. Alloys Compd. 2018, 750, 819–827. [CrossRef]

77. Gao, L.; Yue, R.; Xu, J.; Liu, Z.; Chai, J. Pt-PEDOT/rGO nanocomposites: One-pot preparation and superior
electrochemical sensing performance for caffeic acid in tea. J. Electroanal. Chem. 2018, 816, 14–20. [CrossRef]

78. Shi, Y.; Xu, H.; Gu, Z.; Wang, C.; Du, Y. Sensitive detection of caffeic acid with trifurcate PtCu nanocrystals
modified glassy carbon electrode. Colloids Surf. A 2019, 567, 27–31. [CrossRef]

79. Chen, T.-W.; Rajaji, U.; Chen, S.-M.; Govindasamy, M.; Selvin, S.S.P.; Manavalan, S.; Arumugam, R.
Sonochemical synthesis of graphene oxide sheets supported Cu2S nanodots for high sensitive electrochemical
determination of caffeic acid in red wine and soft drinks. Compos. Part B 2019, 158, 419–427. [CrossRef]

80. Karabozhikova, V.; Tsa, V. Electroanalytical determination of caffeic acid–Factors controlling the oxidation
reaction in the case of PEDOT-modified electrodes. Electrochim. Acta 2019, 293, 439–446. [CrossRef]

81. Erady, V.; Mascarenhas, R.J.; Satpati, A.K.; Bhakta, A.K.; Mekhalif, Z.; Delhalle, J.; Dhason, A. Carbon paste
modified with Bi decorated multi-walled carbon nanotubes and CTAB as a sensitive voltammetric sensor for
the detection of Caffeic acid. Microchem. J. 2019, 146, 73–82. [CrossRef]

82. Manikandantr, V.S.; Sidhureddy, B.; Thiruppathi, A.R.; Chen, A. Sensitive Electrochemical Detection of
Caffeic Acid in Wine Based on Fluorine-Doped Graphene Oxide. Sensors 2019, 19, 1604. [CrossRef] [PubMed]

83. Bianchini, C.; Curulli, A.; Pasquali, M.; Zane, D. Determination of caffeic acid in wine using PEDOT film
modified electrode. Food Chem. 2014, 156, 81–86. [CrossRef]

84. Santana-Gálvez, J.; Cisneros-Zevallos, L.; Jacobo-Velázquez, D.A. Chlorogenic Acid: Recent Advances on
Its Dual Role as a Food Additive and a Nutraceutical against Metabolic Syndrome. Molecules 2017, 22, 358.
[CrossRef]

85. Mohammadi, N.; Najafi, M.; Adeh, N.B. Highly defective mesoporous carbon–Ionic liquid paste electrode as
sensitive voltammetric sensor for determination of chlorogenic acid in herbal extracts. Sens. Actuators B
2017, 243, 838–846. [CrossRef]

86. Ma, X.; Yang, H.; Xiong, H.; Li, X.; Gao, J.; Gao, Y. Electrochemical Behavior and Determination of Chlorogenic
Acid Based on Multi-Walled Carbon Nanotubes Modified Screen-Printed Electrode. Sensors 2016, 16, 1797.
[CrossRef]

87. Zhang, T.; Chen, Y.; Huang, W.; Wang, Y.; Hu, X. A novel AuNPs-doped COFs composite as electrochemical
probe for chlorogenic acid detection with enhanced sensitivity and stability. Sens. Actuators B 2018,
276, 362–369. [CrossRef]

88. Chokkareddy, R.; Redhi, G.G.; Karthick, T. A lignin polymer nanocomposite based electrochemical sensor
for the sensitive detection of chlorogenic acid in coffee samples. Heliyon 2019, 5, e01457. [CrossRef]

89. Manivannan, K.; Sivakumar, M.; Cheng, C.-C.; Luc, C.-H.; Chen, J.-K. An effective electrochemical detection
of chlorogenic acid in real samples: Flower-like ZnO surface covered on PEDOT: PSS composites modified
glassy carbon electrode. Sens. Actuators B 2019, 301, 127002. [CrossRef]

90. Huang, Z.; Zhang, Y.; Sun, J.; Chen, S.; Chen, Y.; Fang, Y. Nanomolar detection of chlorogenic acid at the
cross-section surface of the pencil lead electrode. Sens. Actuators B 2020, 321, 128550. [CrossRef]

91. Nadeem, M.; Imran, M.; Aslam Gondal, T.; Shahbaz, A.I.M.; Amir, R.M.; Wasim Sajid, M.; Batool Qaisrani, T.;
Atif, M.; Hussain, G.; Salehi, B.; et al. Therapeutic Potential of Rosmarinic Acid: A Comprehensive Review.
Appl. Sci. 2019, 9, 3139. [CrossRef]

92. Mohamadi, M.; Mostafavi, A.; Torkzadeh-Mahanic, M. Voltammetric Determination of Rosmarinic
Acid on Chitosan/Carbon Nanotube Composite-Modified Carbon Paste Electrode Covered with DNA.
J. Electrochem. Soc. 2015, 162, B344–B349. [CrossRef]

248



Molecules 2020, 25, 5759

93. Alipour, S.; Azar, A.; Husain, S.W.; Rajabi, H.R. Determination of Rosmarinic acid in plant extracts using a
modified sensor based on magnetic imprinted polymeric nanostructures. Sens. Actuators B 2020, 323, 128668.
[CrossRef]

94. Trani, A.; Petrucci, R.; Marrosu, G.; Zane, D.; Curulli, A. Selective electrochemical determination of caffeine
at a gold-chitosan nanocomposite sensor: May little change on nanocomposites synthesis affect selectivity?
J. Electroanal. Chem. 2017, 788, 99–106. [CrossRef]

95. Zhao, F.; Wang, F.; Zhao, W.; Zhou, J.; Liu, Y.; Zou, L.; Ye, B. Voltammetric sensor for caffeine based on a glassy
carbon electrode modified with Nafion and graphene oxide. Microchim. Acta 2011, 174, 383–390. [CrossRef]

96. de Jesus Rodrigues Santos, W.; Santhiago, M.; Pagotto Yoshida, I.V.; Kubota, L.T. Electrochemical sensor based
on imprinted sol–gel and nanomaterial for determination of caffeine. Sens. Actuators B 2012, 166–167, 739–745.
[CrossRef]

97. Yu Heng Khoo, W.; Pumera, M.; Bonanni, A. Graphene platforms for the detection of caffeine in real samples.
Anal. Chim. Acta 2013, 804, 92–97. [CrossRef]

98. Yang, G.; Zhao, F.; Zeng, B. Facile fabrication of a novel anisotropic gold nanoparticle–chitosan–ionic
liquid/graphene modified electrode for the determination of theophylline and caffeine. Talanta 2014,
127, 116–122. [CrossRef] [PubMed]

99. Rezaei, B.; Khalili Boroujeni, M.; Ensafi, A.A. Caffeine electrochemical sensor using imprinted film as
recognition element based on polypyrrole, sol-gel, and gold nanoparticles hybrid nanocomposite modified
pencil graphite electrode. Biosens. Bioelectron. 2014, 60, 77–83. [CrossRef] [PubMed]

100. Shehata, M.; Azab, S.M.; Fekry, A.M. May glutathione and graphene oxide enhance the electrochemical
detection of caffeine on carbon paste sensor in aqueous and surfactant media for beverages analysis?
Synth. Met. 2019, 256, 116122. [CrossRef]

101. Fekry, A.M.; Shehata, M.; Azab, S.M.; Walcarius, A. Voltammetric detection of caffeine in pharmacological
and beverages samples based on simple nano- Co (II, III) oxide modified carbon paste electrode in aqueous
and micellar media. Sens. Actuators B 2020, 302, 127172. [CrossRef]

102. Dhara, K.; Mahapatra Debiprosad, R. Review on nanomaterials-enabled electrochemical sensors for ascorbic
acid detection. Anal. Biochem. 2019, 586, 113415. [CrossRef] [PubMed]

103. Siddeeg, S.M.; Salem Alsaiari, N.; Tahoon, M.A.; Ben Rebah, F. The Application of Nanomaterials as Electrode
Modifiers for the Electrochemical Detection of Ascorbic Acid: Review. Int. J. Electrochem. Sci. 2020,
15, 3327–3346. [CrossRef]

104. Zhang, X.; Yu, S.; He, W.; Uyama, H.; Xie, Q.; Zhang, L.; Yang, F. Electrochemical sensor based on carbon
supported NiCoO2 nanoparticles for selective detection of ascorbic acid. Biosens. Bioelectron. 2014, 55, 446–451.
[CrossRef]

105. Khalilzadeh, M.A.; Borzoo, M. Green synthesis of silver nanoparticles using onion extract and their application
for the preparation of a modified electrode for determination of ascorbic acid. J. Food Drug Anal. 2016,
24, 796–803. [CrossRef] [PubMed]

106. Hussain, M.M.; Asiri AM Rahman, M.M. Non-enzymatic simultaneous detection of acetylcholine and
ascorbic acid using ZnO·CuO nanoleaves: Real sample analysis. Microchem. J. 2020, 159, 105534. [CrossRef]

107. Mohammadnia, M.S.; Khosrowshahi, E.M.; Naghian, E.; Keihan, A.H.; Sohouli, E.; Plonska-Brzezinska, M.E.;
Sobhani-Nasab, A.; Rahimi-Nasrabadi, M.; Ahmadi, F. Application of carbon nanoonion NiMoO4-MnWO4

nanocomposite for modification of glassy carbon electrode: Electrochemical determination of ascorbic acid.
Microchem. J. 2020, 159, 105470. [CrossRef]

108. Brainina Khiena, Z.; Bukharinova, M.A.; Stozhko, N.Y.; Sokolkov, S.V.; Tarasov, A.V.; Vidrevich, M.B.
Electrochemical Sensor Based on a Carbon Veil Modified by Phytosynthesized Gold Nanoparticlesmfor
Determination of Ascorbic Acid. Sensors 2020, 20, 1800. [CrossRef]

109. Xiao, X.; Zhang, Z.; Nan, F.; Zhao, Y.; Wang, P.; He, F.; Wang, Y. Mesoporous CuCo2O4 rods modified
glassy carbon electrode as a novel non-enzymatic amperometric electrochemical sensors with high sensitive
ascorbic acid recognition. J. Alloys Compd. 2021, 852, 157045. [CrossRef]

110. de Faria, L.V.; Pedrosa Lisboa, T.; Marques de Farias, D.; Moreira Araujo, F.; Moura Machado, M.; Arromba
de Sousa, R.; Costa Matos, M.A.; Abarza Muñoz, R.A.; Camargo Matos, R. Direct analysis of ascorbic acid in
food beverage samples by flow injection analysis using reduced graphene oxide sensor. Food Chem. 2020,
319, 126509. [CrossRef] [PubMed]

249



Molecules 2020, 25, 5759

111. Shen, T.; Liu, T.; Mo, H.; Yuan, Z.; Cui, F.; Jin, Y.; Chen, X. Cu-based metal–organic framework HKUST-1 as
effective catalyst for highly sensitive determination of ascorbic acid. Rsc Adv. 2020, 10, 22881. [CrossRef]

112. Zhuanga, Z.; Chen, W. One-step rapid synthesis of Ni6(C12H25S)12 nanoclusters for electrochemical sensing
of ascorbic acid. Analyst 2020, 145, 2621–2631. [CrossRef] [PubMed]

113. Jia, D.; Liu, Z.; Liu, L.; Shin Low, S.; Lua, Y.; Yu, X.; Zhu, L.; Li, C.; Liu, Q. Smartphone-based integrated
voltammetry system for simultaneous detection of ascorbic acid, dopamine, and uric acid with graphene
and gold nanoparticles modified screen-printed electrodes. Biosens. Bioelectron. 2018, 119, 55–62. [CrossRef]

114. Cinti, S.; Colozza, N.; Cacciotti, I.; Moscone, D.; Polomoshnov, M.; Sowade, E.; Baumann, R.R.; Arduini, F.
Electroanalysis moves towards paper-based printed electronics: Carbon black nanomodified inkjet-printed
sensor for ascorbic acid detection as a case study. Sens. Actuators B 2018, 265, 155–160. [CrossRef]

115. WHO. Guidelines for Drinking-Water Quality, 3rd ed.; World Health Organization: Geneva, Switzerland, 2004;
p. 417.

116. Ning, D.; Zhang, H.; Zheng, J. Electrochemical sensor for sensitive determination of nitrite based on the
PAMAM dendrimer-stabilized silver nanoparticles. J. Electroanal. Chem. 2014, 717–718, 29–33. [CrossRef]

117. Yang, B.; Bin, D.; Wang, H.; Zhu, M.; Yang, P.; Du, Y. High quality Pt-graphene nanocomposites for efficient
electrocatalytic nitrite sensing. Colloids Surf. A Phys. Eng. Asp. 2015, 481, 43–50. [CrossRef]

118. Wang, H.; Wen, F.; Chen, Y.; Sun, T.; Meng, Y.; Zhang, Y. Electrocatalytic determination of nitrite based on
straw cellulose/Molybdenum sulphide nanocomposite. Biosens. Bioelectron. 2016, 85, 692–697. [CrossRef]

119. Thirumalraj, B.; Palanisamy, S.; Chen, S.-M.; Zhao, D.-H. Amperometric detection of nitrite in water samples
by use of electrodes consisting of palladium-nanoparticle-functionalized multi-walled carbon nanotubes.
J. Colloid Interface Sci. 2016, 478, 413–420. [CrossRef]
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Abstract: Intranasal (i.n.) administration became an alternative strategy to bypass the blood–brain
barrier and improve drug bioavailability in the brain. The main goal of this work was to
preliminarily study the biodistribution of mixed amphiphilic mucoadhesive nanoparticles made
of chitosan-g-poly(methyl methacrylate) and poly(vinyl alcohol)-g-poly(methyl methacrylate) and
ionotropically crosslinked with sodium tripolyphosphate in the brain after intravenous (i.v.) and i.n.
administration to Hsd:ICR mice. After i.v. administration, the highest nanoparticle accumulation
was detected in the liver, among other peripheral organs. After i.n. administration of a 10-times
smaller nanoparticle dose, the accumulation of the nanoparticles in off-target organs was much
lower than after i.v. injection. In particular, the accumulation of the nanoparticles in the liver was
20 times lower than by i.v. When brains were analyzed separately, intravenously administered
nanoparticles accumulated mainly in the “top” brain, reaching a maximum after 1 h. Conversely,
in i.n. administration, nanoparticles were detected in the “bottom” brain and the head (maximum
reached after 2 h) owing to their retention in the nasal mucosa and could serve as a reservoir from
which the drug is released and transported to the brain over time. Overall, results indicate that i.n.
nanoparticles reach similar brain bioavailability, though with a 10-fold smaller dose, and accumulate
in off-target organs to a more limited extent and only after redistribution through the systemic
circulation. At the same time, both administration routes seem to lead to differential accumulation in
brain regions, and thus, they could be beneficial in the treatment of different medical conditions.

Keywords: central nervous system (CNS); blood–brain barrier (BBB); self-assembled polymeric
nanoparticles; intranasal delivery; biodistribution

1. Introduction

The treatment of diseases of the central nervous system (CNS) by systemic drug administration
is challenging, owing to the presence of the blood–brain barrier (BBB) and the blood–cerebrospinal
fluid barrier [1]. The BBB excludes more than 95% of the small-molecule and biological drugs from
crossing into the brain [2,3]. In addition, the BBB displays different efflux transporters that transport
substrate molecules (e.g., drugs) out of the brain endothelium, against a concentration gradient [4,5].
Drugs that do not comply with fundamental physicochemical characteristics such as high lipid
solubility, low molecular weight and less than 8–10 H bonds with water cannot cross the BBB and their
bioavailability and pharmacological efficacy diminished [2].
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New delivery approaches that increase drug delivery to the CNS are under intense investigation [6].
The transient disruption of the BBB by osmotic shrinkage of the endothelial cells together with the
opening of BBB tight junctions by intracarotid arterial infusion of non-diffusive solutes such as mannitol
is one of them [7]. A main drawback is that increased permeability might also enable the passage
of plasma proteins and result in abnormal neuronal function [8]. Another strategy is the use of
carrier-mediated transport systems that transport nutrients such as glucose and amino acids into the
CNS [8]. Drugs with the proper molecular design that do not always comply with the structure–activity
relationship can be recognized by these influx transporters and show high permeability across the
BBB [2,8,9]. Over recent decades, a plethora of nanotechnology strategies have been investigated
to overcome the limited ability to deliver active molecules from the systemic circulation into the
CNS [10–15]. For this, drug-loaded nanoparticles of a different nature (e.g., lipid, polymeric) and size
are surface-decorated with ligands that bind receptors overexpressed in the BBB and cross the BBB by
transcytosis [16,17].

The existence of a nose-to-brain pathway that bypasses the BBB has been evidenced by the
accumulation and harm caused by environmental nanoparticulate matter in the CNS [18–21]. With the
emergence of nanomedicine, different types of pure drug nanocrystals and nanoparticles were designed
and their CNS bioavailability following intranasal (i.n.) administration assessed [22–26]. Recent
studies confirmed the advantage of i.n. administration of nanocarriers over the intravenous (i.v.) route
to increase drug bioavailability in the olfactory bulb. Among the different nanotechnology delivery
platforms, polymeric micelles are among the most promising [22]. For example, in an early study,
we demonstrated that the i.n. administration of the antiretroviral efavirenz nanoencapsulated within
core-corona polymeric micelles made of poly(ethylene oxide)-b-poly(propylene oxide) (PEO-PPO)
block copolymers significantly increases its bioavailability in the brain of rats with respect to the i.v.
counterpart [27]. In this context, fundamental nanoparticle features (e.g., size, shape, surface chemistry)
that govern the nose-to-brain transport remain to be elucidated [28]. For instance, the size, the shape
and/or the surface chemistry and charge could change the transport pathway.

PEO-PPO polymeric micelles show limited encapsulation capacity for many hydrophobic cargos
and low physical stability upon dilution over time. In this context, we developed mucoadhesive
amphiphilic polymeric nanoparticles produced by the aggregation of chitosan (CS) and poly(vinyl
alcohol) (PVA) graft copolymers hydrophobized in the side-chain with different hydrophobic blocks
such as poly(methyl methacrylate) (PMMA) and their physical stabilization by non-covalent crosslinking
of CS and PVA domains with sodium tripolyphosphate (TPP) and boric acid, respectively [29–33].
These nanoparticles display a multimicellar nanostructure [32,33] and very high physical stability
under extreme dilution [29–33]. Aiming to understand the cellular pathways involved in this transport,
we recently investigated the interaction of these polymeric nanoparticles with primary olfactory sensory
neurons, cortical neurons and microglia isolated from olfactory bulb, olfactory epithelium and cortex
of newborn rats [34]. Our results strongly suggested the involvement of microglia (and not cortical or
olfactory neurons) in the nose-to-brain transport of nanoparticulate matter.

CS has been extensively investigated as a mucoadhesive drug nanocarrier, and its cytotoxicity is a
matter of debate [35,36], including for i.n. drug delivery [37–40]. Most works reported on the good cell
compatibility of this polysaccharide that is classified as “generally recognized as safe” (GRAS) by the
US Food and Drug Administration (FDA) [41]. However, CS nanoparticles have been also associated
with cell toxicity because of the electrostatic interaction of the positively-charged surface with the
negatively-charged cell membrane, and the toxicity level depends on the cell type [42].

Aiming to capitalize on the potential of our versatile amphiphilic nanocarriers in mucosal drug
delivery in general and in nose-to-brain administration in particular, we preliminary investigated
the cell compatibility of CS-g-PMMA nanoparticles in human primary nasal epithelial cells and
showed their high toxicity [42]. In this context, we produced mixed CS-g-PMMA:PVA-g-PMMA
(1:1 weight ratio) nanoparticles that display better human nasal cell compatibility than the CS-based
counterparts owing to a decrease in the surface charge density, as expressed by a less positive
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zeta-potential (Z-potential). In addition, we demonstrated that they cross a model of nasal epithelium
in vitro [43]. These nanoparticles encapsulated two experimental anticancer drugs [43]. In this work,
we preliminarily investigated the biodistribution of these mixed amphiphilic nanoparticles after i.n.
administration to Hsd:ICR mice and compared it to the i.v. route for the first time.

2. Results and Discussion

Mixed nanoparticles were produced by the solvent casting method that comprised co-dissolution
of identical amounts of CS-PMMA30 (a CS-g-PMMA copolymer containing 30% w/w of PMMA) and
PVA-PMMA16 (a PVA-g-PMMA copolymer containing 16% w/w of PMMA) in dimethyl sulfoxide
(DMSO), drying under vacuum and redispersion in water [43,44]. Self-assembly takes place once the
critical aggregation concentration (CAC) is surpassed. The CAC of CS-PMMA30 and PVA-PMMA16
is in the 0.04–0.05% w/v range [30–33]. Since the self-assembly process is random, by utilizing this
method, we anticipated the formation of mixed nanoparticles with very similar qualitative and
quantitative composition. To physically stabilize the nanoparticle, CS domains were crosslinked by the
formation of a polyelectrolyte complex with TPP. The size, size distribution and Z-potential of 0.1%
w/v non-crosslinked and TPP-crosslinked mixed CS-PMMA30:PVA-PMMA16 nanoparticles before
the in vivo studies were analyzed by dynamic light scattering (DLS), at 25 ◦C [42]. Non-crosslinked
and crosslinked nanoparticles showed monomodal size distribution (one size population), while the
polydispersity index (PDI), which is a measure of the size distribution, slightly changed after the
ionotropic crosslinking; e.g., non-crosslinked mixed CS-PMMA30:PVA-PMMA16 nanoparticles showed
a hydrodynamic diameter (Dh) of 193 ± 62 nm and a PDI of 0.23 (Table S1) [42]. This size is similar to
that shown by pure CS-PMM30 (Dh of 184 ± 4 nm; PDI of 0.20) nanoparticles and larger than that of
pure PVA-PMMA16 counterparts of the same concentration (Dh of 92 ± 4 nm and PDI of 0.14) [33].
Crosslinking of a 0.1% w/v nanoparticle suspension with TPP solution in water (1% w/v; 2.5 µL per mL
of nanoparticles) resulted in an increase in the size to 249 ± 26 nm and in the PDI to 0.26, and their full
physical stabilization [42]. Pure crosslinked CS-PMM30 nanoparticles are larger—332 ± 54 nm (PDI of
0.33)—owing to nanoparticle bridging [32], a phenomenon that is less likely in mixed particles that
contain 50% w/w of non-ionic PVA-PPMA16, a copolymer that does not interact with TPP.

The surface charge of nanoparticulate matter affects their cell compatibility, and usually,
positively-charged particles are more cytotoxic than neutral and negatively-charged ones [45]. CS has
been extensively reported as a biocompatible polysaccharide, and it is approved in the food industry [41].
However, it may elicit cell toxicity in vitro due to a highly positively-charged surface [36,37,46].
Crosslinking of self-assembled CS-based nanoparticles was implemented to physically stabilize them
and to partly neutralize the net positive surface charge and increase their cell compatibility [30].
This modification was not enough to ensure their good compatibility with human primary nasal
epithelium cells [42]. Thus, we produced mixed nanoparticles that reduce the effective CS concentration
on the surface and thus, its charge density, while preserving the nanoencapsulation capacity of the
nanoparticles and its mucoadhesiveness [42]. Further crosslinking reduced the Z-potential and
improved the compatibility of the nanoparticles in primary nasal epithelial cells [42,43].

We visualized the morphology of non-crosslinked and crosslinked nanoparticles by high
resolution-scanning electron microscopy (HR-SEM). The size was in line with DLS analysis, considering
that in HR-SEM, the nanoparticles underwent drying as opposed to DLS where the Dh is measured
(Figure 1). Some aggregation during sample preparation could not be prevented, though these
aggregates are not present in the nanoparticle suspension.

Since in a previous work, we showed that these nanoparticles cross a model of the human
nasal epithelium in vitro [42], we hypothesized that they could effectively reach the CNS upon i.n.
administration. In this framework, the main goal of this work was to investigate for the first time the
biodistribution and accumulation in the brain and other organs of mixed CS-PMMA30:PVA-PMMA16
nanoparticles after i.n. administration to Hsd:ICR mice and compare it to the i.v. route. Since crosslinked
nanoparticles are physically stable, as opposed to the non-crosslinked counterparts, for this preliminary

255



Molecules 2020, 25, 4496

study, 0.1% w/v crosslinked mixed CS-PMMA30:PVA-PMMA16 nanoparticles were labeled with the
near infrared (NIR) dye NIR-797 and 200 µL of the nanoparticle suspension was injected i.v. through
the tail vein (total nanoparticle dose of 8 mg/kg), or 20 µL of the same formulation was administered
i.n. (total nanoparticle dose of 0.8 mg/kg). It is important to highlight that in this preliminary
study, the nanoparticle dose administered i.n. was 10-fold smaller than i.v. At predetermined time
points, live animal screening was performed using IVIS Spectrum In Vivo Imaging System. After i.v.
administration, nanoparticles reach the systemic circulation and interact with the reticuloendothelial
system, a system of macrophages mostly in the liver that could sequester the nanoparticles due
the recognition of opsonins (serum proteins), while nanoparticles with size of up to 5–10 nm could
undergo renal filtration [47]. At different time points post-administration (0–24 h), mice were sacrificed,
the different organs carefully dissected to prevent cross contamination and the average fluorescence
radiance (AFR) of each organ was quantified by subtracting the basal signal of each organ in control
(untreated) animals (Figure 2). After i.v. administration, the highest accumulation at the different
time points was observed in the liver (Figure 2a), as described for other nanoparticles of similar
size and composition upon i.v. administration [48–50]. Other organs showed lower AFR associated
with a more limited nanoparticle off-target accumulation. According to the size (several hundreds of
nanometers), these nanoparticles do not undergo renal filtration. Thus, their detection in the kidneys is
most probably related to their accumulation in the renal tissue (e.g., proximal tube epithelium) [50].

Figure 1. HR-SEM micrographs of mixed CS-g-PMMA:PVA-g-PMMA nanoparticles. (a) non-crosslinked
and (b) TPP-crosslinked nanoparticles.

Intranasal is a local administration route that capitalizes on the nose-to-brain transport to surpass
the BBB and target different parts of the brain. Thus, accumulation in peripheral organs such as the liver
was expected to take place to a very limited extent [51]. After i.n. administration, the accumulation of
the nanoparticles in off-target organs was much lower than after i.v. injection (Figure 2b). Moreover,
a comparison of the AFR values in the different organs at different time points (0–4 h) after i.n. and
i.v. administration revealed that some of the differences between both administration routes were
statistically significant (Table S2). In particular, the accumulation of the nanoparticles in the liver,
which is the main clearance organ for nanoparticulate matter in this size range, was up to 20 times
lower after i.n. administration than by i.v. even though the dose was 10 times smaller; intranasally
administered nanoparticles could reach peripheral organs after redistribution from the CNS to the
systemic circulation [52,53]. These results highlight the benefit of i.n. administration to reduce off-target
delivery and toxicity.

The imaging system used in this study normalizes the AFR to the organ that displays the maximum
intensity, in this case the liver. Thus, we imaged the brains separately from the other organs (in
triplicates) at different time points (0–24 h, depending on the administration route) and estimated the
nanoparticle accumulation in the “top” brain (i.v. and i.n. administration), and “bottom” brain and
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head (i.n. administration) (Figure 3a). Upon i.v. administration (0–4 h), our nanoparticles accumulated
mainly in the “top” brain. Later time points were not investigated in this preliminary study because
we previously showed the relatively limited bioavailability of this type of nanoparticle in the CNS of
mice after i.v. administration and the need for the surface modification with ligands that bind receptors
expressed on the apical side of the BBB endothelium [49]. We were more interested in exploring the
behavior of intranasally administered nanoparticles, and thus, we tracked them for 24 h. Different
i.n. administration methods and formulations could affect the biodistribution of the drug-loaded
nanoparticles in the CNS and the pharmacological outcome. For example, Martins et al. showed that
the i.n. administration of oxytocin with a nebulizer leads to a different pharmacological outcome
compared to a standard nasal spray [54]. These results highlight the complexity of this transport
pathway and the difficulty of comparing among works that used different formulations, doses and
administration regimens. After i.n. administration, particles are expected to enter the CNS through
the olfactory region and accumulate in the nose, the nose-to-brain tract (e.g., olfactory bulb) and the
“bottom” brain (Figure 3a), before they disseminate to all the brain [21,55].

Figure 2. Biodistribution of NIR-797-labeled crosslinked 0.1% w/v mixed CS-PMMA30:PVA-PMMA16
nanoparticles after (a) i.v. administration and (b) i.n. administration to Hsd:ICR mice (n = 3).
The measurement was performed after organ dissection at each time point. Average fluorescence
radiance was measured using Living Imaging analysis software. Bars represent the average of mice at
each time point. The error bars are S.D. from the mean. Statistical comparisons are summarized in
Table S2.
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Figure 3. Ex vivo analysis of the distribution of NIR-797-labeled crosslinked 0.1% w/v mixed
CS-PMMA30: PVA-PMMA16 nanoparticles in the brain following i.v. and i.n. administration
to Hsd:ICR mice (n = 3). (a) Scheme of the top and bottom brain and (b) average radiance over time
obtained after the subtraction of the control (untreated mice brain) radiance (n = 3).

The highest AFR value was measured in the “top” brain 1 h after i.v. injection (Figure 3b). At this
point, we analyzed the bottom side of the brain after i.n. administration because after penetrating
through the olfactory epithelium, the nanoparticles could be accumulated in this area of the CNS close
to the pons and serve as a reservoir from which an encapsulated drug could be released. Two hours
after i.n. administration, the accumulation in the “bottom” brain was significantly higher than upon i.v.
injection. We further calculated the AFR in the brain (with subtraction of the control signal) at each time
point and compared values of area under the curve (AUC) between 0 and 4 h (AUC0–4 h). Nanoparticle
accumulation in the “bottom” brain after i.n. administration (AUC0–4 h = 110 ± 10 × 104 p/s/cm2/sr)
was similar and not significantly different from that of intravenously administered nanoparticles in
the “top” brain (AUC0–4 h = 130 ± 20 × 104 p/s/cm2/sr) (Figure 3b, Table 1). These results indicate that
a similar brain bioavailability could be reached with a 10 times smaller dose. At the same time, it is
important to point out that in the case of i.n. administration, these mucoadhesive nanoparticles could
be initially retained in the nasal mucosa and accumulate in the nose-to-brain tract and, at a later stage,
be released and diffuse across the brain tissue to reach more distant areas.

Table 1. Average fluorescence radiance obtained from different brain regions and the head after the
subtraction of the control (untreated mice) radiance at different time points and calculated area under
the curve (AUC)0–4 h values.

Brain Region AUC0–4 h (× 104 p/s/cm2/sr) ± S.D. AUC0–24 h (× 104 p/s/cm2/sr) ± S.D.

“Top” brain—i.v. 130 ± 20 * N.D.
“Top” brain—i.n. 15 ± 4 41 ± 3 *****

“Bottom” brain—i.n. 110 ± 18 ** 164 ± 7 **,****,*****
Head—i.n. 138 ± 17 *** 186 ± 6 *****

N.D.: Not determined. * Statistically significant difference between AUC0–4 h in the “top” brains of mice after
i.v. and i.n. administration (p < 0.05); ** statistically significant AUC0–4 h and AUC0–24 h difference between the
“top” and “bottom” brains of mice after i.n. administration (p < 0.05); *** statistically significant AUC0–4 h and
AUC0–24 h difference between the “top” brain and the head of mice after i.n. administration (p < 0.05); ****statistically
significant AUC0–24 h difference between the “bottom” brain and the head of mice after i.n. administration (p < 0.05);
*****statistically significant differences between AUC0–24 h and AUC0–4 h after i.n. administration (p < 0.05).

In general, two beneficial phenomena were observed after i.n. administration when compared
to i.v.: (i) there was higher accumulation in the brain [51] and (ii) the accumulation was less spread,
enabling targeting of the nanoparticles to more specific CNS regions, which is associated with the
nanoparticle properties [56] and probably with the type of nasal nanoformulation [54]. After i.n.
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administration, our mucoadhesive nanoparticles reached the brain quickly (less than 1 h) and could be
detected mainly in the head due to their retention in the nose and accumulated mainly in the “bottom”
brain, while the AFR in the “top” brain was relatively low. The fast delivery of nanoparticles to the
brain upon i.n. administration has been reported in the literature [57,58]. It is also important to stress
that nose tissues were not isolated, and thus, the whole head without the brain was imaged to estimate
the retention of the nanoparticles in the nasal mucosa. The AUC0–4 h in the “bottom” brain was
significantly higher than that in the “top” brain, indicating that the nanoparticles initially accumulate
in the nose-brain tract (Figure 3b, Table 1). At 24 h, the AFR in the “bottom” brain remained almost
constant (AFR ratio between 24 and 4 h was 1.06) and it increased by 4-fold in the “top” brain with
respect to 4 h, at the expense of the AFR detected in the head/nose. A similar trend was followed by
the AUC0–24 h that showed a moderate increase in the “bottom” brain from 110 ± 18 × 104 to 164 ± 7 ×
104 p/s/cm2/sr and a more pronounced one in the “top” brain from 15 ± 4 × 104 to 41 ± 3 × 104 p/s/cm2/sr
(Table 1). These findings suggest that the nanoparticles are transported from the nasal mucosa and the
“bottom” brain to other brain areas at a slower rate, leading to these changes in the AUC0–24 h values.
Most previous research utilizing i.n. delivery of nanomedicines disregarded the possible differential
biodistribution and assumed that all the brain areas are exposed to similar nanoparticle concentrations.
Our results with mixed CS-PMMA30:PVA-PMMA16 nanoparticles strongly suggest that they are not
homogeneously distributed in the brain soon after administration. In addition, they strongly suggest
that with the proper nanoparticle design, specific structures of the CNS could be targeted to treat
different medical conditions affecting them.

Having said this, more studies need to be conducted to realize this potential. Future studies will
investigate the pharmacokinetics of encapsulated drugs in the CNS upon i.v. and i.n. administration
and will also include later time points.

3. Methods

3.1. Synthesis of the Chitosan-g-Poly(methyl methacrylate) and Poly(vinyl alcohol)-g-Poly(methyl methacrylate)
Copolymers

A CS-g-PMMA copolymer containing 30% w/w of PMMA (CS-PMMA30, as determined by
proton-nuclear magnetic resonance [31,32]) was synthesized by the graft free radical polymerization of
MMA (99% purity, Alfa Aesar, Heysham, UK) onto the CS backbone in water. For this, low molecular
weight CS (0.4 g, degree of deacetylation of 94%; viscosity≤100 mPa.s, Glentham Life Sciences, Corsham,
UK) was dissolved in nitric acid 70% (0.05 M in water, 100 mL) that was degassed by sonication (30 min,
Elmasonic S 30, Elma Schmidbauer GmbH, Singen, Germany). Then, a tetramethylethylenediamine
(TEMED, Alfa Aesar) solution (0.18 mL in 50 mL degassed water) was poured into the CS solution and
purged with nitrogen for 30 min at room temperature (RT). The purged CS solution was magnetically
stirred and heated to 35 ◦C, and 142 µL MMA (distilled under vacuum to remove inhibitors before
use) was added to the degassed water (48 mL) and then mixed with the CS solution. Finally, a cerium
(IV) ammonium nitrate (CAN, Strem Chemicals, Inc., Newburyport, MA, USA) solution (0.66 g in
2 mL degassed water) was added to the polymerization reaction that was allowed to proceed for
3 h at 35 ◦C and under continuous nitrogen flow. After 3 h, the polymerization was quenched by
adding 0.13 g of hydroquinone (Merck, Hohenbrunn, Germany). The product was purified by dialysis
against distilled water using a regenerated cellulose dialysis membrane with a molecular weight
cut-off (MWCO) of 12–14 kDa (Spectra/Por® 4 nominal flat width of 75 mm, diameter of 48 mm and
volume/length ratio of 18 mL/cm; Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) for
48–72 h and freeze-dried. The same chemical pathway with small modifications was used to synthesize
a PVA-g-PMMA copolymer containing 16% w/w of PMMA (PVA-PMMA16) [33]. First, PVA (0.4 g)
was dissolved in distilled water (100 mL) at RT, and TEMED (0.18 mL in 50 mL degassed water) was
dissolved in 70% nitric acid (0.45 mL). Then, TEMED and PVA solutions were degassed by sonication
for 30 min, mixed and purged with nitrogen for 30 min at RT. The solution was heated to 35 ◦C and
142 µL MMA dispersed in degassed water (48 mL) and added to the reaction mixture. Finally, a CAN
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solution (0.66 g in 2 mL degassed water) was added and the reaction allowed to proceed for 2 h at 35 ◦C.
The reaction product was purified by dialysis and freeze-dried. Products were stored at 4 ◦C until use.

For biodistribution studies (see below), CS-PMMA30 and PVA-PMMA16 copolymers were
fluorescently-labeled with the near infrared tracer NIR-797 isothiocyanate (Sigma-Aldrich, St. Louis,
MO, USA). For this, CS-PMMA30 (80 mg) was dissolved in 8 mL water supplemented with acetic acid
(pH = 5.5), prepared by diluting 70 µL glacial acetic acid (Bio-Lab Ltd., Jerusalem, Israel) in 1 L water
under magnetic stirring. Then, NIR-797 (0.4 mg) was dissolved in N,N-dimethylformamide (0.2 mL,
DMF, Bio-Lab Ltd.), added to the copolymer solution and the mixture stirred for 16 h protected from
light, at RT. Finally, the product was dialyzed (48 h, regenerated cellulose dialysis membrane, MWCO
of 3500 Da, Membrane Filtration Products, Inc., Seguin, TX, USA), freeze-dried (72–96 h) and stored
protected from light at 4 ◦C until use. In the case of PVA-PMMA16, the copolymer (100 mg) was
dissolved in 3 mL DMF under magnetic stirring. Then, NIR-797 (0.8 mg) was dissolved in DMF (0.1
mL), added to the copolymer solution and the mixture stirred for 16 h protected from light, at RT.
The reaction mixture was diluted with deionized water (1:2 v/v), dialyzed (48 h, regenerated cellulose
dialysis membrane, MWCO of 3500 Da) to remove unreacted NIR-797, freeze-dried (72–96 h) and
stored protected from light at 4 ◦C until use. The theoretical NIR-797 content was between 0.5 and
0.8% w/w.

3.2. Preparation and Characterization of Mixed Chitosan-g-Poly(methyl methacrylate):Poly(vinyl
alcohol)-g-Poly(methyl methacrylate) Nanoparticles

Identical amounts of CS-PMMA30 and PVA-PMMA16 were dissolved in DMSO to reach a total
copolymer concentration of 0.5% w/v under continuous stirring (24 h), at 37 ◦C. Subsequently, the
solution was dried under vacuum utilizing a freeze-dryer, the copolymer mixture re-dispersed in
water supplemented with acetic acid (pH = 5.5) to reach a final total copolymer concentration of 0.1%
w/v and filtered (1.2 µm cellulose acetate syringe filter, Sartorius Stedim Biotech GmbH, Göttingen,
Germany). For physical stabilization, 0.1% w/v nanoparticles were crosslinked by the addition of
1% w/v TPP (Sigma-Aldrich) aqueous solution (2.5 µL of crosslinking solution per mL of 0.1% w/v
nanoparticle dispersion).

The size (expressed as hydrodynamic diameter, Dh), size distribution (estimated by the PDI)
and the Z-potential (an estimation of the surface charge density) of 0.1% w/v systems were measured
using the Zetasizer Nano-ZS in the same media detailed above for the different samples. Z-potential
measurements of the same samples required the use of laser Doppler microelectrophoresis in the
Zetasizer Nano-ZS. Each value obtained is expressed as the mean ± standard deviation (S.D.) of at
least three independent samples, while each DLS or Z-potential measurement is an average of at least
seven runs.

The morphology of mixed nanoparticles before and after crosslinking was visualized by HR-SEM
(carbon coating, acceleration voltage of 2–4 kV, Ultraplus, Zeiss, Oberkochen, Germany). For this,
mixed nanoparticle suspensions (0.5% w/v total copolymer concentration) were drop-casted on silicon
wafer, dried at 37 ◦C in the oven and carbon-coated. Images were obtained using an in-lens detector
at 3–4 mm working distance. The nanosuspensions were sprayed on top of a silicon wafer (cz
polished silicon wafers <100> oriented, highly doped N/Arsenic, SHE Europe Ltd., Livingston, UK) by
introducing high pressure nitrogen which allowed an even spread of the nanoparticles on the wafer.
Next, the wafer was attached to the grid using carbon-tape, and additional tape was placed on its
frame. At the corners of the frame, silver paint (SPI# 05002-AB—Silver, SPI supplies, West Chester, PA,
USA) was applied and the samples were carbon coated.

3.3. Biodistribution of Mixed Chitosan-g-Poly(methyl methacrylate):poly(vinyl alcohol)-g-Poly(methyl
methacrylate) Nanoparticles

For biodistribution studies, CS-PMMA30 and PVA-PMMA16 copolymers were fluorescently
labeled with NIR-797, as described above.
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Hsd:ICR mice (Envigo, Jerusalem, Israel) were maintained at the Gutwirth animal facility of
the Technion-Israel Institute of Technology. All animal experiments were approved and performed
according to the guidelines of the Institutional Animal Research Ethical Committee at the Technion
(ethics approval number IL-052-05-18). Animal welfare was monitored daily by the staff veterinarians.
Mice fasted for 12 h prior to experiments. Crosslinked mixed CS-PMMA30:PVA-PMMA16 nanoparticles
(200 µL, 0.1% w/v) were injected i.v. into the tail vein. For i.n. administration, mice were lightly
anesthetized with 2.5% isoflurane (USP TerrelTM Piramal Critical Care, Bethlehem, PA, USA), and fixed
in a supine position for the administration of 10 µL of the nanoparticles in each nostril using a pipette
(total volume of 20 µL, 0.1% w/v). After 0.5, 1, 2, 4 and 24 h post-i.v. injection or i.n. administration,
animals were sacrificed by dislocation and organs (liver, spleen, kidney, lungs, heart, brain, and
head/nose) were dissected. Organ screening was performed ex vivo using an Imaging System (IVIS,
PerkinElmer, Waltham, MA, USA) with an excitation at 795 nm and an emission at 810 nm. Then, at the
same conditions (see above), image analysis was performed using Living Imaging analysis software
(PerkinElmer). The auto fluorescence of organs of the control (untreated) mice were subtracted. Mice
were used in triplicates for each time point. Then, the average radiance in the brain (with subtraction of
the control signal) at each time point was calculated, and the values of AUC0–4 h determined according
to Equation (1) [59]

AUC =
∑

i

(ti+1 − ti)

2× (ARi + ARi+1)
(1)

where ti is the starting time point, ti+1 is the finishing time point (0.5, 1, 2 and 4 h), ARi is the starting
value of average fluorescence measured and ARi+1 is the finishing value for each measurement
over time.

3.4. Statistical Analysis

Statistical analysis of the different experiments was performed by a t-test on raw data (Excel,
Microsoft Office 2013, Microsoft Corporation). P values smaller than 0.05 were regarded as
statistically significant.

Supplementary Materials: The following are available online, Table S1: hydrodynamic diameter (Dh), size
distribution (PDI) and Z-potential of CS-PMMA30, PVA-PMMA16 and CS-PMMA30:PVA-PMMA16 nanoparticles
(total copolymer concentration of 0.1% w/v), as determined by DLS; Table S2: statistical analysis of AFR data
in the different organs and time points after i.v. and i.n. administration of mixed CS-PMMA30:PVA-PMMA16
nanoparticles, as analyzed by the IVIS Spectrum In Vivo Imaging System (p < 0.05).
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Abstract: In this work, we combined electrically-conductive graphene oxide and a sodium alginate-
caffeic acid conjugate, acting as a functional element, in an acrylate hydrogel network to obtain
multifunctional materials designed to perform multiple tasks in biomedical research. The hybrid
material was found to be well tolerated by human fibroblast lung cells (MRC-5) (viability higher than
94%) and able to modify its swelling properties upon application of an external electric field. Release
experiments performed using lysozyme as the model drug, showed a pH and electro-responsive
behavior, with higher release amounts and rated in physiological vs. acidic pH. Finally, the retainment
of the antioxidant properties of caffeic acid upon conjugation and polymerization processes (Trolox
equivalent antioxidant capacity values of 1.77 and 1.48, respectively) was used to quench the effect of
hydrogen peroxide in a hydrogel-assisted lysozyme crystallization procedure.

Keywords: hybrid hydrogels; controlled drug delivery; protein crystallization; lysozyme

1. Introduction

Hydrogels are valuable materials in biomedicine, including tissue engineering, drug
delivery, and discovery, by virtue of their toughness, softness, flexibility, and elasticity [1,2].
More importantly, the significant wetting tendency of their hydrophilic and porous surfaces
are interesting features in the preparation of biomaterials suitable for different applica-
tions, including the fabrication of either release devices or templates for crystallization
of biologically relevant proteins [3]. The possibility of designing effective therapeutic
strategies via modulating the amount and rate of release, offers the possibility to match
different therapeutic needs with a single device [4,5]. In addition, the determination of
complex molecular structures through X-ray diffraction (XRD) analyses is a key finding for
elucidating the molecular basis of human pathologies and discovering new therapeutic
targets [6–8].

The functional features and chemical composition of hydrogels can be finely tuned
using a combination of components with different physical or chemical properties at
the nanometer or molecular level [9] and these so-called hybrid hydrogels show perfor-
mances superior to those of individual components [10,11]. The high biocompatibility,
low-immunogenicity, biodegradability, chemical versatility, and natural abundance of
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polysaccharides and proteins can be coupled with significant stability, high purity, and
absence of variability between batches (e.g., molecular weight) of synthetic polymers,
for the formation of versatile natural/synthetic hybrid materials [12,13]. Moreover, the
incorporation of inorganic components (e.g., carbon nanostructures, CNs) via covalent or
non-covalent interactions [14,15] results in organic/inorganic hybrid materials with im-
proved properties (e.g., thermal and mechanical stability) for long-term applications [16,17].
In addition, the electrical conductivity of CNs is retained, and therefore the hydrogel prop-
erties (e.g., water uptake and affinity for a loaded therapeutic agent) can be modulated by
applying an external electric field [18,19].

More recently, it has been proven that functional hydrogels with antioxidant properties
can be synthesized by the conjugation of active molecules (e.g., polyphenols) to polymer
chains [20,21], offering interesting solutions for mitigating oxidative stress. This is a
significant challenge in both drug delivery and discovery, since the possibility to reduce
oxidative damages is a key property for any material designed for interactions with living
tissues [22,23], as well as in X-ray crystallography, where the oxidation of the protein
sample in a crystallization droplet can lead to failure of the crystallization process [24,25].

In this work, we synthesized a multifunctional hybrid hydrogel film (HACG) obtained
by co-polymerization of acrylate monomers in the presence of graphene oxide (GO), and a
new sodium alginate-caffeic acid conjugate (AlgCF). The performance of HACG in biomed-
ical applications was evaluated by exploring two main issues, namely the fabrication
of a smart delivery vehicle able to modulate the release of bioactive macromolecules by
electric stimulation, and the obtainment of a template able to confine and concentrate
macromolecules in its porous structure, thus, facilitating crystallization under oxidation
conditions.

2. Results and Discussion

In this study, the proposed multifunctional hybrid hydrogel (i.e., HACG) is composed
of an acrylate network where AlgCF conjugate and graphene oxide (GO) are inserted as
functional components, conferring peculiarities suitable for applications in biomedicine.

Acrylate polymers have been extensively studied for biomedical applications, due to
their high biocompatibility and chemical versatility [26,27].

Sodium alginate (Alg) is a natural polysaccharide with β-D-mannuronic acid and α-L-
guluronic acid repeating units [28], which shows the typical advantages of polysaccharides
for biomedical applications, together with a high degradation rate allowing applications
such as cell encapsulating and wound healing devices [29–31], as well as a coadjuvant in
protein crystallization [32,33].

Caffeic acid (CF), which belongs to the hydroxycinnamic acids with a phenylpropenoic
acid structure containing a 3,4-dihydroxylated aromatic ring attached to a carboxyl group
through a trans-ethylene wire, is a powerful antioxidant that can both scavenge and
inhibit the generation of free radical species [34,35]. The hexagonal lattice structure of
hybridized sp2 carbon atoms of GO is responsible for superior electrical conductivity and
ability to interact with bioactive molecules of either low or high molecular weight via
π–π, hydrophobic, electrostatic interactions, and hydrogen bonding [36,37]. Furthermore,
due to the presence of oxygen-rich functionalities (e.g., epoxide, phenolic, hydroxyl, and
carboxylic groups), GO can be covalently incorporated in hydrogel networks via condensa-
tion/polymerization methods, obtaining hybrid hydrogels for drug delivery, biosensors,
and tissue scaffold applications [38–40].

The synthetic procedure involved the synthesis of the AlgCF conjugate, using immo-
bilized laccase as a biocatalyst, and its subsequent co-polymerization in the presence of GO
and acrylate monomer mixture, consisting of hydroxyethyl acrylate (HEA) and polyethy-
lene glycol dimethacrylate 750 (PEGDMA) as plasticizing and crosslinking monomers,
respectively (Figure 1).

266



Molecules 2021, 26, 1355

Figure 1. Schematic representation of the synthesis of multifunctional hybrid hydrogels.

2.1. Synthesis and Characterization of Sodium Alginate-Caffeic Acid Conjugate

AlgCF conjugate was synthesized by means of laccase chemistry via a heterogeneous
catalysis approach previously developed for the conjugation of different polyphenolic
compounds to polysaccharide and protein materials [41]. This methodology can be con-
ducted in a totally green environment, ensuring the absence of any trace of toxicity and a
high purity of the final product, which are key advantages for any material designed for
biomedical applications. The experimental procedure involved immobilization of laccase
into acrylate polymer networks. Laccase promotes a one-electron oxidation of caffeic acid
(CF) [42,43] favoring the coupling by reactive groups in the Alg side chains, although the
actual reaction mechanism is not well understood [44].

After purification by dialysis procedure to ensure removal of any trace of unconju-
gated CF, chemical characterization of AlgCF was performed by means of 1H-NMR and
calorimetric analyses to assess the effective conjugation and the effect of CF on the thermal
properties of the conjugate, respectively, while static light scattering measurements were
used to estimate the average molecular weight (Mw) of Alg and AlgCF.

The 1H-NMR spectra of Alg and AlgCF are reported in Figure 2. Signals in the range
of 4.2–5.1 ppm were assigned to the Alg and AlgCF anomeric protons of β-D-mannuronic
acid and α-L-guluronic acid repeating units, and to the methine protons adjacent to the
carboxyl groups, the resonance of the remaining protons of sugar rings fall in between 3.2
and 4.1 ppm [45,46]. In the AlgCF spectrum, new signals not recorded in the spectrum of
native Alg and assigned to CF residues were detected and considered to be experimental
evidence for the effective formation of the conjugate, namely the olefinic protons at around
6.2 (α) and 7.4 (β) ppm and the aromatic protons in the range of 6.6–7.3 ppm [47].

The differential scanning calorimetry (DSC) thermograms of Alg and AlgCF are shown
in Figure 3.

Alg showed the typical DSC curve of polysaccharide materials with hydroxyl and
carboxyl functionalities in the repeating units, with a first transition at 95 ◦C, assigned
to the evaporation of moisture from the polymer [48], and a broad exothermic at 243 ◦C,
expressing the formation of CO2, CH4, and H2O from polysaccharide chains due to de-
composition at a higher temperature [49]. The decomposition involves different kinds of
chemical reactions, including depolymerization, elimination of oxygen-rich functional-
ities in the side chains, chain scissions, recombination, and cross-linking, which can be
accelerated in the presence of radical species [50].
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Figure 2. 1H-NMR of purified (A) sodium alginate-caffeic acid conjugate (AlgCF) and (B) sodium
alginate (Alg) in D2O.

The covalent conjugation with CF moieties was expected to enhance the thermal
stability of the AlgCF conjugate, as confirmed by the shift of the exothermal degradation
peak to higher temperature values (251 ◦C).

Figure 3. Differential scanning calorimetry (DSC) thermograms of (A) AlgCF and (B) Alg. Curves
were vertically shifted for readability.

The results of the molecular weight determination (145 ± 15 kDa for both Alg and
AlgCF) indicated that the molecular weight did not significantly change upon conjugation
of CF, suggesting a functionalization degree below 10%.

2.2. Synthesis and Characterization of Hybrid Hydrogels

We previously reported on the possibility of covalently incorporating either carbon
nanostructures (carbon nanotubes and graphene oxide) or polyphenol conjugates into
acrylate hydrogels via free radical polymerization, obtaining functional materials suitable
for drug delivery and healing applications [23,51].

Here, following the same synthetic approach, AlgCF and GO were simultaneously
incorporated into a hydrogel network (HACG) based on HEA and PEGDMA, optimizing
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the reagent ratio (11.5% AlgCF, 1.15% GO, 42.30% HEA, and 45.05% PEGDMA, w/w)
in order to maximize the amount of incorporated GO and AlgCF and the water affinity,
avoiding, at the same time, hydrogel breakage upon drying. A lower amount of plasticizing
and crosslinker, indeed, carried out to fragile hydrogels, while higher amounts of PEGDMA
were responsible for less swellable materials.

Control samples, HAG and HAC, were synthesized by replacing AlgCF with native
Alg and not inserting GO in the pre-polymerization feed, respectively, to determine the
influence of either CF or GO moieties on the device performance. In detail, HAC was used
to highlight the electro-responsivity in the release experiments, while HAG was useful in
the crystallization experiments.

HACG was characterized by a rough and porous surface, as per morphological
investigation (Figure 4a), while human fibroblast lung cells (MRC-5) viability values higher
than 94.0% ± 2.5 upon incubation of HACG (0.1 to 1.0 mg mL−1 concentration range,
Figure 4b), confirmed its biocompatibility. These cells, indeed, are widely recognized as an
in vitro model to check the toxicity of different kinds of biologically oriented materials, due
to their specific metabolic features and high sensibility to almost any types of chemicals [52].

Similar results were observed when HAG and HAC were used.

Figure 4. (a) SEM image of multifunctional hybrid hydrogel film (HACG) sample; (b) Human fibroblast lung cells (MRC-5)
viability after 72 h incubation with pulverized HACG sample suspended in Dulbecco’s modified Eagle’s medium (DMEM)
+ FCS 10%.

Swelling experiments were performed in order to evaluate the HACG water affinity, a
required key property for materials proposed for interactions with living tissues. Due to the
chemical features of Alg and GO, such determination was performed in two pH conditions,
mimicking an acidic (pH 5.5) and a physiological environment (pH 7.4), respectively, and
in the presence or absence of electric stimulation at 12, 24, and 48 V (Table 1).

From the data in Table 1, it is evident that the carboxylic functionalities in both Alg
and GO were responsible for the higher water absorption properties at pH 7.4 vs. pH 5.5,
because of their different ionization statuses, carrying out electrostatic repulsion between
the carboxylate anions (pKa of COOH in the range 4–5) [53]. The effect of applying an
external voltage on the swelling profile can be highlighted by comparing the swelling of
blank and hybrid hydrogels and introducing the swelling ratio parameter Sr, according to
Equation (1):

Sr =
WRv −WR0

WR0
× 100 (1)
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where WRv and WR0 are the swelling degrees at the selected voltage (12, 24, and 48 V) and
0 V, respectively.

Table 1. Swelling behavior at equilibrium of blank and hybrid hydrogels in different pH and voltage
conditions.

Sample pH Voltage WR (%) Sr = WRv−WR0
WR0

× 100

HAC 5.5

0 332 ± 3.1 - - -
12 334 ± 3.3 0.6
24 337 ± 2.9 1.5
48 341 ± 3.4 2.7

HACG 5.5

0 351 ± 2.8 - - -
12 401 ± 3.0 14.2
24 578 ± 3.2 64.7
48 554 ± 3.1 57.8

HAC 7.4

0 605 ± 2.7 - - -
12 611 ± 2.9 1.0
24 617 ± 2.7 2.0
48 620 ± 2.8 2.5

HACG 7.4

0 696 ± 3.1 - - -
12 805 ± 3.0 15.7
24 849 ± 2.7 22.0
48 835 ± 2.8 20.0

As reported in the literature, this effect can be explained as the result of two main
phenomena, i.e., ionization of the COOH functionalities and generation of an osmotic
pressure between the inner and outer portions of the hydrogel network, due to the re-
arrangement of mobile ions moving to the opposite electrodes [54].

The swelling degree of HAC was weakly affected by the applied voltages (Sr below 2.7
at both pH values), while the GO sp2 carbon layer conferred significant electro-responsivity
to HACG, being more evident at acidic than physiological conditions. At pH 5.5, the
larger number of available undissociated COOH could be effectively ionized by the electric
stimulation, resulting in an increased electrostatic repulsion, and thus higher hydrogel
swelling. On the contrary, at pH 7.4, a more significant number of COO− groups was
already formed even in the absence of the external voltage, and lower Sr values were
recorded. Furthermore, although the ionization of COOH groups was the main driving
force at 12 and 24 V, osmotic pressure started to be predominant at higher voltages (48 V),
carrying out a more evident network deformation and reduced Sr values (Sr48 57.8 and
20.0 vs. Sr24 64.7 and 22.0 at pH 5.0 and 7.4, respectively).

2.3. Lysozyme Loading and In Vitro Release Studies

Electric stimulation is a valuable tool for fine tuning the delivery of therapeutic agents,
in terms of both total release amount and rate, because of the possibility to modulate key
parameters such as voltage intensity and duration [55]. Here, we explored the possibility
of using HACG as a carrier for lysozime (LZM), a naturally occurring protein (14.4 kDa
molecular weight) that shows high biocompatibility and antibacterial activities through
degradation of cell walls of Gram-positive bacteria [56], and is widely proposed as a
bioactive component of hydrogel systems for tissue engineering applications [57].

LZM was loaded into HAC and HACG through a soaking–drying procedure to reach
the same LZM to carrier ratio in both cases (6.0%). The loading of LZM on HAC is the
result of the formation of strong electrostatic interactions between the negatively charged
carboxylic functionalities of AlgCF (pKa between 4 and 5) and positively charged groups
on LZM (isoelectric point = 11) [58].
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Release experiments were recorded as a function of pH variation, selecting the physio-
logical (7.4) and the acidic (5.5) pH value of infection site where LZM is planned to elicit its
antimicrobial activity.

For a more detailed comparison of the behavior of blank and hybrid hydrogels, exper-
imental data were analyzed by applying four different mathematical models, considering
the release kinetics as zero order (Equation (2)), first-order (Equation (3)) kinetics, or a
combination of Fickian and anomalous diffusion (Equations (4) and (5)) [59].

The first model is the zero-order kinetic expressed by Equation (2) as follows:

Mt

M0
= K0t (2)

where Mt is the amount of released LZM at time t, M0 the total amount of loaded LZM, K0
is the zero-order kinetic constant, and t the time of release.

Equation (3) describes a first-order kinetic as follows:

Mt

M0
= a

(
1− e−K1t

)
(3)

K1 is the first-order kinetic constant, t is the time of the release, and a is the release
coefficient.

The third model is given by the Ritger–Peppas Equation (4):

Mt

M0
= Ktn (4)

where K is the kinetic constant, t is the time of the release, and n is the coefficient indicating
the mechanism of the release; n ≤ 0.43 indicates a Fickian diffusion mechanism, n = 0.84 a
Case II transport, and 0.43 < n < 0.85 anomalous transport mechanism.

The last model is described by the Peppas–Sahlin Equation (5):

Mt

M0
= KFt1/2 + Kat (5)

where KF and Ka are the kinetic constants of Fickian and anomalous diffusion, respectively.
The LZM release profiles from HAC at acidic pH are depicted in Figure 5.

Figure 5. Lysozime (LZM) release profiles from HAC at pH 5.5 and (�) 0; (•) 12; (H) 24; and (N) 48 V.
Inset: Fitting curve by Equation (5).

Upon pH increase to 7.4 (Figure 6), the LZM release from HAC can be explained as
the result of two opposite phenomena modulating the protein to hydrogel interactions.
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The LZM ionization equilibrium moved to the undissociated form, thus, promoting the
release, while a prevalence of dissociated COOH functionalities occurred on the polymer
network, enhancing the LZM affinity to the hydrogel through a higher density of negative
charges. The prevalent phenomenon was the modification of ionized LZM concentration
at equilibrium, resulting in an increased release at pH 7.4 vs. 5.5. The lower interactions
between LZM and hydrogels at pH 7.4 were responsible for release kinetics, better described
by first-order kinetics (higher R2 values in Table 2), while at pH 5.5 Ritger–Peppas and
Peppas–Sahlin diffusion models (Equations (4) and (5)) better fitted the experimental data.
Thus, the analysis of data at pH 5.5 was performed by using Equation (5).

Figure 6. LZM release profiles from HAC at pH 7.4 and (�) 0; (•) 12; (H) 24; and (N) 48 V. Inset:
Fitting curve by Equation (3).

Table 2. Kinetic parameters for LZM release obtained by applying the kinetic models.

Sample pH Voltage
Zero Order First Order Ritger–Peppas Peppas–Sahlin

K0 R2 K1 R2 n K R2 KF
Ka

(10−2)
KF
Ka

R2

HAC 5.5

0 0.0178 0.8384 0.0780 0.9778 0.45 0.1590 0.9894 0.1633 0.43 38 0.9831
12 0.0170 0.8301 0.0719 0.9490 0.43 0.1678 0.9906 0.1629 0.51 32 0.9949
24 0.0167 0.8517 0.0621 0.9480 0.47 0.1358 0.9647 0.1417 0.21 67 0.9683
48 0.0165 0.8655 0.0579 0.9434 0.49 0.1292 0.9670 0.1323 0.14 94 0.9724

HACG 5.5

0 0.0072 0.9490 0.0098 0.9640 0.67 0.0277 0.9808 0.0302 0.31 10 0.9744
12 0.0155 0.8831 0.0458 0.9783 0.50 0.1117 0.9839 0.1175 0.04 293 0.9859
24 0.0106 0.8664 0.0187 0.8646 0.48 0.0854 0.9854 0.0871 0.16 54 0.9902
48 0.0108 0.8587 0.0196 0.8481 0.46 0.0924 0.9858 0.0921 0.17 54 0.9896

HAC 7.4

0 0.0202 0.5454 0.3006 0.9952 0.23 0.4349 0.7824 0.3785 3.10 12 0.9478
12 0.0176 0.5958 0.1895 0.9783 0.27 0.3251 0.8145 0.2977 2.27 13 0.9555
24 0.0186 0.5493 0.2495 0.9928 0.23 0.3950 0.7848 0.3456 2.82 12 0.9522
48 0.0187 0.5702 0.2427 0.9896 0.38 0.3795 0.7999 0.3330 2.64 13 0.9378

HACG 7.4

0 0.0104 0.5154 0.3316 0.9825 0.20 0.2508 0.8266 0.2063 1.75 11 0.9474
12 0.0186 0.3959 0.5843 0.9915 0.14 0.5839 0.5334 0.4509 4.25 10 0.8118
24 0.0166 0.5205 0.2992 0.9901 0.22 0.3776 0.7383 0.3249 2.74 11 0.9313
48 0.0168 0.4862 0.3653 0.9905 0.19 0.4241 0.7335 0.3502 3.06 11 0.9248

The same trend was recorded for HACG, where a faster release was recorded at
physiological vs. acidic pH (higher kinetic constants), although the maximum amount of
release was around 50% in both cases (Figures 7 and 8).
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Figure 7. LZM release profiles from HACG at pH 5.5 and (�) 0; (•) 12; (H) 24; and (N) 48 V. Inset:
Fitting curve by Equation (5).

Here, the presence of GO affected the LZM to hydrogel interaction since GO is able
to interact with the bioactive protein via both electrostatic (COOH) and π–π stacking
interactions, thus, resulting in higher affinity at both pH conditions.

Figure 8. LZM release profiles from HACG at pH 7.4 and (�) 0; (•) 12; (H) 24; and (N) 48 V. Inset:
Fitting curve by Equation (3).

Further considerations can be done by considering the release upon application of
an external electric field. As expected, no significant modification in the release amount
and rate was recorded when HAC was used, due to the absence of any electro-conductive
component in the polymer network. A different behavior was observed for the HACG
hybrid hydrogel. The application of an electric field with different voltages resulted in a
fine tuning of the delivery profiles, with the release at physiological pH being faster than
that at acidic pH in all voltage conditions, due to the above-mentioned modulation of LZM
to hydrogel interactions upon pH variation.

The differences in the release profiles at each selected voltage could be attributed to
the modulation of both the swelling degree and the ionization state of the entire system
(LZM + HACG) by the electrical stimulation. In detail, a significant increase in the release
was recorded when 12 V was applied, as a consequence of the higher degree of swelling
of the polymer network, promoting LZM diffusion to the surrounding environment. A
further increase in the applied voltage (24 V), carried out to an enhanced ionization of
COOH residues, allowed the formation of a higher number of negative charges suitable
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for interaction with LZM, and thus reduced the release rate/amount. A further increase
in the voltage did not result in a significative modification of the release kinetics at both
pHs, probably because of the formation of an equilibrium state between the LZM–HACG
interaction and the strong osmotic pressure formed across the network hindering the
diffusion. Further confirmations of this hypothesis can be obtained by investigating the
modification of KF and Ka kinetic constants in Equation (5) (indicating the diffusional and
anomalous contributions, respectively) upon application of an external voltage. In all cases,
the Fickian diffusion is the predominant effect (KF/Ka > 10), with the fast release at 12
vs. 0 V determining a significant increase in the KF/Ka. When 24 and 48 V were applied,
the insurgence of the osmotic stress contribution was highlighted by the simultaneous KF
reduction and Ka increase, with the KF/Ka value reduced by a half.

2.4. Lysozyme Crystallization upon Oxidative Stress Condition

The large wetting tendency of hydrophilic and porous surfaces of hydrogels was
successfully employed in protein crystallization by virtue of their ability to reduce the
activation energy to nucleation, thus, reducing the induction time and increasing the crystal
growth rate [60,61]. This is importance in biomedicine, where significant research efforts
have been expended for analyzing tertiary structures of proteins in order collect key infor-
mation about the molecular mechanisms underlying cellular biological and pathological
processes [62]. Nevertheless, chemical reactions occurring during crystallization can lead
to poor reproducibility or even failure of the crystallization. Among others, the oxidization
process in crystallization droplets is a key phenomenon to be considered, because of the
formation of irreversible intermolecular disulfide bridges, oxidation films, and protein
precipitates [24]. To address this issue, we explored the possibility of using the CF func-
tionalities of HACG as a scavenging agent against the oxidative stress induced by H2O2
during LZM crystallization, preserving the protein tertiary structure.

To prove this hypothesis, the retainment of CF antioxidant potency upon conjuga-
tion to Alg and the further co-polymerization in the acrylate network were assessed by
determining the available phenolic groups by the Folin–Ciocalteu tests [63], the Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) equivalent antioxidant capacity
(TEAC) [64], and the concentration needed for a 50% decay (IC50) of DPPH (1,1-diphenyl-
2-picrylhydrazyl) radical [65].

The determination of available phenolic groups allowed estimating a functionalization
degree of 7.7 mg CF per g of AlgCF. The TEAC value gives a clear indication about the
number of radicals that can be quenched by a tested antioxidant compound; in our experi-
mental conditions, TEAC values of 1.85 and 1.77 were obtained for free and conjugated CF
(referred to the amount of conjugated CF as per Folin–Ciocalteu test), respectively, clearly
demonstrating that the scavenging ability of CF was almost unchanged after insertion in
the AlgCF side chains. The determination of IC50 values for DPPH radical (0.85 mg mL−1,
corresponding to 6.7 µg mL−1 CF equivalent concentration), close to that of free CF (6.1 µg
mL−1, p > 0.05) was used as a further confirmation of this statement.

HACG was found to possess an available phenolic content of 0.63 mg CF equivalent
per g of dry hydrogel (suggesting an incorporation of 81.8 mg AlgCF per g), a TEAC value
of 1.48 (referred to the CF content as per the Folin–Ciocalteu test), and an IC50 value of
27.7 mg mL−1 in the DPPH assay (17.45 µg mL−1 CF equivalent concentration).

Then, the functional hydrogel HACG was employed as substrate for LZM crystalliza-
tion in standard conditions [66]. The conventional hanging drop crystallization technique
was used to investigate the best conditions for obtaining good results in terms of the quality
of the lysozyme crystals. In general, in a crystallization process the best results in terms
of crystal quality are obtained when the crystals displayed on the drop at the end of the
process are few and large. However, several parameters could influence the steps of crystal
nucleation and growth. Nucleation starts when the protein solution reaches an optimal
level of oversaturation. In an ideal condition, key parameters related to the solution such
as pH, temperature, and precipitating agents, lead the protein solution to the narrow area
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of oversaturation, at which the protein can undergo a spontaneous nucleation. When the
crystalline nuclei are formed, and therefore the level of over-saturation is reduced, the
metastable zone is reached, where the growth of the crystal is favored [67].

As a general rule, an oversaturation condition is favored by adding suitable precipitat-
ing agents to the protein solution, such as PEG, organic solvents, or even inorganic salts
such as sodium chloride. These contribute to the achievement of oversaturation in the
solution by varying the chemical-physical characteristics (temperature, ionic strength, and
pH). In detail, inorganic salts serve this purpose by influencing the ionic strength of the
protein solution.

In the case of the crystallization process performed in vapor phase, the polymeric
hydrogel film, used as support by virtue of its porosity, promotes the establishment of a
balance between the protein drop and the stripping solution present in the well, through
the solvent evaporation from the drop to the stripping solution. Under these conditions, the
oversaturation needed for nucleation is reached more easily. The best conditions, among
those analyzed in this study, were a lysozyme protein solution concentration of 10 mg
mL−1 in sodium acetate buffer 0.1 M, pH 4.6, and 7% w/v precipitating agent (NaCl) diluted
in the same buffer acetate (both in the drop and in the well).

The formation of LZM crystals on the surface of either HAG or HACG is shown in
Figure 9, confirming that the CF residues did not interfere with the process.

In the presence of H2O2, the induced stress caused the crystallization process to fail
when HAG was used as a support, obtaining small powder structures (Figure 10a–c).

Interestingly, when HACG was used as a support, the radical scavenging ability of
CF residues counteracted the oxidizing activity of H2O2, resulting in the formation of
well-defined LZM crystals (Figure 10d–f).

Figure 9. LZM crystals. (a–c) Observed on HAG; (d–f) Observed on HACG, after (a,d) 24, (b,e) 48, and (c,f) 72 h.
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Figure 10. LZM crystals. (a–c) Observed on HAG; (d–f) Observed on HACG, after (a,d) 24, (b,e) 48, and (c,f) 72 h in the
presence of H2O2.

Our preliminary results can be considered to be proof of the potential applicability of
HACG as functional material for LZM crystallization, with further experiments aimed to
evaluate the applicability for crystallization of more complex oxidizable proteins.

3. Materials and Methods
3.1. Synthesis of Alginate-Caffeic Acid Conjugate

AlgCF was synthesized by means of heterogeneous catalysis involving the use of
a previously developed immobilized laccase as solid biocatalyst [43]. Briefly, 100 mg
Alg and 10 mg CF were dissolved in 3.5 mL H2O containing 5% DMSO, and, after the
addition of 250 mg biocatalyst (11.5 U), reacted at 37 ◦C under 70 rpm. After 12 h, the
conjugate was purified by dialysis in 6–27/32” dialysis tubes, MWCO 12,000–14,000 Da
(Medicell International LTD, Liverpool, UK) against DMSO/H2O mixture solution (5%)
until complete removal of unreacted CF in the washing media. Then, DMSO was removed
by dialysis against water, and the solution was dried with a freeze drier (Micro Modulyo,
Edwards Lifesciences, Irvine, CA, USA) to afford a vaporous solid. The presence of CF
in the washing media was analyzed by high-pressure liquid chromatography (HPLC) in
the following conditions: Jasco PU-2089 Plus liquid chromatography equipped with a
Rheodyne 7725i injector (20 µL loop), a Tracer Excel 120 ODS-A column particle size 5 µm,
15 × 0.4 cm (Barcelona, Spain), a mobile phase consisting of acetonitrile-water containing
0.1% phosphoric acid (70:30) running at a flow rate of 1.5 mL min−1, a Jasco UV-2075 HPLC
detector operating at 330 nm, and a Jasco-Borwin integrator (Jasco Europe S.R.L., Milan,
Italy) [68].

All chemicals were from Merck/Sigma Aldrich, Darmstadt, Germany.

3.2. Synthesis of Hybrid Hydrogel

Hybrid hydrogels were prepared via a previously developed polymerization pro-
cedure [51] consisting of preliminary dispersion of 5.0 mg GO in 3.5 mL water contain-
ing 50 mg AlgCF water solution by a cup-horn high intensity ultrasonic homogenizer
(SONOPULS) with a cylindrical tip (amplitude 70%, time 30 min). Then, 184 mg HEA and
196 mg PEGDMA were added, and the solution was purged with gaseous nitrogen for
20 min. After adding ammonium persulfate (10% w/w), the polymerization mixture was
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allowed to react at 40 ◦C after placement between two 5.0 × 5.0 cm2 glass plates, separated
with a Teflon spacer (0.6 mm) and brought together by binder clips. The obtained hybrid
hydrogels were extensively washed with water to remove unreacted species, and then
dried overnight under vacuum at 40 ◦C. Control hydrogels were prepared with the same
procedure without the insertion of GO (HAC) or replacing AlgCF conjugate with native
Alg (HAG).

All chemicals were from Merck/Sigma Aldrich, Darmstadt, Germany.

3.3. Characterization Procedures
3.3.1. Instruments

1H-NMR spectra (300 MHz, D2O) were recorded using a Bruker Avance 300 (Bruker
Italy, Milan, Italy).

Calorimetric analyses were carried out using a DSC200 PC differential scanning
calorimeter (Netzsch, Selb, Germany). Following a standard procedure, about 5.0 mg of
dried sample was placed in an aluminum pan, and then sealed tightly by an aluminum lid.
The thermal analyses were performed from 60 to 300 ◦C under a dry nitrogen atmosphere
with a flow rate of 25 mL min−1 and heating rate of 5 ◦C min−1.

Freeze-dried grounded samples were deposited onto self-adhesive, conducting carbon
tape (Plano GmbH, Wetzlar, Germany) and scanning electron microscope images were
acquired using a NOVA NanoSEM 200 (0–30 kV) (Thermo Fisher Scientific, Hillsboro,
OR, USA).

Static light scattering measurements (Zetasizer Nano ZS instrument, Malvern Panalyt-
ical, Malvern, UK) were performed on Alg and AlgCF water solutions with a concentration
between 0.1 and 5.0 mg mL−1 in order to determine the average molecular weight [69].
All the solutions were filtered using a 0.22 µm filter (Millex®-GV syringe-driven filter unit,
Merck/Sigma Aldrich, Darmstadt, Germany), and then placed in quartz cuvettes. The
light intensity and its time autocorrelation function were measured at 173◦ scattering angle
after 2 min of equilibration at 25 ◦C using automatic time settings.

The Debye plots were generated by using Debye’s light scattering Equation (6):

KC
Rθ

=
1

MW
+ 2B22C (6)

where Rθ is the excess Rayleigh ratio of the polymer in a solution with a polymer concen-
tration C and MW is the average molecular weight. K is the optical constant and is defined
as reported in the following Equation (7):

K =
4π2n2

NAλ4

(
dn
dc

)2
(7)

where n is the solvent refractive index, dn/dc is the refractive index increment, λ is the
wavelength of the incident light, and NA is the Avogadro’s number. The average molecular
weight was obtained from the inverse of the intercept of the linear Debye plot of KC/Rθ

versus the polymer concentration C.

3.3.2. Antioxidant Tests

The amount of total phenolic equivalents, expressed as CF equivalent per g of sample
was determined using Folin–Ciocalteu assay, as reported in [63], using the calibration curve
of the free antioxidant. The TEAC values were determined according to a previously re-
ported protocol with slight modifications [64]. In separate experiments, AlgCF and swollen
HACG at a CF equivalent concentration of 2.0 µg mL−1 were added to 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) solution in the 0–1.23 10−4 mol L−1 con-
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centration range and incubated at 37 ◦C for 6 min in the dark. Then, the absorbance was
measured at 734 nm and the following Equation (8) was used to calculate TEAC:

TEAC =
1

1.9 [CF]
(8)

where 1.9 is the number of molecules that can be scavenged per mol trolox, [CF] is the CF
equivalent concentration (mol L−1) in the sample. The maximal amount of ABTS scavenged
by the CF at the tested concentration, C, was calculated by plotting the reduction of ABTS
concentration against its initial concentration according to the following Equation (9):

y = C
(

1− e−bx
)

(9)

where x and y are the initial ABTS concentration and the reduction in ABTS concentration,
respectively.

Radical scavenging properties were evaluated measuring the inhibition (%) of the
stable 2,2′-diphenyl-1-picrylhydrazyl radical (DPPH) radical by AlgCF (from 0.25 to
1.50 mg mL−1) and swollen HACG (from 15.0 to 30.0 mg mL−1), according to the literature
protocol and the following Equation (10) [65]:

Inhibition(%) =
A0 − A1

A0
× 100 (10)

where A0 and A1 are the absorbances of DPPH solution in the absence or presence of
polymer samples, respectively.

The water affinity of HAC and HACG was investigated in PBS (pH 7.4) and sodium
acetate buffer (pH 5.5) under different voltage conditions (0, 12, 24, and 48 V). Briefly,
1.0 cm2 specimens were cut from each sample, weighed, and immersed into the swelling
medium at 37 ◦C. Excess water was removed after 24 h, and samples blotted with a tissue to
remove surface moisture and weighed. The water content percentage (WR) was expressed
by the following Equation (11):

WR(%) =
Ws −Wd

Wd
× 100 (11)

where Ws and Wd are the sample weights in their swollen and dry state.
All chemicals were from Merck/Sigma Aldrich, Darmstadt, Germany.

3.3.3. Cytotoxicity Studies

The cytotoxic effects of HACG were assessed on human fibroblast lung cells MRC-5
(ATCC CCL-171). Briefly, cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS and 1% L-glutamate, grown as a monolayer at 37 ◦C
in 5% CO2, and seeded into 96-well plates (100 mL per well) at a predetermined density
(20,000 cells/well) to achieve 90% confluency by the endpoint of the assay.

For the cytotoxicity determination, HACG was pulverized, and incubated with MRC-5
cells after being suspended in DMEM + FCS 10% (0.1–1.0 mg mL−1 range of concentration).
After 72 h of incubation, the media containing treatment was replaced with 10% AlamarBlue
in fresh media. The metabolic activity was detected by spectrophotometric analysis by
assessing the absorbance of AlamarBlue® (difference between 570 nm and 595 nm) using a
Bio Rad multiplate reader. Cell viability was determined and expressed as the percentage
of viability of untreated control cells.

All chemicals were from Merck/Sigma Aldrich, Darmstadt, Germany.

3.4. Lysozyme Loading and In Vitro Release Studies

LZM was loaded into hybrid hydrogels at 6.0% (by weight) by soaking 50 mg of dried
samples (HAC or HACG) with 3.5 mL LZM solution, in water (1.0 mg mL−1) for 3 days,
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and then samples were dried to a constant weight at reduced pressure in the presence of
P2O5.

The in vitro LZM release was investigated by dissolution method with alternate shak-
ing both in the absence and in the presence of an external electric voltage (12, 24, and
48 V). In separate experiments, specimens of ∼1 cm2 of loaded hydrogels were weighted
and immersed in flasks containing 10 mL PBS (pH 7.4) and sodium acetate buffer (pH
5.5) solutions at 37.0 ± 0.1 ◦C in a water bath. At suitable time intervals, 1.0 mL release
medium was withdrawn and replaced with fresh medium to ensure sink conditions dur-
ing the experiment. After filtration (Iso-DiscTM Filters PTFE 25–4 25 mm × 0.45 µm,
Supelco/Merck, Darmstadt, Germany), released LZM was measured by UV–Vis analysis
on an Evolution 201 spectrophotometer (ThermoFisher Scientific, Hillsboro, OR, USA)
operating with 1.0 cm quartz cells at 280 nm [70].

All chemicals were from Merck/Sigma Aldrich, Darmstadt, Germany.

3.5. Lysozyme Crystallization

The crystallization tests were performed by conventional hanging drop vapor dif-
fusion method using the prepared thin films of hydrogel as crystallization supports.
Lysozyme was dissolved in sodium acetate buffer (0.1 M, pH 4.6) at the initial concentra-
tion of 10 mg mL−1. The precipitant and stripping solutions were composed of sodium
chloride, NaCl (7.0 wt.%), dissolved in the same buffer. A drop of protein solution (5 µL),
pipetted on the surface of the hydrogel membrane and added with an equal volume of
precipitant solution, was left equilibrating with 6 mL of stripping solution in the well.
The final crystallization solution, after mixing the protein and precipitant solutions, was
5 mg mL−1.

To assure the result reproducibility, 5 replica experiments for each tested condition
were carried out. Then, the crystallization system was incubated at 20 ± 0.1 ◦C before
optical microscopy inspection of the droplets after time intervals of 24, 48, and 72 h. Protein
crystals were observed under an optical microscope (Axiovert 25, Zeiss, Oberkochen,
Germany) equipped with a video camera. The same experimental conditions were used
when H2O2 (15% w/v) was added to the hanged drop and the reservoir solution.

4. Conclusions

We provided experimental evidence that a novel multifunctional hybrid hydrogel
is an effective platform to either provide the electro-responsive release of biologically
active molecules such as LZM or facilitate its crystallization under oxidative stress. This
ability arises from the combination of the peculiar features of the network component; GO
was responsible for the electro-conductivity and high affinity to LZM, while the AlgCF
conjugate was the functional element with antioxidant properties.

The synthetic strategy consisted of two steps. First, AlgCF was synthesized by enzyme
catalysis, and then inserted into the acrylate polymer network together with GO showing
high biocompatibility and water affinity. The evaluation of the LSM release profile high-
lighted a pH- and electro-responsivity reliance, because of the variation of the ionization
degree of carboxyl functionalities on AlgCF and GO, and the insurgence of an osmotic
pressure within the swollen hydrogels upon application of an electric field.

Finally, the LZM crystallization experiments conducted in the presence of H2O2
proved the suitability of hybrid hydrogel to counteract protein denaturation, thus, facilitat-
ing the formation of well-defined crystals under oxidative conditions.

Overall, our results have shown the potential to perform subsequent studies for the
development of further experimental protocols to evaluate the applicability of the proposed
hydrogel system as a support for the delivery or the investigation of the three-dimensional
(3D) structure of biologically relevant proteins.
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