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AbstractAbstractAbstractAbstract    

For the last few decades, our society has developed at an increasing rate, reaching an unprecedented 
degree of sophistication in many different fields. In recent years, concerns about environmental 
impact have grown into a strong trend in current research towards the development of sustainable 
materials. In this context, cellulose has become attractive for its ubiquity and abundance, as it 
originates from higher plants, tunicate, bacteria and algae.  

Nanocrystalline cellulose (NCC), a rod-shaped nanoscale material with exceptional strength and 
physicochemical properties, can be prepared from this inexpensive renewable biomass. In addition to 
its potential use as a reinforcing agent for industrial biocomposites, pristine NCC exhibits low 
toxicity and poses no serious environmental concerns, providing impetus for its use in 
bioapplications. 

The chemistry of NCC is dominated by the abundance of hydroxyl groups on its surface. These can 
be readily converted into other functional groups, or used directly to bind compounds in a non-
covalent way. Both approaches are followed in this Thesis to obtain new NCC-based hybrid 
nanomaterials, with applications ranging from energy to catalysis to drug delivery. In all cases, the 
synthesis and full characterization are presented. 

After a general introduction to cellulose in Chapter 1, covering its structure, derivatives, properties 
and applications, in Chapter 2 the preparation of nanocrystalline cellulose is described, as well as the 
oxidation of its surface. The full characterization of both materials is discussed. These two products 
are the starting materials for further modifications in the Chapters that follow. 

In Chapter 3, the covalent functionalization of NCC to introduce azide function is presented. Alkynyl 
dendrons of PAMAM type are then introduced and linked via click chemistry to the previously 
introduced azide groups. The resulting functionalized cellulose nanocrystals have been used as 
templates for the preparation of stable and monodisperse gold nanoparticles in aqueous media. These 
NCC-supported particles are proposed as sustainable catalysts. The catalytic performance and 
recyclability/reusability of this new hybrid material were studied for the model reaction of 4-
nitrophenol reduction with sodium borohydride, with outstanding results. 

In Chapter 4, the biocompatibility of cellulose is harnessed for photodynamic therapy (PDT). 
Oxidized NCC is used as starting material to attach different C60 derivatives as active 
photosensitizers for the production of singlet oxygen. The functionalization is combined with the 
introduction of a fluorescent probe, in a one-pot reaction, for bioimaging purposes. In this case, a 
carbodiimide coupling is used to perform the functionalization. The ability of the new hybrid 



 

materials to produce singlet oxygen is analyzed and a study of the cell uptake and phototoxicity is 
also carried out. 

Finally, in Chapter 5 oxidized NCC is used as a dispersing and stabilizing agent for the exfoliation of 
2D materials in water. The stability of the suspension and the quality of the resulting flakes and 
sheets are evaluated first. Then, the film-forming ability of NCC is exploited for the production of 
self-standing films containing 2D materials. The morphology and conductivity of the films are 
studied, as well as their performance as counter electrodes in dye-sensitized solar cells, as an 
alternative to Pt, currently the most widely used material for this application. 

 

 



 

RiassuntoRiassuntoRiassuntoRiassunto    

Negli ultimi decenni, la nostra società si è sviluppata ad un tasso crescente, raggiungendo un livello 
di sofisticazione inaudito in molti campi diversi. In anni recenti, le preocupazioni sull’impatto 
ambientale hanno nutrito una forte tendenza nella ricerca attuale verso lo sviluppo di materiali 
sostenibili. In questo senso, la cellulosa è diventata attraente per la sua ubiquità e abbondanza, 
perchè proviene da piante superiori, tunicati, batteri e alghe.  

La cellulosa nanocristallina (NCC), un materiale su scala nanometrica a forma di bastoncino con 
eccezionali resistenza e caratteristiche fisicochimiche, può essere preparata da questa biomassa 
rinnovabile e poco costosa. Oltre al suo uso potenziale come agente di rinforzo per biocompositi 
industriali, la NCC presenta bassa tossicità e non rappresenta problemi ambientali seri, il che 
fomenta il suo utilizzo in applicazioni biotecnologiche. 

La chimica della NCC è dominata dall'abbondanza di gruppi idrossilici sulla sua superficie, che 
possono essere facilmente convertiti in altri gruppi funzionali, oppure utilizzati direttamente per 
legare composti in modo non covalente. Entrambi gli approcci sono utilizzati in questa Tesi per 
ottenere nuovi nanomateriali ibridi per applicazioni che vanno dall'energia alla catalisi e al drug 
delivery. In tutti i casi si presentano la sintesi e la caratterizzazione completa. 

Dopo una introduzione generale sulla cellulosa nel Capitolo 1, dove si descrivono la struttura, i 
derivati, le proprietà e le applicazioni, nel Capitolo 2 si presenta la preparazione della cellulosa 
nanocristallina, così come l’ossidazione della sua superficie. Si presenta e discute anche la 
caratterizazzione completa di entrambi materiali. Questi due prodotti sarano i materiali di partenza 
per ulteriori modifiche nei Capitoli successivi. 

Nel Capitolo 3 si propone una modificazione covalente della NCC per introdurre gruppi azide sulla 
superficie. Questi vengono poi usati per attacare dei dendroni di tipo PAMAM tramite una reazione 
di click chemistry. I materiali ibridi così ottenuti servono come template per la sintesi di 
nanoparticelle d’oro stabili e monodisperse in mezzo acquoso. Queste nanoparticelle supportate su 
NCC si propongono come catalizzatori sostenibili. La attività catalitica e la riciclabilità / riutilizzo de 
questi nuovi materiali ibridi sono state studiate mediante la reazione modelo della riduzione di 4-
nitrofenolo con boroidruro di sodio, con ottimi risultati. 

Nel capitolo 4 la biocompatibilità di cellulosa viene sfruttata per la terapia fotodinamica (PDT). In 
questo caso, la NCC ossidata è usata come materiale di partenza su cui attacare diversi derivati di 
C60 come fotosensibilizzanti per la produzione di ossigeno singletto. Questa funzionalizzazione si 
combina con l'introduzione di un fluoroforo, in una reazione one-pot, per scopi di bioimaging. Qua si 
ha utilizzato un accoppiamento carbodiimmide per eseguire la funzionalizzazione. La capacità di 



 

produrre ossigeno singletto di questi nuovi materiali ibridi è stata valutata. Infine, l’assorbimento 
dalle cellule e la fototossicità sono state analizzate. 

Nel Capitolo 5, la NCC ossidata viene utilizzata come disperdente e stabilizzante per esfoliare 
materiali 2D in acqua. Si è valutata la stabilità delle sospensioni e la qualità dei fiocchi risultanti. 
L'abilità filmogena della NCC viene poi sfruttata per  produrre film contenenti materiali 2D (grafene 
e sulfuro di molibdene). La morfologia e la conducibilità dei film sono state studiate, così come il loro 
adempimento come elettrodi alternativi al platino in celle solari di nuova generazione. Questo è al 
momento il materiale più ampiamente utilizzato per questa applicazione. 
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Chapter 1:Chapter 1:Chapter 1:Chapter 1: IntroductionIntroductionIntroductionIntroduction    

Cellulose is the most abundant renewable organic material produced on Earth, being 
widely distributed in higher plants, also present in several marine animals (tunicates), 
and to a lesser degree in algae, fungi, bacteria, invertebrates, and even amoeba.1 
Cellulose is a fibrous, tough, water-insoluble substance that plays a major role as 
structural component of plant cell walls. Its ubiquity has supposed that this polymer 
became a material of choice from ancient times, in the form of wood and plant fibers 
as an energy source, for building materials and for clothing. Empirical knowledge of 
dying cellulose fibers or preparing charcoal has also accompanied us for many 
centuries. Its use in the form of paper and board goes back to the Egyptian papyri, 
and since then it has also played a central role in the recording and transmission of 
human culture.  

As a chemical raw material, cellulose has been used for about 150 years, even before 
its polymeric nature was completely recognized and understood. It was not until 1838 
that Anselme Payen first isolated this fiber and coined the name cellulose.2 Since 
then, cellulose has been subject of a lot of research. Advancing insights into the 
structural features and reactivity of cellulose have allowed stepwise the creation of 
novel types of materials.3 Breakthroughs on the industrial evolution of cellulose were 
the discovery of cellulose nitrate, namely nitrocellulose, followed by the technical 
synthesis of partially functionalized cellulose nitrate plasticized with camphor, better 
known under the trade name of Celluloid. The development of the particularly 
important large-scale viscose process for producing rayon fiber and filament is still 
practiced today with an output of about 3 million tons annually worldwide. It makes 
use of the formation of cellulose xanthogenate, (i.e. a water-soluble, less-stable 
anionic ester), prepared by reaction of cellulose with aqueous sodium hydroxide and 
CS2 and its decomposition by spinning in an acid bath.4 Other materials for coatings, 
films, membranes, building materials, drilling techniques, pharmaceuticals, and 
foodstuffs were obtained by the large-scale production of cellulose derivatives.5  

Industrial development efforts today are mainly focused on nanotechnology, defined 
as the study of matter with at least one dimension in the nanometer range. This 
interest comes up from the discovery of new fascinating properties when materials 
dimensions are restricted to the nanoscale. In this context, it could appear that the 
possibilities, as far as cellulose is concerned, are fully exploited. However, this is far 
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from true. New nature based nanomaterials, isolated from cellulose arise with a 
myriad of opportunities still to offer in the framework of sustainable development. 

1.1. Cellulose structure 

Cellulose is a linear high molecular weight homopolymer composed of D-
glucopyranose units covalently linked by β-1,4-glycosidic bonds. Every glucose unit is 
rotated 180° with respect to its neighbors, and the repeating unit comprises a dimer 
of glucose, known as cellobiose (Figure 1). In a cellulose chain, all D-glucopyranose 
rings, so called anhydroglucose units (AGU), adopt a 1C4 chair conformation, the 
lowest free energy conformation of the molecule. As a consequence, all the hydroxyl 
groups are positioned in the equatorial plane, while the hydrogen atoms are in axial 
position. Each monomer bears free hydroxyl groups at the C-2, C-3 and C-6 atoms. 
The ability of these hydroxyl groups to form hydrogen bonds with those of adjacent 
ring molecules further stabilizes the linkage and results in the linear configuration of 
the cellulose chain. Besides, each cellulose chain possesses a directional chemical 
asymmetry with respect to the termini of its molecular axis: one end is a chemically 
reducing functionality (i.e., a hemiacetal unit) and the other has a non-reducing end 
(i.e., a pendant hydroxyl group). The degree of polymerization (DP) of the cellulose 
chain is estimated between 10000 – 15000 AGU depending on the source material. 

 

Figure 1. Molecular structure of cellulose.6 

 

In nature, cellulose does not occur as an isolated molecule, but is found as assemblies 
of individual cellulose chains forming fibers. This is because individual molecules 
undergo spinning in a hierarchical order at the site of biosynthesis. During this 
process, van der Waals and intermolecular hydrogen bonds between hydroxyl groups 
of neighbor molecules assist the parallel stacking of multiple chains. Approximately 
36 chains are assembled together to form elementary fibrils (protofibrils). These 
protofibrils further aggregate into larger units known as microfibrils, of typically 5-50 
nm width. As a consequence of biopolymerization process, the order is not uniform 
along the whole structure. Defects are generated where the microfibrils are distorted 
by internal strain in the fiber and proceed to tilt and twist (Figure 2).7 
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Figure 2. Schematic representation of the microfibril illustrating the 

microstructure and strain distorted regions (defects).7 

 

These domains are less ordered or amorphous regions within the microfibril. 
Microfibrils further assemble in the common cellulose fibers that together with other 
polymers (i.e. hemicelluloses, lignin) give rise to the known plant tissue, structural 
component of plants and trees (Figure 3). 

 
Figure 3. Schematic representation of the hierarchical structure in cellulose.8 

 

This very complex network of van der Waals forces, intra- and inter-molecular 
hydrogen bonding arrangement can vary widely, giving rise to different ordered 
hydrogen bond systems, which in turn results in various types of supramolecular 
semi-crystalline structures.  

Four interconvertible polymorphs of cellulose have been identified, namely I, II, III 
and IV, differing in unit cell dimensions and, possibly, in chain polarity.9 

In nature, cellulose is only produced in the form of cellulose I, and thus, this 
polymorph is commonly referred to as “natural” cellulose. Its structure is metastable 
and can be converted either to cellulose II or III. Cellulose II is the second most 
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extensively studied allomorph for its technical relevance, as it is the form present in 
commercial products such as cellophane, Rayon and TencelTM synthetic fibers.5 It can 
be obtained by chemical regeneration (solubilization and recrystallization) or 
mercerization (swelling in concentrated sodium hydroxide solution). Cellulose III is 
obtained upon liquid ammonia treatment of either cellulose I or II, and subsequent 
thermal treatment produces cellulose IV.10 

Concerning crystalline structure of cellulose I, evidences of the existence of two 

suballomorphs (Iα) and (Iβ) was found in 1984 by cross-polarization magic angle 
spinning (CP-MAS).11 These two allomorphs coexist in various proportions depending 
on the cellulose source.12,13 It has been shown that Iα structure is prevalent in algae 

and bacteria,14 whereas Iβ is the mayor component in higher plants and tunicates.15 
In both structures, cellulose chains adopt a “parallel-up” fashion.13 This means that 
all cellulose chains are arranged such that the 1-4 linkage points in the same 

direction. Iα corresponds to a triclinic P1 unit cell containing one chain that has two 
adjacent glucose residues related by pseudo two-fold screw-axis symmetry. Iβ has a 
monoclinic P21 unit cell containing two conformationally distinct chains, which are 

referred to as the corner and center chains (Figure 4).16 Iα, a metastable phase, can 

be converted to the more thermodynamically stable Iβ phase by high-temperature 
annealing in various media.17 

a b 

 
Figure 4. Schematic of the unit cells for cellulose Iα (triclinic, dashed line) and Iβ

(monoclinic, solid line) projection along the chain direction with the Iα and Iβ unit 

cells superimposed on the cellulose I crystal lattice, showing the parallelogram shape of 

both unit cells when looking down the c-axis (a)18 and relative configuration of Iα with 

respect to Iβ unit cell (b).19 

 

Understanding the hydrogen bonding patterns within cellulose Iα and Iβ structures 
has been the subject of much debate. Since all hydroxyl groups are equatorial to the 
ring plane, it is common practice to acknowledge that the intra- and interchain 
hydrogen bonding is most prevalent within the so called “hydrogen-bonding” plane. 
Two coexisting hydrogen bonding networks (A and B) have been proposed (Figure 
5).20 The intra-chain hydrogen bonding is dominated by the strong O3-H-O5 bond. 
This intra-chain hydrogen bonding is responsible for the rigid and linear shape of 
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each cellulose chain.21,22 The existence of hydrogen bonds extending from the O(3)-H 
hydroxyl to the O(5) ring oxygen of the next unit across the glycosidic linkage in 
native crystalline cellulose can be concluded from X-ray diffraction, NMR and IR 
spectroscopy.23,24 To date, intermolecular hydrogen between only the OH group at the 
C-6 and C-3’ (’ means of the neighboring chain) positions of cellulose molecules 
adjacently located in the same lattice plane is assumed. The number of weak inter-

chain hydrogen bonds in cellulose Iβ is believed to be greater than in the Iα, what is 
supposed to contribute to the higher stability of this polymorph.21 The intermolecular 
hydrogen bonding in cellulose is responsible for the sheet-like nature of the native 
polymer.25 

a b 

Figure 5. Schematics of two suggested hydrogen bonding cooperative networks: A (a), 

and B (b), within the hydrogen-bonded plane. Thin dotted lines highlight the 

intrachain hydrogen bonding, while the thick dotted line shows the interchain 

hydrogen bonding. Arrows show the donor–acceptor–donor directions.26 

 

1.2. Nanocellulose families 

The structure of cellulose permits to obtain different materials in the nanometer 
range, both by bottom up or top down approaches. Such isolated cellulosic materials 
with one dimension in the nanometer range are referred to generically as 
nanocelluloses. On the basis of their dimensions, which in turn depend mainly on the 
processing conditions, nanocelluloses may be classified in three main subcategories. 
The first one consists on the biosynthesis by microorganisms from low molecular 
weight sugar in a culture medium, and is known as bacterial nanocellulose (BNC). 
The top down methods involve the disruption of the hierarchical structure of cellulose 
fibers. According to their morphology, cellulose fibers can be laterally disintegrated 
into their substructural nano-scale fibrils resulting in nanofibrillated cellulose (NFC), 
or can be dissociated transversely at the amorphous regions present along the fiber 
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leading to nanometric and highly crystalline defect-free rod-like fragments, so called 
nanocrystalline cellulose (NCC). In a unique manner, these nanocelluloses combine 
important cellulose properties, such as hydrophilicity and broad chemical-
modification capacity, with the specific features of nanoscale materials, mainly caused 
by the very large surface area of these materials.  

1.2.1. Bacterial Nanocellulose (BNC) 

Besides being a dominant component of cell walls in plants, cellulose is also secreted 
extracellularly as cellulose fibers by several bacterial species. The most known 
Acetobacter G. xylinus species (Figure 6a) produce such bacterial cellulose by 
cultivation in aqueous culture media containing carbon and nitrogen sources during a 
time period of days. The resulting cellulosic network structure is in the form of a 
pellicle of randomly assembled ribbon shaped fibrils less than 100 nm wide (Figure 
6b), which are in turn composed of a bundle of much finer nanofibrils (2 to 4 nm in 
diameter).27 These bundles are relatively straight, continuous and dimensionally 
uniform, with morphology depending on the specific bacteria and culturing 
conditions.28,29 

a b

Figure 6. Scanning electron micrographs of Acetobacter Xylinum cells embedded and producing 

cellulose (a)30 and of a bacterial cellulose pellicle (b).31 

 

1.2.2. Nanofibrillated Cellulose (NFC) 

This type of nanocellulose was first introduced by Turbak et al. in the 1980s.32 The 
process basically consists on the disintegration of cellulose fibers along their axis to 
isolate nanofibrils. Typically, suspensions of wood-based cellulose fibers are forced 
through mechanical devices and the treatment is repeated several times (i.e. number 
of passes). This mechanical treatment promotes the delamination of fibers and 
liberates sub-structural fibrils that after every pass become smaller, more uniform in 
diameter, but also less crystalline due to mechanical damage.33 The mechanical 
treatments comprise high pressure homogeneization, microfluidization or grinding 
(Figure 7a and b)34 Other reported methods are high-speed blending, cryocrushing, 
high-intensity ultrasonication, and steam explosion, 35 but these are still in a very 
early stage and far from being scaled up. The major drawback from a commercial 
point of view is the very high energy consumption amounting to over 25000 kWh per 
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ton in the production of NFC as a result of the required multiple passes through the 
homogenizers. Another concern is the extensive clogging of the homogenizer.36  

Generally, chemical or enzymatic methods are applied in order to weaken the 
interfibrillar hydrogen bonds prior to treatment and aid the separation of cellulose 
microfibrils.26  

Using the above-mentioned technologies, NFCs have been prepared from numerous 
cellulosic sources including soft and hard woods, sugar beet pulp, banana, potato, 
wheat straw, bamboo and also from some seaweed.27,35 The microfibrils thus 
generated have a high aspect ratio, with lengths up to several micrometers and 
widths ranging from 10 to a few hundred nanometers depending on the nature of the 
cellulose used (Figure 7c). NFCs normally exhibit gel-like characteristics in water, 
with pseudoplastic and thixotropic properties.36  

a c 

 

b 

 
 

Figure 7. Some devices used for the delamination of fiber cell walls to make NFC. 

High-pressure homogenizer, in which fibers are pressed through a slit between the 

valve seat and the pressurized homogenizer valve (a), interior view of a high-pressure 

microfluidizer, in which the fiber suspension is pumped through narrow slits under 

high pressure (b)32 and TEM image of NFC (c).37 

 

1.2.3. Nanocrystalline Cellulose (NCC) 

Nanocrystalline cellulose is typically extracted from cellulosic biomass using strong 
acid hydrolysis. They are generated by the liberation of crystalline regions of 
cellulosic fibers by hydrolysis with mineral acids.  

As already mentioned, amorphous and crystal parts of cellulose are sequentially 
distributed along the fiber. The crystalline parts are strongly packed and thus more 
resistant to acid attack. Therefore, the chemical process involves the cleavage and 
disruption of the more readily accessible amorphous regions to liberate rodlike 
crystalline cellulose sections (Figure 8a). When the desired level of depolymerization 
has been reached, the acidic mixture is diluted, and the residual acids and impurities 
are fully removed by centrifugation and extensive dialysis.1,36,38 
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Compared to NFC, NCCs have smaller size and very limited flexibility (Figure 8b), 
as they do not contain amorphous regions but instead exhibit elongated crystalline 
rod-like shapes, with widths and lengths of 5–70 nm and 100 nm and 1000 nm, 
respectively.36 

The dimensions of the nanocrystals released are strongly influenced by the starting 
cellulose sources and their degree of crystallinity (Table 1). Cotton, wood, and Avicel 
yield a narrow distribution of highly crystalline nanorods with widths and lengths of 
of 5–10 and 100–300 nm,39 whereas other sources, such as tunicates, bacteria, and 
algae, generate crystals with larger polydispersities.40,41 The nanocrystals may also 
show different geometries, depending on their biological source; for example, algal 
cellulose membrane displays a rectangular structural arrangement, whereas both 
bacterial and tunicate cellulose chains have twisted-ribbon geometry.41,42 The size of 
resulting crystals is also dependent on hydrolysis parameters, such as temperature or 
type of mineral acid (Table 1).43 

Table 1. Overview of the dimensions of cellulose nanocrystals 

depending on the source and acid employed during the 

hydrolysis.44 

Source Acid Length 

(nm) 

Width 

(nm) 

Wood45 H2SO4 100-300 3-5 

Cotton46 HCl 100-150 5-10 

Microcrystalline 
cellulose (MCC)47 

H2SO4 200-400 <10 

Tunicates48 H2SO4 >1000 10-20 

Bacteria49 H2SO4 100-1000 10-50 

Bacteria50 HCl 160-420 15-25  
 

The acid employed in the hydrolysis also determines the surface functionality. NCC 
prepared from HCl is weakly negatively charged, whereas during hydrolysis with 
H2SO4, sulfate groups are introduced on the surface of nanocrystals. Owing to their 
highly repulsive character, NCC suspensions prepared with sulfuric acid exhibit 
higher colloidal stabilities. The effect of such parameters has been extensively 
reviewed,44 and will be further discussed in Chapter 2.  

a b 

 
Figure 8. Schematic representation of cellulose acid hydrolysis process NCC (a)51 and 

TEM image of NCC (b).37  
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As the material employed in this work was uniquely nanocrystalline cellulose (NCC), 
from this point on, the discussion will be focused on this particular material. 
Hereafter, its main properties, methods of functionalization and applications are 
overviewed. 

 

NCC properties 

1.2.4. Mechanical properties 

Most studies on NCC mechanical properties have focused on the measurement of 
elastic modulus. The elastic modulus is a mechanical property of linear elastic solid 
materials. It defines the relationship between stress (force per unit area) and strain 
(proportional deformation) in a material.  

Due to the higher crystallinity of NCC, a higher elastic modulus with respect to 
cellulose should be expected, since the contribution of amorphous fraction becomes 
smaller. Indeed, theoretical calculations and indirect experimental measurements 
using atomic force microscopy (AFM), X-ray diffraction analysis, inelastic X-ray 
scattering, Raman scattering, etc. were used to calculate the elastic properties of 
NCC.  

Tunicate NCC has been used as idealized particle because of its longer length, larger 
cross-section, low size distribution and higher crystallinity. The experimental elastic 
modulus of the NCC obtained from tunicates was determined using a three-point 
bending test with AFM, where the AFM tip measured the applied force and the 
bending displacement of individual NCC. The elastic modulus in this case was found 
to be ~150 GPa.52 Sturcova et al. used in situ combination of tensile experiments 
with Raman spectroscopy, and they found a value of ~143 GPa,53 which is much 
more than that of steel wire and Kevlar®-49 (~112 GPa). 

In another study, transverse elastic modulus of NCC was also determined by 
comparing the experimental force–distance curves with three-dimensional finite 
elemental calculations.54 This measurement proved that the transverse modulus of an 
individual NCC lies in the range of 18–50 GPa.54  

1.2.5. Liquid crystallinity 

Due to its rod-like structure, it is intrinsic to NCC the particularity of forming 
lyotropic liquid crystalline phases at a given concentration. A lyotropic liquid crystal 
is by definition a dispersion of anisotropic macromolecular entities in a solvent. In 
these systems, phase transitions are strongly influenced by aspect ratio of the 
nanorods and very susceptible to changes on the nanoparticle concentration. 
Depending on particle properties and external conditions, the liquid crystalline 
ordered phase can be described as: nematic (rod-like molecules oriented along one 
axis, called the director, with a long range orientational order but a short range 
positional order), chiral nematic or cholesteric (the nematic microstructure is twisted 
along an axis).55 
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For concentrated NCC, Gray et al. discovered that when the cellulose crystallites 
were sufficiently short and uniform (always less than 100^nm) and had a high degree 
of sulfates esterified onto the surface, chiral nematic ordered structures formed and 
arranged themselves in a staircase-like helical superstructure along the director 
(Figure 9).56,57 The thickness of the layer structure up to a complete turn of the 
director is the pitch (p) of the helix.  

 
Figure 9. Schematic representation of chiral nematic phase in NCC.58 

 

In dilute systems, the rotation of nanoparticles is merely governed by Brownian 
motion. However, in a semi-dilute system, rotation of nanoparticles start to be 
hindered until the concentration reaches the limit where the particles motion is 
confined to small volumes, known as isotropic concentration. Once a certain 
equilibrium concentration is reached, the system is in the biphasic region, where there 
is an equilibrium between some particles in the anisotropic phase with those in the 
isotropic phase. As concentration increases even more, the system becomes fully 
liquid crystalline, this is, domains of NCC coalesce to form unidirectional and self 
oriented or anisotropic phase (Figure 10).1 

 
Figure 10. Phase behavior of fluid dispersed rods.59 

 

The alignment of NCC creates a microscopic shear birefringence that can be observed 
through cross-polarizers (Figure 11). Nevertheless, after a certain period of time at 
rest, the suspension can spontaneously separate into an isotropic and anisotropic 
phase (Figure 11).60  
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Figure 11. Aqueous 0.63% (w/w) NCC suspension observed between cross-

polarizers. Immediately after shearing the suspension shows many iridescent 

birefringence patterns (lef); after 1 week, the suspension separates into the 

upper isotropic and the lower anisotropic phases (right).61 

 

Equilibrium concentration, where isotropic and anisotropic phases coexist may be 
strongly affected by hydrolysis conditions, mineral acid used in the hydrolysis, size of 
the particles,45 concentration, as well as by external stimuli, such as temperature, 
ionic strength and other external forces.38 For instance, the addition of electrolytes 
was showed to have a huge effect in the critical concentration for phase separation. It 
was found that increasing electrolyte decreased anisotropic phase formation, and 
decreased also the chiral nematic pitch.39 The phase separation and chiral nematic 
pitch was also influenced by the nature of NCC counterions.62 In general, the critical 
concentration increases with increasing counterion size. Chiral nematic phase of an 
aqueous NCC dispersion can also be modified by magnetic field. The chiral nematic 
axis was aligned in the field direction by applying a static magnetic field, forming 
highly regular patterns. On the other hand, when a rotating magnetic field was 
applied to the dispersion a nematic-like alignment was also observed.48 

1.2.6. Rheological properties 

Rheology studies the flow of matter, primarily in a liquid state, but also as 'soft 
solids' or solids under conditions in which they respond with plastic flow rather than 
deforming elastically in response to an applied force.63 The study of rheological 
properties of NCC is focused either in the gelation properties through viscosimetric 
measurements, or the investigation of its liquid crystalline behavior through 
rheological characterizations.  

Nanocelluloses easily tend to form hydrogel structures, (i.e. materials composed 
mainly by water that is contained in a hydrophilic polymeric matrix). The viscosity 
of NCC dispersions increases steeply with concentration and two critical values can 
be determined, namely, the overlap and the gelation concentration, which depend 
strongly on the aspect ratio of the crystals.64 Marchessault et al. first demonstrated 
that the hydrodynamic properties of the whiskers are directly related to particle size 
and the length distributions.65 A typical shear rate viscosimetry profile for NCC 
presents three different regions. At low shear rates, a first region (region I) is 
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observed, with higher viscosity values corresponding to shear thinning and indicating 
the initial alignment of the domains formed by the whiskers. At intermediate shear 
rates, the second region appears (region II), a plateau indicating that these domains 
are aligned in the flow direction. At higher shear rates, a second shear thinning 
region (region III) is observed because of the breaking down of these domains giving 
rise to individual alignment of the whiskers. This behavior is characteristic of liquid 
crystals.66 The explanation for such behavior is that at a critical shear rate, the 
nanocrystals align due to their rod-like nature, greatly easing their flow. Under 
enough shear the chirality of the suspensions breaks down in favor of a simple 
nematic structure. Diffraction/scattering and SEM have also confirmed this 
hypothesis.67–69 Additionally, the time constant of relaxation is highly dependent upon 
aspect ratio with higher aspect ratios staying aligned for longer times after shear.44 

1.2.7. Film-forming properties 

An inherent property of cellulose nanocrystals is the spontaneous formation of self-
standing films upon drying.66 As the concentration increases, a point is reached where 
the mobility of the rod-like nanocrystals becomes severely constrained, resulting in 
gelation or glass formation. As it is often found with cellulose at larger length scales, 
drying from the wet state results in cooperative and essentially irreversible hydrogen 
bonding, and subsequently film formation. For NCC, this irreversibility depends on 
the residual water content: below about 4% w/w water, the nanocrystals will not 
redisperse.70,71 

1.2.8. Optical properties 

NCC films typically show high transparency. The optical properties of nanocellulose 
films can be investigated by determining the regular light transmittance with a UV-
visible spectrometer.72 Interestingly, under controlled conditions, NCC maintains the 
chiral nematic order upon drying, giving rise to optically active iridescent films. This 
property relies on the ability to reflect polarized light over a specific wavelength 
range.73 The reflected wavelength depends on the chiral nematic pitch, and it is this, 
together with the incident angle, that determines the color of the film. The pitch of 
the suspension itself is controlled by the axial ratio and charge of the nanocrystals, 
their polydispersity and the ionic strength of the medium. 70  

Therefore, optical properties of the films can be tuned by changing preparation 
conditions.74 For instance, some studies have established that by adding an 
electrolyte or providing ultrasonic energy to the NCC suspension,73 one could control 
the reflection wavelength of iridescent solid NCC films (Figure 12). By increasing the 
ionic strength of the system, a decrease in the chiral nematic pitch of the suspension 
can be achieved via tightening the helix of the system. In this way, it is possible to 
obtain films that reflect in different regions of the wavelength spectrum. While salt-
free NCC suspensions reflect in the IR region, the addition of a specific amount of 
NaCl to the suspension yields films that reflect in the visible and ultraviolet regions 
of the spectra.74  
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As previously mentioned, the chiral-nematic phase formed by colloidal NCC aqueous 
suspension above a critical concentration can also be affected by a strong magnetic 
field. When a magnetic field is applied during drying of the NCC suspension, it is 
possible to obtain films with highly ordered texture, independently of the ionic 
strength of the original suspension.75 Aligned ultra-thin films of NCC were obtained 
by using a convective-shear assembly setup. By using this setup, order achieved by 
the NCC was similar to that obtained by high electric field. Such alignment was 
explained in terms of a force balance including hydrodynamic, surface tension and 
electrostatic interactions. Surface strength was improved as a result of the crystals 
alignment, which was expected to broaden application ranges of these materials.38 

1.3. NCC functionalization 

The high surface area of NCC, as well as the abundance of hydroxyl groups on its 
surface, makes this material suitable for many types of surface modifications. NCC 
surface functionalization may be divided in two main categories: covalent attachment 
or non-covalent interactions of molecules on its surface. Any of the many reactions 
known from the chemistry of alcohols can be applied, offering the possibility to 
virtually introduce any chemical species on its surface. Surface functionalization 
allows in this way the tailoring of particle properties and the type of interactions that 
the material exhibits with its surroundings, expanding the application field of NCC.27 

1.3.1. Covalent functionalization 

The first type of modification reactions is the covalent attachment of different 
entities to hydroxyl groups present on NCC surface. As mentioned previously, each 
AGU bears three hydroxyl groups. The reactivity of these groups is heterogeneous, 
since the hydroxyl group at the 6 position is a primary alcohol whereas those in the 2 
and 3 positions are secondary alcohols. It has been reported that on the structure of 
cellulose, the hydroxyl group at the 6 position can react ten times faster than the 
other OH groups, while the reactivity of the hydroxyl group on the 2 position was 
found to be twice that of at the 3 position.76 Indeed, due to steric effects derived from 
the supramolecular structure of cellulose, OH groups in 6 position are more available 
to eventual reacting agents. Therefore, it is normally acknowledged that 
functionalization of NCC takes place at the OH in 6 position. The main covalent 
reactions reported on the surface of NCC are schematically represented in Figure 13, 
and are described hereafter.26 

 
Figure 12. NCC films produced from suspensions treated with increasing applied 

ultrasonic energy (0, 250, 700, 1800, and 7200 J/g NCC) from left to right. Viewing is 

normal to the film surface under diffuse lighting. Scale marker = 1 cm.73 
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Figure 13. Common covalent modification chemistries of NCC surface: (clockwise from 

top-right) sulfuric acid treatment provides sulfate esters, carboxylic acid halides create 

ester linkages, acid anhydrides create ester linkages, epoxides create ether linkages, 

isocyanates create urethane linkages, TEMPO mediated hypochlorite oxidation creates 

carboxylic acids, halogenated acetic acids create carboxymethyl surfaces, and 

chlorosilanes create an oligomeric silylated layer.26  

 

SulfonationSulfonationSulfonationSulfonation    

Sulfonation of NCC is normally an indirect consequence of using sulfuric acid for 
hydrolysis, and it occurs through the esterification of the hydroxyl groups. As 
mentioned above, they are crucial to obtain stable colloidal suspension with liquid 
crystal behavior, and therefore optically active films, yet at the expense of thermal 
stability.28  

It is however challenging to precisely control the esterification degree, as it depends 
on many variables, such as hydrolysis time, temperature, acid to NCC ratio, etc. An 
alternative approach consists on submitting NCC generated by hydrochloric acid 
hydrolysis to a post-treatment with sulfuric acid. This technique has been successfully 
used to introduce sulfate moieties on NCC surface in a controlled manner.60,77 
Another possibility lies on the facile desulfonation of NCC prepared by sulfuric acid 
hydrolysis in order to tune the sulfate content on the surface of NCC, either by mild 
alkaline treatment or thermal treatment.78,79  
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EsterificationEsterificationEsterificationEsterification    

One of the most extensively performed modifications of NCC is esterification 
reaction, for its simplicity and straightforwardness. It has been mainly used as a way 
to confer NCC solubility in organic media, being the most common acetylation. 
Analogous to cellulose fibers, the acetylation of nanocellulose proceeds gradually upon 
the addition of a dry mixture of acetic anhydride and acetic acid in the presence of a 
small amount of catalyst such as sulfuric or perchloric acid.27 

When the reaction is performed in acetic acid at 60 ºC using sulfuric acid as catalyst, 
and at a moderate degree of acetylation the NCC keep their integrity and the 
modification occur only at their surface. A straightforward method for the surface 
acetylation of NCC by transesterification of vinyl acetate was proposed by Çetin et 
al. The reaction of vinyl acetate with the hydroxyl groups of cellulose nanowhiskers 
obtained from cotton linters was examined with potassium carbonate as catalyst. 
During the first stage of the reaction, in DMF at 95 ºC, only the surface of the 
nanowhiskers was modified, while their dimensions and crystallinity remained 
unchanged and the solubility of NCC in organic solvents such as THF was notably 
improved.80 

Apart from acetylation, esterification reactions other other moieties were also 
attempted following different strategies. Yuan et al. developed a method that used 
alkenyl succinic anhydride aqueous emulsions simply mixed with NCC aqueous 
suspensions, freeze dried, and the resulting solid heated to 105 ºC.81 The obtained 
derivative possessed a highly hydrophobic character and it was easily dispersible in 
solvents with widely different polarities from DMSO to 1,4-dioxane. Esterification of 
NCC with organic fatty acid chlorides, having aliphatic chains of different lengths, 
namely hexanoyl chloride, lauroyl chloride and stearoyl chloride, has also been 
reported. The reaction was conducted under reflux for 4 h using triethylamine (TEA) 
as catalyst and neutralizing agent for the in situ formed hydrochloric acid. The 
reduction of the polar character allowed enhancing the nonpolar nature of original 
NCC, thereby allowing the use of nonpolar polymers as matrices for the processing of 
nanocomposite materials.82 

Interestingly, Spinella et al. proposed a one-pot concurrent acid hydrolysis, and 
esterification reactions were investigated using biobased di- and trifunctional organic 
acids (citric, malonic or malic), rather than strong mineral acids. The reaction was 
carried out in the presence of catalytic amounts of HCl and resulted in the 
introduction of free carboxylic acid functionality onto the NCC surface.83 

EtherificationEtherificationEtherificationEtherification    

Another well known reaction for hydroxyl groups is the etherification. Etherification 
involves the reaction of an alcohol with an alkylating agent in the presence of a base. 
Typical alkylating agents include alkyl halides (chlorides, bromides, iodides) or, less 
commonly, alkyl sulfonates.  

Etherification was used to very easily introduce cationic charges on NCC surface. 
Such surface cationizations proceed via a nucleophilic addition of the alkali-activated 
cellulose hydroxyl groups to the epoxy moiety of epoxypropyltrimethyl-ammonium 
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chloride (EPTMAC). These modifications led to stable aqueous suspensions of NCC 
with unexpected gelling and rheological properties. Shear birefringence was observed, 
but no liquid crystalline chiral nematic phase separation was detected for these 
cationic NCC most likely due to the high viscosity of the suspension.84 

In a relevant example, Dong et al. used this type of reaction to prepare fluorescently 
labeled NCC, following a three step procedure. First, the surface of the nanocrystals 
was decorated with epoxy functional groups through nucleophilic addition of alkali-
activated cellulose hydroxyl groups with epichlorohydrin. Then, the epoxy groups 
were opened with ammonium hydroxide to introduce primary amino groups, that 
were finally reacted with the isothiocyanate group of fluorescein isothiocyanate 
(FITC) molecule to form a thiourea.85 

SilylationSilylationSilylationSilylation    

Silylation refers to the introduction of silyl group (R3Si) into a molecule. Generally 
the substrate (hydroxyl groups on NCC in this case) is deprotonated with a suitable 
strong base followed by treatment with a silyl chloride. 

NCC from tunicate was partially sililated with a series of alkyldimethylchlorosilanes, 
where the alkyl chain ranged from isopropyl to n-dodecyl. The reaction was carried 
out in toluene at room temperature, and in the presence of imidazole to neutralize 
the released hydrochloric acid. Partially silylated NCC was reported to be dispersible 
in various solvent of low polarity while keeping the nanosized structure and optical 
properties on the dispersed state.86 

Sililated NCC was also reported as an intermediate step for further functionalization. 
Aminosilanes were first grafted onto NCC to covalently attach fluorescent moieties 
afterwards.87  

However, this approach is not a very convenient choice, since it requires the use of 
toxic solvents such as toluene. In addition, long reaction times were reported to 
destroy both, morphology and crystalline structure of the particles, due to the high 
affinity of silanes toward hydroxyl groups, evidencing the need of controlled reaction 
conditions for a successful modification.86  

TEMPO oxidationsTEMPO oxidationsTEMPO oxidationsTEMPO oxidations    

(2,2,6,6-Tetramethylpiperidine-1-oxyl)-mediated (or TEMPO mediated) oxidation of 
NCC has been used to convert the hydroxymethyl groups on its surface to their 
carboxylic form. This oxidation reaction, which is highly selective for primary 
hydroxyl groups, is also ‘‘green’’ and simple to implement.88 It permits to tune the 
NCC surface properties by the introduction of carboxylic groups and it is often used 
as an intermediate step to introduce alternative functionalizations on NCC. This 
reaction will be described in detail in Chapter 2. 

AmidationAmidationAmidationAmidation    

Amidation of NCC implies previous oxidation of hydroxyl groups on NCC to 
carboxylic groups, typically using TEMPO oxidation, followed by covalent 
attachment of amine derivatives. This coupling approach is particularly interesting 
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since it takes place in very mild conditions and can be applied to attach biomolecules 
(proteins) and other useful molecules containing amine groups. Nanoparticles 
conjugated with biomolecules (such as proteins, DNA, enzymes or antibodies etc.) 
offer unique opportunities in numerous applications including biosensing, catalytic 
reactions, targeted drug delivery and directed self-assembly leading to high ordered 
nanoscale materials.89 Moreover, grafting of molecules to NCC through an amide 
linkage has the advantage of greater stability than that of an ester linkage or 
adsorptive binding against severe chemical conditions, such as acid, base, or heating. 

In most of the reported examples, this coupling was accomplished through the 
activation of carboxylic acids with a carbodiimide derivative as the first step. From 
the variety of available coupling agents, the most extensively found in literature for 

NCC couplings is N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC·HCl), accompanied by N-Hydroxysuccinimide (NHS) to avoid rearrangement 
of the unstable intermediate O-acylisourea to the stable N-acylurea (Figure 14). Since 
the reaction is pH dependent it is common practice to carry out the reaction in 
aqueous or buffer media (pH = 6 – 10) at room temperature.27  

Araki et al. used this coupling to attach polyethylene glycol (PEG) chains to NCC 
surface. The freeze-dried PEG grafted microcrystal could be redispersed in water or 
non aqueous solvents and the chiral nematic behavior of NCC in suspension was 
preserved.46 Barazzouk et al. grafted different fluorescent aminoacids, and tryptophan 
based peptides of 2, 4, 6 and 8 aminoacid residues using this method (Figure 14).91,92 
In this case, carbodiimide activation and coupling was performed in two steps, rather 
than the preferred one-pot, to prevent undesired reactions between peptides 
molecules containing both amino and carboxylic groups. In another example, 
Mangalam et al. used a similar procedure to successfully graft single-stranded 
oligonucleotides with an amino modifier on NCC. The molecular recognition ability of 
the oligomeric base pairs was then utilized by duplexing complementary 

 

Figure 14. Illustration of the coupling mechanism between 

oxidized nanocellulose (here reffered to as ONC) and an amino 

acid (H2N–CHR–COOH, where R is an organic substituent.90 
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oligonucleotides grafted onto separate NCC populations. The resulting nanomaterials 
hybridized under suitable conditions to form bonded structures and this hybridization 
was reversible by raising the temperature above the melting temperature of the 
duplexed DNA.93 

Click chemistry Click chemistry Click chemistry Click chemistry     

“Click chemistry" is a term introduced by K. B. Sharpless in 2001 to describe 
reactions that are high yielding, wide in scope, require simple purification methods, 
are stereospecific, simple to perform, and can be conducted in easily removable or 
benign solvents. The premier example of click chemistry reaction is the azide-alkyne 
Huisgen cycloaddition: a 1,3-dipolar copper catalyzed cycloaddition between an azide 
and a terminal or internal alkyne to give a 1,2,3-triazole. Obviously, when it comes to 
NCC it is a requisite the introduction of either triple bond or azide functions in a 
previous step.  

The ‘‘clicking’’ approach on NCC was first introduced by Filpponen et al., who 
attempted to link together two sets of NCC, one bearing an azide derivative and the 
other an alkyne moiety.94 Both sets were prepared through amidation of TEMPO-
mediated oxidized NCC. Subsequently, the Cu(I)-catalyzed Huisgen 1,3-dipolar 
cycloaddition between the azide and the alkyne surface-activated NCC was employed 
to bring together the nanorods in a gel-like nanomaterial (Figure 15).  

A click chemistry approach was also used for the site-specific immobilization of a 
model protein at one tip of nanocrystalline cellulose (NCC). Click reaction between 
reducing end functionalized NCC bearing azide groups and β-casein micelles bearing 
acetylene groups resulted in mushroom-like conjugated nanoparticles in different 
arrangements. The strategy developed could be useful for building novel functional 
self assembled nanobiomaterials and have potential in nanomedicine, immunoassay 
and drug delivery applications.89 Feese et al. appended a porphyrin derivative onto 
NCC surface via the Cu(I)-catalyzed Huisgen Meldal Sharpless 1,3-dipolar 
cycloaddition between azide groups on the cellulosic surface and porphyrinic 
alkynes.96 The NCC-grafted porphyrin showed excellent efficiency toward the 
photodynamic inactivation of several bacteria. In another important study, an 
imidazolium bromide salt was grafted to NCC using Huisgen 1,3-dipolar 
cycloaddition and the bromide anion was successfully exchanged for bistriflimide and 
an anionic dye, providing the opportunity to synthesize a wide variety of ion 
exchange systems or catalysts using NCC as a support.97 
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Figure 15. Schematic Representation of the Formation of CNC1-Based Nanoplatelet 

Gels.95 

 

Polymer graftingPolymer graftingPolymer graftingPolymer grafting    

Another strategy frequently used to improve the dispersability and compatibility of 
NCC into more hydrophobic matrices is polymer grafting. Two different approaches 
can be attempted to graft polymer brushes on the surface of NCC, namely “grafting 
onto” or “grafting from”.27 The “grafting onto” method consists on building the 
polymer chains out of NCC and then attaching them to its surface. In this way a full 
characterization of the polymer is possible and a better control on the synthesis and 
properties is achieved. Yet, steric hindrance can drive to a low surface grafting 
density during the grafting reaction since the chains already grafted on NCC could 
prevent others to reach available reactive sites. Alternatively, in the ‘‘grafting from’’ 
approach polymer brushes can be grown in situ from nanocellulose directly using the 
surface hydroxyl groups as initiating sites for ring opening polymerization (ROP).98 
The grafting from methodology increases the grafting density of the polymer brushes 
on the surface at cost of the synthesis control. Eventually, NCC surface can be 
modified to introduce different initiator sites needed for controlled polymerization 
techniques such as atom transfer radical polymerization (ATRP) and other radical 

                                            
1 CNC (cellulose nanocrystals) is a common acronym in the literature, equivalent to NCC. 
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polymerization techniques.99 ATPR allows for precise control over the grafting that 
produces well defined monodisperse particles.  

Polymers introduced on NCC following the “grafting onto” approach include 
polycaprolactone via an isocyanate-mediated coupling reaction or pre-synthesized 
waterborne polyurethane. Azzam et al. grafted thermosensitive amine-terminated 
polymers onto the surface of previously modified NCC by a peptidic coupling 
reaction, leading to unusual properties like colloidal stability at high ionic strength, 
surface activity, and thermoreversible aggregation.100  

Following the “grafting from” approach, Morandi et al. employed 2-bromoisobutyryl 
bromide to introduce initiating sites for ATRP. By changing reaction conditions, they 
achieved different grafting degree and/or different polymeric chain lengths. These 
particles were tested for their capacity to absorb 1,2,4-trichlorobenzene pollutant 
from water. The results obtained showed that they absorbed the equivalent of 50% of 
their weight in pollutant.99 ROP polymerization was also used to grow 
polycaprolactone chains on the surface of NCC, where Sn(Oct)2 was used both as a 
grafting and polymerizing agent. Moreover, similar grafting processes have also been 
applied under microwave irradiation in order to enhance the grafting efficiency.101 

1.3.2. Non-covalent functionalization 

The second type of modifications consists on non-covalent interactions typically made 
via adsorption of surfactants onto NCC. These interactions occur through hydrophilic 
affinity, electrostatic attractions, hydrogen bonds or van der Waals forces. This 
approach has been mostly used to overcome the lack of dispersability of NCC in 
organic media and integrate them in composite matrix.  

For instance, sulfuric acid derived NCC provides a charged surface to adsorb 
surfactants, as for example stearic acid and cetyl tetramethylammonium bromide 
(CTAB).102 Also, different quaternary ammonium salts were adsorbed on TEMPO 
oxidized NCC, thanks to the presence of negatively charged carboxylic groups on its 
surface.103 Other examples opted for the use of non-ionic surfactants to disperse NCC 
in polystyrene-based composite fibers.104  

1.4. NCC applications 

As it has been shown, the wide possibilities of NCC functionalization allow the 
introduction of an extensive variety of molecules. This incredibly expands the range 
of fields were NCC materials can find a potential application, ranging from 
composites,105 to catalysis,106 and more recently to biomedicine.107 In this section, a 
general overview with some representative examples of NCC-based materials for 
different applications is presented. Other examples, for more specific applications will 
be detailed in the next Chapters. 

1.4.1. Composites 

The main application of NCC has been as reinforcement of polymeric matrix in 
nanocomposite materials until not long ago. NCC has properties that render it 
competitive in comparison to the most used inorganic fillers (carbon nanotubes, 
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hydroxyapatite, gold, silver, clay or silica) currently used: it is strong, light and 
highly resistant to temperature, wear, erosion and corrosion, and inexpensive.38 

Favier et al. were the first authors to report the use of NCC as reinforcing fillers in a 
poly(styrene-co-butyl acrylate) (poly(S-co-BuA))-matrix. Following this trend, the 
incorporation of nanocrystalline cellulose from different sources into composite 
materials with enhanced properties has been investigated thoroughly. NCC can be 
functionalized either to improve the dispersability within the matrix or confer new 
properties in order to obtain stimuli responsive or smart composites.  

One example of the latter is the study reported by Biyani et al. NCC from tunicates 
was functionalized with a coumarin derivative (7-coumaryl-(6-isocyanatohexyl) 
carbamate) to afford coumarin-derivatized NCC (Cou-NCC).108 Coumarin undergoes 
dimerization reactions upon exposure to ultraviolet (UV) light with a wavelength of 
>300 nm. Such effect was exploited to prepare a light responsive nanocomposite by 
reinforcing a rubbery ethylene oxide–epichlorohydrin copolymer (EO–EPI) matrix 
with Cou-NCC. The as-prepared nanocomposites showed a significantly increased 

tensile storage modulus (E′) in comparison to the neat EO–EPI. For example, E′ at 
25 °C increased from 4 MPa to 199 MPa upon introduction of 10% w/w Cou-NCC. 

E′ increased further to 291 MPa upon irradiation with 365 nm UV light, whereas 
control nanocomposites with neat NCC did not display any significant increase in E′ 
under the same conditions (Figure 16).108  

Capadona et al. presented another stimuli responsive nanocomposite inspired by the 
sea cucumber dermis. In this case, NCC was used as filler in a rubbery host polymer. 
The dry composite exhibited a high elastic modulus of 800 MPa. When put in an 
aqueous ambient, the swelling acted as a chemical regulator. The presence of water 
produced competitive hydrogen bonding with NCC and consequently weakening of 
interaction among nanocrystals. In these conditions elastic modulus was drastically 
reduced to 20 MPa.109 

 

 
Figure 16. Schematic representation of the photoswitchable Cou-NCC 

composite.108 
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1.4.2. Bioapplications 

Hydrophilicity, biocompatibility and the possibility of chemical modifications, such as 
the incorporation of fluorescent dyes or drugs onto their surface, are the main 
characteristics that make nanocellulosic materials attractive for biomedical 
applications. To date, many researchers have investigated the design, fabrication, and 
processing of this nanomaterial for potential use in medicine. Depending on the type 
of nanocellulosic material, their application within the field of biomedicine is more 
oriented towards specific applications. In the case of NCC, due to its small size and 
high surface area, research efforts are focused on their use as drug delivery carrier for 
internalization into cells. 

Roman et al. investigated whether NCC would exhibit any toxicity towards human 
brain microvascular endothelial cells (HBMECs). Cellular uptake studies based on 
the use of NCC labeled with FITC were also carried out.110 The results from these 

studies demonstrated no toxicity of NCC towards HBMECs over the 0-500 µg/ml 
concentration range, what could be due to the low uptake of NCC found after 24 
hours exposure. Later on, the toxicity of NCC against nine cell lines was assessed, 
and no signs of cytotoxicity were found at the concentration range and exposure time 
studied (0-50 µg/ml and 48 hours respectively).111 

Surface charge and conjugation of non-cytotoxic elements to NCC are also important 
considerations for the use of NCC as a natural carrier into cells for bioimaging and 
drug delivery applications. Mahmoud et al. investigated the effects of NCC 
derivatives surface charge on cell internalization using negatively charged fluorescein 
isothiocyanate (FITC) and positively charged rhodamine B isothiocyanate (RBITC). 
Positively charged NCC–RBITC was internalized by human embryonic kidney 293 
(HEK 293) and Spodoptera frugiperda (Sf9) insect cells with no observed 
cytotoxicity. Negatively charged NCC–FITC was not internalized by the cells due to 
repulsive forces between the anionic NCC–FITC and the anionic cellular membrane 
at physiological pH (Figure 17).112 

NCC was also used for the targeted delivery of chemotherapeutic agents to cancer 
cells. Folic acid (FA) grafted NCC conjugates (FITC–NCC–FA) were synthesized 
and in vitro folate-receptor-mediated uptake by human and rat brain tumor cells 
studied. It was found that the cellular binding/uptake of the FITC–NCC–FA by the 
folate receptor, which is overexpressed by several types of cancer cells, was 
significantly higher than that of the free FA. This study suggested that the FA-
conjugated NCC showed potential for cancer targeting.113 In a different approach, 
Jackson et al. took advantage of the negative charges present on NCC from acid 
hydrolysis to bind ionizable drugs such as tetracycline and doxorubicin, which were 
rapidly released over a 1 day period. The release profile seemed to indicate that a 
weakly bound fraction of the drug was released quickly and a strongly bound fraction 
was released more slowly. Fluorescence studies with bound fluorescein also showed 
that cellular uptake of these nanocomplexes by KU-7 human bladder cancer cells was 
possible with little cytotoxic effect observed.102 
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Figure 17. Schematic Illustration for the Synthesis of the CNC-RBITC conjugate: (i) 

Epichlorohydrin, NaOH, 60 °C; (ii) NH4OH, NaOH pH 12; (iii) RBITC or FITC, 

Sodium Borate, Sodium Chloride, Ethylene Glycol, Tartaric Acid and Sucrose (top), 

confocal images of Sf9 cells incubated with a mixture of 0.1 mg/mL CNC-RBITC and 

0.1 mg/mL CNC-FITC. (A) FITC fluorescence field, (B) RBITC fluorescence field, 

and (C) both FITC and RBITC fluorescence fields (down).112 

 

The interaction of NCC with cells in vivo has been unfortunately less explored, 
although is crucial for further development of NCC systems as drug vectors. In a 
interesting study, Colombo et al. functionalized NCC with a fluorescent dye, and 
thoroughly assessed its interaction with living organisms, in particular with mice. 
They demonstrated that the NCC derivative was well tolerated by healthy mice after 
systemic injection; it was rapidly excreted, thus avoiding bioaccumulation in filter 
organs such as the kidneys and liver; transiently migrated in bones; and was able to 
penetrate in the cytoplasm of cancer cells without inducing material-related 
detrimental effects in terms of cell survival (Figure 18). They suggested that the 
peculiar tropism to the bones is due to the chemical interaction between the Ca2+ of 
the bone matrix and the active surface of negatively-charged NCC. This feature, 
together with the ability to penetrate cancer cells, makes NCC a potential nanodevice 
for theranostics in bone tumors.114 
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Figure 18. Optical imaging scans acquired before and at 1 h, 24 h, and 7 d, 

respectively, after NCC intravenous injection (a single dose of 120 µL at a 

concentration of 35 µg/mL). Three different regions of interest (ROIs) were processed. 

They were the abdominal area, the tail, and the distal left hind limb. In the red 

squares (bottom panels), a higher magnification of the distal hind limb is shown. The 

fluorescence intensity signal was measured as normalized photon counts (NC) and is 

shown as a pseudocolor scale bar.114 

 

1.4.3. Energy and electronic applications 

NCC is an intrinsic insulator, which induces to think that it has no potential in 
electronics or energy storage films, where conducting or semiconducting materials are 
needed. However, these devices typically need a flexible support. Normally these 
supports consist of petroleum-based plastic polymers, which are expensive and not 
environmentally friendly. On the contrary, NCC is low-cost, low-weight, flexible, and 
recyclable, and so a useful substrate for more environmentally friendly electronic 
devices. This, combined with the ability of nanocelluloses to incorporate other 
functional materials, provides many opportunities for applications in electronic, 
electrochemical and optical devices. NFC is usually preferred for these kind of 
applications, for its higher porosity and flexibility. However, there are still some 
examples including NCC. 

Flexible electronicsFlexible electronicsFlexible electronicsFlexible electronics    

Gaspar et al. reported for the first time the preparation of a thin transparent 
nanopaper-based field effect transistor (FET) where NCC was simultaneously used as 
the substrate and as the gate dielectric layer in an ‘interstrate’ structure, since the 
device was built on both sides of the NCC films: on one side a GIZO (Ga2O3–In2O3–
ZnO; 1:2:2 mol%) layer (the active oxide semiconductor) and on the opposite side of 
the nanocrystalline cellulose membrane an IZO (In2O3–ZnO; 5:2 mol%) film serving 
as the gate electrode (Figure 19). The NCC film FET presented good stability in air 
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ambient conditions, after two weeks of being processed, without any type of 
encapsulation or passivation layer. The results obtained were competitive with the 
state of the art for conventional cellulose paper.115 

 

Najafabadi et al. reported on efficient organic light-emitting diodes (OLEDs) with an 
inverted top-emitting green electrophosphorescent OLEDs on recyclable NCC 
substrates (Figure 20a). The average current efficacy of devices on NCC was 32.5 ± 
14.1 cd/A at 10 cd/m2 and 42.7 ± 9.8 cd/A at 100 cd/m2, similar to that achieved on 
glass substrates (Figure 20b).116 OLEDs fabricated on recyclable and biodegradable 
substrates are a step towards the realization of a sustainable OLED technology. 

a 

 

b 

 
Figure 20. Photograph of five inverted top-emitting OLEDs on a NCC substrate 

mounted on glass (left), and an illuminated OLED on NCC substrate (right).116 

 

 
Figure 19. Schematics of the process of fabrication of FETs using NCC as the gate 

dielectric (a), the corresponding staggered-bottom gate structure (b) and output 

characteristics for the GIZO field effect transistor with an NCC membrane prepared 

by evaporation as the gate dielectric (the step for the gate voltage was 5 V, starting 

from −5 and going to 30 V) (c). The inset in c shows an optical photograph of a fully 

processed FET.115 
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Energy Storage DevicesEnergy Storage DevicesEnergy Storage DevicesEnergy Storage Devices    

As a promising candidate for energy application using NCC, Tuukkanen et al. 
reported printable and disposable supercapacitors fabricated from solution-processed 
carbon nanotube (CNT) composite material as active electrodes and nanocellulose 
(NCC) as separator. NCC is a robust separator material used instead of conventional 
polymer separator films. The fabrication of supercapacitors on flexible substrates 
from solution-processable materials enables their low-cost and high throughput mass 
production. Flexible, low-cost supercapacitors are interesting interim power sources 
for autonomous energy harvesting systems such as ubiquitous sensory networks and 
disposable low end products (Figure 21).117 

Zhou et al. proposed for the first time efficient polymer solar cells fabricated on 
optically transparent NCC substrates. The solar cells fabricated on the NCC 
substrates displayed good rectification in the dark and reached a power conversion 
efficiency of 2.7%, still modest with respect to the state of the art for this type of 
solar cells (~10%).118 Efficient and easily recyclable organic solar cells on NCC 
substrates are expected to be an attractive technology for sustainable, scalable, and 
environmentally-friendly energy production.119 

 

 

(d) 

 
Figure 21. Schematic side-view of used supercapacitor architecture (a), top-view of the 

assembled supercapacitor during the electrical characterization (b), photo of the bent 

device (c) and SEM micrograph of the cross-section of the supercapacitor (d)117. 

 

SensorsSensorsSensorsSensors    

Another significant area for NCC applications is sensors. Nanopaper-based sensors 
are likely to be simple, portable, disposable, low power-consuming and inexpensive 
devices that will find wide use in medicine, detecting explosives, toxic substances, or 
pollutants. 

Hassan et al. prepared highly fluorescent nanocellulosic material via surface 
modification of NCC with terpyridines followed by supramolecular assembly of 
terpyridine-modified perylene dye onto the terpyridine-modified cellulose nanocrystals 
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(CTP) via RuIII/RuII reduction. In addition, further self-assembly of terpyridine units 
with azide functional groups onto CTP-RuII-PeryTP was possible via repeating the 
RuIII/RuII reduction protocol to prepare supramolecular fluorescent nanocrystals with 
azide functionality (CTPRuII-PeryTP-RuII-AZTP), as represented in Figure 22. They 
proposed this derivative as potential bio-sensing device since the terminal azide 
groups can easily react with antigens via “click chemistry” reaction.120 

Chauhan et al. proposed a straightforward synthetic method for the covalent 
attachment of a pH-sensitive dye to NCC in a one-step procedure, which exploited a 
vinylsulfone reactive moiety. The resulting material provided an innovative clue to 
nanostructured optodes, i.e. pH responsive nano-materials that are amenable to a 
multi-format application environment, with adaptive textures, forms, and patterns. 
Their results addressed the fabrication of flat-membranes, pH-sensitive sticks, and 
printable inks, carved within the common motif of a biocompatible nanocellulose 
matrix (Figure 23). 121 
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Figure 22. Preparation of supramolecular CTP-RuII-PeryTP (3) and CTP-RuII-

PeryTP-RuII-AZTP (4) nanocellulosic derivatives. Curved line represents perylene 

motifs.120 
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c) 

 

Figure 23. Synthesis of 4: (i) 96% H2SO4, 45 min, 45 ºC, yield: 74%; (ii) NaOH 
1 M until pH = 10; (iii) NCC suspension in water, yield: 37%. Inset: (a) AFM 
image of 4 (a), AFM image of the marked region (b) and NCC pH sensor in 
suspension and deposited on paper (c).121  

 

In a last example, nanocrystalline cellulose was also converted into fluorescent 
nanoparticles by functionalization with pyrene moieties (Py-NCC) following a three-
step procedure. An enhancement of the fluorescence emission of pyrene after 
functionalization to NCC was observed. Py-NCC was evaluated for its sensing ability 
towards metal ions and exhibited high selectivity towards Fe3+ among other screened 
metal ions with good discrimination between Fe2+ and Fe3+. The excellent selectivity 
for Fe3+ over a wide linear concentration range was observed through changes in the 
emission spectra. Spectroscopic analyses proved that the coordination interaction 
between Fe3+ and pyrene-modified cellulose nanocrystals leads to the recognition 
process. This sensing nanomaterial could be employed as a chemosensor for Fe3+ and 
promoted for many applications in chemical, environmental, and biological systems.122 
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1.5. Conclusions 

NCC is an emerging nanomaterial, with unique advantages among other 
nanostructured materials, such as renewability, availability, sustainability, lack of 
toxicity and biocompatibility. In addition, the high abundance of reactive hydroxyl 
groups on its surface renders this nanomaterial one of the most chemically versatile 
materials for nanodevice development. 

So far, most of the research has focused on characterizing the morphological, 
mechanical, optical, and liquid crystalline properties of NCC and it has been 
principally applied in nanocomposite fabrication. Nevertheless, various surface 
modification processes have recently arisen to manipulate the functionality of NCC in 
order to obtain high added value materials without affecting its inherent properties. 

This trend shows promise in exploring and revealing innovative possibilities for this 
long known material in a wide range of new industrial applications, such as high-
performance biodegradable material science, electronics, biomedical engineering, drug 
delivery, catalysis, etc. Innovations in nanotechnology related to renewable 
nanomaterials such as NCC are anticipated to provide technologically advanced 
products in a more environmentally friendly fashion, as it is required from the point 
of view of sustainable development. 
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2.1. Introduction 

2.1.1. Preparation of nanocrystalline cellulose (NCC) 

As previously mentioned, there are different kinds of nanocellulosic materials 
depending on the cellulose processing method to obtain them. In this chapter, we will 
focus only on nanocrystalline cellulose (NCC), which is the term commonly used for 
the cellulose nanocrystals prepared from natural cellulose by acid hydrolysis. 

The cellulose fiber is composed of alternating crystalline and amorphous domains. 
These amorphous regions may be considered as structural defects where the fiber is 
twisted and therefore are more accessible to acid attack.1 During the acid hydrolysis 
process, the hydronium ions penetrate the cellulose chains in the amorphous regions 
promoting the hydrolytic cleavage of the glycosidic bonds, favoured by the release of 
internal strain.2 In this way, selective disruption of amorphous domains is achieved 
yielding rod-like nanocrystals.  

The chemical and physical properties of the nanocrystals obtained are strongly 
influenced by many factors. Morphology and crystallinity will depend on the source 
of raw material chosen for its production,3 whereas surface charge and colloidal 
stability will be mainly affected by the acid used in its synthesis.4 Also other 
hydrolysis parameters must be carefully controlled, such as temperature, time or acid 
concentration. Most results point out that longer hydrolysis times, along with higher 
temperatures give rise to shorter nanocrystals with higher surface charge and 
narrower size distribution.5,6 Thus, NCC features can be tailored and should be 
precisely known, for being key properties that determine functionality and application 
of the material. 

Diverse procedures have been developed for different raw materials. Among the most 
common sources employed there are plant-based materials such as cotton,7 cotton 
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linters,8 ramie,9 flax,10 hemp,11 sisal,12 wheat straw,13 palm,14 wood,5 sugar beet,15 and 
microcrystalline cellulose (MCC).16 Additionally, NCC can be obtained from bacterial 
cellulose,17 tunicates,18 and valonia.19  

Concerning the type of acid, hydrochloric and sulfuric acids are by far the most 
extensively used. Nanocrystals from hydrolysis with sulfuric acid display better 
colloidal stability than those obtained with HCl. The explanation for this behavior 
lies in the different surface charge for both nanocrystals (Figure 1). NCC obtained 
from hydrochloric acid are almost neutral, presenting reduced dispersibility in water 
and tending to flocculate.20 On the other hand, nanocrystals from hydrolysis with 
H2SO4 undergo some sulfation on their surface due to the grafting of anionic sulfate 
groups through esterification.21 The strong repulsion between the anionic sulfate ester 
groups avoids aggregation of nanocrystals in suspension. Besides, the pKa value of 
sulfate groups is around 1.9, which makes them stable over a wide range of pH 
values. Very few examples have been reported in literature for the production of 
crystalline cellulose nanoparticles with phosphoric22 or hydrobromic23 acids. 
Nonetheless, they appear to behave analogously to sulfuric and hydrochloric acids, 
respectively. Hydrolysis with phosphoric acid has been shown to introduce some 
charged phosphoric ester groups, yielding NCC with good colloidal stability.22 Not 
only the surface properties, but also the dimensions of the dispersed particles 
influence the stability of NCC suspensions. Typically, smaller nanoparticles with a 
low aspect ratio are dispersed more homogeneously in solution.24 

 

Figure 1. Schematic representation of different surface on nanocrystals obtained from 

H2SO4 or HCl hydrolysis. 

 

As described in the first chapter, another remarkable feature of NCC is the 
abundance of hydroxyl groups on its surface. It does not only provide high 
hydrophilicity, but also permits the introduction of diverse functionalities on the 
surface of NCC.25 The main challenge with chemical functionalization is to find a 
reagent and reaction medium that enable modification of the nanocrystal surface 
without affecting the inner part and the crystalline structure. One of the many 
possibilities is the oxidation using radical TEMPO catalyst that we proceed to 
discuss in detail hereafter. 

2.1.2. TEMPO oxidations 

The molecule 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) belongs to the nitroxide 
radical family. Firstly introduced by Semmelhack et al.,26 for the oxidation of 
different organic alcohols to the corresponding aldehydes, this reaction has been 
widely used for the selective oxidation of primary hydroxyl groups in the presence of 
secondary ones. Experimental evidences support a mechanism in which a secondary 
oxidant transforms TEMPO in an oxoammonium salt that works as the primary 
oxidant, transforming the alcohol into its aldehyde derivative. This results in the 
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formation of a N-hydroxylamine molecule that is oxidized to TEMPO radical, thus 
completing the catalytic cycle, described in Figure 2. However, in the presence of 
water, the reaction could not be stopped at the aldehyde. In aqueous media, the 
aldehyde equilibrates with the corresponding hydrate that can be oxidized via a 
similar mechanism to the carboxylic acid.27  

 
Figure 2. General mechanism for the TEMPO mediated oxidation of primary 

alcohols.28 

 

TEMPO oxidation of celluloseTEMPO oxidation of celluloseTEMPO oxidation of celluloseTEMPO oxidation of cellulose    

Many examples on the application of TEMPO mediated oxidation to carbohydrates 
can be found in literature since it was first reported by De Nooy et al. in 1995,29 and 
this oxidation of carbohydrates generally gives uronic acids as main oxidation 
products. In particular, TEMPO mediated oxidation of cellulose is generally carried 
out in presence of NaOCl and NaBr as secondary oxidant and co-oxidant, 
respectively. The addition of NaBr generates the more reactive hypobromite (OBr-), 
which has been shown to accelerate the reaction.29 

The proposed reaction mechanism shows that two molar equivalents of hypochlorite 
are needed to transform a single anhydroglucose primary alcohol to the corresponding 
carboxylate, whereas only catalytic amounts of TEMPO and NaBr are required, since 
they are regenerated in the course of the reaction (Figure 3). 
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Figure 3. Scheme of the TEMPO mediated oxidation of hydroxymethyl 

groups in cellulose.4 

 

Although the reaction proceeds either under basic or acidic media, it is preferable 
alkaline pH, allowing faster and more selective towards primary alcohols. This fact 
might be explained for the more compact five membered transition state generated 
when reaction takes place in basic media, respect to the linear one formed at acid pH 
(Figure 4).30 Besides, TEMPO radicals can disproportionate into oxoammonium salts 
and hydroxylamines under acidic catalysis. Thus, pH must be maintained by adding 
dilute alkali solution, which is continuously consumed by the protons released during 
the reaction. Most TEMPO mediated oxidations of cellulose are carried out in 
aqueous media at basic pH (9-11). 

 
Figure 4. TEMPO oxidation transition state in acid or basic conditions.31 
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TEMPO oxidation of nanocelluloseTEMPO oxidation of nanocelluloseTEMPO oxidation of nanocelluloseTEMPO oxidation of nanocellulose    

For the first time in 2001, Araki et al. reported the TEMPO oxidation on NCC. The 
oxidation was performed on nanocrystals obtained from HCl hydrolysis of CF11 
cellulose, as an intermediate step to promote grafting of polymeric chains.32 It was 
demonstrated that after TEMPO mediated oxidation, the initial morphology of NCC 
was preserved and the dispersibility in water was improved thanks to electrostatic 
repulsions between the newly introduced carboxylic groups. Similar results were 
obtained by Habibi et al. after TEMPO mediated oxidation of NCC obtained through 
HCl hydrolysis of cellulose from tunicate. In this work, the authors also reported that 
various degrees of oxidation can be predicted and achieved by using specific amounts 
of the primary oxidizing agent, namely, NaOCl.33 

More recently, Okita et al. demonstrated that a maximum degree of oxidation can be 
reached depending on the nature of the nanocrystals, and more specifically their size 
and shape. They calculated the total content of oxidized groups introduced according 
to the average crystal size (CA), expressed as mean value between C1 and C2 (Figure 
5a). They demonstrated how with a CA of 4 nm, the maximum degree of oxidation 
(DO) achieved (expressed as mol carboxylic groups/mol of monomer unit was 0.3, 
whereas when CA grew up to 10 nm, the maximum degree of oxidation was roughly 
0.1 (Figure 5b). 

 

Figure 5. Schematic representation of a single cellulose nanocrystal geometry (a) and 

variation of the maximum degree of oxidation with the crystal geometry (b).34 

 

The introduction of carboxylic groups, apart from modifying the surface physical 
properties of the nanocrystals, is particularly important from a chemical point of 
view. As it has been mentioned in the introduction, this reaction is often employed as 
an intermediate step for further functionalization of the nanocrystals, enabling new 
functionalization routes not possible with pristine NCC.35,36 
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2.2. Aim of the work 

This Chapter is dedicated to describing the production of nanocrystalline cellulose 
starting from microcrystalline cellulose. We will also describe how reaction conditions 
affect the degree of oxidation achieved with TEMPO-mediated oxidation of the NCC 
surface, and investigate how oxidation of the nanocrystals affect the material 
properties. This reaction has been employed here as an effective way to introduce 
carboxylic groups on the crystal surface in a controlled manner,33 enabling alternative 
functionalization strategies.  

For all materials, the full characterization will be presented, in order to have a 
complete reference for the Chapters that follow.  
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2.3. Results and discussion 

2.3.1. Production of Nanocrystalline cellulose (NCC) 

In this work, we chose microcrystalline cellulose (MCC) as starting material to obtain 
nanocrystalline cellulose (NCC). The hydrolysis was performed with H2SO4 at 64 % 
wt, while stirring at 45 ºC for 2 hours, as described by Bondeson et al.16 After that 
time, the reaction was stopped by adding cool water (10 fold) and left to settle. 
Then, most of the water was removed and the solid dialyzed against MilliQ water for 
3 days, until neutral pH was reached. Finally, the suspension was submitted to 
centrifugation (9000 r.p.m for 10 min) and sonication steps where supernatants were 
collected, in order to separate non-hydrolyzed MCC from NCC (Figure 6a).  

Very stable suspensions of NCC in water were obtained, with a yield of ~30% (of 
initial weight), similar to the optimized values reported in literature.16 The low yield 
has been ascribed to the disintegration of amorphous regions and degradation of 
crystalline parts during hydrolysis.23 As can be seen in Figure 6b and c, MCC is 
completely insoluble in water, whereas after hydrolysis, NCC suspensions present a 
remarkable stability due to the combined effects of reduction in size and introduction 
of charged sulfate groups on its surface.  

a 

 

b c 

 
Figure 6. Schematic representation of NCC production reaction (a), suspensions of 

MCC and NCC in water at t =0 (b) and t = 5 days (c). 
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2.3.2. TEMPO oxidation of Nanocrystalline cellulose (NCC) 

Synthesis of oxidized nanocellulose (oxSynthesis of oxidized nanocellulose (oxSynthesis of oxidized nanocellulose (oxSynthesis of oxidized nanocellulose (ox----NCC)NCC)NCC)NCC)    

The strategy followed consisted on oxidizing the primary hydroxyl groups present on 
the surface of the obtained NCC. TEMPO/NaOCl/NaBr mixture was used, in basic 
medium, following conditions previously reported in literature (Figure 7).37 

 
Figure 7. Schematic representation of NCC oxidation reaction. 

 

We attempted to control the degree of oxidation achieved on the surface of NCC by 
changing some parameters, and more precisely the ratio of NCC to oxidant.33  
Different NaOCl amounts with respect to that of NCC were used, keeping the rest 
of parameters, such as temperature, time and pH, constant. These conditions are 
summarized in Table 2.  

Table 2. Reaction conditions for the oxidation of NCC. 

Sample Ratio 

NCC/NaOCl 

Yield 

(%) 

ox-NCC_1 8 53 

ox-NCC_2 2 52 

ox-NCC_3 0.21 56  
 

After that, reaction was quenched by adding ethanol and then pH neutralized adding 
HCl and/or NaOH 0.5 N. Suspensions were filtered and extensively washed with 
water. In all cases, yields were around 50 % (of initial weight). This low yield may be 
due to interparticle electrostatic repulsion, as the better dispersed crystallites would 
be partially lost during the filtration step. The resulting dispersions were stable at 
room temperature for months. A comparison between the dispersions obtained in H2O 
using the different reaction condition is presented in Figure 8. It is possible to 
observe from the images higher transparency of the samples as the degree of 
oxidation is increased (best appreciated in the bottom surface of the vials). This 
suggests an improvement in the solubility due to the introduction of carboxylic 
groups in the reaction, since these groups are negatively charged and induce repulsion 
between nanocrystals, avoiding aggregation. 
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Figure 8. Suspensions of ox-NCC_1 (left), ox-NCC_2 

(middle) and ox-NCC_3 (right) in water. 

 

Conversion of Conversion of Conversion of Conversion of ----COONa groups to COONa groups to COONa groups to COONa groups to ––––COOH. COOH. COOH. COOH.     

The carboxylic groups introduced on the surface of NCC through TEMPO oxidation 
are in the form of carboxylic sodium salt. As the pH is above the pKa of the 
carboxylic groups they are deprotonated, and the available counterion is sodium 
coming from the reaction medium (NaOCl and NaBr). 

However, counterion can be easily exchanged for proton, by simple acidic treatment 
of the samples. This may be interesting in order to further prove the presence of 
carboxylic groups on the surface of ox-NCC, using adequate characterization tools 
described in the following section. 

For this reason, ox-NCC_4 was prepared dispersing ox-NCC_3 in a 0.1 N solution of 
HCl by sonication for 15 min. After stirring for 30 min at room temperature, 
suspension was filtered and washed with water until pH 4 -5 was reached, yielding 
ox-NCC_4 in 86% yield. 

2.3.3. Characterizations 

Conductimetric titrationConductimetric titrationConductimetric titrationConductimetric titration    

The carboxylic content of oxidized cellulose samples (ox-NCC) was determined by 
conductimetric titration. The cellulose samples were suspended in 0.01 M 
hydrochloric acid solutions. After 10 min under stirring, suspensions were titrated 
with 0.01 M NaOH. Typical titration curves are shown in  Figure 9. 

These curves present three different regions. The first one, with decreasing 
conductivity due to the titration of H+ ions present from HCl through addition of 
NaOH. The second one is a plateau, where the OH- groups are being consumed by 

weak acid groups, in particular, the carboxylic acid groups on the surface of ox-

NCC. When carboxylic groups are consumed, conductivity of the suspension starts 
to increase again due to the added OH- coming from NaOH in excess.38  
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 Figure 9. Conductimetric titration curves for NCC (a), ox-NCC_1 (b), 

ox-NCC_2 (c) and ox-NCC_3 (d). 

 

By applying linear regressions to the first and third region of the graphics, we can 
determine the starting and ending points of the plateau region, and calculate the 
amount of carboxylic acid groups on ox-NCC and the resulting degree of oxidation 
(DO), which is given by the following equation39: 

( )
( )12

12

36

162

VVCw

VVC
DO

−××−
−××=  (1) 

Where 162 is the molecular weight of anhydroglucose unit (AGU) in g/mol, C is the 

concentration of NaOH (mol/L), V1 and V2 are the volume of NaOH (in L), w the 
weight (in g) of the dried ox-NCC sample and 36 is the difference between molecular 
weight of an AGU and the one of the sodium salt of an anhydroglucuronic acid 
moiety.33 

For the obtained NCC before TEMPO oxidation, as expected, a low  DO of 0.02 was 
obtained, since there are no carboxylic groups on the surface of non-oxidized NCC. 
This positive value can be attributed to the sulfate ester groups introduced during 
acid hydrolysis.40 DO values for ox-NCC_1, ox-NCC_2 and ox-NCC_3 of 0.05, 0.09 
and 0.15, respectively were obtained.  

The DO can be also expressed as mmols of carboxylic groups per gram of NCC. This 
can be also calculated from the volume of NaOH needed for the titration of 
carboxylic groups, as equivalents of NaOH of known concentration added. These were 
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0.33, 0.53 and 0.87 mmolg-1 of NCC for ox-NCC_1, ox-NCC_2 and ox-NCC_3 
respectively. 

These results confirmed that there was a good correlation between amount of NaOCl 
oxidant added for the reaction and DO of nanocrystals obtained (Table 3).  

Table 3. Results of oxidation for different ox-NCC samples with 

respect to amount of oxidant added. 

Sample Ratio 

NCC/NaOCl 

DO mmol COONa/ 

g NCC  

ox-NCC_1 8 0.05 0.33 

ox-NCC_2 2 0.09 0.53 

ox-NCC_3 0.21 0.15 0.87  
 

The maximum DO achieved was in good agreement within the range of DO (0.09 – 
0.3) found in literature.34 

Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)    

It is well known that the thermal stability of a polymer depends on its composition 
but also on the intermolecular interactions. The chain cleavage or the bond 
dissociation occurs when the supplied thermal energy exceeds the bond dissociation 
energy of the respective chemical bonds.41 

 In order to study the thermal stability of all samples, thermogravimetric analysis 
(TGA) of all samples were carried out under N2 atmosphere. Normalized 
thermogravimetric curves of weight loss (TG) and derivative of weight loss (DTG) 
for MCC, NCC and ox-NCC_3 are depicted in Figure 10. In the case of cellulose, 
thermal degradation is known to involve dehydration, depolymerization and 
decomposition of glycosyl units, with formation of a charred residue afterwards.42 
Charring is a chemical process of incomplete combustion that most solid organic 
compounds exhibit. The char residue burns without the presence of flames, being 
usually considered a flame retardant.  

For MCC, typical curve was obtained, with onset temperature of decomposition at 
305 ºC and low percentage of char residue close to 0 (3 %),43 whereas NCC starts to 
decompose at 148 ºC leaving a char residue of 34 %. From DTG curves is more 
clearly observed that the decomposition temperature shifted from 350 to 173 ºC. 
Lower thermal stability may be attributed to the smaller size in the case of 
nanocrystals, but also to the introduction of sulfate groups on NCC surface during 
the acid hydrolysis process with H2SO4. It has been reported that elimination of 
sulfuric acid in sulfated anhydroglucose unit requires less energy than removal of 
water, therefore desulfation of NCC at low temperature takes place,44 and the release 
of sulfuric acid molecules promotes in turn further removal of the ring hydroxyl 
groups.45 Moreover, evidences show a correlation between number of sulfate groups 
introduced on NCC and amount of charred residue.46 

Ox-NCC_3 shows also lower stability than MCC, in this case due to the introduction 
of carboxylic groups onto the surface of the nanocrystals. However, it is worth noting 
that basic conditions necessary for the TEMPO oxidation causes the removal of 
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sulfate groups,4 having as a consequence a higher thermal stability of nanocrystals 
after oxidation respect to the starting NCC. 

The DTG in ox-NCC_3 is resolved into two peaks, at 266 ºC and 332 ºC which are 
attributed to the loss of oxidized sodium anhydroglucuronic units in first place and 
the core fractions.47 The second peak is also shifted to lower temperatures when 
compared to the original MCC, what has been reasonably explained for the much 
smaller particle size in ox-NCC_3, which greatly increased exposed surface area to 
heat flow.48 
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Figure 10. Normalized TG (a) and DTG (b) curves of MCC, NCC and ox-NCC_3 

under N2 atmosphere. 

 

Weight loss and derivative of weight loss of all ox-NCC are presented in Figure 11. 
The onset temperature of decomposition slightly decreased with the increasing of 
oxidation degree (Figure 11a), being 233 ºC, 217 ºC and 175 ºC for ox-NCC_1, ox-
NCC_2 and ox-NCC_3 respectively. In all cases, the decomposition of ox-NCC is 
resolved into two peaks (Figure 11b), ascribed as previously mentioned, to the 
decomposition of sodium anhydroglucoronic units and inner fractions. This is in 
accordance with the results observed, since the loss attributed to sodium 
anhydroglucuronic units is higher as oxidation degree increased. The trend observed 
would be consistent with a higher number of carboxylic groups on the most oxidized 
sample. 
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Figure 11. Normalized TG (a) and DTG (b) curves of ox-NCC_1, ox-NCC_2 and ox-

NCC_3 under N2 atmosphere. 
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In addition, percentages of char residue were 2, 26, and 45 % for ox-NCC_1, ox-
NCC_2 and ox-NCC_3, respectively. This trend suggested a flame retardant effect 
from carboxylic groups on NCC.  

When ox-NCC_3 sample is subjected to acid treatment with HCl 0.1 N, the 
conversion of –COONa groups on its surface into –COOH takes place, reflected by a 
decreasing in the thermal stability of the material (Tonset = 164 ºC) caused in turn 
by the decarbonation of the formed anhydroglucuronic acid groups (Figure 12a). 
Additional two weight loss peaks corresponding to the thermal decomposition of core 
fractions, although thermal decomposition mechanism in this particular case was 

unclear (Figure 12b). Removal of sodium had as a consequence a slight decrease in 
the char residue percentage from 45 % in ox-NCC_3 to 31 % for ox-NCC_4. 
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Figure 12. Normalized TG (a) and DTG (b) of ox-NCC_3 and ox-NCC_4 under N2

atmosphere. 

 

Infrared spectroscopyInfrared spectroscopyInfrared spectroscopyInfrared spectroscopy    

The FT-IR spectrum of MCC shows characteristic bands, such as the hydrogen 
bonded OH stretching around 3400 cm-1, the CH stretching at 2900 cm-1, the OH 
bending of adsorbed water at 1635 cm-1, the CH2 bending at 1430 cm-1, the CH 
bending at 1380 cm-1, the C-O stretching at 1058 and 1035 cm-1, and the OH out-of-
plane bending at 687 cm-1.49 The FT-IR spectrum of NCC is not significantly different 
from the one of untreated cellulose (Figure 13). 

4000 3500 3000 2500 2000 1500 1000 500

 

T
ra

ns
m

itt
a

nc
e 

(%
)

Wavenumber (cm -1)

 MCC
 NCC
 ox-NCC_3

a

1800 1750 1700 1650 1600 1550 1500 1450 1400

1615 cm
-1

 

T
ra

ns
m

itt
a

nc
e 

(%
)

Wavenumber (cm -1)

 MCC
 NCC
 ox-NCC_3

b

1643 cm -1

 

Figure 13. FT-IR spectra of MCC, NCC and ox-NCC_3 (a) and carbonyl groups 

stretching region of the spectra (b) (KBr pellets). 
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FT-IR of ox-NCC_3 is also presented in Figure 13 for comparison. The most 
important change is the appearance of the carboxyl groups (C=O) stretching band at 
1620 cm−1 attributed to sodium carboxylate groups (−COONa).50 

Concerning the different ox-NCC, FT-IR spectra were essentially the same, only the 
relative intensities of the band at 1615 cm-1 varying (Figure 14). Following Habibi et 
al., the measurement of the intensity of this band and its comparison with the band 
near 1050 cm-1 allowed us to confirm the variation of DO between the three ox-NCC 

samples.33 We obtained 0.07, 0.1 and 0.11 for ox-NCC_1, ox-NCC_2 and ox-NCC_3, 
respectively. These values are within a small linear factor of those obtained with the 
conductimetry measurements. Considering the lack of smoothness of the IR spectrum 
in the 1050 cm-1 region, we conclude that both estimates are in good agreement. 

Furthermore, the conversion of ox-NCC_3 (-COONa) to ox-NCC_4 (-COOH) can be 
verified by FT-IR.The absorption band due to C=O streching of sodium carboxyl 
groups at 1615 cm-1, shifted to 1733 cm-1 for ox-NCC_4, as evidenced in Figure 15 
eliminating the interference with the absorbed water band (around 1640 cm−1. 
Moreover, the absorption band around 1400 cm-1 due to C-O symmetric streching of 
dissociated caboxylic groups disapeared in ox-NCC_4, which indicates that the 
sodium carboxylate groups in ox-NCC_3 were converted to free carboxyl groups by 
the acid treatment.50 Based on this analysis, the success of the chemical oxidization of 
cellulose nanocrystals was clearly verified by FT-IR. 
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Figure 14. FT-IR spectra of ox-NCC_1, ox-NCC_2 and ox-NCC_3. 
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Figure 15. FT-IR spectra of ox-NCC_3 and ox-NCC_4 (a) and carbonyl group 

stretching region of the spectra (b).  

 

Raman spectroscopyRaman spectroscopyRaman spectroscopyRaman spectroscopy    

Raman spectra of MCC, NCC and ox-NCC_3 were registered using a laser source at 
785 nm (Figure 16). FT-Raman spectrometers using NIR or red excitation lasers 
avoid the fluorescence of the samples which normally blank the Raman signals. 

The monomer unit for cellulose, the β-D-glucose residue, possesses no symmetry and 
thus all the vibrational modes are both infrared and Raman active. A particular 
mode will produce a band at approximately the same frequency in each case, but due 
to the different physical processes, in general the bands will be of different relative 
intensity.51 

Raman spectrum of cellulose is quite complex and can be divided in three different 

regions. The bands between 1200 and 1450 cm-1
 are attributable to modes involving 

considerable coupling between methine bending, methylene rocking and wagging, and 
COH in-plane bending motions; these are angle bending coordinates involving one 
bond to a hydrogen atom and the other to a heavy atom. Bands in this region were 
sharper and less intense in NCC and ox-NCC_3 respect to MCC. Below 1200 cm-1, 
significant contributions from ring stretching begin and these modes, together with 
C–O stretching motions, dominate between 950 and 1150 cm-1. This region is very 
similar in the three spectra, although relative ratio between samples may vary. The 
region between 400 and 700 cm-1

 is dominated by the heavy atom bending, both C–O 
and ring modes, although some ring stretching coordinates still make minor 
contributions. In some instances O–H out of- plane bending motions may make minor 
contributions in this region as well. Below 400 cm-1 ring torsions start to dominate.52 
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Figure 16. Raman spectra of MCC, NCC and ox-NCC_3 at 785 nm laser source. 

 

Raman spectroscopy turns out to be a very useful tool to study the crystallinity of 
cellulosic materials. There are two different methods to estimate the crystallinity of 
cellulose reported in literature. The first one claims that the methylene bending mode 
is strongly influenced by the degree of crystallinity of cellulose, appearing at 1482 cm-

1 for crystalline form and 1462 cm-1, and therefore the intensity ratio of these 
characteristic lines is suitable for the quantification of crystallinity.53 The other one is 
the method proposed by Agarwal et al. which uses the intensity ratio for bands at 
380 and 1096 cm-1 with excellent regression and shows good sensitivity to crystallinity 
change.54 The latter method was chosen in this study because of its better correlation 
with crystallinities determined by other techniques. The univariate method of 
Agarwal et al. compares the peak intensity ratio I380/I1096 according to equation 2:  

0065.0

0286.0
1096

380 −







=
I

I

X Raman  
(2) 

 

We obtained XRaman of 80 and 95 % for MCC and NCC, respectively, confirming that 
acid hydrolysis treatment of MCC gave as a result nanocrystals with higher degree of 
crystallinity. For ox-NCC_3, XRaman was 91 %, proving that the oxidation treatment 

did not affect the crystallinity of the material. We assumed that ox-NCC_1 and ox-

NCC_2 had similar degrees of crystallinity, being the treatment for ox-NCC_3 the 
most aggressive. 

XXXX----ray Photoelectron Spectroscopyray Photoelectron Spectroscopyray Photoelectron Spectroscopyray Photoelectron Spectroscopy    

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique 
that measures the surface elemental composition of a material. This useful technique, 
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which has been widely applied to investigate cellulose and nanocellulose derivatives, 
focuses on the chemical changes resulting from surface modification.  
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Figure 17. XPS survey of NCC and ox-NCC_3. 

 

XPS analysis of MCC, NCC and ox-NCC_3 were performed (Figure 17). As 
expected, the main elements detected were carbon and oxygen, centered at 284 and 
532 eV, respectively 

Figure 18 shows the C 1s fitted spectra of the samples. In the spectra the expected 
positions of the C-C and C-H bonds assigned at around 285.0 eV, C-O bonds at 
around 286.5 eV and C=O bonds at around 288.5 eV are shown. The major 
component in all samples is the one attributed to C-O bonds.  

In theory the O/C ratio of pure cellulose is 0.83 and it contains no C–C component. 
As shown in Table 4, the XPS of our reference MCC shows an O/C ratio of 0.70, 
with a minor contribution of the C–C component (Figure 18a), which is normally 
ascribed to non-cellulosic carbon. The O/C atomic ratio of NCC measured by XPS 
slightly decreased to 0.64 (Table 4), and the C–C component relative contribution 
was larger with respect to MCC (Figure 18b). On ox-NCC_3, the found O/C ratio 
was 0.31 (Table 4) and the C-C contribution was even slightly higher than in NCC 

(Figure 18c). These results are at first sight incongruous with what should be 
expected from the surface modification steps carried out on NCC surface. 
Nevertheless, they are in accordance with other reported studies in literature.55,56  

This phenomenon has been explained in terms of aggregation and surface 
passivation.57 In water, an excellent hydrogen bonding solvent, the surface OH groups 
not involved in intra- and inter- chain hydrogen bonds in cellulose stay clean and 
accessible. Upon drying however, these groups have to adapt to the hydrophobic 
media and are passivated to minimize surface energy by accumulation of air-borne 
contaminants, seen as the C–C carbon peak in XPS data. This phenomenon, 
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noticeable on NCC is substantially higher on NCC due to the higher total surface 
area.  
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Figure 18. C1s regions of MCC (a), NCC (b,) and ox-NCC_3 (c). 

 

Table 4. Surface chemical compositions of the samples 

Sample O/C Na/C S/C 

MCC 0.7 - - 

NCC 0.43 - 0.015 

Ox-NCC 0.31 0.01 -  
 

As a consequence, the C1s region of XPS spectra gives no reliable information about 
surface modification, since the relative intensity of the different components is altered 
by the presence of air borne contaminants on dried NCC. This also affects to the 
O/C found, what avoids confirming the oxidation of NCC with this technique. 
However, the presence other elements can be analyzed in order to confirm such 
functionalization. For instance, sulfur was found in NCC, in the zone at 170 eV, in 
ratio sulfur to carbon (S/C) of 0.015 that was absent in MCC and would come from 
the sulfate ester groups formed on the surface of NCC during acid hydrolysis (Table 
4). As expected, sulfur was not detected after oxidation process due to the removal of 
sulfate groups because of the basic conditions used for reaction. It is important to 
note, that after oxidation, sodium was also found in the sample, that was absent in 
NCC, and that would correspond to the sodium carboxylic groups (Table 4).  
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Atomic force microscopy (AFM)Atomic force microscopy (AFM)Atomic force microscopy (AFM)Atomic force microscopy (AFM)    

Apart from discussion on NCC surface chemistry, the morphology of nanocrystals 
should be checked, and the geometrical dimensions should be defined. AFM was used 
to study the morphology and determine the nanoparticle thickness by topography 
measurements. Figure 19a and b show examples of tapping mode AFM images from 
NCC and ox-NCC_3, respectively, deposited onto silicon wafer surfaces. A 
preliminary statistical analysis of the whole pictures in terms of height distribution 
led to inconclusive results, most probably due to particle superimposition during 
drying. Height profiles are shown below the corresponding image. Aggregation of 
nanocrystals occurred, allowing the formation of films with very flat surface. 
Longitudinal line profiles on images showed that the height could typically vary from 
4 to 18 nm.  

It was shown that both samples exhibited the typical and expected rod-like or needle-
like morphology, with a length of about 100–300 nm and a width of about 10–30 nm. 
For the statistical measurements of the mean length and width, transmission electron 
microscopy (TEM) images were used, in order to avoid the tip broadening effect in 
AFM. 

  

  

Figure 19. AFM images of NCC (a) and ox-NCC_3 (b). Height profiles are shown 

below the corresponding images. 

 

TransmissionTransmissionTransmissionTransmission electron microscopy (TEM) electron microscopy (TEM) electron microscopy (TEM) electron microscopy (TEM)    

In order to further study the morphology of the nanocrystals, TEM analysis of the 
samples were carried out. For that purpose, a drop of NCC or ox-NCC_3 suspension 
in water was deposited on carbon coated electron microscope grids To overcome the 
low contrast of the material, samples were stained with uranyl acetate solution. 
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In both cases, bundles of nanocrystals were observed in the TEM images in different 
extents and it was not common to find individual or isolated crystallites, even in the 
case of ox-NCC_3, despite its high dispersibility. 

Mean length and width of nanocrystals for both samples was measured by counting 
100 particles in each case, and corresponding distributions are shown in Figure 20. 
We observed that there is not significant difference in the size of the nanocrystals 
between these two samples. Length and width values were found to be 135 ± 40 and 

9.21 ± 2.4 nm, respectively, for NCC and, 153 ± 39 and 8.84 ± 2.1 nm for ox-

NCC_3. Since the oxidation conditions for ox-NCC_1 and ox-NCC_2 were similar 
and milder than for ox-NCC_3 in any case, we reasoned that their morphology 
would not have been either affected by the treatment. 

Therefore, we could conclude that oxidation treatment did not have any detrimental 
effect in the morphology of nanocrystals.  

As noted in this Chapter introduction, Okita et al. measured the degree of oxidation 
and correlated it to the average crystallite transverse size. The average crystal width 
we observed (Figure 20f) is in good agreement with their results. Our DO of 0.15 for 
~9 nm width in ox-NCC_3 lies between 0.19 (5.8 nm) and 0.11 (9.1 nm).34 
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Figure 20. TEM images, length and width distributions for NCC (a, c, e) and ox-

NCC_3 (b, d, f). 
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2.4. Conclusions 

In brief, we described the preparation of our starting material, nanocrystalline 
cellulose (NCC). The properties of the NCC obtained, such as thermal properties, 
morphology measurements or degree of crystallinity, were evaluated and results found 
in accordance with literature. 

Moreover, controlled oxidation of hydroxyl groups on the surface of NCC to 
carboxylic acids was successfully achieved. NCC was oxidized with sodium 
hypochlorite together with of sodium bromide and catalytic amounts of TEMPO 
radical, under various conditions. After this TEMPO mediated oxidation, the 
different ox-NCC obtained were characterized in terms of carboxylate contents, 
thermal stability, crystallinities, crystal sizes and morphology, and compared with the 
starting material NCC. It was demonstrated that the oxidation degree could be 
varied in a controlled manner by changing ratio of oxidant respect to NCC, as 
already reported in literature. In addition, oxidation of NCC improved its water 
solubility, as well as their thermal properties. It is also important to highlight that 
crystallinity of NCC was not compromised, neither the shape of the nanocrystals. 

In conclusion, TEMPO oxidation was an effective way to tune the surface of NCC, 
without affecting their integrity and inherent properties. In our particular case, the 
oxidation can be considered as an intermediate step to open the way for further 
functionalization of the nanocrystals, as it will be described in the next Chapters. 
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2.5. Experimental 

2.5.1. Generalities:  

All reagents and solvents were used as received or purified using standard procedures. 
Milli-Q water was used in all experiments (System MilliQ plus). Microcrystalline 
Avicel® cellulose powder was purchased from Aldrich and used without further 
purification. 

2.5.2. Techniques:  

The carboxylate content of the water-insoluble fractions was determined by the 
electric conductivity titration method using a HANNA HI8733 conductimeter. To a 
dried sample (0.03 g), then 0.1 M HCl (15 mL) was added and the mixture was 
sonicated to prepare well-dispersed slurries. A 0.01 M NaOH solution was added up 
to pH 11. The carboxylate content of the sample was determined from the 
conductivity curves. 

Thermogravimetric analyses were performed on TgaQ500 (TA instruments) under N2, 
by equilibrating at 50 °C, and following a ramp at 10°C/min up to 600 °C 
(approximately 1 mg of each compound). 

Infrared spectra were recorded with a Fourier-transform infrared (FT-IR) 
spectrometer (Perkin-Elmer 2000). Spectral width ranged from 4000 to 400 cm-1, a 4 
cm-1 resolution and an accumulation of 8 scans. Samples were prepared as KBr pellets 
(approximately 1 % sample in anhydrous KBr). 

Raman spectra were collected with an Invia Renishaw micro-spectrometer (100x) and 
a laser source at 785 nm. Solid samples on glass slide were measured without further 
preparation.  

Transmission electron microscopy (TEM) measurements were performed on a TEM 
Philips EM208, using an accelerating voltage of 100 kV. Samples were prepared by 
drop casting from dispersion (0.01% w/v) onto a TEM grid (200 mesh, nickel, carbon 
only), followed by staining with a 2 wt % uranyl acetate solution.  

Atomic force microscopy (AFM) images were obtained with a Nanoscope IIIa, 
VEECO Instrument. As a general procedure to perform AFM analyses, tapping mode 

using a n-type silicon µmash® SPM probe (HQ:NSC15/ALBS) with tip height 12-18 

µm, cone angle < 40º (Resonant frequency 325 kHz; force constant 40 N/m) 
(MikroMasch) from drop cast of samples in an aqueous solution (concentration of 
~0.1 mg/mL) on a Si wafer substrate was performed. The obtained AFM-images were 
analyzed with S3 Gwyddion 2.35.  

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a VG-
Microtech ESCA 3000Multilab, equipped with a dual Mg/Al anode. The spectra were 

excited by the un-monochromatized Al Kα source (1486.6 eV) run at 14 kV and 15 
mA. The analyser was operated in the constant analyser energy (CAE) mode. For the 
individual peak energy regions, a pass energy of 20 eV set across the hemispheres was 
used. Survey spectra were measured at 50 eV pass energy. The pressure in the 
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analysis chamber was in the range of 10-8 Torr during data collection. The constant 
charging of the samples was removed by referencing all the energies to that of C-C 
bond (C1s) set at 285.1 eV. The invariance of the peak shapes and widths at the 
beginning and at the end of the analyses ensured the absence of differential charging. 
Analyses of the peaks were performed with the software provided by VG, based on 
non-linear least squares fitting program using a weighted sum of Lorentzian and 
Gaussian component curves after background subtraction according to Shirley and 
Sherwood. Atomic concentrations were calculated from peak intensities using the 
sensitivity factors provided with the software. The binding energy values are quoted 
with a precision of ± 0.15 eV and the atomic percentage with a precision of ± 10%.  

2.5.3. Syntheses 

Nanocellulose crystalline (NCC) preparation: Microcrystalline cellulose (10 g) 
was suspended in MilliQ water (45 mL) and cooled at 0 ºC. Concentrated H2SO4 
(98%, 43 mL) was added dropwise at 0 ºC, under vigorous stirring, until the desired 
acid concentration was reached (64% w/w). The mixture was then heated to 45 ºC 
and stirred for 2 h. Hydrolysis was stopped by 10-fold dilution with water. The 
suspension was left to settle down overnight, and then the supernatant was decanted 
and replaced with fresh water. After repeating this step twice, the suspension was 
transferred into dialysis tubes (12 kD cut-off) and dialyzed against MilliQ water for 3 
days, until neutral pH was recorded outside the dialysis membrane. Suspension was 
centrifuged at 9000 rpm, re-dispersed by sonication and supernatants collected. This 
cycle was repeated until supernatants were clear. Yield: 2.75 g (28%).  

ox-NCC_1-3 preparation: NCC was suspended in MilliQ water by sonicating for 
15 min. A solution of TEMPO and NaBr in MilliQ water was added dropwise. 
NaOCl was slowly added to start the oxidation. The mixture was stirred at room 
temperature while keeping pH at 10 by adding small aliquots of NaOH 0.5 M. After 3 
hours the reaction was stopped by adding a portion of EtOH  and pH adjusted to 7 
adding HCl 0.5 M. Suspension was concentrated by evaporation, filtered and the 
collected solid was washed with MilliQ water 3 times to remove salts.  

 Ox-NCC_1 Ox-NCC_2 Ox-NCC_3 

NCC (g) 0.5 0.5 1.2 

TEMPO (mg, mmol) 14.75, 0.094 14.75, 0.094 35, 0.22 

NaBr (mg, mmol) 167, 1.57 167. 1.57 379, 3.68 

NaOCl 4% v/v (mL) 0.6 2.5 17 

H2O (mL) 100 100 220 

EtOH (mL) 0.5 1 2.3 

Yield (mg, %) 280, 56 265, 53 520, 50 

 

ox-NCC_4 preparation: ox-NCC_3 (125 mg) was stirred in presence of HCl 1 
M (3 mL) for 1 hour. Then suspension was sequentially filtered and washed with 
MilliQ water (three times). Yield: 108 mg, (86 %). 
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gold nanoparticles (AuNPs) supported onto gold nanoparticles (AuNPs) supported onto gold nanoparticles (AuNPs) supported onto gold nanoparticles (AuNPs) supported onto 

dendrimeric nanocellulose hybridsdendrimeric nanocellulose hybridsdendrimeric nanocellulose hybridsdendrimeric nanocellulose hybrids    

3.1. Introduction 

Gold nanoparticles (AuNPs), clusters of gold atoms with diameters of less than one 
micrometer, have been known or at least used since ancient times. They were mostly 
used as a method for staining glass. The most famous example is the 4th-century 
Lycurgus Cup, which changes color depending on the location of light source. Later 
on, in the Middle Age, colloidal gold was utilized for medical purposes. It was used as 
a therapy for several diseases, such as leprosy and epilepsy. The modern scientific 
evaluation of colloidal gold started in the 1850s, when Michael Faraday observed that 
colloidal gold solutions had properties that differed from the bulk gold. In the 20th 
century, AuNPs became the subject of substantial research, due to the discovery of 
their unique features and a better understanding of their synthesis methods. In the 
last decade, AuNPs have created great expectation in many research fields, ranging 
from electronics, to catalysis to biomedicine.1,2 

AuNPs, as other nanosized materials, are known to develop new functionalities on 
the nanoscale that differ from both those of the bulk metal and the molecular 
compounds. At this scale, the properties become highly dependent on size and shape.3 
As the material is miniaturized, the confining dimension naturally decreases. As a 
consequence, the electron energy levels become discrete rather than continuous.4 In 
this context, the particles behave electronically as zero-dimensional quantum dots (or 
quantum boxes) relevant to quantum-mechanical rules.5 This phenomenon is 
commonly referred to as quantum confinement or quantum size effect. 

The best known consequence of the quantum size effect in AuNPs is that the de 
Broglie wavelength of the valence electrons becomes of the same order as the size of 
the particle itself. When the dimensions of the metal are so reduced, the optical 
properties of small metal nanoparticles are dominated by collective oscillation of 
conduction electrons. When exposed to light, the oscillating electromagnetic field of 
the light induces a collective coherent oscillation of the free electrons (conduction 
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band electrons) of the metal. This electron oscillation around the particle surface 
causes a charge separation, forming a dipole oscillation along the direction of the 
electric field of the light (Figure 1a). The amplitude of the oscillation reaches its 
maximum at a specific frequency, called surface plasmon resonance (SPR).6 The SPR 
induces a strong absorption of the incident light and thus can be measured using a 
UV–Vis absorption spectrometer (Figure 1b). The SPR band intensity and 
wavelength depends on the factors affecting the electron charge density on the 
particle surface such as the particle size, shape, structure, composition and the 
dielectric constant of the surrounding medium, as theoretically described by Mie 
theory.7,8 As a consequence, the color of AuNPs colloids varies depending on the size 
and aggregation state of the particles.9 This property has stimulated interest in the 
use of nanoparticles for optical and photonic applications.10 

Besides, in AuNPs, there is a gap between the valence band and the conduction 
band, unlike in bulk metals. The size induced metal-insulator transition, described in 
1988 by Nimtz et al.,11 is observed if the metal particle is small enough (about 20 
nm) for size-dependent quantization effects to occur.12,13 This phenomenon finds 
application in transistors, switches or biosensors.14,15  

Finally, despite bulk gold is considered a noble metal, and therefore very unreactive, 
small clusters of gold are found to be catalytically active. One explanation comes 
from their shapes with more corners and edge atoms, which provide a higher 
reactivity. Thus shape and crystal structure differences can lead to different catalytic 
rates.  

AuNPs are especially promising as catalysts in a variety of fundamental reactions 
such as reduction, oxidation, and C-C coupling. AuNPs catalysts can promote a 
number of reactions, under mild conditions, even at ambient temperature or less and 
with good selectivity compared to other metals, which makes them unique.16 They 
have therefore the potential to reduce running costs of chemicals plants and could 
increase the selectivity of the reactions involved where applicable.  

a 

 

b 

 
Figure 1. Schematic representation of surface plasmon resonance (SPR) (a) and UV 

SPR band for AuNPs with different sizes (b).9 
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In general, when AuNPs have diameters of less than 10 nm, they exhibit their best 
catalytic properties due to the higher surface to volume ratio. Unfortunately, these 
large active surface areas render them unstable toward self-aggregation. To mitigate 
this phenomenon, different alternatives have been developed. Thus, they are usually 
encapsulated in solution or supported on solids giving rise to homogeneous and 
heterogeneous catalysts, respectively. 

3.1.1. AuNPs manufacturing processes 

Gold nanoparticles are commonly produced in solution by reducing chloroauric acid 
(HAuCl4). After dissolving the acid, the solution is rapidly mixed with a reducing 
agent. Au3+ ions are reduced to Au0 atoms, which act as center of nucleation around 
which further Au ions gets reduced. As more of these gold atoms are generated, the 
solution becomes supersaturated.17 Gold then begins to precipitate in the form of sub-
nanometer particles (Figure 2). If the solution is mixed in a vigorous manner, the 
particles tend to be uniform in size.  

This reaction is normally carried out in the presence of stabilizers or “capping” 
agents that stick to the surface of the nanoparticles, avoiding further aggregation and 
subsequent precipitation. Stabilizers are typically molecules that contain sulfur, 
nitrogen, or oxygen, as they have high binding affinity to gold atoms. An alternative 
approach is to deposit AuNPs onto solid supports. An overview of the most 
commonly used methods is presented hereafter. 

Sodium CitrateSodium CitrateSodium CitrateSodium Citrate    

Among the conventional methods for the synthesis of AuNPs by reduction of gold 
(III) derivatives in solution, the most popular one for a long time has been the citrate 
reduction of HAuCl4 in water, which was introduced by Turkevitch in 1951,19 and 

 

Figure 2. Schematic representation of AuNPs nucleation and 

growth processes.18 
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refined by G. Frens in 1970s,20 is the simplest one available. On it, sodium citrate is 
employed both as reducing and capping agent. Generally, it is used to produce 
modestly monodisperse spherical gold nanoparticles suspended in water of around 10–
20 nm in diameter. Larger particles can be produced, but this comes at the cost of 
monodispersity and shape. This method is very often used even now when a rather 
loose shell of ligands is required around the gold core in order to prepare a precursor 
to valuable AuNP-based materials. 

Sulfur ligandsSulfur ligandsSulfur ligandsSulfur ligands    

Later on, the Brust-Schiffrin method, published in 1994, provided a facile and 
effective method for AuNPs.21 It involves the reaction of a HAuCl4 solution with 
tetraoctylammonium bromide (TOAB) solution in toluene and sodium borohydride as 
an anti-coagulant and a reducing agent, respectively. First, HAuC14 is dissolved in 
water and AuCl4- ions transferred from aqueous solution to toluene using TOAB as 
phase-transfer reagent. After adding dodecanethiol to the organic phase as a 
protecting ligand for the nanoparticles, AuCl4- ions are reduced by adding an aqueous 
solution of the reducing agent, sodium borohydride (Figure 3). 

This method supposed a breakthrough on the overall field since it allowed the facile 
synthesis of thermally stable and air-stable AuNPs of reduced dispersity and 
controlled size (2-6 nm) for the first time.22 Other sulfur-containing ligands, such as 
xanthates,23 disulfides,24 di- and trithiols,25 have been also used to stabilize AuNPs.  

Other ligandsOther ligandsOther ligandsOther ligands    

The Brust-Schiffrin or modified methods have been widely applied to the preparation 
of AuNPs due to their simplicity and versatility. In the syntheses, different types of 
organic compounds have been used as capping ligands to stabilize AuNPs, such as 
phosphine,26 selenolate,27 or amine groups.28  

 
Figure 3. Schematic representation of AuNPs formation using Brust-Schiffrin method. 
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PolymersPolymersPolymersPolymers    

Polymers provide stabilization for metal NPs through the steric bulk of their 
framework, but also by binding weakly to the NP surface through heteroatoms that 
can act as ligands. NPs are frequently prepared in situ within the polymer matrix, 
although polymerization of the matrix around the nanoparticles has also been 
attempted.12 The type of polymer surrounding the metal nanoparticle plays an 
important role in AuNPs stabilization and control of their structure. The most 
commonly used polymers for the stabilization of AuNPs are polyvinylpyrrolidone 
(PVP) and polyethylene glycol (PEG).  

Polymers present many advantages for AuNPs stabilization. They can act as both 
reducing and stabilizing agents for the AuNPs. Moreover, the AuNPs can be formed 
in hydrophobic environment, microemulsions, microspheres and be soluble in both 
water and organic media, promoting the compatibility and processability. In 
catalysis, polymers can interact with the substrates, playing an important role to 
improve the catalytic activity and selectivity of the nanoparticles. On the other hand, 
if the interaction between the macromolecules and metal nanoparticles is strong, the 
AuNPs are not accessible  

DendrimersDendrimersDendrimersDendrimers    

Dendrimers are macromolecules perfectly defined on the molecular level with very low 
polydispersity. These hyperbranched molecules were first discovered by Fritz Vogtle 
in 1978,29 by Tomalia and co-workers,30 and independently by Newkome,31 in the 
early 1980s. The synthesis of dendrimers is always carried out stepwise, which 
permits an accurate control of its structure. Dendrimers are generally prepared using 
either divergent or convergent methods.32 The most widely used is the divergent 
approach, in which dendrimers are constructed from the core to the exterior. By 
repetition of sequential reactions, new layers of branching units are incorporated to 
the core. Each time a new layer is added, a new generation is obtained. Generations 
can be grown up to more than ten, although the possibility to introduce defects in 
the structure increases with the generation. In the convergent approach, synthesis 
starts from the exterior, beginning with the synthesis of dendrimeric wedges, known 
as dendrons, which are in turn attached to the dendrimeric core.  

Having shapes that resemble molecular trees or cauliflowers, they become globular 
after a few generations, and thus behave as molecular boxes that can entrap and 
stabilize metal NPs especially if they contain heteroatoms as in the case of PAMAM 
dendrimers (Figure 4).  

PAMAM dendrimers were first synthesized by Tomalia and coworkers.30 The 
synthetic process comprises two steps, starting from ammoniac or ethylene diamine 
(EDA). The first step is a Michael addition reaction to methylacrilate. The second 
step is the reaction with EDA, affording primary amine terminal groups. Both 
reactions occur with high yields and selectivity.  

The formation of NPs stabilized by PAMAM dendrimers was first proposed more 
than a decade ago by the three research groups of Crooks, Tomalia and Esumi.33–35 
Crooks et al. prepared Pt and Pd nanoparticles encapsulated in PAMAM 
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dendrimers.36 The nanoparticles thus obtained exhibited high catalytic activity for 
the hydrogenation of alkenes in water. Esumi et al. prepared Au colloids by reduction 
of metal salt with UV irradiation in the presence of PAMAM dendrimers with 
generations from 0 to 5. The average particle sizes decreased with an increase of 
concentration of surface amino groups in the dendrimers.35 It was reasoned that with 
low generation dendrimers, particles are too large to fit inside a single dendrimer, and 
are stabilized by the periphery of several dendrimer molecules surrounding the NP. 

Since then, a variety of assemblies between PAMAM dendrimers  and AuNPs have 
been reported.38,39 Dendrimer templates are particularly suitable to host AuNPs, as 
they yield nanoparticles with a narrow size distribution. Moreover, a substantial 
fraction of the NPs remains available for catalytic reactions and the dendrimer 
terminal groups can be chosen to provide the desired solubility in organic or aqueous 
medium. 

Solid supports for AuNPsSolid supports for AuNPsSolid supports for AuNPsSolid supports for AuNPs    

Alternatively, gold nanoparticles can be formed on solid supports by loading a gold 
precursor (usually a gold salt or complex) onto solid supports followed by reduction 
or calcination. During the reduction or calcination process, the gold cations are 
reduced into gold atoms that aggregate into gold nanoparticles. The extent of 
agglomeration during this stage depends on many factors such as the ambient, 
temperature, and duration of the process, as well as the nature of the solid supports. 
A large number of recent reports focus on the catalytic properties of AuNPs 
supported on metal oxides, including oxides of Si,40 Al,41 Ti,42 Zr,43 Ca,44 Mg45 and 
Zn.46 Other reported supports are high surface silica,47 silicates or aluminosilicates,48 
mesoporous silica,49 various forms of carbon, as nanotubes50 and diamond51 or even 
zeolites.52 

 
Figure 4. Schematic representation of PAMAM dendrimer structures.37 
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More recently, also some scattered reports about NCC@AuNPs nanocomposites have 
been reported. For example, photonic NCC@AuNPs hybrids have been reported 
under the form of free standing membranes,53 mesoporous films,54 and colloidal 
suspensions.55 In addition, NCC@AuNPs composites have been used as matrices for 
enzyme immobilization.56,57 Moreover, there are a few reports about AuNPs for 
catalytic applicaitons with NCC@AuNPs.58,59 In the work of Lam et al. AuNPs of 
small size (~3 nm) were prepared separatedly and added to 
poly(diallyldimethylammonium chloride) (PDDA) coated NCC to avoid 
agglomeration. Wu et al.,60 prepared and deposited AuNPs on cellulose nanocrystals 
under hydrothermal conditions using NCC as both reducing agent and stabilizing 
template (Figure 5a). Their results showed that the abundant electron-rich hydroxyl 
groups on the surface of NCC played a key role in the reduction and immobilization 
of AuNPs. The obtained nano- hybrid catalyst exhibited much better catalytic 
activity and stability than the unsupported AuNPs However, the loading of gold 
nanoparticles was relatively low, namely 3.79 wt%, and rather large AuNPs were 
obtained 10-30 nm.  

In another recent example, PAMAM dendrimers were grafted on NCC. In this report, 
carboxylic groups on the cellulose nanocrystals have been used to graft amino-
dendrimers by carbodiimine-mediated amidation.61 In this work, high PAMAM 
generation (G6), requiring multi-step synthesis and extensive purification, was needed 
to achieve good catalytic activity (Figure 5b). 

3.1.2. Reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-

AP): a model reaction for the determination of AuNPs catalytic 

activity 

Both types of systems (stabilized and supported) have been widely applied to 
different catalysis with outstanding results.62,63 Nevertheless, a central problem in this 
field is the quantification of the catalytic activity of the nanoparticles affixed to 

a 

 

b 

 
Figure 5. Schematic representation of AuNPs on NCC (a),60 and 

on NCC-PAMAM(G6) (b).61 
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various carrier systems. To compare among AuNPs in a reliable way, a model 
reaction suitable for this purpose must be well-defined. Moreover, the degree of 
conversion should be easily monitored by a simple and fast technique.  

The reduction of 4-nitrophenol (4-NP), a common byproduct from the production of 
pesticides, herbicides, and synthetic dyes,64 to 4-aminophenol can (4-AP) be catalyzed 
by free or immobilized nanoparticles and proceeds in aqueous solution at ambient 
temperature. Moreover, it can be easily monitored via UV-Vis spectroscopy by the 
decrease of the strong adsorption of 4-nitrophenolate anion at 400 nm, leading 
directly to the rate constant.65 Several isosbestic points in the spectra of the reacting 
mixtures demonstrate that no side reaction occurs.66 Pal and coworkers were the first 
to identify the reduction of 4-NP to 4-AP by sodium borohydride (NaBH4) as such a 
model reaction.67  

Although the reaction is thermodynamically viable, it is kinetically restricted in the 
absence of a catalyst because the kinetic barrier between the mutually repelling 
negative ions 4-NP and BH4

− is very high.68 The adsorption of reactant ions onto the 
particle surface contributes to overcoming this barrier. The reaction is surface-
controlled and has been assessed to occur following a Langmuir-Hinshelwood 
mechanism.69 In this type of mechanism, it is assumed that both reactants need to be 
adsorbed on the surface of the catalyst. The rate determining step is given by the 
reaction of the adsorbed species. Borohydride ions react with the surface of the 
nanoparticles and transfer a surface-hydrogen species to the surface of the particles.70 
Concurrently, 4-NP molecules are adsorbed on the surface of the nanoparticles.. The 
reduction of 4-NP, which is the rate-determining step, takes place by the reaction of 
adsorbed 4-NP with the surface hydrogen species. Detachment of the product 4-AP 
creates a free surface and the catalytic cycle can start again (Figure 6). 

 
Figure 6. Schematic representation of the mechanism for 4-NP 

reduction to 4-AP catalyzed by AuNPs.71 
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The rate of the reaction, and therefore the goodness of the catalytic system used, is 
given by the rate constant (k). In the particular case of 4-nitrophenol reduction, the 
reaction is of second order, depending on the concentration of 4-nitrophenol and 
NaBH4. However, NaBH4 is tipically added in a huge excess so the reaction can be 
considered of pseudo-first order depending only on the concentration of 4-nitrophenol. 
In this way, the rate of consumption of 4-NP, rt, obeys the following equation: 

 
(1) 

where kapp refers to the apparent rate constant, k is the normalized rate constant with 
respect to the surface area (S) available on the nanoparticles responsible for catalytic 
activity.68 The correlation of ln(Ct/C0) versus the reduction time t has been found to 
be linear and the apparent rate constant (kapp) can be estimated from the slope. 

Nevertheless, in catalyzed reactions, the kinetic constant is highly influenced by the 
amount of catalyst used, and thus kapp it is not an accurate method to compare 
among different catalysts. The activity of a catalyst is best expressed in terms of turn 
over frequency (TOF).38,72–75 This value refers to the number of mols of substrate 
converted per mol of catalysts, in the unit of time (t).  

 
(2) 

TOF (h-1) is an effective way to compare catalytic performance among different 
AuNPs catalysts. From the literature, there is a large degree of variability in the 
TOF values obtained for the AuNPs-catalyzed reduction of 4-NP. These factors may 
depend on the nanoparticle size, shape, polymeric support and stabilization agents 
used (Table 5). 

Table 5. Comparison of AuNPs catalysts for the reduction of 4-NP. 

Au support TOF (h-1) AuNPs diameter (nm) 

Graphene hydrogel76 11.4 8-25 

GO-Fe3O4
77, # 484 3-7 

PMMA78, $ 89 6.9 

HPEI79, * 90 15 

Chitosan80 50 3.1 

NCC60, ¥ 109 10-30 

NCC/PDDA59, § 212 3  
#: graphene oxide-iron oxide nanocompostie, 

$: poly(methyl methacrylate) 

*: hyperbranched polyethylenimine, 

§: poly(diallyldimethyl ammonium chloride) coated NCC. 

 

3.1.3. Sustainability of AuNPs based catalysts 

 When it comes to develop a superior catalyst, apart from performance, one of the 
deciding criteria is cost; both in terms of production as well as environmental. 
Concerning sustainability, there are several issues that should be overcome. In the 
case of homogeneous catalysts the problems of catalyst recovery and pollution are 
unsolved. Normally, transition-metal catalysts are expensive, and are difficult to 
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reuse in a homogeneous catalysis system, which is reflected in high cost of the 
products. In addition, fine chemicals, especially pharmaceuticals, require rigorous 
purity; thereby general isolation applied in an organic workup procedure is difficult to 
eliminate all traces of -metal catalysts. Furthermore, such procedures also generate 
copious amounts of waste, making them environmentally unfavorable.  

Due to these drawbacks, the development of heterogeneous catalysts is commonly 
considered as a more viable alternative. Heterogeneous catalysts are usually separated 
from the reaction medium by simple filtration and can be repeatedly reused, which 
considerably decreases the costs and production of waste. However, in heterogeneous 
catalysts it is often challenging to control the size and distribution of the 
nanoparticles. This type of catalysts commonly suffers from deposition scarcity, or 
undesired large size aggregates. Other concern is the sintering of nanoparticles during 
calcinations, operation and generation of the catalysts, that greatly reduces the 
catalytic activity. 

Thus, the hybridization of AuNPs to obtain high performance catalysts in a 
sustainable manner remains challenging. On one hand, the design of a good catalyst 
should contemplate not only a high turnover frequency, but also a system easy to be 
recovered and reused. Moreover, the recent impulse towards a more sustainable 
technology increases the importance of using eco-compatible supports, preferably 
from renewable resources. Among the materials that have the potential to fulfill these 
stringent requirements is NCC 
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3.2. Aim of the work 

In this chapter we opt for a different strategy to modify NCC, based on click-
chemistry methodology to covalently decorate the surface of nanocrystalline cellulose 
(NCC) with amino-terminated, low generation PAMAM dendrons. The dendronized 
materials will then be used to produce some new nanohybrids (herein referred as 
NCC-GAT

n@AuNPs) with AuNPs. By this way, it is possible to obtain heterogeneous 
catalysts with not only a high loading of gold onto the surface of NCC, combined 
with a low-cost and reduced step synthesis, but also a narrow size distribution of gold 
nanoparticles thanks to the presence of the dendron moiety. The reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of different generations 
of NCC-GAT

n@AuNPs, as well as the stability and reusability of the catalysts wil also 
be evaluated. 
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3.3. Results and discussion 

In first place, it will be presented the synthesis and characterization of the different 
dendrons and dendrimeric-NCC hybrid materials, which are our template to support 
AuNPs afterwards. 

3.3.1. PAMAM dendrons synthesis 

The synthesis of the different generations of dendrons started from the propargyl-
amino focusing point and followed the classical PAMAM synthesis path reported in 
literature, as shown in Figure 7.81 The synthesis was based on an iterated sequence of 
Michael addition between the amine functionality and acrylic acid ester, producing 
ester-terminated GET

n generations (n = 0, 1 and 2) followed by amidation with 
ethylene diamine, giving the corresponding amino-terminated GAT

n generations (n = 
0, 1, and 2). The identity of the various GET

n and GAT
n dendrons was confirmed by 

1H-NMR, ESI-MS spectrometry and FT-IR and data were in accordance with the 
literature and are described in the experimental details of this Chapter.82 

3.3.2. NCC-Gn hybrids syntheses and characterizations 

Synthesis of NCCSynthesis of NCCSynthesis of NCCSynthesis of NCC----NNNN3333    

The NCC employed in this study was produced in 28% yield by hydrolysis of 
microcrystalline cellulose with 64% sulfuric acid for 2 hours at 45°C, following the 
procedure described in Chapter 2. NCC was then subjected to methanesulfonylation 
with mesyl chloride in a 10:1 (v/v) mixture of pyridine:DMSO, and the corresponding 

 

Figure 7. Synthesis of GET
n and GAT

n PAMAM dendrons. 
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mesylated derivative was obtained as a dark brown solid (71% yield). This step was 
followed by reaction with sodium azide in DMF at 50°C for 3 days, following a 
procedure reported in literature with some modifications.83 After work-up, the 
corresponding NCC-N3 derivative was produced as a pale-brown solid (75% yield) 
(Figure 8). Generally speaking, the stability of the NCC-OMs intermediate is limited, 
so the two reactions described above were always carried out in sequence. 

Click reaction on NCCClick reaction on NCCClick reaction on NCCClick reaction on NCC----NNNN3333    

Click-chemistry includes a collection of facile, convenient reactions that meets green 
chemistry requirements, such as atom economy and selectivity. The most notable 
example and the one used here, is the copper-catalyzed alkyne azide cycloaddition, so 
called Huisgen 1,3-dipolar cycloaddition. 

The click-chemistry coupling with NCC-N3 was carried out at the ester terminated 
dendron level since amino terminated dendrons could eventually inhibit the alkyne 
azido Huisgen cyclization by sequestering the copper catalyst. Thus, NCC-N3 was 
dispersed in water and allowed to react for 3 days with a solution of the GET

n 
dendron in THF in the presence of Cu(II) sulfate/L-ascorbate mixture giving the 
ester terminated NCC-GET

n (n = -0.5, 0.5, and 1.5) adducts (74-98% yields). The 
subsequent amination step with ethylene diamine in methanol for 5 days at room 
temperature afforded the corresponding NCC-GAT

n (n= 0, 1, and 2) derivatives (66-
77% yields) as shown in Figure 9.  

3.3.3. Characterizations 

The success of the different moieties covalent attachment onto the surface of NCC 
was judged by diverse characterization techniques. 

FTFTFTFT----IRIRIRIR    

The success of the reactions could be easily followed with the aid of infrared 
spectroscopy. Figure 10 shows typical spectra of NCC, NCC-OMs and NCC-N3 In all 
cases, spectra showed the bands coming from the NCC backbone that were discussed 
in detail in Chapter 2. After methanosulfonylation, no evident changes in the FT-IR 
spectrum were observed. The introduction of the azide functionality, however, was 
unequivocally confirmed by the appearance in the IR spectrum of the typical sharp 
stretching of -N3 moiety at 2112 cm-1. 

 

Figure 8. Synthesis of NCC-N3. 
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After click reaction, the azide band is seen to be eliminated due to the formation of 
the triazol ring between –N3 groups in NCC-N3 and triple bond from the added GET

n 
molecules during the click reaction. The resulting NCC-GET

n presented instead a 
characteristic ester carbonyl stretching band at about 1744 cm-1. Finally, after 
condensation with EDA the disappearance of the ester band took place, for the 
formation of the amide linkages between ester terminated dendrons on NCC and 
amine-groups from EDA (Figure 11). Unfortunately, interference with the bending 
signal of water adsorbed to NCC around 1640 cm-1, did not allow to clearly observe 
the amide bands that should appear in the same region. (Figure 11). It is important 
to note that the ester band was more noticeable in NCC-GET

1 than in NCC-GET
0, and 

even more intense in NCC-GET
2, as expected from the higher density of ester groups 

in dendron molecules of higher generation. For NCC-GET
2 and NCC-GAT

2, the amide 
II band started to be visible since the number of amide groups was also higher in 
these compounds. 

In this way, the progress of the bands in FT-IR for the different derivatives with the 
different reactions demonstrated the covalent nature of the bonds formed on the 
surface of NCC in every step. 
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Figure 11. FT-IR spectra of NCC-N3, NCC-GET

0, NCC-GAT
0, NCC-GET

1, NCC-GAT
1, 

NCC-GET
2 and NCC-GAT

2 (left) and detail of the 2450-1500 cm-1 region (right) (KBr 

pellets). 

 

Kaiser TestKaiser TestKaiser TestKaiser Test    

The Kaiser test is a quantitative test for the presence or absence of aliphatic primary 
amino groups.84 It is based on the reaction of ninhydrin with primary amines, which 
gives a product with a characteristic dark blue colour, known as Ruhemann’s purple. 
For the quantitative estimation of amino groups, the next formula is applied: 
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Figure 10.FT-IR spectra of NCC, NCC-OMs and NCC-N3 (KBr 

pellets). 
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where, A570 nm is the absorbance of the Ruhemann's purple formed by the reaction 
measured using UV-Vis spectroscopy, V is the volume (mL), ε is the molar 
extinction coefficient (15000 M-1·cm-1), l is the optical length (cm), m is the mass of 
compound (mg) and 106 is a unit conversion factor. 

As expected, NCC-GAT
n derivatives gave a positive Kaiser test thus allowing the 

spectrophotometric quantitative determination of terminal primary amino groups for 

the different generations. The results were 13, 41, and 61 µmol/g for NCC-GAT
0, 

NCC-GAT
1, and NCC-GAT

2, respectively. It should be pointed out that the ratio 
between the amino contents for the different generations was 1:3.2:4.7 (normalized 
with respect to the NCC-GAT

1 amino content), which is slightly different from the 
theoretical 1:2:4 ratio expected according the number of amino groups for each 
generation (i.e. 2 for NCC-GAT

0, 4 for NCC-GAT
1, and 8 for NCC-GAT

2). This can be 
ascribed to some small defects (i.e. non-quantitative yields during each dendron 
synthesis step), which propagate through the different dendron generations. 

XXXX----ray photoelectron spectroscopy (XPS)ray photoelectron spectroscopy (XPS)ray photoelectron spectroscopy (XPS)ray photoelectron spectroscopy (XPS)    

XPS was consistent with the above results. The survey spectra for NCC-GAT
n are 

reported in Figure 12. As expected for NCC based materials, the most abundant 
elements were by far oxygen and carbon. After the introduction of -N3 groups, 
nitrogen was also detectable in the sample and was present in all NCC-Gn. From the 
survey spectra, however, it was difficult to determine if some change in nitrogen bond 
region occurred after the introduction of the dendron moieties.  

A more exhaustive investigation was carried out by analyzing Gaussian-Lorentian 
fitting of the peaks for NCC-N3, NCC-GET

n and NCC-GAT
n in the N1s region. For 

NCC-N3, two components were found, at 400 and 402.6 eV, the first one attributed 
to N=N and the second one to C-N and N-H bonds (Figure 13a). Both types of 
nitrogen bonds come from the introduction of the azide function, which was the only 
source of nitrogen in NCC-N3. The presence of the C-N component demonstrates that 
this functionality was attached to NCC in a covalent way through a C-N bond. After 
click reaction with dendron moieties, increasing intensity of the signals for the C-N 
and N-H bonds was observed due to the new C-N bonds coming from the formation 
of the triazol ring and the ester terminated dendron moieties (Figure 13b, c and f). 
The increment of this peak was also observable upon converting the ester-terminated 
derivatives (NCC-GET

n, n= -0.5, 0.5, and 1) to their corresponding amino-terminated 
(NCC-GAT

n, n= 0, 1, and 2) counterparts (Figure 13d, e and g). Thus, the evolution 
of the N1s component in XPS measurements was in good accordance with the 
modifications in chemical composition after every step of reaction and with the 
observed results in infrared spectroscopy. 
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Figure 13. N1s fitted spectra of NCC-N3 (a), NCC-GET

0 (b), NCC-GAT
0 (c), NCC-GET

1 

(d), NCC-GAT
1 (e), NCC-GET

2 (f) and NCC-GAT
2 (g). 
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Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)    

The thermal stability of all the materials was investigated by thermogravimetric 
analysis. Samples were first heated at 50 ºC for 10 min to remove eventual moisture 
residues and then temperature was ramped at 10 ºC per min up to 600 ºC in a N2 
atmosphere. Normalized TG and DTG of NCC, NCC-OMs and NCC-N3 are showed 
in Figure 14. The profiles of all three compounds were very similar. A gradual shift to 
higher onset decomposition temperatures with every step of functionalization was the 
only appreciable change. The event of the weight loss in DTG shifted from 171.5 ºC 
in NCC to 191.0 ºC in NCC-OMs and 200.8 ºC in NCC-N3. This was indicative of 
surface modification, in which –OMs groups are more stable on NCC with respect to 
the -SO4 groups in pristine NCC. –N3 groups were found to be more stable than –
OMs, on NCC surface, providing higher thermal stability to the overall material, as 
showed in Figure 14b. 

Neither the introduction of dendron moieties on the surface of NCC produced any 
drastic change in the thermal behavior of the materials. Profiles of NCC-N3 and the 
different NCC-GAT

n were almost equal, as expected for their similar type of chemical 
bonding to NCC. A slightly better thermal stability with increasing dendron 
generation on NCC surface was noticed, being the loss weight centered at 205.7, 
208.9 and 218.3 ºC for NCC-GAT

0, NCC-GAT
1 and NCC-GAT

2, respectively. This 
phenomenon could be ascribed to the increased numbers of hydrogen bonds and 
better internal van der Waals’ packing in PAMAM dendron moieties of higher 
generation, as these interactions contribute to thermal stability.85,86  

Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)    

TEM was carried out to check the morphology of the nanocrystals after every step of 
reaction. The samples were prepared as usual, by drop casting of the different NCC 
derivatives in aqueous suspensions onto a carbon coated TEM grid, followed by 
staining with uranyl acetate solution to improve the contrast. TEM images of NCC-
N3 and NCC-GAT

n derivatives (Figure 16) confirmed that the typical whisker-like 
morphology of the cellulose nanocrystals was maintained upon functionalization 
despite the mechanical stress deriving from extensive sonication and magnetic stirring 
required for the four-step synthesis. 
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Figure 14. Normalized TG (a) and DTG (b) curves of NCC, NCC-OMs and NCC-N3 

under N2 atmosphere. 



104 Gold nanoparticles on NCC-dendron hybrids 

All these characterization steps served to demonstrate the covalent attachment of 
PAMAM dendron moieties on the surface of NCC; preserving the morphology of the 
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Figure 15. Normalized TG (a) and DTG (b) curves of NCC-N3, NCC-GAT

0, NCC-GAT
1 

and NCC-GAT
2 under N2 atmosphere. 

 

  

Figure 16. TEM images of NCC-N3 (a), NCC-GAT
0 (b), NCC-GAT

1 (c) and NCC-

GAT
2 (d). 
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nanocrystals. These hybrids can thus be used as template for the stabilization of 
AuNPs. 

3.3.4. Synthesis of AuNPs supported onto dendrimeric-NCC 

hybrids 

The synthesis of AuNPs was carried out in aqueous environment by reduction of 
chloroauric acid with a freshly prepared solution of sodium borohydride in the 
presence of dendronized nanocellulose derivatives NCC-GAT

n. After stirring for 1 hour 
at room temperature, reddish solutions of NCC-GAT

n@AuNPs were obtained (Figure 
17). These solutions were left undisturbed for 24 hours in order to settle down a small 

amount of aggregates. The surnatant was then transferred on top of a 0.1 µm filter 
and about 2/3 of the solution were filtered off with the purpose to remove some gold 
nanoparticles not bound to NCC-GAT

n avoiding the aggregation the NCC-
GAT

n@AuNPs. The initial volume was restored with milliQ-water and the filtration 
reiterated until the filtered solution was colourless. The resulting suspensions were 
stable for weeks, with negligible amount of precipitate and presented pale pink color, 
typical of AuNPs (Figure 18). 

The corresponding GAT
n@AuNPs were also prepared following the same procedure 

and used without further purification in order to make a comparative study. Figure 
19 shows images of blank AuNPs prepared with no stabilizer, and AuNPs stabilized 
with the different GAT

n, 48 h after preparation. As expected, in absence of stabilizer, 
gold had aggregated completely. It is important to mention that in the conditions 
used, also GAT

0@AuNPs and GAT
1@AuNPs underwent complete aggregation within 24 

to 48 h, what could be ascribed to an insufficient amount of amino groups in the 
dendron necessary for AuNPs stabilization. GAT

2@AuNPs underwent aggregation to 
some extent, but the AuNPs remaining in suspension were stable for weeks. 
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Figure 17. Synthesis of NCC-GAT
n@AuNPs hybrids. 
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Figure 18. Suspensions of NCC-GAT

0@AuNPs (a), NCC-

GAT
1@AuNPs (b) and NCC-GAT

2@AuNPs (c) after 48 h. 

 

 
Figure 19. blank AuNPs (a), GAT

0@AuNPs (b), 

GAT
1@AuNPs (c) and GAT

2@AuNPs (d) suspensions 

after 48 h. 

 

3.3.5. Characterization of AuNPs supported onto dendrimeric-

NCC hybrids. 

Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)Thermogravimetric analysis (TGA)    

Although the information about chemical modification on NCC provided by TGA 
was limited, this technique was particularly useful to determine the gold loading on 
AuNPs containing samples. To this end, thermogravimetric experiments were carried 
out under air atmosphere. At 700 º C, the organic materials were fully removed 
(Figure 20, solid lines). Thus, it can be assumed that the difference in residue with 
the corresponding gold containing derivatives is solely the metallic part of the 
samples, actually in the form of gold oxide (Figure 20, lines with marker). In the case 
of NCC-GAT

n@AuNPs, at T > 600 ºC, the slope of the curves was completely flat. 
Thus, it was safe to assume that no further decomposition would occur and that the 
residue is exclusively due to the AuNPs (Figure 20b, c and d). This was not the case 
of GAT

2@AuNPs, which exhibited a non-zero slope at 600 ºC. In this case, residue was 
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considered at 800 ºC. Mass residues of 16.2, 6.4, 10.64 and 15.2% were found for 
GAT

2@AuNPs, NCC-GAT
0@AuNPs, GAT

1@AuNPs and GAT
2@AuNPs, respectively. 

Taking into account the initial mass of sample in the TGA experiments and the 
atomic weight of gold oxide, it is possible to estimate the AuNPs loading as amount 
of atomic gold per gram of material. For the free GAT

2@AuNPs dendron, a gold 
content of 14.9 % (w/w) was found. In the case of NCC hybrid materials, the results 
were 5.68, 9.45, and 14.15% for NCC-GAT

0@AuNPs, NCC-GAT
1@AuNPs and NCC-

GAT
2@AuNPs respectively. The gold loading increased with increasing the generation 

of dendron attached to NCC. This provides an evidence of the stabilizing effect of the 
amino groups coming from the dendron moieties, since a higher amino content 
allowed the stabilization of a higher number of AuNPs. 

UVUVUVUV----Vis spectroscopyVis spectroscopyVis spectroscopyVis spectroscopy    

The position of the SPR is extremely sensitive to the size and aggregation state of 
the particles. Several authors discussed the problem of AuNPs sizing by their UV-Vis 
spectra, mainly focusing on the position of the SPR maximum. It has been found that 
the SPR band of AuNPs with size smaller than 10 nm appears at around 520 nm 
when registered in water. Nonetheless, for such small nanoparticles it is largely 
damped due to the phase changes resulting from the increased rate of electron-surface 
collisions compared to larger particles.87,88 Increasing particle size red shifts the SPR 
wavelength and also increases the intensity.89 Since the SPR may be affected by other 
factors, maximum of the SPR must be taken as an orientative measure of particle 
size. 
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Figure 20. TG curves of GAT2 and GAT2@AuNPs (a), NCC-GAT0 and NCC-

GAT0@AuNPs (b), NCC-GAT1 and NCC-GAT1@AuNPs (c), NCC-GAT2 and NCC-

GAT2@AuNPs (d) under airatmosphere. 
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The UV-Vis spectra of GAT
2@AuNPs and all NCC-GAT

n@AuNPs derivatives displayed 
the typical plasmonic band at approximately 520 nm, as seen in Figure 21. The 
similar positions of the bands for GAT

2@AuNPs and all NCC-GAT
n@AuNPs, and their 

low intentsities indicated a similar size of AuNPs in all cases, and with diameters 
around 10 nm. 
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Figure 21. UV-Vis spectra of GAT

2@AuNPs and NCC-GAT
0@AuNPs, 

NCC-GAT
1@AuNPs and NCC-GAT

2@AuNPs. 

Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)    

TEM is the most common technique for obtaining accurate data about the average 
diameter and size distribution of gold nanoparticles. TEM images of the gold 
containing hybrid materials were registered and the diameter of the AuNPs was 
calculated from the digital images by measuring 100 AuNPs. In order to assess the 
role of NCC, sample GAT

2@AuNPs was first analyzed. A typical image of 
GAT

2@AuNPs is shown in Figure 22a. In general, well dispersed nanoparticles of 
uniform size and shape were observed. A mean diameter for AuNPs of about 7.5 nm 
was found (Figure 22b). This result is in agreement with literature, since when 
PAMAM dendrimers are used as templates, the dendrimer-stabilized nanoparticles 
are often larger than 5 nm.90 GAT

2 is a low-generation dendron and its reduced 
number of terminal amines and open structure cannot entrap a metal nanoparticle 
within the interior. Thus, the gold nanoparticles must be surrounded by multiple 
molecules of dendron rather than encapsulated in a single dendron cavity, resulting in 
a higher diameter of the nanoparticles. 
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TEM images of NCC-GAT
0@AuNPs, NCC-GAT

1@AuNPs and NCC-GAT
2@AuNPs are 

displayed in Figure 23a, c and e, respectively. For all NCC-GAT
n@AuNPs systems, 

AuNPs were always together with NCC. AuNPs were well distributed on the surface 
of NCC with a minimal of aggregation, proving the stabilizing effect of the new 
hybrid materials and the success of the cleaning process to remove eventual free 
AuNPs. The diameter of AuNPs was around 3.5-4.3 nm in all cases (Figure 23b, d 
and f), smaller than those stabilized by free GAT

2 dendron.The smaller sizes observed 
when NCC was introduced seem to indicate that the effect of anchoring the dendron 
on the NCC support should play an important role in the stabilization of the 
nanoparticle and consequently in the final size. The size distribution of the individual 
samples therefore does not obscure the predicted behavior for the surface plasmon 
band position. 
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Figure 22. TEM image (a) and particle size histogram (b) of GAT
2@AuNPs. 
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Figure 23. TEM images (a, c, e) and particle size histograms (b, d, f). of NCC-

GAT
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bars represent 50 nm). 
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3.3.6. Catalytic activity of AuNPs 

Reduction of 4Reduction of 4Reduction of 4Reduction of 4----Nitrophenol (4Nitrophenol (4Nitrophenol (4Nitrophenol (4----NP) to 4NP) to 4NP) to 4NP) to 4----Aminophenol (4Aminophenol (4Aminophenol (4Aminophenol (4----AP)AP)AP)AP)    

 

4-NP  4-AP 

 
 

Figure 24. Reduction of 4-nitrophenol (left) to  

4-aminophenol. (right) 

 

As a preliminary study, we decided to test the catalytic performance of the NCC-
GAT

n@AuNPs derivative for the model sodium borohydride reduction of 4-nitrophenol 
(4-NP) to 4-aminophenol (4-AP) (Figure 24).  

The reduction of 4-NP to 4-AP is a benchmark reaction for researchers in the field of 
catalytic reductions due to the fact that it allows a convenient monitoring of the 
reduction kinetic via UV-Vis spectroscopy by taking advantage of the disappearance 
of the 400 nm band belonging to the p-nitrophenol chromophore. For comparison 
purposes, we also determined the catalytic activity of the corresponding GAT

2@AuNPs 
adduct which contained an amount of AuNPs comparable with that of NCC-
GAT

2@AuNPs (i.e. 14%). The experiment was carried out with a gold:4-NP = 1:17 
ratio in the presence of a 80-fold excess of sodium borohydride to operate under 
pseudo-first order kinetics. In the presence of the various NCC-GATn@AuNPs 
hybrids, the yellow color of the nitro derivative faded completely in less than 5 
minutes. In Figure 25, we report the UV-Vis spectra recorded during the reduction of 
4-NP (normalized to absorbance at 400 nm at t = 0 min), using NCC-GAT

0@AuNPs, 
NCC-GAT

1@AuNPs and NCC-GAT
1@AuNPs as catalysts (Figure 25a, b and c, 

respectively) and, for comparison, the non-supported GAT
2@AuNPs (Figure 25d).  

For all NCC-GAT
n@AuNPs, the reaction was concluded within 4–5 min, whereas 

GAT
2@AuNPs, under the same condtions of NCC-GAT

2@AuNPs (in terms of gold 
added), the reaction took more than 15 minutes to finish. This suggested a beneficial 
effect of the NCC material as AuNPs support. 

To better compare the performance of the different catalysts, the kinetic constants 
and the turn over frequency (TOF) were calculated. The kinetic constants were 
obtained by linearization of absorbance data by reporting the ln(At/A0) vs. time, 
where A0 was the initial absorbance and At the absorbance measured at the different 
times. Plot of the data for all the NCC-GAT

n@AuNPs hybrids and for the reference 
GAT

2@AuNPs are reported in Figure 26. 
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Table 6 summarizes the kinetic constants (kapp, s-1), the goodness of fitting (r2 
coefficient), and the turn over frequency (TOF, h-1). The most active catalyst of the 
series is the NCC-GAT

0@AuNPs giving pseudo-first order constant of 2.8.10-3 s-1, 
corresponding to a turn over frequency of 608 h-1. The non cellulosic GAT

2@AuNPs 
derivative gave a kinetic constant of 7.8.10-4 s-1 (TOF=78 h-1), then about three 
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Figure 25. Successive UV-Vis spectra monitoring the reduction of 4-NP (0.12 mM) in 

the presence of (a) NCC-GAT0@AuNPs (V = 30 µL, c = 3.02 µM), (b) NCC-

GAT1@AuNPs (V = 30 µL, c = 4.7 µM), (c) NCC-GAT2@AuNPs (V = 30 µL, c =  

7.29 µM) and (d) GAT2@AuNPs (V = 30 µL, c =  6.33 µM). 

0 1 2 3 4 5 6
-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

 

G
2

AT@GNPs

NCC-G
0

AT@GNPs

 NCC-G
1

AT@GNPs

 NCC-G
2

AT@GNPs

Ln
(A

t/A
0)

Time (min)  

Figure 26. Plots of the Ln(At/A0) vs. reaction time for 4-NP reduction using 

GAT
2@AuNPs, NCC-GAT0@AuNPs, NCC-GAT

1@AuNPs and NCC-GAT
2@AuNPs as 

catalysts. 
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times slower than NCC-GAT
2@AuNPs and about eight times slower than the more 

active catalyst NCC-GAT
0@AuNPs. Since no significant difference in the gold loading 

between NCC-GAT
2@AuNPs and GAT

2@AuNPs was observed (14% in both cases), a 
higher activity of NCC-GAT

2@AuNPs could be attributed to the smaller diameter of 
AuNPs supported on NCC-GAT

2 (3.7 ± 1.2 nm) rather than GAT
2 (7.5 ± 1.4 nm), 

which in turn corresponds to a higher active surface area. Comparing the catalytic 
performances of the various NCC-GAT

n@AuNPs hybrids we found TOFs of 608, 367 
and 247 h-1 for NCC-GAT

0@AuNPs, NCC-GAT
1@AuNPs and NCC-GAT

2@AuNPs 
respectively. That clearly shows that AuNPs stabilized with lower generation 
dendrons are the best performant catalysts. This is possibly due to the fact that 
smaller dendrons resulted in less hindered AuNPs, and subsequently, more available 
for catalysis. 

From these results, it is clear that our NCC-GAT
n catalysts improve the catalytic 

performance obtained with unsupported AuNPs only stabilized by PAMAM dendron 
(GAT

2@AuNPs). Furthermore, the best performance was obtained using the lowest 
generation of dendron attached to NCC-GAT

0@AuNPs, whereas with such low 
generation, the corresponding free dendron was not even able to stabilize AuNPs. 
This permits to minimize the steps of dendrimer growth reactions necessary to obtain 
stable AuNPs. 

Our best performant catalysts also compares favorably with other AuNPs catalysts 
reported in literature for the reduction of 4-NP. As it has been shown in the 
introduction, TOF values of 90 h-1 can be found for AuNPs of around 15 nm 
stabilized by hyperbranched polymer. For supported AuNPs, a TOF of ~12 h-1 was 
obtained when AuNPs of 8-25 nm were embedded in a graphene-based hydrogel, or 
484 h-1 when the support was graphene oxide (GO) for AuNPs diameter of 3- 7 nm. 
Our system also improves the value of 109 h-1 obtained with AuNPs of 10 – 30 nm 
supported on NCC. The better activity of our catalysts compared with these 
examples can be attributed, depending on the case,  either to a smaller diameter of 
our AuNPs, or to a better exposure of the NPs surface to the reaction medium.  

RecyclabilityRecyclabilityRecyclabilityRecyclability    

As it has been commented in the introduction, for the development of a sustainable 
catalysts, apart from a high TOF value, it is decidedly desirable the possibility to 

Table 6. Kinetic data for the different catalysts tested. 

Catalyst kapp (s-1) r2 TOF (h-1) 

GAT
2@AuNP

s 
7.8x10-4 0.8152 78 

NCC-G 

AT
0@AuNPs 

2.8x10-3 0.9474 608 

NCC-G 

AT
1@AuNPs 

3.8x10-3 0.9787 367 

NCC-G 

AT
2@AuNPs 

5.4x10-3 0.9897 247 

 



Results and discussion 115 

reuse the catalyst without loss of activity for as long as possible. To verify the 
stability and recyclability of our catalysts, we reloaded the exhausted reaction 
medium with fresh aliquots of 4-NP. We tested the recyclability for 5 times and each 
time the reaction restarted with efficiency even higher than the first cycle (Figure 
27). This observation, which holds also for the GAT

2@AuNPs reference material, will 
require further investigation to assess if it is due to some morphological modifications 
of the hybrids or to a partial releasing of AuNPs in the reaction media. In this latter 
case, the NCC-GAT

n@AuNPs hybrids (and to a lesser extent also GAT
n@AuNPs) 

would play a role of a sponge releasing the active catalyst in the reaction medium. 
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Figure 27. UV-Vis spectra monitoring absorbance at 400 nm vs. time (s) during 5 

cycles of catalysis using NCC-GAT
0@AuNPs (a), NCC-GAT

1@AuNPs (b), NCC-

GAT
2@AuNPs (c) and GAT

2@AuNPs (d). 
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3.4. Conclusions 

In summary, a new series of hybrid materials composed of cellulose nanocrystals 
functionalized with PAMAM dendrons was synthesized and fully characterized. FT-
IR, Kaiser test and XPS spectroscopy confirmed the covalent grafting of dendron 
moieties onto the nanocellulose surface. These novel materials were used as scaffold 
for the in situ preparation of gold nanoparticles (AuNPs). 

By this way it was possible to obtain well-dispersed AuNPs, stable as aqueous 
suspension for months. The nanocellulose support permitted to obtain AuNPs with 
PAMAM dendrons of generations lower than that normally required for dendrons 
alone, avoiding the long synthesis and purification steps of dendrimer growth. The 
new materials obtained were evaluated as catalysts in the reduction of 4-NP, showing 
an enhancement in the activity compared to the non cellulose system GAT

2@AuNPs 
or other supported AuNPs. Moreover, the recyclability and stability of the catalysts 
were tested by recharging fresh reactants: every time they were consumed, up to 5 
cycles, with no loss of activity. From these pieces of evidence, we can conclude that 
the hybrid materials NCC-GAT

n@AuNPs are promising catalysts, easy to scale-up and 
recycle by simple filtration or centrifugation. 

On the basis of these results, our system could be extended to other Au catalyzed 
reactions towards the development of innovative catalysts for industrially relevant 
applications. 
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3.5. Experimental details 

3.5.1. Chemicals. 

 All reagents and solvents were used as received or purified using standard 
procedures. Milli-Q water was used in all experiments (System MilliQ plus). 
Microcrystalline cellulose Avicel® powder was purchased from Aldrich and used 
without further purification.  

3.5.2. Techniques 

The optical properties were carried out by UV-Vis-NIR spectroscopy with a Cary 
5000 spectrophotometer using 10 mm path length quartz cuvettes.  

Infrared analyses were performed using a Fourier-transform infrared (FT-IR) 
spectrometer (Perkin-Elmer 2000) by the method of KBr pellets.  

Thermal analyses were performed on TGA Q5000IR (TA Instruments) under N2 or 
air, by equilibrating at 50 °C, and following a ramp at 10°C/min up to 600 ºC in (N2) 
and 700-800 °C (in air), (approximately 1 mg of each compound).  

TEM analyses were performed either on a TEM Philips EM208 or on a Tecnai G2 
FEI – 100kV microscope. Samples were prepared by drop casting from dispersion 
onto a TEM grid (200 mesh, nickel, carbon only), followed in some cases by staining 
with a 2 wt% uranyl acetate solution and the images where analysed with the help of 
Fiji package for size measurements. 

XPS experiments were performed in a SPECS Sage HR 100 spectrometer with a non 

monochromatic X ray source (Magnesium Kα line of 1253.6 eV energy and a power 
applied of 250 W and calibrated using the 3d5/2 line of Ag with a full width at half 
maximum (FWHM) of 1.1 eV. An electron flood gun was used to compensate for 
charging during XPS data acquisition. The selected resolution was 30 and 15 eV of 
Pass Energy and 0.5 and 0.15 eV/step for the survey and high resolution spectra, 
respectively. All Measurements were made in an ultra-high vacuum (UHV) chamber 
at a pressure around 8•10 8 mbar. In the fittings Gaussian Lorentzian functions were 
used (after a Shirley background correction) where the FWHM of all the peaks were 
constrained while the peak positions and areas were set free.  

NMR spectra were obtained on a Varian Inova spectrometer (500 MHz 1H and 125 
MHz 13C) or on a JEOL Eclipse 400FT (400 MHz 1H). Chemical shifts are reported 

in ppm using the solvent residual signal as an internal reference (CDCl3: δH = 7.26 
ppm, δC = 77.23 ppm; CD3OD: δH = 3.31 ppm, δC = 49 ppm). The resonance 
multiplicity is described as s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet), br (broad signal). ESI-MS (5600 eV; MeOH) were performed on a 
Perkin-Elmer API1. 

3.5.3. Synthesis of PAMAM dendrons 

Synthesis of GET
0. 1 g of  propargylamine (18 mmol, 1 eq.) was dissolved in 

methanol (20 mL) and cooled to 0 ºC. 6.57 mL of methyl acrylate (72 mmol, 4 eq.) 
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were added dropwise to the solution and then the mixture was allowed to reach room 
temperature and stirred for 48h. Solvent and excess of methyl acrylate were 
evaporated under reduced pressure. The resulting oil was diluted with 20 mL of 
methanol and the methanol was evaporated under reduced pressure to remove all 

traces of methyl acrylate. After repeating this operation 3 times, GET
-0.5 was obtained 

as a brown oil (4 g, 97%). 1H NMR (500 MHz, CDCl3) δ: 3.66 (s, 6H, 2xOCH3), 
3.41 (d, 2H, J = 2.4 Hz, CH2), 2.83 (t, 4H, J = 7.1 Hz, 2xCH2), 2.46 (t, 4H, J = 7.1 

Hz, 2xCH2), 2.19 (t, 1H, J = 2.4 Hz, CH). 13C NMR (125 MHz, CDCl3) δ: 172.6, 
77.9, 73.9, 51.6, 48.9, 41.8, 32.9. IR υ: 3280, 2960, 2840, 1736 (C=O), 1439, 843 cm-1. 
ESI-MS m/z: 227.9 [M+H+], 249.9 [M+Na+].  

Synthesis of GAT
0. GET

0  (2 g, 8.8  mmol, 1 eq.) was dissolved in 20 mL of 
methanol. Then 3 mL of ethylenediamine (44 mmol, 5 eq.) were added and the 
mixture stirred at room temperature for 3 days. Solvent and excess of ethylendiamine 
were removed by evaporation under reduce pressure and traces of ethylendiamine 
were removed by azeotropic distillation in a mixture toluene/methanol (9:1) to give 

GAT
0 as a yellow oil (2.4 g, 96 %). 1H NMR (400 MHz, CD3OD) δ: 3.45 (d, 2H, J = 

2.3 Hz, CH2), 3.24 (t, 4H, J = 6.3 Hz, 2xCH2), 2.81 (t, 4H, J = 6.8 Hz, 2xCH2), 2.71 
(t, 4H, J = 6.3 Hz, 2xCH2), 2.62 (t, 1H, J = 2.3 Hz, CH), 2.37 (t, 4H, J = 6.7 Hz, 

2xCH2). 13C NMR (125 MHz, CD3OD) δ: 173.8, 77.3, 73.7, 49.1, 40.4, 38.4, 34.9, 
33.3. IR υ: 3269 (NH2), 1641, 1556 cm-1. ESI-MS m/z: = 284.1 [M+H+], 306.1 
[M+Na+]. 

Synthesis of GET
1. This compound was prepared from GAT

0 (1.7 g, 6 mmol, 1 eq.) 
and methyl acrylate (3.26 mL, 36 mmol, 6 eq.) using the same procedure described 

for  GET
-0.5. GET

0.5 was obtained as a yellow oil (3.6 g, 97 %). 1H-NMR (400 MHz, 
CDCl3) δ: 3.65 (s, 12H, 4xOCH3), 3.45 (d, 2H, J = 2.5 Hz, CH2), 3.24 (t, 4H, J = 6.0 
Hz, 2xCH2), 2.84 (t, 4H, J = 6.0 Hz, 2xCH2), 2.75 (t, 8H, J = 6.0 Hz, 4xCH2), 2.42 
(t, 8H, J = 6.0 Hz, 4xCH2), 2.37 (t, 4H, J = 6.0 Hz, 2xCH2), 2.17 (t, 1H, J = 6.0 Hz, 

CH).  13C NMR (125 MHz, CDCl3) δ: 173.0, 171.9, 77.9, 73.4, 53.0, 51.6, 49.7, 49.3, 

41.2, 37.1, 33.9, 32.7. IR υ: 3500-3400 (broad), 1736 (C=O), 1650, 1550 cm-1. ESI-

MS, m/z: = 628.3 [M+H+], 650.3 [M+Na+], 666.3 [M+K+]. 

Synthesis of GAT
1. This compound was prepared from GET

1 (2.2 g, 3.53 mmol, 1 
eq.) and  ethylenediamine (2.5 mL, 35.3 mmol, 10 eq.) using the same procedure 

described for  GAT
0. GAT

1 was obtained as a yellow oil (2.6 g, > 99 %).1H NMR 
(400 MHz, CD3OD) δ: 3.45 (d, J = 2.5 Hz, 2H, CH2), 3.25 (t, 12H, J = 6.5 Hz, 
6xCH2), 2.83-2.71 (m, 20H, 10xCH2), 2.63 (bs, 1H, CH), 2.57 (t, 4H, J = 6.6 Hz, 

2xCH2), 2.38-2.31 (m, 12H, 6xCH2). 13C NMR (125 MHz, CD3OD) δ: 173.9, 173.1, 
77.4, 73.8, 52.2, 52.0, 49.7, 49.2, 40.5, 40.3, 37.2, 33.5, 33.3. IR υ: 3400 (NH2), 1645, 
1555, 1018 cm-1. ESI-MS, m/z: = 740.5 [M+H+], 762.5 [M+Na+]. 

Synthesis of GET
2. This compound was prepared from GAT

1 (1.5 g, 2.03 mmol, 1 
eq.) and methyl acrylate (1.83 mL, 20.3 mmol, 10 eq.) using the same procedure 

described for  GET
-0.5 . GET

1.5 was obtained as a yellow oil (2.8 g, 96 %). 1H NMR: 

(500 MHz, CDCl3) δ: 3.65 (s, 24H, 8xOCH3), 3.45 (bs, 2H, CH2), 3.35-3.24 (m, 12H, 
6xCH2), 2.84-2.77 (m, 12H, 6xCH2) 2.74 (t, 16H, J = 5.5 Hz, 8xCH2), 2.56-2.50 (m, 
12H, 6xCH2), 2.42 (t, 16H, J = 6.0 Hz, 8xCH2), 2.39-2.33 (m, 12H, 6xCH2), 2.19 (bs, 

1H, CH). 13C NMR (125 MHz, CD3OD) δ: 173.0, 172.3, 172.1, 77.8, 73.5, 52.9, 52.1, 
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51.6, 49.9, 49.2, 48.7, 41.0, 39.4, 38.9, 37.2, 33.8, 32.6. IR υ: 3400 (broad), 1736, 
1645, 1555, 1018 cm-1. ESI-MS, m/z: 1429.6 [M+H+], 1451.1 [M+Na+]. 

Synthesis of GAT
2. This compound was prepared from GET

2 (1 g, 0.7 mmol, 1 eq.) 
and ethylenediamine (1 mL, 14 mmol, 20 eq.) using the same procedure described for  

GAT
0. GAT

2 was obtained as a yellow oil (1.1 g, 95 %).1H NMR: (400 MHz, CD3OD) 

δ: 3.47 (bs, 2H, CH2), 3.35-3.11 (m, 24H, 12xCH2), 2.90-2.63 (m, 52H, 26xCH2), 2.64-
2.48 (m, 13H, CH, 6xCH2), 2.47-2.25 (m, 24H, 12xCH2). 13C NMR (125 MHz, 
CD3OD) δ: 173.9, 173.4, 172.9, 76.9, 73.9, 53.2, 52.0, 51.6, 50.9, 49.7, 49.3, 45.1, 41.0, 
40.5, 38.6, 37.2, 33.4, 31.8.  IR υ: 3400 (NH2), 1645, 1555, 1018 cm-1. ESI-MS, m/z: 
= 1653.1 [M+]. 

 

Figure 28. 1H-NMR spectra of GET
0, GET

1 and GET
2 in CDCl3. 

 

 
Figure 29. 1H-NMR spectra of GAT

0, GAT
1 and GAT

2 in CD3OD. 
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Figure 30. 13C-NMR spectra of GET

0, GET
1 and GET

2 in CDCl3. 

 

 
Figure 31. 13C-NMR spectra of GAT

0, GAT
1 and GAT

2 in CD3OD. 

 

3.5.4. Synthesis of NCC-based materials 

Synthesis of nanocrystalline cellulose (NCC): NCC was prepared following the 
procedure described in Chapter 2.  

Synthesis of NCC-OMs: Dried NCC (1.6 g) was grinded and dispersed in a 
mixture of anhydrous pyridine (80 mL) and DMSO (8 mL) by sonicating in an ice 
bath for 4 hours.  The suspension was cooled to 0 ºC in a Pyrex tube and mesyl 
chloride (15.2 mL, 0.2 mol) was slowly added. Color changed immediately from white 
to yellow, and shortly after dark brown. The mixture was allowed to reach room 
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temperature and stirred for 24 hours. Then, the mixture was filtered on a Millipore 

membrane (JVWP 0.1 µm) and extensively washed with ethanol and then with water 
to give NCC-OMs as a dark brown solid (1.14 g, 71%). 

Synthesis of NCC-N3: NCC-OMs (1.1 g) was dispersed in DMF by sonicating for 
45 minutes.  Sodium azide  (1.1 g, 0.017 mol) was  added in small portions and the 
mixture was heated to 50 ºC and kept under stirring  for 3 days. After cooling down, 

the mixture was filtered on a Millipore membrane (JVWP 0.1 µm) and extensively 
washed with ethanol and then with water to give NCC-N3 as a pale brown solid (820 
mg, 75%). 

Synthesis of NCC-GET
0: NCC-N3 (160 mg) was dispersed in 160 mL of water by 

sonicating for 45 minutes. Dendron GET
0 (113 mg, 0.5 mmol) was dissolved in 8 mL 

of THF and added to NCC-N3 under stirring. Copper sulfate (14.46 mg, 0.06 mmol) 
and L-ascorbate (43 mg, 0.21 mmol) were dissolved in 5 mL of water and added to 
the mixture. The mixture was stirred at r.t. for 3 days and then filtered on a 

Millipore membrane (JVWP 0.1 µm) and extensively washed with water, THF and 
methanol to give NCC-GET

0 as a pale brown solid (133 mg, 86%).  

Synthesis of NCC-GAT
0: NCC-GET

0 (90 mg) was dispersed in methanol (100 mL) 
by sonicating for 30 minutes. Ethylene diamine (1 mL, 55 mmol) was dissolved in 
methanol (100 mL) and was added dropwise to the suspension. The mixture was 
stirred at r.t. for 5 days. Then, the suspension was filtered on a Millipore membrane 

(JVWP 0.1 µm) and extensively washed with water until neutral pH to give NCC-
GAT

0 as a brownish solid (66 mg, 73%). 

Synthesis of NCC-GET
1: This compound was prepared from NCC-N3 (160 mg), 

dendron GET
1 (313 mg, 0.5 mmol), copper sulfate (14.46 mg, 0.06 mmol) and L-

ascorbate (43 mg, 0.21 mmol) using the same procedure described for  NCC-GET0. 
NCC-GET

1 was obtained as a pale brown solid (157 mg, 98%).  

Synthesis of NCC-GAT
1: This compound was prepared from NCC-GET1 (100 mg) 

and ethylene diamine (1 mL, 55 mmol) using the same procedure described for NCC-
GAT

0. NCC-GAT
1 was obtained as a brownish solid (66 mg, 66%). 

Synthesis of NCC-GET
2: This compound was prepared from NCC-N3 (160 mg), 

dendron GET
2 (714 mg, 0.5 mmol),  copper sulfate (14.46 mg,  0.06 mmol) and L-

ascorbate (43 mg, 0.21 mmol) using the same procedure described for  NCC-GET
0. 

NCC-GET
2 was obtained as a pale brown solid (118 mg, 74%).  

Synthesis of NCC-GAT2: This compound was prepared from NCC-GET
2 (90 mg) 

and ethylene diamine (1 mL, 54 mmol) using the same procedure described for NCC-
GAT0. NCC-GAT

2 was obtained as a brownish solid (69 mg, 77%). 

Gold Nanoparticles (AuNPs) supported on NCC-GAT
n. In a typical 

experiment, 5 mL of NCC-GAT
n (1 mg•mL-1) dispersion in MilliQ water was added 

to 14.79 mL of MilliQ water in a vial of 20 mL. HAuCl4  (10 mM, 0.2 mL) and then 

NaBH4  freshly prepared solution in NaOH 0.3 M (1M, 10 µL)  were added to the 
solution  in sequence and the vial was then sealed. The mixture was stirred for 1 hour 
at room temperature and without light. Solutions changed color first to yellowish due 
to the HAuCl4 salt, and shortly after to different intensities of red. Suspension was 
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kept on the bench for one day to observe the presence of precipitate. Then, the 
supernatant was filtered and cleaned with water and kept under argon. 

3.5.5. Synthesis of AuNPs 

Gold Nanoparticles (AuNPs) stabilized with PAMAM dendrons GAT
0- 

GAT
2: In a typical experiment, 1 mL of dendron GAT

2 (10 mM) solution in MilliQ 
water was added to 17.425 mL of MilliQ water in a vial of 20 mL. HAuCl4 (10 mM, 

1.5 mL) and then freshly prepared NaBH4 solution in NaOH 0.3 M (1 M, 10 µL) were 
added to the solution. The vial was then sealed and the mixture stirred for 1 hour at 
room temperature and without light. Solutions changed color first to yellowish due to 
the HAuCl4 salt, and shortly after to different intensities of red. For GAT

0 and GAT
1, 

molar ratios were adjusted in order to keep the same NH2:Au3+ ratio. After 48 hours, 
all gold had completely precipitated in the case of dendrons GAT

0 and GAT
1, while 

GAT
2 presented a pale pink color due to the presence of gold nanoparticles. 

Supernatant was kept under argon. 

3.5.6. Catalysis 

Catalysis. In a typical experiment, an aqueous suspension of NCC-GATn@AuNPs 
nanohybrids, or GAT2@AuNPs (30 µL, total Au content: 0.01-0.02 µmol) was added 
to a solution mixture (3 mL) consisting of 4-nitrophenol (4-NP) (0.12 mM) and 
NaBH4 (38.1 mM) and the reaction was monitored by UV-Vis spectroscopy. 

Recyclability tests. In a typical experiment, an aqueous suspension of NCC-
GAT

n@AuNPs nanohybrids, or GAT
2@AuNPs (30 µL, total Au content: 0.01-0.02 

µmol) was added to a solution mixture (3 mL) consisting of 4-nitrophenol (4-NP) 
(0.12 mM) and NaBH4 (38.1 mM). Absorbance at 400 nm was constantly monitored 
and fresh aliquots (50 µL of 4-NP 7 mM and NaBH4 2.3 M) were added to the 
consumed medium in order to replenish the initial concentration of 4-NP and keep 
the excess of NaBH4. This process was repeated 5 times. 
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(PDT)(PDT)(PDT)(PDT)    

4.1. Introduction 

The therapeutic properties of light have been known for thousands of years. Ancient 
Egyptian, Indian and Chinese civilizations used light to treat various diseases, 
including psoriasis, rickets, or vitiligo.1 At the end of the nineteenth century, Niels 
Finsen found that red-light exposure avoided the formation and discharge of smallpox 
pustules and could be used to treat this disease and he also used ultraviolet light 
from the sun to treat cutaneous tuberculosis. These findings granted Finsen the 
Nobel Prize in 1903. More than 100 years ago, researchers also observed that a 
combination of light and certain chemicals could induce cell death.2 Experiments to 
test combinations of reagents and light led to modern photodynamic therapy (PDT).3  

4.1.1. Photodynamic therapy (PDT) 

PDT combines two individually non-toxic components that are combined to induce 
cellular and tissue effects in an oxygen-dependent manner.4 The first component of 
PDT is a photosensitizer (PS): a light-absorptive molecule that localizes to a target 
cell and/or tissue. The second component involves the administration of light of a 
specific wavelength that activates the photosensitizer.5 Most PS have two electrons 
with opposite spins located in an energetically lower energy orbital, the so-called 
highest occupied molecular orbital (HOMO), in their ground state. Absorption of a 
light photon induces an excited singlet state of the PS by promoting one electron 
with unchanged spin to a higher energy obital, called the lowest unoccupied 
molecular obital (LUMO). This excited singlet has a short lifetime and emits excess 
energy as fluorescence, heat, or undergoing an intersystem crossing (ISC). This ISC 
takes place by inverting spin of one electron to form a relatively long-lived triplet 
state (Figure 1).  

The PS excited triplet can follow different processes.6 One possibility is simply decay 
to the ground state. Alternatively, it can survive long enough to gain or donate and 
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electron from neighboring molecules forming a radical. Subsequent electron donation 
from the PS radical anion to oxygen can produce a variety of oxygen radical species, 
namely superoxide, hydroxyl radicals and hydroperoxides. This reaction is known as 
a Type I process. A Type II process occurs when the triplet state transfers its energy 
to molecular oxygen O2 (ground triplet state) and produce excited state singlet 
oxygen (1O2). Singlet oxygen, superoxide, hydroxyl radicals and hydroxyperoxides are 
commonly referred to as reactive oxygen species (ROS), which are responsible for 
cytotoxicity in PDT (Figure 1). Therefore, the efficient ISC process giving a high 
quantum yield of triplet state is essential for the generation of ROS. However, no 
clear relationship has been established between the efficiency of ISC and the chemical 
structure. 

PDT is known to provoke tumor destruction through three different mechanisms.8 In 
the first case, the ROS that are generated by PDT can kill tumour cells by damaging 
multiple cellular organelles and processes, which can ultimately disrupt normal 
physiology.9 For example, ROS are involved in lipid peroxidation, a process that has 
been linked to cell death through effects on cellular phospholipids (major cell 
membrane components) through activation of sphingomyelinase and release of 
ceramide, which activates apoptosis.10 ROS can also cause direct injury to proteins, 
and nucleic acids, leading to cell death. Protein oxidation and nitrosylation (carbonyl, 
nitration, and nitrotyrosine formation) can impair a wide variety of enzymatic 
processes and growth factors that can result in marked cellular dysfunction, whereas 
nucleic acid oxidation has been linked with physiologic and premature aging as well 
as DNA strand breaks, leading to necrosis and/or apoptosis.11 PDT also damages the 
tumour-associated vasculature, leading to tumour infarction.12 Finally, PDT can 
activate an immune response against tumour cells.13 These three mechanisms can also 
influence each other. The relative importance of every individual process in the 
overall tumour response has not been clarified yet, but a combination of all these 
components is necessary for long-term tumour control. 

 

Figure 1. Jablonski's energy level diagram for photodynamic therapy.7  
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These reactions occur in the immediate surroundings of the light-absorbing 
photosensitizer. Thus the biological response to the photosensitizer is activated only 
in the particular areas of tissue that have been exposed to light. Therefore, selectivity 
can be achieved controlling therapeutic gradient of photosensitizer concentration 
between tumor and normal tissues and precise delivery of light exposure within the 
tumor.14 In general, PDT has several advantages over other more aggressive cancer 
therapies: PDT shows no long-term side effects when an effective PS is employed; it 
is a minimally-invasive procedure; treatments can be repeated at the same site if 
needed; PDT can be less costly than other cancer treatments and irradiation sessions 
are sufficiently short to allow treatment as an outpatient.15 However, PDT presents 
limitations such as non-specific cellular uptake of PS by normal cells and short light 
penetration depth. Because its action occurs only at areas reachable by the light, the 
only sites of tumors treated by PDT are the lining of organs or just under the skin. 
However, recent developments in fiber-optic systems have spread the applicability of 
this technique to any endoscopically accessible tumors, including lung cancer, 
superficial gastric cancer, and even head and neck cancer.15,16 

4.1.2. Photosensitizers in PDT 

Some required features for a good photosensitizer are the presence of low levels of 
dark toxicity and large absorption bands in red or near-infrared regions of the 
spectrum, more precisely, in the so-called optical window (600 – 900 nm) for a better 
penetration of light (Figure 2). The reason for strong absorption bands is to help 
minimizing the dose needed to achieve the desired effect. PS should as well have high 
triplet and singlet oxygen quantum yields. 

The most extensively studied photosensitizers so far are porphyrins,18 which were 
identified in the mid-nineteenth century. The name "porphyrin" comes from the 
Greek word porphyra, meaning purple, and many pigments or dyes belong to this 
group of molecules, of which well-known examples are chlorophyll and hemoproteins. 

These derivatives are based in a tetrapyrrole aromatic nucleus, with a 22 π electron 

 

Figure 2. The propagation of light of different wavelengths in 

the tissues.17 
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system, responsible for their main absorption band at around 400 nm, known as Soret 
band, and a set of progressively less intense absorption bands as the spectrum goes to 
red wavelengths, known as the Q-bands. Other synthetic PS based on conjugated 
pyrrolic rings have been developed, as for example texaphyrins, porphycenes19 and 
phthalocyanines.20 The most accepted porphyrin based PS is probably Photofrin® (a 
mixture of oligomers formed by ether and ester linkages of up to eight porphyrin 
units), which currently approved for clinical use in more than 40 countries.18 
Nonetheless, to date there is no perfect PS that meets all the characteristics of an 
ideal PS.  

4.1.3. Fullerene (C60) as photosensitizer 

Carbon fullerenes such as C60 have been at the center of the recent prosperity in 
nanoscale science and engineering. C60 consists of 60 carbon atoms arranged in 20 
hexagons and 12 pentagons that form a perfectly symmetrical cage structure, 

approximately 1 nm in size. The symmetry and conjugated π-bond system of C60  
results in a number of unique properties, including high reactivity to nucleophiles and 
electron affinity.21 

The reason why fullerenes are seen as potential PDT agents is that they possess some 
of the characteristics that make them well suited as photosensitizing drug. 
Production of singlet oxygen by fullerenes is known to occur with quantum yields up 
to 0.95.22 In addition, fullerenes are highly stable toward oxidation, a valuable 
characteristic that makes fullerenes almost immune to photobleaching compared with 
tetrapyrroles and synthetic dyes.21 

Unfortunately, the extended π conjugated system, also renders pristine C60 highly 
hydrophobic and therefore insoluble in water and biological media, where it forms 
nano-aggregates that prevent its efficient photoactivity.23 This supposes a major 
limitation for their application as drugs in biomedicine. However, when fullerenes are 
derivatized by introducing some functional groups to render them more soluble in 
water and biological media, their biological usefulness is markedly improved.24 
Different hydrophilic groups (Figure 3a), such as amphiphilic or hydrophilic side 
chains (Figure 3b)25, or fused ring structures have been covalently attached to the 
spherical C60 core. Grafting of fullerenes onto dendrimers has been also proven to be a 
successful strategy (Figure 3c and d).26,27  

Although water-solubility issue has been addressed by the functionalization of 
fullerene with hydrophilic groups, new problems might arise from this approach such 
as aggregation and clustering, together with singlet oxygen quantum yield decreasing 

due to perturbation of the fullerene π-system as a result of functionalization.28 This 
latter problem could be mitigated through the formation of complexes between 
fullerenes and water-soluble hosts. 29,30 β-Cyclodextrin–[60]fullerene complexes can be 
achieved in a mixed organic solvent system containing DMF and toluene (typically 
50–90% DMF, v:v), and subsequently removing the organic solvents and adding 
distilled water (Figure 3f). Furthermore, C60 embbeded in liposomes may be obtained 

using an exchange reaction between γ-cyclodextrin–[60]fullerene complex and 
different liposomes by heating at 80 ºC for 1 h (Figure 3f).31 On the other hand, it 
has been recently shown that aqueous suspensions of fullerene nanoparticles with 
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concentrations up to 100 mg/L can be produced by various techniques, such as 
solvent exchange and prolonged stirring.32 Finally, fullerenes have been physically 
embedded into solid matrices such as molecular sieves, zeolites, as well as covalently 
attached to mesoporous silica materials.33  

Another important disadvantage is the main optical absorption band of fullerenes in 
the blue and green regions, whereas the absorption spectra of tetrapyrrole PS other 
than porphyrins have been designed to have substantial absorption peaks in the red 
or far-red regions of the spectrum. For PS to be useful in vivo it is considered that 

a

 

b

 

c d

 

e 

 

f 

 
Figure 3. Schematic representation of strategies for solubilizing fullerenes: covalent 

functionalization with carboxylic groups (a),34 polar chains (b) dendrimers (c, d),26,27

complexation with cyclodextrins (e),35 liposomes (f).36  
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the light used to excite them should be in the red/near-infrared spectral regions 
where scattering and absorption of light by tissue is minimized. This unfavorable 
feature of fullerenes may be addressed following different approaches, such as 
covalent attachment of light-harvesting antennae to fullerenes,37 optical clearing 
agents38 or by applying two-photon excitation where two near-infrared photons are 
simultaneously delivered to be equivalent to one photon of twice the energy.39  

4.1.4. In vitro PDT with fullerenes (C60) 

Phototoxicity using fullerenes have been widely studied in vitro. The first example of 
phototoxicity with fullerenes tested in vitro dates back to 1993, when Tokuyama et 
al. prepared a series of carboxylic acid fullerene derivatives and investigated their 
phototoxic response against (human cervical carcinoma) HeLa cells.40 No toxicity was 
found in the dark when cells were incubated with the carboxylic acid functionalized 
C60 derivative, whereas cell growth inhibition was observed when cells were irradiated 
with fluorescent light (6 W) for 1 h every 24 h. When  Burlaka et al. tested pristine 
C60 in water at a concentration of 10-5 M against Ehrlich carcinoma cells or rat 
thymocytes, finding a decreasing in the number of viable cells of 67 and 58 %, 
respectively.41 In another study, the phototoxic effects of two water soluble C60 
derivatives, a dendritic C60 monoadduct and a malonic acid tris-adduct was 
investigated on Jurkat cells. Cells were irradiated under UVA (400-320nm) or UVB 
(320-290nm) light, and tris-malonic C60 derivative exhibited better phototoxicity 
despite generating singlet oxygen in lower yield.42 Mroz et al. compared the 
photodynamic activity of six functionalized fullerenes with one, two or three 
hydrophilic or cationic groups on three mouse cancer cell lines. They found that 
effectiveness was inversely proportional to the degree of substitution and a mono-
pyrrolidinium C60 derivative induced apoptosis within 4/6 h after illumination.43 More 
recently, Li et al. demonstrated C60 amino acid nanoparticles to be the most active 
photosensitizer against human liver cancer cells and induced cancer cells apoptosis 
after illumination, while these derivatives exhibited no significant cytotoxicity in the 
dark. Furthermore, when a ROS probe was added diffuse intracellular fluorescence 
was generated, suggesting phototoxicity was related with the generation of 
intracellular ROS.44 In a different work, a water-soluble fullerene–glycine derivative 
was prepared, which self-assembled into nanospheres. This derivative showed 
cytotoxicity against HeLa cells upon irradiation of light in a dose dependent manner, 
whereas no cell inhibition was observed in total darkness for a fullerene–glycine 
derivative concentration >100 µg/mL.45 

In some other cases, drug delivery vehicles have been employed with C60. Ikeda et al. 
work, incorporated C60 into a lipid-membrane as drug carrier. Intracellular uptake in 
HeLa cells was found to induce cell death under visible light irradiation at high 
efficiency. Illumination with 136 J/cm2 350–500 nm light killed 85% of cells in the 
case of cationic liposomes and apoptosis was demonstrated.31 In a similar approach, 
Akiyama et al. solubilized unmodified C60 using various types of polyethylene glycol 
(PEG)-based block copolymer micelles. These complexes were studied in HeLa cancer 
cells, where the cationic block copolymer micelles delivered C60 into the cell and 
phototoxicity was observed under photoirradiation.46  
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4.1.5. In vivo PDT with fullerenes (C60) 

In 1997, Tabata et al. were the first to report PDT in vivo with fullerenes (C60)47 
They modified C60 with polyethylene glycol (PEG), not only to make it soluble in 
water, but also to enlarge its molecular size. When injected intravenously in mice 
carrying tumor masses, the C60-PEG conjugate exhibited higher accumulation and 
more prolonged retention in the tumor than in normal tissue. The conjugate was 
excreted without being accumulated in any specific organ. Moreover, the antitumor 
effect increased with increasing irradiation power and dose, and cures were obtained 
at a dose of 424 µg/kg at a fluence of 107 J/cm2. 

In another study, Otake et al. prepared a set of C60–glucose conjugates to render C60 
tumor specific, since it is known that glucose receptors are overexpressed in tumor 
cells. The cytotoxicity was studied in several cancer lines cultured with C60-glucose 
conjugates and subsequently irradiated with UVA1 light (340 to 400 nm). In addition, 
tests in vivo were carried out on melanoma bearing mice. PDT with the 
glycoconjugated fullerene exhibited no significant cytotoxicity against normal 
fibroblasts, indicating that PDT with these compounds targeted cancer cells.48 In a 
more recent study, Li et al. tested 5-aminolevulinic acid-(5-ALA) loaded fullerene 
(C60) nanoparticles (C60-5-ALA) on tumor-bearing mice models. After intravenous 
injection or C60-5-ALA, a significant accumulation in tumor and excellent PDT 
efficacy were observed. C60-5-ALA at a dose of 30 mg/kg resulted in a significant 
delay of tumor growth after irradiation with 630 nm laser.49 Shi et al. developed a 
multi-functional system in which they combined C60 as PS for PDT with magnetic 
iron oxide nanoparticles (IONPs) for radiofrequency thermal therapy (RTT).50 An 
enhancement of the PDT effect was observed due to the synergestic effect of the 
radiofrequency thermal therapy. In vivo, PDT and RTT treatments induced 62% and 
37% apoptosis, respectively. Combined RTT and PDT increased this rate up to 96%. 

4.1.6. Fullerenes (C60) uptake and biodistribution 

It is considered that for any PS to produce cell killing, it is crucial that it is taken up 
inside the cell, as the production of ROS outside of it would not be in enough 
concentration for this purpose, unless it would be produced in extremely large 
amounts.15 Despite fullerenes have been widely used for PDT, little information can 
be found about their biodistribution and interaction with different intracellular 
organelles. The main reason for this fact relays in their lack of fluorescence, in 
contrast to the vast majority of other PS. This fact hampers the examination of the 
intracellular uptake and subcellular localization of fullerenes. However, some other 
strategies have been proposed for the tracking of C60 into cells. Scrivens et al. were 
the first to demonstrate its uptake by human keratinocytes in tissue culture by 
preparing a radiolabeled fullerene.51 In serum-free medium they found a time and 
concentration dependent uptake. Another group used indirect immunofluorescence 
staining with antibodies that recognize fullerenes and other organelle probes to show 
that a dicarboxylic acid derivative was localized in mitochondria and other 
intracellular membranes.52 Lucafò et al. studied the cytotoxicity and mechanism of 
cellular uptake of a fluorescein bearing C60 derivative on human mammary carcinoma 
cells.53 They found that this compound was unspecifically internalized within 12 h 
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after treatment and distributed throughout the cytoplasm, avoiding nucleus and 
secretory granules. A recent paper described the use of energy-filtered transmission 
electron microscopy and electron tomography to visualize the cellular uptake of 
pristine C60 nanoclusters. When human monocyte-derived macrophages were 
examined, C60 was found in the plasma membrane, lysosomes and nucleus.54 
Nevertheless, it is still considerably challenging to collect good biodistribution data of 
fullerenes. 

4.1.7. Other photodynamic applications of fullerenes (C60) 

Apart from cancer treatment, ROS can also be applied in antimicrobial therapy, an 
emerging alternative strategy for destroying microorganisms. Singlet oxygen is also 
involved in wastewater treatment or the production of fine chemicals.55 

In particular, fullerenes have been used to inactivate enveloped viruses,56 bacteria and 
fungi.57 Tegos et al. demonstrated that the soluble functionalized fullerenes, were 
efficient broad spectrum antimicrobial PS, and could mediate photodynamic 
inactivation of various classes of microbial cells.58 Spesia et al. reported a 
fulleropyrrolidinium iodide that induced photodynamic inactivation of Escherichia 
coli (E. coli) in vitro.59 Lee et al. also showed that C60 derivatives efficiently 
inactivated E. coli and MS-2 bacteriophage (i.e. icosahedral, positive-sense single-
stranded RNA virus).60 In another work, Yin et al. used three highly water-soluble 
decacationic [60]fullerenyl malonate monoadducts (LC14, LC15 and LC16) to 
generate singlet oxygen after excitation by UVA or by white light and induce killing 
of pathogenic microbial cells (Gram-positive bacterium, methicillin-resistant 
Staphylococcus aureus (MRSA), Gram-negative bacterium Escherichia coli, and 
fungal yeast Candida albicans). LC15 was the most powerful broad spectrum 
antimicrobial photosensitizer followed by LC16, and LC14 was least powerful. Killing 
efficiency depended on both fullerene monoadduct concentration and light fluence.61 
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4.2. Aim of the work 

As already mentioned in the previous section, the outstanding performance of C60 as 
singlet oxygen PS is completely blocked in aqueous media due to its intrinsic 
hydrophobicity, hindering its application in PDT. Other works have successfully 
stabilized other hydrophobic PS molecules by covalently linking to NCC.62,63 Here we 
draw inspiration from them and set out to stabilize C60 with a similar strategy. 

Therefore, we could anticipate that the hydrophilic nature of oxidized nanocrystalline 
cellulose (see Chapter 2), together with its biocompatibility make it a convenient 
alternative to avoid aggregation of C60 in water. In this Chapter, the covalent linking 
of two fullerene derivatives onto ox-NCC cellulose will be described. The 
functionalization will be complemented with the simultaneous introduction of C60 and 
fluorophore moieties onto ox-NCC, in a one-step reaction. In this way, the presence 
of the fluorescent label will serve to further study the uptake of the PS into cells. 
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4.3. Results and discussion 

4.3.1. Synthesis and characterization of NCC-C60 derivatives 

 Nanocrystalline cellulose (NCC) was produced by hydrolysis of microcrystalline 
cellulose and subsequently oxidized as already described in Chapter 2.The oxidized 
nanocellulose used here corresponds to ox-NCC_3, and will henceforth be referred to 
as ox-NCC. The extent of carboxylic groups on ox-NCC was quantified by 
conductimetry resulting in a degree of oxidation (DO) of 0.15 corresponding to 0.95 
mmoles -COOH/g of ox-NCC (see section 2.3.3). 

 Two fullerene derivatives, carrying an ending amino group, were prepared, one with 
a long chain (LC_C60) and one with a short chain (SC_C60), as shown in Figure 4. 
These derivatives were synthesized according to a procedure already reported in our 
group64 whereas a fluorescein isothiocyanate (FITC) derivative with the same long 
chain (LC_FITC) was obtained using the procedure reported by Kaminati et al 

(Figure 4).65  

The coupling was performed using the standard two-step carbodiimide coupling 
protocol depicted in Figure 4. The active ester of ox-NCC was produced with N-
ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride and N-
hydroxysuccinimide in a 2-(N-morpholino)ethanesulfonic acid buffer solution at  pH 
5.7. Then, the amino-fullerene derivatives (LC_C60 or SC_C60, as ammonium salt 
with triluoroacetate counter-anion, or the mixture (1:1, LC_C60: LC_FITC) was 
dissolved in a water:DMF (1:1) solution, and added to the reaction dispersion. After 
stirring for three days at room temperature, the NCC-fullerene adduct was recovered 
by filtration, extensively washed with toluene:MeOH (9:1 v/v) to remove the amino-
fullerene derivatives, the fluorescent starting material and coupling reagents and then 
with water (to remove salts). NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC 
adducts were isolated in 86%, 72% and 78% yield, respectively. 

4.3.2. Characterizations 

FTFTFTFT----IR spectroscopyIR spectroscopyIR spectroscopyIR spectroscopy    

The presence of C60 moieties on NCC materials was confirmed by FT-IR 
spectroscopy. In first place, a sharp signal around 525 cm-1 in the NCC-LC_C60, 
NCC-SC_C60 and NCC-LC_C60_FITC spectra could be ascribed to the C60 subunit 
(Figure 5).  

In addition, to further confirm the covalent nature of the bonding between NCC and 
C60, the region between 1400-1800 cm-1 of the spectra was analyzed in more detail 
(Figure 6). As expected, the carbonyl stretching of the carboxylic groups in ox-NCC 

was missing in NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC spectra due to 
the formation of the amide bond with the amino-fullerene derivative. For the same 
reason, the ν(C=O) stretching of the trifluoroacetate counter anion (around 1681 cm-

1 for LC_C60 and 1676 cm-1 for SC_C60) was not observed in NCC-LC_C60, NCC-

SC_C60 and NCC-LC_C60_FITC spectra, thus confirming the 
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effectiveness of the washing steps to remove the starting materials. The ν(C=O) 
stretching for NCC-LC-C60, NCC-SC_C60 and NCC-LC_C60_FITC, expected in the 
range 1740-1630 cm-1 (the so-called amide I stretching), could not be assigned 
unambiguously due to the overlapping with the bending signal of water tightly 
absorbed to cellulose which appears around 1640 cm-1. On the other hand, the amide 
II signal, expected in the 1630-1510 cm-1 range was observed around 1600 cm-1 but it 
appeared as a shoulder rather than a sharp signal since the contribution from the 
cellulose inside the nanocrystals was dominant. 
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Figure 5. FT-IR spectra of ox-NCC, NCC-LC_C60, LC_C60, NCC-

SC_C60, SC_C60 and NCC-LC_C60_FITC (KBr pellets). 
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Figure 6. FT-IR ν (C=O) stretching spectral region for ox-NCC, NCC-

LC_C60, LC_C60, NCC-SC_C60, SC_C60 and NCC-LC_C60_FITC. 

Raman sRaman sRaman sRaman spectroscopypectroscopypectroscopypectroscopy    

In addition, we decided to further confirm the presence of C60 moieties on the samples 
by Raman spectroscopy since fullerenes are known to produce very intense and 
fingerprint signals.66 Figure 7 reports the Raman spectra for ox-NCC, NCC-LC_C60 
and NCC-SC_C60 acquired in air at room temperature with a micro Raman-
spectrometer equipped with a laser source at 532 nm. Under the same conditions, 
Raman spectrum of NCC-LC-C60_FITC was not obtained due to the presence of the 
FITC unit since fluorescence causes interference with Stokes bands.67 
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The most intense signal of both NCC-fullerene derivatives (NCC-LC_C60 and NCC-
SC_C60) was at 1460 cm-1, which corresponds to the so called pentagonal pinch mode 
(Ag(2)). Additional weaker lines, that together with the previous one constitute a 
finger print for C60, were observed at 708 cm-1 (Hg(3)), 763 cm-1 (Hg(4)), 1429 cm-1 
(Hg(7)), and 1569 cm-1 (Hg(8)). It should be pointed out that, despite it was possible 
to record a Raman spectrum for ox-NCC with a 532 nm laser irradiation source, the 
intensity of the signals were by far lower than those of fullerene derivatives. 
Therefore, in the Raman spectra of NCC-LC_C60 and NCC-SC_C60, the features of 
the nanocellulose counterpart did not produce diagnostic indications. 

XXXX----ray photoelectron spectroscopy (XPS).ray photoelectron spectroscopy (XPS).ray photoelectron spectroscopy (XPS).ray photoelectron spectroscopy (XPS).    

To further prove the grafting of fullerene moiety on nanocellulose surface and provide 
information about the superficial chemical composition we carried out an X-ray 
photoelectron spectroscopy (XPS) study. The survey spectra (Figure 8) revealed that 
the carbon (C1s signal around 285 eV) and the oxygen (O1s signal at 533 eV) were 
the predominant elements, as expected for carbohydrate compounds. As previously 
discussed in Chapter 2, ox-NCC samples contain Na from the carboxylate groups. 
After the coupling, Na was not found in any case for NCC-LC_C60, NCC-SC_C60 
and NCC-LC_C60_FITC, evidencing that carboxylic groups on ox-NCC had 
underwent a reaction or at least a change of counterion during the synthesis. In 
addition, the presence of the nitrogen signal (N1s around 400 eV) for all NCC-
fullerene derivatives corroborated the FTIR and Raman data thus confirming the 
presence of fullerene moieties on ox-NCC. 

In order to ascertain the formation of the amide bond and so the covalent 
attachment of C60 and FITC moieties on ox-NCC, the deconvolution of N1s peaks for 
NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60-FITC reported in Figure 9 indicated 
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Figure 7. Raman spectra of ox-NCC, NCC-LC_C60, LC-C60, NCC-SC_C60 and 

SC_C60  at 532 nm irradiation. 
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the presence of two components: the main component at 400 eV, arising by the amide 
nitrogen (C-N bond), and the component at higher binding energy (402.6 eV) due to 
pyrrolidine ring in the C60 moieties. 

 

Thermal stabilityThermal stabilityThermal stabilityThermal stability    

The thermal stability of NCC derivatives after functionalization was analyzed by 
thermogravimetric analysis and compared to the starting material ox-NCC.  
Normalized thermogravimetric curves for weight loss (TG) and derivative of weight 
loss (DTG) are displayed in Figure 10. All experiments were carried out under N2 
atmosphere, starting with an isothermal treatment at 50 ºC for 10 min to remove 
residual moisture, followed by ramp heating up to 600 ºC. As previously discussed in 
Chapter 2, ox-NCC presents two weight losses in DTG, the first one, centered at 245 
ºC, attributed to carboxylate groups on the surface and the second one, at 313 ºC 
corresponding to the inner core of the nanocrystals.  

After the coupling, the weight loss coming from carboxylate groups was no more 
present for NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC, confirming the 
functionalization of the nanocrystals. The main loss after functionalization was left 
shifted respect to that of ox-NCC for core fractions, and occurred at the same 
temperature in the three samples, namely 269 ºC. This could be for the similar 
surface composition after introduction of C60 moieties onto NCC lead to a similar 
stability. The effect of the functionalization in the charring behavior of the samples 
compared to ox-NCC was not clear, being charred residue 34.1, 51.6 and 42.9 for 
NCC-LC_C60, NCC-SC_C60 nor NCC-LC_C60_FITC, respectively, similar to the 
value of 44.9 in ox-NCC.  

0 200 400 600 800 1000 1200

396 398 400 402 404

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

O1s

10 72 107 4 1 076 107 8 1080 1 082 1084

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

 NCC-LC_C
60

_FITC

 NCC-SC_C
60

 NCC-LC_C
60

 ox-NCC

N1s Na1s

C1s

 
Figure 8. XPS survey spectra of ox-NCC, NCC-LC_C60, NCC-SC_C60 and NCC-

LC_C60_FITC. 
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Figure 9. Deconvolution of N1s peaks for NCC-LC_C60 (a), NCC-SC_C60 (b) and 

NCC-LC_C60_FITC (c). 

Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)Transmission electron microscopy (TEM)    

The morphology of the starting nanocellulosic material as well as the NCC-C60 
conjugates was analyzed by TEM. Aqueous suspensions of all samples were drop 
casted on carbon coated electron microscope grids and negatively stained with uranyl 
acetate solution for a better contrast. Although all the products showed the typical 

whisker-like morphology of nanocrystalline cellulose (Figure 11) in the case of NCC-

LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC, a marked tendency to form 
aggregates (probably due to a decreasing of hydrophilicity and to the intervention of 

fullerene-fullerene π-interactions) hindered the preparation of well-dispersed samples 
for TEM analysis. 
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Figure 10. Normalized TG (a) and DTG (b) curves for ox-NCC, NCC-LC_C60, NCC-

SC_C60 and NCC-LC_C60-FITC under N2 atmosphere. 
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Figure 11. TEM images of ox-NCC, NCC-LC_C60, NCC-SC_C60 and NCC-

LC_C60_FITC. 

 

Stability of NCCStability of NCCStability of NCCStability of NCC----LC_CLC_CLC_CLC_C60 60 60 60 (a), NCC(a), NCC(a), NCC(a), NCC----SC_CSC_CSC_CSC_C60 60 60 60 (b), NCC(b), NCC(b), NCC(b), NCC----LCLCLCLC----CCCC60606060_FITC in _FITC in _FITC in _FITC in 

waterwaterwaterwater    

All NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC were brown solids, the 
characteristic color from fullerene monoadducts. When these solids were dispersed in 
water, brownish suspensions were obtained (Figure 12a, b and c). These suspensions 
were stable in water for weeks with negligible amounts of precipitate.  

UVUVUVUV----Vis and fluorescence spectroscopiesVis and fluorescence spectroscopiesVis and fluorescence spectroscopiesVis and fluorescence spectroscopies    

Despite the stability of NCC-LC_C60, NCC-SC_C60 and NCC-LC_-C60-FITC 
suspensions in water, at a concentration of 0.5 mg/mL the UV-Vis spectra of the 
above aqueous suspensions do not show the typical fullerene bands. This has been 
observed also for other water-soluble fullerene derivatives and it has been ascribed to 
aggregation phenomena. However, when carried out in a o-DCB:DMF 1:1 mixture, 
the UV-Vis spectra of NCC-SC_C60, NCC-LC_C60 and NCC-LC_C60_FITC (Figure 
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13),  at a concentration of 0.5 mg/mL, displayed an absorption band around 430 nm, 
attributed to the fullerene moiety. UV-Vis spectra of LC_C60 and LC_FITC in the 
same solvent mixture are also shown in Figure 13 for comparison purposes. LC_C60 
showed a peak at 432 nm, typical spectroscopic signature of fulleropyrrolidine mono-
adducts,68 while LC_FITC presented two bands centered at 456 and 484 nm. The 
scattering in NCC samples did not permit to clearly asses the presence of bands from 
LC_FITC in NCC-LC_C60_FITC UV-Vis spectrum  

However, NCC-LC_C60_FITC was observed under UV light, it emitted fluorescence, 
demonstrating also the presence of the FITC moiety in the sample (Figure 14a). 
Moreover, the optical properties of this derivative were also investigated by 
fluorescence spectroscopy in the same solvent mixture at room temperature. 
Excitation of this hybrid at 490 nm (FITC's absorbance peak) led to an emission 
band at 542 nm, confirming the presence of the fluorescent probe in the NCC hybrid 
as shown in Figure 14b. The intensity of emission was rather low, maybe due to a 

partial quenching caused by π-π stacking interactions of the FITC function with C60 
moiety also present on NCC material.  

UV-Vis spectra gave us a way to evaluate the amount of fullerene covalently grafted 

to NCC. To this purpose, we first evaluated the molar absorption (ε) of LC_C60 and 
SC_C60 in o-DCB:DMF (1:1). For this purpose, we made use of the well established 
Lambert-Beer law, which postulates that there is a linear relationship between 
absorbance and concentration of an absorbing species. The general Beer-Lambert law 
is usually written as: 

CbA ⋅⋅= ε  (1) 

where A is the measured absorbance at the corresponding wavelength, ε is the molar 
extinction coefficient (L·mol-1·cm-1) and b is the path length (cm). 

Different solutions of LC_C60 and SC_C60 of known concentrations were prepared 
and their absorbance at 432 nm, divided by path length represented against 

 
Figure 12. NCC-LC_C60 (a), NCC-SC_C60 (b),

NCC-LC-C60_FITC (c)  suspension at 0.5 mg/mL in 

water. 
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concentration in order to determine molar extinction coefficient (ε) for both 
molecules in the used mixture of solvents. Both curves displayed Lambert-Beer 

behavior in the given range of concentrations presenting high linear correlation and ε 
resulted to be 1747 L·mol-1·cm-1 and 2724 L·mol-1·cm-1 for LC_C60 and SC_C60, 
respectively (Figure 15).  
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Figure 13. UV-Vis spectra of ox-NCC, NCC-LC_C60, LC-C60, 

NCC-SC_C60, LC-C60 , NCC-LC_C60-FITC in o-DCB:DMF (1:1). 
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Figure 14. NCC-LC-C60-FITC in o-DCB:DMF (1:1) (a) and its emission 

spectrum at 490 nm excitation wavelength(b). 

 

Assuming that the molar absorption of fullerene attached onto ox-NCC was not 
different from their amino counterparts LC_C60, SC_C60, we could estimate the 
concentration of C60 in NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC from 
the absorbance of the dispersions at 432 nm. Knowing the concentration of NCC 
material, this value can be also expressed as C60 mols per gram of NCC (Table 7). It 
should be pointed out that these numbers refer to the bulk NCC crystals thus not 
considering that the entire core and half of the surface AGUs (due to the two-fold 
symmetry of the cellulose chains) are not involved in the functionalization. Therefore, 
it is more accurate to express these values referred to the degree of oxidation (DO), 
which was determined to be 0.15 or 0.87 mmol-COOH/g of ox-NCC (chapter 2, 
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section 3.3.1). Thus, surface functionalization for NCC-LC_C60, NCC-SC_C60 and 
NCC-LC_C60_FITC is of one fullerene moiety each 3.5, 5 and 7 carboxylic groups, 
respectively. Thus, for NCC-LC_C60_FITC, degree of C60 functionalization was 
approximately half the one of NCC-LC_C60, as it was expected, since for the 
synthesis of NCC-LC_C60_FITC half the amount of LC_C60 was added into the 
reaction pot. This result indicates a similar reactivity of LC_C60 and LC_FITC. The 
different degree of functionalization between NCC-LC_C60 and NCC-SC_C60 could 
be ascribed to a more sterically hindered SC_C60 having a shorter linker. 
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Table 7. C60 functionalization parameters for NCC-LC_C60, NCC-SC_C60 and NCC-

LC_C60-FITC. 

Compound Concentration 

[mmol/L] 

Concentration 

mmol/g 

Absorbance ε 

L·mol-1·cm-1 

NCC-LC_C60 0.125 0.25 0.19079 1748 

NCC-SC_C60 0.095 0.19 0.25838 2724 

NCC-LC_C60_FITC 0.064 0.13 0.10147 1748 
 

 

 

4.3.3. Singlet oxygen production studies 

The aqueous solubility of all NCC-C60 derivatives prompted us to test their ability to 
act as sensitizers for singlet oxygen production under light irradiation. Singlet oxygen 
reacts primarily with five amino acids, which are tryptophan, histidine, tyrosine, 
methionine, and cystein.69 In particular, methionine contains a sulfur atom with four 
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non-bonding electrons, which readily react with the electrophilic singlet oxygen. This 
sulfur-containing amino acid is known to react with singlet oxygen to produce 
methionine sulfoxide.70 Therefore, methionine or its derivatives oxidation has been 
commonly used as a model reaction to test singlet oxygen sensitizers. According to 
literature, blocking the carboxyl group decreases the electron-attracting ability and 
hence increases the reducing power of the sulfur-containing group.69 Thus, as a proof 
of concept we studied the photooxidation of L-methionine methyl ester to the 

corresponding sulfoxide in the presence of NCC-LC_C60, NCC-SC_C60, NCC-

LC_C60_FITC using conditions already described by our group (Figure 16).62 

The reaction was carried out in D2O since it is known that singlet oxygen has an 
elongated lifetime (68 µs) with respect to H2O (2 µs).71 Thus, NCC-LC_C60 was 
suspended in an oxygen-saturated solution of L-methionine methyl ester in D2O and 
was irradiated with green light (490-590 nm bandwidth). The amount of the sulfoxide 
formed under various experimental conditions (Table 8) was quantified by 1H-NMR 
acquired after centrifugation in the deuterated reaction solvent. The parameters 
considered for the optimization were: concentration of NCC-LC_C60, power of the 
lamp, and irradiation time.  

 

Figure 16. Photooxidation of L-methionine methyl ester catalyzed by NCC-LC_C60, 

NCC-SC_C60, NCC-LC_C60_FITC. 

 

Table 8. Results about the photooxidation of L-methionine-methylester in the presence 

of NCC-LC_C60, NCC-SC_C60, and NCC-LC_C60_FITC as sensitizers for the 

production of singlet-oxygen.  

Entry Compound Concentration 

[mg/mL] 

Power 

(W/cm2) 

Time 

(min) 

Conversion 

(%) 

1 0.5 0.47 60 31 

2 0.3 0.47 60 23 
3 0.1 0.47 60 1 

4 0.5 0.47 75 34 

5 

NCC-LC_C60 

0.5 0.40 75 25 
6 NCC-SC_C60 0.5 0.47 75 66 

7 NCC-LC-C60_FITC 0.5 0.47 75 12 
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Figure 17. 1H-NMR spectrum in D2O for photooxygenation experiment using NCC-

LC_C60 (a), NCC-SC_C60 (b) and NCC-LC_C60-FITC (c) at 0.5 mg/mL, irradiation 

power 0.47 W/cm2 for 75 min. 
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The 1H-NMR spectra before and after oxidation are essentially the same but for the 
signals corresponding to protons in the vicinities of sulfur. After oxidation, e and d 
protons (Figure 17) become the more deshielded l and i, respectively, because of the 
introduction of the electron withdrawing oxygen. Besides, multiciplity changes from 

singlet in the case of e to doublet in l, and passes from triplet in d to multiplet in i. 
This is due to the fact that protons belonging to residues spatially close to the site of 
oxidation undergo either slight chemical shift variation or splitting into two signals; 
what can be ascribed to new magnetic anisotropy and chirality connected with the 

sulfoxide group.72 By integration of these signals (e and l) it is possible to estimate 
the relative ratio of the two species in the crude of reaction. Examples of 1H-NMR 
obtained after photooxidation of L-methionine with NCC-LC_C60, NCC-SC_C60 and 
NCC-LC_C60_FITC (best conditions) are shown in Figure 17.  

At a 0.5 mg/mL-1 concentration (Table 8, entry 1), NCC-LC_C60 produced the 31% 
of sulfoxide upon irradiation for 60 minutes at a power level of 0.47 W/cm2. As 
expected, decreasing the amount of NCC-LC_C60 to 0.3 mg/mL (Table 8, entry 2) 
and to 0.1 mg/mL (Table 8, entry 3) led to lower conversions (23 and 1%, 
respectively). On the basis of these experiments, the amount of NCC-LC_C60 was set 
to 0.5 mg/mL. An increasing of the irradiation time to 75 minutes (Table 8, entry 4) 
determined a slight increasing of sulfoxide production (34%). On the other hand, 
irradiating for the same time but at a lower lamp power (Table 8, entry 5) gave a 
diminished amount of sulfoxide (25%).  

Therefore, the best values of irradiation time and light power turned out to be 75 

minutes and 0.47 W/cm2, respectively. Using these optimized parameters, NCC-

SC_C60 derivative (Table 8, entry 6) gave a remarkable production of sulfoxide of 
66% whereas NCC-LC-C60-FITC gave 12% corresponding to the difference of C60 
loading compared to NCC-LC-C60 hybrid (Table 8, entry 7). The fact that NCC-
LC_C60, with a higher loading of C60 produced singlet oxygen in lower yield 
correlated with its solubility. The C60 loading is higher in NCC-LC_C60 and so a 
lower amount of negatively charged carboxylic groups are present on its surface. Both 
factors contribute to a higher degree of aggregation of NCC-LC_C60 and therefore C60 
units are less available for reaction.  

The good results of singlet oxygen photoproduction in water of our new derivatives, 
prompted us to test their effectiveness as PS in PDT in vitro studies. 

Uptake studiesUptake studiesUptake studiesUptake studies    

Thanks to the presence of the FITC motiety on NCC-LC_C60_FITC, the uptake of 
this material could be investigated in cells by Fluorescence Activated Cell Sorting 
(FACS) and confocal microscopy techniques. 

FACS is a laser-based, biophysical technology employed in cell counting, cell sorting, 
biomarker detection and protein engineering, by suspending cells in a stream of fluid 
and passing them by an electronic detection apparatus.73 Each particle passes 
through one or more beams of light. Light scattering or fluorescence (FL) emission (if 
the particle is labeled with a fluorophore) provides information about the particle’s 
properties. Fluorescence measurements taken at different wavelengths can provide 
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quantitative and qualitative data about fluorophore-labeled cell surface receptors or 
intracellular molecules. As the particle enters the laser beam spot, it will generate 
scattered light and fluorescence signals. The height and area, or maximum and 
integral, respectively, are used to measure signal intensity. Flow cytometers use 
separate channels and detectors to detect light emitted. There are three major filter 
types. In the case of FITC, the fluorophore used here, its maximum absorption falls 
within the blue spectrum. Therefore, the blue 488 nm laser, which is close to FITC’s 
absorbance peak at 490 nm, is commonly used to excite this fluorophore. 

Data are commonly represented as histograms that display measurement parameter 
(relative fluorescence or light scatter intensity) on the x-axis and the number of 
events (cell count) on the y-axis. 

Figure 18 shows a typical FACS analysis of MCF-7 cells treated with NCC-

LC_C60_FITC at 5 and 10 µM of loaded C60 in H2O for 24 h. These histograms 
display a single measurement parameter (relative fluorescence or light scatter 
intensity) on the x-axis and the number of events (cell count) on the y-axis. It is also 
important to precise that cells have autofluorescence coming from some cellular 
substructures like mithocondria or lysosomes. After incubation with the marked 
NCC-LC_C60_FITC, an increasing in fluorescence (as a shift in x band position) is 
expected due to the contribution of internalized drug. The median fluorescence of 
cells observed increased after incubation with NCC-LC_C60-FITC at 5 and 10 µM in 
a dose dependent manner, suggesting that the labeled photosensitizer was 
internalized into the cells. 

In order to ascertain the precise location of the photosensitizer in the cells, the 
samples were inspected by confocal fluorescence microscopy. This microscopic 
technique generates information from a well-defined optical section rather than from 
the entire specimen, thereby increasing the contrast, clarity and sensitivity by 
eliminating the out of focus glare.74 In addition, by using multiple labeling, two or 
more molecules can be observed simultaneously in the same cell or tissue. The light 
emitted from the different fluorophores upon excitation is split and diverted to 
separate photomultipliers. The resulting image can then be merged to map the 
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Figure 18. FACS spectra (a) and median fluorescence (b) of MCF-7 cells treated with 

NCC-LC_C60-FITC at 5 and 10 µM in H2O after 24 h of incubation. 
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distribution of the labels in the sample. Thus, if the first image is colored red and the 
second green, the overlapping regions appear yellow (Figure 19). 

The cellular localization of NCC-LC_C60_FITC after 24 hours of incubation was 

studied. MCF-7 cells treated with NCC-LC_C60_FITC (5 µM in H2O) and 
MitoTracker red, a specific dye for mitochondria (100 nM in H2O). Typical images 
obtained for MCF-7 cells show that MitoTracker (red staining, Figure 19a) 
colocalizes with NCC-LC_C60_FITC (green fluorescence, Figure 19b) as can be seen 
more clearly in the merge image (Figure 19c).  

a b c 

 
Figure 19. Fluorescence emitted by MitoTracker (a) NCC-LC_C60-FITC (b) and 

merge of fluorescence from MitoTracker and NCC-LC_C60_FITC (c). 

 

Nevertheless, as observed in Figure 19, NCC-LC_C60_FITC was found forming 
aggregates instead of dispersed in the cytosol, Thus it seems that the nanohybrid 
may be adhered to the cell membrane rather than internalized. This aggregation 
could be ascribed to the introduction of C60 moieties, along with the inherent 
tendency of NCC materials to form films.  

In vitroIn vitroIn vitroIn vitro photocytotoxicity studies photocytotoxicity studies photocytotoxicity studies photocytotoxicity studies    

The photocytotoxicity of NCC-LC_C60 and NCC-SC_C60 was evaluated in human 
breast MCF-7 cancer cell lines: In view of the sample aggregation described above, it 
was apparent that the concentration needed to be lower in order for the 
photosensitizer to be internalized. For this purpose, cells were incubated with NCC-
LC_C60 and NCC-SC_C60 at 250, 500, 750 and 1000 nM of loaded C60 in H2O. Cells 
were then illuminated with a halogen lamp at the fluence of 7 J/cm2, and analyzed 
by a standard resazurin assay after 24 and 48 h.  

At the doses tested, there was no noticeable decrease in metabolic activity up to 48 h 
after treatment, as shown in Figure 20. Both photosensitizers showed the same 
behavior. This implies either a poor internalization, even at such low concentrations, 
or an insufficient amount of singlet oxygen generated at these low doses.  
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Figure 20. Metabolic activity of MCF-7 cells treated with NCC-LC_C60 (a) and NCC-

SC_C60 (b) at 250, 500, 750 and 1000 nM in H2O after 24 and 48 h. 
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4.4. Conclusions 

New nanomaterials based on the covalent functionalization of ox-NCC with C60 
derivatives via a two-step carbodiimide reaction were presented in this Chapter. The 
success of the functionalization was evaluated by means of different spectroscopic 
techniques. Characteristic features of fullerene C60 moieties attached to ox-NCC were 
present in UV-Vis, Raman and FT-IR spectra. Moreover, FT-IR and XPS confirmed 
the covalent nature of the bond formed between ox-NCC and C60. UV-Vis 
spectroscopy allowed the determination of C60 loading on the different NCC 
materials. 

In addition, using the same method, we were able to perform a double 
functionalization of ox-NCC and in one-pot introducing both a fluorescent target and 
the C60 unit. In this way a fluorescently marked photosensitizer, NCC-
LC_C60_FITC, analogue to NCC-LC_C60 and NCC-SC_C60 was obtained, in order 
to track the internalization of these PDT photosensitizers in the cells. This new 
compound had properties similar to NCC-LC_C60 and NCC-SC_C60 and the presence 
of C60 could be proved in the same way. Furthermore, the introduction of the 
fluorescent moiety was demonstrated by fluorescence spectroscopy. 

These new hybrids could easily be dispersed in water and form highly stable 
suspensions at concentrations up to 0.5 mg/mL have been proved to be a good 
sensitizer for singlet oxygen production in water. The singlet oxygen production 
abilities of the materials were tested through the oxidation of L-methionine methyl 
ester to the corresponding sulfoxide. After irradiation, the ratio of sulfoxide in the 
crude of reaction was easily measured by ºH-NMR. Encouraging results were 
obtained, as NCC-LC_C60, NCC-SC_C60 and NCC-LC_C60_FITC gave conversions 
of 31, 66 and 12% respectively. 

Finally, the uptake of NCC-LC_C60_FITC in human breast cancer cells (MCF-7) 
was investigated using FACS and confocal microscopy. NCC-LC_C60 and NCC-
SC_C60 phototoxic activities were also measured. Cells were incubated with both 
photosensitizers and their metabolic activity was followed for 48 h. Despite the high 
yield of singlet oxygen generation of these novel photosensitizers, no phototoxic effect 
was observed, which could be explained for their poor internalization into cells. 

However, due to their good singlet oxygen production properties, these materials still 
have potential to be employed in other applications that require generation of singlet 
oxygen in water, as antimicrobial agents or in water purification processes. 
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4.5. Experimental details 

4.5.1. Generalities: 

All reagents and solvents were used as received or purified using standard procedures. 
Milli-Q water was used in all experiments (System MilliQ plus). Microcrystalline 
Avicel® cellulose powder was purchased from Aldrich and used without further 
purification. 

4.5.2. Techniques 

Thermogravimetric analyses were performed on TgaQ500 (TA instruments) under N2, 
by equilibrating at 50 °C, and following a ramp at 10°C/min up to 600 °C 
(approximately 1 mg of each compound). 

Infrared spectra were recorded with a Fourier-transform infrared (FT-IR) 
spectrometer (Perkin-Elmer 2000). Spectral width ranged from 4000 to 400 cm-1, a 4 
cm-1 resolution and an accumulation of 8 scans. Samples were prepared as KBr pellets 
(approximately 1 % sample in anhydrous KBr). 

Raman spectra were collected with an Invia Renishaw micro-spectrometer (100x) and 
a laser source at 532 or 785 nm.  

Transmission electron microscopy (TEM) measurements were performed on a TEM 
Philips EM208, using an accelerating voltage of 100 kV. Samples were prepared by 
drop casting from dispersion (0.01% w/v) onto a TEM grid (200 mesh, nickel, carbon 
only), followed by staining with a 2 wt % uranyl acetate solution.  

UV-Vis measurements were carried out on Cary 5000 spectrophotometer using quartz 
cuvettes with 10 mm path length.  

Fluorescence emission spectra have been recorded on a Varian Cary Eclipse 
Spectrophotometer using 10 mm path length Hellma Analytics 117.100F-QS quartz 
cuvettes.  

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a VG-
Microtech ESCA 3000Multilab, equipped with a dual Mg/Al anode. The spectra were 

excited by the un-monochromatized Al Kα source (1486.6 eV) run at 14 kV and 15 
mA. The analyser was operated in the constant analyser energy (CAE) mode. For the 
individual peak energy regions, a pass energy of 20 eV set across the hemispheres was 
used. Survey spectra were measured at 50 eV pass energy. The pressure in the 
analysis chamber was in the range of 10-8 Torr during data collection. The constant 
charging of the samples was removed by referencing all the energies to that of C-C 
bond (C1s) set at 285.1 eV. The invariance of the peak shapes and widths at the 
beginning and at the end of the analyses ensured the absence of differential charging. 
Analyses of the peaks were performed with the software provided by VG, based on 
non-linear least squares fitting program using a weighted sum of Lorentzian and 
Gaussian component curves after background subtraction according to ShirleyR3 and 
SherwoodR4. Atomic concentrations were calculated from peak intensities using the 
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sensitivity factors provided with the software. The binding energy values are quoted 
with a precision of ± 0.15 eV and the atomic percentage with a precision of ± 10%.  

Photo-production of singlet oxygen was carried out by using a TECLAS source PTL-
Penta  lamp equipped with green filter having a bandwith in the 490-590 range).  

SingleSingleSingleSinglet oxygen productiont oxygen productiont oxygen productiont oxygen production    

L-methionine methyl ester photooxidation: The corresponding NCC-C60 adduct (0.5 
mg) was suspended in D2O (1 mL) and sonicated to obtain a stable suspension, then 
L-methionine methyl ester·HCl (20 mg) was added. The suspension was transferred 
into a quartz cuvette capped with a septum and saturated with oxygen. The mixture 
was exposed for 75 minutes with a lamp at 0.47 W/cm2 (through a filter with 
bandwidth of 490-590 nm) placed at 0.5 cm from the cuvette. The suspension was 
then centrifuged to remove the sensitizer and analyzed by 1H-NMR. L-methionine 
methyl ester and the corresponding sulfoxide were identified according to a previous 
report. 

Biological ExperimentsBiological ExperimentsBiological ExperimentsBiological Experiments    

The human breast cancer cell line MCF-7 was obtained from American Type Culture 
Collection (Rockville, MD, USA). 

FACS: The MCF-7 cells were seeded in a 24 wells/plate at density of 5x104 cells. The 
treatment was performed with 5 and 10 µM of NCC-LC_C60_FITC in H2O for 24h. 
Then the cells were harvested , resuspended in 0.5 ml of PBS and washed twice and 
analysed by a FACScan (Becton Dickinson, San Josè, USA) equipped with a single 
488 nm argon laser. A minimum of 10,000 cells for sample was acquired in list mode 
and analysed using Cell Quest software. The signal of FITC was detected by FL-1 in 
linear scale.  

Cell culture and PDT treatment: In this study we used human breast cancer MCF-7 
cells. The cells were maintained in exponential growth in Dulbecco’s modified eagle’s 
medium containing 100 U/ml penicillin, 100 mg/ml streptomycin, 20 mM L-
glutamine and 10 % fetal bovine serum (Euroclone, Milano, Italy). The cells were 
seeded in a 96-well plate at a density of 5 x 103 cells/well. The following day they 
have been treated with 250, 500, 750 and 1000 nM NCC-LC_C60 and NCC-SC_C60 in 
H2O in the dark and after 24 h, irradiated with metal halogen lamp with an 
irradiation of 8 mW/cm2 for 15 min (fluence 7.2 J/cm2). 24 h after irradiation the 
metabolic activity was determined by the resazurin assay following the 
manufacturer’s instructions (Sigma–Aldrich, Milan, Italy). The fluorescence was 
measured with a spectrofluorometer Spectra Max GeminiXS (Molecular Devices, 
Sunnyvale, CA). The data are presented as the percentage of metabolic activity 
compared to untreated cells. The data are the average of at least three independent 
experiments.The protocol for PDT was the same for each type of experiment. MCF-7 
cells were plated at day 0. One day after plating, the cells have been treated with 
porhyrins. After 24 h they have been irradiated with the halogen lamp (fluence 7.2 
J/cm2). 
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Cell metabolic assay: MCF-7 cells were seeded in a 96-well plate at a density of 5 x 
103cells/well. Aftyer 24h the cells were treated with conjugates for 24h before light 
irradiation. The cell proliferation, in terms of metabolic activity, was determined by 
the resazurin assay following the manufacturer’s instructions (Sigma-Aldrich, Milan, 
Italy). The values were obtained by using the spectrofluorimeter (EnSpireTM 2300 
Multilabel reader, PerkinElmer, Finland).  

Confocal microscopy: MCF-7 cells were plated on coverslips (diameter 24mm), and 
after 24h, were treated with 5 µM of NCC-LC_C60_FITC. After 24h the cells were 
treated with 100 nM Mitotracker Red CMXRos (Invitrogen, Molecular Probes, 
Mialn, Italy) (to stain the mitochondria) for 35 min, washed twice with PBS and 
then fixed with 3% paraformaldehyde (PFA) in PBS for 20 min. After washing with 
0.1 M glycine containing 0.02 %sodium azide in PBS to remove PFA and Triton X-
100 (0.1% in PBS) the cells were incubated with 3,56 mM Hoechst 34580 (Sigma, 
Milan) to stain the nuclei. Finally the glasses were analysed with a Leica TCS SP1 
confocal imaging system (Leica Microsystems, Heidelberg, Germany). Green 
fluorescence was excited with a 488 nm argon laser and red fluorescence was excited 
with a 543 nm He-Ne laser. 

4.5.3. Synthesis 

NCC-LC_C60 and NCC-SC_C60 synthesis: ox-NCC_3 (50 mg, 0.04 mmol of 
COONa groups) was suspended in a 50 mM MES buffer solution (25 mL) at pH = 5. 
The suspension was sonicated for 15 min then EDC^HCl (79 mg, 0.41 mmol) and 
NHS (48 mg, 0.41 mmol) were added. After stirring for 5 minutes, the fullerene 
derivative LC_C60 (50 mg, 0.049 mmol) or SC_C60 (38 mg, 0.041 mmol) dissolved in 
5 mL of a mixture H2O:DMF (5:1), was added. The suspension was stirred at room 
temperature for 3 days. The suspended solid was recovered with a Millipore filter (0.1 
µm pores), then the solid was washed extensively with a toluene:MeOH (9:1) mixture 
until unreacted fullerene derivative was not detected UV spectroscopy on the 
washing. A further washing was carried out with water before drying the solid.  
Yields: 43 mg of NCC-LC_C60 (86 %) and 36 mg of NCC-SC_C60 (72 %). 

NCC-LC_C60_FITC synthesis: ox-NCC (41 mg, 0.036 mmol of COOH groups) 
was suspended in a 50 mM MES buffer solution (25 mL) at pH = 5. The suspension 
was sonicated for 15 min then EDC.HCl (67 mg, 0.035 mmol) and NHS (41 mg, 0.035 
mmol) were added. After stirring for 5 minutes, the fullerene derivative LC_C60 (21 
mg, 0.02 mmol) and LC_FITC (11 mg, 0.02 mmol) dissolved in 5 mL of a mixture 
H2O:DMF (5:1), was added. The suspension was stirred at room temperature for 3 
days. The suspended solid was recovered with a Millipore filter (0.1 µm pores), then 
the solid was washed extensively with a toluene:MeOH (9:1) mixture until unreacted 
fullerene derivative was not detected UV spectroscopy on the washing. A further 

washing was carried out with water before drying the solid.  Yield: 32 mg of NCC-

LC_C60_FITC (78 %). 

LC_C60, SC_C60 and LC_FITC were available from the research group.65,75 
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5.1. Introduction 

5.1.1. Production and properties of 2D materials 

2-Dimensional materials are a class of nanomaterials defined by their property of 
being merely one or two atoms thick. As a consequence of the restriction in size with 
respect to the corresponding bulk materials, new fascinating properties arise. Optical 
and electronic properties change due to electron confinement, along with other 
changes in mechanical and chemical properties as a result of the high surface-bulk 
ratio.1 The field of research in 2D materials was born with the discovery of graphene, 
a single layer of carbon atoms arranged in a hexagonal honeycomb lattice. During the 
last decades, an extensive effort was invested in obtaining graphene layers from bulk 
graphite, with the aim of having access to the predicted properties of a single layer of 
sp2 carbon. Eventually, single layers of graphite were first isolated by Novoselov et al. 
in 2004, by mechanical exfoliation from small mesas of highly oriented pyrolytic 
graphite.2 Graphene combined ultrahigh carrier mobility at room temperature (^10 
000 cm2·V-1·s-1), quantum hall effect, large theoretical specific surface area, excellent 
thermal conductivity, mechanical properties and optical transparency (^97.7%). 3–6 

Concerning its production, a plethora of methods has been proposed for the 
preparation of graphene since it was first isolated. Depending on the strategy, they 
may be classified into bottom up or top down approaches. The former consist in the 
construction of graphene from a carbon source. The latter take advantage of the 
layered structure of graphite, in which graphene sheets are stacked together by weak 
van der Waals forces and thus can be easily cleavaged into single layers. A summary 
of the main graphene production techniques developed so far is illustrated inFigure 1. 



166 Exfoliation of 2D materials in acqueous suspensions of ox-NCC  

Figure 1. Schematic illustration of the main graphene production techniques. (a) 

Micromechanical cleavage. (b) Anodic bonding. (c) Photoexfoliation. (d) Liquid phase 

exfoliation.(e) Growth on SiC. (f) Segregation/precipitation from carbon containing 

metal substrate. (g) Chemical vapor deposition. (h) Molecular Beam epitaxy. (i)

Chemical synthesis using benzene as building block.19 

 

Bottom up methods include chemical vapor deposition (CVD),7 metal precipitation,8 
synthesis on silicon carbide (SiC)9 and molecular beam epitaxy,10 whereas top down 
methods comprise micromechanical cleavage,11 anodic bonding,12 laser ablation,13 
liquid phase exfoliation, either in organic solvents or surfactant assisted in water,14,15 
lithium intercalation and exfoliation,16 electrochemical exfoliation,17 hydrothermal and 
solvothermal methods.18 

Probably the method with most potential for scale up is liquid exfoliation, for its 
simplicity. In this process, successful exfoliation requires the overcoming of the van 
der Waals attraction between adjacent graphene layers. If the interfacial tension 
between solid and liquid is high, the flakes tend to adhere to each other instead of 

dispersing in the liquid. Solvents with surface tension (γ) (i.e. the property of the 
surface of a liquid that allows it to resist an external force, due to the cohesive nature 
of its molecules) of ~ 40 mJ/m2 have been found to be the best solvents for the 

dispersion of graphene.14 Unfortunately, the majority of solvents with γ 40 mJ/m2 
such as N-methyl-2-pyrrolidone (NMP – 40 mJ/m2), N,N-dimethylformamide (DMF 
– 37.1 mJ/m2 ), and ortho-dichlorobenzene (o-DCB – 37 mJ/m2 ) have been found to 
have toxic effects on multiple organs.20 Therefore, the search for additional solvents 
in this context is highly recommended in order to strengthen the universal character 
of this genuine approach. Water is a natural choice because of its non-toxicity and 
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availability. However, the exfoliation of graphene in water is particularly challenging 
due to the hydrophobic nature of the graphene sheets. Such a challenge can be 
overcome by using surfactants to promote the exfoliation of graphite in aqueous 
solutions. Proposed surfactants include small aromatic molecules, such as perylene or 

pyrene based molecules due to their strong π-π interactions with graphene layers, as 
well as ionic liquids or even polymers.21 Moreover, the surfactants can prevent the 
reaggregation of the graphene sheets, and relatively high concentrations of suspended 
graphene have been reported. However, the main drawback of using surfactants is 
often the impossibility to remove them afterwards, which may affect the quality and 
properties of the resulting graphene. 

Apart from graphene, the 2D materials family includes hexagonal boron nitride (h-
BN), transition metal dichalcogenides (TMDs), with common formula of MX2 (for 
example, WS2, MoS2, and WSe2) or MXenes, derived from hexagonal carbides and 
nitrides that can accommodate various ions and molecules between their layers by 
intercalation, among others (Figure 2).22  

 
Figure 2. Structure of atomically thin 2D materials. Unit cells are 

depicted in red.23 
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2D materials have rapidly become an important field in current materials research 
because of the physicochemical characteristics, which differ from the bulk 
counterparts. It is important to highlight that electrical properties of 2D materials 
may be tailored by playing with the composition of the material. In this way, a new 
generation of conductors, metallic materials, semimetals, semiconductors or even 
insulators can be obtained from 2D materials.22  

Most of the techniques used to obtain graphene may be extended to the production 
of other layered materials. As such, different single layer materials have been 
successfully exfoliated from their bulk crystals through mechanical exfoliation.24 
Monolayers of BN, MoS2, NbSe2, among others, have been prepared by rubbing a 
fresh surface of a layered crystal against another surface, leaving a variety of flakes 
attached to it.24 Among the resulting flakes, single layers were always found. The 
resulting 2D materials so obtained exhibit high crystal quality and macroscopic 
continuity, as in the case of graphene. Liquid exfoliation by direct sonication in 
different solvents has also been studied. MoS2 and WS2 flakes with a thickness from 
single to few layers were obtained using NMP.25 Zeng et al. developed an 
electrochemical Li intercalation and exfoliation method to prepare high-yield single-
layer TMX2, including MoS2, WS2, TiS2, TaS2, ZrS2, NbSe2, WSe2, Sb2Se3 and 
Bi2Te3.26,27 Smith et al. developed a method to exfoliate MoS2 in aqueous surfactant 
solutions, which could be easily extended to other inorganic layered compounds.28 

Regarding bottom-up approaches, several CVD methods for large-scale MoS2 
ultrathin films have been reported recently. A typical process follows these two steps: 
first, different Mo and sulfur precursors are heated to a high temperature to induce 
evaporation; second, MoS2 deposit on the substrates at the cold zone. For example, 
molybdenum trioxide (MoO3) and sulfur powder,29 ammonium tetramolybdate 
precursor ((NH4)2MoS4) containing both molybdenum and sulfur,28,30–32 or 
molybdenum metal thin film on a substrate and sulfur powder33 have been used.  

2D nanostructures are anticipated to have an important influence on a wide variety 
of applications in the next years, ranging from high performance sensors, electronics 
to gas separation and storage, catalysis, inert coatings, support membranes, etc.34 
Energy applications in particular show high promise,35with breakthroughs expected in 
lithium-ion batteries, supercapacitors, and hydrogen storage.36 Some 2D crystals are 
also promising for photovoltaics applications because of the good photocatalytic 
properties of their edges. The creation of hybrids with graphene and other 
nanomaterials, such as carbon nanotubes (CNTs), shows great promise in this 
field.1,36 

However, a key requirement for real-life applications of these materials is the 
development of industrial scale, reliable and inexpensive production methods that 
balance materials quality with easy fabrication. In this context, compromise between 
cost and quality must be accomplished.  

5.1.2. Dye sensitized solar cells 

One of the most important challenges of this century is the use of clean and 
renewable energy technologies such as solar energy. Photovoltaic (PV) devices like 



Introduction 169 

organic, inorganic and hybrid cells have been developed to harness this energy. A 
solar cell is a photonic device that converts photons with specific wavelengths to 
electricity. 

The beginning of photovoltaics can be traced back to 1839, when Alexandre E. 
Becquerel discovered the photovoltaic effect. While experimenting with a solid 
electrode in an electrolyte solution, he saw a voltage developed when light fell upon 
the electrode. But it was not until the 1950s that research on photovoltaics started in 
a large extent, when Bell Labs made the first device that converted sunlight into 
electrical power.37 These encouraging results have spurred continuous development in 
this area ever since. Many types and structures of solar cells have been devised. 
Traditional solar cells are mainly constructed from semiconductors, mostly silicon. 
These cells are based on p-n junctions, and are often referred to as first-generation 
solar cells. Second-generation PVs are based on thin-film technologies, and their 
efficiency is lower than silicon. The latest –third- generation of solar cells is based on 
organic molecules. After Gräetzel et al. created modern dye sensitized solar cells 
(DSSC) in 1991,38 these photoelectrochemical devices emerged as a renewable energy 
source due to their relatively high efficiency, environmental friendliness and simple 
fabrication process. These cells work on the principles of photosynthesis, the 
naturally occurring process in plants which sustains life on Earth. 

The structure of a DSSC is schematically represented in Figure 3. The cell is 
composed of four elements, namely, the transparent conducting photoanode and 
counter electrode, the dye molecules (sensitizer), and the electrolyte. The photoanode 
is composed of nanostructured TiO2 film with adsorbed dye molecules. Such dye 
molecules are typically a metallorganic ruthenium complex.39 The electrolyte 
generally consists of an acetonitrile solution containing a triiodide (I3-)/iodide (I-) 
mixture, which has shown to be the most suitable redox couple,40and the counter 
electrode is usually made of platinum.41 The transparent electrode and counter-
electrode are coated with a thin film of transparent conductive oxide (TCO), such as 
indium tin oxide (ITO) or fluorine doped tin oxide (FTO). 

The operation principle of a typical DSSC is depicted in Figure 4. Firstly, a photon 
reaches the cell through the transparent electrode and is absorbed by a dye molecule. 
The photon promotes an electron from the highest occupied molecular orbital 

 

Figure 3. Schematic representation of DSSC structure.42 
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(HOMO) to the lowest unoccupied molecular orbital (LUMO) state of the dye. The 
energy of the LUMO is higher than the energy threshold of the conduction band in 
TiO2 (wide band gap semiconductor). Thus, the electron is conducted towards the 
electric load of the circuit and the dye becomes oxidized. The dye recovers the 
lacking electron from a I- ion present in the electrolyte solution that gets oxidized to 
I3-. Finally, the I3- ion is reduced back to I- by receiving an electron from the external 
load, closing the cycle. In a global energy balance, part of the energy provided from 
the photon is employed in this process of regenerating oxidized dye molecules and 
hence complete the electric circuit.43 Therefore, a catalyst that minimizes the energy 
consumption of the redox process contributes to increase the efficiency of the DSSC. 
This makes counter electrode (CE) one of the most important elements in the DSSC, 
since it has a double role, in fact, it back transfers electrons arriving from the 
external circuit to the redox system and it catalyzes the reduction of the electrolyte. 
A platinized catalyst is tipically used as a counter electrode for several reasons: it 
acts as a good catalyst that helps in regeneration of I- from I3

-,44 possesses high 
exchange current density for the collection of electrons from the external load to the 
electrolyte and has high transparency.45 

The key problem that has to be considered in the CE is the need to replace Pt, a 
noble metal in diminishing supply. In order to reduce the cost and improve the 
electrocatalytic activity of the counter electrode (CE), combinations of platinum with 
carbon nanoforms (nanofiber, carbon nanotubes, graphene) and polymers have been 
fabricated and intensively studied.41 Although the catalytic performance has been 
improved, commercialization at a large scale is still a problem and recent research 
focuses on the development of totally platinum-free CEs.  

Among the alternatives employed in the construction of this type of CE, conductive 

polymers, or transition metals (carbides, nitrides, oxides or sulfides), 41,47graphene 

or its derivatives, the latter seems to be one of the best candidates.48 Graphene 

 

Figure 4. Schematic representation of the operation mechanism of a 

DSSC.46 
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matches all the counter-electrode requirements because of its high surface area, which 
is essential to help the I3– reduction, high electric conductivity, low charge-transfer 
resistance, and lower cost than platinum. 

To date, reported efficiencies (ŋ) of platinum-based cells range between 4.2 and 12%, 
depending on the conditions (where efficiency is defined as the cell’s maximum power 
output divided by the input power from the light source).49,50 Due to the high 
variability in Pt efficiency from one system to another, it is common practice to refer 
the efficiency of a given system to a Pt CE of control measured under the same 
experimental conditions of the particular work, rather than comparing between 
different systems. 

So far, graphene oxide and hybrid structures of reduced graphene oxide (rGO) with 
carbon nanotubes (CNTs) have been used as counter electrodes in DSSCs, with 
results close to the state of the art with platinum. In particular, Roy-Mayhew et al. 
applied functionalized graphene sheets (FGSs) with oxygen-containing sites as a 
stand-alone catalyst in a dye-sensitized solar cell (DSSC), and demonstrated FGS-
based cells with efficiencies only 10% lower than platinum-based cells.50Choi et al. 
proposed multi-walled carbon nanotubes grown vertically by chemical vapor 
deposition on graphene layers using iron catalyst. The demonstrated that catalytic 
properties were highly dependent on the structure of the electrode.51 In another 
study, Kavan et al. prepared graphene nanoplatelets (sheets of functionalized 
graphene with an overall thickness ranging from~2 to~15nm, GNP) in the form of 
thin semitransparent films on F-doped tin oxide (FTO). GNPs exhibited high 
electrocatalytic activity for the Co(bpy)3 3+/2+ redox couple in acetonitrile electrolyte 
solution. The GNP film was superior to the traditional platinum electrocatalyst, both 
in charge-transfer resistance (exchange current) and in electrochemical stability under 
prolonged potential cycling.52 Graphene nanoplatelets are now emerging as the best 
performing counter electrodes in DSSCs, reporting the highest ŋ to date (13%).53 

It has been shown that pure graphene has an excellent conductivity, and is 
potentially a good alternative to platinum by itself. However, it has a limited number 
of active sites and intrinsic activity can be improved through chemical 
functionalization of the material. Another alternative that has seen a rising interest 
as counter electrodes in DSSCs is the combination of graphene with other 2D 
materials, such as chalcogenide semiconductors. A combination of highly 
electrocatalytic InS2 and graphene on FTO have proven to be feasible substitutes for 
Pt. The resulting efficiency using graphene/CuInS2/FTO counter electrode was 
6.18%, only slightly lower than the 6.52% of Pt CE of reference.54  

In particular, from the transition metal dichalcogenides, examples with molybdenum 
disulfide (MoS2) in combination with graphene showed outstanding performance. 
MoS2 is an earth-abundant inorganic compound comprising a Mo layer sandwiched 
between two S layers stacked and held together by weak van der Waals interactions. 
In the CE of a DSSC, MoS2 would play the role of triiodide/iodide reduction catalyst, 
while graphene would provide a high surface area of electron pathways,55 both 
fundamental processes for the good performance of the CE. A transparent MoS2–
graphene nanosheet (GNS) nanocomposite counter electrode (CE) was incorporated 
into a Pt-free dye-sensitized solar cell (DSSC). 56 The DSSC assembled with this 



172 Exfoliation of 2D materials in acqueous suspensions of ox-NCC  

exhibited an impressive photovoltaic conversion efficiency of 5.81%, up to 93% of 
that obtained using the conventional Pt CE (6.24%).Liu et al. synthetized a 
nanocomposite of MoS2 and graphene oxide (GO) by mixing GO nanosheets with a 
solution of ammonium tetrathiomolybdate ((NH4)2MoS4) and then converting the 
solid intermediate into the corresponding reduced graphene oxide (RGO) MoS2/RGO 
nanocomposite in a H2 flow at 650 °C (Figure 5). The resulting CE reached a power 
efficiency of 6.04%, comparable to that of Pt (6.38%).57 They showed that the 
functional groups in GO are critical to the immobilization of MoS2 nanoparticles onto 
the graphene surface and the density of MoS2 nanoparticles on graphene can be 
modulated by the concentration of ammonium tetrathiomolybdate.  

The same group demonstrated that graphene flakes (GF) can be successfully 
embedded into a nanosheet-like molybdenum sulphide (MoS2) matrix via an in situ 
hydrothermal route.58 The conversion efficiency achieved was of 6.07% similar to the 
6.41% of the conventional Pt CE. 

a 

 

b 

 

Figure 5. TEM image representing MoS2 nanoparticles onto graphene flakes (a) and 

proposed catalytic mechanism for the reduction of I3
-/I- redox couple (b).57 

 

These, among other examples, suggest that functionalization or hybridization of 2D 
materials, and in particular graphene and MoS2, is an established and effective way 
to improve the catalytic properties of individual components and the hybrids as a 
whole.59 

5.1.3. Hybrid NCC-based 2D materials 

Growth of large area, high-quality, single-crystal 2D materials, required for the 
practical realization of 2D-based technologies and for high-volume manufacturing, is 
perhaps one of the most challenging tasks. The success of graphene and related 
materials for energy applications crucially depends on the development and 
optimization of production methods. High-volume liquid-phase exfoliation needs to be 
optimized to control the flake size and to increase the edge-to-surface ratio, which is 
crucial for optimizing electrode performance, and to move towards greener solvents 
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Nanocrystalline cellulose has turned out to be a very convenient choice for exfoliating 
graphene in an eco-friendly way, giving rise to very stable suspensions of this 
material in water. The first example of hybrid based on a combination of graphene 
and NCC was reported by Valentini et al (Figure 7).60 A suspension of NCC was 
added to a dispersion of graphene oxide (GO) and mixed together using 
ultrasonication after which films were prepared from this mixture by drop casting. 
One of the disadvantages of using GO compared to graphene is the absence of charge 
carrier transfer due to the high resistance resulting from the presence of many defects 
(oxygen containing groups) on the surface. To address this problem, the author 
performed the thermal reduction of GO by applying a large current passing through 
the film, thereby heating it and inducing a de-oxygenation and consequently an 
increase in conductivity. These thin-film devices also present a reversible memory 
effect due to the presence of GO when applying a positive or negative bias voltage, 
inducing high/low conductivity states.61 These results are of the highest importance 
since they showed the possibility of using nanocellulose in the field of data storage 
electronic devices fabrication.  The same group reported also on the use of 
transparent and conductive graphene nanoplatelets (GNPs)/NCC film for the 
fabrication of polymer solar cells.62  

 

a 

 

b 

 

Figure 6. TEM image of the  a MoS2/graphene flakes (GF) hybrid (a) and schematic 

for the possible synergistic effect on the enhanced electrocatalytic

activity of the MoS2/GF hybrid (b) 

 

Figure 7. Schematic representation of NCC/GO, cross section (left), Field emission 

scanning electron microscopy (FESEM) image of NCC/GO composite film (center) 

and current–voltage curve of NCC/GO composite film (right).60 
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The best composition for the fabrication of the film, obtained by drop casting on an 
indium tin oxide (ITO) support, was found to be 10 mL of NCC suspension (0.5 
wt%) with 10 mL of GNP (1 wt%) resulting in a good compromise between the 
problem phase separation due to an increase of the GNP concentration and the low 
conductivity of the film for higher NCC concentration. This optically transparent 
film, enabling light to go through was integrated in polymer solar cell. Even if the 
performance of such solar cells were modest, many parameters, such as the 
composition of the NCC based film, or the orientation of the NCC can be optimized 
to improve their power conversion efficiency (ŋ) as well as the optimization of the 
mechanical properties should lead to completely recyclable solar cell technology.  
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5.2. Aim of the work 

As mentioned in the previous section, several works suggest that NCC materials may 
be a convenient choice to promote the exfoliation of 2D materials in aqueous medium 
and for the preparation of flexible nanodevices for energy storage applications.61,62 

The work in this Chapter is oriented toward the development of a sustainable, 
scalable method for the exfoliation of graphite and bulk MoS2 materials in aqueous 
environment. Ox-NCC is used as exfoliating and stabilizing agent. Several parameters 
will be studied in order to obtain the best conditions in terms suspensions stability in 
water, quality of exfoliation and electronic properties. 

Moreover, thanks to the intrinsic film-forming properties of ox-NCC, graphene 
and/or MoS2 containing films with high flexibility, transparency and different 
conductivities can be prepared by simple evaporation of the resulting suspensions.  

These novel nanodevices are proposed as cost-effective alternative to platinum as 
counter electrodes in DSSCs and could also be used for other electronic applications. 
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5.3. Results and discussion 

Ox-NCC_3 was chosen as dispersing agent for the exfoliation of 2D materials due to 
its better colloidal stability in water with respect to NCC. Synthesis and 
characterization of ox-NCC_3 was fully discussed in Chapter 2. In this chapter, ox-
NCC will be referred to as ox-NCC for clarity. 

As graphitic starting material, expanded graphite (EG) was preferred, since its pre-
treatment facilitates the exfoliation process. Normally this pretreatment involves 
sonication in small amount of stabilizating solvents, such as NMP, followed by 
filtration.63 This implies a significant reduction of the time required to produce 
dispersions of solvent-exfoliated graphene from the obtained powder.  

Molybdenum disulfide is an inorganic semiconductor with formula MoS2, classified as 
a metal dichalcogenide. It was chosen as additional 2D material to mix with 
graphene, as it has been suggested that the combination of these two components is 
particularly suitable as CE of a DSSC. 

5.3.1. Effect of sample preparation conditions 

The liquid phase exfoliation of 2D materials yield is highly influenced by experiment 
parameters. For this reason, the effect of preparation conditions was studied in order 
to maximize the yield of exfoliation. All samples in this study were prepared 
following the same basic procedure (section 5.5.3). Briefly, ox-NCC was dispersed in 
water in a sonication bath, after which EG and MoS2 powders were added. 
Exfoliation was promoted by ultrasonication in an ice bath to avoid overheating of 
the sample and minimize creation of defects in the exfoliated materials, and 
centrifugation was performed afterwards to remove eventual non-exfoliated sediment. 
Conditions were varied in order to find the best parameters, and are summarized in 
the next section. Corresponding blanks were prepared in absence of ox-NCC to study 
the effect of ox-NCC in stability and yield of exfoliation. The success of exfoliation 
was firstly judged by the color of the dispersions obtained and their stability. 

EG or bulk MoSEG or bulk MoSEG or bulk MoSEG or bulk MoS2222 load load load load    

In first place, dispersions with initial concentration of EG or MoS2 powder from 10-60 
mg were prepared (in 45 mL of ox-NCC 2 mg/mL). The dispersions were sonicated 
for 60 min. Then samples were centrifuged at 1000 rpm for 1 h, and the supernatant 
at 3000 rpm for 30 min (centrifugation protocol 1) to remove any non-exfoliated 
material. Conditions are summarized in Table 9.  
The content of graphene in the suspensions was higher with increased initial loading 
of graphene or MoS2, as expected. In order to further increase the 2D materials 
content in the suspensions, the highest concentrations were kept in all cases for the 
following tests and other conditions were varied. 
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Table 9. Sample preparation conditions to study the effect of .EG or bulk 

MoS2 load. 

Entry ox-NCC 

[mg/mL] 

 

EG 

(mg) 

MoS2 

(mg) 

Sonication 

Time  

(h) 

Centrifugation 

protocol* 

 

1† 2 10 - 1 1 

2† 2 20 - 1 1 

3† 2 30 - 1 1 

4† 2 60 - 1 1 

5† 2 - 10 1 1 

6† 2 - 20 1 1 

7† 2 - 30 1 1 

8† 2 - 60 1 1 

9† 2 30 30 1 1 

10† 2 60 60 1 1 

†: characterization not shown in the manuscript 

*: centrifugation protocol 1: 1000 rpm, 1 h + 3000 rpm, 30 min. 

 

Sonication timeSonication timeSonication timeSonication time    

It has been reported for various nanomaterials that prolonged sonication results in 
increased dispersion concentrations. In order to test the effect of sonication time on 

the exfoliation yield, high-load samples of EG and MoS2 in 45 mL of 2 mg/mL ox-

NCC suspension were sonicated for 1 and 2 hours (Table 10). The samples were then 
centrifuged at 1000 rpm, for 1h and supernatant again at 3000 rpm for 30 min 
(centrifugation protocol 1). The concentration of graphene or MoS2 in the suspensions 
did not considerably increase by applying longer sonication time. In addition, longer 
sonication times have been related to higher amount of defects,64 with a subsequent 
loss of electronic properties. Therefore, longer sonication times were discarded. 

Table 10. Sample preparation conditions to study the effect of sonication 

time. 

Entry ox-NCC 

[mg/mL] 

EG 

(mg) 

MoS2 

(mg) 

Sonication 

Time (h) 

Centrifugation 

protocol* 

1† 2 60 - 1 1 

2† 2 60 - 2 1 

3† 2 - 60 1 1 

4† 2 - 60 2 1 
†: characterization not shown in the manuscript, 

*: centrifugation protocol 1: 1000 rpm, 1 h + 3000 rpm, 30 min. 
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Centrifugation protocolCentrifugation protocolCentrifugation protocolCentrifugation protocol    

The concentration of graphene in suspension is strongly influenced not only by 
sonication time but also centrifugation conditions.65 In order to evaluate the effect of 
the centrifugation in the exfoliation yield, different centrifugation protocols were 
applied (Table 11). 

Table 11. Sample preparation conditions to study the effect of 

centrifugation protocol. 

Entry ox-NCC 

[mg/mL] 

EG 

(mg) 

MoS2 

(mg) 

Sonication 

Time (h) 

Centrifugation 

Protocol* 

1§ 2 60 - 1 2 

2† 2 60 - 1 3 

3§ 2 60 - 1 4 

4† 2  60 1 2 

5† 2  60 1 3 

6† 2  60 1 4 

7† 2 60 60 1 2 

8† 2 60 60 1 3 

9† 2 60 60 1 4 
§: characterization shown in the manuscript 

†: characterization not shown in the manuscript, 

*: centrifugation protocol 2: 1000 rpm, 1 h; centrifugation protocol 3: 1000 

rpm, 1 h + 2000 rpm, 30 min; centrifugation protocol 4: 1000 rpm, 1 h + 

2000 rpm, 30 min + 3000 rpm, 30 min. 

 

The highest concentration of 2D materials was obtained in all cases with protocol 2 
(i.e 1000 rpm, 1 h). As expected, lower centrifugation speed resulted in less removal 
of graphene or MoS2 flakes from the suspension, yet probably at expense of the size 
distribution. 

oxoxoxox----NCC concentrationNCC concentrationNCC concentrationNCC concentration    

For further application of the exfoliated material, it was of crucial importance to 
maximize the ratio of 2D materials to ox-NCC, maintaining stability of the exfoliated 
sheets in water. In view of this, the last experiment consisted in studying how 
decreasing ox-NCC to 1 mg/mL affected the yield compared to the corresponding 
samples using ox-NCC at 2 mg/mL (Table 12).  

Both graphene and MoS2 concentration and exfoliation yield were higher with the 
amount of ox-NCC of 2 mg/mL. However, the yield of exfoliation using 1 mg/mL the 
yield of exfoliation was more than half the one achieved with ox-NCC at 2 mg/mL in 
the same conditions. In other words, decreasing ox-NCC increased the relative ratio 
2D material/ox-NCC in the dispersion. 
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Table 12. Sample preparation conditions to study the effect of ox-NCC 

concentration. 

Entry ox-NCC 

[mg/mL] 

EG 

(mg) 

MoS2 

(mg) 

Sonication 

Time (h) 

Centrifugation 

protocol* 

1§ 1 60 - 1 2 

2† 1 60 - 1 3 

3§ 1 60 - 1 4 

4§ 1 60 60 1 2 

5† 1 - 60 1 3 

6† 1  60 1 4 

7§ 1 60 60 1 2 

8† 1 60 60 1 3 

9† 1 60 60 1 4  

§: characterization shown in the manuscript 

†: characterization not shown in the manuscript, 

*: centrifugation protocol 2: 1000 rpm, 1 h; centrifugation protocol 3: 1000 rpm, 1 h + 

2000 rpm, 30 min; centrifugation protocol 4: 1000 rpm, 1 h + 2000 rpm, 30 min + 3000 

rpm, 30 min. 

 

5.3.2. Characterizations 

As seen above, many different samples, covering a wide variety of preparation 
conditions were studied. In the interest of brevity, in the following sections only a 
subset will be presented and discussed in detail. Selected samples and conditions are 
summarized in Table 13. These samples are representative of the whole and serve to 
illustrate the trends observed. The exfoliation of MoS2 followed the same trend as 
graphene for all parameters studied, so influence is discussed for graphene and only 
best conditions are presented for MoS2 and mixture graphene/MoS2 samples. 
Intermediate conditions yielded correspondingly intermediate results and are omitted. 

Table 13. Sample preparation conditions for the samples discussed in this Chapter. 

Sample Entry ox-NCC 

[mg/mL] 

EG 

(mg) 

MoS2 

(mg) 

Sonication 

Time (h) 

Centrifugation 

protocol* 

Blank EG - - 60 - 1 2 

Blank MoS2 - - - 60 1 2 

Ox-NCC@G_1 Table 3, 1 2 60 - 1 4 

Ox-NCC@G_2 Table 3, 3 2 60  1 4 

Ox-NCC@G_3 Table 4, 1 1 60 - 1 2 

Ox-NCC@G_4 Table 4, 3 1 60 - 1 2 

Ox-NCC@MoS2 Table 4, 4 1 60 - 1 2 

Ox-NCC@G/MoS2 Table 4, 7 1 60 60 1 2 

*: centrifugation protocol 2: 1000 rpm, 1 h; centrifugation protocol 4: 1000 rpm, 1 h + 2000 

rpm, 30 min + 3000 rpm, 30 min. 
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Dispersion stabilityDispersion stabilityDispersion stabilityDispersion stability    

Assuming that expanded graphite (EG) and bulk MoS2 are insoluble, we can roughly 
estimate a qualitative exfoliation to few-layer graphene or MoS2 in ox-NCC 
suspension. The stability of the obtained samples was evaluated over time. Some 
precipitate appeared after 24 - 48 h (Figure 8) but the remaining material was stable 
for weeks at room temperature. On the contrary when EG or MoS2 were exfoliated in 
the same conditions using only water flakes settled down completely in the case of 
EG, and almost completely for MoS2, within a few hours and without centrifugation. 
These samples are shown in Figure 8a and b for visual comparison. Upon 
centrifugation of the blanks, supernatant was colorless in both cases, proving that 
stability of the suspensions was provided by ox-NCC. Because of this complete 
precipitation, the blanks were not comparable with the rest of samples in the same 
conditions, and therefore will not be presented in the rest of characterization steps. 

 

 a b c d e f g h 

0 h 

 

24 h 

48 h 

 

Figure 8. Stability of Blank MoS2 (a), Blank graphene (b), ox-NCC@G_1 (c), ox-

NCC@G_2 (d), ox-NCC@G_3 (e), ox-NCC@G_4 (f), ox-NCC@MoS2 (g) and ox-

NCC@G/MoS2 (h) at 0 and 24 h. (Note that blank graphene  and blank MoS2 images 

are prior to centrifugation). 

 

In order to remove ox-NCC after the exfoliation, some of the samples were filtered 
using Millipore 0.45 µM membranes. Suspensions were never allowed to dry in order 
to avoid undesired aggregation. The individual ox-NCC nanocrystal size is small 
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enough to go through the pores whereas graphene or MoS2 sheets remain in the 
suspension above. Samples ox-NCC@G_3, ox-NCC@G_4, ox-NCC@MoS2 and ox-
NCC@G/MoS2 were cleaned in this way, yielding ox-NCC@G_3-w, ox-NCC@G_4-w, 
ox-NCC@MoS2-w and ox-NCC@G/MoS2-w [w for washed samples], and their 
stability over time were also studied. 

Washed samples presented a remarkable stability, showing that a minimal amount of 
ox-NCC was enough to stabilize graphene and MoS2 flakes in water. Differences with 
respect to the unwashed samples started to be visible after 48 h, where slightly higher 
amounts of precipitate appeared in the washed samples (Figure 9). 

 

 a b c d e f g h 

0 h 

 

48 h 

 
Figure 9. Stability of ox-NCC@G_3 (a), ox-NCC@G_3-w (b), ox-NCC@G_4 (c), ox-

NCC@G_4-w (d), ox-NCC@MoS2 (e), ox-NCC@MoS2-w (f), NCC@G/MoS2 (g) and 

ox-NCC@G/MoS2-w (h) at 0 and 48 h. 

 

The prolonged stability of the washed samples implies that the ratio of ox-NCC can 
be tuned after exfoliation by simple filtration, which may be useful for particular 
applications 

UVUVUVUV----Vis spectroscopyVis spectroscopyVis spectroscopyVis spectroscopy    

The good stability of the obtained graphene suspensions enables the weight content 
of graphene to be monitored using UV-Vis spectroscopy, providing a reliable way to 
determine the graphene exfoliation yield. Relationship between the absorbance and 
the relative concentrations of graphene at 660 nm has been observed to be linear, 
obeying the Lambert-Beer Law.14,15 Thus, the optical absorbance of a graphene 
dispersion at 600 nm of wavelength obeys the following equiation: 

ClA α=  (1) 
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where A is the absorbance of the graphene dispersions at 660 nm, α is the absorption 
coefficient, which is related to the absorbance, C is the concentration and l (value: 
1 cm = 10-2 m) is the path length 

Different values of molar extinction coefficient (α) appear in literature. This 
parameter depends on the solvent used or the presence of surfactants. Thus, a specific 
value of α at 660 nm for graphene in our particular solvent, i.e an aqueous suspension 
of ox-NCC, must be determined. In order to do this, graphene suspensions of known 
concentration in ox-NCC were prepared to obtain a calibration curve. 

First, graphene dispersions were prepared through liquid-phase exfoliation in water, 
in the absence of ox-NCC. The graphene obtained in this way was then filtered and 
dried. Graphene suspensions of several known concentrations were then prepared by 
redispersing this dried graphene in a suspension of ox-NCC, and UV-Vis spectra were 
recorded. The inset in Figure 10 shows a typical UV-Vis spectrum of graphene 
suspension in aqueous ox-NCC. The spectrum is featureless in the Vis-IR region, as 
expected. Absorbance at 660 nm, divided by cell length was plotted against the 
concentration as seen in Figure 10. The resulting calibration had an r2 value of 0.997, 
confirming the Lambert-Beer behavior in the concentration range under study. The 
extinction coefficient was determined to be 740.18^mL·mg-1·m-1.  

This value is consistent with those found in literature for similar systems. For 
instance, Lotya et al. found a value of 1390 mL·mg-1·m-1 when graphene was 
exfoliated in water using sodium dodecylbenzene sulfonate (SDBS) as surfactant, at a 
concentration of 0.5 mg/mL,66 Wang et al. studied the effect of surfactant 

concentration on the extinction coefficient (α). They found that using a low 
concentration (0.1 mg/mL) of a given surfactant, a higher value of (1458 
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aqueous suspension. 
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mL·mg-1·m-1) was found, whereas when the concentration reached 5 mg/mL, α 
value decreased to 578.5 mL·mg-1·m-1.67  

By measuring the absorbance of our samples at 660 nm wavelength, the 
concentration of the supernatant exfoliated graphene could then be 
calculated. Graphene concentrations of 0.05, 0.09, 0.27 and 0.31 mg/mL were 
obtained for ox-NCC@G_1, ox-NCC@G_2, ox-NCC@G_3 and ox-NCC@G_4, 
respectively. As expected, higher graphene concentration was obtained when the 
centrifugation step was performed at lower rate (ox-NCC@G_3 and ox-NCC@G_4). 
Comparing samples centrifuged at the same centrifugation rate, i.e. NCC@G_1 with 
ox-NCC@G_2, and ox-NCC@G_3 with ox-NCC@G_4, slightly higher values of 
graphene concentration were observed when higher concentration of ox-NCC was 
present, i.e. in ox-NCC@G_2 and ox-NCC@G_4, respectively. 

After washing, the concentration of ox-NCC in the suspension was no longer the 
same. Strictly speaking, solvent was different and molar extinction coefficient may 

have varied. (α) However, as the concentration of ox-NCC was unknown after 
washing, the same α was considered for the determination of graphene concentration 
in washed samples. The resulting concentrations were 0.27 mg/mL for ox-
NCC@G_3-w and 0.31 mg/mL for ox-NCC@G_4-w, identical to the corresponding 
unwashed samples. This result proves that the molar extinction coefficient used was 
still valid despite the lower concentration of ox-NCC in the system, and shows that 
filtration is a good method to remove ox-NCC from the suspension without loss of 
graphene material. 

The graphene concentration obtained with our method compares favorably with other 
examples in literature. For instance, Hernandez et al. reached maximum 
concentrations of graphene of 0.01 mg/mL using different organic solvents, such as 
N,N-Dimethylacetamide (DMA), g-butyrolactone (GBL) and 1,3-dimethyl-2-
imidazolidinone (DMEU).14 In the work of Lotya et al., using SDBS as surfactant, 
graphene concentrations are observed in the range 0.002 - 0.05 mg/mL.  

Besides, our results are in reasonable agreement with the concentrations of exfoliated 
graphene achieved using pristine NCC. The highest concentrations of graphene 
exfoliated in NCC suspensions were obtained by Carrasco et al.68 Depending on 
sample preparation parameters, they found graphene concentrations varying between 
0.3 and 1.08 mg/mL.68 

In the case of MoS2, it has been reported that the absorbance at 670 nm wavelength 
displays Lambert-Beer behavior and can be used to determine molar extinction 
coefficient in the same way described for graphene.25 Thus, a calibration curve was 
obtained for MoS2 suspensions following the same procedure. According to the results 
derived from UV-Vis spectra, the extinction coefficient of the as-prepared MoS2 was 
176.51  mL·mg-1·m-1, as can be seen in Figure 11. Other values reported in the 
literature for the molar extinction coefficient are 1020 mL·mg-1·m-1 in NMP,69 or 
1517 mL·mg-1·m-1 in water using sodium cholate as surfactant. Our value is slightly 
lower than these, but as it has been demonstrated with graphene, this value can vary 
widely depending on solvent and surfactant type and concentrations.28  
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The inset in Figure 11 shows a typical MoS2 UV-Vis spectrum in an aqueous 
suspension of ox-NCC. Typical characteristic absorption bands of MoS2 located at 
672, 610, 454 and 397 nm are observed, which are in good agreement with few-
layered MoS2 obtained from a liquid-based exfoliation method.25 The absorption 
peaks at 672 and 610 nm can be assigned to the direct excitonic transitions at the K 
point of the Brillouin zone with the energy difference arising due to spin−orbital 
splitting of the valence band. Peaks at 454 and 397 nm correspond to the direct 
excitonic transitions of M point between higher densities of state regions of the band 
structure.70  

Using the calibration curve, MoS2 concentration in ox-NCC@MoS2 was measured. 
The value obtained of 0.27 mg/mL is similar to the concentration obtained for 
graphene in the same conditions.  

Regarding the concentration of MoS2 achieved with other methods, Coleman et al. 
found similar concentration (around 0.3 mg/mL) using NMP as solvent.25 O’neill et 
al. reported concentrations of exfoliated MoS2 as high as 40 mg/mL in NMP 
increasing sonication time up to 200 h,69whereas in aqueous suspension, using sodium 
cholate as surfactant, concentrations of 0.26 mg/mL where reached, and 0.5 mg/mL 
when increasing sonication time to 16 h.28  

In the case of the hybrid sample ox-NCC@G/MoS2, both components (graphene and 
MoS2) contributed to the absorbance at the desired wavelengths. This made it 
impossible to determine the concentration of individual components in the sample 
using this method. 
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graphene concentration. Inset: UV-Vis spectrum of exfoliated MoS2 in ox-

NCC aqueous suspension 
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Atomic force microscopAtomic force microscopAtomic force microscopAtomic force microscopy (AFM)y (AFM)y (AFM)y (AFM)    

Morphological features of the prepared graphene, MoS2 and G/MoS2 hybrid 
dispersions were analyzed using AFM. Figure 12 displays AFM images of the most 
representative graphene suspensions evaporated on cleaned silicon wafer supports. In 
all samples, mats of ox-NCC were found with graphene sheets embedded in them. In 
general, a lower number of graphene sheets and of smaller size were found in ox-
NCC@G_1 and ox-NCC@G_2, which were produced using a higher centrifugation 
rate.  

  

  

  

  
Figure 12. AFM images of ox-NCC@G_1 (a), ox-NCC@G_2 (b), ox-NCC@G_3 (c) 

and ox-NCC@G_4 (d). Height profiles are shown below the corresponding images. 
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This is consistent with a higher stability of the smaller graphene flakes in suspension, 
probably due to the lower weight of the individual particle. On the other hand, a 
higher amount of graphene, forming larger sheets, was found in ox-NCC@G_3 and 
ox-NCC@G_4 samples, but always surrounded by ox-NCC. 

Cross-sectional height profiles were extracted from each sample and are shown below 
the corresponding images. Heights were found to be in the range of 50 – 150 nm. 
Typically, single layer graphene has a height of 0.35 – 1 nm,71 and thus the number 
of layers can be easily estimated from AFM height profile measurements. However, 
this estimation was not possible for our samples, as they were always covered by ox-
NCC films of variable thickness which also affected the orientation of the graphene 
sheet. 

The successful removal of ox-NCC in the washed samples is evident from the AFM 
images. Figure 13 shows ox-NCC@G_3 and ox-NCC@G_4 after washing. Ox-NCC 
could still be found, but in much smaller amounts in both cases after the washing 
process. However, neither after washing was it possible to determine the height of the 
graphene layers (Figure 14) probably due to the presence of residual ox-NCC among 
the flakes, more difficult to remove. 

As shown in Figure 14a. flakes of MoS2 were also found covered by ox-NCC. MoS2 
flakes were in principle similar in size and shape to the corresponding graphene 
sample under the same conditions. This made it impossible to distinguish graphene 
from MoS2 in the case of the hybrid sample, ox-NCC@G/MoS2 (Figure 14c). 
Moreover, in these samples, where MoS2 was present, the removal of ox-NCC was less 
effective after washing in the same conditions (Figure 14b and d). This seems to 

  

  
Figure 13. AFM images of ox-NCC@G_3 (a), ox-NCC@G_3-w (b), ox-NCC@G_4 (c)

and ox-NCC@G_4-w (d). Height profiles are shown below the corresponding images. 
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indicate a stronger interaction between MoS2 sheets and ox-NCC. As mentioned 
above, both before and after washings, the presence of ox-NCC hampered the layers 
height determination using this technique. 

 

  

  

  

  
Figure 14. AFM images of ox-NCC@MoS2 (a), ox-NCC@MoS2-w (b), ox-

NCC@G/MoS2 (c) and ox-NCC@G/MoS2-w (d). Height profiles are shown below the 

corresponding images. 
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TransmissTransmissTransmissTransmission electron microscopy (TEM)ion electron microscopy (TEM)ion electron microscopy (TEM)ion electron microscopy (TEM)    

Typical TEM images of the samples are displayed in Figure 15, where graphene and 
MoS2 exfoliated flakes appear as dark sheets with scrolled edges and folded regions. 
Contrary to AFM, ox-NCC is barely visible in TEM images due to its low electronic 
density. The different contrast between ox-NCC and our 2D materials enabled the 
observation of graphene and MoS2 without interference from ox-NCC. In all cases few 
layered graphene and MoS2 fragments were found and thus it was possible to 
determine the size and number of layers using TEM.  

Lateral sizes of the flakes ranged from 700 to 3500 nm for graphene, with ox-
NCC@G_3 (Figure 15c) and ox-NCC@G_4 (Figure 15d) presenting higher 
abundance of larger sheets than ox-NCC@G_1 (Figure 15a) and ox-NCCG_2 
(Figure 15b). In the case of ox-NCC@MoS2 (Figure 15e), sheets presented lateral sizes 
between 200 and 1500 nm.  

The similarity between graphene and MoS2 in the TEM images makes it difficult to 
distinguish one from the other in the hybrid sample ox-NCC@G/MoS2. In general, 
the MoS2 flakes observed were of smaller size than those of graphene obtained under 
the same conditions. Thus, it is plausible that in the image corresponding to the 
hybrid sample (Figure 15f) the biggest sheet corresponds to few layer graphene with 
two smaller MoS2 fragments below or on top of it. This dilemma could be resolved by 
an energy dispersive spectroscopy analysis (EDS), a technique that can determine the 
elemental composition of the sample. Unfortunately, this accessory was not available 
in the instrument used. 

Raman spectroscopyRaman spectroscopyRaman spectroscopyRaman spectroscopy    

Raman spectroscopy is a useful tool to determine the exfoliation quality of 2D 
materials.72 For EG, our starting material, the two most intense peaks are the G 
peak, at around 1580 cm-1, and the 2D band, at around 2700 cm-1. The G peak results 
from the doubly degenerate zone center E2g   mode, while the 2D band is the second 
order of zone-boundary phonons.73 Besides the G and 2D peaks, the D band at 
around 1350 cm-1 is also present in EG. This band is caused by the breathing modes 
of sp2 rings and requires a defect for its activation. Its intensity may not only result 
from the amount of disorder, but can also be assigned to the edges of sub-micrometer 
flakes.74  Thus, its presence in EG indicates the introduction of some defects during 
the pre-treatment of graphite. On the other hand, the most intense peaks for ox-NCC 

appear at 2907 and 2887 cm-1 and are attributed to C-H stretching and CH2 
symmetric stretching, respectively.75 Other Raman features of nanocellulosic materials 
were discussed in more detail in Chapter 2.  

Raman spectra of ox-NCC@G_1, ox-NCC@G_2, ox-NCC@G_3 and ox-NCC@G_4, 
acquired at 532 nm, are presented in Figure 16, together with those of ox-NCC and 
EG for comparison. In order to avoid artifacts associated to sample thickness and 
inhomogeneity, at least 10 spectra at different points were acquired. The spectra 
shown are the mean of these measurements. All curves have been normalized to the 
strongest band of the spectrum. 
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For exfoliated samples, in all cases it was possible to observe the D, G and 2D bands 
characteristic of graphene-like material, but also bands from ox-NCC to a different 
extent. This technique could not be used to quantify the different components in the 
samples, since the intensity of the bands is not directly dependent on the 
concentration and the spectra might not be representative of the entire sample.  

  

  

  
Figure 15. TEM images of  ox-NCC@G_1 (a), ox-NCC@G_2 (b), ox-NCC@G_3 (c)

and ox-NCC@G_4 (d), NCC@MoS2 (e) and NCC@G/MoS2 (f). 



190 Exfoliation of 2D materials in acqueous suspensions of ox-NCC  

 

However, we may attempt a qualitative assessment by comparing the relative 
intensity of the bands associated to ox-NCC (2907 cm-1) and graphene (2700 cm-1). 
The highest relative intensity of the band attributed to ox-NCC was found in ox-
NCC@G_2, which is the sample were the highest ratio ox-NCC/graphene is 
expected, whereas in the case of ox-NCC@G_3, this band is barely visible. Also, 
different parameters in the graphene bands can be evaluated and compared among 
the samples, indicating eventual differences in the quality of exfoliation. For instance, 
the I(G)/I(2D) ratio of graphene is lower than that of EG because the relative 
intensity of 2D with respect to G band increases almost linearly up to 6–8 layers, 
whereas G peak position blue shifts from ~1580 toward ~1590 cm-1 with decreasing 
number of layers.76 For a single layer, I(G)/I(2D) intensity ratio is ~0.24. On the 
other hand, I(D)/I(G) gives an indication about number of defects,  an increase in 
this ratio evidences a higher amount of defects and edges in the sample. Values of G 
band position and the intensity ratios I(G)/I(2D) and I(D)/I(G) are summarized in 
Table 14. 
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Figure 16. Raman spectra of ox-NCC@G_1, ox-NCC@G_2, ox-NCC@G_3 

and ox-NCC@G_4, at 532 nm excitation. 

Table 14. G band position, I(G)/(I2D) and I(D)/(G) of  the 

graphene samples. 

Sample G band 
position (cm-1) 

I(G)/I(2D) I(D)/I(G) 

EG 1576 4.54 0.08 
ox-NCC@G_1 1584 2.02 0.36 
ox-NCC@G_2 1584 2.16 0.35 
ox-NCC@G_3 1584 2.01 0.18 
ox-NCC@G_4 1584 1.92 0.24  
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The ratio of I(G)/I(2D) of the ox-NCC@G_n samples varied from 2.16 to 1.92 
whereas the one of the parent EG material is 4.54. I(D)/I(G) values increased from 
0.08 in EG to values from 0.18 to 0.36 in the exfoliated samples, showing a higher 
intensity of D band in samples ox-NCC@G_1 to ox-NCC@G_4, ascribed to higher 
number of edges and defects. 
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Figure 17. Zoomed 1200-1800 cm-1 region in EG, ox-NCC@G_1, ox-NCC@G_2, 

ox-NCC@G_3 and ox-NCC@G_4. 

 

These differences in D band intensity and G band position are more clearly observed 
in Figure 17 which shows the region between 1200 and 1800 cm-1 in more detail. In 
ox-NCC@G_1 and ox-NCC@G_2, a broadening in D band is also observed. This 
broadening is normally ascribed to disorder defects in basal plane, as commonly 
found in GO or chemical reduced graphene. However in this case, it could be due to 
the vicinity of bands from ox-NCC which may overlap with D band rather than basal 
plane defects.  

The 2D mode band gives valuable information about the extent of exfoliation. Its 
shape evolves significantly with the number of layers. The 2D mode in graphitic 
materials can be decomposed in two components, 2D1 and 2D2, whereas in bilayer 
graphene is best fitted to four components and in single layer graphene it has a single 
component.77  

The shape of the 2D band of the samples was fundamentally different from that of 
EG, indicating exfoliation state of the graphene produced. The graphene bi-layers 
were identified by Lorentzian multi peak fit using Origin 8.0 software. The peak 
analysis for the 2D band of EG, ox-NCC@G_1, ox-NCC@G_2, ox-NCC@G_3 and 
ox-NCC@G_4 are shown in Figure 18. The four components of the 2D band in 
bilayer graphene are usually centered at 2617, 2652, 2676 and 2693^cm-1.The 
deconvolution of 2D band in Raman spectra of our samples showed four components, 
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whereas that of EG was better fitted to 2 peaks. This revealed that bilayer and few 
layer graphene were formed after sonication, and confirmed that our method can 
successfully exfoliate bulk EG. 

Raman spectra of ox-NCC@G_3-w and ox-NCC@G_4-w were acquired in the same 
conditions as the corresponding unwashed samples. The data in Figure 19 shows a 
lower ox-NCC band after washing, indicating that the ox-NCC content decreased 
with respect to the parent samples. The change is more noticeable in ox-NCC@G_4, 
where the initial concentration of ox-NCC was higher. Regarding the position, 
intensity and shape of the D, G and 2D bands from graphene, no significant changes 
were observed, indicating that the graphene sheets did not undergo re-aggregation 
after partial removal of ox-NCC. 
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Figure 18. Multi-peak fitting of 2D graphene band in ox-NCC@G_1, in ox-

NCC@G_2, in ox-NCC@G_3 and in ox-NCC@G_4. 
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Figure 19. Raman spectra of ox-NCC@G_3, ox-NCC@G_3-w, ox-

NCC@G_4 and ox-NCC@G_4-w, at 532 nm excitation. 

 

The raman spectrum of bulk MoS2 features four first-order active modes at 32 cm−1 
(E2

2g), 286 cm−1 (E1g), 383 cm−1 (E1
2g) and 408 cm−1 (A1g). The E2

2g mode arises from 
the vibration of an S–Mo–S layer against adjacent layers. The E1g mode is forbidden 
in back-scattering geometry on a basal plane. The in-plane E1

2g mode results from 
opposite vibration of two S atoms with respect to the Mo atom while the A1g mode is 
associated with the out-of-plane vibration of only S atoms in opposite directions.78,79  

For mono-layer-and few-layer MoS2, the number of layers can be found by 
determining the distance between the two fingerprint peaks (observed at ~383 cm-1 
and ~408 cm-1). For 1-4 layer MoS2 the mode at ~383 cm-1 shifts to lower frequencies 
and that ~408 cm-1 shifts to higher frequencies.79 When the number of layers is higher 
than 4 the frequency of both peaks converge to the bulk values, which results in 
decreasing ability to differentiate between the layers of different thickness. 

The two peaks observed in bulk MoS2 spectrum (Figure 20) correspond to E1
2g and 

A1
g modes, at 383 and 408 cm-1, respectively. (The E2

2g mode is not detectable due to 
constraint of our Rayleigh line rejection filter (> 100 cm-1). In the spectra of ox-
NCC@MoS2 and ox-NCC@MoS2-w (Figure 20), no shift of the bands was observed. 
This can only mean that the MoS2 flakes obtained after exfoliation still had at least 4 
layers. On the other hand, the intensity of the MoS2 bands was much higher than 
those of ox-NCC. This made it more difficult to determine if the washing steps to 
remove ox-NCC from the system were successful. 

For the hybrid ox-NCC@G/MoS2 sample, bands coming from all components were 
observed (Figure 21). The graphene G band was located at 1584 cm-1, and the ratios 
I(G)/I(2D) and I(D)/I(G) were 2.15 and 0.5, respectively, whereas for MoS2, no shift 
of the bands respect to the bulk material was observed, thus indicating number of 
layers higher than 4. This reveals that the quality of exfoliation in ox-NCC@G/MoS2 

did not differ from that of the individual components. Concerning the removal of ox-
NCC, no significant decrease of the ox-NCC band was observed, what matches 
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results observed in AFM measurements. This could be due to a stronger interaction 
of MoS2 with ox-NCC, since the latter was easily removed from the system when only 
graphene was present.  

Sample ox-NCC@G/MoS2 also featured the 2D band from graphene. Its 
deconvolution, shown in Figure 22, reveals the presence of bilayers and few-layers in 
the sample. In turn, this indicates that the presence of MoS2 does not affect the 
quality of graphene exfoliation.  
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Figure 20. Raman spectra of ox-NCC@MoS2 and  ox-NCC@MoS2-w, at 532 

nm excitation. 
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Figure 21. Raman spectra of ox-NCC@G/MoS2 and ox-NCC@G/MoS2-w, at 

532 nm excitation. 
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Figure 22. Multi-peak fitting of 2D graphene band in ox-

NCC@G/MoS2. 

 

5.3.3. Production of films 

Thanks to the presence of ox-NCC in the samples, self-standing films could be 
obtained by simple evaporation (Figure 23). Taking into account that film formation 
properties are exclusively due to ox-NCC, the volume of suspension used in the 
preparation of the film was adjusted so that the amount of ox-NCC was essentially 
the same. 

Surprisingly, ox-NCC@G_1 and ox-NCC@G_4 did not produce self-standing films. 
For the former, the reason might be the low concentration of ox-NCC, probably 
combined with partial removal during during the high-speed centrifugation step. 
During this process, some ox-NCC may have been dragged by graphene flakes, 
leaving and insufficient amount to permit film formation. In the case of ox-
NCC@G_4, the ratio of graphene exfoliated could be too high respect to ox-NCC, 
preventing film growth.  

All films were easy to handle although slight differences in flexibility were observed 
depending on the content of graphene and MoS2 content. In general, as the 
concentration of 2D materials increased, the films became more brittle. Thanks to the 
stability of the suspensions, which prevented reaggregation of the flakes during the 
long evaporation process, all the films obtained presented remarkable homogeneity. 
The transparency of the films was highly dependent on the concentration of 2D 
materials in suspension. Thus, ox-NCC film was completely transparent (Figure 23a), 
ox-NCC@G_2 still presented high transparency (Figure 23b), while the other films 
were more opaque as the ratio of graphene and/or MoS2 grew (ox-NCC@G_3, ox-
NCC@MoS2 and ox-NCC@G/MoS2, Figure 23c, d and e, respectively). 
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Figure 23. Self-standing films of ox-NCC (a), ox-NCC@G_2 (b), ox-

NCC@G_3 (c), ox-NCC@MoS2 (d) and ox-NCC@G/MoS2 (e). 

 

In the case of washed samples, no self-standing films could be obtained under the 
same conditions. Instead, only coatings not insufficiently robust to be handled by 
hand without breaking could be obtained. This was due to the too low amount of ox-
NCC present in the samples after washing, which was not enough for the formation 
of the film in the conditions used. 

The simplicity of the film formation process confirms the possibility to produce 
relatively large flexible electrodes. These results clearly demonstrate that ox-NCC is 
needed to obtain free-standing and flexible composite electrodes in a straightforward 
manner. 

SEMSEMSEMSEM    

The morphology of the prepared films was observed by scanning electron microscopy 
(SEM). Ox-NCC produced a film with a very homogeneous and flat surface, as shown 
in Figure 24a. Individual crystals could not be observed due to their small size, which 
was beyond the resolution limit of the instrument. In the other samples, platelets of 
graphene and/or MoS2 embedded in the ox-NCC matrix are observed. In general, a 
higher concentration of 2D materials was found in samples ox-NCC@G_3, ox-
NCC@MoS2 and ox-NCC@G/MoS2 (Figure 24c, d and e) with than in ox-NCC@G_2 
(Figure 24b).This was in agreement with the AFM and TEM results reported above.  

The presence of graphene and/or MoS2 flakes slightly increased the mesoscopic 
roughness of the sample, and thus the exposed surface. In addition, the images 
suggest that 2D materials were not only inside the ox-NCC matrix, but also exposed 
on the surface and thus more available for electron transfer in the eventually 
constructed electrodes. 
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Figure 24. SEM images of ox-NCC (a), ox-NCC@G_2 (b), ox-NCC@G_3 (c), ox-

NCC@MoS2 (d), ox-NCC@G/MoS2 (e) films (scale bars 1 µm). 

 

Electrical propertiesElectrical propertiesElectrical propertiesElectrical properties    

To understand whether the performance of the obtained graphene or hybrid films 
permits the replacement of platinum in solar cells and other optoelectronic 
applications, we first studied their electrical properties with a four-probe approach. 
The four probes are linearly arranged on the surface, and at equal distance (S) from 
each other. The method assumes that the sheet thickness of the sample much smaller 
than the probe distance (Figure 25). The current (I) flows between the two outer 
probes and the measure of voltages (V) is obtained between the two inner probes. 
The use of separate current and voltage contacts avoids problems with contact 
resistance.   
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Figure 25 Schematic representation of a four point 

probe measurement.80 

 

The four point methods allows to measure an important parameter in two 
dimensional systems, such as thin films, is the so called sheet resistance (Rs), 
measured in ohms per square (Ω/□). Strictly speaking, the unit for sheet resistance is 
the ohm. The reason for the name “ohms per square” is that a square sheet with a 

sheet resistance of 10 Ω/□ has an actual resistance of 10 Ω, regardless of the size of 
the square. Therefore, Rs gives a reliable way to compare absolute values of 
resistance (i.e. how strongly a given material opposes the flow of electric current) 
between different thin films, regardless of their size.  

Electrical conductivity is reciprocal to resistance, and measures a material's ability to 
transport an electric charge. From sheet resistance it is also possible to obtain the 
electrical conductivity (S/cm), provided that thickness of the film is known, using the 
following equation:  

tRs ×
= 1σ  (2) 

where RS (Ω/□) is the sheet resistance and t (cm) is the thickness of the sample.  

For each film, the thickness was measured with a micrometer, and the sheet 
resistance using the four-probe method described above. These values, along with the 
calculated conductivities are reported Table 15.  Ox-NCC is a very poor electrical 
conductor, having the highest sheet resistance of 36 MΩ/□. The introduction of 
graphene in the sample had a beneficial effect, as can be seen from the lower sheet 
resistance in ox-NCC@G_2, roughly 12 MΩ/□. Increasing the graphene content from 

0.09 mg/mL in ox-NCC@G_2 to 0.27 mg/mL in ox-NCC@G_3 (concentration 
referred to the parent suspension determined by UV-Vis) dramatically reduced sheet 
resistance in the latter to 3 kΩ/□. However, film containing MoS2, which was formed 
under analogous conditions to ox-NCC@G_3 exhibits a very high sheet resistance, 
similar to that of ox-NCC alone. The hybrid graphene/MoS2 sample, ox-
NCC@G/MoS2, is a better conductor than ox-NCC@MoS2, but not as good as the 
sample containing only graphene. These results suggest that addition of MoS2 to 
graphene did not cause any beneficial effect to the conductivity of the system, 
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although this is difficult to judge not knowing the exact concentration of each 
component in the sample. 

In terms of electrical performance, our results compare favorably with some reported 
values for graphene oxide (GO) or reduced graphene oxide (rGO) films. Gilje et al. 

reported a sheet resistance of 4·1010 Ω/□ for a GO film. They also attempted to 
enhance the electrical conductivity by removal of the oxidized moieities through 
chemical reduction.  The sheet resistance in reduced graphene oxide (rGO)  decreased 

to 4·106 Ω/□.81 Wu et al. reported reduced graphene oxide films of 5·103 kΩ /□. In 
this work, the graphene electrodes were deposited on quartz substrates by spin 
coating of an aqueous dispersion of GO, followed by a reduction process to reduce the 
sheet resistance 

On the other hand, our films are not competitive with better results found in 
literature for graphene films.82,83 For instance, Gomez de Arco et al. reported a 

graphene film with a sheet resistance value of 230 Ω /□ The graphene films were 
grown by chemical vapor deposition (CVD) on Ni surface.84 A remarkably high value 
of conductivity, of 14.3·105 S/m was described by Capasso et al.85 In that work, 
graphene films were produced by CVD of pyridine on copper substrates. They 
expected pyridine to lead to doped graphene by the insertion of nitrogen atoms in the 
growing sp2 carbon lattice, improving the properties of graphene as a transparent 
conductor.  

However, these examples employ harmful and costly methods, including toxic organic 
solvents or expensive techniques. Therefore, when it comes to scalability we believe to 
have reached a good compromise between properties, sustainability and production 
cost. 

5.3.4. Counter electrode (CE) fabrication and characterization 

To investigate the electrocatalytic activities of our samples toward I3 reduction in the 
I-/I3

- redox shuttle of DSSCs, counter electrodes (CE) were prepared by drop casting 
(20 µL droplets) of the different samples on FTO surfaces (0.25 cm2) and cyclic 
voltammetry (CV) tests were then conducted. 

Cyclic voltammetry (CV) is an electrochemical technique in which the electrode 
potential in an electrochemical cell is ramped linearly over time in cyclical phases. 
The rate of voltage change during each of these phases is known as the experiment 
scan rate (V/s). The potential is applied between the working electrode and the 
reference electrode while the current is measured between the working electrode and 

Table 15.Electrical properties of self-standing films. 

Film Thickness 

(µm) 

Sheet Resistance 

(MΩ/□) 

Electrical 

Conductivity ( µS/m) 

ox-NCC 47 ± 21 35.9 ± 4.1 0.068 ± 0.03 

ox-NCC@G_2 29 ± 8 11.8 ± 5.7 0.3 ± 0.024 

ox-NCC@G_3 29 ± 9 0.0033 ± 0.0012 1283.6 ± 503 

ox-NCC@MoS2 38 ± 2 35.5 ± 6.1 0.184 ± 0.041  

ox-NCC@G/MoS2 38 ± 1 11.7 ± 2.5 0.279 ± 0.081  
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the counter electrode (Figure 26). The data are plotted as current (i) vs. applied 
potential (E).86,87 

 

 

Figure 26. Scheme of a cyclic voltammetry (CV) experiment.88 
 

Typically, the potential is first scanned negatively to cause a reduction. The 
corresponding peak potential is called the cathodic peak potential (Epc), and is 
reached when all of the substrate on the surface of the electrode has been reduced. 
After the switching potential has been reached, the potential scans positively, 
resulting in an oxidation process. The peak potential in this case is called the anodic 
peak potential (Epa), and is reached when all of the substrate on the surface of the 
electrode has been oxidized. 

Other very commonly used parameters in cyclic voltammetry are the onset potential 
(Eon) and peak current density (ip) which are very useful to assess the electrocatalytic 
activity of a CE. Eon can be defined like the potential at which the current is one-
tenth of the peak current. It is important to note that Eon is an arbitrary magnitude 
which nevertheless can be used for qualitative purposes when results within the same 
work are compared. Regarding peak current densities, the comparison can be only 
considered acceptable if the current densities are normalized by the specific 
electrochemical active area.89 In this work, all electrodes are compared in terms of 
macroscopic area, and the effects of roughness at the nanoscale are considered as part 
of the intrinsic efficiency of the electrode. It must be noted, however, that the specific 
area may change from sample to sample due to its roughness. This has not been 
considered here. 

Since Pt is the benchmark catalyst for solar cells, all the cyclic voltammetry 
responses were always presented against this material. In Pt, two oxidation and 
reduction peaks appear in the studied potential range (Figure 27). The peak at low 
potential is attributed to the redox reaction triiodide/iodide (I3

- + 2e- → 3I-), while 
the second peak at higher potential corresponds to the iodine/triiodide redox reaction 
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(3I2 +2e- → 2I3
-).90 As the counter electrode of a DSSC is responsible for catalyzing 

the reduction of I3
- to I- we will focus our interest on the peaks at lower potential.50 
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Figure 27. Cyclic voltammograms for Pt, ox-NCC@G_1, ox-NCC@G_2, 

ox-NCC@G_3 and ox-NCC@G_4. 

 

Table 16. Voltammetry results for different sample compositions. 

Sample Graphene 

content 

[mg/mL] 

Ox-NCC 

content 

[mg/mL] 

Peak current 

density ip 

(µA/mm2) 

Onset 

potential 

Eon (V) 

Ox-NCC@G_3 0.29 1 6.8 0.21 

Ox-NCC@G_4 0.31 2 2.8 0.25 

Ox-NCC@G_3-w 0.29 Unknown 0.25 0.23 

Ox-NCC@G_4-w 0.31 Unknown 10 0.23 

Ox-NCC@G/MoS2 Unknown 1 3.6 0.19 

Ox-NCC@G/MoS2-w Unknown Unknown 5.2 0.15  

Cyclic voltammograms of ox-NCC and graphene containing electrodes are presented 
in Figure 27. On ox-NCC modified FTO electrode, the electrochemical response of I3

-

/I- and I-/I3
- redox couples is completely blocked due to the insulator character of this 

polymer. When graphene is incorporated into the CE at low concentration, the 
current increases but no peak appears defined in the CV, meaning that conductivity 
and activity of the material was not enough to promote the electron transfer from the 
iodine species. This was the case of ox-NCC@G_1 (0.05 mg/mL graphene, ox-NCC 1 
mg/mL) and ox-NCC@G_2 (0.27 mg/mL graphene, ox-NCC 2 mg/mL).  

When graphene ratio to ox-NCC is increased, a cathodic peak at a potential close to 
that of Pt starts to be noticeable. This is the case of ox-NCC@G_4 (0.31 mg/mL 
graphene, ox-NCC 2 mg/mL), This effect is more visible in the case of ox-NCC@G_3 
(0.27 mg/mL graphene, ox-NCC 1 mg/mL), where lower Eon value is observed, 
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together with higher cathodic peak current density, indicating its better performance 
for I3- redox process (Table 16). On the basis of these results, we conclude that with 
increasing graphene to ox-NCC ratio, the Eon value becomes lower and the cathodic 
current density larger (Table 16). 

We reasoned that the presence of ox-NCC was responsible for the low activity of the 
constructed electrodes, since it was probably preventing a good contact and 
subsequent electron transfer among graphene layers. To determine whether partial 
removal of ox-NCC could improve the performance of CE, CV measurements were 
conducted after washing of the best systems (i.e. ox-NCC@G_3-w and ox-
NCC@G_4-w). It is important to highlight that even after partial removal of ox-
NCC, graphene did not undergo reaggregation, as shown by Raman spectroscopy. 
Figure 28 shows the voltammograms obtained together with those of the 
corresponding unwashed samples for comparison. As expected, higher peak current 
densities were observed (Table 16), indicating an improvement in the activity.  

In view of these results, CE from ox-NCC@MoS2 and ox-NCC@G/MoS2 as well as 
the corresponding washed counterparts were prepared in the same way in order to 
investigate the effect of adding MoS2 to the system. The results are showed in Figure 
29. In all cases, a better response after partial removal of ox-NCC was observed. As 
expected, ox-NCC@MoS2 displayed much worse performance, comparable to that of 
ox-NCC. This result evidences that the catalytic activity of MoS2 is negated probably 
because the presence of ox-NCC isolates individual flakes.  

In spite of not knowing the exact graphene concentration in the hybrid ox-
NCC@G/MoS2, it is clear that the presence of graphene improved the performance 
with respect to ox-NCC@MoS2 (Table 16). Likewise, the uncertainty in graphene 
concentration in this sample avoids a valid comparison with the corresponding 
sample containing only graphene, to evaluate if the addition of MoS2 had an effect on 
the performance. These results, which are consistent with the film conductivity 
measurements, indicate that the principal effect is due to the presence of the 
carbonaceous material and highlight a poor contact between graphene and MoS2 in 
the system, which leads to a lack of electron transfer between the two components.  

Based on these results, we conclude that the electrocatalytic performance of our 
systems is not competitive with the state of the art, presented in the introduction of 
this Chapter. However, the approach used here is superior in other aspects, such as 
the employment of a greener technique. This method represents the basis for future 
improvements. Possible alternatives would be further optimization of the parameters 
to increase the amount of graphene in the system, removal of ox-NCC to a higher 
extent, or introducing an interconnecting element into the system to bridge graphene 
and MoS2 and improve electron transfer. In a recent study, it has been shown that 
the incorporation of conductive networks of carbon nanotubes (CNTs) to a reduced 
graphene oxide (rGO)/MoS2 counter electrode (CE) provides additional pathways for 
electron transport in the MoS2/rGO-CNTs hybrid, which increases the charge-
transfer rate at the CE/electrolyte interface. As a result, the MoS2/rGO-CNTs CE 
exhibits greatly improved electrocatalytic activity compared with that of MoS2/rGO 
alone.91 In this way, this strategy could provide an interesting alternative to improve 
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the performance of our system, maintaining the concentration of ox-NCC, and thus 
the desired stability in suspension and film forming properties. 
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Figure 28. Cyclic voltammograms for Pt, ox-NCC@G_3, ox-NCC@G_3-w, 

ox-NCC@G_4 and ox-NCC@G_4-w. 

 

-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2
-0,0006

-0,0003

0,0000

0,0003

0,0006

0,0009

0,0012

 

C
ur

re
nt

 (
A

)

Potential (V)

 Pt
 ox-NCC
 ox-NCC@G_3-w
 ox-NCC@MoS

2

 ox-NCC@MoS
2
-w

 ox-NCC@G/MoS
2

 ox-NCC@G/MoS
2
-w

 
Figure 29. Cyclic voltammograms for Pt, ox-NCC, ox-NCC@MoS2, 

ox-NCC@MoS2-w, ox-NCC@G/MoS2 and ox-NCC@G/MoS2-w. 
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5.4. Conclusions 

We have developed a simple and scalable exfoliation approach to produce high-
quality few layer graphene and MoS2 sheets in a one-step procedure. We used 

oxidized nanocellulose (ox-NCC) in aqueous suspension to exfoliate expanded 
graphite (EG) through ultrasonic force and we varied the concentration of the ox-
NCC suspension, the ratio ox-NCC to 2D precursor, the time of sonication and the 
centrifugation conditions. After optimization of these parameters, stable dispersions 
of exfoliated graphene were obtained. The quality of the exfoliation was analyzed 
with Raman spectroscopy and AFM. Few layer graphene suspensions were obtained 
as evidenced from the shape of the 2D band in the Raman spectra even if some 
defects have been created on the graphene surface. For MoS2, the Raman spectra 
evidenced that MoS2 with more than 4 layers was obtained. 

Flexible, transparent and conductive films were obtained by simple evaporation, 
demonstrating that the intrinsic film-forming ability of nanocellulose can be 
transferred in this way to graphene and MoS2 materials and opening the way towards 
new applications. The structural and electrochemical properties of the formed films 
were examined by scanning electron microscopy and four point probe approach 
techniques. The films were found to be homogeneous and had graphene and/or MoS2 
flakes embedded in ox-NCC, while their conductivity depended on graphene content. 

Graphene and MoS2 nanosheets were compared to Platinum as catalysts in the redox 
process that takes place at the CE of a DSSC. To do so, the as-synthesized 
suspensions were deposited on fluorine-doped tin oxide (FTO) slides. It was found 
that the ox-NCC/graphene ratio played an important role in the quality of the 
counter-electrode and the catalytic performance towards triiodide species reduction, 
whereas the addition of MoS2 to the system did not cause any synergistic effect in 
such catalytic performance.  
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5.5. Experimental details 

5.5.1. Generalities 

All reagents and solvents were used as received or purified using standard procedures. 
Milli-Q water was used in all experiments (System MilliQ plus). Powder graphite 
(grade SP1, batch Nº 04100, lot Nº 011705 was purchased from Carbon Bay. 
Microcrystalline cellulose Avicel® and MoS2 powders were purchased from Aldrich 

and used without further purification. TEC 8 (8 Ω/□) Fluorine Tin Oxide (FTO) 
20×20 cm conductive glass slides were obtained from Pilkington. 

5.5.2. Techniques 

The sonication was carried out using high-energy ultrasonic equipment Ultrasonic 
processor GEX 750 at 25% amplitude with a pulse length of 1 s and pulse-off 
duration of 1 s for 1 h. 

Atomic force microscopy (AFM) images were obtained with a Nanoscope IIIa, 
VEECO Instrument. As a general procedure to perform AFM analyses, tapping mode 

using a n-type silicon µmash® SPM probe (HQ:NSC15/ALBS) with tip height 12-18 
µm, cone angle < 40º (Resonant frequency 325 kHz; force constant 40 N/m) 
(MikroMasch) from drop cast of samples in an aqueous solution (concentration of 
~0.1 mg/mL) on a Si wafer substrate was performed. The obtained AFM-images were 
analyzed with S3 Gwyddion 2.35.  

Transmission electron microscopy (TEM) measurements were performed on a TEM 
Philips EM208, using an accelerating voltage of 100 kV. Samples were prepared by 
drop casting from dispersions onto a TEM grid (200 mesh, nickel, carbon only). 

Scanning electron microscopy measurements SEM measurements were carried out 
with a Zeiss Supra microscope. Images were acquired collecting secondary electrons 
on a commercial SEM (Gemini SUPRA 40, Carl Zeiss NTS GmbH, Oberkochen). In 
order to prevent electron-induced surface charging, low accelerating voltages (0.61.0 
keV) were used for film visualization. Samples were metallized prior to SEM imaging 
with a thin Au film. 

Raman spectra were registered on a RENISHAW 1000 micro-Raman system equipped 
with a CCD camera and a Leica microscope. A 532 nm laser as excitation source was 
used. Measurements were taken with 10 s of exposure time and 1 % power with 4 
accumulations for MoS2 and 30 accumulations for graphene containing samples. The 
laser spot was focused on the sample surface using a 100x objective with short-focus 
working distance. Raman spectra were collected on numerous spots on the sample. 
The data was analyzed with Renishaw Wire and Origin software. 

UV-Vis measurements were carried out on Cary 5000 spectrophotometer. All spectra 
were recorded with an interval of 1 nm, slit width 2 nm and scan speed of 200 
nm/min. Samples were sonicated for 5 min and diluted with MilliQ water and 
measurements were carried out in a 1 cm quartz cell. 
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Film thicknesses were measured with a Mutitoyo micrometer as an average of 10 
points throughout the sample. 

Conductivity analyses were obtained with a Jadel RM3000 Model with an s = 0.064 
cm distance between two probes at a current of 1 nA. 

Cyclic voltammetry (CV) experiments were carried out at room temperature by using 
an Autolab potentiostat/galvanostat (Model 302N) and a RDE (Autolab), both 
equipped with a three-electrode cell under a stream of purified N2 for 15 minutes prior 
to measurements. All potentials were measured with respect to Hg/Hg2Cl2, NaCl-
saturated electrode (SCE) contained in a glass tube filled with the supporting 
electrolyte solution, separated from the solution by a Vycor frit and located close to 
the tip of the working electrode to minimize the ohmic drop. The counter electrode 
was a Pt ring directly dipped in the solution. The electrolyte was acetonitrile solution 
containing 10 mmol LiI, 1 mmol I2, and 0.1 mol LiClO4. Sample coated FTO 
electrodes were cleaned and modified following the protocol: 

a) Sonicate 15’ in soap, wash with MQ water 
b) Sonicate 15’ in acetone, wash with MQ water 
c) Sonicate 15’ in isopropanol, dry with air flux 
d) Mask with nail varnish leaving bare area of 0.25 cm2 
e) Cast the surface with a 20 uL drop of each sample and let them dry 
at room temperature until the complete evaporation of the solvent 
(overnight).  

CV experiments were performed in a range of applied potential from -0.6 V to 1.2 V 
at a scan rate of 50 mV/s. 

5.5.3. Sample preparation 

Production of ox-NCC: Procedure described in chapter 2 for ox-NCC_3 was 
followed.  

Expanded Graphite (EG) preparation: Graphite (1 g) was sonicated in 10 mL 
NMP for 4 h with GEX 750 sonic tip apparatus in an ice bath, then filtered 
(Millipore 0.45 µm) and extensively washed with isopropanol. 

ox-NCC@G_n preparation: In a typical experiment, ox-NCC suspensions with a 
concentration 1 or 2 mg/mL were prepared in deionized water by sonication for 10 
min. EG powder was added into the resulting suspension. Exfoliation was performed 
by sonication of the obtained mixture suspension with GEX 750 (750W, at 25 % 
amplitude, pulse 1s for in an ice bath). Then centrifugation was carried out to 
remove eventual non-exfoliated graphitic residue. Conditions are summarized in 
section 5.3.1 of this Chapter. 

ox-NCC@MoS2 preparation: In a typical experiment, ox-NCC suspensions with a 
concentration 1 or 2 mg/mL were prepared in deionized water by sonication for 10 
min. MoS2 powder was added into the resulting suspension. Exfoliation was 
performed by sonication of the obtained mixture suspension with GEX 750 (750W, at 
25 % amplitude, pulse 1s for in an ice bath). Then centrifugation was carried out to 
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remove eventual non-exfoliated graphitic residue. Conditions are summarized in 
section Chapter 5: of this Chapter. 

ox-NCC@G/MoS2 preparation: In a typical experiment, ox-NCC suspensions 
with a concentration 1 or 2 mg/mL were prepared in deionized water by sonication 
for 10 min. EG and MoS2 powders were added into the resulting suspension. 
Exfoliation was performed by sonication of the obtained mixture suspension with 
GEX 750 (750W, at 25 % amplitude, pulse 1s for in an ice bath). Then centrifugation 
was carried out to remove eventual non-exfoliated graphitic residue. Conditions are 
summarized in section Chapter 5: of this Chapter. 

Graphene and MoS2 suspensions in water used for comparisons were prepared 
without any ox-NCC by employing the typical experimental procedure described 
above. 

ox-NCC@G_n-w, ox-NCC@MoS2-w and ox-NCC@G/MoS2-w preparation: 

ox-NCC@G_n, ox-NCC@MoS2 or ox-NCC@G/MoS2 samples (10 mL) were filtered 

(Millipore 0.45 µM) while stirring and constantly refilling with MilliQ water (total 
volume 70 mL) to keep volume constant and avoid the sample to dry and aggregate. 

Self-standing films preparation: 7 mL for ox-NCC@G_1 and ox-NCC@G_2, and 
14 mL for ox-NCC@G_3, ox-NCC@G_4, ox-NCC@MoS2 and ox-NCC@G/MoS2 
suspensions were deposited into a plastic Petri dish (Ø = 7 cm) and allowed to 
evaporate at room temperature for 48 h.  
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