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Abstract

Graphene Oxide (GO) is one of the main candidates for the industrial
production of graphene-derived materials. Thanks to the oxygen functional
groups introduced during its synthesis from Graphite, it is readily
processable in polar solvents (among which water stands out for its
abundancy and eco-friendliness), while maintaining some of the
characteristics attributed to the peculiar hexagonal structure of pristine
Graphene. A deep understanding of the chemicophysical properties of
graphene-derived materials, and the way those are influenced by the
various steps of their fabrication process, is therefore the key to fully exploit
such materials in advanced engineering applications. The initial part of this
thesis is therefore focused on the background of GO derived materials, from
processing methods to characterisation techniques. Two different
applications are then approached: light and compact porous absorbers and
supercapacitors with active binder. In both the cases GO allows the
development of environmentally friendly and scalable fabrication processes,
matching with the current transition toward a greener more sustainable
industry. More specifically, an ultralight aerogel obtained from a blend of GO
and polyvinyl alcohol is proposed as a novel class of acoustic materials with
tuneable and broadband sound absorption and sound transmission losses.
The same material is then chemically modified to develop multifunctional
properties, satisfying the advanced requirements of automotive and
aerospace industries. On the other hand, this research work shows also
how GO can actively contribute to the electrochemical performance of

supercapacitors: as a stand-alone active binder in a first instance and then



in a hybrid gel with Starch, a biopolymer processable in water, for a
fabrication procedure immediately transferrable to the industry. Additionally,
both the approaches share the adoption of a conductive carbon paper
derived from the thermal treatment of GO as current collector, for the

fabrication of “all-graphene based” devices.
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Chapter 1

INTRODUCTION

1.1 The Graphene family

Graphene is a carbon material consisting of a two-dimensional (2D)
hexagonal lattice of sp? hybridized carbon atoms. It was experimentally
discovered in 2004 thanks to the Nobel prize awarded work of Geim and
Novoselov [1], following the discovery of zero-dimensional (OD) Fullerene in
1958 [2] and of one-dimensional (1D) Carbon Nanotubes in 1991 [3].
Particularly, graphene is considered the basic building block of the
aforementioned synthetic carbon allotropes and also of three-dimensional
(3D) Graphite, whose origin can be both natural and synthetic. The key
difference between the allotropes is the different spatial arrangement of the
2D planes (Figure 1-1) [4].
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Figure 1-1 — Main carbon allotropes: (a) Fullerene, (b) Carbon Nanotube, (¢) Graphene,
and (d) Graphite [5].

Thanks to its outstanding mechanical [4], thermal [6] and electrical
properties [1, 7], graphene is an ideal candidate to contribute to
performance improvements of a wide range of applications, such us energy
storage [8], noise control [9], polymeric composites [10], sensing [11], and
water treatment [12]. Its large-scale use is however affected by a limited
processing ability, due to the restacking tendency of individual graphene
sheets, and consequently inhomogeneities and precipitation once

dispersed into a matrix or a solvent.

Nowadays, there are four main routes that are being explored for the
mass production of graphene-based materials: micro mechanical exfoliation
of Graphite, Chemical Vapour Deposition (CVD), epitaxial growth, and
Graphene Oxide (GO) reduction [13]. The latter is particularly considered
as the most promising [14]. Thanks to its chemical structure, GO can form
homogenous, stable and easy to be processed dispersions in water [15] or
in organic solvents [16]. An important feature arising from GO
processability, is its great versatility to be manufactured and templated in
multi-dimensional assemblies with low cost and environmentally friendly
processes. Examples are powders and quantum dots (0D) [17, 18],
nanofibers and nanoribbons [19, 20], thin films on different substrates and
free-standing papers (2D) [21, 22], and aerogels [23]. For the latter, GO can

be either the only constituent or homogeneously blended with inorganic
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materials and/or polymers [24]. Moreover, GO final properties can be tuned

for specific engineering applications controlling its synthesis, processing

and, eventually, reduction [25].

Given the great variety of works available in literature and the lack of

homogeneity in the use of terms related to the wide family of materials

derived from graphene, the definitions of greatest interest for a correct

understanding of the current study are provided below. These are reported

from the clarifying analysis done by Bianco et Al [26]:

Graphene — single-atom-thick sheet of hexagonally arranged, sp2-
bonded carbon atoms that is not an integral part of a carbon material,
but is freely suspended or adhered on a foreign substrate. The lateral
dimensions of graphene can vary from several nanometres to the

macroscale (...).

Graphene oxide (GO) — chemically modified graphene prepared by
oxidation and exfoliation that is accompanied by extensive oxidative
modification of the basal plane. Graphene oxide is a monolayer
material with a high oxygen content, typically characterized by C/O

atomic ratios less than 3.0 and typically closer to 2.0.

Graphite oxide (GtO) — a bulk solid made by oxidation of graphite
through processes that functionalize the basal planes and increase
the interlayer spacing. Graphite oxide can be exfoliated in solution to
form (monolayer) graphene oxide or partially exfoliated to form few-

layer graphene oxide.

Reduced graphene oxide (rGO) — graphene oxide (as above) that has
been reductively processed by chemical, thermal, microwave, photo-
chemical, photo-thermal or microbial/bacterial methods to reduce its

oxygen content (...).
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e Graphene materials (also graphene-based materials, graphene
nanomaterials, graphene-family nanomaterials) — overarching terms
for the collection of 2D materials defined above that contain the word
“graphene”, including multi-layered materials (N less than about 10),
chemically modified forms (GO, rGO), and materials made using
graphene, graphene oxide, or another graphene material as a

precursor. (...).

1.2 Scope and Objectives

The present research work aims to investigate the versatility of exploiting
GO as a precursor for the manufacturing of graphene-based materials in
multiple and integrated engineering applications. The way GO contributes
on the final performance of such materials highly depends on how it is
processed, from its synthesis to its dispersion in solvents, and to its
reduction. These steps all highly affect the resulting chemicophysical
properties, whose assessment with the appropriate characterisation
techniques is then crucial to understand the underlying phenomena that
lead to a certain behaviour of the final material. For these reasons, the first
objective of the thesis is to investigate the background of graphene-based
materials obtained from GO, by describing its chemical structure,
processing methods, reduction approaches, characterisation techniques

and chemicophysical properties.

The core of the research work is then addressed, with the discussion of
the developed engineering applications using graphene-based materials.
Two main engineering areas are investigated: acoustic materials and

energy storage devices. The objectives of this section are:

1. To study and describe the state of the art of both technologies.
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2. To define the gaps between the academic research and the industry,
with a focus in readily scalable and environmentally friendly

manufacturing processes.

3. To design and manufacture novel materials, building functioning

prototypes for the corresponding application.

4. To critically evaluate and improve firstly developed methods and

materials, leading to more advanced and/or functional prototypes.

The development of acoustic materials is the first engineering
application considered for this thesis. The aim is to mitigate noise related
issues that are of concern in many mechanical systems as industrial
machineries, home appliances, vehicles of all nature, buildings and
constructions. In particular, porous absorbers are a class of acoustic
materials capable to reduce noise by the absorption of incident sound,
mostly, and in part also from its reflection. Although traditional porous
absorbers as cellular foams and fibrous materials are effective over a
medium frequency range, that is between 800 and 2,000 Hz, in order to
effectively reduce noise at lower frequencies their use is limited by the need
of thick and heavy structures. In this thesis, the prototype of a thin and
ultralight aerogel capable of broadband and tuneable acoustic properties is
presented. It is obtained from a mixture of GO and poly(vinyl alcohol) (PVA)
opportunely processed where water was used as the only solvent and thus
allowing for a low cost and environmentally friendly manufacturing process.
The presence of GO proves to be crucial for both the ability to template an

ultralight structure and the development of the intriguing acoustic properties.

With the aim to further broaden the applicability of graphene aerogels
in advanced engineering structures, chemical modification approaches to
the manufacturing of GO and PVA aerogels are also proposed. Particularly,

three chemical agents are used: glycerol (GLY) as a plasticiser,
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glutaraldehyde (GA) as a cross-linker, and ascorbic acid (AA) as a
reductant. Their use, stand-alone and/or in combination, enhances the
cellular structure of the material guaranteeing mechanical robustness,
acoustic and thermal insulation, and, when AA is used to promote GO

reduction, piezoresistive properties.

The continuous growth in energy demand and the need of a more
sustainable industry is raising the interest toward more efficient and
sustainable energy storage devices; the latter are the focus of the second
engineering challenge examined in the present research work. In particular,
Supercapacitors (SCs) represent a viable solution thanks to their high
current capabilities while maintaining long cycling life and high energy
efficiency in a broad operating temperature range and with scalable
designs. Their main drawback is a limited energy density, issue that
researchers are addressing with multiple approaches consisting mostly in
the improvement of the specific capacitance of the electrodes through novel
active materials. Another issue related to SCs that have currently received
only minor attention is the environmental impact caused by the use of
hazardous chemicals during their manufacturing. Those are mostly due to
the need of binders as fluoropolymers dispersed in organic solvents. On this
regard, the present research work proposes two different approaches. The
first consists in the fabrication of binder-free electrodes through the
processing of a carbonaceous slurry composed of GO and Carbon Black
(CB) using water as the only solvent. In such embodiment GO is initially
responsible for the cohesion between carbon particles and for their
adhesion on the substrate behaving as current collector, without the need
of any additional binder. After a thermal treatment promoting its reduction,
GO (now rGO) also actively participate to the improved electrochemical
performances. Moreover, in the same study a rGO paper, derived from the

thermal annealing of free-standing GO films, is proposed as an alternative
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current collector for the manufacturing of lighter and “all-graphene based”

devices.

The second approach investigated for the development of more
environmentally friendly SCs consists in the use of a biopolymer
processable in water, namely Starch (St), as green binder. Its properties are
enhanced by the inclusion of GO which can, as introduced from the previous
study, actively contribute to the electrochemical performances upon
subjecting the electrodes to thermal treatment. Another feature inherited
from the previous study is the use of the rGO paper as current collector,
although more conventional Activated Carbons (AC) are used as active

material with only limited inclusion of CB as conductive additive.

1.3 Outline of the Thesis

This thesis, in accordance with the alternative format, is outlined as follows.

Chapter 1 gives an overview on graphene-based materials, describing
their origin, main advantages and disadvantages, and an appropriate
nomenclature. The scope and the objectives of the thesis are also
disclosed. Particularly, the context of the engineering applications
investigated in this research work is introduced, and the role of GO in each

is also briefly described.

Chapter 2 contains the background on graphene-based materials,
backbone for a clear understanding of the engineering applications detailed
in the following chapters. The synthesis and the structure of GO is initially
described, as well as its most salient features. GO processing methods and
the relationship with its precursor, GtO, and its eventual products, namely

rGO, are also disclosed. The most important characterisation techniques
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and the chemicophysical properties of graphene-based materials are then

discussed. Finally, the engineering applications are introduced.

Chapter 3 and 4 presents the background on the two developed
engineering applications, respectively focusing on porous absorbers as
acoustic materials and EDLCs as energy storage devices. For both, the
basic theory and concepts are initially disclosed. Then, the broader context
in literature is disclosed. Finally, current research questions are highlighted,
introducing how those will be addressed in the publications presented in the

thesis.

The following chapters contain the core of this research work, which is
exposed as a collection of scientific papers. They are grouped in the two
investigated engineering applications. For each, a brief introduction

describing their rationale and main results is provided.

Chapter 5 initially presents the study on the development of an ultralight
GO/PVA aerogel as an acoustic material. The chemicophysical
characterisation initially provide for the formation of the aerogel, then the
acoustic properties are assessed. Furthermore, a semi-analytical approach
is employed to find a correlation between the acoustic and non-acoustic
properties of the material. The chapter continues with another, related,
study where chemical modification approaches to the GO/PVA are
proposed. After an evaluation of their chemicophysical properties, the
modified aerogels were tested for multifunctional abilities such as acoustic

and thermal insulation, elastic resiliency, and piezoresistivity.

Chapter 6 explores the two approaches adopted for the development
of more environmentally friendly SCs. In the first GO completely substitute
the binder, while in the second GO enhances the performance of Starch,

used as an alternative green binder. Both exploit rGO paper as current
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collector. The studies start with the characterisation of the chemicophysical
properties, providing insights on the fabrication of the electrodes, and then

focus on the electrochemical characterisation of the assembled devices.

Chapter 7 contains conclusive remarks and paves the basis for future

works.
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Chapter 2

GRAPHENE-BASED MATERIALS

2.1 Graphene oxide and reduced graphene oxide

GO is one of the main candidates to be used as precursor for the industrial
scale production of graphene-derived materials [14]. It can be obtained with
the so-called “exfoliation process” of GtO. In fact, GO and GtO are only
distinguished by the number of layers of which they are made of: GO is, by
definition, a monolayer material while GtO is a bulk solid [26]. The latter was
first produced in 1859 by Brodie [27] during his studies on the structure of
graphite, where he originally termed it as “Graphic Acid”. The synthesis of
GtO was then improved by Staudenmaier in 1898 [28] and by Hummers and
Offeman in 1958 [29]. For industrial and laboratory production, “Modified

Hummers’ methods” are currently used, where small alterations with respect
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to the original method are introduced to improve safety and scalability [30].
The process can be summarised as follows: a mixture of Sulphuric Acid
and/or Phosphoric Acid (protonated solvent) with Potassium Permanganate
(oxidizing agent) is used to oxidize Graphite; the obtained compound is
diluted with water and treated with Hydrogen Peroxide to remove metal ions
and then dried; the resulting solid is finally washed with diluted Hydrochloric

Acid first and distilled water later to complete its purification.

The oxidation process of Graphite results into the introduction of several
oxygen based functional groups (Figure 2-1 — a-b): Epoxide and Hydroxyl
on basal planes and Carbonyl and Carboxyl on edges [31-34], among the
others. Although several models have been reported in literature, being
Lerf-Klinowski [31, 35] and Dékany [32] the more commonly accepted, GO
structure is not precisely defined yet. This uncertainty arises from the
nonstoichiometric atomic composition of the material and from variations in
structure and properties of GtO when different oxidation methods or

different Graphite sources are used [34, 36-38].

The oxygen containing functional groups are actually defects that
interrupt the hexagonal lattice of sp?-hybridised carbon atoms in pristine
graphene layers. The existence of structural defects, and the chemical
behaviour of oxygen functionalities play a major role in the resulting features

of the compound, whose can be streamlined as follows:

e |Increase of the distance between adjacent graphene layers from
~3.35 A of Graphite to 6-10 A of GtO, where the variation depends

on different hydration levels [39];

e Hydrophilicity and consequently the ability of water and organic polar

solvents to intercalate between interlayers spacing [16, 34];

e Low electrical and thermal conductivities [34, 40];
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e Thermal instability [15, 41];

e Possibility to exploit surface-modifications reactions, and so to

develop functionalised GO [42].

The intercalation of water allows GtO to be easily exfoliated to GO when
sufficient mechanical energy is provided through sonication or high-speed
stirring (Figure 2-1 — b-c). Paredes et Al [16] demonstrated that the best
results in terms of successful exfoliation and long-term stability are reached
in water dispersion, but also that other organic polar solvents, such as
Dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP), Tetrahydrofuran
and Ethylene Glycol (EG), can be used with a similar outcome (Figure 2-2).
This provides for the possibility to manufacture nanocomposites with
matrices incompatible in aqueous dispersions and broadens viable
approaches to functionalise GO and Graphene [34, 43-46].

The electrical and thermal conductivity of Graphene are given by the
conjugated network of the hexagonal lattice of carbon atoms. In GO, the
latter is interrupted by the oxygen functionalities, thus introducing phonon-
scattering and decreasing carrier mobility [47]. In the reduction process of
GO the aim is, ideally, to remove all the impurities previously introduced
during the oxidation (i.e., removal of atomic-scale lattice defects and
restoration of the conjugated network) while maintaining a stable dispersion
in solution and/or an expanded structure (i.e., avoiding the restacking of
graphene layers due to Van der Waals interactions) [34, 48]. The resulting
product of GO reduction is, as previously anticipated, the rGO (Figure 2-1 —
c-d). Although the transformation always leads to the presence of impurities,
whose can arise from both the precursor and the reducing agent itself, the
chemicophysical properties of rGO are, to some extent, similar to pristine
Graphene. The two subsequent processes of oxidation and reduction of

Graphite to obtain rGO may appear as redundant, however it's important to
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highlight that such kind of processing allows to embrace the advantages of
a top-down approach as scalability and cost-effectiveness while keeping
some advantages commonly found in bottom-up approaches like the ability

of performance tuning.

a b ¢ Graphene oxide d Reduced graphene
Graphite oxide :

Graphite

Hibarvmagr

@ carbon
@ oxygen

Figure 2-1 — Processing route from (a) Graphite to (d) rGO, with (b) GtO and (c) GO as
intermediates [49].
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Figure 2-2 — Digital pictures of GO dispersed in water and other organic solvents through
bath ultrasonication. Top panel shows the dispersions immediately after sonication, while
the bottom 3 weeks after sonication [16].

2.2 Reduction

The reduction from GO to rGO can be achieved following several routes
that can be categorised in two main families: thermal and chemical
methods. The characteristics of each, as well as some examples are

described in the following paragraphs.
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2.2.1 Thermal methods

Thermal methods are based on the sudden evolution of CO2 and CO with
traces of H20, all in gaseous phase, which is generated by the
decomposition of oxygen groups when GO or GtO are rapidly heated.
Schniepp et al. [50], in one of the first report illustrating this behaviour,
produced “functionalized single graphene sheets” (equivalent to rGO
considering the nomenclature adopted for the current manuscript) through
the application of an extremely rapid heating at 2,000 °C min-? (i.e., thermal
annealing). McAllister et al. estimated, from the evaluation of the Hamaker
constant, that a pressure of 2.5 MPa is sufficient to separate two stacked
Graphene Oxide sheets [51]. In the same work, it is also shown that, by
applying the equation of state, the gaseous expansion allows the
development of a 40 MPa pressure at 200 °C, raising to 130 MPa at
1,000 °C. It is interesting to note that 200 °C corresponds to the
decomposition temperature of oxygen-containing groups, as determined
with TGA/DSC analysis [50]. If the heating is not quick enough, however,
the lateral diffusion can relieve the pressure allowing Van der Waals forces
to maintain the graphitic stacking [51]. Comparing the reaction and the
diffusion time scale, McAllister et al. estimated a value of 550 °C as a lower
limit of temperature for the exfoliation to occur [51]. Nevertheless, examples
of successful reduction of GO to rGO at lower rates and temperature are

reported in literature [52-56].

Another important factor during the thermal reduction is the atmosphere
control: Oxygen presence should be minimized to reduce the etching effect
at high temperature. For this reason, the reaction is usually performed in
vacuum or inert atmosphere; alternatives are the use of reducing H2
atmosphere for improved reduction or with carbonaceous source such as

Ethylene for defect healing [48].
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Besides conventional heating processes where the heating elements of
ovens or furnaces are used as energy sources, it is also possible to find
examples of Microwave Irradiation or Photo-Irradiation. The first has been
effectively used to produce exfoliated graphite from either graphite
intercalation compounds [57] or amorphous carbons [58] and recently
proved to be as effective for the reduction of GO [59]. Its main advantage is
a rapid and uniform heating that leads to high yields [60]. The photo-
irradiation exploit the inability of carbon nanomaterials to dissipate the
energy absorbed during the exposure to intense light source like Xeon flash
[61] or laser [62], leading to quick and localized heating. The use of laser,
particularly, is of great interest thanks to the possibility to finely control the
reduction area, realizing two dimensional patterns with precision in the order
of microns (Figure 2-3) [62]. Moreover, changing wavelength, power and
exposure time, the reduction process is extremely governable [63, 64]. With
a simulation of temperature dynamics Trusovas et al. [65] estimated an
increase in the local temperature of a GO film up to 1,400 °C on the surface
and up to 600 °C in a layer 300 nm under the surface, sufficient to generate
the evolution of CO and CO2 and thus the reduction of GO to rGO.

/4
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Figure 2-3 — Fabrication scheme and optical microscopy images of reduced and patterned
GO films [62].
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2.2.2 Chemical methods

Chemical methods use strong reducing agents coupled to mild heating to
remove the oxygen groups. Due to the complexity of the involved reactions,
several reaction mechanisms have been proposed but none of them are
unequivocally recognized. Such processes have the advantages of a
relatively mild working temperature and easiness to reach large-scale
production. To be effective, a reducing agent should readily promote
deoxygenation and at the same time have small to null reactivity with the
solvent of the GO dispersion. One of the most commonly used reagent is
Hydrazine: it was used for the reduction of GO by Kotov et al. even before
the discovery of Graphene but the first report regarding the production of
“‘Graphene” is from Stankovich et al. [15, 66]. Other reducing agents
recently employed with similar or even better results are Sodium
Borohydride (NaBHa4) [67], Hydroiodic Acid (HI) [68] and Ascorbic Acid (AA)
[69, 70], among the others. AA is an ideal candidate for the development of
a green process (Hydrazine is highly toxic) and allows also the production
of more stable colloids (Figure 2-4) [69]. The drawbacks of chemical
methods are the introduction of heteroatomic impurities, consisting of
reaction by-products covalently attached to the planes of the resulting rGO,
the selectiveness of the reducing agent toward specific functional groups
that always lead to some Oxygen residue in the final product, and the toxicity

of the reducing agent if green alternatives are not used [34].
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Figure 2-4 — (a) Digital pictures of GO and rGO respectively before and after AA treatment.
(b) Representative Atomic Force Microscopy image of rGO sheet, showing single layers
[70].

Other less conventional chemical approaches are Photocatalyst
reduction, Electrochemical reduction and Solvothermal reduction [48]. The
first employs material with photocatalytic activity like Titanium Dioxide to
promote photo-chemical reactions when the colloidal solution is UV-
irradiated [71]. In the electrochemical process the reduction is activated by
electrons transfer between GO and the electrodes of the cell. Also for this
reaction, the mechanisms is still unclear [34]. Ramesha and Sampath [72]
showed that the reaction occur in a voltage range between -0.60 V
and -0.87V and that it is irreversible. Particularly, Electrophoretic
Deposition was successfully applied to assemble rGO films [73]. The
advantage of electrochemical methods is the non-use of any reducing agent
but the scalability of the process still needs to be investigated [48]. In
solvothermal processes a GO dispersion in water is heated in a sealed
container, allowing the pressure to raise and the temperature of the water
to go above the boiling point (i.e., reaching the supercritical state). In such

conditions, water effectively becomes a green reducing agent [48, 74].

2.3 Chemicophysical properties

As described above, the production of rGO from bulk Graphite requires
three major steps, that are Oxidation, Exfoliation and Reduction, and two

significant intermediates, that are GtO and GO, are produced. In order to
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optimise the manufacturing process and allow product performance tuning,
the knowledge of a set of characterisation techniques to observe and
measure changes in the chemical structure and in physical properties is

then crucial.

The first technique that allows to qualitatively establish whether the
reduction is successful or not is the visual inspection. GO colloidal
dispersions, flms and powders have a characteristic yellow-to-brown colour
that switch to black after their reduction [74, 75]. In some cases, generally
when thick films are assembled and then highly reduced, also a metallic
lustre is given to the sample. It is determined by the variation in charge

carrier conditions that alters light reflectivity [76].

Other visual techniques employ electron microscopes, as in Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
and in scanning force microscopes, particularly with Atomic Force
Microscopy (AFM). SEM is useful for micrometer-scale morphology analysis
of surfaces and cross-sections, depending on the assembly [15, 22]. From
the work of Gao et al., as example, it is clearly possible to observe the
morphological change and increased porosity after the laser patterned
reduction [77]. The typical layered structure of graphene paper is instead
evident in the report from Chen et al., [78]. Wang et al. adopted SEM to
show GO ability to be templated in aerogels with well-organised structures
by freeze-casting (Figure 2-5) [79]. TEM allows observations on the
morphology and structure of single or few layers sheets, where a higher
transparency is evidence of thinner sheets of GO [80]. This is useful to
characterise the exfoliation or the reduction processes, as illustrated by
Stobinski et al. [81]. Nanometer-scale morphology and atomic-scale
structure can be probed with AFM, allowing the measurement of sheets

thickness and lateral dimensions [69, 82]. Luo et al., exploited AFM to
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assess the exfoliation degree or the agglomeration of GO and rGO sheets
after their dispersion in solvents [83]. In addition, the same instrument was
effectively used to assess the nanomechanical properties by Poot and van
der Zant [84].

13- Q{

Lamellar ice crystals G-0 suppresses Restricted ice crystals
with large volume ice growth with roughness

© - — .

Figure 2-5 — Mechanism of structure formation and SEM images of aerogel microstructures
[79].

The chemical structure and composition can be analysed by
spectroscopy methods: “the science concerned with the investigation and
measurement of spectra produced when materials interacts with or emits
electromagnetic radiation” (Meer, 2018) [85]. The techniques that are more
commonly used are X-Ray Photoelectron Spectroscopy (XPS), Fourier-
Transform Infrared Spectroscopy (FT-IR), and Raman Spectroscopy (RS).
In XPS the surface of a sample is irradiated by X-rays and, due to the

photoemission phenomenon, electrons are emitted [86]. The number of
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electrons and the relative kinetic energy are then measured and used to
extrapolate the spectra. Particularly, XPS can be used to determine the ratio
between Carbon and Oxygen atoms (C/O ratio) before and after the
reduction process, with values within the 4:1 — 2:1 range and of about 12:1
for GO and rGO, respectively [48]. Moreover the binding energy of Carbon
atoms bonding in different functional groups can be assessed: C-C bonding
(T electrons from sp? hybridized atoms) at ~284.5 eV; C-O (epoxide and
hydroxyl groups) at ~286 eV, C=0 (carbonyl group) at ~287.8 eV, C-(O)O
(carboxyl and carboxylate groups) at ~289 eV [48, 83]. When performed
before and after the reduction, it allows to determine and quantify the

oxygen impurities left in rGO.

In FT-IR a broadband infrared beam of light is exposed to the sample,
the energy that the latter absorbs (i.e., the absorbance) at various
wavelengths is then measured. As different types of bonds between
different elements absorb the light uniquely, the molecular composition and
structure of materials can be determined. FT-IR was effectively used by
Hontoria-Lucas et al. to characterise the different functional groups of GO,
and thus to confirm a successful oxidation of graphite as well as the extent
of the process [87]. According to literature [87, 88], the typical features are
the following: O-H stretching and deformation of hydroxyl groups within the
3200-3400 cm™ and 1050-1250 cm™' ranges, C=0 stretching of carbonyl
groups at ~1720 cm™!, COOH stretching of carboxyl groups within 1650-
1750 cm™', C-O-C stretching of epoxy groups at ~1030 and 850 cm'. It is
also possible to find a band at ~1620 cm™', attributable to either the C=C
stretching of un-oxidized graphitic domains or the bending modes of
adsorbed water [89]. Some Alkyl impurities may also be observed in the a-
symmetric and symmetric stretching of C-H bonds within the 2950-2800
cm™ range. FT-IR allows also to study GO reduction and compare the

effectiveness of different reducing methods by the evaluation of eventual
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residual groups, which may be not completely removed after the process
(Figure 2-6 — a) [69, 90]. In addition, FT-IR is a well-established method to
monitor GO and rGO functionalisation effects [91]. Being composed of
homo-nuclear molecular bonds, the technique is instead less effective for

the characterisation of pristine graphene or graphite.

In RS a laser light is directed to the surface of the sample, from the
interaction of the incident light with the molecules of the material a scattered
light is then produced. This is made of two parts: the Rayleigh Scatter,
unchanged in wavelength, and the Raman Scatter, scattered with different
wavelengths depending on the chemical structure. Every molecule has a
unique vibration, a fingerprint that is excited by the laser light. For graphene-
based materials, the RS can be used to have information regarding the
number and quality of layers, doping level and disorder [92]. This is possible
because the spectra are characterized by three main features: the G band
at ~1580 cm™', characteristic of E2g primary in plane vibrating mode between
pairs of sp? atoms in both rings and chains of molecules and associable with
the stacking of the structure; the D band at ~1360 cm-', from A1g4 breathing
modes of sp? atoms in rings that describe the structural disorder; and the
2D band at ~2700 cm', a second order overtone of the D band [34, 92]. The
first two features are usually merged in their intensity ratio (Io/lc ratio), where
higher values are associated to more disordered structures while in pristine
graphene it approaches zero (Figure 2-6 — a) [92]. Its value as quantitative
analysis of the oxidation/reduction degree is however questionable and XPS
should be used for this purpose [83]. It is worth noting that for a rigorous
evaluation of graphene-based material structural features with RS, also the
existence of other bands should be taken into account and interbands fitting
techniques may be used [93]. Ferrari and Basko disclosed on the
effectiveness of RS as a tool to study graphene [94], in their work the effects

of structural defects in graphene spectrum are particularly clarified. For the
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estimation of the number of pristine graphene layers, both the G and the 2D
bands can be evaluated. Gupta et al. first observed a linear proportionality
between the number of layers and G peak intensity [95], while Wang et al.
later provided an empirical correlation between the number of layers and G

band position [96]:

we = 1581.6 + o (1)
(1 +nl®)

where wg is the position of the band in wavenumber and n is the number of
layers. The accuracy of this formula is however susceptible from other
phenomena causing the shift of the G band, such as mechanical strain,
doping, and temperature [97, 98]. The 2D band can be similarly used by
observing its position and shape: monolayer graphene presents a single
sharp peak below 2700 cm™; in bilayer sheets the peak is broader and
around 2700 cm'; when the sheets are made of more than five layers, the
peak is broad and above 2700 cm™' (Figure 2-7)[92].
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Figure 2-6 — (a) FT-IR and (b) RS of GO before (1) and after AA reduction with increasing
times (2-4) [69].
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Figure 2-7 — Evolution of the 2D peak as a function of the number of layers evidenced by
RS with 514 and 633 nm excitation wavelengths [92].

Depending on their nature, constitutive elements of solid materials can
be arranged in a highly ordered structure, the so-called crystal lattice. When
X-Rays having a wavelength similar to the spacing between lattice planes
and a certain incident angle interact with it, a constructive interference is
achieved if the spacing is an integer multiple of the wavelength. Then, X-
Rays are reflected so that the angle of reflection is equal to the angle of
incidence. This is the phenomenon diffraction, and it is the basic principle
of X-Ray Diffractometry (XRD). Thanks to the application of Bragg’'s Law
[99]:

__ 4 (2)
2sin@

where A is the radiation wavelength and 6 is the reflection angle of the
crystalline phase under analysis, the interplanar distance d can be
calculated. Every crystalline phase has a different reflection angle, so their
patterns can be considered as fingerprints of the substance. Regarding
XRD patterns of graphene-based materials, Graphite is commonly
characterized by a (002) reflection peak at 26 of 26.3° while in GtO a (001)
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reflection peak is usually found within the 10 — 11° range [36]. Graphene
and GO, being monolayer materials, cannot have any diffraction peaks but
when few layers stacking are present, the (001) and (002) phases could be
individuated and the interplanar spacing determined. Another feature
observable in graphene-based materials is the (10) reflection at ~43° [81].
It derives from a turbostratic arrangement of graphene layers that leads to
the merging of the (100) and (101) reflections, whose are instead present in
ordered graphite at 42.22° and 44.39°, respectively [100]. Krishnamoorthy
et al. documented the variation of XRD patterns for different oxidation
degrees of Graphite [36]: the (001) and (002) phases coexist for lower
oxidation degrees; the (002) then disappears to give space to a sharp (001)
when the process is complete (Figure 2-8). Johra et al. used XRD as further
proof of a successful reduction from GO to rGO (Figure 2-9) [101].
Moreover, with the application of Scherrer's formula [102], Stobinski et al.
[81] estimated the number of Graphene and/or Oxidized Graphene layers
as well as their height and average diameter. The formula is expressed as

follows:

K2
" Bcosg

L (3)

where K is a shape factor, B is the line broadening at half-maximum
intensity of the peak, and ¢ is the corresponding scattering angle of the
feature under analysis. L represents main crystallite dimensions, which are
the stacking heigh L., derived from the (002) peak using a shape factor of
0.89, and the lateral size L, when a shape factor of 1.84 and the (10)
reflection are used [103]. From the seminal work of Tuinstra and Koenig
[104], it is worth noting the existence of a linear relationship between the

Io/lG ratio and the inverse of L,.
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2.4 Engineering applications

The properties described in this chapter shape GO as an extremely versatile
precursor for the development of graphene-based materials that can be
specifically tailored for several engineering applications. One of the most
important features is surely GO ability to form stable dispersions in water,
which allow for scalable, low-cost, and environmentally friendly processes.
The previously mentioned versatility arises from the possibility to exploit
those processes to obtain different assemblies and blends with other

inorganic materials or polymers.

One example is 3D aerogels, recently defined by Ziegler et al. as “a
solid with meso- and macropores with diameters up to a few hundred
nanometers and a porosity of more than 95% in which the dispersed phase
is a gas“ [105]. As it will later (Chapter 3) be described in detail, the working
principle of porous sound absorbers consists in the dissipation of sound
energy due to the friction of air particles through the pores of the material.
Carefully tailored graphene-based aerogels represent therefore an ideal

solution as acoustic materials.

Another example of assemblies obtainable from GO are powders,
coatings and free-standing papers, whose electrical properties can be tuned
through the reduction and conversion to rGO. It will later be described how
porous carbons are one of the basic elements for electrodes fabrication and
that the need of binders and organic solvents is the main cause of
environmental issues and high processing costs. Due to the possibility to
exploit the synergy of graphene-based materials with other carbon particles
in easy to process carbonaceous nanocomposites, the just mentioned
assemblies, where the need of binders can be removed or mitigated,
represent a great opportunity for the technological development of more

environmentally friendly SCs.
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Chapter 3

ACOUSTIC ABSORBERS

3.1 Technological background
3.1.1 History and basic principles of acoustics

Studies on physical mechanisms governing the behaviour of sound waves
in solid bodies were initially performed in the nineteenth century by
renowned scientists such as Poisson, Stokes, Kirchhoff and Helmholtz.
Their drive was the improvement of sound quality in wind instruments, with
Kirchhoff, in particular, deriving an analytical solution for sound oscillations
in organ pipes. He paved the basis of modern acoustic analysis in gases,
porous materials and structures [106]. More recent developments came in

the twentieth century with the founding of architectural acoustics by Sabine:
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rooms acoustics became extremely important in theatres, cinemas and
studios [107]. Nowadays, the interest toward acoustic materials has grown
exponentially, due to both technological improvements and public concern
about noise in everyday life, and has been extended to mechanical systems
in industries, home appliances, vehicles, and civil buildings. In the last 50
years, initially due to health issues related to the use of asbestos-based
materials and later for environmental issues related to the production of
synthetic fibres, the focus is moving toward more environmentally friendly

acoustic materials [108].

When a sound wave hits a surface, its associated energy can be
considered as a combination of three contributions: reflection, absorption,
and transmission; with incident energy always being conserved (Figure 3-1).
The distribution between the three contributions depends on the acoustic
properties of the material, with equal importance of the properties of the
exposed surface and of the bulk. In order to achieve proper noise control,
the aim of acoustic engineering is to manipulate sound propagation and
maximise the desired contribution for the specific application. They are, in
fact, generally related by inverse proportionality. As example, sound
transmission through a material is one of the most important parameters in
a noise reduction problem; conversely, materials characterised by low
transmission generally reflect back most of incident energy. Differently, if a
material is characterised by a high absorption, the incident energy would be
mostly dissipated and only a relatively small part would be reflected. The
problem of noise is generally related to a frequency spectrum, which, for
convenience of analysis in this research work, will be split as follows: “low-
frequency range” below 800 Hz, “mid-frequency range” between 800 and
2,000 Hz, and “high-frequency range” above 2,000 Hz [109].
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Figure 3-1 — Different contributions of a sound wave incident to an acoustic surface.

3.1.2 Porous absorbers

A particular class of acoustic materials is represented by porous
absorbers: they are able to dissipate incident sound energy thanks to a
network of interconnected pores, through which sound waves propagate.
The friction of air, a viscous fluid, within the pores is responsible for most of
energy dissipation (i.e., viscous effects localised in the boundary layer in
proximity of pore’s wall) with a smaller contribution from thermal conduction.
Absorbers’ performance is usually evaluated in terms of an Absorption
Coefficient («): it is defined as the ratio of energy absorbed by the material
to the energy incident on its surface, and consequently varies between 0
(i.e., no absorption) and 1 (i.e., complete absorption). The thickness of
porous absorbers highly influences a (other important parameters will be
introduced and described in detail in the following paragraphs) in terms of
both magnitude and frequency range where optimum performances are
achieved. In particular, as sound dissipation is a quadratic function of
frequency and optimum absorption is achieved where particle velocity is
high, the required thickness to achieve significant absorption with common
porous absorbers is generally 1/10 of the wavelength: this highly limits their

practical use for low frequency absorption [110, 111].

59



Porous absorbers can be classified in three categories, depending on
pores topology and related viscous effects on air: fibrous materials, where
air goes through a complex and interconnected network of passages
between the fibres; foams, characterised by a cellular structure where small
and interconnected pockets of air can be formed; and granular materials
whose porosity is derived by voids between the elements [109, 112]. For
the scope of this research work, only foams (with aerogels being their

subcategory) will be considered.

Cellular Fibrous Granular
2\

L= A

Parallel
fibers

Connected | ,
Cell

spheres

Figure 3-2 — Different categories of porous absorbers [113].

The acoustic behaviour of foams can be directly related to a set of so-

called “non acoustic properties”, which are described as follows [114-116]:

e Flow resistivity () — resistance offered from a porous material to an
airflow, giving insights on boundary layer effects causing sound

energy dissipation.

e Open porosity (¢) — fractional pore volume involved in sound

propagation.

e Tortuosity (a,) — complexity of sound waves propagation paths

through the absorber.

e Viscous and thermal characteristic lengths (A and A', respectively) —

viscous and thermal effects of pores shape on sound propagation.
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e Viscous and thermal permeabilities (q, and q,’, respectively) —
Transport parameters expressing viscous and thermal interactions

between air and pores structure of the material.

Those, thanks to the use of a semi-phenomenological fluid model that will
be discussed in the following paragraphs, are extremely important for the
understanding and/or the prediction of sound absorption capabilities of

novel materials [109].

3.1.3 Sound propagation

Considering the propagation of a plane wave through an acoustic medium

in the x direction, pressure (p) and particle velocity (u) are defined as

follows:
p = Ael(@t=kx) (4)
u = iej(“’t‘kx) (5)
pc

where A is a constant related to the magnitude of the wave, w = 2nf = kc
is the angular frequency, k is the wavenumber, f is the frequency and ¢ and
p are the speed of sound and density of the medium, respectively. From the
ratio of p and u, it is possible to derive an important property of the acoustic
medium: the characteristic acoustic impedance (z. = pc). It is real, and
equal to 415 rayls for air, while complex for a porous material: the real and
imaginary parts represent the characteristic resistance (i.e., energy losses)
and reactance (i.e., phase changes), respectively. The sound propagation
of a material can be predicted from the values of z. and k, as well as from
two other variables: the effective density (p.) and the bulk modulus (K,).
The first expresses the density experienced by the acoustic waves, while
the second is the ratio of the pressure applied to a material to the resultant

relative change in volume. They can be related to z. and k as follows:
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Ze = \/Kepe (6)

k=w |[— (7)

For a plane wave incident to the interface between two acoustic media
(being medium 1 air, characterised by k; and z.,, and medium 2 an
absorbent characterised by k, and z_,) with an angle ¢ (p;), a reflected wave
with an angle 8 (p,) and a transmitted wave with an angle ¢ (p;) will be
generated. Considering they have to satisfy the continuity of pressure (i.e.,
pr + p; = p:), and applying Fermat’s principle and Snell’s law, a relationship

between the angles can be obtained:

ky sin(P) = k, sin(¢) (8)

As the speed of sound in the absorbent is much lower than that in air, the

angle of the transmitted wave will tend to zero.

In addition to «, that estimates energy variation on sound wave
reflection, there are other three interrelated acoustic quantities of
fundamental importance when the behaviour of absorbers is studied:
surface impedance (as previously defined), admittance (f), and pressure
reflection coefficient (R). Differently from «a, they estimate magnitude and

phase change on reflection. R and § are defined as follows:

_Pr

R_Pi )
_ 1 10
ﬁ—z (10)

Due to the continuity of particle velocity normal to the surface, R and z, can

be related from the following equations:
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Z2_ cos(y) — 1

P16
R== (11)
22
C, cos() +1
Zy _1+R
s cos(yp) = T R (12)

Following the definition of «, it can be related with R as follows:

a=1-|R|? (13)

3.1.4 Evaluation of the acoustic properties

The acoustic properties of porous absorbers can be evaluated using an
‘impedance tube”: it consists in a controlled environment for sound waves
propagation where the plane wave hypothesis can be assumed valid with
negligible errors. This is obtained thanks to thick metal tube walls (i.e., high
acoustic impedance), so that energy losses through the walls are
minimised, with a constant cross-section and a smooth surface, so that
sound attenuation due to tube material is minimised and any reflection is
avoided. Sound waves in a wide spectrum of frequencies are generated by
a loudspeaker placed in one end of the tube, they propagate down the tube
and then interact with the sample under investigation. The result of this
interactions is reflected or reflected and transmitted waves, depending on
test set-up, that are captured by a set of microphones at specifically
designed positions. The measurable frequency range is strictly related to

the geometrical design of the tube as follows:

e The upper working frequency (f,,) is inversely proportional with tube

inner diameter (d):

fu=s — (14)
2d

e The lower working frequency (f;) is instead inversely proportional with

microphone spacing (s):
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The aim of the acoustic characterisation is to determine the Normal
Incidence Sound Absorption Coefficient («a, as previously defined) and the
Normal Incidence Sound Transmission Losses (STL). The so-called
“transfer function method”, also described in international standards, is
typically followed, where, for each of the two parameters, a specific tube
set-up is required: a can be measured with a two-microphone configuration
following the standard test method ASTM E1050 [117], while a four-
microphone configuration following the ASTM E2611 is used for STL [118].
In a two-microphone configuration, the sample is placed in one end of the
tube with a rigid back surface reflecting all soundwaves transmitted through
the sample (Figure 3-3). The pressure (p) in the impedance tube can be
split in two components, one related to the incident wave and one to the

reflected:
p = A(e/** + Re~/k2) (16)

where A is a complex constant and R is the reflection coefficient. The two
unknowns of the equation, namely the magnitude and phase of R, can be
derived by measuring the pressure in two points (hence, two microphones

in position z; and z,) and applying the transfer function between the two
(Hyz):

_p(z;)  el*%2 4 Re Tk
- p(z1) elkzi 4 Re~Jkn

Hi, (17)

The latter can be rearranged for R, so that a« and also the normal incidence
surface impedance (Z;) of the sample can be calculated following equations

(13) and (12), respectively:
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Figure 3-3 — Impedance tube in two-microphone configuration.

In a four-microphone configuration, the sample is placed between two
symmetric tubes having two microphones each at symmetrical position with
respect of the sample. Also, two different terminations are required: open
and anechoic (Figure 3-4). Pressure and velocity on the left side can be
derived from equations (19) and (20), while on the right side from (21) and
(22):

p = Ae/¥? + Be Ikz (19)

u= i(Aeij — Be Jkz) (20)
pc

p = Cel¥? + De=I¥z (21)

u= l(Ceij — De k) (22)
pc

with A, B, C, and D being the pressure amplitudes of the plane wave
components in the tube (as described in Figure 3-4). They can be calculated

from the following:

_ p(z)e /%2 — p(z;)e Tk

4 2j sin(k(z1 - zz))

(23)
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_ p(z)e M — p(z)e I

b= 2j sin(k(z, — 22)) (24)
_ p(z)e s — plz)e I
B 2j sin(k(z3 - 24)) (25)
D= p(z4)e Vs — p(z3)e /" (26)

2j sin(k(z3 - 24))
with p(z;_,) being the pressures measured at the four microphones. Thanks
to all the above equations, pressures and velocities on the front of the
sample (z = 0) and on the back (z = —d) can be evaluated and summarised
by the following transfer matrix:

p° _ [T 712] [Pa PO] (2
7)
u®  u’ z=-d

# =
ut uol,., (To1 Ty

It is then clear that the four transfer matrix components, T;4, Ti2, T2z, T1,
can be determined only if pressures and velocities are measured with both
the anechoic (a) and open (0) terminations. The transmission loss is finally

given by equation (28):

1

T +h+ch +T
11 pC 21 22

) (28)

Microphones

4 Termination
(Open or Anechoic)

Loudspeaker

Figure 3-4 — Impedance tube in four-microphone configuration. The four pressure
amplitudes of the plane wave components (A, B, C, and D) are indicated.

66



3.1.5 Semi-phenomenological modelling

The previously mentioned non-acoustic properties are crucial for the
modelling of porous absorbers: mathematical models exploit them to
estimate the surface impedance and the absorption coefficient of a given
material. Particularly, models are used to relate the physical properties of
the absorber to the sound propagation through it by the calculation of p, and
K,. Equations (6) and (7) can then be used to determine Z,. and k, and finally
of the normal incidence surface impedance (Z;), R and «a, as expressed in

equations (29), (30), and (13) respectively:

zg = —iz, cot(kd) (29)
_Zs —Zg
k= Zs + 2z, (30)

where z, is the acoustic impedance of air.

Several approaches can be followed for modelling, whose can be
categorised in theoretical, empirical, and semi-phenomenological models.
The first relies on the assumption of rigid material to apply the classical
theories of sound propagation in small pores. The second relies on indirect
fitting to derive the relationship between Z. and k with o, and are for this
reason simple and effective, although they ignore the role microscopic
properties of porous materials. Semi-phenomenological models overcome
this limitation by the combination of both the theoretical and empirical
approaches. For the purpose of this thesis, the Johnson-Champoux-Allard
(JCA) model for porous materials was adopted [116, 119]. Equations (31)
and (32) show the relationship between p, and K, with the non-acoustic
properties of porous absorbers and physical properties of the acoustic

medium:
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where p,, 1, v, and N, are density, dynamic viscosity, ratio of the specific

heat capacities, and Prandtl Number for air, respectively, while P, is the

atmospheric pressure.

3.2 Sound insulation with Graphene-based porous
absorbers

Foams are a class of porous absorbers characterised by a cellular structure,
and thus with a high porosity, from which features such as low density, high
surface area, and low cost of the material derives. This, specifically in the
case of aerogels, allows their use for aerospace and automotive
applications [120, 121]. The chemical composition is generally used to

define a foam as organic, inorganic, or hybrid.

3.2.1 Organic, inorganic and hybrid foams

Organic foams are generally obtained from the polymerisation of an organic
precursor in the presence of a blowing agent, with chosen reaction
ingredients and parameters highly influencing the resulting cellular
structure. A common example is polyurethane (PU) foam, of which Park et
al. manipulated the microcellar geometry by adjusting the rheological
properties during the foaming reaction [122]. Particularly, an optimised
cellular openness of the 15% allowed to reach better sound absorbing
performance with respect of a heavier foam (Figure 3-5). Besides PU, other

resins can be used as precursors [123, 124]. Ye and co-workers recently
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discussed a novel elastic urea-melamine-formaldehyde (UMF) foam
exhibiting an interconnected network structure with increasing cell size and

porosity for decreasing UF/MF mass ratio [125].

(a) @ 1 ) &
4 w2 i LE
5.

Figure 3-5 — lllustration of cell opening mechanism and SEM images of PU with different
cellular structure [122].

With a completely different approach, Mosanenzadeh et al. developed
a porous structure with microstructural gradation [126]. Salt (NaCl) was
used as a particulate to template a Polylactide matrix, which was
subsequently leached to fabricate open-cell foams. Particularly, they proved
a 20% increase of the maximum sound absorption coefficient and a 9%
increase of average absorbing capability when comparing the graded foam
structure to the uniform one. In a similar manner, inorganic foams can also
be manufactured. The inherent properties of inorganic material such as
metal alloys [127], carbonaceous derivates [128], and ceramics render them
particularly suitable for harsh environments [129]. Additives such as
polymer particles can be used as pore formers, and subsequently removed
via the sintering process. In a recent research, the effects of processing
parameters on the structure of a lightweight cellular ceramic foam were

evaluated [129]. The results showed that a sample with larger pores had

69



superior sound absorption performance with respect of another with similar

porosity but having smaller pores.

Recently, materials of different nature have been combined to obtain
hybrid foams where additive compounds were used to control the cellular
microstructure of polymeric matrices [112]. Statharas et al. realised a
PU/PVDF/Multiwalled CNT (MWCNT) composite foam with enhanced
sound absorption where the PVDF formed a separate phase in the PU
scaffold, introducing interfacial damping and local piezoelectric damping
effects (Figure 3-6 — a-b). MWCNT filaments, instead, facilitated the
dissipation of electrical charges and consequently enhanced both the
interfacial and local effects introduced from PVDF. Overall, the sound
absorption coefficient had a substantial increase with respect of a
conventional PU foam, by reaching 0.85 at 1,000 Hz [130]. Another example
consists in the combination of cellulose nanofiber (CNF) and melamine
foam (MF) to obtain a composite foam. A cyclic freezing-thawing process
was used to obtain a hierarchical pore structure that enhanced the
reflections and vibrations of sound waves. As a result, using an unmodified
MF as comparison, sound absorption performance were enhanced of the
107% at 500 Hz and of the 80% in the 250 — 2,000 Hz range [131].
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Figure 3-6 — (a) Comparison of sound absorption coefficient for different compositions of
hybrid foams and (b) SEM image for the PU/PVDF/MWCNT foam exhibiting two immiscible
phases in the material [130].

3.2.2 Graphene-based foams

Properties of graphene and derived materials, such as processability in
different solvents, chemical and mechanical stability, and high surface area,
can be conveniently exploited for porous sound absorptions thanks to hybrid

foam fabrication approaches.

Wu et al. obtained graphene foams via CVD on a Nickel template, which
was subsequently dip-coated with Polydimethylsiloxane (PDMS). The nickel
template was finally etched to obtain porous hybrid foams. The sample
characterised by a 51.5% of porosity showed the best sound absorption
abilities, with a coefficient of 0.7 at 100 — 150 Hz. Those results were
attributed to synergy of the viscoelastic damping properties of the PDMS
matrix, the energy conversions from vibrational waves to heat of the
graphene skeleton, and the friction induced at the graphene-PDMS
interface [132].

Another method consists in the impregnation of conventional acoustic
foams with GO. A melamine-supported GO foam showed an increase in

flow resistivity and tortuosity, which allowed for a sound absorption
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coefficient of 0.6 over 800 Hz [9]. Similarly, Li and co-workers obtained a
semi-open cellular structure with small GO sheets interrupted by CNT.
Thanks to the optimal non-acoustic properties, the composite foam
exhibited an enhancement of the 100% and 20% over 250 — 1,600 Hz when
compared to the pure MF or MF with GO only, respectively [133]. PU foam
acoustic performance can as well be improved with GO impregnation, as
demonstrated with the directionally antagonistic GO-PU hybrid aerogel from
Oh et al. The structural orientation, obtained thanks to the freeze-drying
process, increased the viscous friction and thermal conduction resulting in
a broadband sound absorption coefficient of 0.6 at 1,000 Hz (Figure 3-7)
[134, 135]. Furthermore, GO impregnation density can be controlled to
optimise the sound absorbing properties to a specific frequency. In
particular, a step-by-step vacuum assisted process aided by the evaluation
of the non-acoustic properties was used to find the optimum impregnation,
leading to an averaged sound absorption coefficient of 0.9 over a 800 —

6,300 Hz frequency range [136].
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Figure 3-7 — (a) lllustration of sound absorption mechanism in directionally antagonistic
graphene sound absorber and (b) absorption coefficient for different thicknesses [134].

Pinto et al., fabricated a hybrid structure with PU functionalised by either
GO or graphene and aluminium open-cell (Al-OC) foam. The foam with a
loading of 2.5 wt% GO showed the best sound absorption between 1,250
and 1,750 Hz, which was explained with an increased ability of foam cells

to stretch, bend and buckle without deformation [137]. Porous ceramics
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acoustic performance can also be enhanced by graphene-derived material,
as showed with a coating of GO and styrene-butadiene rubber film.
Particularly, the composite film improved the thermal viscous effect and
extended the dissipation mechanism, allowing to reach a sound absorption
coefficient of 0.3 in the range of 200 — 800 Hz and an enhancement of the
average value within 500 — 2,000 Hz of 15.4% [138]. A rare example of
carbon-only foam is found in the bubbled graphene monolith described by
Lu et al., where a light material was obtained thanks to the use of a
surfactant as bubbling agent and freeze-drying followed by thermal
annealing as templating process. A normalised sound absorption coefficient
of 0.9 was obtained within a range of 800 — 6,300 Hz, exploiting the high
thermal conductivity of graphene and graphene bubbles walls vibration
(Figure 3-8) [139].
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Figure 3-8 — Acoustic absorption performances and absorption mechanism for bubbled
graphene monoliths manufactured with different densities [139].
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In the presented research works, graphene role is only marginal and
mostly related to the enhancement of sound absorption abilities of a main
matrix, such as PDMS, MF, PU, AI-OC, and ceramics, through a
modification of their non-acoustic properties. Although such enhancements
are undoubtedly promising and could lead to technological improvement in
the acoustic field, the use of graphene-derived materials as the main sound
absorbing material was rarely discussed. This leaves room for novel
developments in the field, with the aim to exploit more environmentally
friendly processes, a better tunability of the material for specific applications

and a more limited bulkiness of the resulting acoustic structure.
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Chapter 4

Supercapacitors

4.1 Technological background
4.1.1 History and basic principles of capacitors

The first example of an electrical energy storage device, nowadays called
“capacitor”, is the Leyden jar, and is dated to the eighteenth century.
Although it immediately allowed the first experiments on capacitors, it was
only in the nineteenth century that Helmholtz described the phenomenon of
the double-layer capacitance and successfully applied Faraday’s law to
explain the electrical charge storage [140]. The first practical application of
this principle was demonstrated and patented by Becker in 1957 [141]: the

patent described a device made of two porous carbon electrodes
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submerged in an aqueous electrolyte with the development of an Electrical
Double Layer (EDL) at the interface. Nine years later the Standard Oil
Company, Cleveland, Ohio (SOHIO) applied the same concept but using a
non-aqueous electrolyte with an operating voltage up to 4 V [142],
outreaching Becker’'s capacitor limit of 1 V and laying the foundations for
the development of moderns “Electrochemical Supercapacitors” (SCs). The
name “Supercapacitor” is credited to the Nippon Electric Company (NEC)
which, under SOHIO license, in 1971 marketed the first commercially
successful SCs as low-power devices for power-supply backup of computer

memories [143].

A capacitor is made of two conducting plates, called “electrodes”,
separated by an insulating material, called “dielectric’. When an electric
potential difference, (E), is applied between the two electrodes, opposite
charges accumulate electrostatically on the surface of the conductive plates
(Figure 4-2 — a). The ability of the system to store these charges, the
capacitance (C), is defined as the ratio between the stored charges (Q) and

the applied E:

MO

C = (33)

The unit of measure is the Farad (F): a capacitor with a capacitance of 1 F
stores 1 Coulomb of charge with a potential difference of 1 Volt between the
electrodes. For easiness of comparison, the capacitance is often normalized
with respect to the mass (m), volume (v) or surface (a) of the electrodes or
of the whole device, giving the Gravimetric (C,,), Volumetric (C,) or Areal

Capacitance (C,), respectively:
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In the case of an ideal parallel plate capacitor, C can be calculated as

follows:

A
C= Eobr 7 (35)

where ¢, is the permittivity of free space (equal to 8.85 x10-'2 F-m™), ¢, is
the dielectric constant of the separating material, A is the surface area of

the electrodes and d is the distance between them.

The performances of energy storage devices are commonly evaluated
by their Energy (U), in Watt-hour (Wh) and Power (P) in Watt (W). While the
first measures the amount of energy that can be stored, the second specify
how quickly this energy can be delivered. In capacitors, they can be

calculated from the following equations:

1
U= ECEZ (36)
EZ
P=TEsR (37)

where ESR is the “Equivalent Series Resistance”. These quantities are also
usually normalized by the weight of the electrodes or of the whole device,
obtaining the Specific Energy, in W-h-kg'?, and the Specific Power, in W-kg'.
“Ragone plots” of Specific Power versus Specific Energy are a powerful tool
for performance comparison between different electrical energy storage
devices [144]. Figure 4-1 as example shows how SCs fill the gap between
capacitors, characterized by high specific power but low specific energy,

and batteries, with high specific energy but low specific power [145].
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Figure 4-1 — Sketch of Ragone plot for various energy storage and conversion devices.
The indicated areas are rough guide lines [145].

The ESR gathers the resistances of all the internal components of the
device. It represents the main contribution to energy losses during charging
and discharging and is crucial in power performance evaluation as it
restricts the charge/discharge rate. Other important parameters for

performance evaluation are the following:

e Cycle life — number of complete charge/discharge cycles that the
device is able to support before its capacity falls under the 80% of the
starting one, it highly depends on the reversibility of the mechanisms

involved during the process.

e Charge/discharge time — time necessary to complete a full
charge/discharge of the device, it depends on the time constant () of

the device:

T=ESR*C (38)

e Energy efficiency — ratio of discharge to charge energies, it depends

on the applied current, ESR, temperature, age of the device.
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4.1.2 Supercapacitors

Depending on the mechanism of electrical energy storage, it is possible to
distinguish three different classes of supercapacitors: Electrochemical
Double-Layer Capacitors (EDLCs), where the energy is stored
electrostatically and there are no Faradaic reactions involved,;
Pseudocapacitors, involving rapid and reversible Faradaic reactions; and
Hybrid Capacitors, that are a combination of the previous two. For the scope

of this research work, particular focus is given to EDLCs.

The working principle of EDLCs is similar to parallel plate capacitors,
with the main difference being in their constituent: the electrodes are made
of a conductive substrate, called “current collector,” and of a porous
material, called “active material”’, adhered on it; the dielectric is substituted
with an electrolyte that soaks the active material and with a semi-permeable
membrane, called “separator” (Figure 4-2 — b). The role of the current
collector is to provide support to the active material and collect and transport
electrons to/from it during the charge/discharge process. The electrolyte
provides instead the ions, that are the charge carriers diffusing between the
two electrodes. The separator electrically separates the electrodes
preventing short circuit but allowing ions to diffuse from one electrode to the
other. Due to these changes, the capacitance of SCs is much higher,
increased by a factor of 10,000 or more, than that of common electric
capacitors [146]. Looking at equation (35), this extreme increase derives

from two main contributions:

e The area A of the electrodes is extended thanks to active materials
characterised by a high Specific Surface Area (SSA), that in the case

of porous carbons can reach values of over 2,000 m? g [147].
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e The electrical charges accumulate at the interface between the
electrode and the electrolyte forming the EDL, with electrons at the
electrode side and cations or anions at the electrolyte side of the
interface (Figure 4-2 — c) [146]. The thickness of the double layer is
in the order of few Angstroms, thus dramatically reducing the distance
between the electrodes (the thickness of common dielectrics in

electric capacitors is in the order of Microns) [146].
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Figure 4-2 — Schematic representation of (a) conventional capacitor and (b) Electrical
Double Layer capacitor (EDLC). (¢) Example of EDL [148].

Due to the development of an EDL per electrode-electrolyte interface, when
the electrochemical properties of the whole device are evaluated with a two-
electrode configuration (as it will later be discussed), the two EDLs actually
behave as two capacitors in series (C; and C,). The total capacitance (C;,;)

should then be calculated as follows:

o1 _ GG
116 +G (39)

ate

Another important feature of EDLCs is that, since only non-Faradaic
mechanism are involved, they can theoretically be charged and discharged
any number of times, determining a high cycle life: up to 1 x10° cycles of

charge/discharge can be performed retaining a capacitance of the 80% with
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respect of the initial state, three order of magnitudes more than batteries
[149].

) 1]

Since their first use in Becker’s “low voltage electrolytic capacitor” [141],
porous carbon materials, thanks to their high SSA, high chemical stability,
good electrical conduction, and low cost are used in state of the art SCs.
There are many forms of such materials, being Activated Carbon (ACs)
[150, 151] the most commonly used for commercial applications while
Carbon Aerogels (CAs) [152], Carbon Onions (CNOs) [153, 154], Carbon
Nanotubes (CNTs) [155], Graphene and Graphene-derived [156, 157] are
the most commonly evaluated for future improvements [156, 158, 159]. The
main goal is to increase the specific energy but maintaining the
characteristic high specific power and high cycle life: the first two are in the
order of ~10 Wh kg and ~10 kW kg™, respectively, for state of the art
supercapacitors [160]. The stored energy is much smaller than that of
batteries but the power is at least two order of magnitudes higher (~200 Wh
kg™ and ~300 W kg for Lithium-lon batteries [161]). Equation (36) shows
that the energy can be increased acting on both the capacitance and the
voltage, with a quadratic factor for the latter. According to equation (35), the
capacitance increases proportionally with the SSA. It must be noted
however that also the pore size and pore-size distribution, together with the
wettability of the electrolyte on the active material, play a crucial role [146].
According to IUPAC, pores can be classified, depending on their sizes, in
three groups: micropores (<2 nm); mesopores (2 to 50 nm) and macropores
(>50 nm). Due to diffusion kinetic, while micropores lead to a larger surface
area, bigger micropores and smaller mesopores, with size in the order of 1-
2 nm, give most of the contribution to double layer capacitance [162, 163].
The voltage depends principally on the electrochemical stability of the used

electrolyte. Table 4-1 shows some examples of porous carbons having
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different SSA and assembled in cell using different electrolyte, with the

resulting gravimetric capacitance.

Table 4-1 — Examples of different porous carbons used for supercapacitors manufacturing.

SSA Cq

Porous Carbon [m? o] IF g Ref.
AC ~2,000 ~100 [153]

CA ~2,400 ~120 [152]

CNO ~800 ~110 [154]

CNT ~100-500 ~50-100 [155]

Graphene based ~1,500-3,000 ~150-300 [156, 157]

Three different kinds of electrolytes can be distinguished: aqueous, with
Sulphuric Acid (H2S04), Phosphoric Acid (H3POs), Potassium Hydroxide
(KOH), and Sodium Sulphate (Na2SO4), among others, dissolved in water
as ions providers; organic, with Tetraethylammonium Tetrafluoroborate
(TEA-TFB) or Tetramethylammonium (TEMA)-TFB, among others, usually
dissolved in Acetonitrile (ACN) or Propylene Carbonate (PC); and lonic
Liquids, with 1-Ethyl-3-methylimidazolium-TFB (EMIM-TFB) as example.
Aqueous electrolytes are characterized by a limited operative voltage
window of +0.9-1.0 V, due to Hz2 and Oz evolution reactions [164], but they
also have a high ion conductivity that is converted in a low ESR. Organic
electrolytes are stable to higher voltage, up to 3.5 V, but they have a lower
conductivity and volatility, and are also affected by toxicity, flammability and
cost issues. lonic liquids are also stable at high voltage, up to 3.5-4 V, and
have a high ionic conductivity, without the environmental and safety issues
that concerns organic electrolytes. Their application in SC is however still in
the early stages and issues like wettability, polarization and temperature
dependence of the viscosity are under investigation [162, 165]. With the aim
to develop all-solid-state, flexible and leak-free SCs, a new class of

electrolytes is lately being developed: gelled electrolytes. They consist in “a
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mixture of solid polymers and liquid electrolytes that are formulated with the
goal to obtain the mechanical properties of the solid polymer while retaining
the ionic conductivity of the liquid electrolyte” (Mauger et al., 2017) [166].
The use of Polyvinyl Alcohol (PVA) with a HsPO4 or H2SO4 aqueous solution
is one of the most common examples [75, 167], but also organic or ionic

liquid based gel can be realized [168, 169].

For SCs electrodes fabrication, active materials are usually mixed with
binders and conductive agents, such as CBs, to obtain a mixture, called
“slurry”, which can be easily spread on current collectors’ surface to achieve
a uniform and robust coating. Binders are typically non-conductive
fluoropolymers, such as Polytetrafluoroethylene (PTFE) and Polyvinylidene
Fluoride (PVDF), that require organic solvents such as NMP and ACN to be
effectively dispersed. They have the fundamental role of providing cohesion
between active material particles and any conductive additive, as well as

their adhesion onto the current collector [170].

4.1.3 Evaluation of the electrochemical properties

Electrochemical properties of SCs can be evaluated using electrochemical
workstations. These instruments are capable to operate in two basic modes:
potentiostatic or galvanostatic. In the first case, the voltage difference
between a Working Electrode (WE) and a Reference Electrode (RE) is
controlled by regulating the current through a Counter Electrode (CE). In the
second case, instead, the current is controlled by adjusting the voltage. Two

different electrodes configuration may be used:

e Three-electrode — one EDLC electrode is connected to the WE lead
of the electrochemical workstation, a reference electrode able to
maintain a stable and constant potential during testing is connected
to the RE lead, and an electrode capable to withstand large enough

currents is connected to the CE lead.
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e Two-electrode — the WE lead is connected to one electrode of the
device under test, while the RE and CE leads are connected,

together, to the other electrode.

Although the three-electrode configuration allows to accurately investigate
the chemistry of the active material and the applicable potential window, it
is not reliable for capacitance and resistance measurements. For this
reason, the two-electrode configuration is generally recognised as the best

way to evaluate the overall performances of EDLCs [146].

The aim of the electrochemical characterisation is to determine the
three basic parameters, namely C, working potential window, and ESR, from
which E and P can then be calculated following equation (37) and (38). For
this purpose, two techniques are mostly exploited: Cyclic Voltammetries
(CVs) and Galvanostatic Charge-Discharge Cycles (GCDs). The CV
consists in the application of a linearly varying potential (E; i.e., potential
sweep) between two fixed extremes (AE = E, — E;; i.e., potential window)
with a set speed of variation (v; i.e., sweep rate). The current response (i)
is measured and plotted with respect of E, obtaining the “voltammogram?”.
Considering equation (33), C is obtained calculating Q from the absolute

area inscribed by the voltammogram and diving it by AE"

[y i((B)dE

_ (40)
2VAE

In GCDs a constant current (i) is applied with simultaneous recording
of the potential (E') response. In a first step, a positive i, allows the charging
of the cell under test; once a set voltage (E.) is reached or a defined
charging time (t.) elapsed, the current is inverted (i;) allowing the discharge
until a set voltage (E,;) is reached or a defined discharging time (t;) elapsed.

A drop of potential, (E4;p; i-€., IR drop), due to the ESR of the device, in the
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instant the current is inverted is usually observed. Considering equation
(33), C can be calculated from the following:
o i At
- AE
where At =t.—t, is the time required for the discharge and AE is the

(41)

potential difference between the charged point, after the iR drop, and the
discharged point (AE = E. — E4,p — Eq). The ESR is instead determined as
follows:
FSR = “4rep (42)
Ai

where Ai = i, — i, is the current inversion. It is worth highlighting that in two-
electrode configuration, the calculated C with the two as-described
techniques is that of the whole device. When novel active materials are
studied and compared with the state-of-the-art or results from other works
available in literature, it is general practice to refer to the gravimetric specific
capacitance (C,,) of the active material on one electrode; according to

equation (34) and (39), C,, can be derived from C:

_4c

C, = (43)

m

where m is the total mass of the active material in both electrodes. GCDs
are also used to estimate the cycle life of a device, by evaluating the trend

of C for a certain number of continuously repeated charge-discharge cycles.

Another characterisation technique performable with electrochemical
workstations is the Electrochemical Impedance Spectroscopy (EIS). It
allows to study the in-depth electrochemical behaviour of assembled cells
and to create equivalent circuit models (i.e., a combination of basic
elements such as capacitors, resistors and inductors, or more complex

elements such as the so-called “Warburg”). In EIS, when the instrument is
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operated in potentiostatic mode, the system is perturbed with an alternating
voltage of small amplitude (E(t)), usually 5 or 10 mV, over a wide frequency
(f) range, usually 10 mHz to 100 kHz, and the current response (i(t))

measured. Both can be expressed as follows:
E(t) = E,sinwt (44)

i(t) =iy sin(wt + ¢) (45)

where E, and i, are voltage and current amplitude, respectively, w = 2nf is
the angular frequency, and ¢ is the phase angle (i.e., the shift of current
response with respect of excitation potential). The impedance (Z) is the ratio
of voltage versus current and it is commonly represented in complex
numbers notation:

E, sin wt
ip sin(wt + ¢)

Z(w) = =Z'(w) = jz"(w) (46)

where Z' and Z'" are the real and imaginary parts, respectively. Results are
generally presented in BODE plots (i.e., impedance magnitude (|Z(w)|) and

¢ versus log f) and Nyquist plots (i.e., —Z"" versus Z').

4.2 Details on the model of the wused
electrochemical workstation, electrodes
configuration, and testing parameters are
provided in each of the two proposed research
studies regarding SCs development.Improving
supercapacitors technology with Graphene

Due the inherent properties of Graphene and derived compounds, such as
chemical stability, electrical conductivity, surface area and mechanical
strength, and thanks also to synthesis processes in continuous
development, graphene-based materials are very promising for the

development of next-generation supercapacitors [157]. A single layer of
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pristine graphene, in particular, has a theoretical SSA of 2,675 m? g and a
specific capacitance of ~550 F g [171]. Although such high values are
hardly reached from fabricated electrodes, due to graphene layers
aggregation and the introduction of defects and impurities caused by the
required processing techniques, researchers keep exploring various
approaches to exploit the maximum potential from graphene-based

materials.

4.2.1 Chemically and thermally reduced GO

In their seminal work published in 2008, Ruoff and co-workers were the first
to present a graphene-based supercapacitor [8]. They assembled the
electrodes using rGO obtained from hydrazine reduction as active material
and PTFE as binder, achieving specific capacitances of 135 and 99 F g in
aqueous (KOH) and organic (TEA-BF4/ACN) electrolytes, respectively
(Figure 4-3 — a). It is worth noting that such high electrochemical
performances were achieved despite the partial agglomerations of
graphene layers that led to a relatively moderate SSA of 705 m? g (Figure
4-3 — b). Nowadays, the number of research studies regarding graphene-
based material for supercapacitors have grown, and keep growing,
exponentially, exploring different methods to reduce GO and by templating
it in different assemblies [172]. Ramachandran et al. reported a specific
capacitance of 265 F g in an aqueous KCI electrolyte by using NaBH4 as
reducing agent [173], which led to a less severe restacking of graphene
layers and thus an enhanced ion transport and diffusion. Other research
groups tried greener alternative to limit the use of toxic and expensive
agents. As example, sodium carbonate (Na2CO3s) was effectively used by
Jin et al. obtaining a specific capacitance of 228 F g' in KOH [174]. They
confirmed Na2COs ability to eliminate oxygen containing groups and the

formation of only few layers, around 10, graphene sheets.
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Figure 4-3 — (a) CV of of rGO with TEA-BF4in AN electrolyte. (b) SEM and TEM imaging
of rGO [8].

Toxicity issues are inherently absent in the case of thermal reduction,
which proved to be as effective as hydrazine for supercapacitors
application. In particular, Vivekchand et al. obtained a specific capacitance
of 117 F g' in H2S04 from rGO synthetised at 1,050 °C, which was
characterised by only 3-6 graphene layers and a SSA of 925 m? g-' [175].
The high temperature, however, can limit practical applications in industry;
this inspired Lv et al. for a vacuum promoted low-temperature exfoliation, at
200 °C, that led to specific capacitances of 264 and 122 F g' in aqueous
(KOH) and organic electrolytes (MeEtsN-BF4/ACN), respectively [176].
These values are interestingly high if related to the relatively low SSA of 368
m? g', behaviour that was justified with an optimised aggregation of

graphene layers due to the reduction in vacuum. Although methods for the
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low-temperature reduction of dry powders are appealing, in solution
methods may still be favourable for large scale productions, and thus
researchers attempted to exploit the benefits of both. Several solvothermal
approaches were developed, as the one-step synthesis in water in in Sci et
al. work, or in Zhu et al. exfoliation and subsequent reduction in Propylene
Carbonate (PC), with the assembled SCs exhibiting 139 (in KOH aqueous
electrolyte) and 120 F g' (in TEA-BF4/PC organic electrolyte), respectively
[52, 177]. In the latter, the solvothermal approach prevented the
precipitation in PC solvent of the rGO, which was characterised by 2-10
graphene layers, thus facilitating the following steps for electrodes

fabrication.

Microwave irradiation, being a convenient and rapid heating source,
was likewise exploited as a potential route for large-scale synthesis of rGO
to be used as active material in EDLC electrodes. It was initially adopted as
an aid in chemical reduction [178] and then by direct heating dry powders.
With the latter, Zhu et al. synthetised “worm-like” and only few-layer thick
graphene sheets with a SSA of 463 m? g'. The resulting specific
capacitance was of 191 F g' using KOH electrolyte [59]. The same research
group later demonstrated the benefits of graphene activation by mixing the
microwave exfoliated GO with KOH and heating at 800 °C in inert
atmosphere. The high specific capacitance of 166 F g”' in BMIM-BF4/ACN
electrolyte was achieved [179]. The activation process was found to be
responsible for a continuous 3D network with curved and atom-thick walls
forming a balanced distribution of micro and meso pores, thus leading to the
large SSA of up to 3,100 m? g™

Another method to overcome the issue of a generally limited SSA in
graphene-based materials consists in the use of intercalation compounds

that prevent the agglomeration of graphene layers (Figure 4-4 — a) [180]. Si
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and Samulski demonstrated the ability of Platinum nanoparticles to adhere
on graphene layers and behave as spacers [181]. The SSA was 20 times
larger than commonly dried graphene (from 44 to 862 m? g') and led to a
specific capacitance of 269 F g in H2SO4 electrolyte. Zhang et al. evaluated
the effects of different surfactants on graphene layers agglomeration during
hydrazine reduction [182]; tetrabutylammonium hydroxide (TBAOH) was
found to be the most effective yielding to the specific capacitance of 194 F
g'in H2SO4 electrolyte, thanks also to the enhanced wettability of graphene
surface. Other promising materials to be used as spacers are other
nano/micro/meso-porous carbons such as Carbon Nanotubes (CNTs), CBs,
and mesoporous carbon spheres [183-185]. In Yan et al. work, CB particles
inhibited the agglomeration of graphene layers and improved both
electrolyte-electrode accessibility and electrode conductivity, leading to the
specific capacitance of 175 F g™' in KOH (from 123 F g of the un-spaced
graphene) (Figure 4-4) [184].
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Figure 4-4 — (a) Schematic illustration of graphene synthesis with CB as intercalating
compounds. (b) SEM image showing CB particles on graphene surface. (¢) GCD and (d)
corresponding trend of specific capacitance for graphene/CB composite, compared with
pure graphene [184].

4.2.2 Binder-free electrodes from templated structures

As discussed in the previous chapters, another intriguing feature of
graphene-based materials, particularly in those derived from GO aqueous
dispersions, is their ability to be templated as free-standing (i.e., not needing
mechanical and electrical support of current collectors) and multi-
dimensional structures, such as fibres and ribbons (1D) [186], films and
yarns (2D) [75], expanded films, and aerogels (3D) [187, 188]. This inspired
researchers to fabricate binder-free electrodes that overcome the issues
related with the use of binders, as well as innovative devices such as flexible
and/or microscale SCs [189, 190]. For this purpose, hybrid structures
derived from the combination of graphene with electrically conducting
polymers, were also considered [191]. It is worth noting, however, that due
to the inherent properties of conductive polymers, a pseudocapacitive

behaviour may also be introduced. Gao and co-workers used AA to reduce
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a GO/CNT mixture solution in proper moulds to obtain composite fibres,
then they introduced pollypyrrole (PPy) to improve electrochemical
performances and stretchable PU as structural support and self-healing
agent [192]. The reported volumetric capacitance is of 25.9 F cm™ with a
HsPO4/PVA gel electrolyte. Electrochemical performances of the device
were unaffected by its stretching at up to 300% the original length and
capable to resist to three cutting/healing cycles while retaining the 54% of

the initial capacitance.

With a ground-breaking work, El-Kady et al. demonstrated the
possibility to produce flexible and mechanically robust EDLC interdigitated
electrodes by direct laser reduction of thin GO film (Figure 4-5 — a) [75]. The
as obtained laser-scribed graphene possess the high SSA of 1520 m? g’
thanks to the simultaneous reduction and exfoliation of GO sheets that
prevents the agglomeration of graphene sheets; the generated open
network yields to a specific capacitance of 202, 265, and 276 F g in
aqueous (HsPOa), organic (TEA-BF4/ACN), or ionic liquid (EMIM-BF4)
electrolytes. They also assembled an all-solid-state device by using a
HsPO4/PVA gel electrolyte that retains about the 95% of the initial
capacitance after 1,000 bending cycles (Figure 4-5 — b). In another
approach exploiting free-standing GO films, Niu et al. prepared rGO foams
with a “leavening strategy” involving hydrazine vapor [188]. The generated
open porous network, made of graphene layers with cross-links preventing
their restacking, possessed a specific capacitance of 110 F g™'in aqueous
(H2S04) electrolyte, much higher than the 17 F g™ reported for compact rGO
films, and the capability to withstand bending while maintaining almost

unvaried electrochemical performances.
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Figure 4-5 — (a) Schematic illustration of supercapacitor fabrication from direct laser
reduction of GO. SEM images shows the exfoliation from GO to rGO. (b) Design and
electrochemical performance of the all-solid-state device [75].

Along with films, aerogels attracted a lot of interest for the fabrication of
free-standing SC electrodes with high specific capacitance, exploiting the
inherent low weight of such assemblies. Zang et al. adopted a solvothermal
method in an optimised Ethylene glycol and water system to synthetise
holey graphene sheets with nanopores of 1.5-5 nm. Such sheets served as
building blocks for aerogels having a SSA of 528 m? g' and showing a
specific capacitance of 178 F g' in KOH aqueous electrolyte [193]. With a
similar approach but using AA as reducing agent, Chong and co-workers
optimised the graphene sheets size and stacking by acting on sonication
time; the as-formed aerogel showed a relatively low SSA of 190 m? g™ but
were yet capable to deliver enhanced electrochemical properties, as
demonstrated by the specific capacitance of 182 F g' with KOH aqueous
electrolyte [194]. In a recent study, Wang et al. assembled binder-free and

compact SCs from a room-temperature assembly of 3D porous graphene
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frameworks, where they exploited polyoxometalates (POM) as cross-linker
and hydrazine as reductant [195]. The final mechanically flexible, electrically
conducting, and compact films were directly used as densely stacked SC
electrodes, achieving a specific capacitance of 205 and 157 F g in H2SO4
aqueous and PVA gel electrolytes, respectively. It is worth noting, however,
that the electrochemical performances were enhanced by the

pseudocapacitive contribution of POM.

4.2.3 Binder-free electrodes from carbonaceous nanocomposite

Although all the previously mentioned studies described the possibility to
manufacture binder-free and/or flexible devices characterised by a high
specific capacitance, it is important to observe that complex manufacturing
techniques involving multi-step procedures and/or hazardous chemicals
were often required. In larger-scale manufacturing processes, this would
represent issues in terms of both actual feasibility and costs, as well as in
terms of environmental impact. The potential use of pseudocapacitive
materials was also briefly mentioned, and although the great benefits in
terms of energy storage capabilities, the use of such materials would limit
the cycle life of the devices [196]. For the above reasons, a different and
novel approach consist in the manufacturing of carbonaceous
nanocomposite where graphene-based materials act as “active binders”
when mixed with porous carbons (Figure 4-6) [197-200]. In other words, in
such embodiments graphene-based materials would simultaneously
provide cohesion between active material particles, their adhesion onto
current collectors and would also actively participate, by enhancing them, in

electrochemical processes [201].
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Figure 4-6 — Schematic diagrams with SEM images, electrochemical performance, and
digital images of electrodes assembled exploiting rGO as an active binder when in
composites with other carbon materials [197].

Xu et al. investigated the ability of rGO to be used as a binder when
mixed with carbons of different morphologies. The process involved the
blending of an aqueous GO solution and pre-dispersed carbons in
dimethylformamide (DMF), which was followed by vacuum assisted filtration
and subsequent drying and thermal reduction in inert atmosphere at 300 °C
[197]. The as-prepared free-standing electrodes with hierarchical porous
carbon (HPC, in a mass ratio of 4:1 with rGO), thanks to the 3D conductive
network with a SSA of 2,561 m? g™, yielded the high specific capacitance of
321 F g'; to be compared with the already high values of 251 F g-' and
2,201 m? g' of HPC with conventional PTFE binder. Jang and co-workers
similarly demonstrated good capacitive performance of biomass-derived
activated carbons with rGO binder [198]. In their optimised process (with
rGO being the 2 wt% of the whole mass), carbon particles were added to a
GO aqueous dispersion that was subsequently coated on a carbon paper
as current collector and thermally annealed at 300 °C. The assembled

devices showed an ultra-high specific capacitance of 512 F g in KOH
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aqueous electrolyte, which was attributed by the authors to the preservation
of the high surface area of the porous carbons in electrically conductive
networks formed by the rGO binder, the pseudocapacitance contribution
due to residual oxygen functional groups, and the improved wettability from
the electrolyte. Galhena et al. proposed instead a 1:10 mixture of GO with
AC in PC solvent, which was subsequentially coated on Al current collector
and heated at 300 °C in inert atmosphere and low pressure to promote the
conversion to rGO [199]. The residual oxygen functionalities were
considered responsible for the adhesive properties, through non-covalent
interactions, of rGO with both AC particles and current collector, and
allowed for a specific capacitance of 79.8 F g in TEA-BF4/PC electrolyte
(Figure 4-7). In a recent work from Skrypnychuk et al., activated rGO was
used as active material with CNTs as electrically conductive binder. Those
were dispersed in water thanks to GO aid, and fumed silica was added as
rheology-modifying and thickening additive. All the components were step-
wise mixed with high-shear ball milling in a 10:1:1:1 ratio, coated on a
flexible steel current collector and then thermally annealed at 200 °C [200].
The reported specific capacitances are of 180 and 140 F g™! in aqueous
(KOH) and organic (TEA-BF4/ACN) electrolyte, respectively. Those high
values were ascribed to the preservation of the 3D structure of activated

rGO, and to the improved contact between material grains thanks to CNTs.
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Figure 4-7 — (a) Schematic illustration of rGO providing adhesion on current collector. (b)
TEM image showing rGO flake surrounding AC particle. (¢) CV of EDLC assembled with
rGO/AC electrodes and (d) comparison with traditional materials [199].

This literature survey shows how graphene-based materials were
effectively exploited as active materials in traditional electrodes, by
templating them in free-standing electrodes, or, more recently, as
alternative and active binders. In most of the reported studies, however, the
scalability of the manufacturing steps from laboratory to industry, the
potential costs, and environmental impacts deriving by the use of exotic
and/or hazardous chemicals and other raw materials were hardly
considered. In particular, it was only in the last few years that researchers
started to assess processes where graphene-based materials allow water
to be used as the only solvent for the dispersion of both active material and,
eventually, binder. It is thus believed that graphene-based materials can

further be evaluated and optimised for the development of environmentally
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friendly SCs, exploiting them to obtain water-based slurries that can

potentially be processed with current industrial manufacturing techniques.
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Chapter 5

GRAPHENE-BASED ACOUSTIC
MATERIALS

5.1 Context

The issue of noise pollution caused by low frequency sound emissions of
industrial machineries, home appliances, vehicles of all nature, buildings
and constructions have drawn great attention toward more efficient sound
insulating methods. In the aerospace and automotive industries, for
instance, primary and secondary structures have generally strict boundaries
in terms of weight and size, whose limit the applicability of traditional porous
absorbers. The latter, in fact, proved to be bulky and heavy in the low-mid
frequency range (< 2,000 Hz). Although great advance was obtained with
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hybrid porous absorbers consisting of an organic matrix loaded with
inorganic compounds, a density < 30 kg m? was rarely obtained.
Additionally, meagre attention was posed toward the eco-friendliness of
both manufacturing processes and used materials. Surprisingly, although
the inherent properties of chemical and mechanical stability, high surface
area and easiness of processability, graphene-based materials deriving
from GO were only recently studied for sound absorption application and

only to a limited extent.

With the aim to fill the literature gaps discussed above, the first research
paper of this collection proposes a new class of ultralight and
subwavelength-thin porous absorbers with high, broadband, and tuneable
sound absorption and sound transmission loss. Particularly, aerogels with
an extremely low density (down to 2.10 kg m?3) were manufactured starting
from the high-shear mixing of GO and PVA blends in water, then embedded
in a honeycomb (HC) core, freeze-cast, and finally freeze-dried. The first
step was crucial for the incorporation of air bubbles, the consecutive freeze-
casting-drying allowed to maintain the templated structure, while the
embedding in HC core demonstrated the readiness for the application of the
proposed material in secondary structures for the aerospace industry.
Moreover, in addition to the evaluation of the physicochemical and acoustic
properties, a semi-phenomenological model was for the first time applied to
evaluate the relationship between the so-called “non-acoustic properties” of
the material and the energy dissipation mechanism of soundwaves when

travelling through it.

Besides the need of porous absorbers to be light and thin, advanced
structures for aerospace and automotive applications are generally required
to provide multiple functionalities. On this regard, aerogels deriving from GO

suspensions in water can also be functionalised by their combination with
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other chemical substances and/or by the removal of oxygen groups to
restore the electrical properties of graphene. However, despite applications
of functionalised aerogels were described in many fields, such as water
treatment, energy storage, and stress-strain sensing, complex synthesis
methods with exotic chemicals, or the need of specific conditions to achieve

optimal performances, have limited their scale-up and practical use.

Therefore, the previously discussed aerogels obtained from GO and
PVA blends were the starting point of further developments pointing toward
multifunctional materials, which are discussed in the second and last journal
paper of the collection regarding graphene-based acoustic materials. In
particular, a preliminary evaluation of the thermal and mechanical properties
allowed to define which modifications would have been more beneficial. In
fact, while the thermal properties were already satisfactory, an unbalance
between the bulky PVA molecules and the lighter GO sheets and the
absence of stable cross-links between the two components, was found to
be the cause of a poor elastic resilience. The issue was tackled through a
double chemical modification: the addition of glycerol as plasticising agent,
to soften the intermolecular forces along PVA chains, and of glutaraldehyde
as cross-linking agent. Correspondingly, the impact of such modifications to
the chemicophysical structure and to the thermal, acoustic and mechanical
properties was evaluated. Furthermore, a third modification was proposed:
the partial removal of oxygen groups through using ascorbic acid as a green
reducing agent. The resulting aerogel was characterised by a piezoresistive
behaviour and, as a major impact the other properties was not evidenced,
it could be considered for the fabrication of multifunctional structure to be

applied in advanced engineering applications.
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5.2 Ultralight aerogels for broadband and tuneable
acoustic properties
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Abstract

An ultralight Graphene Oxide (GO)/Polyvinyl Alcohol (PVA) Aerogel (GPA)
is proposed as a new class of acoustic materials with tuneable and
broadband sound absorption and sound transmission losses. The
interaction between GO sheets and PVA molecules is exploited in our
environmentally friendly manufacturing process to fabricate aerogels with
hierarchical and tuneable porosity embedded in a honeycomb scaffold. The
aerogels possess an enhanced ability to dissipate sound energy, with an
extremely low density of 2.10 kg m™3, one of the lowest values ever reported
for acoustic materials. We have first experimentally evaluated and optimised
the effects of composition and thickness on the acoustic properties, namely
sound absorption and sound transmission losses. Subsequently, we have
employed a semi-analytical approach to evaluate the effect of different
processing times on acoustic properties and assessed the relationships
between the acoustic and non-acoustic properties of the materials. Over the
400 — 2500 Hz range, the reported average sound absorption coefficients
are as high as 0.79, while the average sound transmission losses can reach
15.8 dB. We envisage that our subwavelength thin and light aerogel-based

materials will possess other functional properties such as fire resistance and
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EMI shielding, and will prove to be novel acoustic materials for advanced

engineering applications.

1. Introduction

The development of innovative acoustic materials has been of huge interest
in the past decades, in particular porous absorbers have been extensively
studied and adopted for several engineering applications [1]. Traditional
porous absorbers such as cellular foams [2-4] and fibrous materials [4-6]
exhibit good sound absorption abilities over a medium frequency range (i.e.,
800 — 2000 Hz), but they are typically bulky and heavyweight at lower
frequencies, limiting their application. Porous absorbers dissipate sound
energy due to two main mechanisms: viscous friction on pore walls and
thermal losses within pores [7, 8]. The understanding of sound absorption
capabilities of these materials relies on the prediction of their effective
density (p.) and bulk modulus (K,), that can be achieved with a semi-
phenomenological fluid model developed by Johnson-Champoux-Allard
(JCA) [9, 10]. The model relates the sound propagation through porous
materials to their non-acoustic properties, which are porosity (¢), flow
resistivity (o), tortuosity (a.,), viscous (A) and thermal (A’) characteristic
lengths. Therefore, tailored absorption of porous materials requires
accurate measurement of these factors, linked to a precise manufacturing
process. Porous absorbers can be distinguished by chemical composition
as organic, hybrid, or inorganic [4], with a recent growing interest in the use
of carbon-based materials [11, 12]. Graphene Oxide (GO) is an ideal
candidate for engineering novel absorbers, thanks to its peculiar chemical
structure consisting of a two-dimensional (2D) lattice of sp? hybridised
carbon atoms with oxygen functionalities [13]. The main advantages of GO
are its capability to form stable suspensions in water [14] and to be

templated in various assemblies such as aerogels [15] with low cost and in
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environmentally friendly processes. GO has been evaluated for applications
including water treatment [16], energy storage [17], composite
reinforcements [18], EMI shielding [19], and thermal insulation with fire-
retardancy [20]. Acoustic-related properties have recently been described
[8, 12, 21]. Nine et al. [21] developed a hybrid foam with GO supported by
Melamine where it promoted an increase in air-flow resistivity and tortuosity
leading to a sound absorption coefficient of 0.6 over 800 Hz with a sample
thickness of 26 mm. Similarly, Oh et al. [12] fabricated a directionally
antagonistic Graphene Polyurethane aerogel with a broadband absorption
coefficient over 0.6 above 1000 Hz with a sample thickness of 30 mm. An
example of carbon-only foam is found in the work of Lu et al. [8], where a
bubbled GO solution was freeze-cast and thermally reduced. A Bubbled
Graphene Monolith was obtained, with a normalised absorption coefficient
of 0.9 in the 800 — 6300 Hz range with a sample thickness of 30 mm and a
density of 7.5 kg m3. While these results achieve broadband absorption with
thin structures, the pursuit of tuneable, lighter, and higher absorbing

materials is still of fundamental and practical importance.

Herein we present a new class of ultralight and subwavelength thin
acoustic aerogels with high, broadband, and tuneable sound absorption and
sound transmission loss. These are manufactured by ultra-high shear
mixing blends of GO and Polyvinyl Alcohol (PVA) which are then embedded
in a honeycomb (HC) core, freeze-cast, and finally freeze-dried. This
process allows the incorporation of air bubbles in a templated structure that
leads to the ultralight GO/PVA Aerogels (GPAs). PVA has many favourable
characteristics such as high chemical resistance, good optical and physical
properties [22], low toxicity [23] and high biodegradability [24]. In addition,
its water solubility and cross-linking ability renders it an ideal candidate to
form homogeneous solutions with GO. While alterations of blend

composition  produce aerogels with different physicochemical
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characteristics, variations in the time of ultra-high shear mixing changes the
structural characteristics. Both directly affect the efficiency of sound
dissipation through the material and, consequently, shape the JCA model
as a powerful tool for the understanding of the acoustic behaviour of GPAs.
Digital Microscopy (DM), Scanning Electron Microscopy (SEM), Fourier-
Transform Infrared Spectroscopy (FT-IR) and X-Ray Diffractometry (XRD)
are used to characterise the physical and chemical properties of the
aerogels. The Normal Absorption Coefficient (o) and the Normal Incident
Sound Transmission Loss (STL) are measured to determine the acoustic
properties of the proposed material, evaluating and optimising the effects of
composition, thickness and processing time. The JCA model is used to
predict the physical parameters of the aerogels, identify the effects of the
shear mixing process and ultimately provide information to tune the acoustic
properties of the absorbers. To the best of our knowledge, no reports have
been published discussing the acoustic behaviour of functionalised GO
aerogels based on semi-analytical models, or describing their sound
transmission losses. The ultralight aerogels manufactured in this work
possess high broadband sound absorption, with the optimised GPA

potentially being the lightest porous absorber on record at this time.

2. Results

2.1. Formation of ultralight GO/PVA aerogels

GO is hydrophilic due to oxygen functionalities such as epoxy, hydroxyl and
carboxyl groups which are found on its basal planes and edges [25]. A polar
solvent such as water can intercalate between GO interlayer spacings [13,
26], leading to stable suspensions. Likewise, thanks to hydroxyl
functionalities, PVA is also hydrophilic and water-soluble [27]. As shown in
Figure P1-1 — a, when GO suspensions and PVA solutions are mixed in

water, homogeneous blends can be obtained due to hydrogen bonds
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between the molecules of the two components [28, 29]. Figure P1-1 — b
pictures air bubble entrapment (i.e., foaming) after ultra-high shear mixing
of the blends. This is a result of the low interfacial tension of PVA, whereas
foam stability is improved by changes to surface elasticity and viscosity due
to the presence of GO [30-32]. Increasing the amount of GO increases
foaming capability, until a critical concentration of solids leads to bulk
clustering of particles that destabilises the foam [33]. After a stable hydrogel
is obtained, it is possible to maintain the templated structure and to embed
it in a Nomex HC core. Figure P1-1 — c-d shows the subsequent freeze-
casting and freeze-drying processes: the structure is first frozen
unidirectionally from the bottom (i.e., cold surface) to the top (i.e., surface
exposed to the atmosphere), resulting in ice crystals growing vertically and
pushing the bigger and lighter air bubbles upward; it is then dried though
sublimation as pressure and temperature inside the drying chamber are
below the triple point. Figure P1-1 — d presents the resulting aerogel
characterised by a hierarchical porosity. Micro-porosity is generated by the
exclusion of particles, polymeric molecules, or a mixture of them, from the
nucleation and growth of small ice crystals due to extremely low
temperature exposure (i.e., about -190 °C thanks to the use of Liquid
Nitrogen as freezing medium) [34]. Macro-porosity is instead induced by air

bubbles previously entrapped.

In Table P1-1 GPAs of different composition are compared with pure
GO and PVA aerogels. Blends having PVA as the more abundant
component have been excluded as the resulting aerogels did not possess
acceptable structural robustness. The variation in the amount of PVA in the
starting blend leads to both macroscopic (Figure P1-2 — a-e, DM) and
microscopic (Figure P1-2 —f-o, SEM) differences in morphology. GPA-1 and
GPA-2 possess a similar micro-porous structure, with the first showing the

largest macroscopic entrapment of air bubbles. GPA-3 exhibits no bubbles
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and a bulkier micro-structure, similar to pure GO. The transition from light to
bulky structures is reflected by the physical properties of the aerogels, of
which GPA-1 is the lightest with a density of 5.11 kg m= and a porosity of
99.32% (Table P1-1). A processing time of 15 min is used for the initial
blends, as it represents the optimum state of air entrapment,
homogenisation and structural robustness in the resulting aerogel.
However, the time of ultra-high shear mixing controls air entrapment in the
foamed blends, and in so doing, tunes the structural properties of the
aerogels to maximise sound energy dissipation. The 1:1 ratio blend shows
the best tuning ability in the time interval of 5 — 20 minutes, with the resulting
physical properties summarised in Table P1-2. Notably, an ultralight aerogel
characterised by a density of 2.10 kg m= and a porosity of 99.72% is
obtained with precisely 5 minutes of processing. GPAs are among the
lightest acoustic materials reported in the literature so far (see Table S1-1
of Supplementary Information), guaranteeing a small weight increase with
respect to the HC core that is as little as the 3.43% for the lightest sample
(Table P1-1 and Table P1-2).

Table P1-1 — Physical properties of all samples

GO:PVA Density @ Weight increase

Sample ratio (kgm?®) (%) on HC core (%)
PVA 0:1 43.80 96.5 71.55
GPA-1 1:1 5.11 99.32 8.34
GPA-2 2:1 7.80 98.68 12.74
GPA-3 3:1 7.59 98.71 12.41
GO 1:0 5.80 97.77 11.83
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Figure P1-1 — Schematic illustration of the ultralight GPAs.

Table P1-2 — Physical properties of GPA-1 samples for various processing times.

Processing Density P Weight increase
time (min) (kgm3) (%) on HC core (%)

5 2.10 99.72 3.43
10 4.38 99.42 7.16
15 5.11 99.32 8.34
20 7.41 99.23 12.11

\

Figure P1-2 — (a-e) DM and (f-o) SEM images of GO/PVA aerogels. PVA (a, f, k), GPA-1
(b, g, 1), GPA-2 (c, h, m), GPA-3 (d, i, n), GO (e, j, 0). Magnifications: (a-e) x20, (f-j) x500,
and (k-0) x3000. Same scale bars apply to images with equal magnification.
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2.2. Physicochemical characterisation

Figure P1-3 — a shows the FT-IR spectra for all the samples. The main
features observable in the GO spectrum are the O-H stretching and
deformation of hydroxyl groups at 3351 and 1373 cm’, coupled with the C-
OH stretching at 1217 and 1160 cm-’, the C=0 stretching of carbonyl groups
at 1718 cm™', and the C-O-C stretching of epoxy groups at 1033 cm-" [35-
38]. The peaks at 3194 and 1615 cm" are respectively due to the stretching
and deformation of adsorbed water molecules [38]. On the other hand, the
main features of the PVA spectrum are the O-H stretching and deformation
at 3307 and 1377 cm', the asymmetric and symmetric stretching of C-H at
2941 and 2911 cm respectively, the C-H2 bending at 1418 cm-*, the C-O-
C stretching at 1089 cm™', and the C-C stretching at 845 cm™' [39-41]. As
GO/PVA blends exhibit the features of both the components, with intensities
proportional to their relative mass ratios, the homogeneous mixing and
stability of the samples can be assumed. Additionally, a shift of O-H related
features around 3351, 1373, 1217, and 1160 cm™' confirms the formation of
hydrogen bonds between the oxygen groups on GO sheets and the hydroxyl

groups of PVA molecules [42-44].

From XRD patterns presented in Figure P1-3 — b, GO shows its
characteristic peak associated with the (001) carbon crystalline phase at
10.80° and the (100) reflection related to the longitudinal dimension of the
structural elements at 42.45° [45, 46]. The introduction of increasing PVA
amounts in the blends affects the (001) peak causing its reduction in
intensity and sharpness. This indicates a lower degree of crystallinity and a
possible decrease in the size of crystallites. A shift toward lower 26 values
can also be observed, indicating that the interactions between PVA
molecules and GO sheets lead to a more expanded structure. According to
Bragg’s law [47], the interplanar distance (d) between GO layers increases
from 8.19 A for pristine GO to the maximum of 16.20 A for GPA-1. The PVA
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main reflection (101) peak appearing at 19.36° is not visible in the patterns

for GPAs, which is the sign of a completely amorphous phase [48].
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Figure P1-3 — Physicochemical characterisation of GO/PVA aerogels: (a) FT-IR spectra
and (b) XRD patterns. Wavenumbers attributable to GO are denoted in black (e), while
those for PVA are in red (e).

2.3. Optimisation of the acoustic properties

Figure P1-4 — a-b presents the variation of a and STL for different
compositions of GPAs as a function of frequency. As PVA inclusion
increases, the absorption curves are flattened and shift toward lower
frequencies than pure GO. This leads to higher absorption in the low
frequency range (i.e., below 1200 Hz), with « > 0.4 from 500 Hz for GPA-1
and GPA-2. GPA-3 and pure GO outperform in the high frequency range
(i.e., above 1200 Hz), and have similar performances to other GO foams
reported in the literature [8]. This behaviour is related to changes in the
physical structure of the aerogel. In particular, the macrostructure of GPA-1
and GPA-2 exhibits large pores (Figure P1-2 — b-c) that result to an
increased porosity and a reduced flow resistivity. The average sound
absorption coefficients (a) for all the GPA samples fall in the 0.74 and 0.77
range. A PVA inclusion higher than 75 wt% (GPA-1 and GPA-2) results in

improved transmission loss performances (Figure P1-4 — b), with GPA-1

having the highest average loss (STL) of 13.2 dB. The STL generally reflects
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the damping properties attributed to the cross-sectional distribution of large
and small pores within the aerogel (Figure P1-2 — g), and therefore sound
attenuation through the material [49]. The relation between a and the
Reflection Coefficient (R), @ = 1 — |R|?, further justifies this behaviour as
higher transmission losses are expected from a structure showing lower

absorption and, consequently, higher reflections.

GPA-1 was chosen as the optimum composition as it possesses high
sound absorption and sound transmission losses while being the lightest
aerogel. Figure P1-4 — c-d shows the effect of adjusting the thickness from
12.5 to 37.5 mm on both a and STL.The increase in aerogel thickness
improves sound absorption at lower frequencies as expected, with the 37.5

mm thick sample achieving a > 0.6 from 500 Hz upwards with a peak of a

= 0.96 at 948 Hz. STL follows the same behaviour and reaches 15.7 dB for

37.5 mm thickness.
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Figure P1-4 — Effects of (a, b) GPA composition and (¢, d) GPA-1 thickness on acoustic
properties: (a, ¢) sound absorption and (b, d) sound transmission loss. Sample thickness
is 25 mm when not studied as a variation (a, b). Key and average a and STL values are
summarised in Table S2-2.

The next optimisation step is the evaluation of processing time and,
consequently, porosity on acoustic properties of GPA-1. Figure P1-5 — a
shows that an increasing porosity leads to higher sound absorption of the
proposed structure over the frequency range investigated. In particular, the
lightest aerogel obtained with 5 min of processing time results in a density
of 2.10 kg m-3and a porosity of 99.72% achieving @ = 0.79. As sound waves
travel from large to smaller pores (Figure P1-2 — g), air velocity increases
and sound energy is dissipated due to friction [50-51]. Figure P1-5 — b

depicts an increase of the transmission loss as aerogels become bulkier.

The heaviest aerogel (7.41 kg m3) has the best result with STL = 15.8 dB.
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Furthermore, Figure P1-5 — ¢ compares a and density values of GPA-1
aerogels with other porous absorbers previously reported, demonstrating
their superior acoustic properties while guaranteeing extremely low

densities.
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Figure P1-5 — Effects of processing time and densities on acoustic properties of GPA-1
samples: (a) sound absorption and (b) sound transmission loss. Key and average a and
STL values are summarised in Table S4. (¢) Comparison of the average sound absorption
coefficient, calculated in the 400 — 2500 Hz range, as a function of density for GPA-1
samples and other porous absorbers with comparable thickness previously reported in
literature (Table S1-1).

2.4. Semi-phenomenological analysis

The effects of processing time on the physical structure of GPA-1 and the
resulting acoustic behaviour are further investigated using the JCA semi-
phenomenological approach. The equivalent fluid model is fitted to
measured results considering three experimentally derived parameters (¢,
o and a,) and two unknown parameters (A and A’). The predicted sound
absorption coefficient curves have an average error < 1% when compared
to the experimental results (Figure P1-6 — a), suggesting a good fit to the
non-acoustic properties of the aerogels. For different processing times, the
density and the non-acoustic properties change, and the complex
interactions between these parameters lead to the observed shift in GPA-1
sound absorption. Porosity is directly proportional to the volume of air
available to sound waves [52] and positively contributes to sound energy
dissipation. However, it is crucial to highlight that the non-acoustic

properties are not independent (i.e., a change in one parameter will cause
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a change in the others). An inverse trend of a with respect of ¢ can be
observed from Figure P1-6 — b. In particular, the best performing sample (5
min of processing time) shows @ = 0.79 for o = 33,981 N s m*. The flow
resistivity is a measure of the porous material’s resistance to an airflow and
can thus give an idea of the extent of sound energy dissipation due to
boundary layer effects within the material [52]. However, if the resistivity is
too high the sound wave incident to the material would meet a relatively high
impedance surface leading to high reflection due to the impedance
mismatch and thus to low sound absorption [53]. This is in agreement with
STL results previously reported (Figure P1-5 —b). The variation in a,, shown
in Figure P1-6 — c is within a relatively small range of 1.31 — 1.66, except
for the 15 min sample. The tortuosity is a measure of the complexity of the
propagation path of sound waves through the material, where more complex
paths usually lead to higher sound absorption. However, no direct
correlation is exhibited between @ and «,, for the experimental aerogels. A
increases with processing time from the minimum value of 29 ym to the
maximum of 97 ym (Figure P1-6 — d). The viscous characteristic length is
defined as “the surface-to-pore volume ratio of the pore-solid interface” [9]
and is thus proportional to the microscopic dimensions of pores. Smaller
values lead to increased viscous effects and thus to an improved dissipation
of sound energy, explaining the acoustic behaviour pictured in Figure P1-6
— a. Finally, the variation of A’ (between 154 and 202 um) is a function of
thermal losses at high frequencies [52] and thus has limited effect on sound

absorption over the range investigated (Figure P1-6 — d).
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Resistivity, (¢) Tortuosity, (d) Viscous and Thermal Characteristic Lengths affected by
processing time with Average Absorption Coefficient trend.

3. Discussion

In conclusion, we have developed a novel ultralight aerogel for the design
of thin and light materials with excellent acoustic properties. We have
exploited the chemical properties of GO/PVA blends and a specific
environmentally friendly manufacturing process to embed the aerogels in
structural HC cores. The physicochemical characterisation has
demonstrated the effects of the blend composition on the physical
properties of the material, the existence of hydrogen bonds between GO
sheets and PVA molecules and the ability of the two components to form a

homogeneous and expanded structure. We have also evaluated the effects
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of composition, thickness, and processing time on the acoustic properties
of the proposed material. Thanks to the hierarchical porosity, the resulting
absorber is endowed with the advantages of a density as low as 2.10 kg m"
3, and tuneable sound absorption and transmission functionality. The novel
aerogel-based structures provide a solution for the development of acoustic
materials in structural engineering applications requiring high sound
absorption and sound transmission losses as well as excellent mechanical
stiffness and strength. Additionally, the inherent potential of GO to unlock
multifunctional features such as EMI shielding and fire-retardancy may
prompt advanced applications in the aerospace and power generation

industries.

4. Methods

4.1. Materials

Graphite Oxide (GtO) powder was supplied by Xiamen TOB New Energy,
PVA (98-99% hydrolyzed, medium molecular weight) was purchased from
Sigma Aldrich. Deionized MilliQ® water was used throughout all the
experiments. All the chemicals were used as received without further

treatment or purification.

4.2. Sample fabrication

The fabrication process is schematised in Figure P1-7. GtO was dispersed
in water (8 mg mL-") and exfoliated to form a GO suspension through probe
sonication (Dr. Hielscher GmbH UP100H, with an amplitude of 80% and
continuous pulsing) for 40 minutes under constant magnetic stirring and in
an ice bath to ensure a homogeneous process with controlled temperature.
A PVA solution (5 wt%) was obtained by dissolving the raw polymer in water:
the system was heated up to 90 °C on a hot plate with continuous magnetic

stirring until the solution became clear. Blends of GO and PVA were then
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obtained with ultra-high shear mixing (IKA Ultra-Turrax T25) at 20,000 rpm
for 15 minutes in a typical blend, or with varying processing times for
porosity optimisation purposes. Proper amounts of the two components

were mixed so that the designed mass ratio could be reached (Table P1-1).

Aerogels were obtained with unidirectional freeze-casting of the blends
in @a Nomex HC core with the aid of a silicone mould having an aluminium
plate as base directly placed on a copper heat sink immersed in liquid
nitrogen. Templated structures were finally freeze-dried (LTE LyoTrap Mini)
for 96h, leaving the GPAs embedded in the Nomex core. Samples
consisting of pure GO suspension and pure PVA solution were also

manufactured as reference material.

GtO powder GtOlexfollatlon GO )
in H,O suspension
Foamed

Probe sonicator Mixing of
PVA and GO COPYA

- blend
PVA pellet PVA dissolution Dissolved Ultra—h:gh
petets in H,O PVA shear mixer

Hot plate stirrer

GO/PVA h 4

AEROGEL Freeze Templated Freeze Pouring in
embedded Drying GO/PVA Casting B HC core

in HC core Low temperature and Custom rig Silicone mould
oressure chamber

3y

Figure P1-7 — Diagram of ultralight GO/PVA aerogel fabrication process.

4.3. Characterisation

The composition of the starting blend determined the morphology of the
aerogels, evaluated with DM (Keyence VHX 6000) and SEM (Hitachi
SU3900). Chemical structure was evaluated by Fourier-Transform Infrared
Spectroscopy (FT-IR, Perkin-Elmer Frontier FTIR Spectrometer) with a
liquid nitrogen cooled MCT detector from 400 to 4000 cm™'. The crystalline
structure of the blends was finally analysed with X-Ray Diffractometry (XRD,
STOE STADI P) in the range of 26 = 4 — 50° at room temperature using a
Cu-Ka generator with 1.54 A wavelength. XRD data were additionally

processed to calculate the interplanar distance d between GO layers using
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Bragg’s law [47] as expressed in equation (P1-1), where A is the radiation

wavelength and 6 is the reflection angle of the (001) phase.
_A
d= /Zsin9 (P1-1)

The density of the samples (p;) was calculated from their weight and
volume. The porosity of each sample was calculated as expressed in
equation (P1-2), where p;, and ppy4 are the densities of bulk GO (0.26 g
cm3) and PVA (1.25 g cm™3), respectively, while w;, and wpy, are the mass
percentages of the two components in the blend.

Ps
WeoPGo T WpyaPrva

b = <1 - ) x 100 (P1-2)

The coefficients expressing acoustic performances, « and STL, were
measured following the standard test methods ASTM [54] and ASTM E2611
[55], respectively. Detailed experimental procedures can be found in

Supplementary Information.

Detailed information on the measurement of the non-acoustic
properties can be found in Supplementary Information. Briefly, porosity was
evaluated using the density of the aerogels as expressed in equation (P1-
2), flow resistivity was indirectly determined from impedance tube
measurements according to equation (S1-9) [55-57], tortuosity was
experimentally derived from equation (S1-10) using an ultrasonic time-of-
flight method [58], and finally viscous and thermal characteristic lengths

were obtained by applying an inverse identification method [59, 60].

References

1. Arenas, J. & Crocker, M. Recent Trends in Porous Sound-Absorbing
Materials. Sound & vibration 44, 12-17 (2010).

120



10.

11.

12.

Gwon, J. G., Kim, S. K. & Kim, J. H. Sound absorption behavior of
flexible polyurethane foams with distinct cellular structures. Materials
& Design 89, 448-454,
doi:https://doi.org/10.1016/j.matdes.2015.10.017 (2016).

Lu, T. J., Chen, F. & He, D. Sound absorption of cellular metals with
semiopen cells. The Journal of the Acoustical Society of America 108,
1697-1709, doi:10.1121/1.1286812 (2000).

Cao, L., Fu, Q., Si, Y., Ding, B. & Yu, J. Porous materials for sound
absorption. Composites Communications 10, 25-35,
doi:https://doi.org/10.1016/j.coco.2018.05.001 (2018).

Seddeq, H. S., Aly, N. M., Marwa A, A. & Elshakankery, M.
Investigation on sound absorption properties for recycled fibrous
materials. Journal  of  Industrial Textiles 43, 56-73,
doi:10.1177/1528083712446956 (2013).

Chen, W, Liu, S., Tong, L. & Li, S. Design of multi-layered porous
fibrous metals for optimal sound absorption in the low frequency
range. Theoretical and Applied Mechanics Letters 6, 42-48,
doi:https://doi.org/10.1016/j.taml.2015.12.002 (2016).

Hyuk Park, J. et al. Cell openness manipulation of low density
polyurethane foam for efficient sound absorption. Journal of Sound
and Vibration 406, 224-236,
doi:https://doi.org/10.1016/j.jsv.2017.06.021 (2017).

Lu, B. et al. High performance broadband acoustic absorption and
sound sensing of a bubbled graphene monolith. Journal of Materials
Chemistry A7, 11423-11429, doi:10.1039/C9TA02306B (2019).

Johnson, D. L., Koplik, J. & Dashen, R. Theory of dynamic permeability
and tortuosity in fluid-saturated porous media. Journal of Fluid
Mechanics 176, 379-402, doi:10.1017/S0022112087000727 (1987).

Champoux, Y. & Allard, J. F. Dynamic tortuosity and bulk modulus in
air-saturated porous media. Journal of Applied Physics 70, 1975-1979,
doi:10.1063/1.349482 (1991).

Wu, Y. et al. Graphene foam/carbon nanotube/poly(dimethyl siloxane)
composites as excellent sound absorber. Composites Part A: Applied
Science and Manufacturing 102, 391-399,
doi:https://doi.org/10.1016/j.compositesa.2017.09.001 (2017).

Oh, J.-H., Kim, J., Lee, H., Kang, Y. & Oh, |.-K. Directionally
Antagonistic Graphene Oxide-Polyurethane Hybrid Aerogel as a

121


https://doi.org/10.1016/j.matdes.2015.10.017
https://doi.org/10.1016/j.coco.2018.05.001
https://doi.org/10.1016/j.taml.2015.12.002
https://doi.org/10.1016/j.jsv.2017.06.021
https://doi.org/10.1016/j.compositesa.2017.09.001

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sound Absorber. ACS Applied Materials & Interfaces 10, 22650-
22660, doi:10.1021/acsami.8b06361 (2018).

Dreyer, D. R., Park, S., Bielawski, C. W. & Ruoff, R. S. The chemistry
of graphene oxide. Chemical Society Reviews 39, 228-240,
doi:10.1039/B917103G (2010).

Zhu, Y. et al. Graphene and Graphene Oxide: Synthesis, Properties,
and  Applications.  Advanced  Materials 22, 3906-3924,
doi:https://doi.org/10.1002/adma.201001068 (2010).

He, Y. et al. An environmentally friendly method for the fabrication of
reduced graphene oxide foam with a super oil absorption capacity.
Journal of Hazardous Materials 260, 796-805,
doi:https://doi.org/10.1016/j.jhazmat.2013.06.042 (2013).

Wang, J. et al. Graphene Oxide as an Effective Barrier on a Porous
Nanofibrous Membrane for Water Treatment. ACS Applied Materials
& Interfaces 8, 6211-6218, doi:10.1021/acsami.5b12723 (2016).

Rapisarda, M., Damasco, A., Abbate, G. & Meo, M. Carbon Black and
Reduced Graphene Oxide Nanocomposite for Binder-Free
Supercapacitors with Reduced Graphene Oxide Paper as the Current
Collector. ACS Omega 5, 32426-32435,
doi:10.1021/acsomega.0c04530 (2020).

Wang, C. et al. Silver nanoparticles/graphene oxide decorated carbon
fiber synergistic reinforcement in epoxy-based composites. Polymer
131, 263-271, doi:https://doi.org/10.1016/j.polymer.2017.10.049
(2017).

Yan, D.-X. et al. Structured Reduced Graphene Oxide/Polymer
Composites for Ultra-Efficient Electromagnetic Interference Shielding.
Advanced Functional Materials 25, 559-566,
doi:https://doi.org/10.1002/adfm.201403809 (2015).

Wicklein, B. et al. Thermally insulating and fire-retardant lightweight
anisotropic foams based on nanocellulose and graphene oxide.
Nature Nanotechnology 10, 277-283, doi:10.1038/nnano.2014.248
(2015).

Nine, M. J. et al. Graphene Oxide-Based Lamella Network for
Enhanced Sound Absorption. Advanced Functional Materials 27,
1703820, doi:https://doi.org/10.1002/adfm.201703820 (2017).

Shi, R. et al. The effect of citric acid on the structural properties and
cytotoxicity of the polyvinyl alcohol/starch films when molding at high

122


https://doi.org/10.1002/adma.201001068
https://doi.org/10.1016/j.jhazmat.2013.06.042
https://doi.org/10.1016/j.polymer.2017.10.049
https://doi.org/10.1002/adfm.201403809
https://doi.org/10.1002/adfm.201703820

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

temperature. Carbohydrate Polymers 74, 763-770,
doi:https://doi.org/10.1016/j.carbpol.2008.04.045 (2008).

DeMerlis, C. C. & Schoneker, D. R. Review of the oral toxicity of
polyvinyl alcohol (PVA). Food and Chemical Toxicology 41, 319-326,
doi:https://doi.org/10.1016/S0278-6915(02)00258-2 (2003).

Matsumura, S., Kurita, H. & Shimokobe, H. Anaerobic biodegradability
of polyvinyl alcohol. Biotechnology Letters 15, 749-754,
doi:10.1007/BF01080150 (1993).

Dikin, D. A. et al. Preparation and characterization of graphene oxide
paper. Nature 448, 457-460, doi:10.1038/nature06016 (2007).

Paredes, J. I., Villar-Rodil, S., Martinez-Alonso, A. & Tascoén, J. M. D.
Graphene Oxide Dispersions in Organic Solvents. Langmuir 24,
10560-10564, doi:10.1021/1a801744a (2008).

Adawa, H. & Deneault, C. Chemical Modification of Poly(Vinyl Alcohol)
in Water. Applied Sciences 5, 840-850, doi:10.3390/app5040840
(2015).

Liang, J. et al. Molecular-Level Dispersion of Graphene into Poly(vinyl
alcohol) and Effective Reinforcement of their Nanocomposites.
Advanced Functional Materials 19, 2297-2302,
doi:https://doi.org/10.1002/adfm.200801776 (2009).

Bao, C., Guo, Y., Song, L. & Hu, Y. Poly(vinyl alcohol) nanocomposites
based on graphene and graphite oxide: a comparative investigation of
property and mechanism. Journal of Materials Chemistry 21, 13942-
13950, doi:10.1039/C1JM11662B (2011).

Georgieva, D., Cagna, A. & Langevin, D. Link between surface
elasticity and foam stability. Soft Matter 5, 2063-2071,
doi:10.1039/B822568K (2009).

Murray, B. S. & Ettelaie, R. Foam stability: proteins and nanoparticles.
Current Opinion in Colloid & Interface Science 9, 314-320,
doi:https://doi.org/10.1016/j.cocis.2004.09.004 (2004).

Kim, J. et al. Graphene Oxide Sheets at Interfaces. Journal of the
American Chemical Society 132, 8180-8186, doi:10.1021/ja102777p
(2010).

Vijayaraghavan, K., Nikolov, A. & Wasan, D. Foam formation and
mitigation in a three-phase gas—liquid—particulate system. Advances
in Colloid  and  Interface Science 123-126, 49-61,
doi:https://doi.org/10.1016/].cis.2006.07.006 (2006).

123


https://doi.org/10.1016/j.carbpol.2008.04.045
https://doi.org/10.1016/S0278-6915(02)00258-2
https://doi.org/10.1002/adfm.200801776
https://doi.org/10.1016/j.cocis.2004.09.004
https://doi.org/10.1016/j.cis.2006.07.006

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Qian, L. & Zhang, H. Controlled freezing and freeze drying: a versatile
route for porous and micro-/nano-structured materials. Journal of
Chemical Technology @~ &  Biotechnology 86, 172-184,
doi:https://doi.org/10.1002/jctb.2495 (2011).

Hontoria-Lucas, C., Lépez-Peinado, A. J., Lopez-Gonzalez, J. d. D.,
Rojas-Cervantes, M. L. & Martin-Aranda, R. M. Study of oxygen-
containing groups in a series of graphite oxides: Physical and chemical
characterization. Carbon 33, 1585-1592,
doi:https://doi.org/10.1016/0008-6223(95)00120-3 (1995).

Guo, H.-L., Wang, X.-F., Qian, Q.-Y., Wang, F.-B. & Xia, X.-H. A Green
Approach to the Synthesis of Graphene Nanosheets. ACS Nano 3,
2653-2659, doi:10.1021/nn900227d (2009).

Stankovich, S., Piner, R. D., Nguyen, S. T. & Ruoff, R. S. Synthesis
and exfoliation of isocyanate-treated graphene oxide nanoplatelets.
Carbon 44, 3342-3347,
doi:https://doi.org/10.1016/j.carbon.2006.06.004 (2006).

Titelman, G. |. et al. Characteristics and microstructure of aqueous
colloidal dispersions of graphite oxide. Carbon 43, 641-649,
doi:https://doi.org/10.1016/j.carbon.2004.10.035 (2005).

Prosanov, I. Y. & Matvienko, A. A. Study of PVA thermal destruction
by means of IR and Raman spectroscopy. Physics of the Solid State
52, 2203-2206, doi:10.1134/S1063783410100318 (2010).

Blout, E. R. & Karplus, R. The Infrared Spectrum of Polyvinyl Alcohol.
Journal of the American Chemical Society 70, 862-864,
doi:10.1021/ja01182a504 (1948).

Mansur, H. S., Sadahira, C. M., Souza, A. N. & Mansur, A. A. P. FTIR
spectroscopy characterization of poly (vinyl alcohol) hydrogel with
different hydrolysis degree and chemically crosslinked with
glutaraldehyde. Materials Science and Engineering: C 28, 539-548,
doi:https://doi.org/10.1016/].msec.2007.10.088 (2008).

Salavagione, H. J., Martinez, G. & Gomez, M. A. Synthesis of
poly(vinyl alcohol)/reduced graphite oxide nanocomposites with
improved thermal and electrical properties. Journal of Materials
Chemistry 19, 5027-5032, doi:10.1039/B904232F (2009).

Li, C., She, M., She, X., Dai, J. & Kong, L. Functionalization of polyvinyl
alcohol hydrogels with graphene oxide for potential dye removal.
Journal of Applied Polymer Science 131,
doi:https://doi.org/10.1002/app.39872 (2014).

124


https://doi.org/10.1002/jctb.2495
https://doi.org/10.1016/0008-6223(95)00120-3
https://doi.org/10.1016/j.carbon.2006.06.004
https://doi.org/10.1016/j.carbon.2004.10.035
https://doi.org/10.1016/j.msec.2007.10.088
https://doi.org/10.1002/app.39872

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Qi, X,, Yao, X., Deng, S., Zhou, T. & Fu, Q. Water-induced shape
memory effect of graphene oxide reinforced polyvinyl alcohol
nanocomposites. Journal of Materials Chemistry A 2, 2240-2249,
doi:10.1039/C3TA14340F (2014).

Krishnamoorthy, K., Veerapandian, M., Yun, K. & Kim, S. J. The
chemical and structural analysis of graphene oxide with different
degrees of oxidation. Carbon 53, 38-49,
doi:https://doi.org/10.1016/j.carbon.2012.10.013 (2013).

Popova, A. N. Crystallographic analysis of graphite by X-Ray
diffraction. Coke and Chemistry 60, 361-365,
doi:10.3103/S1068364X17090058 (2017).

Bragg, W. H. & Bragg, W. L. The reflection of X-rays by crystals.
Proceedings of the Royal Society of London. Series A, Containing
Papers of a Mathematical and Physical Character 88, 428-438,
doi:doi:10.1098/rspa.1913.0040 (1913).

Ricciardi, R., Auriemma, F., De Rosa, C. & Lauprétre, F. X-ray
Diffraction Analysis of Poly(vinyl alcohol) Hydrogels, Obtained by
Freezing and Thawing Techniques. Macromolecules 37, 1921-1927,
doi:10.1021/ma035663q (2004).

Fahy, F. & Gardonio, P. Sound and structural vibration: radiation,
transmission and response: second edition. (Academic Press, 2007).

Bonfiglio, P. & Pompoli, F. A single measurement approach for the
determination of the normal incidence transmission loss. The Journal
of the Acoustical Society of America 124, 1577-1583,
doi:10.1121/1.2951605 (2008).

Han, F., Seiffert, G., Zhao, Y. & Gibbs, B. Acoustic absorption
behaviour of an open-celled aluminium foam. Journal of Physics D:
Applied Physics 36, 294-302 (2003).

Cox, T. & D'Antonio, P. Acoustic absorbers and diffusers: theory,
design and application. (Routledge Taylor & Francis, 2009).

Kleiner, M. Acoustics and Audio Technology, Third Edition. (J. Ross
Publishing, 2011).

ASTM E1050-19, Standard Test Method for Impedance and
Absorption of Acoustical Materials Using a Tube, Two Microphones
and a Digital Frequency Analysis System, ASTM International, West
Conshohocken, PA, 2019,. doi:10.1520/E1050-19.

ASTM E2611-19, Standard Test Method for Normal Incidence
Determination of Porous Material Acoustical Properties Based on the

125


https://doi.org/10.1016/j.carbon.2012.10.013

56.

57.

58.

59.

60.

Transfer Matrix Method, ASTM International, West Conshohocken,
PA, 2019,.

Tao, J., Wang, P., Qiu, X. & Pan, J. Static flow resistivity
measurements based on the ISO 10534.2 standard impedance tube.
Building and Environment 94, 853-858,
doi:https://doi.org/10.1016/j.buildenv.2015.06.001 (2015).

Doutres, O., Salissou, Y., Atalla, N. & Panneton, R. Evaluation of the
acoustic and non-acoustic properties of sound absorbing materials
using a three-microphone impedance tube. Applied Acoustics 71, 506-
509, doi:https://doi.org/10.1016/j.apacoust.2010.01.007 (2010).

Allard, J. F., Castagnede, B., Henry, M. & Lauriks, W. Evaluation of
tortuosity in acoustic porous materials saturated by air. Review of
Scientific Instruments 65, 754-755, doi:10.1063/1.1145097 (1994).

Atalla, Y. & Panneton, R. Inverse acoustical characterization of open
cell porous media using impedance tube measurements. Canadian
Acoustics 33, 11-24 (2005).

Fellah, Z. E. A., Mitri, F. G., Fellah, M., Ogam, E. & Depollier, C.
Ultrasonic characterization of porous absorbing materials: Inverse
problem. Journal of Sound and Vibration 302, 746-759,
doi:https://doi.org/10.1016/}.jsv.2006.12.007 (2007).

126


https://doi.org/10.1016/j.buildenv.2015.06.001
https://doi.org/10.1016/j.apacoust.2010.01.007
https://doi.org/10.1016/j.jsv.2006.12.007

Supplementary Information

Table S$1-1 — Comparison of density, porosity, and sound absorption properties between
GPA-1 samples from this work and other porous absorbers with comparable thickness

previously reported in the literature.

AThe average was calculated in the 400 — 2500 Hz range.

. . . Average?
P t
Name '(ie";'_tg?; or:) St Thzcnl‘(::)ass Absorption Ref.
9 (%) Coefficient
98.61 — This
GPA-1 2.10-7.80 99.72 25 0.68-0.79 work
BGM 26-10.3 upto99.7 30 0.43-0.73 [1]
12.39 —
MFGO 2412 26 0.51-0.74 [2]
Commercial
MF 9.84 - 26 0.50 [2]
PU/CNT 23.37 -
foams 26.31 ~95 30 0.66-0.71 [3]
Commercial 4 g7 ~95 30 0.69 3]
PU
ignin 24-80  94-98.4 i 0.68-0.77 [4]
erogels
RFG 115-150 94-954 30 0.75-0.77 [5]

Table S$1-2 — Sound absorption and transmission properties for GPAs with different

composition.

A The average was calculated in the 400 — 2500 Hz range.

Peak

500 Hz

1000 Hz

2000 Hz

Average?

(Hz)

a a

STL
(dB)

STL
(dB)

STL
(dB)

STL
(dB)

PVA
GPA-1
GPA-2
GPA-3

GO

2339
1734
1970
1827
2244

0.99
0.85
0.89
1.00
1.00

0.15
0.41
0.41
0.15
0.15

21
9.4
8.3
2.7
25

0.25
0.70
0.75
0.56
0.51

3.9
12.8
11.7
4.3

41

0.87
0.85
0.89
0.99
0.99

5.65
14.57
13.75
5.86
5.51

0.54
0.74
0.77
0.74
0.72

4.6
13.2
12.4
4.9
4.6
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Table S1-3 — Sound absorption and transmission properties for GPA-1 samples with
different thicknesses.

AThe average was calculated in the 400 — 2500 Hz range.

Peak 500 Hz 1000 Hz 2000 Hz Average?

Sample Freq STL STL STL  _  STL
(Hz) @) “ @) “ (@) ¢ (@B

Zﬁnf 2500 0.86 0.13 5.0 026 62 0.67 6.49 046 6.2
25mm 1735 0.85 041 94 070 128 0.85 1457 0.74 13.2
‘an 948 0.96 0.62 11.3 0.96 150 0.73 17.36 0.79 157

Table S1-4 — Sound absorption and transmission properties for GPA-1 samples obtained
with different mixing times.

AThe average was calculated in the 400 — 2500 Hz range.

Peak 500 Hz 1000 Hz 2000 Hz Average?
Sample Freq . st STL._ STL  —  STL
(Hz) (dB) (dB) (dB) (dB)

5min 1885 097 029 55 072 6.7 097 800 079 73
10 min 1952 093 0.36 58 069 73 093 913 0.77 8.0
15min 1735 085 041 94 0.70 128 0.85 1457 0.74 13.2
20min 2284 0.81 0.38 13.7 0.62 16.3 0.80 16.11 0.68 15.8

Methods used to measure acoustic properties.

The aerogels were acoustically characterised through measurements of two
key parameters: the Normal Absorption Coefficient («) and the Normal
Incident Sound Transmission Loss (STL). For the first, the standard test
method ASTM E1050 [6] was followed. Briefly, samples of the composite
structure were placed in one end of a two microphone impedance tube
having an internal diameter of 50.8 mm with a rigid back surface, while a
loudspeaker generating a broadband random signal was mounted at the
other end. The coefficient a« was then estimated as expressed in equation
(S1-1):

128



a=1-|R|? (S1-1)
Where R is the Complex Reflection Coefficient measured on the incident

surface of the sample following the transfer function method [6].

The sound transmission losses were instead evaluated according to the
standard test method ASTM E2611 [7]. The procedure is similar to the
determination of «, but the transfer functions were calculated for four
microphones, with two of them mounted each side of the sample, and two
different terminations, anechoic and open. The STL was then estimated with
equation (S1-2):

1
STL = 101og,, (;) (S1-2)
where 1 is the sound transmission coefficient.

Equivalent fluid model of porous absorbers.

The acoustic behaviour of GPA-1 samples, specifically in terms of sound
absorption ability, was studied with a semi-phenomenological approach
following the Johnson-Champoux-Allard (JCA) model for porous materials
[8, 9]. The effective density (p.) and effective bulk modulus (K,) relate the
physical properties of the absorber to the sound propagation through it, and

are calculated as expressed in equations (S1-3) and (S1-4):

_ Qe o 4iae*npow
Pe = ¢ 1+iwp0aoo\/1+ 0'2A2¢2 ) (81'3)
-1
VPO / 877 ipO(")NprA,2
K.=—"ly-o-1D/[1+ 1+ (S1-4)
e d) )4 (y ) iA,ZNprwpo \/ 1677

where py, 11, v, and N,, are density, dynamic viscosity, ratio of the specific

heat capacities and Prandtl Number for air, respectively, while P, is the

atmospheric pressure. The remaining parameters (i.e., the non-acoustic
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properties of porous materials) are porosity (¢), flow resistivity (o), tortuosity

(ax), Viscous (A) and thermal (A’) characteristic lengths.

The characteristic impedance (Z.) and wavenumber (k.) can then be

determined from equation (S1-5) and (S1-6), respectively:

Ze =\ Kepe (S1-5)

— o |Pe _
kc—w\[; (S1-6)

These equations allow the calculation of the normal incidence surface
impedance (Z;), R and a, as expressed in equations (S1-7), (S1-8) and (S1-

1), respectively.

Zs = —iZ.cot(k.d) (S1-7)
_Zs—Zy
R = 7.1 Z, (S1-8)

Methods to measure the non-acoustic properties.
The porosity was calculated as expressed by equation (P1-2) in the

manuscript.

The flow resistivity was indirectly measured from the low frequency
acoustic behaviour of the samples in a standard impedance tube with two
different terminations (i.e., anechoic and open), according to equation (S1-
9) [10, 11]:

o = lim[~Im(Zck)] (S1-9)

where Z,. and k. were evaluated following the transfer matrix approach
detailed in the standard test method ASTM E2611 [7].
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The tortuosity was determined with ultrasonic wave speed
measurements in a sample saturated by air, according to equation (S1-10)
[12]:

Co\*
tw = () (1-2¢) (81-10)
where the ratio of celerity in free air over velocity inside the porous material
(C,/C) was calculated from the increase of the time of flight of a short
ultrasonic pulse sent at 50 kHz between two transducers when a sample of
the material was inserted. The loss angle (¢) was derived from the pulse

signal damping.

The viscous and thermal characteristic lengths were finally obtained
using an inverse identification method [13, 14]: The sound absorption
coefficient predicted by the JCA model was fitted to the acoustical
experimental data by varying A and A’ and keeping all the other non-

acoustic properties fixed to the experimentally or indirectly derived values.
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Abstract

Automotive and aerospace industries require advanced materials capable
of multifunctional abilities while guaranteeing limited weight and volume,
and a simple processing. On this context, cellular materials as graphene-
based aerogels represent a promising solution. In this study, chemical
modification approaches of graphene oxide and polyvinyl alcohol (GOP)
aerogels are presented. The combination of a plasticising agent, glycerol,
and of a cross-linking agent, glutaraldehyde, is exploited to obtain a
mechanically balanced and robust cellular structure. As modified GOP
aerogels show high elastic resilience (energy loss coefficient of 29% and 5
kPa of compressive strength at 30% strain, after the 10" compression
cycle), low thermal conductivity (0.0424 W mK-"), and high sound absorption
(average coefficient of 0.72 between 500 and 1500 Hz), while maintaining
a low density of 6.51 kg m and a maximum thickness of 25 mm. Moreover,
chemically reduced GOP (rGOP) aerogels are also synthetised. They are
characterised by the additional feature of piezoresistive behaviour, with only

a marginal impact on the other properties. For these reasons, modified GOP
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and rGOP aerogels are promising candidates for the fabrication of
multifunctional structures to be applied in advanced engineering

applications.

1. Introduction

In the last decade, thanks to the inherent properties of high porosity, large
surface area, and low density, aerogels have been extensively studied for
aerospace and automotive applications [1, 2]. In addition, advanced
structures for these industries are usually required to provide multiple
functionalities while respecting limited weight and size and, additionally,
should derive from cheap and easy to process materials [3]. A particular
class of aerogels derives from graphene oxide (GO) suspensions in water,
which are able to self-assemble in three-dimensional microstructures
thanks to oxygen groups functionalising the hexagonal lattice of carbon
atoms [4]. Although pristine GO aerogels have already been successfully
used for environmental applications [5, 6], they can further be functionalised
by their combination with other chemical substances [7]. As a result, specific
properties can be tuned and optimised. As examples, Wan et al. developed
efficient visible-light photocatalysts by functionalising GO with CsNa4 [8],
while Lihui and co-authors incorporated GO into alginate matrix to enhance
oil/lseawater separation [9]. Moreover, oxygen functionalities can be
chemically or thermally removed, making reduced GO (rGO) aerogels
electrically conductive [10]. This allowed the development of
supercapacitive performance [11], piezoresistive properties [12], or
electromagnetic absorption [13]. Despite the described intriguing results,
complex synthesis methods, the need of exotic chemicals, or the
achievement of high performance only in highly specific conditions, have

however limited GO aerogels scale-up and practical use.
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In our previous work, we presented an environmentally friendly
manufacturing process for the fabrication of ultralight aerogels from
optimised blends of GO and polyvinyl alcohol (PVA) [14]. Although very
promising sound insulation performances were demonstrated, the study
was lacking the inspection of other fundamental properties such as thermal
stability and conductivity and mechanical strength. From preliminary
evaluations it was found that the unbalance between the bulky PVA
molecules and the light GO sheets, and the absence of stable cross-links
between the two components was limiting the development of an organised
cellular structure with high elastic resilience. Modification approaches of GO
and PVA blends (GOP) were then evaluated. The enhancement due to the
reduced intermolecular forces along PVA polymer chains after the addition
of a plasticizer was demonstrated by Cobos et al., by adding Glycerol (GLY)
to chitosan/GO nanocomposites [15], and by Hwang et al, improving the
electromechanical performance thanks to dibutyl adipate and GO inclusion
in PVC gels [16]. In addition, Zheng et al. proved cross-links formation
between the hydroxyl groups present in PVA and hydroxylated carbon
nanotubes using Glutaraldehyde (GA) successfully [17]. With a similar
proposed mechanism, GA showed cross-linking capabilities between PVA
molecules and rGO sheets for the fabrication of water-induced self-

recoverable graphene aerogels for water treatment [18].

Herein, modified GOP composite aerogels with multifunctional abilities
were fabricated by ultra-high shear mixing promoted foaming followed by
freeze-casting and freeze-drying. Two modification agents, GLY and GA,
were used to enhance the cellular structure of the material. The first was
chosen for its ability to relax the molecular interactions between bulky PVA
molecules, while the second allows cross-links formation between GO
sheets and PVA molecules. Such enhancements were confirmed by a

chemicophysical characterisation of GOP aerogels with varying amounts of
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the modification agents. Optimised amounts were chosen for their combined
use and multiple abilities of thermal and acoustic insulation and of elastic
resiliency were demonstrated. A chemically reduced GOP (rGOP)
composite aerogel was also fabricated, which additionally proved

piezoresistive properties.

Although the use of GLY to enhance the structure of PVA composite,
of GA as a medium for the cross-linking of PVA or GO composite materials,
and of AA as GO reducing agent was previously discussed in the literature,
to the best of our knowledge the combined and optimized use of the
aforementioned agents was never considered in composite aerogels where
GO represent the main phase. The novelty of the current work consists
therefore in the ability to integrate the modifications approach in the
manufacturing process of the ultralight GO and PVA aerogels previously
presented, with the only additional step of cross-linking and reduction before
the freeze-casting-drying. Such approach allowed the enhancement of the
cellular structure of the composite aerogel guaranteeing lightness,
mechanical robustness, acoustic and thermal insulation, and, when AA is

used to promote GO reduction, piezoresistive properties.

In the result and discussion section, the fabrication and optimization of
modified GOP aerogels is firstly discussed. The role and effects of the two
modification agents, GLY and GA, and of the reducing agent, AA, during the
manufacturing process is described, and further confirmed through a
chemicophysical characterization. The multifunctional properties of the
composite aerogel are then presented in the following paragraphs, starting
from a physical and thermal analysis, followed by the characterization of the
acoustic behavior and by the evaluation of the mechanical performance.
Finally, a detailed explanation of the piezoresistive properties is discussed

in the last paragraph.
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2. Materials and methods

2.1. Materials

Powdered Graphite Oxide was purchased from Xiamen TOB New Energy,
PVA pellets (98-99% hydrolyzed, medium molecular weight), GA solution
(grade Il, 25% in H20), and AA (anhydrous) were obtained from Sigma
Aldrich, GLY (99.6%) and H2SO4 solution (0.1 M) were supplied by Fisher
Scientific. Deionized MilliQ® was used throughout all the experiments. All
the chemicals were used as received without further treatment or

purification.

2.2. Precursors preparation

A GO suspension in water (8 mg mL-') was obtained via probe sonication
(Dr. Hielscher GmbH UP100H) of GtO for 40 min under vigorous magnetic
stirring and in an ice bath. PVA pellets were dissolved in water (5 wt%)
through magnetic stirring at a temperature of 90 °C for 4 h. Pre-plasticised
PVA was obtained similarly, by adding the plasticising agent, GLY, to the

PVA solution in proper amounts after 2 h of hot stirring.

2.3. Synthesis of modified GO aerogels

The modified GOP aerogels were synthesised with proper adjustments to
the previously reported method of ultra-high shear mixing and unidirectional
freeze-casting of GO and PVA blends [14]. Typically, the two components
were mixed in a 1:1 ratio with low-shear magnetic stirring for 1 h, followed
by 5 min of ultra-high shear mixing (IKA Ultra-Turrax T25) at 13,000 rpm.
The foamed blends were then embedded in Nomex HC cores and freeze-
casted cores with the aid of silicone moulds, which were placed on an
aluminium heat-sink submerged in liquid nitrogen. Finally, the ice-templated
structures were freeze-dried (LTE LyoTrap Mini) for 96 h. Plasticised GO

aerogels were obtained similarly but using a pre-plasticised PVA with GLY
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content of 5, 10, 20, and 30 wt%aLypva) (denoted as pl-GOP, where x
indicates the concentration of GLY with respect of PVA weight). Cross-
linked GOP aerogels were synthetised with the following additional steps:
the cross-linking agent, GA, was added to the PVA solution in varying
amounts of 7.5, 10, 12.5, and 15 wt%gcaico+pva], With H2SO4 as catalyst (6
wt%Hz2sos(cA]); in addition, prior to freeze-casting the foamed blends were
cross-linked in oven at 60 °C for 4 h and then cooled down to ambient
temperature. The as-obtained aerogels are denoted as cl,-GOP, where y
indicates the concentration of GA with respect of GO and PVA weight.
Furthermore, both the described modification approaches were combined
in plasticised and cross-linked GOP aerogels: they were obtained as
described for cl,~-GOP, upon using the pre-plasticised PVA. Optimised
amounts of GLY (20 wt%gcLypva)) and of GA (10 wt%acaico+pva)) were
determined from a preliminary evaluation of the physicochemical properties
of plx-GOP and cl,-GOP aerogels. The sample is denoted as plzocl1o-GOP.
Finally, aerogels where GO was chemically reduced were manufactured as
reported for plzoclio-GOP, with the addition of the reducing agent, AA, to
GO, prior to its mixing with pre-plasticised PVA. A 4:1 mass was chosen
and 10 min of bath ultrasonication were applied to ensure an intimate
dispersion. The sample was denoted as rGOP, with the “pl2oclio-" appendix
omitted for the sake of clarity. Modification procedures are summarised in
Figure S2-1.

2.4. Physicochemical characterisation

The surface morphology and structure of the modified GOP aerogels were
evaluated with Scanning Electron Microscopy (SEM, Hitachi SU3900).
Fourier Transform Infrared Spectroscopy (FT-IR, Perkin-Elmer Frontier
FTIR Spectrometer) and Raman Spectroscopy (Renishaw inVia Raman
microscope, 532 nm laser source) were used to investigate the chemical

structure. The crystalline phases were analysed by transmission powder x-
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ray diffractometry (XRD, STOE STADI P, CuKa generator). From the latter,
the interplanar distance (d) was calculated according to Bragg’s law
(Equation (P2-1)) [19]:

R

~ 2sin6

where A is the radiation wavelength and 6 is the reflection angle of the

(P2-1)

characteristic (001) feature. The density (p,) of each sample was estimated

from their weight and volume.

2.5. Evaluation of multifunctional properties

The thermal properties of the modified aerogels were evaluated by
thermogravimetric analysis (Setaram SETSYS Evolution 16 TGA/DTA) and
thermal conductivity measurements (Hot Disk TPS 500 S) with the transient
plane source method. The acoustic behaviour was investigated by sound
absorption coefficient (¢) and sound transmission losses (STL)
measurements with a custom-built impedance tube following the standard
test methods ASTM E1050 and ASTME2611 [20, 21], respectively. The
mechanical performance was characterised by in-plane compression
testing (Instron 3369, 100 N loadcell) with both static (0 to 70% strain with
a speed of 10 mm min') and dynamic loadings (10 cycles between 5 and
30% strain at 10 mm min'). For rGOP aerogels only, the electrical
conductivity between the top and bottom surfaces was simultaneously
measured: the connection with a digital multimeter (Keysight 34450A) was

realised by two electrodes made of Cu tape and Ag conductive paste. The
normalised electrical resistance (R) and the normalised electrical resistance

change (AR), defined as expressed in Equations (P2-2) and (P2-3), were

calculated to evaluate the piezoresistive behaviour:
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(P2-2)

&=

— Ri—Ri,4
AR = i Tt (P2-3)
Ri—1

where R;, Ry and R;_; are electrical resistance values at the instant i, at the

start of the testing, and at the instant i — 1, respectively.

3. Results

3.1. Fabrication and optimisation of modified GOP aerogels

The possibility to prepare aerogels from GO homogeneous suspensions
derives from their ability to self-assemble in 3D structures when
unidirectionally frozen. As the bottom surface of the mould is exposed to a
very low temperature (i.e., during the contact with the aluminium heatsink at
~ =190 °C thanks to the use of liquid nitrogen), small ice crystals nucleate
and grow vertically pushing the solid suspension at their boundaries and
thus allowing for the formation of a templated structure. The ice can
subsequently be extracted promoting its sublimation (i.e., in drying
chambers where temperature and pressure are below the triple point of
water), and the remaining solid GO structure is held by Van der Waals
forces acting among GO sheets. With the aim to obtain aerogels satisfying
the following criteria: tuneable porosity and shape, lightweight yet
mechanically robust, and capable of multifunctional properties, GO can be
functionalised with other chemical compounds. It was previously
demonstrated that PVA can be mixed with GO in homogeneous blends
thanks to hydrogen bonds between their molecules (Figure P2-1 — a).
Moreover, the peculiar physical properties of such blends allow the
controlled inclusion of air bubbles during an ultra-high shear mixing step,
leading to an ultralight aerogel with hierarchical porosity [14]. In order to

further tune the structure and improve the mechanical robustness of the
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aerogels, a plasticising and a cross-linking agent, GLY and GA respectively,
were also introduced in the blend for this study. As schematised in Figure
P2-1 — b, the two agents would affect the chemical structure of GOP with
GLY weakening the interactions between PVA molecules and with GA

providing cross-linking sites between PVA molecules and GO sheets.

GLY e Hydrogen Bond

‘ol PUA (Y cT N— Cross-link

Figure P2-1 — Proposed chemical structure. Schematic diagrams of (a) un-modified and
(b) modified GOP blends.

An optimised amount for each of the two agents was chosen on the
basis of a physicochemical characterisation and of a qualitative analysis of
blends processability and resulting aerogel robustness. XRD patterns in
Figure S2-2 — a show the shift of the (001) crystalline phase of from 10.67°
of GO to 4.67° of GOP, indicating a more expanded structure due to the
intercalation of PVA molecules [22, 23]: according to Bragg’s law, reported
in Equation (P2-1), the interplanar distance between GO sheets increases
from 8.28 to 18.90 A. It is also possible to observe a negligible effect of GLY
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inclusion in various amounts to plx-GOP crystalline structure. Figure S2-2 —
b presents FT-IR spectra, which prove the existence of hydrogen bonds
between the oxygen groups of GO and the hydroxyl functionalities of PVA
[24, 25]. Moreover, it is shown that increasing amounts of GLY cause a
proportional weakening and shift of the C-O-C stretching of PVA around
1083 cm', thus indicating a successful interaction of the plasticiser with
PVA molecules [26]. As pictured in Figure S2-2 — ¢, GA inclusion in cl,-GOP
has instead a marked impact on the crystalline structure. Particularly, the
(101) peak of PVA disappears and the (001) feature of GO becomes
sharper and shifts to lower degrees proportionally with GA amount: from
4.67° of GOP to 3.52° of cl75-GOP, down to 3.05° for cli>-GOP. Both the
phenomena confirm that GA effectively act as cross-linker between GO
sheets and PVA molecules, resulting in a more expanded structure (d
increasing from 18.90 A of GOP, to 25.07-28.93 A depending on GA
amount) with the PVA phase now completely amorphous [27]. Accordingly,
FT-IR spectra in Figure S2-2 — d show the formation of acetal bridges
between pendant OH groups in the region between 3000 and 2800 cm! and
of ether chemical bonds between 1000 and 1150 cm™', proportionally as well
with included GA amount [28, 29]. In terms of processability, GLY addition
up to the 20 wt%aLyipva) led to an increase of the viscosity of the blend,
consequently resulting in an improved stability of entrapped air bubbles.
Conversely, in plso-GOP the too high viscosity led to difficulties in the control
of the ultra-high shear mixing. Starting from the 10 wt%aLy[pva), also the
mechanical robustness improved with a marked reduction of the brittle
behaviour characterising the un-modified GOP aerogel. For cl,-GOP blends
the foaming process resulted negatively affected (i.e., decreased stability of
entrapped air bubbles) by GA inclusion already in the smallest amount of
7.5 wt%acaco+pva) and proportionally worsened for higher amounts until no
air bubbles could be entrapped in clis>-GOP. Besides, the mechanical

robustness was highly improved with a remarkable elastic behaviour for
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concentration of GA up to the 10 wt%aaico+pva), While higher concentrations

of GA led to an excessively bulky and brittle structure.

Due to the aforementioned reasons, the amounts of 20 wt%acLy[pvajand
of 10 wt%gcaico+pva) were chosen as optimum values for the manufacturing
of plzoclio-GOP aerogels where the two modification approaches were
combined. The latter blend composition was also used for the fabrication of
modified aerogels with improved electrical properties, thanks to the
reduction of GO promoted by the used of AA as reducing agent. From XRD
patterns in Figure P2-2 — a it is possible to observe a further expansion of
the crystalline structure from 26.03 A (3.39°) of cl1o-GOP to 28.19 A (3.13°)
of pl2oclio-GOP, while after the reduction rGOP shows only a slight
restacking to 26.82 A (3.29°). Figure P2-2 — b presents the FT-IR spectra
where the presence of both GLY interaction with PVA molecules and ether
cross-links between GO sheets and PVA molecules promoted by GA is
confirmed. In rGOP spectrum, it is possible to observe the reduction of
oxygen related features such as hydroxyl groups vibration and deformation
at around 3400 cm™' and at 1413 cm’, respectively, and alkoxide, epoxide,
and peroxide groups vibrations between 1050 and 900 cm™ [30, 31].
Moreover, a new band is visible at 1576 cm™, which is attributable to the
aromatic C=C stretching and thus to the restoration of the sp? lattice [32].
Raman spectra of Figure P2-2 — b were collected to obtain more insights on
GO reduction and its effects on the carbonaceous structure, while no
significant differences are observed upon addition of GLY and GA to the
unmodified GOP. In particular, pristine GO shows two main bands at 1352
cm™ (D) and 1606 cm™ (G) and secondary scatterings between 2680 and
3200 cm™' (Figure S2-2 — e). The first two are associated to the A1g breathing
mode caused by structural disorder and to the E2g vibrating mode of ordered
graphite crystallites [33]. They can be quantitatively analysed and compared

with the calculation of the ratio of their intensities, the /p/ls ratio, which is an
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index of the structural disorder [34]. Three additional interbands can also be
considered for a more exact deconvolution of the signal: the D" at ~1140
cm-', associated to sp?-sp® bonds at the edge of the hexagonal lattice of
carbon atoms, the D” at ~1540 cm', due to amorphous regions with
interstitial defects; and D’ at ~1620 cm™!, a phonon mode caused by crystal
defects [35]. All the previously described features are observed in both un-
modified GOP and in pl2ocl10-GOP aerogels, without significant differences.
PVA main features, which are shown at 1440 and 2914 cm™" (Figure S2-2
—e), result absent in all the aerogels, explainable with the amorphous nature
of PVA intercalated phase as well as with the much higher intensity of the
signal generated by carbonaceous structure [36]. It is crucial to observe the
behaviour of the Ip/ls ratio, which is equal to 0.88 in both GOP and plzoclio-
GOP but sharply increases to 1.03 in rGOP. The latter is a clear sign of a
successful reduction of GO to rGO during which the oxygen functionalities
are removed by their reaction with AA, leading to a partially increased
disorder in the structure but most importantly to the restoration of the
hexagonal lattice of sp? carbon atoms which will be responsible to the

improved electrical properties [37].
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Figure P2-2 — Physicochemical characterisation of modified GOP aerogels. (a) XRD
patterns, (b) FT-IR spectra, and (¢) Raman spectra.

3.2. Physical and thermal properties

The surface morphology of cryogenically fractured aerogels is pictured in

Figure P2-3. From low magnification images (Figure P2-3 — a-e), the
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hierarchical porosity derived from the inclusion of air bubbles during the
ultra-high shear mixing is visible for all samples although with some
differences. Particularly, the stabilising effect of GLY and the detrimental
one of GA on air bubbles during the processing is highlighted in Figure P2-
3 — b-c, respectively. When both the agents are included in pl2oclio-GOP,
the two opposing effects appear balanced (Figure P2-3 — d), while no
differences with respect of the latter can be appreciated in rGOP (Figure
P2-3 — e). Observing higher magnification images (Figure P2-3 — f-i), while
GLY inclusion leads to a more ordered pore geometry and to more defined
walls with respect of the un-modified GOP (Figure P2-3 — f-g), the cross-
links in clio-GOP results in a bulkier structure with less interconnection
between the pores (Figure P2-3 — h). The presence of both the agents leads
to an interconnected porous structure, although with bigger pores with
respect of GOP or pl2o-GOP (Figure P2-3 — i). Figure P2-3 — j shows that
pl2ocl10-GOP and rGOP structures are similar, but with thicker pore walls for

the latter.

The variation of the physicochemical structure of modified aerogels
directly affects their density and thermal conductivity (Figure P2-3 — k).
Particularly, the unmodified GOP shows the lowest values for both: 2.10 kg
m= and 0.0374 W mK-'. The addition of 20 wt%aLy{pva)] or 10 Wt%GcA[co+PvA]
causes an increase for both the properties, with a bigger impact from GA
(8.51 kg m=3and 0.0413 W mK™"). Interestingly when combined in pl2ocl1o-
GOP, the modifying agents leads to an intermediate density of 6.51 kg m3,
thanks to the increased porosity, while the thermal conductivity reaches
0.0424 W mK-', explainable with the cross-linked pore walls. GO reduction
severely affected both density and thermal conductivity, showing values of
19.92 kg m and 0.0479 W mK-", respectively. The first is due to a reduced
ability of the blend to stabilise air bubbles after the addition of AA, while the

147



second derives the partial restoration of the carbon lattice after the removal

of oxygen functionalities.

The thermal stability of the aerogels was also evaluated with TGA and
derivative analysis (dTGA). As pictured in Figure S2-3, the thermal
reduction of GO in GOP starts at a lower temperature (156 °C) with respect
of pure GO (184 °C) but at a slower rate, PVA degradation is instead almost
hindered and shifted from 268 °C (sharp peak) to ~330-416 °C (broad peak,
due to the merging with other thermal events). GLY addition causes a shift
of both GO reduction and PVA degradation to slightly lower temperature
and higher rates, proportionally with its amount (Figure S2-3 — a). In cl,-
GOP, the cross-linking has the same average effect of slightly delaying GO
reduction and increasing PVA degradation rate (Figure S2-3 — b). The
addition of both the modification agents has a positive effect on the thermal
stability up to 300 °C (GO reduction region), while PVA degradation starts
at lower temperature (Figure P2-3 —1). Those results are in accordance with
previous observations of GLY molecules weakening PVA chemical
structure and GA forming cross-links between oxygen functionalities of GO
and PVA. Due to the previous chemical reduction, oxygen groups of GO
were already partially stripped and thus the thermal reduction of GO during
rGOP thermal analysis had a much smaller rate. For the same reason,
above 200 °C the almost complete removal of oxygen groups, which are the
sites for GO interactions and cross-links with PVA molecules, led to a more

severe degradation.
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3.3. Acoustic properties

The acoustic properties of modified GOP aerogels with a thickness of 25
mm are presented in Figure P2-4, where the effects of the different
physicochemical structures are clearly visible in the variation of both a« and
STL with the frequency. The higher plasticity of pl2o-GOP causes a severe
drop of sound absorption abilities above 500 Hz, while the increased
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stiffnress due to cross-linking in clio-GOP is reflected in a shift of the
absorption peak to lower frequencies, at the cost of a 10% reduction of a
(with respect of the un-modified GOP) in the low frequency region between
500 and 800 Hz. The combined effects of GLY and GA in plzocl1o-GOP leads
instead to the best absorption performance up to 1500 Hz. The structural
changes during GO reduction determine a shift of rGOP absorption peak to
higher frequencies and an optimal behaviour in the mid-high frequency
range between 1000 and 2500 Hz. For a direct comparison of the
applicability of the modified aerogels as absorbing acoustic material, an
average sound absorption coefficient () in the low-mid range between 500
and 1500 Hz was calculated. The best result of 0.72 was achieved by
pl2ocl1o-GOP, immediately followed by the unmodified GOP with 0.68. pl2o-
GOP and rGOP are the samples suffering most the structural modifications,

with values of 0.54 and 0.59, respectively.

Transmission losses were similarly evaluated trough an averaged

coefficient in the 500-1500 Hz range (STL). Considering the relation
between a and the Reflection coefficient (R), « = 1 — |R|?, and that higher
transmission losses can be predicted from a structure showing higher

reflections [38], the best performance is expectedly found in pl2o-GOP with

a very high STL value of 15.54 dB. The values for the other samples fall
instead in a range between 4.07 dB (rGOP) and 6.71 dB (GOP). The
described acoustic behaviour can be explained by the cross-sectional
distribution of large and small pores within the aerogels, which affects the
damping properties of the different structures and in turn sound attenuation
through the material [39]. Correspondingly, the numerical simulation
conducted by Xie et al. suggest that slow-sound propagation could be
achieved in subwavelength composite aerogels with inhomogeneous

structure [40]. Those results well fit with the described physical structure
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and acoustic behavior of modified GOP aerogels, with particular evidence

in the effects of the addition of the plasticizing agent seen in pl20-GOP.

a 4 - - - b 2
E \

GoP -
s | /L 1 o Ploy-GOP
g08 Z 45t
5 ~ 15

[72]
©ost / ] 9 GOP PlooClo-GOP
(o]
g Plo-GOP é 10} 1
g 0.4 plyocly-GOP é
S 02f ol,-GOP 5 °f -
=] =
8 rGOP rGOP clip-GOP
0 : : : : 0 : : : :
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Frequency (Hz) Frequency (Hz)

Figure P2-4 — Acoustic properties of modified GOP aerogels. (a) Sound Absorption
Coefficient and (b) Sound Transmission Loss.

3.4. Mechanical properties

The mechanical properties of the manufactured aerogels where quantified
through static in-plane compression tests up to 70 % strain. Three different
regions can be distinguished in the stress-strain curves pictured in Figure
P2-5 — a: an elastic region for strain below 20 %, a plateau region for strain
between 20 and 50 %, and a densification region for strain above 50 %.
Moreover, no signs of structural failure can be observed. A reduction of the
compressive strength with respect of the un-modified GOP reference is
found in pl2o-GOP, as a consequence of the plasticising agent interaction
with PVA molecules. Conversely, cross-links created between GO and PVA
thanks to GA addition allow for a marked improvement of clio-GOP
compressive performance. Both the agents synergically determine a further
improvement in plzoclio-GOP mechanical strength. A different behaviour is
instead seen in rGOP, where the partial loss of cross-links due to GO
reduction leads to reduced elastic and plateau region, now up to the 40 %
of strain, whereas the bulkier structure is responsible for the highest

compression strength in the densification region.
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To further evaluate the structural robustness of the modified aerogels,
dynamic testing with 10 loading-unloading cycles of in-plane compression
up to 30 % strain were performed, with the 2"¢ and 10" cycles pictured in
Figure P2-5 — Db-c, respectively. Hysteresis loops can be observed,
indicating a resilient nature of the aerogels with energy dissipation due to
the buckling of pore walls, friction and adhesion between the molecules, and
formation of micro-fractures in the first cycles. These phenomena can be
analysed with the variation of the energy loss coefficient and maximum
compression strength with cycle number (Figure P2-5 — d-e). All the
aerogels show a similar behaviour with the energy loss decreasing in the
first 4 cycles, before reaching more stable values. The absence of cross-
links and the structural integrity entrusted only to the secondary -1
interactions between GO sheets and hydrogen bonds between GO and PVA
is responsible for the low resiliency and low maximum compression strength
of un-modified GOP, with GLY plasticising effects on PVA molecules
causing a further worsening. Nevertheless, the formation of cross-links
promoted by GA dramatically improves both the properties in cl1o-GOP, with
a further enhancement after the combined modifications in pl2oclio-GOP.
Accordingly, it possible to speculate that plasticising molecules weakens
PVA stiff nature and enable GO sheets and thus pore walls to bend and
buckle more freely under compression. For the same reason, rGOP
resiliency is not affected although the partial loss of cross-links determines

a slight reduction of the compression strength in the plateau region.
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3.5. rGOP aerogel piezoresistive properties

The partial restoration of the hexagonal lattice of sp? carbon atoms
occurring during GO chemical reduction, is responsible for improved
electrical properties in rGOP aerogels. Particularly, by monitoring the
electrical resistance during compression tests it was possible to observe an
intriguing piezoresistive behaviour. Two parameters, R and AR, were
analysed for this purpose (see Methods for more information). The trend of
R compared to the stress-strain curve during the static testing is shown in
Figure P2-6 — a, with a 92.3 % decrease at 70 % of strain. This is due to the
densification of the structure (i.e., reduction of distance between rGO
sheets) and the formation of new contacts points between pore walls.
Moreover, a linear relationship between AR and the strain is found in the
elastic and plateau region, after which the trend becomes exponential
(Figure P2-6 — b). The initial steep variation is due to an increase of the

contact area of the electrodes, while the anomalous variation around 65 %
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strain can be attributed to a densification phenomenon. During dynamic
testing, the small variation of AR value further confirms the resilience of
rGOP aerogels structure (Figure P2-6 — c). Additionally, from Figure P2-6 —
d it is interesting to observe how after the first cycles, AR can precisely track

the cycling of the applied strain.
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Figure P2-6 — Piezoresistive behaviour of rGOP aerogels. (a) Stress-strain curve and
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testing. (c) Trend of AR/Ro during cyclic compression testing. (d) Relationship between
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4. Discussion

In this work, an in-situ modification approach for graphene aerogels
obtained from foamed blends of GO and PVA was proposed. The aim was
to keep and, eventually, tune the main features of the reference aerogel

(GOP), such as the lightweight, the hierarchical porosity, the sound and
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thermal insulating abilities, while improving the mechanical robustness, and
as shown for rGOP, extend the functionalities thanks to the piezoresistive
behaviour. Two modification agents were adopted, a plasticiser (GLY) and
a cross-linker (GA). Their effects on the physicochemical structure, due to
the interaction with and between rGO sheets and PVA molecules, were
studied and optimised. Both the agents were introduced to the blends
through specifically designed additional steps that didn't affect the
processability (i.e., ability to include and stabilise air-bubbles during the
ultra-high shear mixing) and the fabrication process in general (i.e.,
possibility to embed the aerogel in structural HC cores). Thanks to this
approach, the pl2ocl10-GOP aerogel benefitted of the modifications in terms
of sound absorption abilities in the critical range of 500-1500 Hz, showing
an increased average absorption coefficient of 0.72 while keeping a very
low thermal conductivity of 0.0424 W mK-'. Most importantly, the optimised
sample showed a three-fold improvement of the compressive strength and
of the energy loss coefficient during static and dynamic mechanical testing,
respectively. Even though the modification causes an increase of the
density of the material, now reaching 6.51 kg m=, the presented pl2oclio-
GOP aerogel is still one of the lightest ever reported in literature and yet
being able to be used as a robust sound and heat insulator within structural
HC cores (Table S2-1) [14, 17, 41-50].

It is crucial to mention that the adopted modification approach also
allows the tuning of aerogels final properties for a specific application, with
two examples that can be given from this research work. The first one is the
pl2o-GOP aerogel where the weakening action of GLY molecules to PVA
stiff phase led to the assembly of a more ordered pores geometry and a
plastic mechanic behaviour. This was reflected in the sound transmission
abilities, were the extremely high STL value of 15.54 dB and a maximum of

almost 20 dB reached at 2500 Hz were recorded, thanks to the improved
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damping properties. Contemporary, the density and the thermal conductivity
of the assembled aerogel (3.65 kg m= and 0.0391 W mK-', respectively)
only marginally increased with respect of the un-modified reference. The as
described features renders the pl2o-GOP aerogel an ideal candidate for
applications where high transmission loss and thermal insulation are
desired, while maintaining an extremely low weight. Slightly different is the
case of the rGOP aerogel, where the chemical reduction of GO obtained
through the addition of AA as reducing agent caused substantial changes
in the physicochemical structure and, consequently, the properties. The
most important consequence of oxygen functionalities loss in GO sheets
and, therefore, of the partial restoration of the hexagonal lattice of carbon
atoms was undoubtedly the unlocked ability of electrical conductivity. This
in turn allowed for the piezoresistive properties of the rGOP aerogel: the
shortening/elongation of the distance between rGO sheets and the
formation/clearing of new contact points between pore walls led to the
possibility to track the strain status during the compression/release phase
of the mechanical testing through the variation of the measured electrical
resistance between the electrodes. Nevertheless, the same aerogel is
capable of remarking sound absorption abilities in the mid frequency range
(i.e., @ never below 0.9 between 1250 and 2500 Hz) and low thermal
conductivity (0.0479 W mK-'). A comparison of the multifunctional properties

between presented composite aerogels is pictured in Figure P2-7.

Although further studies will be conducted to improve the mechanical
robustness for a higher number of compression cycles and limit the increase
in density, the presented modification method of GO and PVA blends allows
the fabrication of multifunctional GOP aerogels that can be employed in
aerospace, automotive and marine transport, as well as in building and

construction.
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Supplementary Information

1. Supplementary figures
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Figure $2-1 — GOP aerogel manufacturing scheme. Modifications to the reference GOP
can be distinguished by colors: plasticiser in orange, cross-linker in yellow and reducing

agent in red.
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2. Supplementary tables

Table S2-1 — Comparison of density, porosity, sound absorption and thermal conductivity
between modified GOP aerogels from this work and other aerogels with comparable
thickness previously reported in the literature.

A The average was calculated in the 500 — 1500 Hz range.

A
Density Thickness Average Thermal

Name 3 Absorption conductivity Ref.
(kgm?)  (MM)  coefficient (W mK-)
3.65 — This
Mod. GOP 19.92 25 0.54 -0.72 0.0391 work
This
GOP 210 25 0.68 0.0374 work,
[1]
26— 0.33-0.74
BGM 10.3 30 [800-1500 Hz] ) [2]
12.39 —
MFGO 2412 26 0.40 -0.69 - [3]
GONPVA - 20 0.71 0.0255 [4]
0.022 -
MTES 53-70 12 0.226 0.026 [5]
0.035 -
RA 57 — 126 30 0.43 -0.55 0.049 [6]
Lignin 0.128 —
Aerogels 24 - 80 - 0.47 -0.77 0.174 [71
0.025 -
CNFAs 0.5 -10 15 - 0.032 [8]
PVA/CNF/  20.13 - ] ] 0.028 — o
MWCNT 30.62 0.030
CAP 20-70 20 0.57 0.031 [10]
NRA 25 30 0.61 0.035 [11]
BRAA 11.05 30 0.60 0.016 [12]
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Chapter 6

GRAPHENE-BASED
SUPERCAPACITORS

6.1 Context

As introduced in the previous chapters, the fabrication of SC electrodes
usually requires the use of binders. Specifically, they allow to meet the
requirements of satisfactory cohesion among active material particles and
their adhesion on the current collector. Fluoropolymers (mostly PTFE and
PVDF), due to their wide electrochemical stability and easiness of
processing, are the most commonly used for this purpose. They are
however not electrically conductive, representing thus a “dead mass” that

does not contribute to the electrochemical performances. Additionally, in
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order to achieve homogeneous slurries that can be easily coated on current
collectors, they need to be dispersed in organic solvents, with an increase
in cost, fabrication process complexity, and environmental impact of the
devices. Since graphene discovery, thanks to the unique electrical
properties and high SSA, several approaches were attempted to exploit its
derivate materials for the manufacturing of novel SCs. Moreover, in the last
years particular attention was posed on the use of graphene-based
materials as free-standing electrodes, or as alternative and active binders.
However, an effective scalability of fabrication processes was rarely taken
into account, especially considering that in most of the cases exotic and/or

hazardous chemicals were required.

The first research work of the paper collection regarding graphene-
based supercapacitors finds its inspiration in the just described context.
Particularly, a carbonaceous composite consisting of GO and CB was
obtained from a slurry where water was used as a low-cost and
environmentally friendly solvent. GO presence was, in a first stage, crucial
to guarantee a homogeneous dispersion of carbon particles. Then, the
electrical conductivity was restored thanks to a thermal reduction step,
which allowed the resulting rGO to actively contribute to the electrochemical
performance. Moreover, the same work presents a novel use of a rGO
paper, obtained from the thermal annealing of GO, as the current collector.
This led to a double advantage with respect of traditional Aluminium
collectors: an enhanced adhesion and electric charges transfer from the

carbonaceous coating, and a reduced overall weight.

It was proved that GO can potentially be used as an active binder with
a carbon characterised by a high SSA (such as the Black Pearls® 2000) as
the active material and a graphene-based current collector. A further

analysis of the electrochemical performances however revealed that,

171



besides the limited specific capacitance, a low efficiency was also affecting
the fabricated supercapacitors. In order to mitigate these issues and,
eventually, develop materials and a fabrication procedure immediately
transferrable to the industry, a different approach was followed for the

second research article regarding graphene-based supercapacitors.

In particular, the ability of GO to behave as a dispersing agent first, and
to actively contribute to the electrochemical performance after its reduction
to rGO, was again exploited, as well as the rGO paper as current collector.
Differently from the previous work, a binder was also introduced. With the
aim to maintain the environmental friendliness of the process and the use
of water as the only solvent, starch was used as an alternative green binder.
The main novelty consisted in the gelation of an optimised mixture of starch
and GO, thanks to which it was possible to fabricate homogeneous and
robust carbonaceous coatings. A physicochemical characterisation
confirmed the constructive interactions between the two components, and
the corresponding effects on coatings structure and morphology. The
electrochemical evaluation revealed instead how the ability of the proposed
binder to provide cohesion between the active materials and adhesion on
the rGO collector was translated to a fast and efficient electrical charge
storage and release process. The latter was distinctively enhanced by GO
presence, and furtherly boosted by its reduction after an optimised thermal

treatment.

6.2 Binder-free supercapacitors with an innovative
current collector

The statement of Authorship Form and the paper can be found next,

followed by the relevant supplementary information.
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Abstract

Reduced Graphene Oxide (rGO) is an ideal candidate for the improvement
of Supercapacitors (SCs) performances due to its industrial-ready
manufacturing process and easiness to process. In this work, rGO was used
as an active binder for the manufacturing of Carbon Black (CB) and rGO
based SCs. Being able to form stable suspension in water, Graphene Oxide
(GO) was initially exploited as dispersing agent to fabricate a homogeneous
slurry with CB having exclusively water as a low-cost and environment-
friendly solvent. After the casting on a suitable substrate, the material was
subjected to thermal treatment allowing the reduction of GO to rGO, which
was successively confirmed by a chemical-physical analysis. An innovative
current collector, consisting in a high quality rGO paper, was also proposed
ensuring an improved adhesion between the active material and the

substrate and a reduction of the whole weight with respect of devices
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fabricated using common metallic current collectors. Due to the interesting
electrochemical performances, with the high specific power of 32.1 kW kg
and a corresponding specific energy of 8.8 Wh kg at a current of 1 A g7,
and the improved manufacturing process, the described “all-graphene

based” device represents a valuable candidate for the future of SCs.

1. Introduction

The scientific research about SCs, being them energy storage devices
offering excellent performances when charge and/or discharge speeds are
crucial, [1] has a huge and growing interest. Moreover, SCs can work at low
temperatures and carry out many charge and discharge cycles (till one
million). Examples of SCs applications are emergency opening systems in
buses and planes, UPS systems, KERS and Stop-Start technology in cars
(especially hybrids) and the partial replacement of batteries in trucks." They
also operate in energy intermittence protection systems in wind or solar
power generation plants, [2, 3] in the energy recovery apparatus of
overhead cranes and hoists, in the rail transportation industry, [4] and,

recently, also in mobile devices, for powerful flashes and wi-fi [5, 6].

rGO is a graphene-like material produced from a reduction reaction of
GO [7, 8]. The latter is a functionalized graphene sheet having oxygen
functional groups such as hydroxyl and carboxyl or epoxide that disrupt the
conjugated network of sp?-hybridized carbon atoms, which is the peculiarity
determining the great electronic and thermal properties of pristine graphene
[9-12].Through the process of reduction, these groups can be stripped away
and the hexagonal lattice of carbon atoms recovered. For this reason, rGO
is a good electrical conductor, even if not fully comparable with pristine
graphene [13] the removal of the oxygen-containing groups causes

topological defects affecting the electrical and thermal properties [14]. There
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are however different methods to improve the reduction process and to
prevent topological defects in the wide literature about rGO [15-20].
Nowadays, one of the most common ways to obtain graphene-like materials
relies on the oxidation of graphite to obtain Graphite Oxide (GtO) [21,
23].From GtO, sheets of GO can be produced as intermediates thanks to a
mechanical exfoliation [10]. Besides, also the direct rGO production is
possible [15, 16]. In numerous works, the choice of GO arises from two
important advantages: it is readily soluble in water and it can be reduced in
both physical, providing energy with heat or laser, [16, 17] and chemical
ways [18]. However, due to the presence of oxygen functionalities, GO is
an electric insulator and, therefore, the effectiveness of the reduction
process becomes crucial when rGO is used in energy storage devices as
SCs.

Since all kinds of commercial or experimental SCs have a high specific
power, the main aim of current scientific researches focuses on the
improvement of the amount of stored energy, which is nowadays about one
tenth of the energy of a battery with the same mass [24]. Nonetheless, the
stored energy is not the only margin of improvement: the manufacturing
process, and in particular its cost, scalability and environmental impact, are
important to give to new SCs a concrete impingement on the technological
progress. Furthermore, the final weight of the devices may be crucial for
applications in the automotive and aerospace field, as well as in portable
electronics. In a SC electrode, the “active material” (i.e., the material
responsible for electrical charges storage and usually consisting of porous
carbons characterized by a high specific surface area like Activated
Carbons (AC) and CB powders) needs to adhere to a “current collector” (i.e.,
the material allowing electrical current flow and usually consisting of
Aluminum (Al) sheets) by the use of a binder. In most cases, especially in

commercial SCs, the binder is a glue consisting of polymers as
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Polytetrafluoroethylene and Polyvinylidene Fluoride [25, 26].They both
provide good adhesion and electrochemical stability, however, being
electrically insulating polymers, they also represent a high-resistance
component in the electrode. In addition, such polymers, together with the
organic solvents required to obtain homogeneous slurries suitable for the
coating of current collectors, are expensive and dangerous for the
environment. Binders therefore represent a dead mass that is convenient to
be reduced. An alternative to common binders is identified in conductive
polymers as Polyaniline nanofibers, which can be used to fabricate
freestanding electrodes or as a support for carbon nanotubes [27].Their
practical use is however limited by the manufacturing method:
electrospinning is not readily scalable to industrial processes. In the work of
Galhena et al.,[20] rGO was adopted as an alternative binder with good
results. However, as in other studies [28, 29], the use of toxic and expensive
organic solvents was still necessary, especially for the Electrical Double
Layer Capacitors (EDLCs; i.e., a type of SCs relying only on electrostatic
charge storage). In Hybrid SCs (HSCs; i.e., a type of SCs consisting of a
battery-like Faradic electrode and a EDLC-like non-Faradic electrode) an
aqueous electrolyte was used for a rGO-based nanocomposite electrode
[30-32]. For the latter, the Faradic electrode can be made with a metal-
organic or metal-sulfidic nano-structure while the EDLC electrode can be
made with carbon nanotubes evenly distributed in graphene sheets [30-32].
As the reported HSCs show promising performances, they are valuable for
the future of SCs. Moreover, thanks to their hybrid nature, they can also

benefit from newly developed electrodes for EDLCs based on rGO.

In this work, the fabrication of binder-free electrodes for EDLCs based
on a nanocomposite of CB and rGO is proposed. A water-based slurry of
CB and GO was coated to a current collector and then thermally treated

through a tube furnace to promote the reduction of GO. rGO formation was
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confirmed by a chemico-physical characterization, while its ability to behave
as an “active binder’ (i.e., as a material that ensure adhesion of the
nanocomposite to the substrate with direct contribution to the final
performance) was proved by an electrochemical characterization. In
addition, an innovative use of a current collector consisting of a high quality
rGO paper was also tested. It derives from a high-temperature thermal
treatment of GO and allowed a double advantage with respect of
conventional Al collectors: an improved adhesion with the nanocomposite
active material under exam, thanks to materials’ affinity, and a reduced
weight, thanks to a density of 1.2 g cm™ against the 2.7 g cm™ with a
comparable thickness. The promising performances of the as obtained
samples, showing the high specific power of 32.1 kW kg™' and a
corresponding specific energy of 8.8 Wh kg™' at a current of 1 Ag™,
together with the cheap, environmental-friendly and scalable process
adopted, the “all-graphene based” device described in this study represents

a valuable candidate for the future of SCs.

2. Results and Discussion

2.1. Chemico-physical characterization

The carbon nanocomposite behaving as the active material of the SCs
electrodes proposed in this research work was obtained, as described in
detail in the experimental section, with a GO aided homogenization of CB
particles previously suspended in a mixture of water and Triton X-100
(TX100). The carbonaceous coatings obtained after the drying of the
slurries where physically and chemically characterized to investigate the
effects of the GO in the resulting nanocomposite and confirm the reduction

of GO to rGO when thermal treatment to the CB/GO slurry was applied.
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CB is characterized by a hierarchical morphology with particles and
aggregates: particles are the fundamental building block, but they are very
rarely found in isolation due to Van der Waals interactions that exert a
driving force for their aggregation [33]. While the initial size of pristine CB
particles used for this research work ranges between 20 and 50 nm [34],
Transmission Electron Microscopy (TEM) images of the thermally treated
carbonaceous coating obtained from the CB-only suspension in the
H20/TX100 solution (CB_TT) show that CB particles are disrupted and
reduced in size, with values ranging from 10 to 20 nm (Figure P3-1 — a).
Moreover, an average agglomerate size of 69 nm was estimated from the
Field Emission Scanning Electron Microscopy (FE-SEM) image in Figure
P3-1 — b (as depicted from the histogram with the size distribution in Figure
P3-1 — c). Such value is slightly smaller than in usual CB aggregates (which
ranges between 85 and 500 nanometers) [33]. Both the phenomena
suggest that the use of TX100 effectively aids the dispersion of the
carbonaceous particles in water but signs of inhomogeneity and defects in
the structure of the material are still clearly visible (Figure P3-1 — b). When
the GO is added into the slurry, the resulting thermally treated
nanocomposite (CB/GO_TT) is homogeneous and less defective (as
pictured from SEM in Figure P3-1 — e). The role of the TX100 is to pre-
disperse CB in water and then to subsequently allow an intimate
intercalation of GO sheets between CB particles. TX100 is a surfactant
characterized by amphiphilic molecules with a hydrophilic region, consisting
of Polyethylene Oxide chains, and a hydrophobic region, consisting of
aromatic hydrocarbon chains. These are partially adsorbed by the carbon,
with the non-covalent 11—11 interaction between the aromatic rings and
external graphene layers on the surface of CB particles having an important
function, while the hanging Polyethylene Oxide hydrophilic tails determine
steric stabilization of CB particles against the Wan der Waals forces that

tend instead to aggregate them [35]. In GO, thanks to the hydrophilic
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behavior of oxygen functional groups, water molecules can intercalate
between graphene interlayer spacings, leading to stable suspensions in
water [36]. When the latter is added to the pre-dispersed CB mixture in
water, the GO sheets could wrap CB particles and thus generate an
interconnected 3D network (as imaged from TEM in Figure P3-1 — d and
illustrated in Figure P3-2 — a) preventing CB to flocculate into bigger clusters
and thus leading to smaller agglomerates (as confirmed by the estimated
average size of 48 nm depicted in Figure P3-1 — f). As water evaporates in
ambient condition, the 3D structure is maintained but it is very likely that
some of its molecules would get trapped due to the strong non-covalent
interactions with the CB/GO/TX100 complex. Moreover, the electrically
insulating GO sheets lead to poor electrical conductivity in the electrodes
while the adsorbed TX100 molecules affects electrolyte ions diffusion. Thus,
poor electrochemical performances are expected from the ambient dried
samples. On the other side, when high temperatures are applied, two
simultaneous phenomena lead to the formation of a highly electrically
conductive carbon nanocomposite with free to access pores for electrolyte
ions diffusion and enhanced adhesion thanks to non-covalent interactions
with the current collector, as schematized in Figure P3-2 — b, from which
remarkable electrochemical performances are likely to be developed. The
first phenomenon is the thermal reduction of non-electrically conductive GO
to form conductive rGO, discussed in the following paragraphs with the
supporting Raman Spectroscopy and X-Ray Diffractometry (XRD) results,
while the second is the complete evaporation of TX100: the latter is possible
when the critical temperature of 310 °C is reached under inert atmosphere,

as demonstrated by Mitsuda et al [37].
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Figure P3-1—(a, d) TEM and (b, e) FE-SEM images of: (a, b) CB_TT and (d, e) CB/GO_TT
with the relative histograms of aggregates size distribution, (¢) and (f) respectively (see
Table P3-2 in the experimental section for the adopted nomenclature in this work). The
term referred to the current collector has been omitted since it does not affect thermal
treatment results.
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Figure P3-2 — Proposed schemes for (a) the 3D interconnected network consisting of CB
and GO with TX100 molecules as dispersers and (b) the electrically conductive carbon
nanocomposite consisting of CB and rGO with Non-Covalent Interactions (NCI) enhancing
the adhesion with the current collector.

The Raman Spectra of all the carbonaceous coatings (Figure P3-3 — a)
show the existence of the G band, arising from the primary vibrations mode
of sp? atoms in rings and chains and which is a characteristic of all graphitic
materials, at ~1600 cm™" and of the D band, arising from breathing modes

of sp? atoms induced by defects and disorder in the crystalline structure, at
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~1345 cm™. These two features can be merged in their peak intensity ratio
(Ip/1;) to analyze the structure quality, where higher values of the ratio
correspond to an increased disorder [38, 39]. The as calculated values for
the materials under examination are reported in Table P3-1. The pristine CB
and GO were included for reference purpose, with the higher intensity of
GO peaks, explainable with a smaller crystallites size. Their I,/1; ratios of,
respectively, 1.08 and 0.96, reveal instead their expected disordered
structures. The material resulting from the ambient dried CB-only
suspension in the TX100/H20 solution shows a marginal increase in
intensity of the peaks, explainable with the reduction in size of CB
agglomerates during the processing in presence of the TX100. Moreover,
as the I, /I; ratio is only slightly reduced to 1.06, the overall disorder of
crystallites structure can be assumed as unaffected. The thermally treated
suspension CB_TT is almost unvaried in both peaks’ intensity and I,/I;
ratio (equal to 1.08), confirming that the CB is inert at 550 °C with Ar
atmosphere. On the other hand, the nanocomposite obtained from the
ambient dried CB/GO slurry is characterized by higher peaks’ intensity and
a I, /I ratio of 0.96, proving that GO sheets in solution successfully helps
the disaggregation and stabilization of CB agglomerates in smaller particles,
leading to a homogeneous mixture and thus confirming our previous
assumption and TEM and FE-SEM results. When the thermal treatment is
applied, oxygen functional groups and intercalated water are eliminated,
releasing Carbon Dioxide (COz2), Carbon Monoxide (CO) and water vapor,
and thus the conjugated network of the hexagonal lattice of carbon atoms
is restored [40]. The last is the mechanism governing the electrical
conductivity of graphene [13] and the transition from the electrical insulating
behavior of GO toward the conductive one of rGO is confirmed by the
electrochemical tests that will be described later. The generated rGO sheets

show a higher degree of disorder as depicted by the I,/I; ratio of 1.04,
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value in between those of the CB/GO nanocomposite after ambient drying
(CB/GO_AD) and CB_TT, due to vacancies and topological defects on
graphene layers after the release of CO2 and CO [40]. The successful
reduction of GO to rGO is furthermore proved by the increased intensity of
2" order scatterings, around the graphene-associated 2D band at
~2700 cm™" [41], which also shows turbostratic arrangements of graphene

layers [38].

XRD patterns of the CB/GO nanocomposite and of the processed CB
only carbonaceous material used as reference, before and after thermal
treatment, are presented in Figure P3-3 — b. They all show a broad peak at
around 22.97°, attributable to the (002) Carbon lattice and downshifted with
respect of the ordered structure of graphite where the same peak is sharp
and shown at 26.38° [42]. According to Bragg's law [43], reported in
equation (P3-47), the interplanar spacing d,,, in CB_GO_AD has a
measured value of 4 A, which is higher than the counterpart without the
addition of GO (CB_AD), as observable from the values summarized in
Table P3-1, and thus suggesting a more expanded and amorphous 3D
structure of the nanocomposite (as compared to the 3.38 A of crystalline
graphite). When the thermal treatment is applied, d,,, is almost unvaried
for the CB only carbonaceous material, while it is contracted to a value of
3.77 Afor CB_GO_TT. This is a result of the reduction of GO to rGO which
leads to the reorganization of the structure toward a more ordered fashion.
Other important Carbon features are the (100) and (101) lattice peaks,
usually shown in graphite at 260 values of, respectively, 42.22° and 44.39°
[42], which, for all the tested carbonaceous coatings, are merged into the
broad (10) peak at around 43.64°. The latter is a consequence of
turbostratic arrangements of graphene layers [42]. According to Scherrer
equation (P3-48) [44], the two main crystallite dimensions, which are the

stacking height L. and the crystallite lateral size L,, can be estimated from,
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respectively, the (002) peak, using a shape factor of 0.89, and the (10) peak,
with shape factor of 1.84 [45]. From their values, reported in Table P3-1, it
is possible to notice the difference in both the sizes between the two ambient
dried samples, with and without the addition of GO. L.and L, result instead
comparable after the thermal treatment. The bigger stacking height in
CB/GO_AD than in CB_AD can be explained, in accordance with the
interplanar spacing behavior, with an expanding effect of intercalated GO
layers. In the CB only material, almost no difference is measured in both L,
and L, passing from the ambient dried to the thermally treat sample. In the
CB/GO nanocomposite, however, a sharp decrease of L. and a
simultaneous increase of L, are registered after the thermal treatment.
These results are evidence of a hybrid structure, composed by an ordered
graphitic state and an amorphous state, for the carbonaceous
nanocomposite under investigation, which is typical in amorphous carbon
as CB but influenced by GO intercalation. The amorphous subphase is
promoted over the crystalline one in the ambient dried sample (due to a
higher interplanar spacing and to a bigger crystallite size) while, after the
application of the thermal treatment, the reduction of GO to rGO causes an
opposite effect favoring the crystalline subphase (due to the reduced

spacing and the smaller crystallite size).
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Figure P3-3 — (a) Raman spectra of the carbonaceous coatings with untreated CB included
as reference; the onset shows the comparison between the untreated CB and GO. (b) XRD
patterns of the carbonaceous coatings. The term referred to the current collector has been
omitted since it does not affect thermal treatment results.

Table P3-1 — Raman D to G band ratios, XRD Peak Positions, Lattice Spacing and
Crystallite Sizes.

oo 1 03 5 % 4o i
CB_AD 1.06 23.01 43.63 3.86 18.6 40.4
CB_TT 1.08 23.09 43.63 3.85 18.1 42.1
CB/GO_AD 0.96 22.23 43.70 4.00 27.3 36.3
CB/GO_TT 1.04 23.55 43.60 3.77 17.8 41.0

2.2,

Electrochemical characterization

Figure P3-4 — a-b show the Cyclic Voltammetries (CVs) and Galvanostatic
Cycles (GCs) of SCs made with the CB/GO slurry before and after thermal
treatment. Also, the CVs and GCs of SCs made with the CB only slurry
before and after thermal treatment are reported for comparison. In Figure
P3-4 — a, CVs are recorded using a scan rate of 50 mV s™' in a potential
range from -2.70 V to +2.70 V; in Figure P3-4 — b, GCs curves obtained
with a specific current of 0.5 A g™ for CB/GO_AI_AD and of 1 A g™' for
CB/GO_AI_ TT and CB_AIl TT. In the latter case, the different specific
currents are justified as follows: using the same specific current (0.5 or 1 A
g™") for all the samples, CB/GO_Al_TT and CB_AI_TT curve would be much
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longer than that of CB/GO_AIl_AD, leading to the impossibility to observe
the trend of the latter. In Figure P3-4 — a-b, the differences between
CB/GO_AI_AD and CB/GO_AI_TT prove that only with thermal treatment of
GO an active material suitable for SCs can be achieved. The area under the
CV curve of the thermally treated sample, CB/GO_AI_TT, is 18 times wider
than the untreated one, CB/GO_AI_AD. In fact, the values of C, calculated
using the equations (P3-49) and (P3-50), reported in the experimental
section are, respectively, 47.7 and 2.7 F g™' for a scan rate of 100 mV s™".
Observing Figure P3-4 — a—b, while at first glance the sample without GO in
the starting slurry, CB_AI_TT, show even better electrochemical
performances, it should be noted that it actually lacks of other crucial
properties, as adhesion on current collector and mechanical stability, as
showed in Figure S3-1 of Supporting Information. This behavior arises from
the absence of any binder and, as a consequence, such active material can
hardly be considered for the manufacturing of SCs. As for GCs, for the non-
thermally treated sample, the non-linearity of the graph was too high to
conduct any measurements, while it is almost linear in the discharge curve
of the sample annealed at 550 °C (showing a C, of 27.4 F g™' for a specific
current of 1 A g™', calculated using the equations (P3-52) and (P3-50)).
These results are a consequence of the thermal GO reduction for two
reasons: since GO is an insulating material, it hinders charge transfer inside
pores (a tension drop in the discharge curve is also dominant in the
CB/GO_AI_AD sample); moreover, the oxygen-containing groups of GO
can lead to faradic reactions during the charge/discharge process, deviating
from EDLC behavior and thus explaining the non-linearities in the curve and
the leakage. While the tests shown in Figure P3-4 — a-b highlight the
effectiveness of the GO reduction procedure (1 h at 550 °C under Ar flow),
more tests were carried out on the sample of main interest for the current
work, CB/GO_Gr_TT, as described in the following paragraph and pictured

in Figure P3-5 — a-b. The resulting curves of the electrochemical
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characterization of samples used as reference, manufactured as described
in the experimental section, are reported in the Supporting Information
(Figure S3-2, Figure S3-3, Figure S3-4). The active mass loading,
necessary to extrapolate the specific capacitance from the cell capacitance,
calculated from direct measurements performed with the electrochemical
workstation according to equations (P3-49), (P3-50) and (P3-52), are also
reported in the Supplementary Information (Table S3-1).
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Figure P3-4 — (a) CVs at 50 mV s™' between -2.7 and +2.7 V and (b) GCs at 0.5 and 1 A
g'in a 1.5 M solution of TEMA-TFB in ACN of SCs made with CB/GO_Al TT,
CB/GO_AI_AD, CB_AI_TT, and CB_AIl_AD (the GC profile of the latter is omitted as the
internal resistance was too high to perform measurements with comparable specific
currents with respect of the other samples).

Figure P3-5 — a shows CVs between -2.70 and +2.70 V at 50, 100,
300, and 500 mV s™'. The rectangular shape of these graphs proves
reversibility of charge/discharge after GO reduction (i.e., electrostatic
behavior only). To study the effect on specific power and adhesion in an
almost “all-graphene-based SC”, the trend in GCs was also analyzed. In
Figure P3-5 — b charge/discharge curves at 0.5, 1, 2, and 4 Ag™' are
showed. Their analysis gives a specific capacitance range of 22.5-37.2 F
g™' and a specific energy range of 6.3-10.5 Wh kg™, while the resulting
specific power range is of 28.8—-32.9 kW kg™' (Equivalent Series Resistance,
ESR, of 30.2-26.5 Q), calculated using, respectively, equations (P3-51) and
(P3-54). The specific capacitance values are lower with respect of other

available works in literature because of CB nature [46]: even though the
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used CB powder for the manufacturing of the carbonaceous coatings under
examination (BP® 2000) is characterized by a high Specific Surface Area
(SSA) of 1216 m? g, its micropore volume is only 0.21 cm? g' [47]. For the
more commonly used AC, in which the SSA ranges from 1000 to 2000 m?
g, the micropore volume can reach 0.78 cm? g-' [48]. As in a micropore
(i.e., in a pore that has a less than 20 A diameter) there are more electric
charges than in a larger pore with same area because of the ions losing the
solvation sphere of the solvent, CB’s SSA is less efficiently exploited in
comparison to that of AC. However, it should be noted that the coupling of
rGO and CB allows the optimization of other aspect of an EDLC, as shown

in this research work.

The linearity of the curve from 1 A g~ and above is another sign of an
almost purely electrostatic behavior of this SC configuration (apart from a
difference between the time of charge and discharge at 0.5 A g due to
leakage effects at low currents). In particular, at 1 A g~' a specific power of
32.1 kW kg™" was obtained. Since this result is correlated with a specific
energy of 8.8 Wh kg™, the SC under analysis is hence above the common
limits of commercial SC (with a maximum of 10 kW kg™' of power and under
10 Wh kg™ of energy) [49]. The energy value derives from a combination of
a specific capacitance of 31.1 F g~ with a highly optimized electrolyte as
Triethyl methylammonium-Tetrafluoroborate (TEMA-TFB) in Acetonitrile
(ACN). This electrolyte uses an organic solvent with high working tension
and good conductivity, in addition TEMA-TFB ions entail cycle stability
(even if this electrolyte is toxic and flammable) [50].
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Figure P3-5 — (a) CVs and (b) GCs of SCs made with CB/GO_Gr_TT at different scan
rates, from 50 to 500 mV s™', between -2.7 and +2.7 V and different specific currents, from
0.5t0 4 A g, ina 1.5 M solution of TEMA-TFB in ACN.

Figure P3-6 shows a comparison of SCs in the Ragone plot (i.e., a plot
of the specific power versus the specific energy). It shows that, while the
specific energy ranges are superimposable, when the current collector is
made with rGO there is an improvement in specific power with the same
electrode. A possible explanation of this improvement could be in a different
interaction of rGO in the active material when coated on a current collector
consisting of the same material, as the rGO paper, rather than a metal
sheet, as Al foil: in the studied electrodes, the adhesion derives from
interactions between the non-removed oxygen-containing groups of rGO
with the substrate surface [20]. While Al is a metal with an easy tendency to
oxidize that often requires chemical etching to allow carbon coating, rGO
paper does not need etching to form this bonding since, chemically, it is
almost pure carbon. This is particularly true for the used rGO paper collector
because, as an XRD analysis on this material showed in our previous work
[51], it is characterized by a high degree of reduction of GO. Moreover, the
rGO paper does not involve a discontinuity between two different materials
(as for the Al-carbon interface) for the current flow during the

charge/discharge process.
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Figure P3-6 — Ragone plot of specific power versus specific energy for SCs made with
CB/GO_AL_TT, CB/GO_Gr_TT,CB_AI_TT and CB_Gr_TT.

Surprisingly, Figure P3-6 shows also that the two analogous samples
fabricated from the active material slurry prepared without the addition of
GO perform better in both specific energy and power, in ostensible
contradiction with Galhena et al [20]. It is however crucial to point out that
this kind of active material had a very weak adhesion, on both Al and rGO
paper current collectors, that led to an extreme fragility of the as fabricated
electrodes and thus to an easiness to break when assembling SCs samples
(see Figure S3-1 of Supplementary Information). Consequently, while these
electrodes without rGO as active binder could be adopted for the
manufacturing of very small devices with a delicate assembling process,
they would unquestionably be not scalable. Nevertheless, CB_Al TT and
CB_Gr_TT samples show in a clearer way that the specific power of a SC
with an rGO-based current collector surpasses that of an Al-based one by
a factor of almost two (for the maximum recorded values, the specific
powers are respectively 98.9 kW kg™' and 49.4 kW kg~ due to ESR of 2.8
and 10.0 Q). Since rGO paper mass density is less than one half of Al mass

density (1.2 g cm™ against 2.7 g cm™), a device as the sample
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CB/GO_Gr_TT could reach a fourfold increase of the specific power when
compared to a common SC, with a doubled specific energy. For the sake of
clearness, this estimate omits the weight of the separator, the electrolyte

and of all the connectors of which a complete device is made of.

2.3. Conclusions

In this study, a binder-free electrode was successfully manufactured using
water as the only cheap and ecological solvent and GO as an alternative
active binder that led to the formation of a homogeneous CB/GO
nanocomposite. The material was subjected to a high temperature (550 °C)
thermal treatment to reduce GO to rGO and thus unlock its ability to actively
contribute to electrical energy storage performances. The reduction
effectiveness was confirmed by the increase of the I,,/I; ratio from 0.96 to
1.04 before and after, respectively, the thermal treatment, as depicted by
Raman studies and confirmed by the XRD analysis, with the reduction of
the interlayer spacing d,,, from 4.00 to 3.77 A. The electrochemical
characterization showed interesting results with a high specific power of
32.1 kW kg™' and a corresponding specific energy of 8.8 Wh kg™ at a
specific current of 1 A g~'. The latter demonstrates that the development of
a cheap, environmental-friendly and scalable manufacturing process
unlocked by the complete removal of polymeric binders and organic
solvents in the slurry preparation process and also the use of an innovative
light-weight and high quality current collector based on rGO, for the
fabrication of an “all-graphene based” device represents a valuable path for

future improvements of the SCs industry.
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3. Experimental section

3.1. Materials

CB powder (Black Pearls® 2000) was supplied by Cabot Corporation,
TX100 (Laboratory Grade), regenerated cellulose membrane filters
(Whatman RC55), TEMA-TFB and ACN were purchased from Sigma-
Aldrich while GtO powder was acquired from XIAMEN TOB NEW ENERGY
TECHNOLOGY Co. Deionized water (MilliQ®), was used throughout all the
experiments. All chemicals were used as received without further

purification.

3.2. Preparation of the CB/GO slurry

CB powder (1660 mg) was added in a solution of water (13 mL) and TX100
(46.5 uL, corresponding to 50 mg) and mixed as follows: 30 min of bath
ultrasonication and subsequently 2 h of magnetic stirring. The resulting CB
suspension in water was then mixed with a GO dispersion of 166 mg in
20.75 mL of water (8 mg mL™") with the aid of a ultrasonicating bath. A
homogeneous CB/GO (34 mg mL™") slurry was finally obtained after 12 h of
further mixing using a magnetic stirrer. A CB-only slurry (34 mg mL™),

without the addition of GO, was also prepared as reference.

The TX100 was mixed in water with the aid of a sonicating bath in a
specific amount so that its concentration with respect of the CB is the 3 wt%.
The volume of the GO dispersion in water, previously obtained by ultrasonic
exfoliation of 1200 mg of GtO in 150 mL of water, was fixed in order to

achieve a mass ratio of GO:CB=1:10.

3.3. Preparation of the rGO paper.

The rGO paper used as current collector was prepared following the

procedure described in our previous work [51], briefly: a GO solution in
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water was casted on a Polyethylene Terephthalate film and dried for 24 h in
ambient condition to obtain a GO Film. The latter was annealed at a
temperature of 1300 °C for 3h under Argon (Ar) atmosphere and rolled to
obtain a free-standing paper with a controlled thickness of 40 ym and

density of 1.2 g cm™.

3.4. Fabrication of the EDLCs.

The as prepared slurries were coated on all the surface of the rGO paper
serving as current collector using the doctor blade technique, a common Al
sheet was also used as current collector for reference purposes. The coated
collectors where heated at 550 °C for 1 h under Ar atmosphere. Finally,
squares of 1 cm side were cut and used as electrodes of the supercapacitor
samples. Non-thermally treated electrodes, subjected instead to ambient

condition drying for 24 h after the coating, were used as reference.

For each SC sample, two identical electrodes were laminated in
sandwich configuration using the regenerated cellulose membrane as
separator and a 1.5 M solution of TEMA-TFB in ACN as electrolyte (0.5 mL).
Heat-sealable laminating pouches and Copper tape for more robust
electrical connections to the current collector (the conductive tape is never
in contact with the active material) were used to finish the fabrication. A total
of 6 different samples were manufactured and tested; the adopted
nomenclature and the relative features are summarized in Table P3-2, while
a summarizing scheme of the whole manufacturing process is shown in
Figure P3-7.
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Table P3-2 — Summary of fabricated and tested supercapacitors samples with the adopted
nomenclature.

'AD is the abbreviation of Ambient Drying, TT is the abbreviation of Thermally Treated, Gr
is used to refer to the rGO paper used as current collector.

Sample Slurryl Current Thermal
Composition Collector Treatment

CB Al AD fxa'gg}lﬂzig Al No

CB AL TT fxa'gg}lﬂzig Al Yes

CB Gr TT 'I?XB1_(())(r)] /II)-/lzI?) rGO paper Yes
CB/GO_Al AD &E’O%%L% Al No
CB/GO Al TT &E’O%%L% Al Yes
CB/GO _Gr TT T():(?/O((;)ﬁ-llzré) rGO paper Yes

3.5. Chemico-physical characterization.

For easiness of analysis, powder samples of the coating were scratched
from the current collectors of each electrode type and then treated
depending on the characterization technique. TEM (JEOL JEM-2100Plus)
and FE-SEM (JSM-6301F FESEM by JEOL) were used to characterize the
structures and morphologies particles and agglomerates constituting the
carbonaceous nanocomposite. The powdered samples were subsequently
sonicated and drop-casted on TEM grids for TEM analysis, while they were
deposited on conductive carbon adhesive tabs for FE-SEM analysis. The
obtained images from TEM and FE-SEM were then processed with the

software “Image J” to extrapolate the features of interest.

Chemical properties were investigated through Raman Spectroscopy
(inVia Raman Microscope by Renishaw) using a 532 nm laser source (IK

Series He-Cd).The crystalline structure of the blends was analyzed with
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Transmission Powder XRD (STOE STADI P) using a Cu-Ka generator with
1.54 A of wavelength. The powdered samples were deposited on regular
microscope slides for Raman spectra collection, while they were mounted
on specific sample holders for XRD measurements. XRD data were
processed to obtain the interplanar spacing d in crystal lattices, following
Bragg’s law (P3-47) [43], and to estimate crystallite size L, using the
Scherrer equation (P3-48) [44]:

-t (P3-47)
2-sinB

L= K4 P3-48

~ B-cos¢ (P3-48)

where 1 is the radiation wavelength, 6 is the scattering angle of the
corresponding lattice, K is a shape factor, B is the line broadening at half

maximum intensity of the peak, ¢ is the corresponding scattering angle.

3.6. Electrochemical characterization

The electrochemical performances of SC samples fabricated as previously
described were evaluated using a JAUTOLAB-BIII-FRA2 electrochemical
workstation by Metrohm in two electrodes configuration (Figure P3-7). Two
different techniques were exploited, all using the aforementioned
workstation: CV and GCs.

CB powder GO dispersion CB/GO rGO current Separator
) collector
“. Cu tape
e ‘9 4i5a
| -

Electrode
Laminating
Pouch Electrochemical
——

WorkStation
Slurry = ) Coating and Thermal Device
Preparation Reduction Fabrication - LK) Testing e,
— —) i — ® -
E/WE
Stirring H,0/TX100 CERE l—' = -
Plate solution l - .

Figure P3-7 — Scheme of the manufacturing process showing also the electrochemical
workstation. CB/rGO indicates the carbonaceous nanocomposite used as the active
material. CE, RE, SE and WE indicate, respectively, Counter Electrode, Reference
Electrode, Sensing Electrode and Working Electrode. Images by the author M. Rapisarda.
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CV curves were analyzed, and the following formula was applied to
calculate cell capacitances C:

P3-49
= 5= § I(E)AE = [F] (P3-49)
where v is the scan rate, ranging from 50 to 500 mV s~ in current tests, E
is the potential expressed in Volts (V) with AE as the potential excursion,
between —2.7 V and 2.7 V (to better verify an EDLC behavior of the samples,
as previously discussed), and the integral represents the area inside the
curve which corresponds to the charge accumulated in the SC (with a factor
of 0.5 that normalize the repeated area of the CV curve due to opposite sign
scans). The specific capacitance C, was obtained as follows:

C [F
C,=4x—= H (P3-50)
g
where C is the capacitance of the cell measured in the electrochemical tests
while m is the mass of both electrodes expressed in grams (g). The
multiplier of 4 adjusts the capacitance of the cell and the combined mass of
two electrodes to the capacitance and mass of a single electrode, because
each electrode has mass of m/2 and an EDLC is equivalent to two SC in
series with half the capacitance of a single electrode. Moreover, the specific
energy U was determined with the following:
U ! [ P3-51
S=Ix36xm’ (P3-51)
where E,,,, is the maximum applied potential and 3.6 is a factor used for

the conversion of the energy from Joule to Watt-hour (Wh) and of the mass

from grams to kilograms (kg).

197



GCs curves were obtained using a specific current of 0.5, 1, 2 and 4 A
g~', in the potential range of 0-2.70 V. The capacitance was also calculated
through the discharging part of the GCs curves by the formula:

At

S (P3-52)

where [ is the constant discharging current, expressed in Ampere, and At
is the time interval, in seconds, of the discharge potential range AE. The
specific capacitance and the specific energy were determined as in the
previous case. Furthermore, the ESR can be estimated through the initial

tension drop 6E of the GC according to the following formula:

ESR=8E2I=Q (P3-53)

The specific power P; of SCs depends on the ESR and the maximum

reached tension during the test as expressed in the following equation:

(P3-54)

P — Epasx’ _kW]
ST 4xESRxm  lkg

The specific capacitance and the specific energy from the two tests just
described usually show comparable results. However, thanks to the extra
information obtainable from GCs, a Ragone plot can also be drawn to
picture the trade-off between energy and power of electrical energy storage

devices.
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Supplementary Information

Figure S3-1 — Qualitative comparison of the adhesion of the active material on the current
collector and of its mechanical integrity between (a-d) CB/GO_Gr_TT and (e-h) CB_Gr_TT
as samples were: (a) and (e), as taken out from the furnace; (b) and (f), tilted on a side; (c)
and (g) tilted upside-down; (d) and (h), returned to horizontal position. A considerable
amount of active material falling from the current collector is noticeable for the sample
CB_Gr_TT while no material is detached from the sample CB/GO_Gr_TT. Images by the
author M. Rapisarda.
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Figure S3-2 — (a) CVs and (b) GCs of SCs made with CB/GO_AI_TT at different scan
rates, from 50 to 500 mV s™', between -2.7 and +2.7 V and different specific currents, from
0.5t0 4 A g, ina 1.5 M solution of TEMA-TFB in ACN.
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Figure S$3-3 — (a) CVs and (b) GCs of SCs made with CB_AI_TT at different scan rates,
from 50 to 500 mV s, between -2.7 and +2.7 V and different specific currents, from 0.5 to
4 A g’ ina1.5 M solution of TEMA-TFB in ACN.
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Figure S3-4 — (a) CVs and (b) GCs of SCs made with CB_Gr_TT at different scan rates,
from 50 to 500 mV s, between -2.7 and +2.7 V and different specific currents, from 0.5 to
4 Ag' ina1.5 M solution of TEMA-TFB in ACN.

Table S$3-1 — Comparison of the four devices of Figure P3-6 in terms of active mass
loading, capacitance and specific capacitance, with the values measured through GCs at
specific currents ranging from 0.5 Ag'to4 Ag™.

Active Capacitance Specific
Sample mass range Capacitance range
[mg] [mF] [Fg']
CB A TT 3.68 31.6-51.6 34.3-56.1
CB Gr TT 3.33 42.2-47.3 50.6-56.7
CB/GO_AI TT 3.16 13.1-25.6 16.6-32.4
CB/GO_Gr TT 2.33 13.1-21.7 22.5-37.2
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Abstract

Alternative green binders processable in water are being investigated for
the development of more efficient and sustainable supercapacitors.
However, their electrochemical performances have fallen within or below
the average of commercially available devices. Herein, an optimised gelled
mixture of graphene oxide (GO) and starch, a biopolymer belonging to the
family of polysaccharides, is proposed. The molecular interactions between
the two components enhance electrodes structure and morphology, as well
as their thermal stability. GO, thanks to its reduction that is initially triggered
by reactions with starch and further progressed by thermal treatment,
actively contributes to the charge storage process of the supercapacitors.
The optimised electrodes can deliver a specific capacitance up to 173.8
F g while providing good rate capabilities and long-term stability over
17,000 cycles. These are among the best electrochemical performances
achieved by environmentally friendly supercapacitors using a biomaterial as

a binder.
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1. Introduction

The on-going growth in global energy demand and the current transition
toward a greener more sustainable industry are driving the research for the
development of more efficient and sustainable energy storage devices [1].
A viable solution is represented by electrochemical double-layer capacitors
(EDLCs), a type of supercapacitors accumulating and delivering electrical
energy by ultra-fast electrostatic charge storage and release in the electrical
double layer. Their rapid charge/discharge, high power density, cycling life,
energy efficiency, broad operating temperature range, and scalable design
allow EDLCs use in either electronic and portable devices, as well as for
transportation and stationary applications [2]. Although their well-known
drawback is a limited energy density, extensively addressed via multiple
approaches [3-6], concerns over the environmental impact of EDLC
electrodes manufacturing process are only recently arising. In particular,
commonly used binders are fluoropolymers as poly(tetrafluoroethylene) and
poly(vinylidene fluoride) dispersed in organic solvents as N-methyl-2-
pyrrolidone and acetonitrile. Both binder and solvent represent a major cost
[7] and, especially, the main source of danger to the environment[8-10]. For
this reason, alternative binders consisting of biopolymers processable in
water (i.e., “green binders” that are intrinsically renewable and
biodegradable) could ultimately lead to cheaper and more environmentally
friendly devices [11, 12]. In fact, they would allow for a reduction in the
complexity of the coating process, as there would be no need for a solvent
entrapment and recovery system during the drying, and a mitigation of risks
of environmental pollution, thanks to the complete absence of toxic

compounds.

Starch (St) is an inexpensive and readily available biopolymer

belonging to the class of polysaccharides. It is composed of two types of
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molecules, the linear and helical amylose and the branched amylopectin,
which distribution depends on the native biomass. Non-edible potatoes are
commonly used and lead to ~20 wt% amylose and ~80 wt% amylopectin
[13]. For the peculiar physicochemical structure, starch represents an ideal
candidate as a green binder [12, 14, 15]. While amylose behaves as
conventional synthetic polymers and allows hydrophobic binding [16],
amylopectin proved to be the key to overcome brittleness and shrinkage of
coatings [15]. Although being naturally insoluble in water, starch becomes
easily processable upon heating at its gelatinisation temperature (~60-80

°C) due to the swelling of its granules and the solubilisation of amylose [17].

Varzi, Passerini and Ruschhaupt [15, 18] proved that starch, or its
mixture with guar gum, could effectively be used as alternative green binder,
superseding carboxymethyl cellulose (i.e., the state of the art aqueous and
non-fluorinated binder alternative [18]) issue of low mass loadings due to
brittleness and shrinkage upon drying. They reported a specific capacitance
of ~50 F g' in an organic electrolyte within a potential window of 0-2.5 V.
Their work inspired Jezowski and Kowlczewski [14] to develop a starch-
based conductive glue for an optimised coating process that improved high
power performances, reporting an energy density of ~20 Wh kg™ at ~10 kW
kg™ within 0-2.5 V. It is worth noting, however, that the findings of the
aforementioned studies mostly rely on qualitative evaluations, and that the
reported electrochemical performance falls within or below the average of

commercially available devices [19].

Graphene Oxide (GO) is a functionalised form of graphene having
oxygen groups, such as hydroxyl, carbonyl, alkoxy and epoxy, which
disrupts the conjugated network of the sp? lattice of carbon atoms [20, 21].
The latter is responsible for the remarkable electronic and thermal

properties reported for pristine graphene [22, 23]. GO is capable of forming
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stable suspensions in water and can be templated in various assemblies
with low cost and in environmentally friendly processes [24]. This allows its
use for various applications such as aerogels for acoustic absorption [25]
and water treatment [26], free-standing papers for multifunctional polymeric
composites [27] and EMI shielding [28], and carbonaceous composites for
SC electrodes [29]. In particular, Choi et al. recently exploited the inclusion
of 2 wt% reduced GO (rGO) as an active binder in biomass derived
Activated Carbons (ACs), where the remarkable electrochemical
performances were attributed to the development of electrically conductive
networks formed by the rGO binder and the pseudocapacitance contribution
due to residual oxygen functional groups [30]. GO was also used as the
precursor to fabricate crumpled graphene papers by Zhao and co-workers,
where the excellent rGO mechanical stability was the key to fabricate all-
solid-state and stretchable SCs for un-conventional electronic devices (i.e.,
wearables and portable) [31]. Moreover, the ability of oxygen grups on GO
sheets to interact with polymers have been exploited to improve their
electrical and mechanical properties, as well as their thermal stability [32].
In particular, biocomposites of starch and GO have recently been
investigated [33-35].

In this study, a hybrid green binder was obtained from the gelation of
an optimised mixture of starch and GO (GO-St-gel). Hydrogen bonds
between amylose, amylopectin, and oxygen functionalities on GO sheets
were formed during the water processing and an extended thermal stability
was achieved, as revealed from a physicochemical characterisation. The
proposed binder, after its mixing in water with ACs and Carbon Blacks
(CBs), was capable to form homogeneous carbonaceous coatings (GO-
StC) with a 3D morphology that enhanced the charge transfer process in
the manufactured electrodes. GO actively contributed to the

electrochemical performance (hence “hybrid”) due to its partial reduction
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that started during the gelation, and that was later optimised thanks to a
further thermal treatment. The assembled symmetrical EDLCs provided a
high specific capacitance of 173.8 F g, good rate capabilities, and a
remarkable long-term stability with a capacitance retention of 93.1% after
17,000 charge/discharge cycles. Considering also that the electrodes were
fabricated following an industrial-ready manufacturing process, the hybrid
and green GO-St-gel binder presented in this work is an ideal candidate for
the development of environmentally friendly and high-performance energy

storage devices.

2. Results and discussion

2.1. Fabrication and characterisation of GO-StC electrodes

GO-StC electrodes were fabricated by a conventional method consisting of
three main steps. The synthesis of a GO and starch gel that served as a
green and hybrid binder, then the preparation of a carbonaceous slurry by
adding an active material, AC, and a conductive additive, CB, and finally a
controlled coating on a current collector, the rGO paper, immediately
followed by a drying process. All slurries were prepared so that the mass
ratio of the components is fixed as AC:CB:GO-St = 85:5:10 by using
essentially the same method and are termed GO-StC-l, GO-StC-ll,
GO-StC-lll, GO-StC-IV, GO-StC-V, depending on the initial composition of
the GO-St-gel (GO amount corresponding to the 2.5, 3.3, 5, 6.7, 7.5 wt%,
respectively). Reference samples, with the binder consisting of St only (StC)
and of GO only (GO-C), were also manufactured by a similar method. Slurry
composition of different GO-StC and reference electrodes are summarised
in Table S4-1. Itis crucial to note that the physicochemical characterisation
was focused on the GO-StC-lll electrode (containing 5 wt% GO) that

provided optimized electrochemical properties.
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As shown in Figure P4-1 — a, when mixed in water, GO sheets
intercalates between starch granules thanks to the formation of hydrogen
bonds between the molecules of the two components [33, 36]. After heating
the blend at a temperature of 70 °C, starch granules swell releasing
amylose, mostly, and amylopectin molecules that can generate an
amorphous network (i.e., gelation) and thus give the aqueous blend a
viscoelastic behaviour [37]. On cooling, the disrupted chains usually tend to
reassociate forming microcrystalline regions (i.e., retrogradation) [38].
However, due to the presence of GO intercalated sheets and their
interaction through hydrogen bonds, the retrogradation can be inhibited [33].
Additionally, it was recently found that chemical reactions between starch
molecules and oxygen functionalities attached to GO can lead to the partial
restoration of the conjugated network of the sp? lattice of carbon atoms and,
consequently, the recovery of graphene electronic properties (i.e.,
reduction) [34, 39, 40]. The latter is believed to provide for a reduced
electrical resistance and an improved electrochemical capacitance of
fabricated electrodes [29, 41, 42]. Upon adding CB and AC particles, a
homogeneous slurry is obtained, with the key role of linear amylose chains

and GO sheets as dispersing agents [11, 29, 43, 44].

GO-StC electrodes are finally obtained with the subsequent coating and
drying, as schematised in Figure P4-1 — b. The resulting surface
morphology can be observed from Scanning Electron Microscopy (SEM)
images (Figure P4-1 — c and Figure S4-1 — a), where the effective role of
branched amylopectin chains to build homogeneous coatings with limited
shrinkage is proved [15]. Moreover, GO presence determines a more 3D
structured morphology with respect of the reference StC coating (Figure P4-
1 — d and Figure S4-1 — b), that also shows some lumps due to a poorer
dispersion of carbon particles. Higher magnification SEM images ultimately

confirm the even distribution of CB particles among AC in GO-StC coatings
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(Figure P4-1 — e-f), whether CB clusters near “clean” AC particles are found
in StC (Figure P4-1 — g-h). Transmission Electron Microscopy (TEM)
images show how Starch, AC and CB particles are distributed to form an
StC agglomerate (Figure P4-1 —i-j), with GO sheets being found at its base
(Figure P4-1 — k). Higher magnification TEM images of AC, Starch, CB and

GO picture their distinctive structures (Figure P4-1 — I-0).

I. GO and Starch blend Il. GO and Starch gel M. GO-StC slurry

Gelation @ iy Mixing
AC and CB
addition A E
Coating
&
Drying
4= GO paper
Starch granule  ~*=* Amylopectin " Amylose =+ H bond ,} GO @cB @AC

Figure P4-1 — Schematic representation and electronic microscope imaging of GO-
StC electrodes. (a) Schematic of GO-StC slurry preparation and of (b) GO-StC electrode.
(c-h) SEM images showing: surface morphology of (¢) GO-StC and (d) StC coatings (scale
bar 100 um) with higher magnification inset (scale bar 5 ym); AC and CB particles
distribution in (e,f) GO-StC and (g,h) StC electrode materials (scale bars 2 um and 500
nm). (i-o) TEM images of GO-StC electrode material showing: (i) starch particles attached
to AC, (j) AC and CB particles distribution, (k) GO sheets at the base of the StC
agglomerate (scale bars 200 nm), and (I) AC, (m) Starch, (n) CB and (o) GO magnified
structures (scale bars 10 nm).

In X-ray diffraction (XRD) patterns (Figure P4-2 — a), GO shows the
characteristic (001) peak associated to the carbon crystalline phase and the
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(100) peak related to the lateral dimension of basal planes at 10.80° and
42.57°, respectively [45, 46]. St has instead the typical features of the B-
type crystalline form, commonly found in potato starches with high contents
of amylose (~20 %) [47]. When GO is mixed with St (GO-St) the (001) peak
disappears, indicating the absence of any ordered structure, usually due to
the re-stacking of GO sheets driven from Van der Waals interactions, and
thus suggesting their intercalation between starch granules [48]. Moreover,
after the gelation process the main features of starch are absent. This
confirms the formation of an amorphous phase due to the release of
amylose from swollen granules [49], and with GO inhibiting the

retrogradation into a crystalline matrix [33].

XRD patterns of GO-StC electrode active material show the
characteristic (002) and (10) peaks at 21.89° and 43.73°, respectively. The
first derives from the interlayer spacing of graphene sheets (d) and is
downshifted with respect of both StC (22.24°) and pure AC (22.13°),
indicating, according to Bragg’s law, a slightly more expanded carbon
structure (4.06 A against 3.99 and 4.01 A, respectively). The (10) peak
derives instead from the merging of (100) and (101) lattice peaks typically
shown in ordered graphite, as a consequence of turbostratic arrangements
of graphene layers [50]. From Scherrer’s formula [51], (10) and (100) peaks
data related to AC and GO, respectively, are processed to estimate
crystallites lateral size (L,).The reduction observed from GO (128 A) to GO-
St (109.6 A) and GO-St-gel (86.9 A) can be attributed to the rupture of GO
sheets during the processing. On the other hand, GO-StC electrode material
shows a smaller value (37.6 A) with respect of both reference StC (43 A)
and starting AC (44.6 A), explainable with a finer particle distribution due to
GO sheets interactions. A summary of main peaks position and calculated

structural parameters can be found in Figure S4-2.
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Comparing main starch features in Fourier-Transform Infrared
Spectroscopies (FT-IR) of GO-St-gel to GO-St and St (Figure P4-2 —b), with
particular regards in the disappearance of the 1642 cm™ band (5,
associated to water absorbed in the amorphous region), the disappearance
of the 1042 cm! band (14, typical of crystalline phase), and the increase of
the intensity ratio between the 1016 and 995 cm™ bands (16 and 17,
respectively due to C-OH bending and C-O-C skeletal vibrations) [52],
together with the shift of GO band at 1615 cm™ (6, due to stretching and
bending of OH groups in absorbed H20 molecules) [53], ultimately provides
for a successful gelation [49, 54]. Moreover, a shift of OH related features
for starch at 3310 cm™ (1) and for GO at 1373, 1219 and 1165 cm™ (7, 9
and 11, respectively) confirms the formation of hydrogen bonds between
OH groups of both amylose and amylopectin and the oxygen functionalities
on GO sheets [33, 36]. Finally, from FT-IR spectra of GO-St before and after
the gelation, the decrease of GO oxygen functional groups between 3586
and 3216 cm™ (1" and 1”, associated to OH stretching), and at 1720, 1038
and 975 cm™ (4, 15 and 18, respectively attributed to C=0 stretching of
Carbonyl groups, C-O stretching of Alkoxy groups and C-O-C stretching of
Epoxy groups) [55] can be interpreted as a partial reduction of GO by its
reaction with starch molecules [39]. A summary of all the features of the
discussed materials can be found in Table S4-3. Both GO-StC and StC

shows no significant variation with respect of pure AC (Figure P4-2 — b).

The absence of starch features (amylose and amylopectin vibrational
modes between 1100 and 1500 cm-!, and C-H vibrations at 2915 cm) [52]
in Raman Spectroscopies (RS) before and after GO-St blend gelation
(Figure P4-2 — c) is mainly due to the stronger excitation of carbon features
of intercalated GO sheet, but can also be attributed to structural changes
caused by the rearrangement of hydrogen bonds between water and starch

molecules [56]. All carbonaceous samples show the typical D (~1348 cm™)
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and G (~1607 cm™) bands associated to Aig breathing mode due to
structural disorder and Ezg vibrating mode of crystalline Graphite [57] as well
as 2" order scatterings (~2550-3300 cm™) caused by turbostratic
arrangements of graphene layers [58], however a distinction has to be made
in their interpretation due to different material nature. Focusing on D and G
bands with the aim to calculate the I,/(I, + I;) ratio expressing carbons’
structural disorder [46], both GO-St-gel and GO-St have been deconvoluted
considering three additional interbands accounting for disorder (D*, D” and
D’, associated to sp?-sp® bonds at the edges of networks, interstitial defects
in amorphous lattices and phonon mode due to crystal defects, respectively)
following Claramut et al. method for GO [59] (Figure P4-2 —d). The resulting
I,/(Ip + I;) value for GO-St-gel is 61.33%, increased with respect of both
GO-St and GO (58.43% and 58.56%, respectively) and thus corroborates
the partial GO reduction previously deduced from FT-IR results [40]. GO-
StC and StC have instead been deconvoluted considering only two
additional interbands (I, associated to impurity ions, and D” again) following
Cuesta et al. method for AC [60] (Figure P4-2 —e). The smaller I, /(I, + I;)
value for GO-StC (51.72%) compared to both StC and AC (52.43% and
53.42%, respectively) can be ascribed to an improved disaggregation and
stabilisation of AC and CB particles thanks to their interactions with GO
sheets [29, 43], as previously suggested from XRD results. Figure P4-2 — f
pictures the described trend for I,,/(I, + I;) and its relationship with L,. A
summary of deconvolution parameters and resulting I, /(I + I;) ratios for

the carbonaceous materials can be found in Table S4-4.
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Figure P4-2 — Physicochemical characterisation (a) XRD patterns, (b) FT-IR and (¢) RS
spectra of GO-StC electrode material and GO-St-gel binder compared with reference
materials. Red dashed, blue dotted and black dashed and dotted lines refer to AC, GO and
St related features, respectively. “#” stands for “Amylose and Amylopectin”. (d) GO and (e)
AC deconvolution results. Red solid and black dotted lines indicate experimental
measurements and fitting results, respectively. (f) Variation of La with Ip/(Ipo+/s) ratio.

2.2. Thermal behaviour of GO-StC coatings

Thermogravimetric analysis (TGA) and derivative (dTGA) curves for the
GO-St binder before and after the gelation and of GO-StC coatings with the
relative reference materials are presented in Figure P4-3 — a-b. Thermal
reduction of GO in the gelled binder starts at a lower temperature (122 °C)
with respect of pure GO (150 °C) and with a quicker kinetic with respect of
GO-St. This behaviour is also followed by GO-StC (starting at 132 °C) and
is attributable to chemical reactions between starch and GO molecules
previously described. Starch, and thus binder, degradation starting is shifted
to higher temperature from pure St (255 °C) to its blend with GO (286 °C),
but it is anticipated after gelation (start at 250 and 240 °C for GO-St-gel and
StC, respectively). The starting point of the degradation is not clear in GO-
StC, although it can be estimated being in a range between 250 and 300 °C

with a kinetic that is nevertheless slower with respect of the electrode
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material fabricated without GO (StC). These results provide for a reciprocal
beneficial effect of the interactions between GO and Starch, with a boost of

GO reduction and an improvement of the thermal stability of the binder.

The thermal behaviour of the GO-StC coating was further analysed with
XRD, FT-IR and RS (Figure S4-2 — a-c), after their thermal treatment at a
temperature ranging from 150 to 550 °C for a total duration of 1 h under
inert atmosphere. While FT-IR did not provide additional information, mainly
because the material is mostly composed of inert carbons with strong
absorbance bands, XRD and RS data were processed to evaluate the
variation of I, / (I, + I;) and L, with the thermal treatment temperature. The
results are presented in Figure P4-3 — ¢ and show that the disorder ratio,
after an initial decrease (from 51.72% to 49.94% at 80 and 150 °C,
respectively), reaches a maximum at 250 °C (53.02%) and then a minimum
at 350 °C (44.37%), before increasing again for higher temperatures. L,
shows an inverse trend with respect of I, /(I + I;) at all temperatures but
350 °C and presents a minimum at 450 °C (32 A). Such behaviour can be
attributed to the subsequent processes of GO reduction and Starch
degradation, which are superimposed in the range of 250-300 °C. A
summary of main XRD peaks position and calculated structural parameters,
and of RS deconvolution parameters and resulting I, / (I, + 1) ratios for the
thermally treated materials can be found in Table S4-6-7. Changes in
coatings morphology with temperature were also observed with SEM
imaging, with development of small of cracks at 350 °C (Figure P4-3 — d)
and their enlargement at 550 °C (Figure P4-3 — e). Finally, TEM imaging
shows the recovery of the graphitic structure of reduced GO after the
treatment at 350 °C. As a result of the evaluation of the thermal behaviour
of the GO-StC electrodes, the temperature of 350 °C appear to be the
highest possible without affecting the structural integrity of the coatings. This

is allowed by the residual oxygen functionalities in rGO after its partial
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reduction which preserve the bonding sites between rGO and Starch
molecules, as indirectly confirmed by the evaluation of the resulting

electrochemical properties discussed in the following paragraphs.
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Figure P4-3 — Thermal behaviour of GO-StC coatings. TGA and dTGA of (a) GO-St-gel,
GO-8t, GO, St and (b) GO-StC, StC, AC. (c) Variation of Ip/(Ip+Is) ratio and La with the
temperature. SEM images showing development of cracks after thermal treatment of GO-
StC electrodes at (d) 350 and (e) 550 °C (scale bars 100 um). (f) TEM image showing
reduced GO after thermal treatment at 350 °C (scale bar 2 nm).

2.3. Electrochemical performance of GO-StC electrodes

To understand the role of GO amount on electrochemical performance of
GO-StC electrodes, all-solid-state supercapacitors were assembled as
symmetrical cells using poly(vinyl alcohol) (PVA)/H3sPO4 as electrolyte gel,
which also behaves as separator, and the rGO paper as current collector.
Cyclic voltammetry scans (CVs) at 100 mV s™! for GO-StC electrodes with
different GO contents ranging from 0% (StC) to 7.5% are shown in Figure
P4-4 — a. Electrodes with GO content of 10% (GO-C) have been excluded
as the coatings did not possess acceptable structural robustness. Quasi-
rectangular CVs can be observed from the 3.3%, as well as a progressive
widening of subtended area up to the 5%. This is directly linked to an
improved electrochemical capacitance and a reduced electrical resistance
of the electrodes. The beneficial effect of GO on electrochemical

performance of assembled supercapacitors is confirmed by the triangular
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and symmetric galvanostatic charge-discharge cycles (GCDs) at a current
density of 1 A g'presented in Figure P4-4 — b. The specific capacitance,
calculated from GCDs discharge profile at 0.5 A g*' (Figure S4-3), increased
from 91.8 F g of StC (without GO) to 111.2 F g of the cell with 5% GO,
and decreased for higher GO inclusions (Figure P4-4 — c). On the other
hand, the equivalent series resistance (ESR), calculated from the initial
potential drop of GCDs discharge profile at 4 A g (Figure S4-3), initially
increased from 6.62 Q of StC to 8.02 Q for 2% GO, and then dropped to
~5.07 Q for GO amount between 3.3 and 6.67% (Figure P4-4 — c). The
improved performance with the increase in GO content up to 5%, where it
is present in the GO-St-gel binder in equal amount with starch, can be
attributed to an indirect contribution of the optimised binder. Particularly, it
promotes a transition from a planar and not perfectly homogeneous coating
with poorly distributed CB clusters to a 3D structured morphology with
evenly distributed CB particles among ACs, as previously discussed.
Moreover, the enhanced charge storage capability upon GO inclusion could
also derive from a direct contribution of fast red-ox reactions taking place
near GO sheets due to the presence of oxygen functional groups [61]. The
decrease in specific capacitance and increase in ESR occurred when GO
amount was increased to 6.7 and 7.5%, respectively. As a consequence of
the latter, St amount was reduced to only the 3.3 and 2.5%, respectively, of
the electrode material leading to an insufficient presence of amylose and
amylopectin molecules (i.e., the crucial components providing binding
capability to the GO-St gel). Subsequently, the observed detrimental effect
on both specific capacitace and ESR is likely due to a lack in both cohesion
between carbon particles of the coating and in its adhesion on the current

collector.

The electrochemical performance of optimised GO-StC electrodes with

5% GO inclusion were further investigated at varying thermal treatment
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temperatures from 80 °C (only-dried after coating) to 550 °C. CVs at 100
mV s’ and GCDs at 1 A g (Figure P4-4 — d-e) describe an improved
electrochemical behaviour up to 350 °C, and a clear drop in performance at
higher temperatures. In particular, Figure P4-4 — f shows the specific
capacitance at 0.5 A g' reaching a maximum of 149.5 F g-! at 350 °C before
sharply decreasing to 113 and 98.12 F g at 450 and 550 °C, respectively.
The ESR at 4 A g also reaches its optimum at 350 °C, with a value of 3.92
Q (Figure S4-4). Performance improvement with thermal treatment, at
temperature up to 350 °C, can be directly linked to the beneficial effects of
GO reduction [42]. Upon heating, more oxygen functional groups and
intercalated water molecules are released as CO2, CO and vapour,
complementing the recovery of sp? carbons lattice and, consequently, of
electronic properties of graphene started during the gelation of the binder
[40]. This directly accounts for the optimisation of both specific capacitance,
due to the enhanced charge transfer process [42, 62], and ESR, thanks to
the improved electrical conductivity [63]. Conversely, the decrease of
electrochemical properties after a thermal treatment at higher temperatures,
namely 450 and 550 °C, can be ascribed to multiple factors affecting charge
transfer. The first is undoubtedly starch degradation, which starting
temperature was estimated at ~250-300 °C from TGA results and with clear
evidence of coating structure cracking at 550 °C from SEM imaging, as
previously described. Additionally, the exposure at higher temperatures
leads to a more extensive reduction of GO and thus to a removal of all the
residual oxygen functionalities that positively contributes to charge storage
capabilities [61, 64]. This explains the sharp drop in specific capacitance,
while the less severe impact on ESR is likely due to a balance between the
negative effect caused by the loss of cohesion and adhesion due to starch
degradation, and the increased electrical conductivity thanks to GO

reduction.
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Figure P4-4 — Electrochemical characterisation of supercapacitors. (a) CV curves at
a scan rate of 100 mV s and (b) GCD curves at a current density of 1 A g for GO-StC
electrodes with varying GO amounts. (¢) Variation of specific capacitance and equivalent
series resistance (ESR) with GO amount. (d) CV curves at a scan rate of 100 mV s*! and
(e) GCD curves at a current density of 1 A g™ for GO-StC electrodes with varying thermal
treatment temperatures. (f) Variation of specific capacitance and ESR with the
temperature.

2.4. High electrochemical performance of thermally treated GO-StC
electrodes

The symmetrical cell assembled with GO-StC electrodes containing 5% GO
and thermally treated at 350 °C (rGO-StC@350) resulted as the best
performing supercapacitor. It was further evaluated through a full
electrochemical characterisation, while dried-only GO-StC and StC
electrodes (GO-StC@80 and StC@80, respectively) were considered for
comparison. The rGO-StC@350 cell exhibits desirable charge storage
capabilities and rate performance, as shown in quasi-rectangular CVs from
10 to 400 mV s™' and symmetric triangular GCDs from 0.2 to 6 A g' (Figure
P4-5 — a-b). It also provides a high specific capacitance of 173.8 F g' at 0.2
A g with a capacitance retention of 60.5% (105.2 F g'') at the high scan

rate of 6 A g-' (Figure P4-5 — c¢), where the minimum recorded ESR value of
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3.89 Qs found. GO-StC@80 and StC@80 cells both provides lower charge
storage capabilities over all the tested currents, having a specific
capacitance of 125 and 105.9 F g’ at 0.2 Ag™ and of 78.5 and 51.2 F g
at6 A g (with ESRs of 4.94 and 6.18 Q), respectively. It is also worth noting
the increased rate performance from StC@80 to GO-StC@80, with
capacitance retentions of 48.3 and 62.8%, respectively. According to
equation (P4-60) and (P4-61), the increase of specific capacitance and the
reduction of ESR upon GO inclusion and its subsequent reduction at 350
°C determine the increase of the maximum gravimetric energy and power
densities from 14.71 Wh kg™ and 7.75 kW kg™ (StC@80) to 24.14 Wh kg
and 14.48 kW kg™ (rGO-StC@350) (values are summarised in the Ragone
plot in Figure S4-5). Further details of the coatings and the resulting

volumetric capacitance are summarised in Table S4-8.

Electrochemical impedance spectroscopy (EIS) measurements were
performed on selected electrodes at open circuit potential. The impedance
behaviour of the symmetric cells (schematised in Figure S4-6 — a) was
successfully modelled with the simplified equivalent circuit proposed in
Figure S4-6 — b (fitting parameters are summarised in Table S4-9). The
resulting Nyquist plots (Figure P4-5 — d) show the development of a
depressed semi-circle in the high frequency region in both GO-StC@80 and
rGO-StC@350, which is attributed to charge building up at the interface of
the current collector with the coating. The straight line with slope of ~45° at
middle frequencies can instead be related to charge transport within the
porous electrodes (i.e., transmission line behaviour) [65], with a much
quicker transition toward the capacitive behaviour (almost vertical straight
line at low frequencies) for rGO-StC@350 (occurring at 6.31 Hz, compared
to 0.32 Hz of both StC@80 and GO-StC@80). As shown in Bode and
complex impedance plots (Figure S4-6 — c-f), the middle frequency

transition is consistent with the improved capacitor time response assessed
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from the frequencies leading to a phase angle of —45° in Bode plots and
from relaxation frequencies corresponding to local maxima of the imaginary
part of capacitance (frequencies value are reported in Table S4-9). For all
the tested symmetric cells, the low frequency values of the real part of
capacitance is in agreement with results from GCDs. From fitted values of
the simplified equivalent circuit elements, it is worth noting the decreasing
trend of the series resistance (R;) from StC@80 (6.83 Q) to GO-StC@80
(4.43 Q) and rGO-StC@350 (4.12 Q), as well as the increasing coefficient
related to the phase and the parameter accounting for the capacitance of
the constant phase element representing the double layer capacitance
(Cqi—p and Cy_r, respectively). In particular, a phase value of 1
corresponding to an ideal capacitor behaviour was obtained for rGO-
StC@350. EIS analysis thus further confirms the enhanced charge transfer
dynamic upon inclusion and subsequent reduction of GO, and consequently
proves a direct contribution of the binder to the electrochemical

performances.

The rGO-StC@350 supercapacitor also possesses a remarkable
cycling stability, with a capacitance retention of 93.1% after 17,000 GCDs
at 4 Ag"' (Figure P4-5 — e). Its cycling performance after 5,000 cycles
(97.1%) outperformed both GO-StC@80 (92.5%) and StC@80 (92%). Such
behaviour confirms the structural integrity of the coatings is not affected by
the heating at the designed temperature with reduced GO sheets capable
of maintaining a fast and efficient charge storage process upon long-term
cycling. Moreover, it is possible to speculate that the fluctuation observed in
the capacitance retention could be due to the ability of graphene sheets and
residual oxygen functionalities to generate optimised ion diffusion paths
during the charge and discharge phases when electrolyte ions intercalate
through the pores [66, 67].
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All latter results confirm previous assumptions of the beneficial effects
on electrochemical performance in GO-StC electrodes with an optimised
inclusion of 5% GO into the gelled GO-St binder, which can further be
enhanced by an optimised thermal treatment at 350 °C. Finally, the bar chart
in Figure P4-5 — f shows that the specific capacitance of the optimised rGO-
StC@350 cell is the highest value reported for supercapacitors assembled
with alternative green binders processable in water, also outperforming
conventional binders used for commercially available devices and other
non-biomaterial based greener alternatives (Table S4-10) [14, 15, 18, 68-
72].
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Figure P4-5 — Electrochemical characterisation of optimised GO-StC electrodes. a
CVs at scan rates of 10 to 400 mV s™' and (b) GCDs at current densities of 0.2 to 6 A g™
for GO-StC electrodes with 5% GO after thermal treatment at 350 °C (rGO-StC@350). (c)
Variation of specific capacitance and ESR with current density and (d) Nyquist plots of
rGO-StC@350 with dried-only GO-StC and StC electrodes (GO-StC@80 and StC@80)
included for comparison. High-frequency region magnified in the inset. Markers represents
the experimental points, while solid lines the modelled behaviour with the simplified
equivalent circuit (Figure S4-6). (e) Capacitance retention during the cycling at 4 A g™ of
rGO-StC@350 °C up to 17,000 cycles. Inset showing the comparison with GO-StC@80
and StC@80 up to 5,000 cycles. (f) Comparative bar chart expressing the high
performance of the GO-St-gel (stacked bar colored in black, blue and red when referring
to StC@80, GO-StIC@80 and rGO-StC@350, respectively) among all alternative green
binders processable in water (colored in green) and conventional binders of commercially
available devices (colored in dark grey). Some non-biomaterial based greener alternatives
have also been included as reference (colored in light grey). Water is used as the only
solvent unless differently specified between brackets (*water is mixed with acetic acid).
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3. Conclusion

This work demonstrates that a hybrid and green binder can be obtained
from the gelation of an optimised mixture of a polysaccharide biomaterial,
starch, and GO sheets. Supercapacitors electrodes were then
manufactured by a conventional and industrial-ready manufacturing
process having water as the only ecological solvent and without any
hazardous substances being ever involved, including in the polymer
electrolyte gel. A further optimisation of the binder was achieved after a
thermal treatment of the electrodes, where the reduction of GO sheets fully
unlocked their capabilities to actively contribute to electrochemical
performances. The physicochemical characterisation revealed the
interactions between starch and GO and their positive effects on coatings
structure and morphology, as well as thermal treatment consequences at
varying temperatures. An extended thermal stability of the GO-St-gel binder
was also proved. Nevertheless, the electrochemical characterisation of
symmetrical and all-solid-state supercapacitor cells assembled with GO-
StC electrodes demonstrated the ability of the studied binder to provide
satisfactory cohesion between AC and CB particles and their adhesion on
the rGO paper current collector, due to the crucial role of amylose and
amylopectin molecules. Furthermore, the beneficial effects of the optimised
amount of 5% GO, and of its reduction after the thermal treatment at the
optimised temperature of 350 °C, on a fast and efficient charge storage
process were clearly evidenced. The rGO-StC@350 cell presented in this
manuscript provided a high specific capacitance of 173.8 F g' at 0.2 A g’
(that is the highest ever reported when alternative green binders
processable in water were used), good rate capabilities upto 6 Ag' and a
remarkable long-term stability with a capacitance retention of 93.1% after
17,000 charge/discharge cycles at 4 A g'. For this reason, the adoption of
the GO-St-gel as a hybrid and green binder is envisaged for the
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manufacturing of environmentally friendly and high-performance
supercapacitors as a potential solution for the continuous growth of energy

consumption and global pollution.

4. Methods

4.1. Materials

Graphite Oxide (GtO) powder (SE2430) was purchased from Xiamen TOB
New Energy. AC powder (HCE 202) was acquired from Haycarb PLC.
Starch, PVA (98-99% hydrolyzed, medium molecular weight) and H3POa4
(ACS reagent, 85 wt% in H20) were purchased from Sigma Aldrich. CB
powder (Black Pearls 2000) was supplied by Cabot Corporation. Deionized
water (MilliQ) was used throughout all the experiments. All materials were

used without further purification.

4.2. Fabrication of GO-StC electrodes.

GO-St gel synthesis

A GO aqueous dispersion (8 mg mL™") was first obtained as follows: GtO
powder (500 mg) and 50 mL of water were mixed thoroughly and probe
ultrasonicated (Dr. Hielscher GmbH UP100H, with an amplitude of 80% and
continuous pulsing) for 40 min, vigorous magnetic stirring and an ice bath
ensured a homogeneous process with controlled temperature. Then, St
granules (500 mg) were added into the GO dispersion and mixed thoroughly
with bath ultrasonication for 10 minutes. Finally, the gelation was promoted
by heating at 80 °C for 30 min with mild magnetic stirring. After cooling
down, the gel was sealed in a vial and preserved at ambient conditions for
further use. Samples of GO dispersion, GO-St blends before and after
gelation and of the final gel were drop casted onto quartz glass slides and

dried at ambient conditions for their physicochemical characterisation.
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GO-StC slurry preparation

Well-ground CB powder (500 mg) and 50 mL of GO-St hydrogel were mixed
thoroughly with overhead stirring (Heidolph RZR 50) for 1 h. Then, well-
ground AC powder (8,500 mg) was slowly added into the black slurry and
overhead stirred for 12 h. Finally, the viscous slurry was sealed in a vial and
preserved at ambient conditions for further use. The reported amount of
materials refers to the optimized GO 5-StC slurry. Different amount of St,
CB and AC were used to obtain GO-StC slurries with varying GO contents
from 2.5 to 7.5 wt% with respect of the total mass of solids. For comparison,
a GO-C and a StC slurry were prepared by sequentially adding CB and AC
to the GO dispersion (i.e., without starch and with GO accounting for the 10
wt%) and to a St-only hydrogel (i.e., without GO and with starch accounting

for the 10 wt%), respectively.

rGO paper preparation

The rGO paper was prepared as previously reported [27]. Briefly, a GO
aqueous dispersion was cast on a polymeric film and dried at ambient
conditions. Then, the obtained GO film was peeled off and annealed at
1,300 °C for 3 h under inert atmosphere. Finally, the obtained rGO film was
calendered to obtain a freestanding paper with a thickness of 40 ym and a

density of 1.18 g cm™.

GO-StC electrode fabrication

The GO-StC slurry was coated on the rGO paper using an adjustable film
applicator with a set thickness of 200 um and vacuum dried at 80 °C for 1
h. Thermally treated electrodes were obtained with further heating at varying
temperatures from 150 to 550 °C for 1 h under Argon atmosphere. Finally,
the resulting electrodes, having a mass loading of ~2.8 mg cm? and a
thickness of ~114 uym, were cut to squares of 2 cm side and preserved in a

dry atmosphere for further use. Powder samples of the coatings were
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scraped from the substrate and used for their physicochemical

characterisation.

4.3. Physicochemical characterisation

Physicochemical testing

The surface morphology and microstructure of GO-StC and StC electrodes
was observed using SEM (JEOL JSM-7900F) and TEM (JEOL JEM-
2100Plus). The crystal phase composition was analysed by transmission
powder XRD (STOE STADI P) using a CuKa generator. The chemical
structure was investigated with FT-IR (Perkin-Elmer Frontier FTIR
Spectrometer) using a MCT detector and with RS (Renishaw inVia Raman
microscope) using a 532 nm laser source (IK Series He-Cd). The thermal
stability was evaluated by TGA (Setaram SETSYS Evolution 16 TGA-
DTA/DSC).

Physical and chemical parameters calculations
XRD data were used to estimate d from the (100) or (200) bands and L,
from the (10) or (100) bands, using Bragg’s law [73] and Scherrer’s formula

[51], respectively:

A

_ P4-55

d 2 sin 0 ( )
KA

_ P4-56

¢ B cos® ( )

where 1 is the radiation wavelength, 6 is the corresponding scattering angle
of the lattice (depending on carbon material’'s nature), K is a shape factor
(equal to 1.84 for carbon materials [74]), and B is the line broadening at half-
maximum intensity of the peak. Raman spectra were processed with
multiple interbands deconvolution, as discussed in the manuscript, to obtain

the I, /(I + I;) index expressing carbons’ structural disorder [46].
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4.4. Electrochemical characterisation

Supercapacitor assembly

A typical symmetrical cell was assembled with two identical GO-StC
electrodes with the rGO paper serving as the current collector. A
PVA/H3PO4 gel was employed as both the separator and the electrolyte.
First, a PVA solution (10 wt%) was prepared dissolving PVA granules (5 g)
in water (50 mL) with continuous stirring and heating up to 90 °C for 4 h.
Then, H3PO4 (7.5 g) was added to the clear solution and stirred for 12 h to
obtain the PVA/H3POs electrolyte gel. Electrical connections were provided
by copper tape attached to the end of each electrode using silver paste and
protected with Kapton tape masking, so that an active area of 1 cm? was
obtained. Then, a drop of the electrolyte gel was casted on the electrodes
and dried for 4 h. Finally, two identical electrodes were sandwiched with a

drop of the electrolyte gel and dried overnight.

Electrochemical testing

Electrochemical performances were measured using an electrochemical
workstation (Solartron ModuLab XM MTS) in two-electrode configuration.
CVs, with scanning rates ranging from 10 to 400 mV s and GCDs, at
current densities ranging from 0.2 to 6 A g', were performed with a potential
ranging from 0 to 1 V. Cycling stability tests were conducted by GCDs at a
current density of 4 A g'. EIS measurements were acquired over a
frequency range of 10 mHz to 100 kHz with an amplitude of 10 mV at the

open circuit potential.

Electrochemical performance calculations

Electrochemical performance calculations were all performed from
discharge profiles of GCDs. In particular, the specific and volumetric
capacitance (C, F g, and C,, F cm3, respectively) of GO-StC electrodes

were calculated from GCDs as follows:
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(P4-57)
C, =pC (P4-58)

where [ is the current (A), At is the discharge time (s), m is the total mass
of both electrodes (g), 4E is the potential window (V), and p is the density
of the coating (g cm=). The ESR (Q2) was estimated from the initial potential

drop (0E) as follows:

SE
ESR = - (P4-59)

The gravimetric energy density (U, Wh kg™') and the gravimetric power

density (P, W kg™') were obtained from the following equations:

C E?

- (P4-60)
2x36
U
. P4-61
= ( )

EIS data were fitted by an equivalent circuit model approach using the
software “ZView®” from Scibner Associates. An evaluation on the variation
of the complex capacitance (C(w)) with the frequency was also performed

as follows [75]:

C(w) = C'(w) —jC"(w) (P4-62)
vy 2N w) A (7)) ]
COTiEwE O T oz@E e

where C'(w) and C"(w) are the real and imaginary part of C(w),
respectively, and w is the angular frequency. Z'(w), Z"(w), and |Z(w)| are

the real and imaginary part and the magnitude of the impedance.
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Supplementary Information

Supplementary Tables

Table S4-1 — Slurry composition of different GO-StC and reference electrodes.

Slurry name AC (wt%) CB (wt%) St (wt%) GO (wt%)

StC 85 5 10.00 0
GO-StC-1 85 5 7.50 2.50
GO-StC-II 85 5 6.67 3.33

GO-StC-1lI 85 5 5.00 5.00

GO-StC-1vV 85 5 3.33 6.67

GO-StC-V 85 5 2.50 7.50
GO-C 85 5 0 10

Table S4-2 — Main peaks positions and calculated structural parameters from XRD patterns
of GO-StC, StC, AC, GO, GO-St-gel, GO-St, and St (Figure P4-2 — a of the manuscript). d,
B and La are interplanar spacing in crystal lattice, line broadening at half-maximum intensity
of the peak and crystallite lateral size, respectively

(001) (002) (100) (10) doo1)or(002) B100)or(10) La

Sample

20(°) 26(°) 20(°) 26(°) (A) (°) (A)

GO-SIC \ 2180 |\ 4373 403 466  37.6
stc \ 2224 \ 4349  3.99 407 430
AC \ 2213 \ 4368  4.01 393 446
GO 1085 \ 4257 \ 8.15 136 128.0
ngt' \ \ 4262\ \ 201  86.9
GO-St 1107 \ 4250 \ 7.99 159 109.6
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Table S4-3 — Main features and relative assignment from FT-IR spectra of GO, GO-St-gel,
GO-8t, and St (Figure P4-2 — b of the manuscript).

Wavenumber (cm-)

Code -St- Assignment [1-3
GO-St GO-St St 9 [1-3]
gel
1’ 3586 - 3586 \
1”7 3216 - 3233 \ OH stretching
1 \ 3286 - 3310
2 \ 2931
CH2bending
3 \ 2894
4 1720 1726 1722 \ C=0 stretching
(Carbonyl)
5 \ 1642 OH bending and
stretching of absorbed
6 1615 1627 1615 \ H.O
7 1373 1356 1360 \ OH bending
8 \ 1241 C-OH bending
9 1219 1230 1225 \ C-OH stretching
10 \ 1207 CHzand C-OH bending
11 1165 \ C-OH stretching
12 \ 1148 1150 1150  C-O/C-C/OH stretching
and bending of
13 \ 1078 glycosidic bridge
14 \ 1042 C-OH bending
15 1038 - 1038 \ C-O stretching (Alkoxy)
16 \ 1014 1015 1016 C-OH bending
17 \ 998 993 995 C-O-C (Skeletal starch)
18 975 \ C-O-C stretching

(Epoxy)
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Table S4-4 - Interbands deconvolution of Raman spectra and resulting /o/(Ipo+ls) ratio of
GO-StC, StC, AC, GO, GO-St-gel, and GO-St. Deconvolution result for GO is shown in
Figure P4-2 — d of the manuscript, GO-St-gel and GO-St show similar fittings.
Deconvolution result for AC is shown in Figure P4-2 — e of the manuscript, GO-StC and
StC show similar fittings. xc, w and [ are peak position, full width at half height and peak
height, respectively.

Band Param Sample
[Fitting model] " GO-StC  StC AC GO GO-St  GO-St-gel
Xe (cm') 12315 12305 12436
D*

[Gaussian] w (cm™) \ 88.7 81.9 61.8
I (counts) 874.4 943.0 1022.6
X (cm?) 13602 13501 1334.9

/
[Gaussian] wem?') 2342 2512 3243 \
I (counts) 991.7 781.7 916.1
xc(cm') 13456 13455 13439 13534 13548  1351.0
D .

[Ps-Voigt] w(em?)  74.8 79.1 82.1 114.1 116.0 104.8
I(counts) 2817.5 2560.4 3252.3 199537 23368.8 21706.5
xc(cm?)  1557.6 1553.0 1554.2 15085  1510.0  1508.8

o

[Gaussian] w(em?') 1052  108.3  109.3 149.1 145.6 148.4
I(counts) 639.2  497.8  556.0  4381.8 53136  4051.0
X (cm?)  1607.8 1606.8 1606.1  1587.9  1587.6  1591.0

G .

[Ps-Voigt] w(em?')  63.3 61.9 58.9 65.8 66.4 62.4
I(counts) 2629.8 2323.0 28355 14119.8 16627.3  13686.1
xe (cm™) 1617.1 16176  1618.4

DI

[Gaussian] w (cm™) \ 38.8 39.0 38.1

I (counts) 11505.5 130231  12741.6
Io/(Io+lc) ratio (%) 51.72 5243 5342 58.56 58.43 61.33
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Table S4-5 — Starting, ending and peak temperatures of GO reduction and Starch
degradation for GO-StC electrode material and GO-St-gel binder compared with reference
materials (from TGA and dTGA analysis presented in Figure P4-3 — a-b of the manuscript).

Sample

Parameler  Go.stc StC AC GO stoul &t St

’z‘tﬁ’?ﬁg 132 150 122 121

i S

I;gglt(w({jg; 216 184 161 180
Maxin(‘l%n} 587 rate 3.5 18 40 15
Degrao;fgfn start _550-300 240 250 286 255
Degra?féi)on end 418 385 423 421 329
Degrad(azgcjn peak No 320 313 347 293
Maximum deg. ~12 28 67 39 1252

rate (%/°C)

Table S4-6 — Main peaks positions and calculated structural parameters from XRD patterns
of GO-StC coatings thermally treated at varying temperatures (a). d, B and L, are
interplanar spacing in crystal lattice, line broadening at half-maximum intensity of the peak
and crystallite lateral size, respectively.

Treatment (002) (10) dwo2y Bpo) La
temperature (°C) 20(°) 20(°) (A) (°) (A)
80 21.89 43.73 4.06 4.66 37.6
150 2217 43.86 4.01 3.88 45.1
250 21.72 4352 4.09 463 37.8
350 21.84 43.72 4.07 4.52 38.7
450 21.67 43.88 4.10 5.27 33.2
550 2224 43.66 3.99 3.81 459
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Table S4-7 - Interbands deconvolution of Raman spectra and resulting /o/(Io+ls) ratio of
GO-StC coatings thermally treated at varying temperatures (Figure S4-1 — ¢). xc, w and /
are peak position, full width at half height and peak height, respectively.

Band Treatment temperature (°C)
[Fitting Param.
model] 80 150 250 350 450 550

Xe (cm™) 1360.2 1343.6 13504 1365.0 1343.6 13429
w (cm™) 234.2 2243 222.6 264.2 2371 250.6
I (counts) 991.7 967.8 630.9 11854 9471 10523
Xe (cm™) 1345.6 13452 13447 1346.3 1344.7 13443
[Ps-eoigt] w (cm™) 74.8 78.7 74.4 88.1 76.1 80.7
I (counts) 2817.5 3156.9 2273.8 2216.0 3023.5 2980.2
Xe (cm™) 1557.6 1539.2 15471 15524 15515 15447

/
[Gaussian]

DII _1
[Gaussian] w (cm™) 105.2 100.4 112.7 114.0 111.6 107.3
I (counts) 639.2 783.1 440.5 949.1 610.5 597.6
xc (cm™) 1607.8 1606.5 1606.8 1606.8 1606.1 1606.4
G -1
[Ps-Voigt] w (cm™) 63.3 58.7 61.8 64.3 59.9 60.2
I (counts) 2629.8 31644 2014.8 2778.5 2713.9 3150.1
Io/(lo*lc) ratio (%) 51.72% 49.94 53.02 44 .37 52.70 48.61

% % % % %

Table S4-8 — Electrodes coating specifications (mass loading, my; thickness, h; density, p)
and resulting specific and volumetric capacitance (C and C,, respectively; calculated at 0.2
Agh).

Electrode my h o) C Cv
(mgem?) (um) (gem?®) (Fg') (Fcm?)
StC@80 2.94 11752 0.25 1059 26.5

GO-StC@80 2.81 11417  0.25 125.0 30.7
rGO-StC@350 2.80 114.56  0.22 173.8  38.2
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Table S4-9 - Fitted values of the simplified equivalent circuit model (Figure S4-4 — b) and
capacitor properties extrapolated from experimental data for StC@80, GO-StC@80, and
rGO-StC@350 supercapacitor symmetric cells.

Supercapacitor symmetric cell

Parameter GO- rGO-
StIC@80  gic@so  stc@sso
Rs [Q] 6.83 443 412
Cint.T [S" Q] 0.02 0.01 0.01
Cint-p 0.59 0.45 0.45
Simplified Rt [Q] 0.29 0.78 0.70
model
fitting WR[Q] 4.45 8.24 3.25
values Wr [s] 1.62 3.01 0.33
We 0.62 0.53 0.47
CaiT[s" Q1] 0.08 0.13 0.27
Car-p 0.61 0.83 1.00
C’at0.01 Hz [F g] 84.6 93.9 118.5
Phase ang;?] at 0.01 Hz 729 772 771
. Mid frequency
Capacﬂfor transition [Hz] 0.32 0.32 6.31
properties
Response frequency at
_45° [Hz] 0.14 0.21 0.31
Relaxation frequency 0.05 013 0.32
[Hz]
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Table S4-10 — Comparison of specific capacitance and capacitance retention for different
supercapacitors obtained using alternative green binder processable in water and
conventional binders of commercially available devices. Some non-biomaterial based
alternatives have also been included as reference. Water is used as the only solvent unless
differently specified between brackets.

*main manuscript reference number

Potential

Specific

Capacitance

Binder Electrolyte . . . Ref.*
window capacitance retention
[s) 0,
rGO-St-gel PVAHPO: o\, 17aFg! O [RIEIRSTEr  mhis
) 0, - -1 3 3
(350 °C) gel (60 wt%) at0.2Ag cycles at4 A g work
GO-St-gel PVA/H3PO4 0-1V 125 F g* 92.5% after 5,000 This
(80 °C) gel (60 wt%) B at0.2 Ag"’ cycles at4 A g™ work
St only PVA/H3PO4 0-1V 106 F g’ 92% after 5,000 This
(80 °C) gel (60 wt%) B at0.2A g’ cyclesat4 A g’ work
1 M EtsNBF4 54 F g 97.2% after 5,000
Potato Starch in PC 01V at~0.5Ag" cycles at~1 A g’ 15
1 M EtsNBF4 44 F g 97.4% after 5,000
CMC in PC 0-5V at~0.7Ag" cyclesat~1.5Ag" 15
Potato Starch/ 1 M TEABF4 26 F g’
Guar Gum in PC 0-25V " 4t02A g’ \ 18
1M TEABF4 ~30 F g ~90% after 2,000
Starch glue in ACN 0-25V at0.5Ag"’ cyclesat 0.5 A g™ 14
1 M TEABF4 23 F g 97% after 15,000
Tragacanth Gum in PC 0-2.75V at1Ag cycles at ~2 A g 69
PVAc/poly(isoprene) 1 M Naz2SO4 0-1V 41F g \ 68
[Xylene] in H20 at~0.1A g’
PVA/PVAc §
(crosslinked with 1 MNazSOs g gy H4F QT \ 68
Naz2B407) 2 A
. 1 M NazSOq4 89F g’
Egg white in H0 0-1V at~0.1Ag" \ 68
1 M NazSOq4 106 F g’
PTFE [Ethanol] in H.O 01V at~0.1Ag" \ 68
1 M TEABF4 108 F g’ ~80% after 20,000 65-
SBR/PTFE in ACN 027V 4t02A g’ cycles at~1 A g’ 70
1 M TEABF4 112 F g ~81% after 10,000 66-
PVP [Ethanol] in PC 027V 4t A g’ cyclesat1Ag™ 72
1 M TEABF4 107 F g’ ~81% after 10,000 66-
PTFE [NMP] in PC 027V 401 Ag cycles at 1 A g-! 72
Cﬁg"g’gfg;g "’(’3’/7(;’7,‘73) IMHS0: oy 172 F g ~99% after 6,000  67-
? in H20 . at0.5Ag" cycles at 3.5 A g 71

H20]
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Supplementary Figures

Figure S4-1 — Electronic microscope imaging of GO-StC electrodes. (a-b) SEM
images showing: surface morphology of (¢) GO-StC and (d) StC coatings (scale bar 20
pum).

a b c
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Figure S4-2 — Physicochemical characterisation of GO-StC coatings at varying
thermal treatment temperatures. (a) XRD patterns, (b) FT-IR and (c) RS spectra.

247



ag b c, d
_|stC 1.0 StC| _ [2.5% GO 1o 2.5% GO
T 4 T 4
o o 0.8
5(; 2 5(; 2 3
3 B S0
£ 0 —02Ag" co f/ /Z E
S, —05Ag" S, 204
g 1Ag’ g =
34 100mvst] 92 —2Ag? 34 0.2
- - —4Ag
6 200mVs 0.0 9 ) 0.0
0 02 04 06 08 1 0 50 100 150 200 250 300 0 02 04 06 08 1 50 100 150 200 250 300
Potential (V) Time(s) Potential (V) Time(s)
e, f g h
_ |33% GO 1.0 33%GO| _ |5%GO 1.0 5% GO
T4 T4
o 0.8 o 0.8
<, s < s
3 ;Z S06 2 }Z 506
5 0 f s g° f s
e > 2 0.4 o ) 5 0.4
8 & 5" &
54 02 54 0.2
6 0.0 6 0.0
0 02 04 06 08 1 0 50 100 150 200 250 300 0 02 04 06 08 1 0 50 100 150 200 250 300
Potential (V) Time(s) Potential (V) Time(s)
is K g I
_ |6.7% GO 10 6.7%GO| _ |7.5% GO 1.0 7.5% GO
T4 4
o 0.8 o 0.8
<o ) s <, s
k] T06 B 7] | Zose
2o = o E
i c &7 g
S, 204 S, 204
8 & 5 &
54 02 54 0.2
6 0.0 6 0.0
0 02 04 06 08 1 0 50 100 150 200 250 300 0 02 04 06 08 1 0 50 100 150 200 250 300
Potential (V) Time(s) Potential (V) Time(s)
m n
1251 +StC -5.0% GOT
— =2.5% GO +6.7% GO
ko) 3.3% GO +7.5% GO 8t 1
w 100 ]
@
‘(:) \\;
S 751 ] S 6f ~ ]
(] =z
g 1 =t
(]
© L
O s0f { w4
o
b=
(5]
S 25t _ ot
w
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4

Current Density (A g’1 )

Current Density (A g'1)

Figure S4-3 — Electrochemical characterisation of GO-StC electrodes with GO
amount varying from 0 (StC) to 7.5%. (a, c, e, g, i, k) Cyclic Voltammetry Scans (CVs)
and (b, d, f, h, j, I) Galvanostatic Charge Discharge Cycles (GCDs). Same legend applies
for all CVs and all GCDs. Variation of (m) specific capacitance and (n) Equivalent Series
Resistance (ESR) with current density. Same legend applies for both panels.
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Figure S4-4 — Electrochemical characterisation of GO-StC electrodes with thermal
treatment temperatures varying from 80 to 550 °C. (a, c, e, g, i, k) Cyclic Voltammetry
Scans (CVs) and (b, d, f, h, j, I) Galvanostatic Charge Discharge Cycles (GCDs). Same
legend applies for all CVs and all GCDs. Variation of (m) specific capacitance and (n)
Equivalent Series Resistance (ESR) with current density. Same legend applies for both

panels.
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Figure S4-5 — Ragone plot of assembled SCs.
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Figure S4-6 — Impedance characterisation of supercapacitors. (a) Schematic of GO-
StC symmetric cell with equivalent circuit elements assignment (Rs12 are resistors
accounting for leads, current collectors and interparticle series resistances; Rs.eiaccounts
for the electrolyte series resistance; CPEint1-2 are constant phase elements accounting for
interfacial non-ideal capacitances; Rct1-2 account for charge-transfer resistances at
interfaces; Wo1-2 are finite length-open Warburg elements accounting for the transmission-
line behaviour of porous materials; CPEaq12 account for non-ideal double-layer
capacitances [4]). (b) Simplified equivalent circuit for EIS fittings where Rs=Rs1+Rs2*Rs-el,
CPEy=(CPEa1+CPEu2)/2, Z(Rct-CPEint-Wo)=Z(Rct1-CPEint1-Wo1)+Z(Rct2-CPEint2-Wo2). (c-d)
Bode plots of rGO-StC@350 with dried-only GO-StC and StC electrodes (GO-StC@80 and
StC@80) included for comparison. Markers represents the experimental points, while solid
lines the modelled behaviour with the simplified equivalent circuit. Capacitors response
frequency at a phase angle of -45° are specified. Variation of (e) Real and (f) imaginary
part of complex capacitance for StC@80, GO-StC@80, and rGO-StC@350. Capacitors
relaxation frequency (local maxima of C”) are specified.
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Figure S4-7 — Flow diagram of rGO-StC electrodes fabrication process.
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Chapter 7

CONCLUSIONS AND FUTURE
WORKS

7.1 Conclusions

Nowadays graphene-based materials have attracted the attention of many
researchers for the development of advanced engineering applications,
where features such as low density, high surface area, high chemical,
thermal and mechanical stability, and tuneable electrical properties could
be exploited. Those derive from the peculiar chemical structure of graphene,
consisting of a hexagonal lattice of sp?-hybridised carbon atoms. GO, in
particular, is a promising candidate to be used as a precursor for industrial-

scale processes. This is allowed by the introduction of oxygen containing
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functional groups during its synthesis from graphite, and consequently by
the ability of water and other organic polar solvents to intercalate between
interlayers spacings. In addition, although initially behaving as a thermal and
electrical insulator, electronic properties of GO can be restored with its
reduction. During the latter, oxygen groups are partially stripped, and the

conjugated network of carbon atoms is consequently restored.

The main scope of this thesis was to investigate the versatility of
exploiting GO as precursor for the manufacturing of graphene-based
materials in multiple engineering applications, namely aerogels as porous
sound absorbers and supercapacitors as energy storage devices. In order
to evaluate the effects of GO processing to the properties of the resulting
materials, the research work is in its first part related to the background and
literature review of graphene-based materials obtained from GO. It was
found that every step of the processing is crucial for the final performance
of the resulting graphene-based material, starting from the oxidation from
Graphite to Graphite Oxide, its exfoliation to Graphene Oxide, and
eventually its reduction to Reduced Graphene Oxide. For this reason, a
proper chemicophysical analysis is a fundamental tool to understand the
underlying mechanism leading to the final performance of the prototype
under investigation. While a trivial visual inspection permits, to some extent,
to establish if the reduction was successful, microscopy (such as SEM,
TEM, and AFM) and spectroscopy (such as Raman, FT-IR, and XPS)
techniques can be used to observe morphological changes and the
evolution of the chemical-structure, respectively. Moreover, XRD can be

used for crystalline phases individuation and analysis.

The thesis then proceeded toward the practical evaluation of prototypes
for the two mentioned engineering areas, through a collection of two journal

papers for each. Regarding porous absorbers, the first work presented a
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novel ultralight aerogel for the design of compact acoustic materials. An
environmentally friendly process allowed to embed templated GO and PVA
blends in structural honeycomb cores. The hydrogen bonds between the
two components resulted crucial to achieve the hierarchical porosity
responsible for the low density and the tuneable sound absorption and
transmission functionalities. Specifically, the reported average sound
absorption coefficient over the 400 — 2500 Hz reached a value of 0.79
(sample with a density of 2.10 kg m™ and a thickness of 35 mm), while the
average sound transmission loss was as high as 15.8 dB (sample with a
density of 7.41 kg m? and a thickness of 35 mm). Moreover, a semi-
analytical approach was employed to evaluate the effect of different
processing times on the acoustic properties and their relationships with the

non-acoustic properties of the material.

The second work proposed instead a chemical modification of the same
aerogel derived from GO and PVA blends, with the aim to obtain
multifunctional materials readily applicable for the automotive and
aerospace industries. Glycerol and Glutaraldehyde were used as
plasticising and cross-linking agent, respectively, leading to a more robust
structure. The attention was then focused not only on the acoustic, but also
on the thermal and mechanical properties. The modified aerogel showed an
average absorption coefficient in the critical range of 500 — 1500 Hz of 0.72
(sample with a density of 6.51 kg m™ and a thickness of 25 mm), a thermal
conductivity of 0.0424 W mK', and most importantly, a three-fold
improvement, with respect of the un-modified aerogel, of the compressive
strength and energy loss coefficient during mechanical testing. Moreover,
an additional prototype where the in-situ reduction of GO was chemically

promoted by Ascorbic Acid, showed piezoresistive capabilities.
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The first journal of the collection related to SCs demonstrates the
possibility to use rGO as an alternative active binder to fabricate EDLC
electrodes. A homogeneous carbonaceous composite with CB was
obtained having water as the only cheap and ecological solvent and GO as
dispersing agent. Afterward, the electrodes were thermally treated to
promote the reduction to rGO and thus unlocking its ability to actively
contribute to the electrochemical performances. Furthermore, an innovative
current collector deriving as well from GO reduction was exploited to
manufacture “all-graphene based” devices. rGO sheets wrapping CB
particles generated an interconnected 3D network that allowed to reach a
high specific power of 32.1 kW kg and a specific energy of 8.8 Wh kg™,
with a 1 M TEMA-BF4 in AC electrolyte.

Such intriguing results drove the research toward the green and hybrid
binder developed in the second work of the collection, where the main goal
was to develop materials and a fabrication procedure immediately
transferrable to the industry. Particularly, a water-based blend of GO and a
biopolymer, starch, was gelled and used as binder to fabricate EDLC
electrodes. AC, CB, and rGO paper were used, respectively, as active
material, conductive additive, and current collector, while a PVA/H3PO4 gel
was adopted as electrolyte. The interactions between rGO sheets and
starch molecules improved the morphology and structure of the material, as
well as its thermal stability, leading to the specific capacitance of 112.2 F g'.
Moreover, a subsequent thermal treatment at 350 °C determined a higher
degree of reduction of rGO, which further improved its contribution for a fast
and efficient charge storage process. As a result, the high specific
capacitance of 173.8 F g could be obtained, together with a high-rate
capability and a remarkable cycling stability (capacitance retention of 93.1%

after 17,000 charge/discharge cycles).
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7.2 Future Works

This doctoral research thesis documented the ability to exploit GO as
precursor for the manufacturing of graphene-based materials applicable in
two different engineering fields: ultra-light porous sound absorbers and
supercapacitors with active binders. Despite the promising results achieved
for both the cases, further developments are still required before such

materials could be transferred from laboratory scale to the industry.

Concerning porous sound absorbers, the following goal would be the
design for a specific application. Particularly, the GPA aerogel described in
the first journal paper attracted the attention of different manufacturers
involved in the commercial business for the aerospace industry. Thanks to
their feedbacks, important improvements were already achieved as
described for the modified aerogels of the second publication. The next step
would then be the scale-up of the manufacturable volume to reach the
desired size of insulating panels for secondary structures in planes cabin.
In addition, a further optimisation of the chemical modifications of the
multifunctional rGOP aerogel presented as the last prototype of graphene-
based acoustic materials could mitigate the negative impact of the process

on the fabricated material weight.

On the other hand, the effectiveness of rGO as active binder for
supercapacitors markedly increased when used in conjunction with the
biopolymer starch. Although the manufacturing process, thanks to its
simplicity, is already scalable to a bigger batch size and the specific
capacitance is among the highest ever reported for alternative green
binders processable in water, the ESR of the prototypes still needs to be
dramatically reduced. Major improvements could already be achieved with
an improved design of the pouch cells, but another factor where the

attention will be focused for the next studies is an improvement at the
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interface between the current collector and the active material. While ESR
reduction would guarantee a boost to the maximum power deliverable from
an EDLC, studies on non-organic electrolytes capable to operate at higher
rated voltages would allow to reach a dramatic increase also of the

maximum stored energy.

Finally, the broader vision of this research work is the possibility, in
future, to combine the two assessed engineering solutions in an integrated
and innovative structure possessing multifunctional abilities, such as: sound
and thermal insulation, piezo-resistivity, and electrical energy storage. Its
crucial components would be Graphene-based materials derived from GO,
allowing thus for large scale, low cost and environmentally friendly

manufacturing processes.
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