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Résume

Le mécanisme de fonctionnement d'un supercondensateur est basé sur I'électro-
adsorption d'espéces électrolytiques a la surface de matériaux d'électrodes carbonés poreux
polarisés. Le graphene est étudié comme matériau pour essayer d’atteindre des capacités de
stockage (Csp) plus élevées, car — en théorie — il présente une grande surface spécifique
maximisant le nombre d’ions adsorbés, ainsi qu’une porosité hiérarchique pour favoriser la
diffusion des ions. Cependant expérimentalement, la Csp obtenue reste limitée car les feuillets
de graphene se réagrégent. Une voie suivie pour limiter ce probléme est de placer une molécule
« hote » entre deux feuillets de graphéne, conduisant a I’obtention de graphéne ponté (PGM).
De précédent travaux ont permis de mettre en évidence de facon indirecte
(électrochimiquement) que le parametre structural d, qui correspond a la distance inter-feuillet,
peut étre modulé permettant d’atteindre des CSP plus élevées. Ces informations sont
particulierement importantes, et appellent a étre complétées par des caractérisation directes de
ces échantillons.

Aussi au cours de ces travaux de thése, I’échelle locale de ces matériaux (oxyde de
graphéne GP, oxyde de graphene réduit chimiquement rGO ou de facon hydrothermale,
graphene ponté PGM) a été sondée en effectuant des analyses WAXS, qui ont mis en évidence
que les PGM présentent des domaines de graphéne ponté qui coexistent avec des feuillets de
graphéne partiellement empilés. Des études de la méso-structure, réalisées par SANS, ont révélé
que la structure du GO évolue fortement lors des étapes de fonctionnalisation et réduction. En
effet le GO présente une morphologie en feuillet tres large avec des interfaces rugueuses, qui
se transforme en feuillets de plus petites dimensions post-réduction, et qui exhibe une
structuration 3D post-pontage. Ces analyses SANS ont par ailleurs montré la présence de tailles
caractéristiques décelables au sein des échantillons, telles que la longueur de repli R ou les
longueurs de persistance X. Une étude SANS de porosité par I’invariant, a permis de démontrer
que la méso-porosité d’un rGO est deux fois supérieure a celle d’'un PGM. Malgré cette
difference, les PGM ont montré des performances électrochimiques supérieures au rGO,
soulignant I’importance des micropores dans le processus ¢lectrochimique.

Il est important de suivre comment cette structure est impactée lorsque ces matériaux
sont soumis a des cycles de charge et de décharge rapides et répétitifs. Pour cela, des tests
électrochimiques ainsi que des caractérisations in-situ/operando ont été effectués en électrolyte

organique comprenant des cations de diamétre inférieur (TEA) ou supérieur (THA") a la



distance inter-feuillet de graphéne. L’étude WAXS a permis de constater que 1’échantillon
ponté est bien plus stable en polarisation et en cyclage, que le rGO qui souffre d’une évolution
structurale significative.

Pour aller plus loin dans I'étude des processus d'adsorption mis en jeu dans ces
matériaux, une étude de SANS in-situ, basées sur les modulations de contraste liées aux
modifications relatives de quantité de cations (contenant des atomes d’H) et d’anions (contenant
des atomes de B) a été menée. Ainsi, on constate qu’au sein de 1’échantillon ponté les ions
THA" ions sont concentrés dans la gamme de porosité autour des 14 nm, indiquant que ces ions
ne peuvent accéder a la plus petite porosité. Cet effet de blocage n’est pas observé dans le cas
du cyclage dans TEA BF4, puisque les cations TEA™ sont distribués au sein de toute la gamme
de porosité. Ainsi ces études montrent que la méso-porosité des échantillons pontés est active
dans les mécanismes de transport et de stockage.

Ces travaux de thése ont donc permis d’approfondir la compréhension de la structure
et de la porosité des matériaux a base de GO, ainsi que de caractériser 1’électro-diffusion et -
adsorption au sein de la méso-porosité des échantillons pontés. Ces travaux constituent
également une méthodologie de caractérisation qui pourrait étre appliquée a I’é¢tude d’autres
matériaux, contribuant ainsi a faire progresser les travaux sur [’optimisation des

supercondensateurs.



Abstract

The working principle of a supercapacitor is based on the electro-adsorption of
electrolytic species on the surface of polarized porous carbon electrode materials. Graphene is
being studied as a material to try to achieve higher storage capacities (Csp), because — in theory
— it presents a large specific surface area maximizing the number of adsorbed ions, as well as a
hierarchical porosity that could promote ions diffusion. However, experimentally, the Csp
obtained remains limited because the graphene sheets reaggregate. One path followed to limit
this problem is to place a “host” molecule between two sheets of graphene, leading to the
production of pillared graphene (PGM). Previous work has indirectly (electrochemically)
demonstrated that the structural parameter d, which corresponds to the inter-sheet distance, can
be modulated to achieve higher Csps. This information is particularly important, and need to be
further addressed by direct characterization of these samples.

Therefore during this PhD work, the local structure of these materials (graphene oxide
GO, chemically or hydrothermally reduced graphene oxide rGO, pillared graphene PGM) was
probed by carrying out WAXS analyses, which highlighted that PGMs exhibit pillared graphene
domains that coexist with partially stacked graphene sheets. Studies of the mesostructure,
carried out by SANS, revealed that the structure of GO evolves significantly during the
functionalization and reduction steps. Indeed, GO presents a very large sheet size with rough
interfaces, which transforms into sheets of smaller dimensions post-reduction, exhibiting 3D
structure post-pillaring. These SANS analyses also showed the presence of characteristic
structural features within the samples, such as the bending length R or the persistence length X.
A porosity SANS study using the invariant demonstrated that the mesoporosity of an rGO is
two times greater than that of a PGM. Despite this difference, PGM showed higher
electrochemical performances, highlighting the importance of micropores in the

electrochemical process.

It is important to track how this structure is impacted when these materials are
subjected to rapid and repetitive charge and discharge cycles. For this, electrochemical tests as
well as in-situ/operando characterizations were carried out in organic electrolyte comprising
cations with a diameter smaller (TEA") or larger (THA") than the inter-graphene sheet distance.
The WAXS study showed that the pillared sample is much more stable in polarization and

cycling than rGO which suffers from significant structural evolution.

To go further in the study of the adsorption processes involved in these materials, a



study of SANS in-situ, based on contrast modulations linked to relative modifications in the
quantity of cations (containing H atoms) and anions (containing B atoms) was carried out. It
was observed that within the bridged sample the THA™ ions are concentrated in the porosity
range around 16 nm, indicating that these ions cannot access the smallest porosity. This
blocking effect is not observed in the case of cycling in TEA BF4, since the TEA™ cations are
distributed within the entire porosity range. Thus, these studies showed that the meso-porosity
of the bridged samples is active in the transport and storage mechanisms.

This thesis work allowed to deepen the understanding of the structure and porosity of
GO-based materials, as well as to characterize the electro-diffusion and -adsorption within the
meso-porosity of the pillared samples. This work also constitutes a characterization
methodology that could be applied to the study of other materials, thus contributing to

advancing work on the optimization of supercapacitors.
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General introduction

Carbon based materials are of interest in a wide variety of applications ranging from
fuel cells, to filtration devices, or to hydrogen storage and supercapacitors etc. Their specific
macroscopic (shape and size of particles, density, thermal and electric conductivity, etc.) and
microscopic properties (porosity, chemical functionalization, etc.) can be tuned to target
specific application. There is a large range of carbon materials that can be created by changing
the carbon precursor and by controlling the synthesis chemistry. Moreover, research on carbon-
based materials is very dynamic and has recently been growing. Their low cost, high electrical
conductivity, surface functionality and their nano and microstructures properties make them a

good choice of materials for energy storage technologies: supercapacitors and batteries [1].

Among various carbons, activated carbons (ACs) have been widely studied for SCs
applications owing to their high specific surface areas (SSA), low material costs, and their
tunable porous structures [2]. This porous structure triggers lot of researches to understand the
capacitance to porosity relationship. Furthermore, studies on carbide-derived carbons (CDCs)
revealed that in addition to high surface areas, matching pore sizes to electrolytic ion sizes also
enables to reach high capacitances [3]. The problem of ACs is that their porous structure is not
hierarchical which limit the ions diffusion and hence their capacitance as a supercapacitor
electrode. Among other carbon derivatives tested, graphene has been studied as an electrode
material candidate due to its high theoretical SSA, high electrical conductivity, hierarchical
porous structure that should theoretically lead to high capacitance. Indeed, graphene is expected
to display an electrochemical double layer specific capacitance of 550 F/g [4]. However,
graphene produced by the up-scalable chemical exfoliation of graphite, yielding reduced
Graphene Oxide (rGO), which is not a single rGO sheet but rather a stack of rGO sheets. Since
stacking impedes the exploitation of the surface area of graphene, numerous three-dimensional
(3D) assemblies of graphene such as aerogels are being investigated to address this issue, with
particular focus on optimizing the material porosity and surface area. However, the graphitic
stacking in reduced graphene-based materials has an inter-layer spacing very slightly higher
than graphite which is too narrow to accommodate electrolytic ions in supercapacitors (SCs).
In order to prevent the graphene sheets from restacking, the strategy of pillaring has been
introduced to limit this effect using organic linkers locking apart graphene sheets (Figure 1)
[5]. These molecular pillars are covalently grafted on graphene, in order to prevent molecular

spillage over time promoting expanded graphene structure stability. This opens the door to a
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new tailor-able family of graphene-based materials incorporating alkyl-diamine linkers of
different lengths yielding a 2D porosity accessible to electrolytic ions, thereby potentially

increasing the storage performances of supercapacitors.

Figure 1 schematic representation of a cross linking (CL) or pillaring using hexamethylene diamine as an
organic pillar.

The ability to tune the structure and properties of graphene-based materials represent
a big advantage in optimizing their structural, electronic, and chemical properties, thereby
enhancing their electrochemical performance. This level of control can be achieved through a
variety of means, including selecting specific reduction methods, incorporating pillaring
techniques, or introducing functionalization. Research mainly focused on the development of
these materials and on the study of their electrochemical performances. While studies
correlating electrochemical performances and chemical or structural properties can be found in
the literature. However, and to the best of our knowledge, the multi-scale comprehensive
characterization of graphene-based materials has not been addressed, particularly in terms of
their mesostructural and morphological properties. For a better understanding of these
materials, their structural characterization should be completed by unveiling their mesoscale
structural features; all the more that hierarchical porosity is a pre-requisite property for SC
operation. It is also important to recognize that understanding their multiscale structural and
chemical properties is pivotal to adapt the design of these materials in order to reach higher
performances. Therefore, to fully harness the potential of graphene-based materials, a
comprehensive approach that integrates structural and morphological analysis, electrochemical
investigation, and physicochemical characterization is essential. As these materials are
subjected to fast and repetitive charge and discharge cycles, revealing how they interact with
ions during these processes and how their structure and morphology are impacted is
fundamental. It not only would shed light on the long-term stability and durability of these

graphene-based materials, but it would also provides a fundamental knowledge of these
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materials for further enhancements in the design and utilization in SCs. All together, these
perspectives would not only enhance our understanding of these materials but it would also

unlock new avenues for advancements in supercapacitor technology.

Therefore, this thesis aims at understanding the structure of these graphene-based
materials and the adsorption/desorption mechanisms, in order to gain fundamental knowledge
and in fine to optimize their design as supercapacitors electrodes. To reach such objective, a
multi-scale advanced characterization methodology has been devised. Considering the
complexity of the structure and porosity of these materials, this methodology consists in i) a
thorough characterization of the sample microstructure and hierarchical porosities, ii) analyzing
their electrochemical performances, and iii) studying their behavior and evolutions in real time
during SC operation.

During the first part of this PhD, the characterization methodology that was used
involving a multiscale characterization that required the combination of different
characterization techniques (Figure 2). XRD allowed probing the crystalline nature of
materials, providing insight on the local structure, crystal size, and interlayer spacing. In
contrast, SEM provided morphologic images at a meso to macroscale resolution (> 10 nm),
providing a visual observation into the morphology, surface features, and the macro-porosity
of the material. Gas adsorption, particularly the BET method, was used to quantify surface area
and porosity, giving indication of the ability of the materials to adsorb and store ions. However,
the morphology and the internal structure of the mesoscale can not be observed using the gas
sorption techniques. Indeed, Small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) were highly valuable, offering the possibility to characterize the sample
structure at the mesoscale and macroscale. In addition, SAS techniques have the unique
advantage to get access to the whole porosity as they can probe both open and closed porosities.
In addition, their physicochemical properties, notably the degree of reduction and pillaring
efficiency were assessed using TGA, XPS, EA, and TPD-MS. Through this study, a
comprehensive analysis of graphene-based materials was conducted, encompassing the
determination of both porosity and chemical properties. The acquired insights into these aspects
served as a foundation for a deeper understanding of the electrochemical performances of the

graphene-based materials.
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Figure 2 Multi-scale approach used to study the graphene based materials.

The second part of this thesis was dedicated to understanding the materials behavior
in real time as a supercapacitor electrode. The influence of the physicochemical properties and
structure or porosity of graphene-based materials on their electrochemical performances was
studied. Furthermore, an advanced in-situ/operando SAXS/WAXS study using a synchrotron
radiation was performed to reveal the structural evolution during cycling and polarization of
the graphene-based materials. Since the electrochemical process in SCs is very fast, a
synchrotron beam was necessary to perform operando measurements. In addition, we took
advantage of the sensitivity of SANS to the adsorbed ions and performed an in-situ SANS

experiment to reveal the location of ions inside the pore of different sizes.

This thesis work allowed to deepen the understanding of the structure and porosity of
GO-based materials, as well as to characterize the electro-diffusion and -adsorption within the
mesoporosity of the pillared samples. This work also constitutes a characterization
methodology that could be applied to the study of other materials, thus contributing to

advancing work on the optimization of supercapacitors.
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1 Background on graphene

Graphene, was first isolated in 2004, as a one-atom-thick sheet of sp? carbon atoms
arranged in a hexagonal lattice making it the first single layer fully exfoliated two-dimensional
material [1]. Its unique atomic structure gives rise to a wide range of properties such as high
electrical conductivity. The electron mobility in graphene is extremely high exceeding
2x10° cm? v 1 st [2] making it a good candidate in the field of electronics. Graphene is also
an outstanding thermal conductor. It dissipates heat more efficiently than copper [3]. Moreover,
it is remarkably strong with a tensile strength of 130 GPa, outperforming steel with a tensile
strength of 505 MPa, despite its extremely low thickness and due to the strong carbon-carbon
bonds [4]. Additionally, a single layer graphene exhibits nearly perfect transparency, absorbing
only 2.3% of light. Since graphene combines high electrical conductivity and transparency, it
is a material of high interest for optoelectronics and photovoltaics applications [5]. Furthermore,
it exhibits a very high intrinsic theoretical specific surface area (2600 m?/g) making it a
promising candidate for next-generation energy storage applications, particularly
supercapacitors [6]. Despite the current challenges faced in developing scalable production
method and integration within existing technologies, graphene continues to be at the forefront

of material science research.

The synthesis method used to produce graphene depends on the required quality,
quantity and application. Several synthesis methods for graphene have been developed with
different set of advantages and challenges. Each method yields a certain quantity of graphene
with a given quality (i.e. graphene with various density of defects, or of surface oxygen groups,
with different lateral sizes or with different number of layers). One of the earliest methods, that
was devised, is the mechanical exfoliation of graphite or "scotch-tape method" (Figure 1.1 a,
b) [1]. It involves the peeling off of graphene layers from graphite using an adhesive; however,

this technique suffers from difficulties in scalability and consistency.
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Graphite flakes

Figure I. 1 (a) ‘Scotch tape’ procedure, reported by Novoselov and Geim in 2004 (b) Optical microscope image

of graphene showing the presence of flakes containing one layer (1L) and few layers
(2L, 3L, 4L) [7]1[8]-

Chemical vapor deposition (CVD) is another widely used method that involves the
decomposition of hydrocarbon gases on a metal substrate, typically copper or nickel. Using this
method the production of large-area, high-quality graphene films is possible up to 30 square
inches [9]. Other graphene synthesis methods include epitaxial growth, relying on the high
temperature sublimation of the silicon atoms of silicon carbide, leaving behind a layer of C
atoms rearranging in graphene [10]. However, these methods are expensive and transferring the
CVD graphene films onto a different substrate can be challenging as it often involves the
underlying metallic substrate dissolution [11] and it is impossible to transfer graphene grown
on SiC.

The graphene production methods presented so far lie under two denominations: the
top-down method that involves the use of graphite as starting material that will be thinned down
to its most divided state graphene (scotch-tape method), and the bottom-up methods consisting
of graphene grown from carbon containing substrate (epitaxial growth) or gases (CVD growth).
Even though new advances in the development of such graphene production methods are being
made, they still yield a limited amount of material that is not compatible with graphene use in
more mass-demanding applications. Hence when larger amounts of graphene are required,
another top-down production method is used: the liquid phase exfoliation.

This latter method consists in thinning down graphite in liquid medium involving
various techniques such as electrochemical exfoliation, ions intercalation, or oxidizing graphite
using a strong chemical oxidation and then exfoliating it into graphene oxide (GO) [12]. During
this latter oxidation process, the sp? carbons network of graphene is modified with oxygen-
containing functional groups [13]. To restore the Csp? network and for a bulk production of

9
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graphene, the chemical reduction of graphene oxide is a commonly used technique [14]. This

technique opens the way towards graphene-based-materials.

The methods employed for graphene production play a crucial role in determining the
properties of the final graphene-based material [15] (Figure 1.2). Mechanical exfoliation,
epitaxial growth on silicon carbide (SiC), and bottom-up synthesis from organic precursors
have limitations in terms of scalability and cost-effectiveness. However, they are still valuable
for fundamental research and for applications not requiring mass amount of material. The
graphene obtained from these methods is also very interesting as it presents a very high quality
evidenced by low numbers of defects and surface groups. Other methods used for bulk graphene
production involve the various liquid-phase exfoliation processes, including the widely
employed (electro-)chemical exfoliation of graphite or the reduction of graphene oxide route.
The liquid-phase exfoliation of graphite (electrochemically or by ions intercalation or by sheer-
force exfoliation) leads to high-quality graphene sheets dispersed in a liquid media. However,
the low yields associated with these exfoliation processes often result in a significant amount
of non-exfoliated graphite [16]. In turn, the reduction of graphene oxide is considered as a well-
established technique for mass production of graphene-based materials. However, the resulting
graphene consists of few-layer partially-reduced graphene oxide (rGO) rather than single-layer
graphene. The quality of graphene produced this way is often lower (i.e. stacks of few rGO
layers, high density of surface functionalities and defects, Csp? domains of small dimensions)

than that achieved for graphene obtained with other methods.
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Reduction of

graphene oxide Synthesis on SiC
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synthesis

Liquid-phase
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Chemical vapour 2 = Average
deposition 3 = High

Figure I. 2 Schematic representation of most common graphene production methods. Each method is evaluated
according to graphene quality (G), as well as the cost (C) purity (P), scalability (S) and yield (Y) of the overall
process [15].

2 Graphene-based-materials
2.1 Graphene oxide

Graphene Oxide (GO) is an oxidized form of graphene containing oxygen functional
groups such as hydroxyl, carboxyl, carbonyl and epoxy groups on its surface and edges [17].
GO is produced from the oxidation and exfoliation of graphite using the Hummers' method [18]
(Figure 1.3).

Graphene oxide
Graphite oxide

Graphite

H3d0ssmegii i

@ carbon
@ oxygen

Figure I. 3 Schematic representation of the oxidation and exfoliation of graphite [19]

The introduction of oxygen groups in graphene makes it hydrophilic, allowing its

efficient dispersion in water. However, these oxygen groups disrupt the Csp? bonding

11



Chapter I: Bibliography

network leading to a significant decrease in the electrical conductivity. GO must be reduced
to decrease the amount of O groups, restore the sp? carbons network, and produce reduced
graphene oxide (rGO) (Figure 1.4), displaying an electrical conductivity reaching 2000
S/m, which is much higher than that of GO, but still lower than that of high quality graphene
(>10 MS/m) [20].

Graphene oxide Reduced graphene

Figure 1. 4 Schematic representation of the reduction of GO [19]
2.2 Reduced graphene oxide

The reduction of GO partially eliminates the oxygen-containing functional groups that
had been introduced during the graphite chemical exfoliation. However, the properties of rGO
are significantly different from those of graphene (without defect or oxygen functionalities see
Figure 1.5 a). Indeed, residual defects and functional groups remain after the reduction process
(Figure 1.5 c). The presence of these residual elements disrupts the pure sp? carbon lattice
structure of graphene, leading to a drop in electrical conductivity, thermal conductivity, and
mechanical strength when compared to pure single layer graphene. This surface chemistry
modification makes rGO less hydrophilic than GO, but less hydrophobic than graphene. rGO
properties can be fine-tuned by choosing a specific reduction method, and/or by using potential
functionalization routes, which offer opportunities for designing the material for specific

applications.
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b) Graphene oxide c) Reduced graphene oxide
(GO) (rGO)

a) Graphene

@ hydroxyl
@ carboxyl

Figure I. 5 The structural difference between (a) Graphene (b) GO (c) rGO [19]
2.2.1 Chemical reduction

Chemical reduction is indeed the most common process used to reduce GO. This
method involves the use of reducing agents that react with the oxygen containing groups in GO.
The most frequently used reducing agents are hydrazine, sodium borohydride, and ascorbic acid
(Figure 1.6), which act to eliminate oxygen functional groups and restore the m-conjugated
network of graphene. While this method is easy to perform and scalable, it often leaves residues
from the reducing agents such as the introduction of N from hydrazine in the graphene layers,

which may affect the properties of the resulting rGO [21].

GRAPHENE REDUCED
OXIDE GRAPHENE OXIDE
REDUCTION
i
N,H,
NaBH,

Ascorbic acid

Figure I. 6 Representation of the rGO production process via chemical reduction of GO [21]

Reduction using hydrazine (N2H>) is very efficient, as the strong reducing nature of

hydrazine allows for the substantial removal of oxygen groups from GO, restoring its
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conductive properties (Table 1.1). Nevertheless, hydrazine is highly toxic and hazardous,

necessitating careful handling and disposal [14].

Peng-Gang Ren et al [22] studied the efficiency of hydrazine reduction at different
temperatures and reaction time. The started GO was prepared following the Hummer’s method,
then reduced under stirring using hydrazine hydrate with a Hydrazine/GO weight ratio of 1:1
at different temperatures (15, 60, 80 and 95°C) in order to identify the most efficient reduction
parameters. At the end, the rGO powder was isolated by filtration and dried at 60°C for 24h.
XPS characterization was employed to track the evolution of the reaction by monitoring the
amount of oxygen functional groups within the material. Figure 1.7 displays the C1s high-
resolution (HR) XPS spectra and its deconvolution for GO and the different rGO. For GO, two
distinct peaks were observed at binding energies of approximately 284 and 286 eV. These were
attributed to graphitic C=C/(C—-C) and to C-O of the different oxygen-related functional groups,
respectively. The deconvolution of the C1s peak of GO, shows five peaks at 284.4, 285.7, 286.7,
288.0, and 289.1 eV, corresponding to the C—C/C=C bonds as well as C—OH, C-O of epoxide,
C=0 (carbonyl), and O=C-OH (carboxylate) functional groups, respectively. The dominant
oxygen-related group in GO appears to be the epoxide group (C-O-C). Although rGO's C1s
HR XPS spectrum presents similar functional groups as GO, most peaks exhibit lower
intensities, with the exception of the one at 285.7 eV which was assigned to the overlap between
the C—N peak which originate from the insertion of N of the hydrazine in the graphene matrix
(285.9 eV) and the C-OH (285.7 eV) peaks.
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Figure 1. 7 Deconvolution of the C1s HR XPS spectra peak of GO and rGO reduced at different temperatures:
(a) GO; (b) rGO-1 after reduction at 15 C for 100 h; (c¢) rGO-2 after reduction at 60 °C for 100 h and (d) rGO-
3 after reduction at 95 °C for 3 h [22].

The Carbon-to-Oxygen ratio (C/O) was determined from XPS data and elemental
analysis (EA) to assess the efficiency of the reduction process using hydrazine. The C/O atomic
ratio from XPS data increases from 3.0 for GO to 6.4, 10.9, 13.1 and 15.1 for rGO at 15, 60, 80
and 95 °C reaction temperatures, respectively. Although there is a slight difference compared
with EA data (1.65 for GO, 6.87 at 15 °C, 8.13 at 60 °C, 11.08 at 80 °C and 13.25 at 95 °C) a
similar trend is observed. Hence the most reduced sample is obtained when using a 95°C

reaction temperature

Another reducing agent is sodium borohydride (NaBHa4), which is less toxic than
hydrazine and offers a relatively good reduction efficiency with a reached C/O ratio of 8.6. It
can result in a significant restoration of the graphene structure [23]. However, it tends to be less
efficient than hydrazine at removing certain types of oxygen groups, particularly carboxyl
groups, leading to a less conductive sample with a conductivity that does not exceed 100 S/m
while that of graphene reduced with hydrazine hydrate shows a conductivity value exceeding
2000 S/m (Table 1.1).

Ascorbic acid (vitamin C), compared to the first two agents is the most environmentally friendly
agent for the reduction of GO. The reduction using ascorbic acid is efficient, without the need
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for toxic substances [24]. However, the reduction process with ascorbic acid can be slower
reaching 48 hours of reaction compared to the other agents, and is less efficient than that
involving the use of hydrazine hydrate as hinted by the lower conductivity reached with rGO-
VitC samples (Table 1.1). Various literature studies investigated GO reduction using other
chemical reducing agents such as hydrogen sulfide, sodium citrate, sugars ... [25]. The

aforementioned discussed examples were chosen as they were the most used and efficient ones.

Table 1.1 List of the main reducing agents for graphene oxide towards chemically reduced

graphene oxide

Agent Conditions Conductivity (S.m™) | C/O ratio Ref
NaBH4 80°C, 1h 82 4.8 [26]
RT, 2h 45 8.6 [23]

Hydrazine 100°C, 24h 2420 10.3 [14]
hydrate 80°C, 12h 1700 11 [27]
Ascorbic acid RT, 48h 800 - [24]

2.2.2 Thermal reduction

Thermal reduction consists of heating GO to high temperatures surpassing 500°C
(Figure 1.8), usually in an inert atmosphere or under vacuum. The heating induces the
decomposition and removal of the oxygen-containing functional groups, leading to the
restoration/establishment of graphene conjugated network, thereby restoring rGO electrical and
thermal properties [28] [29].

Thermal
Reduction
Heat at 300°C
Graphene Oxide Reduced Graphene Oxide
(GO) (rGO)

Figure I. 8 Representation of the rGO production process via thermal reduction of GO [30].
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Chen et al. [31] showed that the thermal reduction of graphene oxide, achieved by
vacuum-assisted thermal expansion at 250, 600, 800, and 1000 °C for 20 min, results in a
decrease in the oxygen content from 27% to 3%, and in an increase in the C/O ratio from 2.5 to

33 as the annealing temperature is increased from 250 to 1000°C as shown by XPS.

Thermal reduction can produce rGO with better electrical conductivity (up to ~10°
S/m) [32] than rGO reduced with hydrazine showing a better removal of the oxygen functional
groups specially at high temperatures. However, this process requires high energy input and

results in a higher level of defects in the graphene lattice due to the intense heat [33].

2.2.3 Electrochemical reduction

An alternative approach to the chemical and thermal GO reduction is the
electrochemical reduction method. GO is reduced by applying an electric potential in a three
electrodes setup with a calomel reference electrode, titanium mesh counter electrode, and glassy
carbon working electrode immersed in a solution containing a suspension of GO and an
electrolyte (0.5M NaNO3 [34] 0.5M NaCl [35], 0.1M KCI [36]). The reduction process can be
performed with cyclic voltammetry (CV) [37], or at a constant potential [38]. This technique
allows for the rapid and clean reduction of GO without the need for chemical reducing agents.
However, electrochemically reduced GO generally exhibits low electrical conductivity (around
~20 S/m [37]) due to its lower efficiency in removing the oxygen containing groups with a C/O
ratio not exceeding 8. Additionally, the process can be complex requiring a careful control of

the electrochemical conditions.

2.2.4 Hydrothermal reduction

Hydrothermal reduction is another efficient reduction method used to produce rGO.
This process consists of exposing (GO) water dispersions to high pressure and temperature
conditions, typically within an autoclave [39]. The hydrothermal process produces a 3D
monolithic structure through the interconnection of graphene sheets (Figure 1.9 b). To preserve
this 3D shape, the hydrothermal process is usually followed by a freeze-drying step (Figure 1.9
¢). The final material is called graphene aerogels (GA) (Figure 1.9 d) [40].
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Autoclave

Figure 1. 9 Steps for the hydrothermal reduction of GO: (a) dispersion of GO in water, (b) GA in water after the
hydrothermal reduction process performed at 180°C for 6H, (c) frozen GA (d) final GA monolith after freeze-
drying [40]

During the reduction process, the oxygen-containing functional groups on the GO
sheets are removed, restoring the m-conjugated structure characteristic of graphene, and
increasing the electrical conductivity of the material. However, the GA conductivity does not
exceed 20 S/m with a reached C/O ratio of 7 [41], which is lower than that achieved by thermal
reduction and reduction using reducing agents. These materials are lightweight and highly
macroporous. It was observed that their conductivity is affected by their density, as the
conductivity increases from 11.74 S/m to 704 S/m upon compression of the material (¢ = 80%)
[42].

GA, compared to the other rGOs, present a higher porosity due to their 3D
morphological network. This 3D macrostructure could be tuned trough controlling the synthesis
parameters and the drying method [43]. M. A. Riaz et al. [44] hydrothermally synthesized GA
(2h, 160°C) and freeze-dried it for 24h (Figure 1.10 a). The SEM images (Figure 1.10 c-d)
show randomly oriented graphene sheets and an interconnected hierarchical multi scale porosity

forming a 3D porous network with abundant voids.
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Hydrothermal

)
2hr,160°C

Figure I. 10 Graphene aerogel synthesis and its morphology. (a) Schematic showing the experimental steps and
synthetic conditions using graphene oxide as the precursor, (b) sample optical image illustrating the foam-type
structure of the GA and (c and d) SEM images of the GA [44]

It is noteworthy that hydrothermal process is not the only process yielding monolithic
structures. The macrostructure of graphene aerogels can be tailored by carefully controlling the
freezing process, which significantly influences the arrangement of graphene oxide sheets
within the monolith. Indeed Qiu et al. [45] prepared GA by freeze casting of a graphene oxide
(GO) dispersion trying to assemble graphene sheets into cork-like monoliths. The GO monolith
was partially reduced using ascorbic acid, then the solution was frozen in a dry ice bath,
followed by thawing. The sample was further reduced, freeze-dried again and finally annealed
at 200°C. In such studies, SEM observations are essential to gain insights into graphene sheet
arrangement within the monolith and its porosity. The SEM images (Figure 1.11 a,b,c) show
that the monolith exhibits a honeycomb-like cellular structure with the cell dimension in the
order of tens of micrometers and the cell walls are slightly corrugated and well oriented in a
nearly parallel manner. Using this synthesis method, they obtained a density value that varies
from 0.0005 g/cm? (corresponding to a porosity of 99.98%) to 0.005 g/cm?, showing the highly

macro-porous structure of these materials.
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Figure I. 11 (a-c) SEM images at 3 different magnifications of the graphene monolith obtained from GO
monolith subjected to combined ascorbic acid and thermal reductions . (d) Schematic representation of the
formation mechanism of the cork-like monolith by freeze casting. [45]

Another example reported by Wang et al [46] shows the assembly of graphene oxide
(GO) building blocks into a vertically and radially aligned structure obtained by a bidirectional
freeze-casting approach. The GO dispersion was frozen in a copper container, with its bottom
part immersed in liquid nitrogen (Figure 1.12 b). Hence, when GO is poured into the container,
it is subjected to two temperature gradients: one in the radial directions of the copper rod and
the other along the Z-axis (Figure 1.12 c), and hence the freezing progress in these two
directions. The ice crystals were influenced by these two temperature gradients and at the end
of the freezing step, the ice crystals within the copper mold were radially aligned. The ice was

then removed by sublimations resulting in a radially aligned graphene aerogel.
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Figure I. 12 lllustration of a radiating graphene oxide aerogel fabricated by bidirectional freezing. (a) Scheme
of the fabrication process. (b) Freezing setup. (c) Two temperature gradients induced by the upper copper mold.
(d) Model of the ice crystals growing along radial directions [46]

The macrostructure of this GO aerogel was investigated using SEM. The obtained
image of the cross section of the aerogel (Figure 1.12 a) shows that the GO sheets are lamellar
and ordered along radial directions, indicating that the ice crystals had lamellar shape during
freezing. Figure 13 ¢ shows that the distance between the lamellae decreases when closer to
the center of the mold, because the crystals grow preferentially from the edge to the center of
the copper container during freezing. As a result, the GO aerogel has a pore channel width that
decreases from the edge to the center. The BET surface area was measured to be 45.9 m?/g
using N2, with a pore size distribution varying from 1.7 to 5.6nm. After reduction, these
assemblies preserve this 3D macrostructure and showed higher absorption capacities than

traditional aerogels.
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Figure 1. 13 (a) Scanning electron microscopy (SEM) image showing a top view of a BDF G-O aerogel, (b) Side
view of the aerogel, (c) Illustration showing the decreasing width of the channels [46]

The aforementioned reduction techniques yield rGOs with different reduction degrees
and moderate to high electrical conductivities. Moreover, rGO has an intrinsically high surface
area ranging from 500 to 800 m?/g [47], which is beneficial for various applications such as
energy storage, catalysis, and adsorption. However, the accessible surface area of rGO is often
significantly lower than the theoretical value of graphene (2600 m?/g). The origin of this
limitation is the problem of restacking or agglomeration of rGO sheets, due to strong m-n
interactions and van der Waals forces [48]. The restacking of rGO sheets results in the limitation
of the access to both sides of single layer graphene; hence the number of active sites available
for interaction with other substances (such as ions in energy storage applications) is also
decreased and the diffusion of substances through the rGO structure is limited [49]. Strategies
to prevent restacking of the graphene sheets have involved the introduction of spacers or pillars’
between the rGO sheets, or functionalization of the rGO sheets to reduce the strength of the

interlayer interactions [50]. These avenues are presented in the below sub-section.

2.3  Strategies to avoid the graphene sheets restacking

Pillared graphene materials represent a solution that aims to preserve the high surface
area of individual graphene sheets through limiting the issue of restacking or aggregation of the
graphene sheets. These materials have essentially a three-dimensional (3D) architecture,
formed by inserting ‘pillars’ between individual layers of graphene, creating a more open
structure and thus increasing the accessible surface area. The 'pillars’ can be of various types,

such as carbon nanotubes, fullerenes, nanoparticles, or organic molecules. In this part, examples
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of pillared graphene materials will be presented, and the impact of the increased specific surface
area and the creation of new pores will be discussed directly in connection with the intended
purpose and the targeted application by the authors of the paper.

2.3.1 Carbon nanotubes CNTs

Carbon nanotubes (CNTSs), with their hollow cylindrical structure, have emerged as
promising candidates to be used as spacers between graphene sheets. Inserting CNTs between
graphene sheets prevents restacking and increases the active surface area. For instance, hybrid
materials constructed with vertically aligned CNTs sandwiched between graphene layers have
demonstrated an increase in adsorption sites and enhanced electrolytic ions diffusion and
showed improved specific capacitance and rate capability in hybrid supercapacitors [51].

The fabrication process of the 3D pillared CNT-graphene structures consisted of
soaking a piece of highly ordered graphite in a mixture of sulfuric and nitric acids (3:1 volume
ratio) (Figure 1.14 b). This was followed by heating to 900°C under argon atmosphere. This
resulted in the evaporation of the acid molecules trapped between the graphene layers,
triggering a significant expansion along the graphite c-axis (Figure 1.14 b). The thermally-
expanded graphene was then exposed to heat within a tube furnace at a temperature ranging
from 1000-1200°C under a flow of Ar and H> gases, passing through silicon tetrachloride
(SiClys). This step created a SiO layer that facilitated the CNTs growth. The SiO> layer is
essential to achieve uniform CNT growth. Without it, the growth can be inhomogeneous due to
issues arising from surface tension inconsistencies. In the final stage, the CNT-graphene 3D
structure was created by decomposing FePc at temperatures between 800-1000°C in an Ar/H>
environment. The resulting 3D CNT-graphene formations exhibited a notable increase in
weight and underwent a substantial volume expansion compared to the initial graphite (Figure
1.14 ¢, d).
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Figure I. 14 (a) Schematic diagram of a 3D pillared CNT-graphene nanostructure. (b) Schematic representation
of the fabrication process of the 3D pillared CNT-graphene architectures. Optical images of (c) graphite (d) the
thermally expanded graphene layers intercalated with CNTs [51]

The CNTs grew from both sides of adjacent graphene sheets as shown in the SEM
images (Figure 1.15 a, b, c). The XRD patterns of CNT-graphene with CNTs of lengths 5 and
10 pum show a shift of the (002) peak and the appearance of a broad band at 26 = 19°. Such a
band suggests the formation of regions with expanded stacking and disordered graphene sheets.
When CNT pillars extending up to 20 um are introduced within the graphitic structure, the 19°
peak significantly increased compared to the sharp peak around 27°. This confirms the idea that
longer CNT pillars tend to disrupt the stacked graphene layers, making them more disordered
(Figure 1.15 f). Compared to rGO, CNT-graphene electrode in Electrochemical Double Layer
Capacitors (EDLC) exhibited approximatively similar specific capacitance around 110 F/g at
10 mV/s indicating that the porosity was not optimized using CNT as a spacer [51].
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Figure I. 15 (a-c) SEM images of the 3D pillared CNT-graphene architectures under different magnifications.
XRD patterns of CNT-graphene after being intercalated with CNTs of different nanotube lengths: (d) 5um, (e)
10um, and (%) 20um [51]

2.3.2 Fullerenes

Fullerenes, which are carbon-based spherical structures, can be inserted between
graphene layers, creating a steric hindrance that prevents restacking and increase the active
surface area. Haraguchi et al. [52] studied the water vapor adsorption properties of different
fullerenes pillared graphene (FPG) porous materials by modifying the fullerene content.
Graphene was prepared via CVD and mixed with a dispersion of fullerene in toluene. The
fullerene molecules were observed between graphene sheets using TEM observations (Figure
1.16 a). XRD pattern (Figure 1.16 b) of the FPG shows broad peaks at 20° and 25°
corresponding to interlayer distances of 0.47 nm and 0.36 nm, corresponding to the spacing
between graphene sheets with and without fullerene insertion, respectively. In addition, a peak
below 5° is observed due to the expansion of the interlayer distances between graphene sheets
confirming fullerene insertion between two graphene layers (Figure 1.16 c¢). Graphene
structures pillared with fullerenes revealed different water vapor adsorption capacities
depending on the fullerene concentration. The porous graphene with approximately 25 + 8%
fullerenes showed the highest water vapor adsorption at 40% relative humidity (RH), showing
an increase of the adsorption active porosity. In contrast, when the fullerene content was
increased to 50%, there was a decrease in water vapor adsorption suggesting that an excess of
fullerene molecules blocks the accessible porosity, which limit the water vapor adsorption.
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Thus, for optimal adsorption capacity and uniform pore distribution, graphene with a fullerene

content of 25 + 8% was found to be the most effective.
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Figure I. 16 (a) TEM image of the FPG. Arrows indicated fullerene. (b) XRD patterns of the FPG. (c) Ideal
model of the FPG structure [52].

2.3.3 Nanoparticles

Nanoparticles have also been used as pillars for graphene-based materials, inducing
separation between graphene sheets and preventing their restacking. These nanostructured
pillars typically consist of metal or metal oxide nanoparticles such as gold, silver, titanium
dioxide, or iron oxide [47]. When introduced between graphene sheets, these nanoparticles
separate the sheets, enabling the creation of architectures that increase the graphene specific

surface area [53].

Compared to fullerenes, nanoparticles exhibit a broader spectrum in terms of size,
morphology, and composition. While fullerenes offer predominantly carbon-based spherical
structures, nanoparticles can range from spherical to rod-like or even more irregular shapes
[54]. Such diversity facilitates the formulation of nanoparticle-pillared graphene materials for

specific needs, from energy storage to catalysis, by selecting an appropriate nanoparticle type.

As revealed previously, CNTs, fullerenes, and nanoparticles can indeed provide
effective interlayer spacing in graphene-based materials. However, the use of these materials

as spacers to prevent graphene sheets from restacking has its limitations and challenges.

26



Chapter I: Bibliography

Achieving a uniform dispersion of nanoparticles and fullerenes throughout the graphene matrix
can be complicated. Indeed, aggregation of these particles may occur, affecting their ability to
serve as effective spacers [55]. Furthermore, CNTs as spacers for preventing graphene
restacking can be expensive due to the complex preparation protocol involved. Moreover, the
high density of CNTs within the graphene sheets may also have implications for porosity at this
scale, potentially limiting its accessibility [56]. Beside these nanostructured pillars, another
class of pillars exists: the organic pillars that will be less subjected to aggregation. These pillars
have also been used to prepare pillared graphene materials that have been used for different

applications such as hydrogen storage [57] and supercapacitors [58].
2.3.4 Organic molecules: alkyl diamines

Compared to the other pillaring techniques, chosen organic molecules can react with
the oxygen groups present on the graphene oxide and establish covalent bonds with GO. Due
to their diversity in structure and functionality, they have been widely studied as pillaring agents
to tune the properties of pillared graphene structures [59]. Various synthetic pathways have
been proposed in the literature for the synthesis of pillared graphene materials, including
methods such as pillaring through diazonium grafting, amine reactivity, and silylation reactions.
Herein, a specific emphasis is placed on alkyl diamines, and relevant examples from the
literature are presented. Bo, S. et al [60] studied six different alkyl diamine pillars of different
lengths and different functionalities on the alkyl chain (Figure 1.17). The preparation of the
materials involved a two-step hydrothermal synthesis starting from GO water dispersion. The
first step, carried out at 90°C for 3 hours, was performed to establish the chemical covalent
bond between GO and amines. This step was followed by a reduction reaction carried out at
180 °C for 12 hours to restore the sp? hybridized graphene structure.
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Figure 1. 17 (a) Schematic illustration of the chemical reaction between GO and amines to produce amine/rGO
composites. (b) Chemical structures of the six amine spacers showing different alkyl chain length and the
different heteroatoms present in the chain [60]

In this study, the XRD patterns after the first reaction step (Figure 1.18 a) showed a
260 peak at 10.9° for the GO aerogel (GOA — without pillars), corresponding to an interlayer
distance of 0.82 nm. After ethylenediamine (EDA) intercalation, the 20 angle of EDA/GO
shifted to 10° i.e. to a lower d-spacing. As the alkyl chain length increased, the 26 angle shifted
to 9.3° for BDA/GO and 8.4° for HDA/GO. CHDA mirrored HDA with a 20 of 8.5°
representing a d-spacing of 1.04 nm. For molecules (EA148 and Tris) with larger structures,
the complicated molecular interactions could affect the interlayer spacing. For instance, EA148,
characterized by its hydrophilic ether groups, is likely adopting a coiled or helical shape rather
than a linear one [61]. As a result, the interlayer spacing of EA148/GO is not aligned with its
chain length. Notably, Tris/fGO exhibited the highest d-spacing at 1.22 nm, representing a
48.8% increase relative to GOA. After the reduction step, multiple free-standing amine/rGO
films were prepared for supercapacitor testing. The XRD patterns (Figure 1.18 b) displayed a
distinct peak at 18° attributed to the PTFE binder. The reference sample rGO showed a broad
peak at 24.8° (d=0.36 nm), attributed to the restacking of the graphene sheets. The
diffractogramms of the diamine/rGO samples showed the appearance of new peaks below 11°
indicating the increase in the graphene interlayer spacing resulting from the grafting of spacers
with oriented molecular configuration. For these reduced samples, it was also observed that the
interlayer spacing increased with increasing alkyl chain length. The peak near 20 = 24°
represents the partial rGO restacking in certain domains of the materials. The absence or low
intensity of the peak in HDA/rGO and EA148/rGO suggests a more disordered functionalized

graphene structure. Figure 1.18 ¢ summarizes the interlayer spacing values both before and
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after GO reduction. The results show that EDA, BDA, HDA, and CHDA functionalized/pillared
graphene samples exhibit minimal change in d-spacing during the reduction process, indicating
the formation of a stable 3D graphene assembly. The slight decrease in d-spacing could be
attributed to the intrinsic shrinkage of the graphene sheets driven by the intermolecular
interactions and less electrostatic repulsions after partial removal of the oxygen containing
functionalities. In addition, BET specific surface area (SSA) using N2 gas (Figure 1.18 d)
showed that the SSA increased from 129 m? /g (rGO) to 327 m? /g (Tris/rGO) after amine-based
spacers grafting. This study confirmed that the SSA increases by limiting rGO restacking after
implementing organic pillars within the material. Furthermore, all pillared materials showed a
higher specific capacitance by at least 50% than that of rGO in both aqueous and organic
electrolytes in supercapacitors applications.
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Figure 1. 18 XRD spectra of (a) amine/GO and (b) amine/rGO composites; (¢) comparison of d spacing values
between amine/GO and amine/rGO composites (before and after the reduction); (d) nitrogen adsorption-
desorption isotherms of the amine/rGO structures [60].

Another example of organic pillared graphene assemblies was reported by Banda, H.
et al. [62]. The pillared graphene materials (RPs) were obtained following a two-step synthesis.
The first step involved graphene functionalization/pillaring with different alkyl diamines
displaying increasing alkyl chain length. The second step consisted in a reduction using
hydrazine hydrate (Figure 1.19). The aim of this work was to limit graphene restacking by

increasing and locking the distance between graphene sheets.
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Figure 1. 19 (a) Schematic representation for the Synthesis of RPs with (b) the formula of the alkyl diamines used
in H. Band et al. work [62]

XRD results revealed the presence of rGO (002 peak at 28°), indicating that there is
always a restacked graphitic portion as shown in Figure 1.20. However, the diffractogramm
also revealed the appearance of new peaks at low 20 values, assigned to the cross-linking (CL)
(pillaring). The d-spacing values were found to be 0.78 nm, 0.8 nm, and 0.86 nm for samples
incorporating alkyl diamines of 5 carbons (5 RP), 6 carbons (6 RP), and 8 carbons (8 RP)
respectively. This CL peak is absent in the non-pillared rGO, even when reduced with an
identical reducing agent (hydrazine hydrate). This observation confirms that the CL peak
originates from the insertion of diamines between the graphene layers. Moreover, the alignment
of d-spacing values with the length of the pillars, coupled with the increased spacing for the
longer aliphatic pillars, provides clear evidence of the successful pillaring. This study revealed
an enhancement of the specific capacitance by 20% for the pillared samples compared to rGO
in 1M TEABF4 in acetonitrile electrolyte in supercapacitor cell. This finding highlights the
creation of new adsorptions sites for ions adsorption by incorporating pillars and partially

preventing rGO restacking.
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Figure 1. 20 X-ray diffraction patterns of the different RPs, rGO, and GO [62]

Sections 2.2 and 2.3 respectively showed how it is possible to tune the
physicochemical and structural properties of graphene-based materials, by adjusting the
parameters of the reduction reaction (reaction time, temperature, reducing agent ...), by
modulating the GA drying conditions or by functionalization or implementation of a spacer to
increase the accessible surface area. These graphene-based materials engineering steps enable
their use in a wide range of fields, from electronics to energy storage. More specifically, in this
PhD, the focus is placed on the use of chemically and structurally tuned graphene-based

materials as electrodes for supercapacitors.

3 Graphene based materials for energy storage applications

Graphene-based materials have been extensively studied as electrode materials for
supercapacitors due to their high electronic conductivity, large surface area, chemical stability,
and tunable porosity by implementing functionalization or pillaring [6]. The first part of this
sub-chapter focuses on giving details about what are supercapacitors, while the second part

shows how graphene-based materials are beneficially used for this application.

3.1 Supercapacitors

Supercapacitors (SCs), also known as ultracapacitors or electrochemical capacitors
(ECs), stand as a unique class of energy storage devices that bridge the gap between
conventional capacitors and batteries (Figure 1.21) [63].
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Figure I. 21 Specific power against specific energy, also called a Ragone plot, for various electrical energy
storage devices [63]

When comparing batteries and SCs, batteries are known for their high energy densities
but are often criticized for their limited life time, slower charging rates, and lower power
densities. In contrast, SCs exhibit high power densities, rapid charging capabilities, and
extended life time [64]. However, they face a drawback in terms of limited energy densities and
higher costs per kwWh compared to batteries. Despite the initial cost difference, the extended
cycle life of SCs contributes to a lower price per kWh per cycle compared to batteries [65]. SCs
consist of two porous and conductive electrodes with high surface areas (mainly carbonaceous
materials), an electrolyte, current collectors, and a separator. When an external potential is
applied to charge the SC, charges accumulate on the electrodes, initiating the diffusion and
adsorption of electrolytic ions to neutralize these charges electrostatically. During discharge,
the reverse process occurs, with electrons flowing into the external circuit and ions diffusing
back into the bulk electrolyte. They store energy through the electrostatic separation of charges,

a process that similar to conventional capacitors [66].

The difference in performances between batteries and SCs can be explained by their
different electrochemical storage mechanisms. In batteries, a reversible redox reaction takes
place at the cathode and anode during the charge—discharge phase. Although Li-ion batteries
produce a high energy density and greater capacity due to the faradic nature of the charge
storage, they display a lower power density and poor cycle life due to their slow storage

processes. On the other hand, the performance of a supercapacitor depends on the specific
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surface area and scale of porosity of its electrode, that will dictate the amount and Kkinetics of
the electro-adsorption and desorption of charged ions from the electrolyte within the pores [67].
Supercapacitors (SCs) can provide high power densities in the range of 500-10000 W/Kkg. In
addition, SCs are cost-effective, have a long cycle life (often exceeding 500000 cycles), and
present a safer alternative compared to conventional batteries. Given these advantages, SCs are
becoming increasingly popular in various fields, including consumer electronics, digital
cameras, computers, security systems, regenerative braking, electric and hybrid vehicles, buses
and trains [68]. A comparative analysis of capacitors, SCs, and batteries for the electrical energy

storage is shown in Table 1.2.

Table 1.2 Comparative analysis of capacitors, supercapacitors, and batteries for the storage of
electrical energy [69].

Properties Capacitor Super-Capacitor Battery
Specific energy (Whikg) =0.1 1-10 10100
Specific power (Wikg) 10,000 500-10,000 =1000
Discharge time (s) 107% to 1072 5 to min 0.3-3h
Charge time (s) 10 %t 1073 S o min i-5h
Coulombic efficiency (%) About 100 3598 T35
Lifecycle (cycles) Almost infinite =h00,000 ~1000

Supercapacitors can be categorized into two types based on their energy storage
mechanisms. The first category, known as Electrochemical Double Layer Capacitors (EDLCs),
stores energy through the adsorption and desorption of electrolytic ions at the surface of porous
carbon-based electrode materials. In this mechanism, there is no charge transfer occurring
across the electrode-electrolyte interface (non-faradaic process) (Figure 1.22 a). The second
type, called pseudocapacitors, rely on both the electrochemical double-layer charge storage
mechanism and additional faradaic processes. The faradic process is highly reversible in nature,
occurs at or near the surface between the electrode materials, that are typically transition metal
oxides, hydroxides, or conducting polymers like polyaniline and the electrolyte (Figure 1.22
b). Such faradaic reactions might include redox reactions or battery-like intercalation/de-

intercalation mechanisms (Figure 1.22 c) [70].

33



Chapter I: Bibliography

a) . Double layer capacitor b) Pseudocapacitor c) Li-ion battery
7N 7\ 7
O+ -—OO—+ -
Mn"O, Ao o
—_ ~ &® X252 charging of&r O]
&% P &
2 |4 & K 2% %
() % 02 @ d-sc_ha)rging S0
€ ) <
@ C §. et Na' 31
¥ Mn'"OQa ,' R
current collector separator electrode

Figure 1. 22 Basic schematics for an (a) all carbon EDLC (left), (b) a pseudocapacitor (MnO>) and (c) a lithium
ion battery [71]

The distinct charge storage mechanisms in these three different energy storage devices
is manifested in each of their electrochemical signatures, as illustrated in Figure 1.23. EDLC
typically exhibit a characteristic rectangular shape in their Cyclic Voltammogram (CV). In turn,
batteries display well-defined oxidation and reduction peaks, often with a substantial voltage
separation attributed to phase changes. Classifying pseudocapacitors as supercapacitors pose a
challenge due to their faradic charge storage nature involving rapid surface or near-surface
redox reactions. Despite this, pseudocapacitors exhibit a notable EDLC contribution,
differentiating them from batteries. Moreover, their redox reactions are highly reversible and
fast, with minimal voltage separation between oxidation and reduction peaks. Importantly, the

overall CV shape closely resembles the rectangular profile associated with EDLCs [72].

a) b) c)

Current (i)
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Figure I. 23 CV curves of (a) EDLC supercapacitor (b) Pseudocapacitance supercapacitor (d) battery [72]
3.2 The importance of electrode materials porosity in SCs

The EDLC capacitance (C) for a storage mechanism based on the
adsorption/desorption of ions on the surface and the porosity of the polarized electrodes can be
obtained by: [66]
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Eo&rA

C=— (1.1)

Where ¢,, &y, d, and A represent the permittivity of the vacuum (in F/m), relative
dielectric constant of the electrolyte solution (no unit), the distance of the electrolyte ions to the
electrode surface (in m), and the ion-accessible surface area of the electrode material (in m?),

respectively.
Another critical performance parameter of SCs is the energy density (E), which can be
calculated using: [73]

1 2
E=5CV (1.2)

Where C and V are the capacitance (in F) and the applied voltage window (in V),

respectively.

Based on Equation (1.1), we might expect a direct relationship between specific
capacitance and specific surface area, suggesting that increasing the specific surface area of
porous carbons could lead to an enhancement in specific capacity. However, experimental data
have not established a straightforward relationship between specific capacitance and specific
surface area. Increasing the specific surface area of porous carbons would not significantly
enhance the specific capacitance value. Indeed it seems that increasing the specific surface area
is not the only porosity related parameter that is at play when it comes to reaching higher
capacitance. J. Gamby et al. showed that given an average EDL capacitance value of 20 uF.cm ™2
and a porous carbon with a specific surface area of 920 m?/g, the expected theoretical specific
capacitance should be up to 184 F/g. However, the real specific capacitance achieved in this
case was only 80 F/g, indicating that only 44% of the specific surface area actually contributed
to the capacitance [74]. So, this example highlights that accessibility of electrolytic ions to
adsorption-active surface area is triggered by the wide scale porosity of the sample. Indeed, it
was postulated that electro-adsorption takes place in the micropores, but meso and macropores
(i.e. hierarchical pore size distribution) are also necessary for electrolytic ions to navigate and
reach these adsorption sites. Hence, the pore structure properties (pore size, their distribution,
shape, and accessibility) present crucial parameters that influence the capacitance of porous
carbons. This porous structure controls the movement and transfer of ions, which in turn
significantly affects both the capacitance and rate capabilities of the material. Additionally, the

relationship between ions and pore size has been investigated. Chmiola et al. [75] reported an
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anomalous increase in capacitance for carbide-derived carbons (CDCs) when the pore size was
less than 1 nm (Figure 1.24). Indeed, as the pore size decreased, there was a drop in the
electrochemical double layer (EDL) capacitance. Interestingly, when the pore size was further
reduced to match the size of the desolvated ions, a significant increase in capacitance was
observed. This was associated with the proximity between ions and pore walls leading to very

tiny charge separation distance d (see Equation (1.1)).
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Figure I. 24 (a) Correlations between normalized capacitance and average pore size in an electrolyte containing
1.5 M TEABF, dissolved in ACN. Zone | represent the condition leading to CSP decrease with SSA/pore size
decrease. Zone 11 represents the conditions when pore size matches ion diameter and CSP increases; while zone
Il represents the threshold conditions. Schematic representation of solvated ions residing in pores with varying
sizes (b) >2 nm, (c) 1 —2 nm, and (d) <1nm and showing the evolution of the charge-compensation distance d
[75]

Raymundo-Pinero et al. [76] found comparable results with microporous carbon in
both aqueous and non-aqueous solutions. This enhancement in EDLC capacitance for pores

smaller than 1 nm broke the conventional understanding of electrolyte ion adsorption and EDL

formation within porous carbons [77].

For supercapacitors that rely on ion diffusion for operation, different pores types
should be at least interconnected with each other and be accessible for ions. This
interconnection between pores of different sizes is called hierarchical porosity. Figure 1.25
illustrates a typical ion diffusion path in a hierarchical porous structure: ions enter first the
largest pores (macropores > 50 nm) that serves as reservoir for electrolytic ions, and then flow

into smaller ones (2 nm < mesopores < 50 nm) that are subdivided from the larger pores. This
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pattern continues until the ions reach the smallest pores (micropores < 2 nm) where the final
adsorption occurs [78]. As a consequence, hierarchical porous carbons, characterized by their
multi-scale pores structure connectivity, have demonstrated superior performance in SCs
applications compared to traditional carbon materials [79, 80]. Several hierarchical carbon-
based materials have revealed exceptional gravimetric capacitance, surpassing 300 F/g. The
hierarchical structure, which incorporates a range of pore sizes, contributes to enhanced
electrochemical performance, showing the importance of the pore structure in SCs storage
mechanism [81 - 83].
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Figure I. 25 (a) Classification of pores based on pore width (b) Schematic illustration of an ion diffusion pattern
in a typical hierarchical porous structure [78]

As a result, more and more attention has been paid to the study of the sub-nanometer
hierarchically porous carbon. For example, graphene-based materials are specifically being
considered for their hierarchical pore distribution and the possibility to tune their structure
(functionalization/pillaring) to match the pores size to ions size [62].

3.3 Graphene-based materials in SCs

Graphene-based materials have been extensively studied as material electrodes for
supercapacitors because of their attractive physicochemical properties (high electronic
conductivity, large surface area, mechanical flexibility, and chemical stability), and their

hierarchical pore distribution providing enhanced ion accessibility [84]. Furthermore, the

37



Chapter I: Bibliography

ability to enhance these properties by introducing functionalization or pillaring further favors
its suitability compared to other carbonaceous materials. Moreover, the versatility of graphene
allows for its combination with other materials like metal oxides, polymers or conductive
nanoparticles improving the specific capacitance and cycling stability. For instance, hybrid
structures of graphene with MnO. or CoO. have demonstrated improved electrochemical
performance, by combining the high surface area of graphene with the pseudocapacitive
properties of the metal oxides [85]. In addition, the functionalization or doping of graphene
with heteroatoms (for example nitrogen) can modify its physicochemical properties, further

boosting its capacitive performance [86].

Stoller, M. et al. [87] studied the electrochemical performances of rGO prepared from
the hydrazine hydrate reduction of graphene oxide (GO). This rGO exhibited a specific
capacitance of 99 F/g and 82 F/g at a current density of 0.01 A/g and a scan rate of 20 mV/s, in
1 M TEABF; in acetonitrile (AN) and 1 M TEABF4 in propylene carbonate (PC), respectively.
These electrochemical performances are comparable to those of activated carbon (100-120 F/g
in 1.5M TEABF4 in AN) [77]. However, the exposed surface area of rGO to the electrolyte was
limited due to the restacking of the graphene sheets during its reduction (Figure 1.26 a, b)
suggesting that if the entire surface area of the graphene was accessible to electrolyte ions, there

could be a significant improvement in capacitance performance.

Figure I. 26 (a) SEM image of rGO (b) TEM image showing individual graphene sheets [87]

In another example Shi et al. [88] synthesized graphene aerogels via a hydrothermal
method followed by a freeze-drying step. The capacitance values reached were as high as 175
F/g in a 5M KOH aqueous electrolyte and at a scan rate of 10 mV/s, showing an increase of
about 60% compared to rGO reduced with hydrazine hydrate. This increase in the capacitance

was attributed to the macroporous 3D network structure of the graphene aerogels (Figure 1.27).
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Figure 1. 27 Pictures of a GO aqueous dispersion before and after hydrothermal reduction at 180 °C for 12 h;
(b) Pictures of how mechanically strong the GA obtained was, enabling easy handling and supporting weight;
(c) SEM image of the GA [88]

Pillared reduced graphene powder (6RP) and pillared graphene hydrogel (6GH) were
studied by Banda et al. [89] using 1,6-diaminohexane as organic pillars reacting with GO. In
the case of 6RP, the functionalization was followed by a reduction step using hydrazine hydrate,
and in the case of 6GH, the two steps were carried out simultaneously in a hydrothermal process
(Figure 1.28).

a
) 6-GHs

Figure I. 28 (a) 6-RPs are synthesized in two-step process: cross-linking and reduction (b) 6-GHs are
synthesized in a one-step process in an auto-clave [89].

Different pillars densities have been investigated in an attempt to optimize the
electrochemical performance of these materials. XRD shows the successful pillaring by the
presence of two distinct diffraction peaks around 25—27° and 11-13°. The peaks at higher
angles correspond to graphite stacking and indicate a degree of reduction close to that of rGO.
The peaks below 20°, corresponding to diamine intercalation and cross-linking (CL) within the
graphene sheets, shifts to smaller angles (higher d-spacing) when increasing the amount of
pillars used (Figure 1.29). The optimized 6GH and 6RP reveal a capacitance of 230 F/g and
205 F/g, respectively, at a scan rate of 10 mV/s in 1 M TEABF4 in AN. The higher values for
6GH were mainly attributed to better ion accessibility and less restacking due to the
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macroporous 3D structure. Both pillared materials show a remarkable improvement over rGO,

which has a capacitance of 100 F/g, proving once again the successful pillaring strategy.
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Figure 1. 29 XRD patterns with various pillars amount of (a) 6-RP (b) 6-GH.

In the course of related electrochemical studies, ion-sieving behavior was observed in

these graphene-derived materials [62]. CV was performed on four different graphene materials:

rGO (without pillar), and three pillared graphene materials (nRP) with n=5, 6 and 8

corresponding to the number of carbons in the alkyl chain. The pillars created an interlayer

distance of 0.78 nm, 0.8 nm and 0.86 nm respectively. Different cations with various sizes were

tested (Figure 1.30 b). A clear dependence between the d-spacing of the interlayer galleries and

the electrolytic ion sizes was observed. lons with sizes smaller than d-spacing can get access to

the newly created pores, also called graphene galleries, whereas larger ions cannot access the

surface area inside the galleries (Figure 1.30 a). This study highlights that larger ions

experience less adsorption within the porosity formed by pillaring (galleries).
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Figure I. 30 (a) Normalized CVs of RGO and RPs obtained at a scan rate of 20 mV/s in the voltage range of 0.1
to —1.0 V' vs Ag using 1 M solutions of (1) TEABF4 (® = 0.68 nm), (2) TPABF4 (® = 0.76 nm), (3) TBABF4 (® =
0.82 nm), and (4) THABF4 (@ = 0.95 nm) in acetonitrile as electrolytes.(b) lons of different sizes are sieved
based on the sizes of the graphene interlayer galleries (0.78 nm for 5 RP, 0.8 nm for 6 RP and 0.86 nm for 8
RP), resulting from using pillars of different sizes [62].
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Therefore, in the course of the previous work, a combination of electrochemical and
ex-situ solid-state NMR (ssNMR) studies were conducted on a **N pillared graphene material
with a d-spacing of 0.78 nm to assess the proximity of the cations of different sizes to the
nitrogen within the pillars [90]. Figure 1.31 a shows a lower current on the CV curves under
negative potential when larger electrolytic cations (tetraoctyl phosphonium TOP* and tetrabutyl
phosphonium TBP™) were used, indicating less adsorption of these cations in the material’s
porosity. When small tetraethyl phosphonium TEP* was used, the CV was quasi-rectangular
showing optimum adsorption at the material surface. These CVs are indirect proof that provide
insights on the amount of adsorbed electrolytic ions at the electrode material surface. Figure
1.31 b-d reveal the double-polarization transfer (H->N->P) ssNMR spectra of three different
electrodes polarized at -1.3V in the three electrolytes. When the pillared material is polarized
at -1.3V vs Ag in TEP*BF+/ACN or TBP*BF4 /ACN, clear 3P signals originating from the
adsorbed cations interacting with the *°N of the pillar are observed (Figure 1.31 c, d), revealing
proximity between these cations and nitrogen atoms in the pillars. However, when the
polarization occurred in the presence of TOP*BF4 /ACN, no signal was observed for the 3!P
(Figure 1.31 b) suggesting the absence of TOP* ions in proximity to nitrogen from the pillars
in the electrode; thus the large TOP* ions were not adsorbed within the pillared graphene
galleries. This study confirms the non-adsorption within the galleries of large ions when their
diameter is higher than the d-spacing of the pillared graphene.
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Figure I. 31 (a) CV curves of 6-GH in TEPBF4, TBPBF4, and TOPBF4/ acetonitrile (AN) 1 M electrolytes
recorded at 20mV/s. (b-d) 1D LT CPMAS {**N-} 3'P zf-TEDOR NMR spectra of 6GH electrodes after negative
polarization and various electrolytes (TOP*(a),TBP*(b), and TEP*(c) with BF4/AN), recorded using a total of 7
ms of TEDOR recoupling [90]
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Despite the insights gained from electrochemical and ex-situ sSSNMR measurements, it
is essential to recognize their indirect nature in probing the adsorbed ions. Direct
characterization methods, notably in-situ/operando measurements, are essential to understand
the adsorption mechanisms in supercapacitors. Indeed, Clare P. Grey et al. [91] employed a
combination of in-situ sSSNMR characterizations and molecular dynamics simulations to
investigate the charge storage mechanism during the charging process of supercapacitors using
a carbon electrode and 1.5M TEABF; organic electrolyte. Their findings revealed substantial
ion adsorption into the carbon pores even without an externally applied voltage. The charging
process involved three possible mechanisms: adsorption of oppositely charged ions, desorption
of similarly charged ions, and ion exchange. These mechanisms operated simultaneously during
charging. Additionally, they introduced the charging mechanism parameter, denoted as X(V,
Vo) that provides insights on the amount of adsorbed ions within the micropores at the applied
potential, to quantitatively compare the various energy storage mechanisms. This parameter is

defined as:

N(V) = N(Vo) NN
(Ncounter (V) — NCO (V)) - (Ncounter (VO) — NCO (VO)) (lQionic(V) - QiOTLiC(VO)D/e

X(V' VO) = (1 3)

Where N(V) is the total number of in-pore ions at a charging voltage V, N(Vo) is the
total number of in-pore ions at the initial voltage Vo (typically OV or OCV), and Ncounter(V) and
Nco(V) are the number of in-pore counter-ions and co-ions, respectively, at a voltage V.
Qionic(V) and Qionic(Vo) are then the net in-pore ionic charges at the two voltages, and e is the

elementary charge.

As illustrated in Figure 1.32, the charging mechanism parameter X serves as a
quantitative measure where X=+1 indicates the adsorption of ions with a charge opposite to the
applied potential, X=0 denotes ion exchange, and X=—1 implies the desorption of ions with the
same charge as the applied one. Intermediate values, such as 0<X<1 or —1<X<0, suggest the
coexistence of two energy storage mechanisms. For instance, X=0.7 indicates a charging
process characterized by a predominant mechanism involving the adsorption of ions with the
opposite sign to the applied potential, alongside with a smaller contribution of the ion exchange
mechanisms. It is important to acknowledge that in the context of initially empty pores, the

charging process must start with counter-ion adsorption (X=1), as there are no co-ions within
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the pores available for desorption. In scenarios involving empty pores, charging could further
favor the ion pairs adsorption into the empty carbon pores. Consequently, in these unique cases,
the parameter X can take values greater than 1.

charging mechanism

parameter, X
Counter-ion gl
202 adsorption X=5-¢5=* - +1
lon 4-4
¥ x=4-4_ |
s exchange 5-0-9 0
Co-ior.r e 2-4__, |
desorption 2-0

Figure I. 32 The different possible charging mechanisms for carbon pores that are initially filled with
electrolyte: counter-ion adsorption, ion exchange, and co-ion desorption. [91]

These aforementioned models provide valuable insights; however, they may not fully
capture the complexity of the pore structure or the oxygen groups that are present on the surface
of the porous carbon electrode. These models primarily focus on electrostatic capacitance,
neglecting Faradaic capacitance. Numerous questions persist regarding the reality of the device
charging process such as the distribution of ions under a certain potential in the pores of
different scales as they could be immobilized at another porosity level even before reaching
micropores, leading to an incomplete representation of the energy storage mechanism in
supercapacitors. Consequently, there is still a need for a comprehensive investigation into the
charge storage mechanism within the multi-scale pore structure of carbonaceous materials. This
underscores the importance of employing advanced techniques, notably techniques that enable
probing the mesoscale such as small angle X-ray/neutrons scattering (SAXS/SANS) to
precisely investigate the localization of ions within the diverse scales of porosity. This will help
in providing additional insights that could be used to understand the adsorption/desorption

mechanisms in SCs.

As evoked earlier, in this PhD, the focus is placed on the chemically and structurally
tuned graphene-based materials. The ability to tune the structure and properties of graphene-
based materials is one of the keys to their versatile applications in diverse fields such as
electronics [92 - 95], energy storage [96, 97] and catalysis [98 - 100]. The characterization of

these graphene-based materials is crucial for understanding their properties and performance in
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these various applications. As shown previously in Section 2.3, the local microscale was
extensively addressed either for rGO or for pillared graphene materials. XRD was used to reveal
the restacking of graphene sheet after GO reduction and the evidence of pillaring for pillared
samples. TEM was also used to investigate the micro scale morphology of graphene-based
materials. Finally, sSNMR was performed, giving evidence of the adsorption of ions within the
galleries in SCs applications. In SCs the structure and porosity of graphene-based materials are
crucial factors in determining their electrochemical performances [101]. The specific
capacitance, energy density, and power density of a supercapacitor are highly dependent on the
structural characteristics of the electrode materials. Firstly, the porosity of graphene-based
materials is critical because it directly impacts the available surface area for the storage
mechanisms. High porosity, particularly in the form of interconnected pores (hierarchical
porous structure), enhances the ions diffusion as well as their adsorption on the active sites,
which contribute to increasing the capacitance. However, the pore size distribution should be
optimized to strike a balance between maximizing surface area and ensuring efficient ion
transport. In general, smaller pores increase the surface area, while larger pores facilitate rapid
ion diffusion [102]. Secondly, the structural characteristics of graphene-based materials,
including stacked-layer thickness, interlayer spacing, and degree of disorder, significantly
influence their electrochemical performance. As it was shown in the previous (Section 2.4.3),
properly engineered interlayer spacing allows reduced restacking of graphene layers, leading to
enhanced ion adsorption and diffusion, thereby improving charge storage capacity. [103]
Moreover, the introduction of defects or functional groups can create additional active sites for
pseudocapacitive reactions, further boosting the specific capacitance [104]. However, and to
the best of our knowledge, the multi-scale comprehensive characterization of graphene-based
materials has not been addressed yet in the literature, particularly in terms of their
mesostructural and morphological properties. To address this issue and for a better
understanding of these materials, their structural characterization should be completed by
unveiling their mesoscale structural features, which play a noticeable role in SCs applications
[105]. Therefore, the aim of this PhD work is to better understand the multi scale structure and
porosity of these materials and to reveal their behaviour in real time SCs testing. The underlying
objective of such work is to get insights into the adsorption/desorption mechanisms within the
whole sample porosity scales in order to open new avenues, enabling the optimization of their
design to achieve better electrochemical performances. To help reach this objective, it is

necessary to correlate the outputs from different characterization techniques that enable probing
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different scales. More specifically, it is necessary to unveil these graphene-based samples
mesoscale structural features. To study this scale, scattering techniques are quite well adapted
but have not been used so much to specifically study such type of materials. The next section
of this chapter will describe how these techniques bridge the mesoscale gap in structural
characterizations and how they are valuable to complement the multi-scale structure and

porosity characterizations.

4 Multi-scale structure and porosity characterization

The multi-scale structure and porosity characterization studies we intend to conduct in
this PhD work will enable to uncover the structure-performance relationships. Addressing this
link is essential for optimizing the design and tailoring of graphene-based materials for SCs and

advancing the fundamental research of graphene.

Figure 1.33 gathers the different structural/morphological (XRD, SAXS, SANS, SEM,
and TEM) and porosity (gas adsorption) characterization techniques with their probed scales
[106]. SEM delivers topographic images at a resolution ranging from the meso to macroscale
(>10 nm), providing visual observations of the morphology, the surface features, and
macroporosity of the material. On the other hand, XRD allows probing the crystalline nature of
materials, providing insight into lattice parameters, phase identification, crystal size, and
interlayer spacing. Gas adsorption, particularly the BET method, is used to quantify the surface
area, porosity of materials, and pore size distribution giving insight into their capacity for
adsorption and storage. However, the morphology and the internal structure of the
micro/mesoscale (ranging from 1 to 200 nm) is not accessible using these techniques. TEM,
small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) are highly
valuable techniques for their capabilities in structural characterization at these microscale and
mesoscale. One of the primary advantages of SAXS and SANS is their non-destructive nature,
allowing for in-depth probing of materials without causing any damage. In addition, addressing
the porosity, they provide access to materials closed and open porosity in contrast to gas
adsorption techniques [107]. SAXS/SANS may also provide insight into pore size distribution,
the morphology of materials such as characteristic object shapes and sizes [108], solid density
and yield real-space information about the hierarchical structures in complex systems like
polymers and graphene-based materials [109]. Unlike many other characterization methods,

SAXS and SANS are versatile enough to be applied to samples in various states — whether solid
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or liquid. They are also suitable for a wide range of environmental conditions, enabling in-situ

and operando studies [110].
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Figure I. 33 Comparison of the ranges of pore sizes that can be probed using various types of gas adsorption
methods, optical microscopy, electron microscopy, neutron and X-ray scattering. [106]

The main differences between SAXS and SANS are summarized in Table 1.3. While

SAXS leverages the difference in electron densities, SANS relies on the variations in nuclear

scattering lengths. The unique sensitivity of neutrons to light elements and the isotopes of

elements is their greatest advantage over X-ray, making them complementary methods that,

when used together, provide comprehensive structural information [111]. Given these

capabilities, the complementary nature of the basic (XRD, SEM, TEM, BET ...) and advanced

techniques (SAXS, SANS) used for structural characterization ensures a multi-dimensional and

a multi-scale vision of the materials. These versatility and complementarity between techniques

result in revealing their complete structure and morphology.

Table 1.3: Comparative properties of neutron and X-ray small angle scattering [112]
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5 Interest of small angle scattering techniques in characterizing the
mesoscale

In the frame of this PhD, we wanted to apply this multi-scale characterization approach
on graphene-based materials including ex-situ, in-situ and operando characterizations to
address the questions arising from the adsorption/desorption mechanisms that are at play at
different porosity scale from the nanoscale to the mesoscale. It is noteworthy that the relevance
of small angle scattering techniques in probing the mesoscale of carbonaceous materials is
further stressed by the existing literature work on the study of carbon materials. Indeed, D.
Saurel et al. [113] studied various ordered carbonaceous materials such as graphite, non-porous
carbon as well as disordered ones like activated carbon (AC), carbide derived carbon (CDC),
glassy carbon (GC), and hard carbon (HC) to investigate the role and potential of SAXS and
WAXS (wide angle X-ray scattering: equivalent to XRD) in understanding the microstructure
of these materials. The SAXS/WAXS profiles show a broadening of the (002) peak of the
disordered carbons (Figure 1.34 b) in comparison to graphite and non-porous carbon which
exhibit a sharp (002) peak (Figure 1.34 a).

GC "
0 'lwaxs !“
0.1 1 10
Q (nm™) Q (nm™)

Figure I. 34 SAXS/WAXS profiles of (a) the ordered (CPC, graphite) and (b) disordered (AC, HC, GC) carbons.
The black line represent the experimental data, red, blue, orange, and green lines represent the fitted curves
[113].
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In order to understand how material microstructure affects the (002) peak, a simulation
was conducted for the (002) peak using three different microstructures (nanocrystallite, bent,
and crumpled). Figure 1.35 illustrates that the bent and crumpled microstructures induce a
broadening of the (002) peak, while the nanocrystallite model preserves this (002) peak
sharpness (low FWHM). Experimentally AC, HC, and GC profiles are closer to that of a nano-
curved layered structure (bent or crumpled) challenging the traditional models (nanocrystallite).
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Figure 1. 35 Simulation of a (002) peak with three different microstructures (nanocrystallite, bent, and
crumpled)[113].

In addition, the specific surface area (SSA) was calculated based on the SAXS fitted
data. A surface area of 493 m?/g for GC and 792 m?/g for HC were measured which may seem
surprising at first sight since GC is known to exhibit zero BET SSA and HC has a rather modest
N2 BET SSA of 30 m?/g. However, X-rays can penetrate into the bulk of particles. Thus, the
measured SAXS SSA includes closed pores that are inaccessible to gas adsorption because it is
totally closed, or connected to the surface via narrow paths that prevent N2 diffusion. Figure

1.36 summarizes the comparison of SAXS and BET SSA for all the studied samples.

48



Chapter I: Bibliography

2000 + J
W s, (SAXS)
,; 1500 -&—BET.(N,)
=
<« 1000
N
(7]
500
0

& L & & © c}'@ 0039
& F &

Figure 1. 36 Specific surface area deduced from SAXS (columns) and gas adsorption (dark red circles) for
different carbon samples [113]

In term of characterizing the material structure, SAXS and SANS are similar.
However, the variation of scattering cross-section of elements across the periodic table is very
different for neutrons and X-rays. For X-rays, it is proportional to the electrons density while
for neutrons it varies irregularly with the atomic number. The principle of SAXS and SANS is
the same, but each technique has its own specificity allowing to obtain complementary
information on the microstructure of materials. Neutrons can be scattered by all atomic nuclei
and the magnitude of the neutron waves scattered by a given nucleus is defined by the scattering
length density (SLD or p) which is dependent, in the case of a molecule, by its neutron coherent
length and volume [114]. In structural studies of biphasic materials, the scattering intensity is
dependent on this SLD but also on different factors that are related to the sample such as its

structure and its form; hence the scattering intensity is given by:

1@ = ¢VpAp?P()S(a) (1.3)

With:

¢ the particle volume fraction.

Ap = p1-p2 contrast: difference in the SLD between the particles (p1) and the medium (p2).
P(q): form factor.

S(q): structure factor.
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One key distinction between neutron and X-ray scattering lies in their respective
sensitivities to isotopic variations. For example, in neutron scattering, there is a marked
difference in the SLD values for H20 and DO [115, 116]. This allows the use of contrast-
variation fluids such as water (H20), deuterated water (D20), toluene (C7Hsg), deuterated toluene
(C7Ds), and deuterated methane (CD4) and also other deuterated solvents to study the fluid
accessibility within the porosity of the material [117, 118]. In the context provided, contrast
refers to the difference in the SLD between the solvent and the particle of interest (Ap). Isotopic
substitution in the solvent is suggested as a method to modulate this contrast. When the SLD
value of the fluid mixture matches with that of the sample, the remaining scattering is attributed
to the inaccessible porosity (Figure 1.37 b). If all the pores are accessible, the scattering
intensity reduces to zero (Figure 1.37 a). This technique (contrast-variation small-angle neutron
scattering (CV-SANS)) is widely used to investigate the open and closed porosity in porous
materials, as well as to study the accessibility of solvent to open pores.

a)

Q) U(s)] KQ)

SLDmatrix > SLDgiyig SLDmatnx" SLDﬁu-d SLDmatrix < SLD"”'d
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Figure I. 37 Qualitative representation of contrast-matching experiments with fluid saturated porous systems.
(a) All pores are accessible to fluid molecules; (b) Pores are partially accessible to fluid molecules. [119]

This technique could be used on all porous materials. Indeed, Bahadur et al. [120]

investigated the accessibility of water and toluene in Marcellus Shale samples with various
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mineral compositions. Three different Marcellus Shales, representing quartz-rich (Mar-1), clay-
rich (Mar-2), and carbonate-rich (Mar-3), were examined using CV-SANS at ambient
temperature and pressure. As explained just above, changing the solvents relative composition
will result in the modulation of the phase contrast parameter. If the solvent accesses the full
porosity, the scattered intensity becomes null when the solvent composition SLD matches that
of the solid phase. Different compositions of water, deuterated water (H.O/D20) and toluene,
deuterated toluene (H-TOL/D-TOL) are used to probe the open and closed porosity of these
three shale samples. Figure 1.38 shows the relationship between the normalized scattering
intensity at an arbitrarily chosen Q (Q=0.1 A™) and the scattering length density (SLD) of the
added liquids. It is observed that scattering intensity from the samples initially decreases with
increasing amounts of deuterated solvent in the mixture (i.e. increasing SLD), and then
increases again in a parabolic shape. In addition, the penetrating abilities of water and toluene
are different in the three samples, as shown by different minimum scattering intensities. The
contrast matching SLD of shale obtained by toluene/d-toluene (SLD ~ 4 x 10%° cm™) is higher
than the contrast matching SLD obtained by H,O/D,0 (SLD ~3.5 x 10*° cm™). These results
reveal the difference in accessibility mechanisms of water and toluene within the porosity of
the different samples due to their different sizes and to the different chemical interactions.
However, there is always a residual intensity, which means that all samples contain some

amount of closed or inaccessible pores.
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Figure 1. 38 Scattering intensity at Q=0.1 A~ for (a) Mar-1, (b) Mar-2 and (c) Mar-3 as a function of the
scattering length density (SLD) of H,O/D,0 and toluene/d-toluene (H-TOL/D-TOL) mixtures

To investigate the accessibility of water and toluene in the different porosity scales,
the fraction of closed porosity was calculated from the residual intensity (Figure 1.39). It is
evident that the accessibility of pores to water and toluene varies with pore size and that the
three samples show similar trends in their pore volume accessibility. Water was accessible to

70-80% of the larger pores across all samples. However, accessibility decreases in intermediate
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range of pore size (approximately 5-80 nm radius), reaching its lowest values around a pore
size of 25 nm, especially in the quartz-rich sample (Mar-1), suggesting that there is more closed
porosity or greater heterogeneity around this size range, compared to other size ranges.
Interestingly, this trend reverses in even smaller pores (less than 2.5 nm radius), where water
accessibility increases again to about 70-80% in all samples. The accessibility of toluene was
similar to that of water, except in the smallest pore sizes, where it significantly decreases,
especially in the clay-rich sample (Mar-3), which may be related to an abundance of closed
pores or simply that the toluene molecule is too large (kinetic diameter ~6.7 A) to fit into the
smallest pores. These results suggest that the mineral content (quartz and clay) of shale layers

could significantly influence the accessibility of pores to water and toluene.
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Figure 1. 39 The fraction of accessible pores in three Marcellus Shale samples estimated by: (a) H.O/D,0
contrast matching and (b) toluene/d-toluene (H-TOL/D-TOL) contrast matching

The previous example shows that CV-SANS is a very powerful technique to
investigate the accessibility of solvents within the mesoporosity scale. This technique could
also be used to determine the solid density of a porous material. Indeed, Z. Mileeva et al. [121]
investigated the porosity of an activated carbon (AC) using CV-SANS technique. The scattering
was modulated by filling the pores with different mixtures of hydrogenated and deuterated
toluene. Mixtures containing 100% of hydrogenated toluene, 80, 85, 90, and 100% of deuterated
toluene were used. Figure 1.40 a shows the SANS profiles of the AC in its dry state and
immersed in the different mixtures. The scattering intensity decreases while increasing the
amount of the deuterated toluene reaching its minimum at 100% of deuterated toluene (red
curve). Figure 1.40 b shows the relationship between the normalized scattering intensity at
arbitrarily chosen Q (Q=0.017, 0.025, and 0.053 A™) and the scattering length density (SLD)
of the added liquids for the measured curves (dots) and its fitting (red curve). The fitting reveals

an increase in the intensity above the point measured at 100% of deuterated toluene in a
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parabolic shape. The solid density of the AC can then be calculated from the matching SLD
giving 1.86 g/cm? using:

:b;dNa
SLD = 2ibidNa (1.4)

With:

bi: atomic neutron coherent scattering length.

d: the solid density

Na: Avogadro number (6.02x10%)

M: molecular weight of the material

The solid density is very important and can be used to estimate the material porosity knowing
its apparent density. Moreover, as shown previously, the small angles scattering techniques are
used to determine the materials SSA, for this purpose, a normalization of the scattering intensity
to the absolute intensity is imperative, and accurate normalization relies on knowledge of the

real density of the solid material.
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Figure I. 40 (a) SANS profiles of AC in its dry and immersed in different H-toluene/D-toluene mixtures form (b)
Scattering intensity at Q=0.017 A~ = Q=00025 A%, and Q= 0.053 A~! as a function of the solvents SLDs
[121].

The previous examples showed how SAXS and SANS technique can be
advantageously used to understand the mesostructure of carbon samples as well as their solid
density and mesoporosity. These techniques have been applied to the study of carbons in
supercapacitors notably in in-situ/operando modes. Indeed, thanks to the enhanced scattering
contrasts, neutrons scattering is a unique tool to reveal the diffusion and electro adsorption of
electrolyte ions in material pores of different sizes [122]. As shown previously, the sensitivity
of neutrons to the variations in nuclear scattering lengths, makes the SANS a powerful

53



Chapter I: Bibliography

technique to probe the variation of the nature and amount of adsorbed species and their
concentration within the porosity of the material. Boukhalfa et al. [123] studied the
electroadsorption of organic electrolytic ions in an activated carbon (AC) of different sizes
using in-situ SANS. A 1 M solution of tetraethylammonium tetrafluoroborate (TEABF4) salt in
deuterated acetonitrile (d-AN) was used in an activated carbon with a pore size distribution
similar to that of the carbons used in commercial double layer capacitors. d-AN was used so
that the only external hydrogen source is the cations (TEAY). The working and counter
electrodes (WE and CE) were positioned inside a quartz cuvette side-to-side at a distance of
~3-5 mm from each other so that the incoming neutron beam hits only the working electrode
(WE) (Figure 1.41) When a positive potential was applied, there is a noticeable reduction in
the scattering intensity. Conversely, the application of a negative potential leads to a clear
increase in scattering intensity as shown in Figure 42 a. Under negative potential, H-containing
TEAT cations are electrostatically adsorbed into the pores to neutralize the charge that leads to
an increase of the scattered intensity, whereas under positive potential, H-rich cations are
desorbed and replaced by anions that do not contain hydrogen, and hence the scattering intensity
decreases. Indeed, around 20% of the BF4 anions consist of neutron-absorbing B*° isotopes,
which result in an attenuation of the neutron scattering intensity when these anions are present

within the pores.

2D neutron

gdetector

Incident beam
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Figure I. 41 Schematic of the SANS measurements setup for in situ experimental studies of ion electrosorption
phenomena in microporous carbon electrodes [123]
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To better understand the ion adsorption in pores of different sizes, the SANS intensities
were compared to a baseline established at zero voltage (Figure 1.42 b). When a potential of -
2 V is applied, the scattering intensity increases by about 10%, which suggests a hydrogen (H)
enrichment within the pores. Conversely, at a potential of +2 V, the scattering intensity
decreases by about 7%, reflecting a hydrogen depletion. Slightly higher increase in scattering
intensity at negative potentials compared to the decrease at positive potentials could be
attributed to a slightly higher initial concentration of BF4 anions in the carbon pores. The
smallest pores (Q > 0.2 A™?) in activated carbon (AC) display even greater ion adsorption
capacity as shown by their higher scattering intensities, signifying increased H concentration
and a lower °B concentration at negative potentials; while at positive potentials lower
scattering intensities are observed for these pores, indicating a lower H concentration and a
higher 1°B concentration. Figure 1.42 ¢ shows the relative changes in normalized scattering
intensities at both negative and positive potentials, and illustrates more clearly the impact of

pore size on ion electroadsorption.
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Figure 1. 42 In-situ neutron scattering experiments on AC electrodes immersed into 1 M TEATFB/d-AN
electrolyte under an application of a potential between the WE and CE: (a) SANS patterns, (b) SANS profiles
normalized by the 0 V one, (c) relative changes in the intensity of the normalized SANS profiles [123].

This finding supports many previously reported results that have highlighted the
potential for enhanced ion adsorption in the small (micro) pores of many porous carbon
materials [76, 75].

6 Aim of the PhD

These above cited examples highlighted the versatility of SAXS and SANS and their
complementarity in probing the mesoscale structure, in studying the wetting and accessibility
of solvents within the mesoporosity and determining the solid density, and also in probing in-
situ the adsorption of ions within the pores of different sizes under different applied potential
in SCs. These instances emphasize that standard and advanced characterization (notably in ex-
situ, in-situ, and operando conditions) work hand in hand to get a clear picture of the multi-

scale structure and porosity of graphene-based materials. We also understand that in-situ SANS
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could bring added value to the adsorption mechanisms in SCs within an extended scale.
Therefore to study graphene-based materials we decide to define a methodology counting i) the
investigation of the reduction impact on the physicochemical and multi-scale structural
properties of rGO using two reduction methods, hydrothermal reduction and reduction using
hydrazine hydrate, ii) the study of the influence of functionalization/pillaring on the multi-scale
structure, morphology, and porosity of pillared graphene materials, underscoring their
characteristics at different scales, and iii) the understanding of the electrochemical properties
of both references (non-pillared) and pillared graphene materials by establishing a correlation
between their structural and chemical properties to their electrochemical performances. The

corresponding parts of this PhD work are further described below.

Accordingly, in the 1% part of this PhD, the different graphene-based materials were
synthesized, and a fundamental study was carried out on reduced graphene oxide including
chemically reduced GO using hydrazine hydrate (rGO), and hydrothermally reduced GO,
namely graphene aerogels (GA). The aim of this study is to understand the impact of the
reduction technique on the graphene samples multi-scale structure/porosity using a correlation
between local structural characterizations techniques (XRD, TEM), macrostructural
observations (SEM), and advanced mesostructural characterization (SANS). In addition, a
physicochemical study was conducted to assess the samples chemical properties notably their
reduction degree. This part of the work also enabled defining and qualifying the methodology

used to get access to these characterization details.

Following-up from this work, in the 2" part of this PhD, this characterization
methodology was conducted on pillared graphene materials including pillared graphene
aerogels (NGA) and reduced pillared powders (nNRP) synthesized using various alkyl diamines
with different lengths as a pillar in different concentrations. The primary impacts on the multi-
scale structure and on the materials chemistry of pillaring were identified and compared to those

of reduced graphene materials.

In the third part of this PhD, a dedicated effort was made to understand the behavior
of these materials cycled as a supercapacitor electrode. Electrochemical testing was carried out
on the samples to test their electrochemical performances. Therefore, physicochemical
properties, morphological features, and electrochemical behavior were compared in order to
find possible correlations and to highlight different chemical or structural features.
Additionally, an advanced in-situ/operando SAXS/WAXS study, using synchrotron radiation,
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was conducted to unveil the structural evolution during cycling and polarization of the
graphene-based materials. Additionally, we took advantage of the SANS contrast modulation
and performed an in-situ SANS experiment to uncover the location of ions within pores of
different sizes. The integration of these datasets aimed to provide insights into the

adsorption/desorption mechanisms in graphene-based materials.
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Chapter Il: Materials and Methods

In this chapter, the syntheses of the studied materials are detailed along with the various
characterization techniques employed and presented in Chapters 111, IV and V. The synthesis
procedures of the following samples are detailed:

e Graphene Oxide (GO)
e Chemically Reduced Graphene Oxide with hydrazine hydrate (rGO)
e Hydrothermally reduced Graphene Oxide (GA)
e Pillared Graphene Materials:
o Pillared reduced powder (6RPs)
o Pillared aerogels (nGAS)

The characterization techniques are detailed in terms of the specifications of the instruments
used and the conditions of the measurements. The techniques include:

e X-ray Phototelectron Spectroscopy (XPS)
Elemental Analysis (EA)

e Thermal Gravimetric Analysis (TGA)

e X-ray Diffraction (XRD)

e Scanning Electron Microscopy (SEM)
e Transmission Electron Microscopy (TEM)
e Conductivity measurement

e Gaz sorption analysis

e TPD-MS measurements

e Electrochemical analysis

e Small angles neutron scattering (SANS)
e Small angles X-ray scattering (SAXS)

e Wide angles X-ray scattering (WAXS)

The focus of the second part of this chapter is to provide fundamental details and specifications
of the scattering methods used in this study. In addition, the data treatments and the structural

and physical features accessible through these techniques are outlined.
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1 Material synthesis
1.1 GO synthesis

Graphite nanopowder (CAS #7782-42-5 - 400 nm APS, 99.9% purity) was purchased
from Nanostructured & Amorphous Materials Inc. and washed with hexane and ethyl acetate
prior to use to remove any possible contaminants adsorbed on the surface of the graphite sheets.
Concentrated sulfuric acid (CAS #7664-93-9 - 95-97%) and hydrochloric acid (CAS #7647-01-
0 - 37% solution) were purchased from Sigma Aldrich, sodium nitrate (CAS #7631-99-4 -
99.7%) and hydrogen peroxide (CAS #7722-84-1 - 30% solution) were purchased from VWR
Chemical and potassium permanganate (CAS #7722-64-7 - 99%) was purchased from OSI

France and used as received without further purification.

3.0 g of graphite was added to a 1L beaker in an ice bath, followed by 90 mL of
concentrated sulfuric acid. The mixture was cooled down to 4 °C using an ice batch and kept
under stirring. 1.5 g of sodium nitrate was added and the mixture was left to stir for 2 h, while
ensuring the temperature did not exceed 5°C. Then, 9.1 g of potassium permanganate was very
slowly and carefully added to the reaction medium, controlling that the temperature would not
rise above 4-5°C. The mixture was left to stir for 90 min while maintaining the temperature
between 0 and 3°C. The beaker was then removed from the ice bath and left to reach room
temperature. Afterwards, 100 ml of milliQ water (18MQ) was added slowly using a Pasteur
pipette, controlling that the temperature would not exceed 95°C. The temperature was then set
to 95°C and the mixture stirred for 2 h. The color changed from purple to brown as the 100 mL
of milliQ water was added. Another 300 mL of milliQ water was added to the mixture and the
mixture was stirred at 95°C for a further 90 minutes. The heating was stopped and the mixture
allowed to cool down to room temperature. Then, 30 ml of 30% hydrogen peroxide solution
was added to further oxidize the graphite and facilitate its exfoliation and the mixture was stirred
for 30 min before adding 450 mL of milliQ water was added and the mixture left overnight with

stirring.

Then, the brown mixture was then filtered under vacuum on cellulose filter paper using
fritted funnels. The precipitate was collected and redispersed in a 1L beaker using 900 mL of
milliQ water. This suspension was then sonicated for 1 h in a water sonication bath. Afterwards,
100 mL of 37% hydrochloric acid was added to remove the metallic impurities and the mixture

was stirred overnight.
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The subsequent centrifugation and redispersion steps are summarized in Figure 11.1
and described in detail below. Most of these steps were carried out to wash away remaining
starting materials or by-products and to adjust the pH to a less acidic value (2.6). The final
centrifugation step is a size selection step aiming at separating exfoliated GO from larger GO

aggregates as well as non-oxidized graphite or less oxidized large graphene oxide sheets.

Measure the concentration
of the obtained GO

Add 100 ml
of HCI Supernatant

\ Supernatant Supernatant pH=2.78

pH=~0.1 pH= 121 { ' { |
| H |
)
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Figure 1. 1 Steps for acidity removal and size selection

So, the above mixture was centrifuged at 6000 rpm for 30 min and the precipitate was
collected and re-dispersed using a volume of milliQ water between 800 and 1400 ml before
being left to stir for approximatively 3h. The pH of the supernatant of the 1% centrifugation was
measured to be 0.32 before being discarded. Another centrifugation was done, at 12000 rpm for
50 min. The pH of the supernatant was found to be 1.46, the precipitate was re-dispersed in a
volume of milliQ water between 800 and 1400 ml and then left to stir overnight.

Further centrifugation at 13900 rpm for 100 min was then performed, the pH of the
supernatant was measured (2.7) and the precipitate was redispersed with a volume of milliQ

water between 800 and 1000 mL. The mixture was then stirred over the week-end.

Finally, the mixture was centrifuged at 6000 rpm for 20 min. Afterwards, the
supernatant was kept while the precipitate was discarded. A 25 ml aliquot was pipetted out from
the supernatant for freeze-drying. The freeze-dried sample was weighed and the concentration

was determined.
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The concentration was adjusted to 5 mg/mL by either adding water or evaporating
water in case the concentration was higher or lower than 5 mg/mL. The GO in water dispersion

was stored in a bottle in a dark place away from light to avoid self-reduction of epoxides.
1.2 rGO synthesis

Hydrazine hydrate (CAS #10217-52-4 - 50-60%) was purchased from Sigma Aldrich

and used as received without further purification.

12.5 mL of hydrazine hydrate was added to 75 mL of 5 mg/mL GO in water dispersion
and the mixture was stirred at 90°C for 24 h with a condenser connected to the round bottom
flask. The mixture was then filtered under vacuum on ash-free cellulose filter paper (ash content
< 0.01 %) using a P4 fritted glass funnel. The resulting powder was then washed with large
volumes of milliQ water to remove any traces of hydrazine, then washed with ethanol, followed
by a final wash with absolute ethanol. The sample was then dried overnight at 80°C in an oven
under the fume hood. The product was weighed and found to be 175 mg. The sample was stored

in a desiccator with silica beads.
1.3 GA synthesis

30 mL of 5 mg/mL GO in water dispersion was added to the inner Teflon container of
an autoclave. The Teflon container was then placed in a water sonication bath for 15 min before
placed in the hydrothermal autoclave reactor. The reactor was heated at 180°C for 17 h. The
product was then washed for 30 min in a P3 fritted glass funnel with no filter paper and no
vacuum, keeping the product covered with water. The product was then frozen in liquid nitrogen
for 10 min and transferred to a freeze-dryer for 2 days. The weight of the self-standing monolith

was 77 mg. The sample was stored in a desiccator with silica beads

1.4 6RPs synthesis

The synthesis was performed in two steps: chemical functionalization followed by
chemical reduction. Three different diamine equivalent numbers were used for the preparation
of 6RP: 0.2, 1, and 2 equivalents. For the functionalization, 0.435 g (3.74 mmol), 2.175 g (18.7
mmol), and 4.35 g (37.4 mmol) of 1,6-diaminohexane were dissolved in 50 mL of absolute
ethanol in a 100 mL round bottom flask for 6RP-0.2, 6RP-1, and 6RP-2 respectively. Then, 50
mL of 5 mg/mL GO in water dispersion was added and the mixture was stirred at 80°C for 24
h with a water condenser connected to the round bottom flask. The mixture was then filtered

under vacuum on an ash-free cellulose filter paper (ash content < 0.01 %) using a P4 fritted
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glass funnel. The solid sample was then washed with ethanol, milliQ water and finally absolute

ethanol before being drying for 1 h at 80°C in an oven.

The functionalized samples were then transferred to a round bottom flask. 10 mL of
hydrazine hydrate was added to the samples and the mixtures were left to stir at 90°C for 24 h
with a condenser connected to the round bottom flask. The mixtures were then filtered under
vacuum on an ash-free cellulose filter paper (ash content < 0.01 %) using a P4 fritted glass
funnel. The samples were then washed with large volumes of milliQ water to remove any traces
of hydrazine, then were washed with ethanol, followed by a final wash with absolute ethanol.
The samples were then dried overnight at 80°C in an oven under the fume hood. The products

were weighed and found to be ~130 mg.
1.5 nGAs synthesis

30 mL of 5 mg/mL GO in water dispersion was added to the Teflon inner container of an
autoclave. Various alkyl diamines were added in different quantities depending on their length
and the equivalent number as shown in Table.ll.1. The Teflon container was then placed in a
water sonication bath for 15 minutes before being placed in the hydrothermal autoclave reactor.
The reactor was heated at 180°C for 17 h. The product was then washed for 30 min in a P3
fritted glass funnel without filter paper and no vacuum, while maintaining the product always
covered with clean water. The product was then frozen using liquid nitrogen for 10 min and

transferred to a freeze-dryer for 2 days. The sample was stored in a desiccator with silica beads

Table I11.1: The different pillars used for nGAs synthesis and their respective weights.

Sample Alkyl diamine Weight (mg)
6GA-0.05 1,6 diaminohexane 65.2
6GA-0.5 1,6 diaminohexane 652
6GA-1 1,6 diaminohexane 1304
8GA-0.05 1,8 diaminooctane 80.7
10GA-0.05 1,10 diaminodecane 96.3
12GA-0.05 1,12 diaminododecane 112
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2 Basic characterization
2.1 X-ray diffraction (XRD)

X-ray Diffraction (XRD) experiments were conducted using a Panalytical X'pert PRO
X-ray diffractometer with a Co Ka radiation source (A=1.798 A). The measurements were
performed in a 0-0 goniometer configuration in reflection mode. Sample analysis were
conducted on pellets with a diameter of 6 mm and a sample weight of approximately 5 mg.
These pellets were prepared by pressing the samples in a mold under 2 Tons for 10 min.

Prior to measurements, alignment procedures were carried out using a 1/32 fixed slit,
a 4 mm fixed mask, a 5 mm fixed mask, and a programmable beam attenuator Fe 0.1 m with an
attenuation factor of 84.96 on the incident beam side and a 0.27 attenuation slit on the detector
side to protect it during alignment. A ponctual 0-D detector was used. Alignments were
conducted for 26 (angle between incident and reflected beams), Q2 (angle between incident beam

and sample’s surface), and z (the height of the sample holder stage).

During the measurements, the 1/32 fixed slit was replaced by a 1/8 fixed slit, the
attenuator was stopped, and the 0.27 slit was removed. The measurement range was from 3° to
60° with a step size of 0.05°. Diffractograms of all the samples were fitted using HighScore to
extract the d-spacing, peak position, and full width at half maximum (FWHM) of the peaks.

Origin software was used for plotting the diffractograms.

2.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis was conducted using a PHI Versa Probe 1l spectrometer equipped with
a monochromatized Al Ka X-ray source (1486.6 eV) with a 200 pum beam size. The samples
were mounted on a conductive Cu double- sided tape surrounded by stainless steel (SS) rings
to facilitate surface charge state replenishment. For insulating samples like graphene oxide
(GO), double charge compensation was applied using an electron-neutralizer and an ion-gun.

Analyses were performed on areas averaging 200 um? under ultra-high vacuum conditions.

The survey spectra were acquired with a pass energy of 117.4 eV covering a range
from 0 to 1100 eV. High-resolution spectra were obtained with a pass energy of 23.5 eV within
specific ranges: 276 to 298 eV for C1s, 523 to 545 eV for O1s, and 389 to 411 eV for N1s. SXI
photoelectron images were recorded for each sample. All the spectra were calibrated using the
the C1s sp2 peak at 284.3 eV. Peak fitting was performed using Multipak software, and Origin
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software was used for plotting the survey and high-resolution spectra along with their fitted

peaks
2.3 Elemental Analysis (EA)

EA experiments were performed on a UNICUBE® organic elemental analyzer (C, H,
N and S) by Elementar. The samples were loaded into tin boats and their masses were
maintained between 1.5 and 2 mg. Three sample-loaded tin boats were prepared for each sample
for statistical analysis. The samples were then introduced in the oven under He gas, then burnt
at 1150°C in the presence of Oz, and the resulting gases were treated in a reduction tube at
850°C. The resulting gases were then passed through an adsorption column where thermal
programmed desorption took place at the following temperatures: 40°C for N2, 60°C for COy,
150°C for H20 and 210°C for SO». A thermal conductivity detector quantified the amounts of
each element from the difference between the thermal conductivity of pure He gas and a mixture
of He gas and the gas carrying the element of interest (e.g. CO> for detection of C). The oxygen
amount was then assumed to correspond to the remaining weight percentage, after confirming
with XPS the presence of only C, N and O in the sample. Origin software was used for plotting
histograms of the C, H, N and O content of each sample.

2.4 Thermal Gravimetric Analysis (TGA)

TGA experiments were carried out using a Setaram TGA 92 instrument. The
experiments were performed under Ar gas from 30°C to 800°C with a heating ramp of 5 °C/min.
Stabilization was carried out at 30°C for 30 min prior to heating to reach a stable mass prior to
the analysis. The number of moles of pillars per gram of sample was calculated from the weight
loss recorded between the changes in the slopes of the degradation profile before and after the
degradation step of the pillars, as shown for 6RP in Figure 11.2. This weight loss was then
corrected by subtracting the weight loss of rGO in the same temperature region to account for
the contribution of the reduced graphene oxide support to the oxygen loss. Origin software was

used to plot the degradation profiles.
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Figure Il. 2 TGA profile of the 6RP-0.2 sample with the difference in weight % calculated from the changes in
the slopes of the degradation profile before and after the degradation step.

2.5 Scanning Electron Microscopy (SEM)

SEM Images were obtained using a Zeiss Ultra 55 electron microscope with an
accelerating voltage of 3 keV. The samples were mounted on the sample holder using a double-
sided conductive copper tape. No conductive layer was sputtered. The Working Distance (WD)
was adjusted for each sample. An in-lens detector was used to detect Secondary Electrons (SE).

SmartSEM software was used for instrument control the and data acquisition.

2.6 Transmission Electron Microscopy (TEM)

TEM images were obtained by monochromatic TEM imaging using a Titan Ultimate
(Thermo Fisher) operating at 80 keV with an aberration corrector. The samples were dispersed
in 1-propanol using an ultra-water bath sonication system. A titanium wire was folded to form
a loop, which is dipped in the solution to extract a small drop. The loop was then placed in
contact with a Lacey carbon-coated copper grid, resulting in the transfer of the drop onto the
grid, which is then left to air dry before transferred to the microscope equipment.

2.7 Conductivity measurement

Conductivity measurements were done using the four-point probe method. A low
intensity current flows between the outer two probes, and the voltage is measured across the

two inner probes. The samples analyzed were in the form of pellets of a diameter of 6 mm,
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weighing around 10-12 mg. The pellets were done through pressing the samples in a mold under

2 Tons for 10 minutes. The conductivity was calculated according to the following equations:

vV
Ry =7 CF (I1.1)
p =RW (11.2)
1
o=— (11.3)
p

Where R is the sheet resistance (£2/square), V is the measured voltage (V), I is the
applied current (A), CF is a shape-related correction factor, p is the resistivity (£2.m), W is the
thickness of the sample (m) and o is the conductivity (§/m). The shape-related correction factor
is based on the ratio between different shape and probe related parameters as shown in (Figure

I1.3). Such a correction factor was found to be 3.2 for these pellets of 6 mm diameter.
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Figure Il. 3 The shape related correction factor for the conductivity measurement using a four-point probe along
with the CF of 3.2 corresponding to the diameter of the pellets used

2.8 N2 and H2 adsorption isotherms
High resolution N2 and H> adsorption/desorption isotherms (performed in CEMTHI

Orléans by Pr Encarnacion Raymundo and DR. Conchi Ania) were carried out at 77 K in a

volumetric analyzer (3Flex, Micromeritics), equipped with a turbo molecular vacuum pump
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and three pressure transducers, allowing accurate measurements between 107° and 1 bar. The
samples were previously outgassed under a dynamic vacuum (ca. 10° mbar) at 77 K for 24 h.
Ultrahigh purity N2 (99.9992 %) was supplied by Air Products. The Brunauer-Emmett-Teller
theory was used to calculate the specific surface area (SBET); the total pore volume was
evaluated at relative pressure of 0.99 for all the materials. The micropore volume was estimated
using the Dubinin-Raduskevich method [1]. The pore size distribution was calculated from the
high-resolution gas adsorption data using the 2D-NLDFT-HS method [2].
2.9 Temperature-programmed desorption coupled with mass spectrometry
(TPD-MS)

TPD-MS (performed in CEMTHI Orléans by Pr Encarnacion Raymundo and DR.
Conchi Ania) was performed under inert atmosphere (Ar, 100 mL/min). The sample (around
10 mg) was placed in a thermo-balance and heat treated up to 900 °C at a rate of 10 °C min™.
The decomposition products (gas evolved) were monitored by on-line mass spectrometry

(Skimmer, Netzsch, Germany).

3 Electrochemistry
3.1 Free standing electrodes preparation

Free-standing electrodes (FSE) were prepared as follows: 80 wt% active material, 5
wt% PTFE as a binder, and 15 wt% acetylene black (AB) as a conductive additive. These
products were placed in a 100 mL beaker. A minimum amount of absolute ethanol was added
to disperse the powders. The mixture was stirred with a magnetic stirrer for approximately 30
min. This was followed by manual stirring with a glass rod until a paste was formed
(approximately 1 h). The paste was then spread on a glass plate and flattened with a glass rod.
This paste was then placed in an oven at 80°C for 24 h. This dry paste was then cut into 8 mm
diameter FSE discs. The counter electrode was prepared similarly with YP50 (activated carbon)
as active materials. In electrochemical testing, the weight of the counter electrode was at least
8 time the weight of the working electrode. In this way the working electrode was not the

limiting factor.

3.2 The studied electrolytes

The electrolytes used in this works were 3M H2SO4, 1M TEABF4 in AN, 1M THABF4
in acetonitrile (AN), 1M TEABF;, in deuterated acetonitrile (d-AN), and 1M THABF4 in d-AN.
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Concentrated sulfuric acid was added to milliQ water to reach the desired concentration for the
aqueous 3M H»SOq4 electrolyte. The salts of the organic electrolytes were weighed and dissolved
in AN and d-AN. TEABF4 and THABF4 stands for tetraethylammonium tetrafluoroborate and

tetrahexylammonium tetrafluoroborate

3.3 Electrochemical program and data treatment

The FSE was cycled by Cyclic Voltammetry (CV) at 50 mV/s for 300 cycles to reach
stabilization and allow electro-wetting. After the stabilization step, the samples were cycled
using CV at 5, 10, 20, 50, and 100 mV/s for 10 cycles at each scan rate.

The specific capacitance in F/g was calculated from the CVs according to the following

equation:

fyrrdv

CS:Z*AV*m*v

(I1.4)

Where C; is the specific capacitance (F/g), V; and V, are the limits of the potential
window (V), I is the current response (A), AV is the potential window (V), m is the mass of the
electrode (g) and v is the scan rate. The nominator of Equation (I11.4) means integrating the

whole area enclosed by the CV curve, accordingly, a factor of 2 is added to the denominator.

4 Standard deviation

In this PhD thesis, the values reported for XRD, XPS, EA and electrochemistry were
the average of at least three measurements (more than 6 for XRD) and the standard deviation
was determined based on these values. Reporting the average values along with their respective
standard deviation rather than selecting the highest values was chosen to promote scientific
rigor and avoid misinterpretation. However, the impact of the difference in GO batches could

not be avoided.

5 Advanced characterizations instruments setup
5.1 SANS at D22 (Institut Laue Langevin (ILL))

The instrument used in this work was the D22 large dynamic range small-angle
diffractometer. The neutron wavelength is controlled by a velocity selector (Anatole), which

selects neutrons based on their velocity with a resolution of AA/A = 10% for a wavelength range
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from 4.5 to 40 A. Dynamic collimation compensates for beam divergence, allowing a source-
to-sample distance ranging from 1.4 to 17.6 m and a total Q range of 4 x 1074 to 1.05 x 10!
AL, The instrument is operated using the in-house software Nomad. In this PhD work, the
measurements were performed within two sample-to-detectors distances (5.6 and 17.7 m) to
cover a Q range of 0.003 A1<Q < 0.2 A(i.e. from 3 nm to 210 nm). Three sets of experiments

were performed at D22:

- On pristine dry materials: the materials were placed inside a DSC aluminum cell
(aluminum is transparent to neutrons), positioned between two Quartz windows
and placed in a 18 position sample holder.

- On suspensions of pristine materials: pristine materials were dispersed in different
mixtures of hydrogenated and deuterated cyclohexane then introduced inside a 1
mm quartz Hellma cell, and placed in a 22 position sample holder. (This
experiment was also conducted on SANS-I1 at Paul Sherrer Institut (PSI) within the
same Q-range).

- In-situ measurements of FSE during polarization. The electrochemical cell (see
Chapter V Section 3) was mounted on a sample holder using a Teflon screw to
avoid any current leakage and short-circuit. A 5 channels VSP Biologic

potentiostat was used for the electrochemical measurements.

The collected scattering profiles were corrected to the absolute intensity (cm™) by i)
subtraction of the empty cell as shown in Equation (11.5), and ii) normalization by the solid
thickness as shown in Section 8.3. Furthermore, in SANS the scattering from hydrogen lead to

incoherent scattering, which should be subtracted as shown in Section 7.1.3.

_ 1 1 .
Ic - TsTec (Is - ch) - E(Iec - ch) (”- )

Equation (11.5) shows the correction of the measured data. This correction involves

the measurement of cadmium plate which completely absorbs the beam (corresponds to the
electronic noise of the detector, noted Cd), empty beam (used for the calculation of the
transmission), empty cell (corresponds to the contribution of the empty cell in the transmission
and scattering, noted ec), water (used to calculate the efficiency of the detector and compensate

for geometrical effects) and finally the sample (noted s).
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5.2 SAXS/WAXS at D2AM (European Synchrotron Radiation Facility (ESRF))

Synchrotron radiation is a form of electromagnetic radiation emitted by accelerated
relativistic particles such as electrons or positrons. The ESRF operates with electron energies
close to 6 GeV, producing photons across a wide range of wavelengths, from the visible to the

very hard X-ray regime, approximately 2.5x102 m,

The D2AM beam line is equipped with two detectors that allow simultaneous SAXS
and WAXS acquisition over an energy range from 6 keV to 45 keV and a beam size ranging

from 30 um? to 5 mm?. Two sets of experiments were conducted on this beam line:

- Ex-situ measurements on solid pristine materials: the materials were placed
between two Kapton windows and placed in a 20 position sample holder.

- In-situ and operando measurements on FSE: the electrochemical cell (see Chapter
V Section 3) was held on a holder with a Teflon screw to avoid any current leakage.
A 5 channel VSP Biologic potentiostat was used for the electrochemical

measurements.

For these two experiments, the scattering profiles were recorded simultaneously on
both detectors (SAXS and WAXS). The measured Q range was: 0.003 A1<Q < 0.2 At for
SAXS and 0.5 A1 < Q <3 Al for WAXS.

6 Principle of small angle scattering

Small angle scattering techniques (X-rays, neutrons) measure nanoscale
heterogeneities. In a scattering experiment, the interaction between a monochromatic beam of
wavelength A and the atoms of the sample is studied. As a result of this interaction, the wave
is scattered in all directions in space (Figure 11.4). The interaction responsible for the small
angle scattering is the photon-electron interaction for X-rays (SAXS), and the neutron-nucleus

interaction for neutrons (SANS).
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Figure 1. 4 Schematic representation of a scattering experiment [3]

The scattered intensity collected on a 2D detector is expressed as a function of the
scattering vector Q:

Where ki and kr are the scattering vectors of the incident and scattered waves,
respectively. Since the scattering is elastic, the magnitudes of the vectors ki and ks are identical
and equal to 2m/A, where A is the wavelength. Therefore, the magnitude of the vector q is thus

determined by the equation:

2T
lell = @ == sin(6) (11.7)
With 20 the scattering angle.

The magnitude of the vector Q is inversely proportional to the probed distance (d) in
real space following the equation:

d=— (11.8)
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The probed Q values (reciprocal space) and corresponding distances (real space) in

this work are illustrated in Figure 11.5.

210 nm 3 nm

—

d (nm)

0.003 A1 0.2 A1

Q (A1)

Figure I1. 5 The probed scale in SAS experiments (Q) in this study and the corresponding scale in real space (d)

The scattered intensity is associated with the material's structure and the type of
radiation employed. The scattering capability of a material’s element is characterized by the

scattering length density p(7):

p() = ) pi (b, (11.9)

Where pi(r) represents the local density of the scattering element, and bi is the
characteristic coherent scattering length for neutrons and electrons in the case of X-rays. The
diffusion length for an electron is equal to the Thomson scattering length (be = 2.82x101° m).
For neutrons, the neutron-nucleus interaction is influenced by the magnetic and nuclear forces.
The scattering is therefore isotropic and can be characterized by the coherent scattering length
bi, which for neutrons, unlike X-rays, shows irregular variations between different elements. It

also shows variations from one isotope to another, as illustrated in Figure 11.6 [4].
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Figure 11. 6 Coherent scattering length for X-rays and neutrons, for different elements [4]

A very advantageous feature of neutron scattering is its sensitivity to light elements,
making it well suited to study the hydrogen. Another interesting aspect arises from the
variations in scattering length between different isotopes, which allows the use of isotopic
substitution for contrast variation techniques. More details on this aspect are given in Section
8.4.

The total scattered amplitude, which represent the Fourier transform of the fluctuations
of the SLD, is expressed in the form of an integral over the volume of the sample:

A(Q) = fp(r)eiq'r dr (11.10)

v

Experimentally, the amplitude of the scattered signal is not measured, but its intensity
is recorded. The scattered intensity per unit volume is obtained by multiplying the scattered

amplitude by its conjugate:

AQA(Q 1

1(Q) = % =7 ff p(r)p(r)e' e =mDdrdr, (11.11)

vi vj

In the case of condensed and dispersed particles consisting of homogeneous isotropic
scattering centers, for a two-phase system, the scattered intensity 1(Q) is proportional to the
structure factor S(Q), which describes correlations between objects and their organization, and
the form factor P(Q), characterizes the structure of these objects and contains information about
the particles shape. For Ny centrosymmetric particles of volume V, the intensity per unit volume
V is given by:
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1(Q) = ¢VpAp?P(Q)S(Q) (11.12)

With:

¢ the particle volume fraction.

Ap = p1-p2 contrast: difference in the SLD between the particles (p1) and the medium (p2).
P(Q): form factor.

S(Q): structure factor.

As shown previously, the scale of the observation window in real space is inversely
proportional to the magnitude of the vector g. Consequently, the probed scale depends on the g
value (Figure 11.7): the size and internal structure of the objects (purple circle), or the interface
between two mediums (blue circle) can be investigated, and the distances in the real space can

be determined directly using Equation (11.8).
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o e

\.

High q values

Figure I1. 7 the probed structural properties on different scales in a biphasic system
7 The structural features probed by SAS techniques

As shown in Equation (11.12), in small-angle scattering (SAS), for a two-phase
system, the scattering intensity is proportional to the product of the form factor P(Q) and the
structure factor S(Q). These components help to describe the scattering behavior of particles or
structures in a sample. The form factor represents the inherent scattering shape of an individual
particle or structural element within the sample. The structure factor accounts for the
interactions between scattering elements in the sample. It includes information about the spatial

arrangement, correlations, and interference effects between multiple scattering elements.
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7.1 Form factor P(Q)

The form factor P(q) describes the shape of the scattering object (size, form,

polydispersity) and it varies depending on the probed scale (Figure 11.8).
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Figure Il. 8 Representation of the different Q-regions of the form factor [5]
7.1.1 Low-Q regime “Guinier region”

Considering the case of N homogeneous particles with a defined gyration radius Rq (the
distance from the center of mass of the body and the surface), for q << 1/Rq (the probed scale
is bigger than the size of the particles) the scattered intensity shows a plateau in the small angle
region (Figure 11.8), which represent the particle size (Rg) which can be determined using the

equation:

2
1(Q)a@Vyare €Xp (— @) (11.13)

Where o is the volume fraction of particles, and Vpart is the volume of a particle. Rq
can be determined by plotting the intensity as a function of Q2, the radious of gyration can be
calculated from the slope. For a sphere of radius R or a rod of length L, the radius of gyration

3 /LZ
Ry = \E R* (Sphere) R, = 2 (Rod) (I11.14)
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The geometric radius R and length L can then be calculated. If the material lacks a
clearly defined isolated object at this scale, such as in the case of an interconnected network,
the scattering intensity at small angles follows a power-law pattern and does not show a plateau.
This scenario is conceivable if the objects are very large and extend beyond the observation

window (i.e. in our case beyond 210 nm).
7.1.2 Intermediate-Q region

The scattering in this region reflects the shape of the internal structure of the object (Figure
11.9). The scattered intensity by an object with defined dimensions or by a fractal structure with
dimension Dn is given by the following formula [6]:

[(QaQ~Pm (11.15)

Table 11.2 gathers the expected scattering dimension from simple objects [7].

Table 11.2: Power law of the scattered intensity from simple structures in the intermediate-Q

region.
Dimension Power law
Rod-like particle, filament (R<<L) D=1 q
Disc, thin wafer D=2 .__.':
. . L n"lj -'-:
Ideal polymer, Gaussian chain v=1/2 9
Swollen polymer or excluded volume D=1/v
v=13/5 7

7.1.3 Porod region “scattering by the interface”:

At high Q values (blue circle in Figure 11.7), the intensity is scattered by the interface

between medium 1 and medium 2. The scattered intensity is described by the Porod's law [5].

2m(py — p2)* S
ql—I>Ic>lo (Q) q4’ V

Where S is the total surface area developed within the volume V. The Q* law (Figure

(I1.16)

11.9) allows the measurement of the specific surface area (SSA) of the object and this is valid
only when the interface is smooth and well-defined. In the case of objects with non-smooth
surfaces, the roughness can be characterized by a fractal surface dimension Dsranging between

2 and 3. The scattered intensity is then expressed in the following form [8]:
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1(Qa Q% Ps (11.17)

The exponent of the power law, 6-Ds, is therefore 4 for Ds = 2, corresponding to an
object with smooth contours, and 3 for Ds = 3 in the extreme case of an object with extremely
rough contours. In this study, all the graphene-based materials feature a rough interface (Ds >
2), which hinders the determination of specific surface area (SSA) using small-angle scattering.
Furthermore, in SANS, the incident neutron beam interacts with hydrogen nuclei within the
sample, leading to incoherent scattering. As an example, Figure 11.9 shows SANS profiles
showing such incoherent scattering at high Q values [9] as evidenced by the plateau at high Q
values (Figure 11.9 a). Such incoherent scattering poses challenges in determining the slope in
the Porod region and, consequently, complicates the estimation of the surface fractal dimension
(Ds). Indeed, this scattering does not contribute to the structural information obtained through
SANS, therefore, a subtraction of the incoherent scattering from the total scattering signal is
necessary in order to extract the slope at Porod region. The intensity of the final point of the
highest Q of the plateau (Figure 11.9 b) is subtracted from the total intensity of the profile and

the slope at high Q values is extracted (Figure 11.9 c).
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Figure 1. 9 (a) SANS profiles of different samples, (b) a zoon on the plateau at high Q values and the
determination of the subtraction values, (c) the SANS profiles after subtraction [9]

7.2 Structure factor S(Q):

The structure factor provides information about the organization of scattered objects
in terms of interparticle interferences. In the case of a nano-organized material, the structure
factor S(Q) contains clear correlation peaks in the scattering profile. The Q position is
associated to the mean separation distances d between scattering objects within the sample
(d*=27/Q). In dilute systems, where there is no interaction between objects, the structure factor
tends to 1 (S(Q) =>1), and will not contribute to the scattering profile. In this case, the features

within the scattering profile are attributed to the morphological characteristics (form factor). If
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the scattering profile of a non-dilute system does not show any peaks or bumps, it is always
recommended to assess whether the contribution of S(Q) is hindered by F(Q). The best way to
investigate the contribution from S(Q) is to perform SAS experiments on different dilution of
the materials and observe the evolution of the scattering profiles. In such experiment, two
possible scenarios may arise: i) if the scattering profiles are altered after dilution, it indicates
that there is a significant contribution from S(Q) that was removed after dilution, or ii) if the
scattering profiles remain unchanged, in this case, there is no substantial contribution from
S(Q). In this PhD work, the scattering profiles of the diluted materials were investigated. The
materials were diluted in propanol, which allowed obtaining stable dispersion for graphene-
based materials among the different solvents tested (water, ethanol, acetonitrile, cyclohexane).
Four different dilutions of mg of material per mL of solvent, were studied: 1:1, 1:10, 1:20, and
1:50. Unfortunately, the scattering profiles of all these dilutions showed quasi-zero intensity,
which might be due to i) the sedimentation of the solid, ii) insufficient counting time. Given the
absence of any peak or bump in SAS profiles of graphene-based materials within the probed
scale (0.003 A1 <Q<0.2 A1), the contribution of S(Q) is considered to be very low compared
to P(Q). Therefore, the features observed within the scattering profiles of these materials are

likely to be primarily correlated with the form factor.

8 The fundamental basis of SAS used in this study

8.1 SAS profiles of porous and fractal materials

In this PhD, graphene-based materials are recognized as porous fractal materials as
will be presented in Chapter 11l Section 5. The definition of fractal structure refers to a
structure that is characterized by self-similarity within some spatial range. It is an "infinitely
fragmented” geometric object whose details can be observed at any chosen scale. It is relevant
at this stage to introduce the typical SAS profiles of a porous and fractal material with fractal
pore structure (correlated pores) as they will serve as the fundamental basis in understanding
the SAS profiles of graphene-based materials in the following chapters. Figure 11.11 shows the
two typical SAS profiles of a porous and a fractal material. The scattering profile of a porous
material (Figure 11.10 a) exhibits a typical signal of pores at the intermediate-Q range,
illustrated by the quasi plateau that indicates a well-defined pore size in this region (non-

correlated pores).
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At high-Q values, the profile follows a power-law regime, with the slope (6-Ds)
dependent of the interface quality. At small angles (Guinier region), in this example, the power-
law regime indicates the absence of well-defined size objects in this scale. Conversely, the SAS
profile of a fractal material with correlated pores (Figure 11.10 b) presents a succession of
power laws with breaks in slopes that describe the characteristic sizes within the material at the
probed scale (§ and r for example in Figure 11.10 b). In this example, the profile shows a plateau
at small angles indicating that at the probed scale a well-defined object size in probed and can
be determined using Guinier model as shown in the previous section. Determining characteristic
sizes from scattering profiles can be challenging when the amplitude of break in slopes is low.

In such instances, the use of a Kratky presentation becomes essential.
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L I
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Figure Il. 10 (a) Typical SAXS/SANS profile of porous materials (porous glass) [10] and (b) Typical SAXS/SANS

profile of a fractal system (with a fractal dimension D=1.5) [3].

8.2 Kratky representation

The Kratky plot is a graphical representation commonly used in small angle scattering
analysis, which consists in plotting 1(Q)xQ? vs Q. This representation is particularly valuable
for highlighting breaks in slopes within a scattering profile. These breaks may appear more
pronounced or, in certain cases, show as peaks. Figure 11.11 shows an example of Kratky
presentation on the scattering profiles of three different proteins [11]. As depicted in Figure
11.11 a, the conventional presentation (1(Q) vs Q) of the scattering profiles does not reveal any
distinct break in slopes. However, after applying the Kratky presentation, a peak becomes
evident (Figure 11.11 b).
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Figure I1. 11 (a) SAXS profiles of different protein and (b) their respective Kratky representation [11]

8.3 SAS porosity using the invariant

One of the most useful capabilities of SAS is the identification of the changes in
morphological structure including porosity, through analysis of the invariant (INV). The
invariant describes a characteristic of small-angle scattering in which the total scattering from
a two-phase morphology depends only on the amounts of the two phases and their contrast [12].
Here, if ¢ is the volume fraction of a given component, and Ap = p1-p2 is the contrast, then INV
can be found using the following equation:

INV = j- Imeasured(Q)deQ = 27[2‘.0(1 - ‘p)Apz (I1.18)
0

The absence of structural parameters in Equation (11.18) shows that the invariant is a quantity

independent of changes even when the morphology is disturbed [13].

In In a porous system, the two phases are the solid phase and the pores, and the volume
fraction of pores could be estimated using the invariant (INV). However, as the invariant is
calculated for q = 0—o0, the total porosity of the material cannot be determined (during this
PhD work Q range 0.003-0.2 AY). Equation (11.18) provides information only on pores within
a range inversely proportional to the accessible g range. To facilitate analysis, the powder is
represented as a two-layer conformation (Figure 11.12). One layer consists of the material and
the pores visible to the beam, with a thickness ev and volume V. The other layer, with thickness

(er - ev), contains only the pores not visible to the beam.

The accessible porosity in this case is defined as the ratio of the pore volume (Vp) to

the total volume of the visible part to the beam (V) and can be calculated using:
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(11.19)

Equation (11.18) is directly applicable to the layer visible to the beam by replacing the
integration limits with the experimentally accessible Q limits and replacing the total porosity

with the visible porosity ¢ . This results in a specific invariant denoted INV", defined as:

0.2
INV* = j Imeasured(Q)deQ = 27T2§0*(1 - <P*)APZ (11.20)
0.003
a) b)
Macropores

<+—Mesopores

Pore non-visible to X-ray Pore visible to X-ray

Mesopores
Pore visible to X-ray

€p

Figure Il. 12 Representation of (a) the real measured layer with a thickness ep, (b) the layer visible to X-rays
with a thickness ey [14]

As demonstrated by Spalla et al. [10], a significant challenge in powder materials lies
in the unknown values of ep and ev. However, an effective thickness (solid thickness) (Figure
11.13), denoted as eg, can be derived from the transmission (T) and the absorption coefficient
of the solid material (Hsorig).

- In(T)

ép =

(11.21)
Usolid
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—»
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Figure 1l. 13 Representation of the solid phase with an effective thickness eg [14]

Following the work of Spalla et al. [10], the absolute intensity in the probed g range
can be determined using a normalization to the probed solid thickness (eg) and the volume
fraction of the solid (1- ¢):

I
las(Q) = L (1- ) (11.22)

By replacing Imeasured in Equation (11.20) by las we obtain an expression with

measurable and known parameters:

0.2
f IZZS ($)A - 9)Q?dQ = 212" (1 — ¢*)Ap? (11.23)
0.003
The invariant can then be derived as:
0.2
INV* = j IZZS (0)Q%dQ =212 Ap? (11.24)
0.003

The porosity can be calculated from the invariant extracted from the absolute intensity

after its normalization by the solid thickness.

However, in SAS experiments involving porous media, an additional challenge lies in
accurately calculating the scattering length density (SLD) (p) of the solid phase. This parameter
is dependent on the solid density of the solid phase (excluding pores), as indicated by the
Equation (11.25). Since this density is unknown, a precise technique for determining both the
SLD and the solid density of the solid phase is contrast variation SANS (CV-SANS).
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_ Zi bl'dNa

i (11.25)

With:

bi: atomic scattering length

d: the density of the solid phase

Na: Avogadro number 6,022 x 10?2 mol™
M: the molecular weight of the material

8.4 Contrast variation small angle neutrons scattering (CV-SANS)

SANS is known for its sensitivity to isotope substitution. This unlocks the possibility
to modulate the contrast through the variations in scattering lengths between hydrogen and
deuterium. In porous materials, this feature is typically used to modulate the contrast of solvents
in CV-SANS experiments. Indeed, this experiment consists in recording the SANS profiles of
materials equilibrated with different hydrogenated and deuterated solvent mixtures to vary the
contrast between the solid phase and the solvent. It is possible to continuously adjust the
scattering length density (SLD) of the solvent in order to match out the SLD of a the solid,
making it invisible to neutrons. In this situation, the contrast at matching point is defined as:

Apmatfching point = Psolid — Psolvent = 0 (11.26)

In this work, CV-SANS experiments were conducted, and the SLD of the solid phase

and solid density were determined, and then used to calculate the porosity using the invariant.
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Chapter I11: Chemical and structural studies of reduced graphene oxide-based materials

1 Objectives and approaches

As discussed in chapter I, graphene-based materials have gained considerable attention
due to their potential as electrode materials for supercapacitors [1, 2]. So far, previous research
has primarily focused on the synthesis and the study of the electrochemical performances of
these materials, with limited attention paid to the correlation between their structure and storage
properties in SCs. However, the correlation between the structural and chemical properties of
graphene-based materials and their use in supercapacitor applications is the key to further
optimizing the design and the engineering of these materials to enhance their electrochemical

performance

In this chapter, two methods of reducing GO were studied, namely via hydrazine
hydrate reduction (rGO) and hydrothermal reduction (GA). Each reduction method has a
specific impact on the structure, porosity [3, 4], and chemical properties of these materials [5,
6]. In this Chapter the thorough characterization of these materials is presented, while the
correlation to their electrochemical performances is presented in Chapter V. As these materials
appear in two distinct forms (powder for rGO and aerogel for GA), we will compare their
respective morphological and structural features, including porosity at all relevant length scale
ranging from nano- to macroscale to investigate the scales that are mainly involved in
electrolytic ion diffusion and adsorption during SC operation. Figure 111.1 shows the different
porosity scales in rGO and the characterization techniques that will be used to probe these
scales. The term "nanoscale” refers to a porosity scale smaller than 1 nm and will be
characterized using XRD, which directly probes the inter-layer distance. The term "microscale”
refers to porosity in the range of 1 to 2 nm, while the "mesoscale” encompasses a porosity scale
ranging from 2 to 50 nm. The microscale and mesoscale porosities will be characterized using
XRD and SAS techniques respectively. The "macro-scale” includes all porosities larger than 50
nm and will be mainly probed by SEM. In this PhD work, the probed length scale in SAS
techniques is ranging from 3 to 210 nm. This indicates that the SAS techniques extend over the
mesoscale and include also a part of the macro scale, specifically in the range of 50 to 210 nm.
It is noteworthy to remind that both XRD and SANS allow covering an extended Q-range (0.2
to 210 nm). In order to make it easier to read and compare the structural information, the XRD

data will be represented as a function of Q(A™) rather than in 20, which is traditionally used.

Additionally, the effect of reduction method on their chemical properties and reduction

efficiency will be evaluated, as the presence of remaining oxygen functionalities might add
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pseudo-capacitive contribution to the storage mechanism. Finally, this fundamental study will
evaluate the effects of the aforementioned properties on their electrochemical performances as
will be presented in Chapter V.
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Figure I11. 1 Conceptual scheme of the different level of porosity in non-pillared reference graphene materials
2 Nanoscale structure investigation

The study of the nanoscale structure and porosity refers to the XRD characterization of
the local scale of the samples. At such scale, this analytical method allows to study the degree
of oxidation and reduction for rGO-based samples that has an impact on the inter-graphene
sheet distance. Hence in this part, the peak position will be used to study this
oxidation/reduction extent since it enables the determination of the inter-layer distance using

Bragg’s law [7].

For the synthesis of rGO and GA, the required starting material is graphene oxide
(GO). Its preparation involves a two-step process including graphite oxidation with potassium
permanganate (KMnOs) and subsequent exfoliation by sonication [8] (more details in Chapter
I1: Materials and methods). XRD analysis was performed to confirm the efficient graphite
exfoliation. Figure 111.2 shows the XRD patterns of GO and graphite. GO (red curve) presents
a single sharp peak at Q=0.77 A! associated with a d-spacing (interlayer distance) of 0.8
nm, attributed to the exfoliated GO. The absence of a graphitic peak expected at Q=1.86 A
(d-spacing =0.33 nm) corresponding to the (002) orientation, shows that the sample synthesis
process did not leave any unreacted graphite particles, thus achieving effective graphite

oxidation.
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Figure 111. 2 X-ray diffraction (XRD) patterns of GO (red) and graphite (black) demonstrating a successful

graphite exfoliation and oxidation process.

Figure I11. 3 provides an overview of the two synthesis protocols applied for the
reduction of GO. GA was synthesized following a hydrothermal process in which GO is
introduced in an autoclave heated at 180°C for 17h [9]. During this process, GO sheets are
thermally reduced and the newly formed graphene sheets self-assemble into a three-
dimensional network. The assembly process involves the formation of a stable structure of
interconnected graphene sheets, resulting in the production of an aerogel (also known as a
monolith). In contrast, rGO was formed by reducing GO with hydrazine hydrate under stirring
and heating at 90°C for 24h. This reaction involves the reaction of hydrazine with the oxygen-
containing functionalities on the GO surface, leading to the subsequent partial restoration of the

Csp2 conjugated network, yielding rGO powder as the final product.
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Figure I11. 3 Synthesis protocols of (a) GA and (b) rGO and corresponding pictures of the pristine materials.

As shown previously, these two different GO reduction methods result in two different
product textures and macroscopic morphologies (aerogel and powder). These two materials
exhibit clear visual differences in terms of shape and density. rGO is a dense and fine powder,
whereas GA appears as a lightweight aerogel with very low density and high macroporosity.
These densities are of high interest to understand their impact on the electrochemical
performances of these materials and part of this work is devoted to their determination, as it
will be presented below. To verify the successful reduction of GO, XRD analysis was
performed (Figure I11. 4). The diffraction peak associated with GO (Q=0.77 A™) has
completely disappeared, showing that the reduction of GO was successfully achieved in both

samples.

The XRD patterns of the two samples show a single diffraction peak corresponding
to the graphitic (002) orientation at Q=1.7 A1, associated with an interlayer distance of
0.36 nm, close to that of graphite (d=0.33 nm). This observation is explained by the restacking
of some extent of rGO sheets during the reduction process, resulting in a graphitic signal (G).
The G peak in these new structures is significantly broader than that of graphite (Figure 111.4).
In addition, the rGO peak is found to be broader than that of GA (FWHM = 6.7 for rGO and
FWHM = 4.9 for GA). The broadness of a XRD peak is mainly influenced by two factors related
to the crystal structure. The first is the crystal size. Indeed, as crystal size decreases, the number
of diffracting planes contributing to the diffraction pattern decreases, resulting in broadened
peak [10]. The second factor is micro-strain, which represents the presence of local distortions

or non-uniformities in the crystal lattice. This strain contributes to the broadening of diffraction

101



Chapter I11: Chemical and structural studies of reduced graphene oxide-based materials

peaks by causing variations in the inter-planar spacing within the crystal [11]. Thus, in the case
of these two samples, FWHM differences could be evidenced by variation in number of rGO
restacked layers, or by micro-strains occurring between sheets. To distinguish between the two

hypotheses, TEM observations at the edge of the graphene stacks were performed.
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Figure 111. 4 (a) XRD patterns of GO, GA, and rGO, and (b) an example of fitting of the G peak of rGO showing
the introduction of a background between 18 and 40 2tetha values as well as a fitting peak allowing for accurate
2tetha peak position and FWHM accurate determinations

TEM study was carried out to gain further insight into these structural stacking
differences between rGO and GA. Indeed, TEM is a powerful imaging technique that uses an
electron beam to observe the inner structure of materials at nanoscale resolution. It has proven
to be invaluable in the study of various materials, providing detailed insights into their
morphology and crystal structure [12]. In addition, TEM enables direct imaging of graphene
sheets, allowing to visualize the number of layers per stack [13]. Consequently, it represents a
powerful tool for assessing the size of the stacked graphene domains, potentially confirming
one of the two previously proposed hypotheses regarding XRD peak broadening. TEM
observations at the edge of the stacks (Figure 111. 5) show that the number of stacked graphene
layers varies between 9 to 12, 4 to 7, and 2 to 4 for GO, GA, and rGO respectively.
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Figure I11. 5 TEM images at 2 magnification scale of the edge of the stackss of (a) GO, (b) GA, and (c) rGO.

These observations show a higher number of restacked graphene layers in GA than in
rGO, which suggests that the XRD peak broadness might rather originate from the difference
in stack size (number of stacked layer) than strain.

Therefore, the XRD data were fitted and the stack height was estimated using the
Scherrer equation [10] (neglecting strain). The XRD fitting data and calculation results are
presented in Table I11. 1.

kA
L. =
FWHM.cos6,

(I111.1)

With:

A radiation wavelength of Cobalt (0.1789 nm).

Ky, form factor (k=1).

FWHM, full width at half maximum of the diffraction peak (rad).
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Table I11. 1: XRD fitting data (peak-position, d-spacing and FWHM values) and stack height
calculated from Scherrer equation along with the number of layers/stack determined, the error

bars were determined from the standard deviation between five measures.

Peak position d-spacing FWHM Crystal Stack Number of

Sample °) (nm) Height (nm) layers/stack
Graphite 30.8 £0.3 0.34 £0.01 0.4 20.5 61
GO 12.6 £0.3 0.8 £0.01 1.2 7.5 9
GA 28.2 0.3 0.36 £0.01 4.9 2.1 6
rGO 27.9 0.3 0.37 £0.01 6.7 15 4

The number of layers per stack was determined by dividing the size of the stack by the
d-spacing. This showed a decrease from 61 layers per stack for graphite down to 6 and 4 for
GA and rGO respectively. These results are in a good agreement with the TEM observations
suggesting a slightly higher number of restacked graphene layers in GA compared to rGO, and
confirming that the XRD peaks broadness originates mainly from the difference in the

stack height rather than distortions.

The XRD results showed that both reduction methods were efficient. However, the
reduction degree may vary between GA and rGO. It appears essential to examine their chemical
properties to further understand their reduction degree, which may affect their electrochemical

performances.

3 Reduction efficiency and chemical composition

The reduction efficiency was also assessed chemically by TGA, XPS, elemental
analysis (EA), and TPD-MS. TGA allows to track the weight loss of the sample while being
subjected to an increasing temperature ramp. In the case of GO-based samples, this analysis
allows to track the mass loss associated with the thermal degradation of the oxygen containing
functions. Such mass loss can therefore be qualitatively related to the amount of these oxygen
functions and, in turn, this amount of oxygen functionalities can be used to compare the degree
of oxidation and reduction between samples. TGA were performed on all samples at a heating
rate of 5°C/min from 30 to 800°C under N2 atmosphere (Figure 111. 6). The GO thermogram
exhibits three distinct weight loss processes: the first is due to the evaporation of adsorbed water
below 100°C, and the second is associated with the elimination of surface oxygen functional

groups at around 200°C.
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Beyond 200°C, a steady weight loss is typically attributed to the gradual removal of
stable oxygen functional groups [14]. In contrast, rGO shows a marginal weight loss of ca. 10%
over the entire temperature range, indicating that the majority of the oxygen functional groups
were removed during the synthesis process and that GO was successfully reduced. GA displays
a similar behavior than rGO but with a more pronounced weight loss of ca. 30%. This indicates

that GA contains more oxygenated groups than rGO and therefore GA is less reduced
than rGO.
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Figure I11. 6 TGA response of GO, GA, and rGO under a N, atmosphere.

This thermogravimetric analysis was combined with temperature-programmed
desorption coupled to mass spectrometry (TPD-MS), carried out by the CEMHTI Laboratory
in Orléans (by Pr Encarnacion Raymundo and DR. Conchi Ania), to identify the decomposition

products generated under thermal treatment.

TPD-MS analyses were performed under an inert atmosphere (Ar). Figure 111.7 shows
the removal of H>O at a lower temperature (~30 °C), followed by CO2 emission (~100°C),
mainly due to the decomposition of carboxylic and oxalic groups, and CO emission (300°C),
due to the decomposition of more stable carbonyl and hydroxyl groups for both materials [15],
[16]. The emission of water, CO2, and CO was higher in GA compared to rGO, indicating the
presence of more oxygen functional groups in GA; thereby confirming that rGO is more

reduced than GA and showing that hydrazine reduction is the most efficient.
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Figure 111. 7 The decomposition products under heating of (a) GA and (b) rGO evaluated by TPD-MS.

TGA provided further qualitative evidence that rGO is more reduced than GA. In turns,
XPS and EA analyses were performed to try to get more quantitative analysis about the amount
of oxygen containing functionalities as their amount can be correlated to the conductivity of the
sample as well as to pseudocapacitive behavior in electrochemistry. The XPS survey spectrum
of GO, GA, and rGO (Figure 111.8 a) show a lower O1s peak intensity compared to C1s in
reduced samples compared to GO, indicating a successful reduction of GO. In addition, the
XPS survey spectrum of rGO shows the presence of the expected signal for N1s at
approximately 400 eV, which stems from the hydrazine used in the reduction process of GO.
Furthermore, the high resolution (HR) XPS C1s spectrum was recorded to track the evolution
of the amount of oxygen functional groups within the material. Figure 11.8 b, ¢, d displays the
C1s (HR) XPS spectra and its deconvolution for GO, GA and rGO respectively. For GO, two
distinct peaks are observed at binding energies of approximately 284 and 286 eV attributed to
carbon-carbon bonds (C=C and C-C) and carbon-oxygen bonds of the different oxygen-related
functional groups, respectively. In turns, GA and rGO C1s HR XPS spectra present similar
functional groups as GO. However, most carbon-oxygen bonds peaks exhibit lower intensities,
indicating an elimination of the majority of the oxygen functional groups and thereby a
successful reduction of GO. In addition, rGO C1s HR spectrum shows a new peak at 285 eV,
which is assigned to the C—N bonds peak originating from hydrazine hydrate used for its
reduction. Moreover, the HR XPS O1s and N1s spectra were also recorded and the atomic
concentration of each element was determined to calculate C/O ratios, which indicate the degree
of reduction. These data are gathered in Table Ill. 2 alongside with the EA atomic

concentration and C/O ratio.
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Figure I11. 8 (a) XPS survey scans of GO, GA, and rGO, and C1s HR XPS spectrum of (b) GO, (c) GA, and (d)

rGO.

Table I11. 2: Atomic percentages extracted from XPS and EA and C/O ratio of the GO, GA,

and rGO.
Materials %C %H %N 20 C/O
RGO 83.8 0.9 5.0 10.2 8.2
EA
GA 78.6 14 2.3 17.6 4.4
+0.3
GO 49.4 2.6 0.1 47.6 1.0
RGO 89.2 - 4.1 6.6 13.4
XPS
GA 86.8 - 2.4 11 7.9
+%
GO 70.6 - 0.3 29 2.4
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Both techniques show similar trends as shown in Figure I1l. 9. For instance, rGO
shows the highest C/O ratio, followed by GA. These results corroborate the TGA and TPD-MS
and confirm that rGO is more reduced than GA.

- CIO (XPS)
I C/0 (EA)

12

10

GO GA rGO
Figure 111. 9 EA and XPS C/O ratio evolution for GO, GA, and rGO.

Conductivity plays a crucial role in energy storage applications. High electrical
conductivity facilitates efficient electron transport within the energy storage device, enabling
faster charge and discharge rates. This enhances the ability of the material to store and release
energy rapidly [17]. In the case of rGO-based samples, this conductivity value is also an
indicator of the degree of reduction. Therefore, the conductivity of GO, GA and rGO samples
were determined. The conductivities of the pellets were measured using a four-probe system.
GO exhibits complete insulation with a conductivity of 0 S/m, indicating that GO could not be
used as an active material in supercapacitors. The conductivities recorded for GA and rGO were
about 108 + 5 S/m and 1662 + 18 S/m respectively. This means that rGO has 15 times higher
conductivity than GA, indicating that rGO is indeed more reduced than GA. This shows that
the hydrazine reduction has resulted in a highly reduced and conductive material compared to
hydrothermal reduction. Therefore, it is expected that rGO could have better electrochemical
performances. However, conductivity and reduction degree are not the only parameters that
control electrochemical performances. In fact, in addition to the physicochemical properties,
the structural features including the porosity, play a major role in enhancing the electrochemical
performances [18]. Indeed, the nano-/microporosity increases the active surface area available
for ion adsorption, contributing to increased charge storage capacity. Mesoporosity provides
pathways for ions to access the interior of the electrode material. This accessibility is crucial

for efficient ion adsorption and contributes to fast charge and discharge rates. Therefore, a
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comprehensive analysis of their multi-scale structure and porosity is essential to gain an

in-depth understanding of the parameters governing their electrochemical performances.

4 Macrostructure investigation and its evolution after GO reduction

The macroscale structure and morphology of these materials were investigated by
SEM. The morphology of the freeze-dried pristine GO (Figure 111.10) shows a flat and very
large graphene sheet morphology. The lateral size of a GO sheet was estimated to be ranging
between 1 and 10 um. Due to the insulating properties of GO, obtaining clear SEM images was

very challenging, despite the deposition of a carbon-coating (5 nm).

Figure I11. 10 SEM image of freeze-dried pristine GO.

After the reduction process, the SEM observations (Figure 111.11) show significant
differences in the macrostructure of pristine GA and rGO. GA shows a highly macroporous
network with large voids between the graphene layers (~1 um). In addition, there is a significant
decrease of the size of graphene sheets compared to freeze-dried GO. Conversely, rGO exhibits
a densely packed, crumpled and aggregated morphology with less macroporosity than that
observed in GA. The lower porosity in rGO may be attributed to the stirring used during
synthesis, which may promote folding of the graphene sheets. Both materials present a highly
interconnected network, which is fractal-like structure, characterized by a similar structure at
all scales. It is an "infinitely fragmented"” geometric object whose details can be observed at any

chosen scale.
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b)

Figure 111. 11 SEM images recorded at 2 different magnifications of (a,b) GA and (c,d) rGO.

This study shows that GA and rGO samples are macroporous and that GA presents a
higher macroporous volume. These images therefore demonstrate that both samples have a
porosity adapted for bulk electrolyte diffusion. However, at this stage, it is important to note
that in order to achieve improved and reproducible electrochemical performances of electrode
materials for supercapacitors, it is necessary to obtain a thin and homogeneous powder.
Grinding is therefore one of the essential steps in electrode preparation and its impact on the
material structure is a key factor in understanding electrochemical behavior. The impact of
grinding on the macrostructure was studied by SEM (Figure 111.12). The SEM images show
that grinding destroys the external macrostructure and porosity of both GA and rGO.
Consequently, the resulting materials possess a comparable macrostructure. In addition, the
grinding process creates walls on the outer surface of these materials by sheets flattening, which

could potentially modify the access to their macroporosity.
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Figure 111. 12 SEM images on (a) GA and (b) rGO showing the grinding impact on the macrostructure.

This SEM analysis shows that both GA and rGO samples display an open
macroporosity that was highly modified after grinding, which may affect their capabilities to

store ions as electrolytic ion reservoirs.

Still, in the context of SCs, the mesostructure of the material plays a pivotal role. The
presence of mesopores increases the effective surface area available for charge storage. An
optimal mesoscale structure ensures efficient ion transport and accessibility of active sites,

contributing to superior electrochemical performances [19, 20].

5 Understanding the mesostructure and porosity: interest of small angle
scattering

Real-space imaging techniques, such as SEM and TEM are valuable tools for
visualizing nanostructures. However, they do not always provide a clear picture of the order of
magnitude of the structures observed in high aspect ratio nanomaterials, such as those based on
graphene. TEM, examines the isolated objects (divided matter), so, it is not possible to observe
the porosity of the sample or the assembly of structures. On the other hand, with SEM, we
observe the bulk material, but it is not possible to quantify features such as porosity at a specific
scale. It is therefore important to consider the limitations of these techniques when analyzing

such materials. Scattering techniques were used to capture structure over a wide range of
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length scales and these results were compared, when possible, with real-space images.
Indeed, small-angle scattering techniques are a highly relevant method for characterizing the
porosity of disordered media, such as carbonaceous materials, and show a valuable

complementarity with real-space imaging techniques.

GO, GA and rGO are high aspect ratio graphene-based samples, but because they are
not single layers and also because they are used as powder, they actually consist of assemblies
of GO- or rGO-based structures with varying tunable porosity and density. Their mesoscale
morphology was investigated using SANS. The scattering profiles provide insights into the
structural features inherent to the material [21]. In order to gain a deeper understanding of these
features, prior knowledge of the material structure is important as it complements the SAS
results, helping to make consistent assumptions and ultimately leading to a clearer view of the
sample mesoscale. As discussed above, SEM observations of GA and rGO revealed a
porous fractal-like structure of interconnected crumpled and wrinkled graphene sheets,
characterized by a similar structure at all scales.

It is worth reminding here the typical small angle scattering (SAS) profile properties
of porous and fractal materials discussed in Chapter 11 section 8.1. The SAS profile of porous
materials with a well-defined pore size distribution is characterized by a plateau in the
intermediate-Q range, indicating a characteristic size at the probed length scale (pores in this
case). However, this plateau disappears in the case of correlated (inter-connected) pores, with
no longer well-defined size and exhibiting a fractal structure, [22]. Furthermore, SAS profiles
of fractal materials are characterized by their mass fractal scattering (Dm) [23, 24], which can
be obtained directly from the slope of the scattering decay in the intermediate-Q range. The
mass fractal scattering dimension reflects the typical shape of the scattering object. In addition,
at high Q values, the intensity is scattered by the solid/air interface. The interface roughness
can be characterized by a fractal surface dimension Ds as shown in Chapter 11 section 7.1.3.

5.1 Mass and surface fractal dimension determination

Mass and surface fractals are easily observed in the small-angle scattering region.

Indeed, for mass fractals, the scattered intensity is expressed as follows:

[(QaQPm (111.2)

and, for surface fractals, the equation (111.2) applies:

I (Q)aQbPs (I11.3)
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These dependencies should extend for at least a decade in Q, with the 1(Q) vs. Q
representation (log-log) resulting in a distinct straight line for both types of fractals dimensions.

As shown in Chapter 11 section 7.1.3, if the exponent (slope) is between < -1 and > -
3, it indicates -Dm revealing that we are dealing with mass fractals. If the exponent is between
< -3 and > -4, it refers to (-6 + Ds), which indicates surface fractals (high Q range, Porod’s
regime) [25] where Ds = 2 represents a perfectly smooth surface (Q*), and values approaching
3 represent a “very rough” surface (Q3). This is often a simple way of identifying and

distinguishing between the presence of two types of fractal structure in a system.

5.2 Characteristic sizes

Soft carbons could be modelled as an interconnected network of crumpled carbon
layers as shown by Saurel et al. [22]. This model, presented in Figure 111.13, could also be
applied to study graphene-based materials, as they present an interconnected crumpled
graphene sheet structure. R (bending length) represents the smallest flat section of the layers.
The layers are crumpled between R and Z, and the distribution of radii of curvature follows a
fractal exponent. Below R, the layers can be considered flat. £ denotes the fractal cut-off length
(persistence length), beyond which the fractal correlation vanishes but it does not necessarily
corresponds to a restricted expansion of the crumpled layers. Rather, it signifies that, beyond

this length, their curvatures are random [26].

~—77
N —>

Figure I11. 13 Conceptual model of graphene based materials showing the bending R and persistence X lengths,
adapted from Saurel et al [22]

Considering the previous model applied to the fractal nature of these graphene-based
materials, and their hierarchical porous structure with correlated pores, the expected scattering
profile for such a fractal model is anticipated to follow a power-law relationship QP™ at
intermediate and small angles and Q%% at high Q values with break in slopes characterizing the

bending and the persistence length.
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5.3 Investigation of the mesoscale morphology of GO

The SANS profile of the pristine freeze-dried GO (Figure 111.14 a) shows a single
power-law decay with a slope of - 3.6 over the whole Q-range (0.003 - 0.2 A corresponding
to a scale of 3 - 210 nm), indicating that we are probing the same structure without any
modification in this wide range of scales. In addition, the scattering profile does not present any
plateau in the small or intermediate Q-range that characterizes a distinctive size [25]. Figure
111.14 b shows the SEM image of GO at low magnification (scale: 10 x 10 um), revealing a

structure with very large graphene sheets.

The red square depicted in the SEM image indicates the range of length scale probed
in SANS, i.e., 210 x 210 nm2. This comparison enables the understanding of the observed GO
SANS profile. Only the interfaces of the object with high aspect ratios are probed in the SANS
scale, i.e., the scattering entity appears infinite to the neutrons. No typical structural feature
such as peaks, bumps, or breaks in slope are observed. The Q6 power law indicates rough air-
particle interfaces with a surface fractal dimension Ds of 2.4. Since our probing scale is located
within the large graphene sheet of GO, it is not possible to estimate the mass fractal dimension.
Similarly, both the bending and persistence length remain beyond the investigation scale. At
the probed scale, the GO morphology could be represented as a large rough graphene layer, as
depicted by the zig-zag black line in the SANS profile (Figure 111.14 a).
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Figure I11. 14 (a) SANS profile of pristine GO (b) SEM image of GO

In order to study the morphological evolution at the mesoscale after GO reduction, GA
and rGO were studied using SANS and correlated to SEM/TEM observations to establish a link

between real-space images and scattering techniques.
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5.4 Comparison of the impact of the reduction method on materials
morphology at the mesoscale

5.4.1  Study of the mesoscale morphology of GA by SANS and SEM

It is observed that the SANS profiles of the reduced materials are characterized by a
series of power-law decays separated by breaks in slopes. Such a shape of the scattering profile
is characteristic of a porous two-phase system (carbon matrix and pores) with fractal structure
[22, 27, 28]. More specifically, the SANS profile of GA (Figure I11.15 a) lacks distinct
structural features (bump/peak), yet a break in slope is discernible albeit not easily
observable at Q*~ 0.011 A, The corresponding so-called Kratky representation which consists
of plotting 1(Q)Q? against Q (Figure 111.15 b) is plotted as it allows breaks in slope to be
observed as more or less well-defined maxima. This representation allows better visualization
of the slope discontinuities, associated with characteristic distances within the material. In this
case, the distance d*~ 57 nm (d*=2zn/Q*) can be assigned to the bending length (R) of the
crumpled graphene layers within GA. In addition, a slope of ~- 3.4 at high Q values indicates
a surface fractal dimension Ds of 2.6, which indicates that the air/particles interface of GA
is rough. Moreover, the GA shows a Q~slope at small angle, which could be attributed to mass
fractal scattering with high structural compacity or to the scattering from 3D crumpled
graphene layers. Figure 111.15 ¢ shows a high magnification SEM image of GA capturing a
large bent graphene sheet, highlighted by a red line. Comparing the size of the bending on the
image (~50 nm) with that of the SANS break in slope (d*~ 57 nm), they are very close,
supporting the idea that the break in slope may indeed originate from this characteristic bending

length.
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Figure 111. 15 (a) SANS profile of pristine GA (b) corresponding Kratky plot (c) SEM image at high
magnification of GA.

5.4.2 Study of the mesoscale morphology of rGO by SANS and SEM

Figure 111.16 a displays the SANS profile of rGO showing a sequence of power-law
decays with (i) a Q2° dependency at small angles (although observed in a limited Q-range), (ii)
a Q2 in the intermediate-Q range (Q°™ type: shape of the object) and (iii) a Q% in the large Q-
range (Q%PStype: surface fractal scattering). The small angle Q2° dependence can be assigned
to the scattering from a mixture of 3D crumpled particles and 2D flat restacked graphene
domains. The Q2slope in the intermediate Q-range can be attributed to the scattering from 2D
shaped objects (restacked graphene sheets). The Q2 slope in the large Q-range is the typical
signature of extremely rough interfaces. It is noteworthy that the surfaces of rGO are rougher
compared to GA (Q vs Q34 in the Porod’s regime respectively). The power laws are separated
by two breaks in slope at Q*=0.053 A and Q**=0.006 A~ (better determination of these values
is provided by the Kratky plot, see Figure 111.16. b). These discontinuities are associated
with the bending and cut-off/persistence length of the crumpled layers of rGO, which are
about 12 nm (d*) and 105 nm (d**), respectively. The high magnification SEM image
(Figure 111.16 c) shows that the graphene layers have a highly crumpled structure, with many
bends within a single layer (indicated by the red lines on the SEM image). Importantly, the
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bending and persistence lengths on the SEM image (R~20 nm and £~100 nm) are very close to
those derived from the SANS breaks in slope, supporting previous hypotheses about the origin
of these breaks in the SANS profile.
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Figure I11. 16 (a) SANS profile of pristine rGO (b) corresponding Kratky plot (c) SEM image of rGO at high
magnification.

5.5 Discussion on the impact of reduction method on the mesoscale morphology

The scattering profiles of GA and rGO show that the mesoscale morphology of GO
was modified after its reduction using either hydrazine hydrate or hydrothermal reduction. The
single power-law decay profile of GO was no longer observed. Furthermore, the difference in
scattering profiles between GA and rGO indicates that the reduction methods used have a
significant impact on the mesoscale morphology. The SANS profile of GA shows a single break
in slope, associated with a characteristic distance attributed to the bending length within the
crumpled graphene layers of GA, which was estimated to be about 52 nm. The SEM observation
was very helpful in confirming these findings. As a reminder, the SANS profile of rGO shows
two breaks in slopes at Q*=0.053 A and Q**=0.006 A, associated with the bending length
R and the persistence length X which are about 12 nm and 105 nm, respectively. The high-
magnification SEM observations of rGO corroborate these SANS results. The interface

roughness extracted from the slope Q-values (6-Ds) shows a surface fractal dimension of 2.4,
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2.6, and 3 for GO, GA, and rGO respectively. The interface roughness increases with the surface
fractal dimension. rGO has the roughest interface, followed by GA and then GO. The SEM
images confirm these results. They show that rGO has a high roughness due to its crumpled
structure and high density of bends. In contrast, GA has a lower density of bends and less
crumpled graphene sheet structure, resulting in a smoother interface. In contrast, GO, has an
extended and flat graphene sheet morphology, causing the length of the bends to exceed the
probed length scale, resulting in a smoother interface. These structural features are summarized
in Table 111.3.

As a brief reminder, at small angles, GA presents a Q slope, which is attributed to
mass fractal scattering within the 3D graphene structure. Additionally, rGO presents a Q?slope
at the intermediate-Q range, likely arising from the scattering of 2D-shaped objects (lamellar),
specifically restacked graphene sheets. However, SEM observations of the highly crumpled
morphology of rGO raises doubts about the 2D mass fractal scattering instead of the expected
3D mass fractal. Additionally, GA, which has larger and flatter graphene sheets, does not
exhibit 2D mass fractal scattering in the intermediate-Q range, which contradicts expected
patterns. Therefore, investigating the morphology of objects on a smaller scale range (from 10
to 100 nm) is crucial to gain a more comprehensive understanding of the object morphology.
For this purpose, TEM observations were conducted.

Table 111.3: Summary of characteristic sizes and mass/surface fractal dimension determined
by SANS

Materials R (nm) 2 (nm) Dm Ds
GO - - - 2.4
GA 57 - 3 2.6
rco 12 105 2 3

TEM observations in the intermediate-Q range scale (10 - 100 nm) of GA (Figure
111.17) reveal a fractal network of interconnected graphene sheets with a distinct 3D shape due
to the bent graphene layers. These observations support the morphological interpretations
derived from SANS, which indicate the absence of a 2D mass fractal morphology at this
scale. In contrast, the TEM images of rGO (Figure 111.18) show a structure of 2D flat graphene
sheets at this local scale, which is consistent with the results obtained from SANS. The

complementarity of SANS and microscopic techniques was useful in confirming our
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morphological interpretations and highlighting the significance of the SAS technique in

establishing a connection between the different probed length scales.

Figure I11. 17 TEM images of GA taken from different zones highlighting the 3D morphology of this material at
this scale (20 to 100 nm).

Figure I11. 18 TEM images of rGO TEM images of GA taken from different zones highlighting the 3D
morphology of this materials at this scale (20 to 200 nm).
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5.6 Impact of grinding on the mesoscale morphology

Until now, the focus has been dedicated on studying pristine materials, providing
valuable insights into understanding bare graphene-based materials. However, within the scope
of this project, these materials have also been employed as electrode materials for
supercapacitors, and the electrode preparation process involves grinding the material.
Therefore, the potential impact of grinding on the mesoscale structure and porosity has been
investigated. This investigation is particularly crucial because these materials are used and
engineered to exhibit mesoporosity. Therefore, it is essential to explore the potential changes
in their mesoscale structure and porosity induced by the grinding process. The study of the
grinding impact on the mesostructure was conducted by SANS on both pristine and powder
(after grinding) materials (Figure 111.19). Despite the significant impact of grinding on the
macrostructure, as shown previously by SEM, the SANS profiles of all samples remained
almost unchanged after grinding. This indicates that the materials’ mesoscale morphology
and structure (including bending and persistence lengths) were preserved. This result bears
significance because the micro/mesoscale structure and porosity are key factors in
electrochemical storage [19].
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Figure I11. 19 Grinding impact on the mesostructure of (a) GO, (b) GA, and (c) rGO studied by SANS.

6 Density and porosity investigation
6.1 Envelope density

Material density is a crucial property for energy storage applications. High material
density, combined with optimized porosity, facilitates the storage of more energy in a given
volume, enabling the design of more compact energy storage devices. Density is defined as the
ratio of an object’s mass to its volume. Determining the volume of a material (to calculate its
density) is a complex process that heavily relies on its shape and porosity. The measurement of

volume can be affected by surface irregularities and small fractures and fissures. In addition,
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the presence of closed porosity can impact the volume measured using gas pycnometry

techniques.

Figure 111.20 illustrates the three different volumes that could be measured in porous
materials. The total volume of the material envelope (Va), which includes both the solid volume
and all the porosity (case A); in this case, the porosity is completely under-estimated. The
apparent or skeletal volume (Vg) represents the solid volume containing closed porosity
accessible by gas pycnometry (case B). Lastly, the true or absolute volume (V¢) refers to the
solid volume containing no porosity (case C). These volumes yield different densities and offer

valuable insights into the porosity of the material.

A (VA dA) B (VB dB)

Envelope Apparent or Skeletal True or Absolute
Volume Volume Volume

Figure I11. 20 The various volumes that can be quantified in a porous sample

The volume of the envelope (Va) was determined by filling completely a Hellma 1
mm quartz cell with the pristine material. Compression was avoided to preserve the macro
porosity of the materials. The envelope density was calculated by weighing the materials within

the cell and using the known volume of the cell (Table 111.4).

Table 111.4: The envelope density of GA and rGO.

Material Envelope density (da)
GA 0.04 £0.005
rGO 0.2 £0.02

The envelope density between GA and rGO is significantly different, as shown in
Table 111.4. The envelope density of rGO is five times higher than that of GA. These results
underscore the substantial difference in the occupied volume within the Hellma cell between
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GA and rGO. The low density of pristine GA demonstrates a higher occupied volume compared
to rGO, which may be due to its higher macroporosity as shown previously by SEM
observations in Section 4.

6.2 Solid density, interest of neutrons

Determining the solid density is crucial in quantifying the overall porosity of the
material (open vs closed). Contrast Variation-SANS (CV-SANS) is one of the most suitable

techniques for determining this density [29] (more details can be found in Chapter | and I1).

Our initial CV-SANS study was carried out on pristine materials on the SANS-I
spectrometer (Paul Scherrer Institut (PSI)-Villigen) and complementary measurements were
conducted on the D22 spectrometer at ILL. A high SLD solvent was needed based on the
materials SLD calculated using the closest solid density to our materials, which is graphite
density (d= 2.3 g/cm?, SLD~ 7 10'° cm). Considering that the graphene-based materials are
exfoliated graphite their final density is expected to be lower than that of graphite, so their SLD
should be lower than ~ 7 10%° cm™ and cyclohexane was found to be a good solvent to try
matching our materials. The materials were placed in Hellma 1 mm quartz cells and immersed
in different mixtures of cyclohexane (CycloH) and deuterated cyclohexane (d-CycloH) (Table
111.5) to adjust the scattering contrast between the solid and the solvent. This solvent was
chosen because it covers a wide SLD range reaching a maximum of 6.7 10'° cm™ for 100% d-

CycloH (higher than d-toluene and d-acetonitrile for example), and exhibits low viscosity.

Table 111.5: The solvent mixtures used for CV-SANS and the corresponding SLD.

% d — CycloHexane (d-CycloH)
SLD (10'°cm™)
(% vol.)
60 3.9
80 5.2
90 5.9
100 6.7

6.2.1 Solid density of GA investigated by CV-SANS

The combined CV-SANS profiles recorded at PSI and ILL of pristine 6GA-0.05
(Figure 111.21 a) show a gradual decrease in intensity as the amount of d-CycloH decreases.

The minimum intensity is observed at a mixture containing 74% of d-CycloH, beyond
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which the intensity increases as the amount of deuterated solvent decreases. At 74% of d-
CycloH, the intensity is almost zero in the high Q values domain (above Q=0.02 A1) and shows

a slight increase in small angles range (below Q=0.02 A™1).

The evolution of the intensity was plotted against the amount of d-CycloH for different
Q values (Q=0.007 A, Q=0.02 A, and Q=0.05 A1) in order to check the uniformity of the
structure at different length scales. The Intensity as a function of the percentage of deuterated
solvent (%vol) reveals a uniform evolution of the intensity at all the Q values with a
minimum intensity close to zero at Q=0.02 A and Q=0.05 A" recorded at 74% of d-
CycloH (Figure 111.21 b). However, a slight increase in the intensity is observed at Q=0.007
A1 at the matching point. This residual intensity at small angles is attributed to the potential
presence of closed pores in the material or scattering from hydrogen-rich domains [30]. This
uniform relationship indicates a matching point at 74% deuterated solvent, which
corresponds to a Scattering Length Density (SLD) of 4.9 10'° cm™. The GA solid density
determined from the matching SLD and the molecular weight calculated from the EA chemical

formula is found to be dc= 1.56 g/cm?®
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Figure I11. 21 (a) CV-SANS profiles of pristine GA at different mixtures of cyclohexane/d-cyclohexane (b) the
intensity as a function of the deuterated solvent at Q=0.007 A%, Q=0.02 A, and Q=0.05 A 'showing its uniform
evolution at the different Q values and a minimum at 74% of d-CycloH.

6.2.2 Solid density of rGO investigated by CV-SANS

Unlike aerogels, the suspensions of rGO in the solvent mixture suffer from
precipitation. The dense rGO powder sediments quickly (in less than 30 sec) and remains at the
bottom of the quartz cells (Figure 111.22 c), while the recording of the scattering profile can
take more than 30 min. Depending on the area probed by the beam, there may be some powder-
rich or solvent-rich domains. The CV-SANS profiles of rGO (Figure 111.22 a) do not reveal a

trend, which is confirmed by the evolution of + Intensity*? as a function of d-CycloH (Figure
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111.22 b), which does not show the linear dependency expected in the case of a successful CV-
SANS experiment. The non-monotonic evolution between + Intensity'? and the percentage of
d-CycloH in the solvent mixture suggests that the powder-rich domains may not contain enough
solvent to fill the pores, a prerequisite for successful matching conditions. Therefore, the solid
density of rGO could not be determined using this technique. However, the density of GA and
rGO in pellet form (pressed under 2T for 10 min) was found to be very close to each other
at 1.38 and 1.41 g/cm? respectively. These densities are likely to be closest to the solid density
determined by SANS, as pressing removes the majority of the porosity. Since the pellets
densities of GA and rGO are very close to each other, we can assume that this also applies to
their solid densities. For the quantitative results, we have assumed that rGO and GA have the
same solid density of 1.56 g/cm?.

The SLD of rGO, calculated from its solid density and using the chemical formula obtained
with the EA, is 4.7 10*°cm.
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Figure I11. 22 (a) CV-SANS profiles of rGO at different mixtures of cyclohexane/d-cyclohexane (b) Intensity*? as
a function of deuterated solvent at Q=0.007A"* and Q=0.02Ashowing the absence of a trend or a minimum
intensity (c) image of rGO inside Hellma cell after 30 sec of the suspension.

The solid densities determined from the CV-SANS of the reference materials and their
envelope densities (Table 111.6) were used to calculate the porosity volume in these materials.
The volume of the solid and envelope can be easily obtained by inverting the density, while the
porosity volume is calculated as the difference between the volume of the envelope (Va) and

the volume of the solid phase (Vc). Table 111.6 shows that the pores in GA (24.3 cm®/g) occupy
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a larger volume than in rGO (4.3 cm®/g). This large variation is attributed to the difference in
their envelope volume (Va(ca)~25 cm3®/g vs Va(ico)~ 5 cm?/g), as it was hypothesized that they
have similar solid density. This represents the total porosity of these materials, where the
macroporosity might have a significant contribution in the case of GA. At this stage, the total
pore volume is determined, but the distribution of pore volumes as a function of the scale is not
yet determined. Therefore, a quantitative assessment of this porosity is required. To do so,
SAS techniques can be very valuable as long as quantitative analysis of the SAS

measurements can be performed.

Table 111.6: Envelope and solid density as well as envelope, solid, and pores volumes of GA
and rGO.

Envelope [Solid density dc| Envelope Solid Porosity
Material density da (g/cm?) volume Va | volume Vc | volume
(g/cm?) (cm?®/g) (cm3/g) (cm?/g)
GA 0.04 1.56 25 0.64 24.3
rGO 0.2 1.56 5 0.64 4.3

6.3 Mesoporosity investigation

SAS is a powerful technique for estimating material porosity at the mesoscale [31]. In
two-phase systems, Porod’s invariant, denoted as INV, does not depend on the structure, but
only on the volume fraction of each phase (solid/pores) and contrast. Therefore, determining
the INV can help to calculate the proportion of pores within the probed length scale (more
details in Chapter I1). At this stage, it should be recalled that in this study the SANS profiles
were measured on an extended scale from 3 to 210 nm. We therefore examine the mesoscale
(from 3 to 50 nm) and part of the macroscale (from 50 to 210 nm). The INV is calculated using

the absolute scattering intensity (cm™).

INV = f0°° Imeasurea(Q)Q?dQ = 2% (1 — @)Ap® (111.4)
Where:

Ap: the contrast = SL Dmaterial - SLDair = SLDmaterial
¢: volume fraction of phase 1 (solid)

(1-¢): volume fraction of phase 2 (pores)
The determination of the scattering invariant requires a measurement of the scattered intensity

over a very large Q-range (from zero to infinity). However, in practice, this is not possible. The
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porosity of the materials was calculated in the limited Q-range: 0.003-0.2 A™. For the
quantitative analysis, the intensity was normalized to the solid thickness (eg), following the
work of Spalla et al [31]. The porosity can be derived using equation (111.5):

0.2
Iabs

INV* = f
€p

0.003

The invariant INV* was calculated based on the area under the curve of the Kratky
plots derived from the normalized SANS profiles (Figure 111.23). The CV-SANS technique

was used to determine the material's SLD, which was found to be 4.7 10° cm2and 4.9 10° cm-

(Q)Q%dQ =2m?¢*Ap? (I11.5)

2for rGO and GA respectively, as shown above. The solid thickness (eg) was determined using
the transmission and neutron attenuation coefficient (Equation (111.6)). Table 111.7 gathers the

various parameters used to estimate the mesoporosity.

—1In(T)
ep = (111.6)
Hsolid
Area=0.0167 Area=0.0237
a) ] T T T T g T u T T b) 1 T T T T u T T
14 —a— Kratky GA-Pristine | Kratky rGO-Pristine| |
E L
— —
- 014 ! 0.1
£
5 1 @ '
o °-'<
< 0.01 3 < il
:" - A 0.01
1 g
g 1E-3 i - b
1E4 I . . — : 1E-3 —T T T “0\1
0.01 0.1 1 -
; Q(A”)
Q (A7)

Figure I11. 23 The invariant determination from the area under the Kratky curves of (a) GA and (b) rGO.

Table I11.7: The different parameters used to estimate the mesoporosity of GA and rGO.

Attenuation
Material coefficient Transmission | es (cm) | INV (10°cm™) | ¢ (%)
(cm)
GA 0.494 0.97 0.0616 167 35
rGO 0.488 0.98 0.0413 237 57
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There are only a few examples in the literature where this technique has been used to
estimate the porosity and, to the best of our knowledge, none of them has been applied to carbon
materials. The porosity of the Marcellus shells was investigated by a combination of
USANS/SANS to cover an extended Q-range from 3.10° to 0.2 A [32, 33]. The porosity
ranged from ~0.4 % to 4 %. Gibaud et al. [34] explored the porosity of porous silica using
SAXS and the invariant on a Q-range of 0.003 - 0.2 A, and estimated a porosity of
approximately 40%.

Application of this method to both GA and rGO in a Q-range of 0.003-0.2 Al
(corresponding to an extended length scale from 3 to 210 nm) showed that rGO has a higher
porosity of 57%, compared to 35% porosity for GA. This finding highlights that the high
total pore volume in GA, as shown in Table I11.6, is not primarily due to its mesoporosity.
Instead, it emphasizes a significant contribution from macropores, which is consistent with the
SEM observations of GA.

To complete this analysis, our colleagues from CEMTHI laboratory in Orléans (Pr.
Encarnacion Raymundo and DR. Conchi O. Ania) measured the BET surface area for N2 gas
sorption at 77 K and found a SSA of 401 and 237 m?/g for rGO and GA, respectively.
These values seems to be low compared to porous carbon-based materials such as activated
carbon (SSA ~2000 m?/g) [35]. Despite their low SSA, rGO-based materials showed
comparable electrochemical performances to activated carbons, showing a well-optimized
hierarchical porosity [9]. Furthermore, rGO shows a higher SSA than GA. Additionally, the N2
pore size distribution (N2-PSD) (Figure 111.24) shows a pore volume (in the scale ranging
from 0.6 to 30 nm) of 0.86 and 0.24 cm®/g in rGO and GA respectively, confirming the
SANS porosity measurements.
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7 Conclusions

The methodology involved in this chapter consisted of studying graphene-based
materials chemistry and their structure/porosity at different scales. The impact of the chosen
reduction techniques on these parameters were evaluated and will be directly correlated to their
electrochemical performance (Chapter V). As shown previously, the nano-, meso-, and
macroscale structures of GA and rGO were very different, indicating that they were strongly
influenced by the chosen reduction techniques. The nanoscale structure was mainly studied by
XRD. This initially showed an efficient oxidation of graphite leading to a clean GO with no

remaining graphitic component.

Second, XRD showed that GO reduction following both methods led to restacking of
the graphene sheets (single G peak). A slight broadening of the G peak of rGO compared to GA
was observed and shown using Sherrer equation and TEM observations to be due to a higher
number of restacked graphene sheets per stack in GA. This lower number of restacked graphene
sheets in rGO could lead to a more disordered material with higher porosity. In addition, XRD
results showed efficient reduction of GO and indicate elimination of most oxygen functional
groups, which was confirmed by the chemical analysis. XPS and EA indicated a higher C/O
ratio for the reduced materials compared to GO in the order: rGO > GA > GO, confirming that
rGO is more reduced than GA and contains a lower amount of oxygen functional groups, which
was also established by TGA. Indeed, a weight loss of 10% was observed for rGO compared to
30% on GA (Figure 111.25). In addition, the conductivity measurement on GO showed an
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insulating behavior and a conductivity of 0 S/m. In turn, rGO and GA presented conductivities
of 1662 £ 18 S/m and 108 + 5 S/m respectively. All these results showed that hydrazine

reduction was more efficient than hydrothermal reduction.

W cio

Weight loss (TGA)

50 4

40

30 4

GO GA rGO

Figure I11. 25 C/O evolution and TGA weight loss of GO, GA, and rGO.

The macroscale structure of these materials was investigated using SEM. SEM
observation of all materials showed a structure consisting of an interconnected network of
graphene sheets. This structure was characterized by self-similarity, regardless of the probed
length scale and by the absence of individual objects with clearly defined dimensions within
the materials, suggesting a fractal structure. The SEM images of GO showed a very large and
flat morphology of graphene sheets with high macroporosity. Hydrothermal reduction results
in a lightweight monolith with high porosity (GA). SEM observations on pristine GA showed
that this material is indeed highly macroporous. On the other hand, rGO presented a very dense
and crumpled graphene sheet structure, which could be due to the mode of synthesis (synthesis
under stirring), and the stirring could favor the folding of the graphene sheets. These
observations emphasize that the structure/morphology at the macroscale is strongly influenced

by the chosen reduction technique, leading to two different macroassemblies.

The fractal mesoscale morphology of these materials was studied with SANS. Figure
111.26 summarizes the results of this study. The SANS profile of GO showed a single power-
law decay with a slope of - 3.6 over the entire Q-range (0.003 - 0.2 A%, corresponding to a scale
of 3 to 210 nm), indicating that we studied the same structure without any change in this wide
scale. In contrast, the SEM observations on GO revealed a structure with very large graphene
sheets that explain the observed SANS profile, which indicates that only the rough solid/pore
interfaces were probed (surface fractal dimension Ds~2.4 (Figure 111.26 a). After reduction,

the SANS profiles of GA and rGO were characterized by a sequence of power-law decays,
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separated by break in slopes. GA showed a break in slope observed at Q*~ 0.011 Al
corresponding to a distance of d* ~ 57 nm (d*=2r/Q*), assigned to the bending length (R) of
the crumpled graphene layers, which was confirmed by the SEM observations. In addition, GA
exhibited a surface and mass fractal dimension of Ds= 2.6 and Dm= 3 respectively (Figure
111.26 b). In turn, the SANS profile of rGO showed two breaks in slopes at Q*=0.053 A™* and
Q**=0.006 A!, associated to the bending length R and the persistence length =, which are about
12 nm and 105 nm, respectively. These values agreed with those on the SEM images at high
magnification, showing good complementarity between the real space imaging and the
scattering techniques. Additionally, rGO showed a surface and mass fractal dimension of Ds=
3 and Dm= 2 respectively (Figure 111.26 c).

a) b) c)
R=57 nm =105 nm R=12 nm
D.=2,4 D,=not accessible D=2,6 D,=3 D=3 D,=2

(Interface roughness)

Figure I11. 26 the morphologic model, the characteristic structural features (R, and %), and the mass and surface
fractal dimensions determined from SANS of (a) GO, (b) GA, and (c) rGO.

Regarding porosity, the SANS porosity data extracted from the invariant INV show
that rGO has higher mesoporosity than GA: 35 and 57% for GA and rGO respectively (Figure
111.27 a). Furthermore, rGO showed a higher N, BET SSA of 401 m?%/g than GA with only 237
m?/g (Figure 111.27 b) and higher pore volume of 0.86 compared to 0.24 cm®/g in GA in the
0.6 to 30 nm scale (Figure 111.27 c¢). These BET results further confirmed that the higher total
pore volume in GA (24.3 cm®/g) compared to that of rGO (4.3 cm®/g), which was calculated
from the difference between the envelope volume (V) and solid volume (Va), was mainly due

to its high macroporosity confirming the SEM observation.

All these quantitative results showed that rGO is more reduced than GA and has higher
micro-/mesoporosity and lower macroporosity than GA. The chemical analysis and porosity
measurements will be correlated to the electrochemical performances of these materials in
Chapter V.
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Figure I11. 27 (a) SANS porosity, (b) N2 SSA, and (c) pore volume in the scale 0.6 to 30 nm of GA and rGO.
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Chapter IV: Chemical and structural studies of pillared graphene materials

1 Objectives and approaches

As shown in Chapter 111, the graphene sheets tend to restack after GO reduction due
to the removal of the oxygen functional groups and n-m stacking interactions between rGO
sheets. This restacking leads to an inter-graphene layer d-spacing of the reduced graphene
materials (GA and rGO) of 0.36 nm, which is too narrow for electrolytic ion adsorption (cation
size ~0.7 nm). To prevent the restacking issue of graphene sheets during reduction and increase
the surface area accessible to ions, alkyl diamines (i.e. linear alkyl chain with 2 terminal amine
functions) were used to space out graphene sheets and keep them apart. The amine function
reacts with oxygen containing functionalities, resulting in covalent or electrostatic grafting [1].
When the alkyl chain length is long enough, both terminal amines can graft two graphene
sheets, creating a bridging or cross-linking resulting in the formation of graphene galleries with
a d-spacing or height that depends on the alkyl chain length (i.e. pillar) (Figure 1V.1). This
design allows for the creation of a new family of graphene-based materials that can be tailored
to specific needs. This is achieved by incorporating alkyl-diamine linkers of varying lengths,
resulting in increased porosity that is accessible to electrolytic ions. As a result, the
electrochemically active surface area is increased , leading to improved storage performance of

supercapacitors [2].

Cross-linked (CL) domain
Graphitic (G) domain

M

R Lt

Figure 1V.1 Schematic representation of graphitic and pillared domains showing ions adsorption within the
galleries.

To unlock the full potential of the pillared graphene-based materials in SCs
applications, it is imperative to adopt a comprehensive approach that integrate structural and
morphological analysis, electrochemical investigation, and physicochemical characterization.
Such a holistic perspective is crucial for gaining a profound understanding of the properties and
behaviors exhibited by these materials. The structural and morphological analyses provide
insights into the arrangement and configuration of graphene sheets. They shed light on factors

such as restacking, pillaring and porosity at various scales. Electrochemical investigations offer
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a deeper understanding of the materials' performance, elucidating their behavior in different

electrolytes and shedding light on the factors that influence their capacitance.

As for the reference materials, depending on the synthesis method used (hydrothermal
reaction or chemical reaction under stirring), pillared graphene-based materials can be prepared
in two different pristine forms (aerogel or powder). To understand the impact of these two-
synthesis method on the pillaring efficiency, it is necessary to characterize the multi-scale
structure and porosity, as well as chemical properties. Therefore, this Chapter focuses on studies
aiming to assess the physicochemical properties of the samples, as well as their morphological
and structural features, including porosity at all relevant length scale ranging from nano- to
macroscale. As for the characterization of the reference graphene samples, the characterization
methodology includes physicochemical characterizations using TGA, XPS, EA and TPD-MS
to gain insights into the reduction degree and successful functionalization as well as structural
analysis using XRD, SANS, and SEM to understand the pillaring impact within an extended
length scale (Figure 1V.2).

The comparison with the reference materials GA and rGO will enable us to highlight
the impact of pillaring on the structural and physicochemical. This work aims to gain a nuanced
understanding of how pillaring affects the material’s porosity and its relationship to the

electrochemical performance, which will be presented in Chapter V.
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Figure 1V.2 Conceptual scheme of the different level of porosity in pillared graphene materials
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2 Overview on the studied pillared graphene materials

Figure V.3 presents an overview of the two synthesis protocols used to prepare nGAs
and nRPs, where 'n' represents the number of carbons in the alkyl chain, indicating the pillar
length. The synthesis of NnGAs involved a one-step hydrothermal process in the presence of
alkyl diamine, conducted in an autoclave at 180°C for 17 hours, resulting in the formation of
an aerogel. In contrast, the preparation of nRPs involved a two-step protocol that included
functionalization and subsequent reduction using hydrazine hydrate. Both steps were carried
out under stirring and heating conditions at 90°C for 24 hours, resulting in the production of a
powder [2, 3]. For 6GAs, three distinct equivalent diamine numbers (0.05, 0.5, and 1) were
used, while for 6RPs 0.2, 1, and 2 equivalents were studied (Figure 1V.3 c). Furthermore, nGA-
0.05 involved the study of four different pillars with various lengths of the alkyl chain (n = 6,
8, 10, or 12) (Figure 1V.3 d).

a)
1 so;c, ;4h’
2. Hydrazine
90°C, 24h
n =6, 8, 10, and 12
c) d)

HZN\/\/\/\NH2
6GA-0.05 6RP-0.2 LN W W W T

6GA-0.5 6RP-1 HoN
\/\/\/\/\/\NHg

6GA-1 6RP-2
HoN

Figure 1V.3 Synthesis protocol of (a) nGAs (b) nRPs (c) the pillars used in this work with the number of carbons
in the alkyl chain and (d) the equivalent number used for 6GA and 6RP synthesis.

Regarding the corresponding reference materials (GA and rGO), the two distinct
pillared graphene materials (nGAs and nRPs) exhibit different characteristics. Visually, these
pristine materials present notable differences in terms of apparent density and shape. The nRPs
are dense powders, while the nGAs appear as lightweight porous aerogels. To assess the
complete difference between these materials, a comprehensive analysis of their

physicochemical, structural and morphological properties will be presented in this chapter.

140



Chapter IV: Chemical and structural studies of pillared graphene materials

3 Reduction efficiency and chemical composition of 6RP-0.2 and 6GA-0.05

A prior investigation conducted in our laboratory [1] focused on various 6GAs and
6RPs with different equivalent numbers (alkyl diamine concentrations). This study revealed
that 6GA-0.05 and 6RP-0.2 exhibited similar d-spacing and demonstrated superior
electrochemical performances compared to other studied concentrations. Therefore, these
materials were selected as the standard materials for our current study, except for the studies on

the impact of the number of equivalents and pillar length

The success of functionalization and the reduction efficiency in 6GA-0.05 and 6RP-
0.2 were investigated using TGA, XPS, EA. TGA was performed on all samples under N>
atmosphere, with at a heating rate of 5°C/min from 30 to 800°C (Figure 1V.4 a). As shown in
Chapter 111 Section 3, GO undergoes three distinct weight loss processes. The first process is
attributed to the desorption of adsorbed water molecules at around 100°C, while the second is
associated with the elimination of surface oxygen functional groups at around 200°C. Beyond
200°C, a consistent decrease in weight is typically assigned to the slow elimination of stable

oxygen containing functional groups [4], resulting in a total weight loss of 50%.

In contrast, the thermogram of pillared samples can be decomposed in two weight loss
processes. The first one occurs between 312 and 570 °C is attributed to the degradation of the
grafted molecules and the decomposition of surface oxygen groups. Beyond 550°C, a consistent
decrease in weight is observed, which is assigned to the slow elimination of stable oxygen
containing groups, as in the case of GO. 6RP-0.2 and 6GA-0.05 show a weight loss of 26 and
30% respectively, across the temperature spectrum. A more pronounced weight loss recorded
for the 6GA-0.05 indicates that it may contain more grafted pillars or be less reduced than 6RP-
0.2 or. In order to understand this difference, the corresponding weight loss of pillars is
calculated by measuring the weight loss between the changes in slopes in the degradation
profile before and after the degradation step of the pillars (312 <T <570 °C). Figure IV.15 b
shows that 6RP-0.2 exhibit a weight loss of 17 wt%, while 6GA-0.05 show a weight loss of 22

wit%.

This weight loss is adjusted by subtracting the weight loss of rGO and GA, which
occurred in the same temperature range (3.2 wt% and 6.6 wt% respectively), to account for any
oxygen losses taking place in such temperature range. The calculated weight loss of pillars
gives 13.8 and 15.4 wt% for 6RP-0.2 and 6GA-0.05 respectively, demonstrating that 6GA-

0.05 contains more pillars than 6RP-0.2. To determine the degree of reduction of both

141



Chapter IV: Chemical and structural studies of pillared graphene materials

materials, the weight loss percentage of pillars is subtracted from the total weight loss revealing
12.2 and 14.6 wt% for 6RP-0.2 and 6GA-0.05 respectively, indicating that 6RP-0.2 is more
reduced than 6GA-0.05. To further investigate these findings, XPS analysis is conducted on

these samples.
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Figure IV.4 (a) TGA response performed under N2 atmosphere of GO, rGO, 6RP-0.2, and 6GA-0.05 (b) TGA
profile of the 6RP sample with the difference in weight % calculated from the changes in the slopes of the
degradation profile before and after the degradation step.

The XPS survey spectra of the pillared materials (Figure 1V.5) show the presence of
the expected N1s signal at around 400 eV, which originates from the pillars. High resolution
XPS Cl1s, Ols and N1s spectra were recorded and the atomic concentration of each element
was determined. These data, along with the elemental mass concentration determined by
elemental analysis performed on 6RP-0.2 and 6GA-0.05 are gathered in Table IV.1. Both
techniques show similar trend: the nitrogen content in 6RP-0.2 is markedly higher than that of
6GA-0.05. Such observation can be explained by the incorporation of nitrogen in the graphene
sheet backbone when hydrazine hydrate is used for its reduction. Additionally, both techniques
show that the oxygen content of 6GA-0.05 is slightly higher than that of 6RP-0.2. Furthermore,
the conductivity measurements performed using a four-probe system of pellets, reveal an
electrical conductivity of 124 +5 S/m and 28 *2 S/m for 6RP-0.2 and 6GA-0.05
respectively. These results support the TGA observations, indicating that 6RP-0.2 is more

reduced than 6GA-0.05, and confirm the presence of grafted molecules within the materials.

To determine whether the pillars are covalently bonded or only adsorbed or intercalated within

the graphene layers, TPD-MS was conducted.
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Figure 1V.5 XPS survey scan of 6GA-0.05 and 6RP-0.2

Table IV.1: XPS atomic concentration extracted from and EA mass concentration of the 6GA-
0.05 and 6RP-0.2

Materials %C %H %N %0
6GA-0.05 87.02 - 4.89 8.09
XPS
6RP-0.2 84.7 - 7.6 7.7
6GA-0.05 77.49 3.72 5.82 12.95
EA
6RP-0.2 74.8 3.74 9.29 12.17

TPD-MS analysis were conducted by the CEMHTI Laboratory in Orléans. The
comparison between the degradation temperatures of the bare molecules and grafter molecules
within the materials can indicate whether they are adsorbed or covalently bonded to the
graphene sheets. TPD-MS was performed under inert atmosphere (Ar) on a temperature range
of 0 to 300°C for the bare pillar and 0 to 900°C for the pillared materials. Figure 1V6. a
demonstrates that the bare 1,6 diamonohexane pillar starts decomposing at a low temperature
of around 30°C, releasing —CH2-CH,-NH> compounds. Additionally, distinct degradation peaks
of the bare molecule (corresponding to -CH2-NH2, —CH2-CH2-NH>, and —-NH fragments) are
recorded at 180°C, accompanied by a weight loss of 100%, indicating complete degradation of

the pillars.
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In turns, Figure 1V.6 b shows the TPD-MS profile of the 6RP-0.2 material. Both 6GA-
0.05 and 6RP-0.2 exhibit similar profiles. Interestingly, the peaks of the molecule’s
decomposition have shifted to higher temperatures: 300°C for —-CH>-CH2-NH>, 450°C for CHo-
NH., and 500°C for NH. Moreover, the broadness of these peaks indicates that the pillar is more
stable and requires higher thermal energy for decomposition than the bare pillar. These results
confirm that the molecules are covalently bonded to the graphene sheets. Additionally, the
decomposition of molecules containing —NH2 groups could only originate from the amines that
did not react with the oxygen functional groups on the graphene oxide. This finding suggests
the presence of non-reacted amines, which may come from pillars that reacted only from
one side with the graphene sheet. These findings confirm the functionalization of the
graphene. However, this study aims to open new porosity accessible to ions by bridging the
graphene sheets with the pillars and preventing their restacking. Therefore, XRD was conducted

to determine if the materials are pillared or only functionalized graphene-based materials.
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Figure 1V.6 The decomposition products under heating evaluated by TPD-MS of (a) 1,6 diamonohexane and (b)
6RP-0.2.

4 Nano-porosity investigation

XRD was conducted to give evidence of successful pillaring and the creation of
nanoporosity. In this study, the so called nanoporosity or galleries refer to the interlayer d-
spacing created by the pillaring. The XRD patterns (Figure 1V.7) of the two materials exhibit
two distinct diffraction peaks compared to the reference materials, which only display a single
peak (in the Q range 0 to 3 A™1). The peak observed at Q=1.6 A~! corresponds to the restacked
graphitic part (G peak) with an interlayer distance of 0.39 nm, showing a slight increase
compared to their respective reference materials (0.36 nm). This difference may be due to either

i) a lower degree of reduction of the pillared materials or ii) the presence of horizontally
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intercalated pillars between the graphene sheets. The former explanation is more consistent with

the chemical analysis, which indicated the presence of grafted molecules on only one side.

The new XRD peak appears at lower Q values (Q=0.82 A1), featuring a d-spacing of
0.77 nm, attributed to a long-range order. This peak is ascribed to the bridging of the rGO
sheets together using the molecular pillars and is denoted as the CL (cross-linked) peak.
This attribution was further supported by the absence of this peak in rGO samples, confirming

that the CL peak only appeared when pillaring was performed prior to reduction.
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Figure IV.7 XRD patterns of (a) 6RP-0.2 and rGO, (b) 6GA-0.05 and GA.

The mean graphitic domains represented by the G peak exhibit a broad profile, similar
to that of their reference materials, and broader than that of graphite. This observation is
consistent for both 6GA-0.05 and 6RP-0.2, suggesting that the restacking process is
comparable, regardless of the presence of pillars. Furthermore, the CL peak in 6RP-0.2 is
broader than that of 6GA-0.05 and displays an asymmetric shape. This may be attributed to a
lower number of bridged layers per stackor non-uniform pillaring across the sample, leading to
a larger distribution of d-spacing in 6RP-0.2. To verify these hypotheses, the Scherrer equation
was applied to estimate the stack height [5, 6]. The XRD fitting data and calculation results are
presented in Table IV.2.

L )
¢~ FWHM.cosb,

(v.1)

With:

A radiation wavelength of cobalt (0.1789 nm)

Ky, form factor (k=1)

FWHM, width at half height of the diffraction peak (rad)
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Table 1V.2: XRD fitting data and the stack height calculated from Scherrer equation.
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CL peak G peak
Position | d-spacing Position | d-spacing Stack Height
Sample . FWHM . FWHM (nm)
(®) (nm) (®) (nm)
CL G
6GA-0.05 | 13.1+0.3 | 0.77£0.01 2.6 26.9 0.39 4.7 3.5 2
6RP-0.2 13.4+0.3 | 0.76+0.01 4 26.6 0.39 6.1 2.3 15

Both 6GA-0.05 and 6RP-0.2, exhibit similar number of layers per stack (stack height

divided by d-spacing), with approximately 3-4 and 2-3 layers per stack, respectively. This result

suggests that the broadness of the CL peak in 6RP-0.2 is not primarily due to the number of

cross-linked layers per stack. Therefore, further investigations were conducted to track whether

the broadness of the CL peak in 6RP-0.2 could result from a non-uniform pillaring distribution.

Indeed, different samples from the same synthesis batch displayed different CL peak shapes

(Figure 1V.8), revealing two dominant populations with d-spacing of 0.75 nm and 0.66 nm.
The former, present in both 6RP-0.2 and 6GA-0.05, could be considered as the stable pillar

conformation. The latter, with a 0.66 nm d-spacing, may indicate the presence of tilted pillar

conformation. Therefore, a grinding step was implemented after each synthesis to obtain a

homogeneous powder and for relevant electrochemical and physicochemical results.
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Figure 1V.8 XRD patterns of different samples from the same 6RP-0.2 synthesis.
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5 Pillaring homogeneity investigation
5.1 Pillaring homogeneity in 6RP-0.2

In an effort to understand the observed populations on the CL peak, we monitored the
6RP-0.2 reaction by extracting samples at different time points during the reaction and studying
their nanostructure and chemical properties. As previously mentioned, the 6RP-0.2 synthesis
involves a two-step process, with the first step being functionalization or pillaring, resulting in
a product named 6P. Four samples were extracted at 2, 4, 8, and 24 hours after the first reaction
step, washed, and subsequently dried to perform XRD and XPS analyses. The XRD results
indicate that the GO peak shifted to smaller angles after two hours (Figure 1V.19), indicating

an increase in the interlayer distance due to diamine intercalation.

A small bump around 1 A is observed (black circle), possibly resulting from diamine
intercalation between the partially reduced graphene layers. Moreover, the presence of a G peak
after only two hours is evident, indicating that a substantial portion of the material has
undergone reduction and restacking, indicating that both functionalization and partial reduction
occurred during this step. The early onset of reduction kinetics explains why a fully pillared
material is never achieved, and a certain amount of restacked graphene is always present. After
four hours of reaction, the GO peak exhibits two dominant interlayer distances, suggesting that
the pre-intercalated diamine has started to react with the graphene sheets. Subsequently, after 8
and 24 hours, the GO peak shifts to higher angles, indicating a decrease in interlayer distances,
ultimately reaching 0.93 nm by the end of the reaction. Figure 1V.10 illustrates the evolution
of the functionalized graphene material (6Ps) during the first reaction step. In the initial stages
of the reaction (6P-2H), the amines intercalate between the GO sheets and initiate reactions
with the oxygen functional groups, causing an increase in the d-spacing. After 4 to 8 hours, the
d-spacing starts to decrease and eventually stabilizes at 0.93 nm after 24 hours. Towards the
end of the reaction, with such a high d-spacing compared to 6GA-0.05 for example with a d-

spacing of 0.77 nm, it is expected that the pillars are vertically aligned.
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Figure 1V.9 XRD patterns of GO and 6Ps after 2, 4, 8, and 24 hour of reaction.

6P-24H

Figure 1V.10 The proposed scheme of the functionalized and pillared graphene during this first reaction.

In the second step of the reaction, hydrazine hydrate was used to reduce the 6P-24H
sample and remove the remaining oxygen groups, aiming to increase the conductivity of the
material. Figure 1V.11 shows the evolution of the material’s structure during this reduction
step monitored by XRD. After two hours of 6P-24H reduction, the CL peak shifts to higher
angles, resulting in a d-spacing of 0.82 nm. This shift is likely attributed to the removal of
oxygen groups to finally lead to a decrease in the interlayer distance. This decrease in d-spacing
may be due to a tilted pillar conformation. After 8 hours, the d-spacing continues to decrease,
and a second peak begins to emerge, increasing the broadness of the CL peak. The broad double
peak at the end of the reaction indicates the presence of two pillaring populations. The peak

deformation observed after 8 hours of reduction suggests that the degree of reduction impacts
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the pillaring. This effect may be due to differences in pillar conformation either arising from
second amine grafting or further elimination of oxygen functional groups, leading to a
deformation of the pillars and the creation of other stable conformation.

Two popljlatioﬁs ' [ —— 6RP-24H
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Figure 1V.11 XRD patterns of 6RP-0.2 after 2, 4, 8, and 24 hour of 6P-24H reduction.

The two reactions were also monitored using XPS, providing insights into the
evolution of nitrogen and oxygen content during the two reaction steps. Since the samples were
washed and dried before the analysis, any non-intercalated or non-reacted diamine should have
been removed, and the nitrogen percentage can provide insights on the intercalation/reaction
process. Figure 1V.12 illustrates the nitrogen and oxygen evolution during the first reaction
step. The nitrogen content increases from 0.3% in GO to approximately 6% after only 2 hours
of reaction, demonstrating the high reactivity of the diamines. After 2 hours of reaction, the
N content increases gradually, indicating that the reaction between the diamine and the
graphene oxygen functional groups occurs progressively. In contrast, the oxygen evolution
displays a sharp decrease after 2 hours of reaction, decreasing from ~30% in GO to ~20%
after two hours of functionalization. This reduction represents the removal of 33% of the
oxygen content in the material. After 4 hours, the oxygen amount further decreases from 20%
to ~12%, representing a reduction of approximately 40% of the remaining oxygen content. The
rapid removal of oxygen groups could be indeed responsible for the fast restacking kinetics
observed by XRD. Additionally, the formation of a G peak after only 2 hours of
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functionalization underscores the potent reduction capabilities of the 1,6-diaminohexane pillar.
These results emphasize the fast reaction kinetics between the amines and the oxygen functional

groups during the first two hours of the reaction. They also highlight the reduction ability of the
diamines.

GO 6P2H 6P4H 6P 8H 6P 24H 3 GO 6P2H 6P 4H
Sample

6P 8H 6P 24H

Sample

Figure 1V.12 (a) Nitrogen and (b) oxygen evolution during the first reaction step determined by XPS.

During the reduction step using hydrazine (Figure 1V.13), the nitrogen content
increases due to the reaction between the hydrazine used for reduction and the graphene oxide
sheets. A comparable increase in nitrogen was also observed in rGO using the same reducing
agent without pillars, as nitrogen is incorporated into the graphene conjugated network, as
shown in Chapter 11 Section 3. Additionally, a continuous decrease of the oxygen content is
observed during reduction, reflecting the gradual elimination of the remaining oxygen
functional groups. It appears that the reduction was more efficient during the initial step, when
the majority of oxygen was removed. However, the conductivity measurements show that the
electrical conductivity of 6P-24h (7 +2 S.m™) is 20 times lower than that of 6RP-0.2 (124 +5
S.m™). This indicates that the reduction step is crucial in restoring the conjugated network and
ultimately enhancing the conductivity of the material.
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Figure 1V.13 (a) Nitrogen and (b) oxygen evolution during the second reaction step determined by XPS.

5.2 Pillaring homogeneity in 6GA-0.05

For the 6GA-0.05, no deformation or asymmetry of the CL peak was observed.
However, systematic XRD analysis and data fitting revealed a non-homogenous distribution of
the ratio between cross-linked and graphitic domains. A study was conducted on different
samples in order to identify the origin of this inhomogeneity. Figure 1V.14 displays the XRD
patterns of various 6GA-0.05 samples prepared from the same synthesis batch. The samples
were all prepared under identical conditions with a weight of 5 mg and pressed under 2 T for
10 min. The CL and G peaks were fitted using the same parameters and the same Q range (Q =
0.5-1.05 A for CL peak and Q = 1.05-2.5 A for G peak). The position of the CL peak
remained constant, resulting in a unique d-spacing, unlike 6RP-0.2 (Figure 1V.8). However,
the CL/G peak ratio varies between samples, impacting the cross-linking percentage in the
material (%CL). Table 1V.3 gathers the fitting XRD results, indicating a variation in cross-
linked domain percentage from 19 to 34%. This suggests that the pillaring was not
homogeneous across the sample during the synthesis.
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Figure IV.14 XRD patterns of different samples from the same 6GA-0.05 synthesis.

Table I1V.3: XRD fitting data and the percentages of the cross-linked and the graphitic domains
of 4 different samples of 6GA-0.05 single batch.

CL G % CL % G
FWHM Peak area FWHM Peak area
6GA-0.05-1 2.5 56300 4.74 107900 34 66
6GA-0.05-2 2.5 45610 4.79 175075 21 79
6GA-0.05-3 2.46 36573 451 157601 19 81
6GA-0.05-4 244 53147 4.52 168810 24 76

To understand the inhomogeneity in pillaring of 6GA-0.05, we sought to investigate
the core and shell of the aerogel based on the observed macrostructure between them as shown
in Figure 1V.15 c. Our aim was to gain insights into the evolution of cross-linking within the
material. Two different samples from the core and two from the shell were examined using
XRD (Figure 1V.15 a, b). The two samples from the same aerogel part (core or shell) exhibited
similar XRD patterns. After fitting the XRD curves, it was found that the core samples and the
shell samples have a cross-linking percentage of 25% and 35% respectively, as shown in Table
IV.4. These results indicate that the cross-linking is uniform within the core and shell of the

aerogel. However, the study also reveal that the shell has a 40% higher cross-linked graphene
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domain than the core. As it is technically challenging to separate shell from core for all analyses,
a grinding step was implemented to obtain a homogeneous powder and prepare electrodes for

relevant electrochemical and physicochemical results.
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Figure 1V.15 XRD patterns of two different samples from the (a) core and (b) shell of the 6GA-0.05 aerogel, (c)
SEM image of the 6GA-0.05 aerogel showing the visual difference between the core and shell.

Table I1V.4: XRD fitting data and the percentages of the cross-linked and the graphitic domains

of different 6GA-0.05 samples extracted from the core and the shell of the aerogel.

CL G % CL % G
FWHM Peak area FWHM Peak area

6GA-Core-1 2.6 44209 4.74 126350 25 75

6GA-Core-2 2.9 36576 4.79 111066 25 75

6GA-Shell-1 3.5 39033 4.66 71999 35 65

6GA-Shell-2 3.5 54209 4.95 105881 34 66

6 Investigation of impact of the equivalent number of pillars on the
nanostructure and chemical properties of 6RP and 6GA

The impact of the equivalent number of the diamonohexane pillar used to prepare
6GAs and 6RPs on the grafted quantity within the materials was chemically investigated. Three
different diamine equivalent numbers were used to prepare 6GAs (0.05, 0.5, and 1) and 6RPs
(0.2, 1, and 2). Table IV.5 gathers data from XPS and EA conducted on the different 6GAs. As
previously mentioned, monitoring the evolution of nitrogen content could provide insights into

the amount of grafted pillars in the material. Both XPS and EA show that the nitrogen amount
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in 6GA-0.5 is approximately twice that found in 6GA-0.05. The nitrogen content was

approximately doubled by increasing the diamine equivalent number by 10 from 0.05 to 0.5.

However, both 6GA-0.5 and 6GA-1 contain the same nitrogen amount, which could be due to

a functionalization saturation being reached below 0.5 equivalent number, meaning that any

additional pillars were unable to react and were subsequently washed out of the material.

Table IV.5 Atomic percentages extracted from XPS and EA of the different 6GAs.

Materials %C %H %N %0

6GA-0.05 87.02 - 4.89 8.09

XPS 6GA-0.5 86.23 - 8.65 5.11
6GA-1 84.95 8.66 6.39

6GA-0.05 77.49 3.72 5.82 12.95

EA 6GA-0.5 71.8 5.9 10.09 12.21
6GA-1 73.52 6 10.02 10.46

In contrast, the chemical analysis of 6RPs (Table 1V.6) shows that increasing the

pillars’ equivalent number did not have a significant impact on the nitrogen content within the

materials compared to 6GAs. This result suggests that the grafting saturation is already reached

at 0.2 equivalent and that the additional pillars do not react.

Table 1V.6 Atomic percentages extracted from XPS and EA of the 6RPs.

Materials %C %H %N %0

6RP-0.2 84.7 - 7.6 1.7

XPS 6RP-1 85.79 - 6.46 7.75
6RP-2 84.28 - 8.15 7.57
6RP-0.2 74.8 3.74 9.29 12.17

EA 6RP-1 717 3.7 8.5 16.1
6RP-2 71.1 3.7 8.1 17.1

The impact of pillar density on the d-spacing was investigated using XRD. Figure

V.16 a displays the XRD patterns of the various 6GAs. Increasing the pillar density from 0.05

to 0.5 and then to 1 equivalent leads to an asymmetric and very large CL peak, indicating a
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significant distribution of the interlayer distance. The peak's maximum was recorded at Q =
0.62 A%, corresponding to a d-spacing of 1 nm. Additionally, the large d-spacing distribution
suggests the presence of multiple stable pillar conformations within the material, including
tilted and vertical pillars. This variability may be attributed to the high quantity of intercalated
pillars that reacted with the graphene sheets. Furthermore, the stability of the CL peak above
0.5 equivalent corroborates the chemical analysis results, which showed a stable nitrogen
percentage above 0.5 equivalent. This further confirms that the additional pillars could not react

and were washed out from the material.

In turns, 6RPs XRD patterns are presented in Figure 1V.16 b. Interestingly, increasing
the pillar’s equivalent number for 6RP synthesis did not exhibit a significant impact on the CL
peak compared to 6GA. The CL peak position and shape of 6RP-1 resembled that of 6RP-0.2,
while 6RP-2 showed a slight increase in the d-spacing to 0.8 nm (corresponding to Q = 0.78 A-
1. These findings suggest that increasing the equivalent number in 6RP did not have a
significant impact on the amount of grafted pillars. This finding is consistent with the chemical
analysis, which indicated that grafting saturation occurred at 0.2 equivalent. These results
confirm that 0.05 equivalent for 6GA and 0.2 equivalent for 6RP are the most suitable

chemically and structurally.
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Figure 1V.16 XRD patterns with different diamine equivalent numbers for (a) 6GA and (b) 6RP.

7 Pillars length impacts on the nanostructure and chemical properties of
nGA-0.05

Four different graphene aerogels were synthesized using alkyl diamines with varying
numbers of carbons in the alkyl chain (6, 8, 10, and 12) at an equivalent number (0.05).

Chemical analyses were performed on the resulting pillared graphene aerogels (Table 1V.7).
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As all the pillar molecules contain the same number of nitrogen (2), the nitrogen content within
the materials could be directly linked to the pillaring density and, therefore, to the pillaring
efficiency. 6 and 8GA-0.05 have approximately the same nitrogen percentage. In turn, a slight
decrease in the nitrogen percentage is noticed for 10 and 12GA-0.05. However, it is still
comparable to that of the shorter alkyl diamines. This suggests that these pillars reacted with
the graphene oxide with approximately the same yield as shorter diamines, from one or both
sides, creating functionalized or pillared graphene materials. XRD analyses were performed on

these samples to investigate the impact of the pillar length on the nanostructure.

Table IV.7 Atomic percentages extracted from XPS and EA of the different nGA-0.05 (n=6,
8, 10, and 12).

Materials %C %H %N %0
6GA-0.05 87.02 - 4.89 8.09
8GA-0.05 87.6 - 6.3 6.1
XPS
10GA-0.05 88.89 - 4.76 6.35
12GA-0.05 88.7 - 3.2 8.3
6GA-0.05 77.49 3.72 5.82 12.95
8GA-0.05 775 4.7 5.7 12.1
EA
10GA-0.05 73.7 47 4.39 17.2
12GA-0.05 78.8 4.8 3.95 12.4

The impact of the pillar length on d-spacing was studied using XRD. Figure 1V.17
shows that increasing the alkyl chain length from 6 to 8 carbons (black and red curves) lead to
an asymmetric and large CL peak, indicating a wide distribution of interlayer distances with
two distinct populations at Q=0.73 Aand Q=0.63 A1, corresponding to d-spacings of 0.86 and
0.99 nm respectively, compared to 0.77 nm for 6GA-0.05. These observations confirm that
increasing the pillars length leads to an increase in the d-spacing. However, the pillared samples
containing 10 and 12 carbons in the pillars do not show a clear CL peak. Two distinct bumps
are noticed at approximately the same Q positions for both 10 and 12GA-0.05. The first bump,
at Q=0.77 A, represents a d-spacing of 0.81 nm which is lower than that of 8GA-0.05. This
could be attributed to the pillars that reacted from only one side and exhibit a tilted
conformation. The second bump at Q=0.5 A represents an interlayer distance of 1.25 nm,

which is the highest d-spacing recorded for the pillared graphene materials. This bump could

156




Chapter IV: Chemical and structural studies of pillared graphene materials

be assigned to the reacted pillars that induce bridging between the graphene sheets. Moreover,
the low peak intensity may be due to the low diamine equivalent used for their preparation, and
increasing the equivalent number may improve the pillaring. These results indicate that 6GA-
0.05 is the only sample with a well-defined d-spacing. This will allow a direct correlation
between the nanoscale structure and the electrochemical properties, as it will not be affected by

other factors, such as pillaring inhomogeneity.
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Figure 1V.17 XRD patterns of the pillared graphene aerogels using different pillars with different lengths

8 Macro-structure investigation and its evolution compared to non-
pillared materials

The macroscale morphologies of the graphene sheets within 6GA-0.05 and 6RP-0.2
materials were investigated using SEM (Figure 1V.18). These images reveal that, unlike their
references (GA and rGO), the macrostructures of both pristine pillared materials are not
significantly different. The 6GA-0.05 morphology is similar to that of GA, presenting a
large connected graphene sheet structure with high macroporosity. In contrast, the
morphology of 6RP-0.2 differs significantly from rGO. This sample presents a less crumpled
and aggregated structure, with higher macroporosity. Both pillared graphene-based materials
present a highly connected fractal-like network, with no isolated objects of well-defined
dimensions. This fractal structure exhibits self-similarity in the arrangement of graphene sheets
across multiple magnifications scales. Even at low magnification, the materials exhibit a
complex interconnected structure without any isolated entities. Additionally, 6RP-0.2 seems to
be slightly denser than 6GA-0.05 with lower macroporosity. The pillaring of aerogels does not
affect their macrostructure or morphology. Both 6GA-0.05 and GA exhibit the same aerogel
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shape at the end of the reaction, as observed visually, and show similar macrostructure as shown
by SEM. In turns, the pillaring process has a significant impact on the macrostructure of the
reduced powders. At the end of the reaction, both rGO and 6RP-0.2 exhibited similar powder
shapes. However, SEM observations revealed that the crumpled and dense structure of rGO
was transformed into a less crumpled morphology with higher macroporosity by incorporating
pillars in 6RP-0.2. These observations can be assigned to the additional functionalization step,
which appears to affect the macrostructure of the graphene sheets. The presence of pillars may
restrict the bending and folding of the graphene sheets promoted by the stirring. This limitation

in motion could be attributed to an increase in the rigidity of the sheet assembly.

a)

Figure IV.18 SEM images at different magnifications of (a,b) 6GA-0.05 and (c,d) 6RP-0.2.

As discussed previously in Chapter 111 and as will be shown in Chapter V, these
materials will be used as electrodes for supercapacitors. For this purpose, a fine and
homogeneous powder is needed to prepare good electrodes for better and reproducible
electrochemical performances. Moreover, in the first part of this Chapter, the necessity of
grinding to study a sample that accurately represent the entire batch was shown. Therefore,
grinding becomes one of the most important steps for electrode preparation. The SEM analysis
revealed that grinding has a similar impact on the macrostructure of 6GA-0.05 and GA. (Figure
1V.19). Specially, the external macrostructure and porosity (> 1 um) were destroyed, indicating

that grinding significantly affects the macroscale structure and porosity of aerogels. The
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external macroporosity was completely closed, forming a dense structure (Figure 1V.19 a, b).
Surprisingly grinding did not alter the macrostructure of 6RP-0.2, and the pristine material
morphology was preserved after grinding (Figure 1V.19 c, d). These observations confirm the
hypothesis of the high graphene sheet rigidity in the 6RP-0.2 which may increase its resistant

to grinding and explain the preservation of the macrostructure.

d)

Grinding

Figure 1V.19 SEM images of (a) 6GA-0.05 before grinding (b) 6GA-0.05 after grinding (c) 6RP-0.2 before
grinding (d) 6RP-0.2 after grinding.

This SEM analysis shows a slight difference regarding macroporosity (> 200 nm)
between the pillared graphene samples that was highly modified for 6GA-0.05 and preserved
for 6RP-0.2 after grinding. This difference may influence their capabilities to store ions, as
macropororosity can be considered as an electrolytic ion reservoir. Still in the context of SCs,
the meso-structure of the material plays a pivotal role. An optimal meso-scale structure ensures
efficient ion transport and accessibility of active sites, contributing to superior electrochemical
performances [7, 8]. Therefore, this macroscale study must be completed by a thorough
characterization of the mesoscale, which will be presented in the following sections of this
Chapter.
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9 Understanding the meso structure and porosity of pillared graphene
materials, interest of small angle scattering

9.1 Investigation of the meso-scale morphology of 6GA-0.05

As discussed in Chapter 111 Section 5, Small-Angle Neutron Scattering (SANS) is a
well-adapted technique for capturing structure over a wide range of length scales (ranging from
3 to 210 nm in this study). Its complementarity with real space imaging was very helpful in
understanding rGO-based materials. Therefore, the meso-scale morphology of pillared
graphene materials is examined using SANS. As shown previously in Section 8, these materials
exhibit a fractal structure, similar to that of GA and rGO. Therefore, their mass and surface
fractal dimensions alongside their characteristic sizes (bending R and persistence X lengths)
were investigated. It was observed that the SANS profiles of the reduced materials GA and rGO
are characterized by a succession of power-law decays separated by break in slopes (Chapter
I11 Section 5.4). Such shape of the scattering profile is characteristic of a porous two-phase

system (carbon matrix and pores) with fractal structure [9 - 11].

The SANS profile of 6GA-0.05 (Figure 1V.20 a) shows a break in slope at Q*~0.012
A1, which is confirmed by the Kratky representation (Figure 1V.20 b). The characteristic
distance is about d*~ 52 nm (d*=2xn/Q¥*), which can be assigned to the bending length (R)
of the crumpled graphene layers within 6GA-0.05. In addition, a slope of ~-3.6 at high Q
values is observed, indicating a surface fractal dimension Ds of 2.4. This indicates that
air/particles interfaces in the 6GA-0.05 are rough. Additionally, a Q®slope is observed at small
angle, which is attributed to mass fractal scattering Dm of 3. This is assigned to the scattering
from 3D crumpled graphene layers within the material. Interestingly, this profile and the
corresponding structural features (bending length, mass and surface fractal dimensions) are very
similar between the two aerogels (GA and 6GA-0.05). Indeed, both aerogels exhibit the same
break in slope position, and similar mass fractal scattering (Q ). However, 6GA-0.05 exhibit a
slightly smoother interface (Ds=2.4) than GA (Ds=2.6). These observations suggest that the
pillaring does not influence significantly the meso-scale morphology of the aerogels.
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Figure 1V.20 (a) SANS and (b) Kratky plot of 6GA-0.05.
9.2 Investigation of the mesoscale morphology of 6RP-0.2

In contrast, the 6RP-0.2 SANS profile (Figure 1V.21) shows a single break in slopes
at Q*~0.043 AL, which is confirmed by the Kratky representation (Figure 1V.21 b). The
characteristic distance in this case is about d*~ 15 nm (d*=2rn/Q*), which is assigned to
the bending length (R) of the crumpled graphene layers within the 6RP-0.2. In addition, a
slope of ~-3.4 (Ds of 2.6) at high angles indicates a rough interface between air and particles in
6RP-0.2. Furthermore, a Q28 slope is observed at small angle, which is attributed to mass
fractal scattering Dm of 2.8. This is assigned to the scattering from a mixture of 3D
crumpled particles and 2D flat restacked graphene domains. In comparison to rGO, the
6RP-0.2 SANS profile lacks the second break in slope at small angles (Q=0.006 A in rGO)
that corresponds to the persistence length . This persistence length may be beyond the probed
scale (3 to 210 nm).

To confirm this hypothesis, a correlation between SANS and SEM was made. Unlike
rGO, the SEM images of 6RP-0.2 showed a morphology of less crumpled graphene sheets with
large graphene sheets, closely resembling that of graphene aerogels as shown in Figure 1V.18.
Therefore, as in the SANS profiles of aerogels, it can be concluded that the persistence length
is indeed beyond the investigated scale for 6RP-0.2. Furthermore, 6RP-0.2 exhibits a smoother
interface (Ds=2.6 in 6RP-0.2 vs Ds=3 in rGO). Interestingly, for both aerogels (6GA-0.05 and
GA) and reduced powders (6RP-0.2 and rGO), the pillared materials showed smoother
interfaces than the reference samples. This can be attributed to the covalent bonding
between the pillars and the GO sheets, along with the formation of galleries, which may
hinder the folding of graphene sheets. Consequently, the decrease in bend density within the
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graphene sheets results in smoother interfaces. These results demonstrate that the pillaring
induces a noticeable modification of the mesoscale structure of the reduced powders. The
characteristic sizes and fractal dimension of the reference and pillared graphene-based materials

are summarized in Table 1V.8.

T L T T T b)
100001 [ = SANS 6RP-0.2-Pristine| —s—Kratky 6RP-0.2 Pristine
1000 +
— — 01 Q*=0.043 A
E 100 '
S 5
o
2 10 | <
4 1 oy 0.01
E 1 | <4
|
0.1 |
[
0.01 T T 0.001 T T
0.01 0.1 0.01 0.1
Q (A7) Q (A1)

Figure 1V.21 (a) SANS and (b) Kratky plot of 6RP-0.2.

Table 1V.8: Summary of characteristic sizes and mass/surface fractal dimension of the

graphene-based materials determined by SANS.

Materials R (nm) Z (nm) Dm Ds
6GA-0.05 52 - 3 2.4
6RP-0.2 15 - 2.8 2.6
GA 57 - 3 2.6
rGo 12 105 2 3

9.3 Impact of grinding on the meso-scale morphology

As explained before, these materials will be used as electrode materials for
supercapacitors, and undergo a grinding process during electrode preparation. Therefore, it is
crucial to study the evolution of their meso-structure and porosity after the grinding. The effect
of grinding on the meso-structure was investigated using SANS. Remarkably, the SANS
profiles of all samples (Figure 1V.22) remained almost unchanged after grinding, indicating
the preservation of the materials’ mesoscale morphology and structure, including the bending
length (R), mass and surface fractal dimensions (Ds and Dm). This finding holds significance

as the mesoscale structure and porosity play pivotal roles in electrochemical storage [7].
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Figure IV. 22 Grinding impact on the meso-structure studied by SANS for (a) 6GA-0.05 and (b) 6RP-0.2 before
(black) and after (red) grinding

9.4 Impact of pillars density and length on the meso-scale morphology of pillared
samples

The impact of the equivalent number and length of pillars on the nanoscale structure
(galleries) and materials chemistry was clearly pronounced as shown previously using XRD,
XPS and EA (Section 4). It was worth investigating whether these factors also affect the
mesoscale structure. The impact of the pillars equivalent number was studied on the mesoscale
of both pillared materials (6GAs and 6RPs) using SANS (Figure 1V.23). It is worth reminding
here the different equivalent numbers used for the preparation of the pillared graphene
materials. Three different diamine equivalent numbers were used for each material: 0.05, 0.5,
and 1 for 6GA, and 0.2, 1, and 2 for 6RP. As shown in Figure 1V.23, the shape of the SANS
profiles was clearly modified with an increase in the number of pillars for both materials.
However, no discernible trend could be identified. When increasing the equivalent number, the
scattering profiles of the pillared materials with a high equivalent number of diamines showed
regions both above and below those of 6GA-0.05 and 6RP-0.2. Furthermore, the breaks in
slopes were not consistently preserved, and the slopes varied arbitrarily without a discernible

trend, in contrast to XRD where trends were easily identified.
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Figure 1V. 23 SANS profiles of (a) 6GA and (b) 6RP with different equivalent number.

Regarding the impact of pillar length on the mesoscale structure, Figure 1V.24 a
shows that 6GA-0.05 and 8GA-0.05 present similar scattering profiles. Both materials display
the same break in slope position (Q=0.012 A1) and slopes (Ds=2.4 and Dn=3), indicating that
the mesoscale morphology was preserved despite the increase in the number of carbons in the
pillar alkyl chain from 6 to 8 carbons. However, the 10 and 12GAs present single power-law
decay profiles (Figure 1V.24 b), that are not superimposed and do not follow any trend
compared to 6 and 8GA-0.05 This suggests that the same structure is probed across the whole
scale range without any modification, and the structural features may be beyond the observation

scale as in the case of GO (Chapter Il Section 5.3).
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Figure V. 24 SANS profiles of nGA-0.05 with (a) n =6 and 8, and (b) n=6,8, 10, and 12.

164



Chapter IV: Chemical and structural studies of pillared graphene materials

10 Density and porosity investigation
10.1 Envelope density

As stated in in Chapter 111 Section 6, the materials density is very important in energy
storage applications. Higher material density enables the storage of more energy within a given
volume, allowing for the design of more compact energy storage devices. At this stage, it is
worth reminding the different volumes investigated in Chapter 111 for reference materials, as
the same methodology will be applied for pillared materials. Figure.l1V.21 illustrates the three
different volumes and densities that can be measured in porous materials and used to estimate

their porosity.

A (Vpd,) B (Vg dp)

Envelope Apparent or Skeletal True or Absolute
Volume Volume Volume

Figure IV. 25 The various volumes that can be quantified in a porous carbon sample

The volume (Va) of the envelope was determined by completely filling a Hellma 1
mm quartz cell with the pristine material. Grinding was avoided to preserve the macroporosity
of the materials. The envelope density was calculated by weighing the materials within the cell

and using the known volume of the cell (Table 1V.9).

Table 1V.9: The envelope density pillared and reference graphene-based materials.

Material Envelope density (da)
(g/cm?)
6GA-0.05 0.025 +0.005
6RP-0.2 0.05 +0.002
GA 0.04 +0.005
rGo 0.2 £0.02
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The envelope densities of the pillared materials differ significantly from the reference
materials (0.04 g/cm?®for GA and 0.2 g/cm? for rGO). The pillared materials exhibit lower
envelope densities. Additionally, the pillared aerogel (6GA-0.05) show a lower density than
6RP-0.2, which is consistent with the trend observed between GA and rGO. These results
emphasize that i) pillared materials inherently possess a higher envelope volume, which implies
greater porosity compared to the reference materials, ii) aerogels display higher porosity than

reduced powders.

10.2  Solid density, interest of neutrons

Determining the solid density dc is crucial in quantifying the overall porosity of the
material (open vs closed). Contrast Variation-SANS (CV-SANS) is one of the most suitable
technique for determining this density [12] (more details can be found in Chapter I1). Our
initial CV-SANS study was performed on pristine materials at the SANS-I spectrometer (Paul
Scherrer Institut (PS1)-Villigen) and complementary measurements were conducted on D22 at
ILL. The pristine materials were placed in Hellma 1 mm quartz cells and immersed in various
mixtures of cyclohexane (CycloH) and deuterated cyclohexane (d-CycloH) (Table 1V.10) to

adjust the scattering contrast between the solid and the solvent.

Table 1VV.10: The solvent mixtures used for CV-SANS and the corresponding SLD.

% d - cyclohexane SLD 10%cm
60 3.89
80 5.2
90 5.9
100 6.68

10.2.1 Solid density of 6GA-0.05 investigated by CV-SANS

The combined CV-SANS profiles recorded at PSI and ILL of pristine 6GA-0.05
(Figure 1V.26 a) show a gradual decrease in the intensity as the amount of deuterated
cyclohexane increases, with a minimum intensity recorded at a mixture containing 50% of
d-CycloH, the intensity then increases again above 50% of d-CycloH. At 50% of d-CycloH),
the intensity is almost zero in the high Q values domain (above Q=0.01 A ) and shows a slight

increase in small angles range (below Q=0.01 A%).
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A comprehensive study at multiple Q values (Q=0.007 A, Q=0.02 A, and Q=0.05
A1) was conducted to demonstrate the uniformity of the evolution (more details in Chapter
I1). The intensity as a function of the percentage of deuterated solvent (%vol) reveals a uniform
evolution of the intensity at all the Q values with a minimum intensity close to zero recorded at
50% of d-CycloH (matching point) (Figure 1V.26 b). This uniform relationship indicates a
matching point at 50% deuterated solvent, which corresponds to a Scattering Length Density
(SLD) of 3.2 10'°cm. The solid density of 6GA-0.05, determined from the matching SLD and

the molecular weight calculated from the EA chemical formula is found to be dc= 1.1 g/cm?®.
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Figure 1V. 26 (a) CV-SANS profiles of pristine 6GA-0.05 at different mixtures of cyclohexane/d-cyclohexane (b)
the intensity as a function of the % of deuterated solvent at Q=0.007 A1, Q=0.02 A, and Q=0.05 A-'showing its
uniform evolution at the different Q values and a minimum at 50% of d-CycloH

10.2.2 Solid density of 6RP-0.2 investigated by CV-SANS

For 6RP-0.2, the CV-SANS profiles (Figure 1V.27 a) show a similar trend to 6GA-
0.05: a gradual decrease in the intensity as the amount of deuterated cyclohexane
decreases, with a minimum intensity recorded at 50%. The intensity then increases again
below this percentage of d-CycloH. The comprehensive study at multiple Q values (Q=0.007
A1,Q=0.02 A, and Q=0.05 A*) was also conducted for this sample. The intensity as a function
of the percentage of deuterated solvent (%vol) reveals a uniform evolution of the intensity at
all the Q values with a minimum intensity close to zero recorded at 50% of d-CycloH (matching
point) (Figure 1V.27 b). This uniform relationship implies a matching point at 50%
deuterated solvent, corresponding to a Scattering Length Density (SLD) of 3.2 10°cm™. The
6RP-0.2 solid density determined from the matching SLD and the molecular weight calculated
from the EA chemical formula is found to be dc=1.02 g/cm?®. These findings reveal that pillared

graphene materials exhibit lower solid densities compared to reference materials, even though
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both are composed of reduced graphene sheets. This observation suggests the presence of
additional porosity below 3 nm in pillared graphene materials, which is not detectable using
CV-SANS as the probed length scale is limited to 3 nm. This specific porosity below 3 nm
corresponds to the galleries that contribute to a higher measured volume in pillared graphene

materials, as illustrated in Figure 1V.28.
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Figure 1V. 27 (a) CV-SANS profiles of pristine 6RP0.2 at different mixtures of cyclohexane/d-cyclohexane (b) the
intensity as a function of the deuterated solvent at Q=0.007 A%, Q=0.02 A, and Q=0.05 A-'showing its uniform
evolution at the different Q values and a minimum at 50% of d-CycloH
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Figure 1V. 28 Schematic representation of the impact of galleries on the measured solid volume in CV-SANS.

The solid density dc obtained from the CV-SANS of the pillared materials and their
envelope density da (Table 1V.10) were used to calculate the porosity volume within these
materials. The solid and envelope volumes were obtained by taking the inverse of the density,
while the porosity volume was calculated as the difference between the envelope volume (Va)
and the solid volume (Vc). Table 1V.10 shows that the pores occupy a larger volume in 6GA-
0.05 (39 cm®/g) compared to 6RP-0.2 (19 cm®/g). Furthermore, the pillared materials exhibit

higher pore volume compared to the references (24.3 cm®/g in GA and 4.3 cm®/g in rGO). This
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result highlights that the pillaring induces an expansion of the materials by creating an
additional microporosity.

Table 1V.10: Solid, envelope, and pores volumes of the pillared and reference graphene-
based materials.

Porosity
| Envelope | g i density | EM™IPE 1 solid volume volume
Material density da 3 volume Va 3
3 dc (g/cm?) 3 Ve (cm®/g)

(g/cm?) (cm®/g) (cm?g)
6GA-0.05 0.025 1.1 40 0.9 39.1
6RP-0.2 0.05 1.02 20 0.98 19
GA 0.04 25 1.56 0.64 24.3
rGo 0.2 5 1.56 0.64 4.3

At this stage of the analysis, the total pore volume is determined but the distribution
of pore volumes in function of the scale is not yet possible. The pillaring showed an opening of
new porosity at the nanoscale (galleries). However, the mesoporosity of these materials is still
unknown. Therefore, a quantitative assessment of this porosity is needed. To do so, SAS
techniques can be very valuable as long as quantitative analysis of the SAS measurements can

be performed.

10.3 Mesoporosity investigation

As shown in Chapter 111 Section 6.3, the SANS profiles were measured in a limited
Q-range: 0.003-0.2 At which corresponds to an extended probed length scale ranging from 3
to 210 nm. Therefore, , the intensity was normalized to the solid thickness (eg) for the
quantitative analysis, as described in work by Spalla et al [6]. The porosity can be derived from

the invariant using Equation (1V.2):

0.2

I
INV* = f st (Q)Q?dQ =2m*¢p*Ap?
B

(1v.2)

0.003

The invariant INV* was calculated based on the area under the curve of the Kratky
plots derived from the normalized SANS profiles (Figure 1V.29). The CV-SANS technique
was used to determine the SLD of the material, which was found to be 3.2 10*° cm™ for both
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6GA-0.05 and 6RP-0.2, as shown previously shown. The solid thickness (eg) was determined
using the transmission and neutron attenuation coefficient (Equation (1V.3)). Table 1V.11
gathers the various parameters used to estimate mesoporosity.

_ —In(T)
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Figure 1V. 29 The invariant determination from the area under the Kratky curves of (a) 6GA-0.05 and (b) 6RP-
0.2.

Table IVV.11: The different parameters used to estimate the mesoporosity of pillared and
reference graphene-based materials.

Attenuation
Material coefficient | Transmission | es (cm) | INV (10°cm™) | ¢"(%0)
(cm™)
6GA-0.05 0.386 0.97 0.0789 31.5 15
6RP-0.2 0.299 0.98 0.0674 75.2 37
GA 0.494 0.97 0.0616 167 35
rGoO 0.488 0.98 0.0413 237 57

These results show that in this Q-range (0.003-0.2 A1), 6RP-0.2 has a higher porosity
(37%) than 6GA-0.05 (15%). Interestingly, the pillared materials have lower porosity at
this scale compared to the reference materials (57% in rGO and 35% in GA), although
they have a higher total pore volume (see Table 1V.10). This result indicates that the high total
pore volume in pillared graphene materials is not primarily due to mesoporosity. Instead, it

emphasizes a significant contribution of micro/nano pores and confirms the contribution of the
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galleries in the volume extension. To complete this analysis, our colleagues from CEMTHI
laboratory in Orléans (Pr. Encarnacion Raymundo and DR. Conchi O. Ania) carried out N2 gaz
sorption BET surface area measurements at 77K, revealing a SSA of 93 and 26 m?/g for
6RP-0.2 and 6GA-0.05 respectively. In addition, the N2 pore size distribution (N2-PSD)
(Figure 1V.29) shows a pore volume (within the length scale ranging from 0.6 to 30 nm) of
0.23 and 0.06 cm®/g in 6RP-0.2 and 6GA-0.05, respectively, showing a very low porosity
compared to rGO (0.8 cm®/g), which is consistent with their lower SANS porosity. The low
porosity observed in both pillared samples, especially in 6GA-0.05, when examined by N at
77K, raises the question of whether this phenomenon arises from steric restrictions (closed
porosity) or whether it is influenced by the low adsorption kinetics of nitrogen at 77K in pores
with dimensions close to the kinetic diameter of nitrogen (kinetic restrictions). Therefore, H>
adsorption isotherms at 77K were conducted on all samples. Supposedly, Hz is able to penetrate
into pores with small dimensions (where the nitrogen adsorption is hindered), thereby

demonstrating whether the sample has micropores (or not).

Interestingly, the highest hydrogen uptake at 77K was observed in sample 6GA-0.05
(H2 SSA of 479 m?/g), the one with the lower nitrogen uptake (N2 SSA of 26 m?/g). This
suggests the presence of small micropores in this sample which are inaccessible to nitrogen. In
addition, the hydrogen uptake of sample 6GA-0.05 is considerably higher than that of rGO and
GA which had a H, SSA of 181 and 240 m?/g respectively. Conversely, the hydrogen uptake
of 6RP-0.2 is very low (H2 SSA of 92 m?/g), and thus the lowest among the series, despite
showing a relatively high nitrogen uptake compared to 6GA-0.05. This indicates that the
porosity of this sample is dominated by a proportion of pores in the 0.1-1 nm range. All these
results corroborate the SANS porosity, which shows lower mesoporosity of pillared materials
than that of the reference materials and emphasizes the high microporosity of these pillared

materials.
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Figure IV. 30 No-PSD of 6GA-0.05, 6RP-0.2 and rGO
11 Conclusion:

This Chapter delved into the exploration of pillared graphene-based materials using
alkyl-diamine pillars. The primary goal of this pillaring is to mitigate graphene sheet restacking
issues during reduction, thereby increasing the electrochemically active surface area accessible
to ions. The approach involved in this work consisted in studying their chemistry and their
structure/porosity at different scales. Two different pillared graphene-based materials were
studied, pillared graphene aerogel 6GA-0.05, and pillared reduced powder 6RP-0.2. The impact
of the chosen synthesis method on these properties as well as a comprehensive comparison with
the reference materials (GA and rGO) was investigated and will be directly correlated to their

electrochemical performances in Chapter V.

Chemical analyses by TGA showed that 6RP-0.2 and 6GA-0.05 exhibited weight
losses of 26% and 30%, respectively. The more pronounced weight loss in 6GA-0.05 suggested
a potential higher content of grafted pillars or lower reduction degree compared to 6RP-0.2. To
assess this difference, the total weight loss was adjusted by subtracting the corresponding
weight loss of the pillars. The weight loss originating from pillars was 13.8% and 15.4% for
6RP-0.2 and 6GA-0.05, respectively. Showing firstly that 6GA-0.05 contain more pillars than
6RP-0.2. Additionally, by subtracting it from the total weight loss, it was determined that 6RP-
0.2 was slightly more reduced (weight loss of oxygen groups 12.2%) compared to 6GA-0.05
(weight loss of oxygen groups 14.6%). Furthermore, XPS, and EA confirmed the good

reduction of GO after pillaring and evidenced the presence of nitrogen within the material,
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which confirmed the presence of the pillars. The nature of bonding between pillars and
graphene sheets was assessed using TPD-MS. 6GA-0.05 and 6RP-0.2 showed a decomposition
of the pillar at higher temperature than when the bare pillar itself was subjected to high

temperatures, indicating covalent bonding.

XRD analysis showed that the nanoscale structure of the two pillared samples, 6GA-
0.05 and 6RP-0.2, exhibited remarkable similarity. Both materials exhibited a distinct CL peak
with a d-spacing of 0.77 nm, indicating the successful creation of a new porosity within the
materials. The percentage of pillared portion (%CL) within the materials was approximately 20
to 30%, demonstrating that despite the successful pillaring, the majority of the materials
comprised restacked graphitic domains, constituting approximately 70 to 80% of the overall

structure.

The macroscale structure of the pillared materials was investigated using SEM. This
macrostructure was very similar to that of non-pillared samples, revealing an interconnected
network of graphene sheets characterized by self-similarity across different length scales. The
absence of individual objects with clearly defined dimensions within the materials suggested a
fractal structure. Contrary to reference materials (GA and rGO), both pristine pillared materials
exhibited approximately similar macrostructures. Furthermore, the morphology of 6GA-0.05
resembled that of GA, featuring a large connected graphene sheet structure with high
macroporosity. On the other hand, the morphology of 6RP-0.2 was significantly different from

rGO, displaying a less crumpled and aggregated structure with higher macroporosity.

The fractal mesoscale morphology of the pillared materials was studied with SANS.
The SANS profile of 6GA-0.05 was very similar to that of GA, showing a break in slope
observed at Q*~ 0.012 A* corresponding to a distance of d* ~ 52 nm (d*=27/Q*), assigned to
the bending length (R) of the crumpled graphene layers. In addition, 6GA-0.05 exhibited a
surface fractal dimension of Ds= 2.4, showing a slightly smoother interface compared to GA
(Ds=2.6) and a mass fractal dimension of Dm= 3. In turn, the SANS profile 6RP-0.2 showed a
single break in slopes at Q*=0.043 A! associated to the bending length R which was about 12
nm very close to that of rGO (R=15 nm). Additionally, 6RP-0.2 showed a surface fractal
dimension of Ds= 2.6, showing a slightly smoother interface compared to RGO (Ds=3), and a

mass fractal dimension of Dm= 2.8.

Regarding porosity, the SANS porosity data extracted from the invariant INV showed
that 6RP-0.2 exhibit higher mesoporosity than 6GA-0.05: 37% and 15% for 6RP-0.2 and 6GA-

173



Chapter IV: Chemical and structural studies of pillared graphene materials

0.05 respectively. Furthermore, 6RP-0.2 showed a higher N> BET SSA of 93 compared to 26
m?/g for 6GA-0.05. In addition, the N2 pore size distribution (N2-PSD) shows a pore volume
(within the length scale ranging from 0.6 to 30 nm) of 0.23 cm®/g and 0.06 cm®/g in 6RP-0.2
and 6GA-0.05, respectively. The comparison with the reference non-pillared samples is
displayed in Figure 1VV.31. The pillared materials show a very low mesoporosity compared to
the non-pillared samples. Despite the opening of the new microporosity, the pillaring seems to
partially close the mesoporosity, which may influence the electrochemical performances. This
reduced mesoporosity in pillared samples might be due to the connection of the restacked or
pillared domains via pillars. Indeed, the pillars showed high reactivity with the oxygen
functional groups leading to pillaring between the graphene sheets. However, there is a
possibility of random reactions of pillars on the surface of the restacked or pillared, connecting
them to each other. This random connection will reduce the inter particle distances and,
consequently, mesoporosity. Figure 1V.32 shows the proposed schematic presentation of a
non-pillared and a pillared sample. In reference samples (Figure 1V.32 a) high mesoporosity
(blue circles) is evident as shown previously. After pillaring (Figure 1V.32 b), the graphitic
domain (black) and pillared domain (green) may be connected via pillars (indicated by the red

lines for clarity), which reduce their mesoporosity.
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Figure V. 31 SANS porosity, N2 BET SSA, and the mesopores volume for GA, 6GA-0.05, rGO, and 6RP-0.2.
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Figure IV. 32 schematic representation of (a) non-pillared sample and (b) pillared sample.
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Chapter V: Insights into the electrochemical behavior of graphene-based materials

1 Objectives and approaches

Chapters 111 and 1V were dedicated to the investigation of the chemical composition
and multiscale structure/porosity of rGO-based materials and pillared graphene materials.
These chapters highlighted the effectiveness of tuning the chemical and structural properties of
the materials using different reduction techniques and pillaring processes. The aim of this
project is to use these materials as electrode materials for SC. Therefore, it is necessary to
investigate their electrochemical performances, and to correlated to them to their
physicochemical and structural properties. This approach aims to gain a deeper understanding
of the materials and pave the way for designing optimized graphene-based materials with

properties precisely tailored for improved supercapacitor applications.

This chapter is divided into two main parts. The first part presents a fundamental
electrochemical study performed on the materials formulated as SC electrodes, using cyclic
voltammetry. The purpose of this study is to explore the influence of the physicochemical
properties and structure or porosity of graphene-based materials on their performance as

electrode materials for supercapacitors.

Both organic and aqueous electrolytes have been tested to highlight the impact of
chemical properties on the pseudo-capacitive behavior of the sample. A comparative analysis
of the performance between rGO and GA is carried out to evaluate the impact of the reduction
degree (particularly the remaining oxygen content) and porosity on the improvement of the
supercapacitor performance. Additionally, a comparison between the pillared graphene
materials and rGO-based materials was conducted to investigate whether pillaring improves the
electrochemical performances. In the second part of the chapter, the dedicated effort made to
understand the real-time behavior of these materials as supercapacitor electrodes is discussed.
The underlying objective of such fundamental study is to get insights into the

adsorption/desorption mechanisms within the whole porosity scale of the sample.

Therefore, an advanced in-situ/operando SAXS/WAXS study using synchrotron
radiation was performed to unveil the structural evolution during cycling and polarization of
the graphene-based materials. Additionally, we took advantage of the SANS contrast
modulation and performed an in-situ SANS experiment to uncover the localization of ions

within pores of different sizes.
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2 Electrochemical performances of graphene-based materials

As mentioned above, in order to understand and optimize the performances of these
promising materials, it is essential to evaluate their electrochemical performances and to try to
correlate them with their physicochemical properties, but also to follow their structural
evolution in real time as a function of the operating parameters during charging and discharging.
The multi-scale picture of the sample will allow an efficient differentiation of the structural
evolutions between pristine and cycled samples, thereby enabling to extract pore-size dependent
information within graphene-based electrodes to understand the mechanisms of ion diffusion
and electro-adsorption. To achieve these specific objectives, a series of in-situ and operando

SAS measurements were performed.

Since the synchrotron experiment is performed in transmission geometry, all parts of
the cell, contribute to the scattered signal. In order to increase the resolution of the data, it is
necessary to avoid the maximum of residual interaction between the beam and other
components of the electrochemical cell. Therefore, free-standing electrodes (FSE) were
developed to avoid the contribution of the stainless-steel current collector to the signal. These
FSE were used for both the macroscopic electrochemical performance analysis as well as for
the in-situ and operando SAS measurements. They consisted of grinding 80% of the active
material with 15% acetylene black (AB) and 5% PTFE (binder) in ethanol. After 30-45 min of
grinding, a paste was formed which was spread on a glass window and dried at 80°C for 24

hours. The FSE were cut into discs and used directly after drying.

2.1  The electrochemical performances of reference materials: rGO and GA

Three-electrode Teflon Swagelok® cells (Figure V.1) were used for the
electrochemical testing. The working electrode (WE) consists of the FSE prepared with the
graphene-based materials as active material. The counter electrode (CE) is a FSE with YP50
(activated carbon) as active material, ten times the mass of the WE so that it is not limiting in
term of adsorption capacity. The reference electrode (RE) is a pseudo-reference silver wire
thinly coated with AgCIl. The Cyclic Voltammetry (CV) analyses were carried out in two
electrolytes 3M H>SO4 within a potential window ranging from -0.4 to 0.6 V vs Ag and 1M
TEABF; in acetonitrile (AN) within a potential window ranging from -1.3 to 1.5 V vs Ag and
at different scan rates: 5, 10, 20, 50, and 100 mV/s.
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Figure V. 1 A three-electrode Swagelok® cell configuration

The electrochemical performance of the FSE, recorded in the standard Swagelok cell,
was first studied in an organic electrolyte (1M TEABF4 /AN). The cyclic voltammetry (CV)
curves of the rGO and GA (Figure V.2) present quasi-rectangular EDLC shapes [1]. A slight
deformation of the rectangular shape was recorded at high scan rate (100 mV/s), which could
be due to a resistive behavior caused by the imperfect electrical contact between the FSE and
the current collector. The capacitance achieved was 88 + 4 F.g™* for rGO and 78 + 4 F.g* for
GA at 10 mv.s™,

The FSE were also cycled in an aqueous electrolyte (3M H2S0s) to study their pseudo-
capacitive behavior. Indeed, in this acidic medium, electrochemical reactions involving redox-
active oxygen-containing functionalities should play a role in the overall storage process
mechanism. This allows a fundamental study on the influence of the chemical properties on the
electrochemical performances. Compared to the organic electrolyte, the CV curves show a
pseudo-capacitive peak, which is more pronounced in GA than in rGO (Figure V.3). Both
materials showed an increase in the overall electrochemical capacitance. In addition, GA
showed a capacitance of 149 + 6 F.g%, higher than that of rGO with 96 + 4 F.gat 10 mv.s™.
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Figure V. 3 CV curves of (a) rGO (b) GA cycled at different scan rate in 3M H2SO4

In the organic electrolyte (LM TEABF4 /AN), the electrochemical performances were
evaluated and show a capacitance of 88 + 4 F.g! for rGO and 78 4 F.g' + 4 F.g™* for GA at a
scan rate of 10 mV.s (Figure V.4 a). It is evident that rGO slightly outperforms GA. In organic
electrolyte, pseudo-capacitive behavior is mostly absent, so in this case the storage mechanism
relies mainly on the adsorption and desorption of ions within the porosity of the materials [2].
As shown in Chapter 111, the micro, meso, and macroscale morphology was very different
between GA and rGO, showing the strong influence of the chosen reduction technique. In
addition, in terms of porosity, the SANS porosity data extracted from the invariant showed that
rGO had a higher mesoporosity than GA: 35% and 57% for GA and rGO respectively.
Furthermore, N, gas sorption BET showed that rGO has a higher SSA of 401 m?/g than GA
with only 237 m?%g and higher mesopore volume of 0.86 cm®/g compared to 0.24 cm®g in GA

in the mesoscale from 0.6 to 30 nm. Thus, the mesoporosity amount of rGO exceeds that of

183



Chapter V: Insights into the electrochemical behavior of graphene-based materials

GA, as evidenced by SANS and N2 gas adsorption, while the higher total pore volumes of GA
(24.3 cm®/g) determined from the difference between its envelope and solid volumes originates
from a significant contribution of its macroporosity, which does not contribute significantly to

electrochemical storage (Figure V.4 b).

Although the conductivity of rGO is 15 times higher than that of GA, it is worth noting
that the addition of 15% conductive agent during electrode preparation can mitigate the effect
of intrinsic conductivity differences between the materials. Therefore, the superior
electrochemical performances of rGO in the organic electrolyte can be attributed to its higher

mesoporosity, underscoring its importance in high performance SC.
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Figure V. 4 (a) CV curves of rGO and GA in organic electrolyte 1M TEABF, in acetonitrile at 10 mV.s* (b)
SANS porosity, N2 BET SSA, and total pore volume representation.

In aqueous electrolyte (3M H2S04), a pseudo-capacitive peak was recorded on the CV
curves, more pronounced in GA than in rGO (Figure V.5 a). Interestingly, the trends were
reversed: GA showed a capacitance of 149 + 4 F.g'%, higher than rGO with 96 + 4 F.g*' at
10 mv.s. It is noteworthy that both capacitances were higher than in the organic electrolyte,
due to the additional pseudo-capacitive behavior associated with the adsorption/desorption
mechanism. Additional contributions, such as the smaller size of ions in the aqueous electrolyte,
which can be more easily adsorbed in small porosities, could play a role in enhancing the
capacitance. However, considering that rGO exhibits higher specific surface area (SSA) and
higher mesoporosity, this reversal of trend cannot be explained by the structure and porosity of
the samples. The chemical properties of the materials could play a key role in explaining this
opposite trend. As shown in Chapter 111, GA is less reduced than rGO. The C/O ratio of rGO
(8.2) was twice that of GA (4.4). Additionally, TGA showed a weight loss of 30% for GA
compared to 10% for rGO, indicating a higher amount of oxygen functional groups present in

GA (Figure V.5 b). Indeed, the pseudo-capacitive peaks observed on the CV curves indicate
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highly reversible surface or near-surface faradaic processes occurring between the electrode
and the electrolyte. The remaining oxygen-containing groups, such as alcohol, carbonyl, and
carboxylic acid groups, can undergo reactions with the aqueous electrolyte, according to the
following equation: CxO + H* <> CxOH [2]. Thus, the higher abundance of oxygen functional
groups in GA results in a higher pseudo-capacitance stemming from faradic processes, shedding
light on the superior electrochemical performances of GA in the aqueous electrolyte.
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Figure V. 5 (a) CV curves of rGO and GA in aqueous electrolyte 3M H,SO4 at 10 mV.s* (b) C/O evolution, TGA
remaining weight after GO reduction, and electrochemical capacitance in the aqueous electrolyte.

2.2 The electrochemical performances of pillared graphene materials: 6RP-
0.2 and 6GA-0.05
As in the case of the reference materials (GA and rGO), FSE were also prepared to
study the electrochemical performances of the pillared graphene materials. The electrochemical
analysis of the FSE was carried out in organic (LM TEABF4 /AN) and aqueous (3M H2SOx4)
electrolytes. In organic electrolyte, the CV curves of 6GA.0.05 and 6RP-0.2 (Figure V.6) show
a slight deformation compared to the rectangular EDLC shape. Moreover, the achieved
capacitance was 88 + 4 F.g! for 6GA-0.05 and 101 + 4 F.g™* for 6RP-0.2 at 10 mV.s™%, showing
a slight increase compared to non-pillared graphene materials (78 + 4 F.g™ for GA and 88 + 4
F.g! for rGO). In aqueous electrolyte, the CV curves of the pillared samples do not present a
pronounced pseudo-capacitive peak (Figure V.7) compared to the reference materials.
Furthermore, 6GA-0.05 showed a capacitance of 105 + 4 F.g™ slightly lower than 6RP-0.2 with
116 + 4 F.gtat 10 mV.st.
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Figure V. 6 CV curves of (a) 6GA-0.05 and (b) 6RP-0.2 cycled at different scan rate in 1M TEABF, in

acetonitrile.
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Figure V. 7 CV curves of (a) 6GA-0.05 and (b) 6RP-0.2 cycled at different scan rate in 3M H2SO4 electrolyte.

As shown in Chapter 1V, the SANS mesoporosity of the pillared materials is 15% and
37% for 6GA-0.05 and 6RP-0.2 respectively, which is lower than that of the non-pillared
samples (35% for GA and 57% for rGO respectively). Their No BET SSA are also lower than
those of GA and rGO. Despite these lower mesoporosity and SSA, pillared materials
showed higher electrochemical capacitances than the reference materials in organic
electrolyte. These results underline the participation of the newly formed graphene galleries in
the electrochemical process. Indeed, this new microporosity provides additional adsorption
sites for ions, and enhances the overall capacitance. These results highlight the importance
of the micropores in the electrochemical storage in SCs. Moreover, despite the higher
mesoporosity in reference materials, their electrochemical performances are limited because of

the restacking of the graphene sheets which must strongly influence their microporosity and,
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consequently, their electrochemical capacitance in an organic electrolyte as shown in Figure
V.8.

N2 gas sorption BET surface area measurements at 77K revealed a SSA of 26 and 93
m?/g for 6GA-0.05 and 6RP-0.2 respectively (Figure V.8). Therefore, 6RP-0.2 shows a higher
SSA, higher mesoporosity and a comparable size of the new microporosity (close d-
spacings 0.77 nm and pillars densities within the materials) than that observed for 6GA-0.05.
Accordingly, 6RP-0.2 shows slightly higher capacitance than 6GA-0.05 in organic electrolyte.
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Figure V. 8 SANS porosity, N, BET SSA, and the electrochemical capacitance in organic electrolyte for GA,
6GA-0.05, rGO, and 6RP-0.2.

In the aqueous electrolyte, both materials showed an increase in their electrochemical
capacitances of about ~20% compared to the organic electrolyte. This increase could be due to
the pseudo-capacitive behavior resulting from reversible surface or near-surface faradaic
processes occurring between the remaining oxygen-containing groups in the electrode and the
electrolyte. As shown in Chapter 1V, chemical analysis of the pillared samples showed that
they have a similar oxygen content (12% by EA), which could justify the comparable increase
in capacitance. Despite the introduction of pillaring, non-pillared GA remains the most
efficient sample in the aqueous electrolyte.

This performance is attributed to the high oxygen content in this material (17.6%),
providing additional confirmation of the high contribution of the pseudo-capacitance to the
electrochemical performances in aqueous media. Furthermore, pillared and non-pillared

graphene-based materials showed good and similar rate capabilities in the organic electrolyte
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as shown in Figure V.9 a. However, in the aqueous electrolytes (Figure V.9 b), pillared
samples showed lower rate capabilities performances than non-pillared samples. This loss
in capacitance at high scan rates could be attributed to two possible factors: i) reduced ion
adsorption within the porosity, or ii) the absence of pseudo-capacitive reactions at high scan
rates. The CV curves of pillared samples at high scan rates in the aqueous electrolyte (Figure
V.7) do not exhibit a pseudo-capacitive peak compared to non-pillared samples (Figure V.3).
These observations suggest that, at high scan rates, the oxygen functional groups in pillared

materials may be less accessible and may be obstructed by the pillars, supporting the second

hypothesis.
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Figure V. 9 Rate capability of pillared and non-pillared graphene samples in (a) 1M TEABF4/ AN and (b) 3M
H2SO0. electrolytes.

To verify the participation of the galleries in the electrochemical performances of
pillared materials, 6RP-0.2 and rGO FSE were cycled in a second organic electrolyte with a
larger cation size (1M THABF4). rGO showed comparable electrochemical performances in
both electrolytes (Figure V.10 a). The CV shape was not significantly impacted by increasing
the cation size. This result confirms that for non-pillared samples, the adsorption process occurs
within the mesoporosity, which is well developed and optimized in these samples. The large
cation (THA") could reach the same adsorption sites than the smaller one (TEA™). In turn, the
electrochemical capacitance of 6RP-0.2 decreased from 101 + 4 F.g! in 1M TEABF4 /AN
electrolyte to 61 + 4 F.g! in 1M THABF. /AN electrolyte. As shown in Figure V.10 b, the
shape of the CV curve at negative potential (cation adsorption at -1.3 V) was strongly influenced

by the increase in cation size. The large cation THA™ showed less adsorption than TEA™.
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There are two possibilities for such a situation: i) the large cation may not be able to
access the newly created galleries because its diameter (1 nm) is larger than the d-spacing in
pillared samples (0.7 nm), or ii) the large cation may be blocked at higher porosity scale
(mesoporosity). The substantial difference in mesoporosity between non-pillared and pillared
samples adds complexity to this phenomenon. If they exhibited similar mesoporosity, then the
conclusion of the inaccessibility of THA™ to the galleries would be more straightforward.
Therefore, the low mesoporosity of pillared samples may also be partly responsible for this
phenomenon. In order to answer this question and to understand how the different porosity
scales in graphene-based materials contribute to the adsorption/desorption process in

supercapacitors, an in-situ SANS experiment was performed.
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Figure V. 10 (a) rGO (b) 6RP-0.2 cycled in 1M TEABF4 and THABF4 /AN at a scan rate of 10 mV/s (c) the two
cations and their approximate diameter [3]

3 Understanding the adsorption/desorption mechanisms in graphene-
based materials

The sensitivity of neutrons to the variations in nuclear scattering lengths makes SANS
a powerful technique to probe the variation in the nature and amount of adsorbed species and
their concentration within the porosity of the material. It is worth reminding at this stage that

for a two-phase system, the equation of the small-angle scattered intensity is:

1(Q) = @VpAp?*P(Q)S(Q) (V.1)

The study discussed further in this chapter, involved the investigation of the difference
in contrast (Ap) between polarized and non-polarized samples originating from an evolution of
location and amount of electrolytic ions within the probed mesoporosity scale. For relevant
interpretations, the structural evolution (P(g)S(q)) during electrochemical cycling must be

insignificant compared to the variation in contrast between the two samples. To verify this
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absence of significant structural evolution, an in-situ and operando SAXS/WAXS experiment
was first conducted. In SANS experiments, counting times of more than 10 min are often
required to achieve a good signal-to-noise ratio. However, the charging process of a
supercapacitor is very fast, typically around 20 seconds. This fast charging makes operando
cycling experiments in SANS impossible due to the mismatch in time scales between the SANS
measurements and the fast charging process of the supercapacitor. Therefore, in-situ SANS was
performed under polarization of the electrodes at different potentials at the D22 beam line at
ILL. We have been able to monitor the structural evolution of materials in real time under cyclic
conditions (operando SAXS/WAXS) thanks to the temporal resolution available at ESRF. The
in-situ and operando SAXS/WAXS analyses were performed at the D2AM beamline (ESRF)
and aimed at investigating the potential structural evolution of graphene-based materials during

SC operation within an extended scale from 0.2 to 210 nm.

These experiments required an electrochemical cell adapted with transmission
measurements. For this purpose, an ad hoc electrochemical cell for small angle scattering
experiment was developed in our laboratory during this PhD. Figure V.11 a shows the
conceptual scheme of the cell. It consists in a three-electrode electrochemical cell with two
aluminum windows acting as current collectors, two holes for injecting electrolyte and
removing air bubbles, and a silver reference electrode. The beam entrance window has a thinner
section at the center, with a diameter of 4 mm and a thickness of 200 pum. This design is used
to facilitate beam centering and reduce beam attenuation. Inside the cell, the counter electrode
and separators have a4 mm diameter hole to prevent any interaction with the beam. This ensures

that the beam only interacts with the working electrode (Figure V.11 b).
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Figure V. 11 (a) The prototype of the operando electrochemical cell (b) the configuration of the electrodes and
separator inside the cell, the beam interact only with the WE.

3.1 Unveiling the structural evolution of graphene-based materials during SC
operation by in-situ/operando SAXS-WAXS study

It is worth introducing at this stage that the in-situ and operando SAS measurements
were conducted two years after the SANS results discussed in Chapters Ill and IV.
Consequently, the FSE were prepared using a different batch of GO. The resulting SAXS
profiles of 6RP-0.2 and rGO showed noticeable variations compared to the previous SANS
profiles, particularly in the positions of the breaks in slopes (as SAXS and SANS are expected
to deliver similar structural features). The SAXS profile of rGO (Figure V.12 b) showed a
single break in slope at Q*=0.043 A1, compared to two in SANS (Figure V.12 a). This break
in slope could be attributed to the bending length within the crumpled graphene sheets
(Rsaxs=14 nm, which is very close to that of the other batch used for SANS Rsans=12 nm).
The absence of a second break in slope indicates that, in this batch of synthesis, the graphene
sheets are less crumpled, and the persistence length may have increased, causing the associated
break in slope to be beyond the scale of investigation. The SAXS profile of 6RP-0.2 showed a
shifted break in slope towards small angles (Q*=0.0083 A1) (Figure V.13 b) compared to the
SANS profile (Figure V.13 a). The difference could be attributed to a longer bending length
within the graphene sheets in this synthesis batch (Rsaxs=75 nm) compared to the other batch

(Rsans=14 nm). Furthermore, due to the limited beam time access for the SAS experiments,
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only 6RP-0.2 and rGO were studied because FSE are easier to prepare using reduced powders

compared to hydrogels.
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Figure V. 13 Comparison of (a) SANS and (b) SAXS profiles of pristine 6RP-0.2

Prior to analyzing the in-situ and operando results, it is essential to examine the
scattering profiles of the FSE. The FSE preparation involves grinding 80 % wt of the active
material with 15 % wt acetylene black (AB) and 5 % wt of PTFE. Consequently, all of these
components may contribute to the scattering, which could potentially participate to the overall
structural evolution. This could make it difficult to extract isolated information about the active
material. Therefore, it is imperative to determine the actual contribution of the active material
in the scattering profile of the FSE. The intensity depends on the volume fraction (¢) of the
scattering particles (Equation (V.1)), which implies that the weight percentage of the different
component of the FSE should be converted to volume percentage. For 6RP-0.2 FSE, the
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calculated volume fraction for active material (6RP-0.2 powder), AB, and PTFE are 87.9%,

9.6%, and 2.5%, respectively.

Figure V.14 shows the SAXS profiles of the three components of the 6RP-0.2 FSE,
the calculated SAXS profile of the FSE using these three components and their respective
volume fraction, the measured SAXS profile of the 6RP-0.2 FSE, and its Kratky representation.
Firstly, the linear combination of the SAXS profiles of each component (considering their
volume fraction) produces a profile that is superimposed on that of the FSE (Figure V.14 d).
This observation demonstrates that the formulation has maintained the morphology of each
component and has not caused the formation of any additional porosity at this scale. This
finding holds significant importance as it will help to understand the contribution of the
different component in the structural evolution of the FSE during SC operation. Secondly, the
three materials display a break in slope at small angles (Q*=0.0083 A in 6RP-0.2, Q**=0.0073
Alin AB, and Q*=0.0065 Al in PTFE). Notably, the Q* for 6RP-0.2 powder is closest to that
of the FSE (Q*=0.008 A1). Due to this proximity of the break, and considering that 6RP-0.2
powder constitutes more than 87 %v of the FSE, this break in slope is attributed to the bending
length R within the graphene sheets in 6RP-0.2 powder. Similarly, the same analytical approach
was applied to the rGO FSE, successfully reproducing its scattering profile from the three
components (rGO powder, AB, and PTFE). However, the SAXS profile of rGO FSE exhibits
two breaks in slopes (Figure V.15). The first one at Q*=0.043 A"l matches that of rGO powder
(Figure V.12), indicating that it originates from the bending length within rGO graphene sheets.
The presence of the signal related to the bending length in the rGO FSE SAXS profile implies
that the Q* in the 6RP-0.2 FSE SAXS profile also originates from the bending length within
the graphene sheets in 6RP-0.2. Interestingly, the second break at Q**=0.013 A is not present
in any of the scattering profiles of the three components recorded separately nor in the 6RP-0.2
FSE profile. This suggests that it does not stem from an interaction between the different
materials. Moreover, this break in slope is persistent in all the SAXS profiles of the various
studied rGO FSE, possibly indicating a new characteristic structural feature within the FSE.
These results highlight the complexity of the electrode structures. Therefore, the structural
evolution of the materials within the SAXS scale will be explored by monitoring the positions
of the breaks in slopes (bending lengths) and the slopes at both small and high Q values (mass

and surface fractal dimensions).
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Figure V. 14 SAXS profile of (a) 6RP-0.2 powder, (b) AB, (c) PTFE, (d) 6RP-0.2 FSE calculated from the
different volume fraction of the three materials (e) Kratky plot of 6RP-0.2 FSE
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Figure V. 15 (a) SAXS profile and (b) Kratky plot of rGO FSE

The XRD profiles (XRD and WAXS refer to the measurement performed at the
laboratory in reflection modes and at the ESRF in transmission mode, respectively) of 6RP-0.2
FSE and rGO FSE (Figure V.16) show the typical signal of pillared graphene materials (CL
and G peaks) and non-pillared materials (G peak). In addition, both FSEs display a PTFE peak
at Q=1.3 A"t and a small contribution of AB on the G peak at high Q values (between Q=1.75
Al and Q=2 A?) are recorded. The corresponding WAXS profiles were also recorded (Figure
V.17). However, due to the high energy used for the SAXS/WAXS experiment (16 keV), the
resolution of the WAXS profiles was considerably lower compared to XRD (Figure V.17).

Still, this energy was chosen as the most adapted compromise between resolution and
optimal beam penetration through the aluminum windows of the electrochemical cell. The
aluminum windows were chosen to enable the cell’s use in both SAXS and SANS, as aluminum
is transparent to neutrons. The two FSE WAXS profiles (Figure V.17 a, b) show a peak at
small angles originating from the diffraction of the beam stop. The PTFE, CL and G peaks are
also visible but with the expected low intensity arising from the high beam energy. These
profiles were measured ex-situ, which means that the peaks of interest would have lower
intensity due to the strong diffraction from the aluminum windows inside the electrochemical
cell. Therefore, a quantitative analysis measuring the evolution of the full width at half-
maximum (FWHM) and peak positions was not possible. Nevertheless, variations within the
background intensity at the peaks position offer insights into the influence of the

electrochemical process on the microscale structure.
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Figure V. 17 WAXS profiles of (a) rGO and (b) 6RP-0.2 FSEs

3.1.1 Operando SAXS-WAXS study on 6RP-0.2 FSE during cycling

The operando and in-situ SAXS/WAXS measurements were performed using the two
organic electrolytes, 1M TEABFs and THABFs /AN. The operando measurements were
performed under cycling within a potential window ranging from -1.3 to 1.5 V vs Ag and at
various scan rates. The cycling program started with a stabilization step (300 cycle at 50 mV/s),
followed by 10 cycles at 5, 10, 20, 50, and 100 mV/s, and ended with an aging step consisting
of 10000 cycles at 1000 mV/s. The SAXS/WAXS profiles were collected continuously at a rate
of 1 scan per second. Due to limited beam time, operando measurements were limited to 6RP-
0.2 FSE. Figure V.18 displays the SAXS and WAXS profiles of 6RP-0.2 FSE during cycling.
It is important to note that the subtraction of the empty cell signal was not made on the WAXS

profiles because it was found to increase the background, which hindered meaningful
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observations. In addition, the SAXS/WAXS evolutions were examined during a single cycle,
across various cycles at the same scan rate, and throughout the entire cycling program to detect
any structural changes. In addition, for the sake of clarity, only profiles with significant changes
have been plotted in Figure V.18 d. due to the large amount of data obtained.

Figure V.18 a, ¢ shows the SAXS profiles of 6RP-0.2 FSE during cycling. The SAXS
profiles exhibited no discernible evolution, indicating that the structure within the 3 to 210 nm
length scale remained unaffected by cycling in both electrolytes, even with the presence of the
large cation (THA™). On the other hand, Figure V.18 b, d shows the WAXS profile evolution
of 6RP-0.2 FSE. The positions of the CL and G peaks were marked on the plots. It is essential
to note that the bump within the G peak position originates from the empty cell signal.
Interestingly, with the small cation (TEA™) no significant evolution was observed in the CL and
G peaks This indicates that cycling in 1M TEABF4 /AN electrolyte did not cause any structural
modifications within this extended SAXS/WAXS scale (0.2 to 210 nm).

In turn, cycling in 1M THABF4/AN electrolyte results in a noticeable impact on the
G peak position (Figure V.18 d) while no remarkable evolution in the CL peak was observed
despite the cation size (1 nm) being larger than the d-spacing (0.77 nm). To emphasize this
change, Figure V.19 shows the result of subtracting the final scattering profile from the initial

one.
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Figure V. 18 (a) SAXS and (b) WAXS profiles of 6RP-0.2 FSE recorded during cycling in 1M TEABF4 /AN, (C)
SAXS and (d) WAXS profiles of 6RP-0.2 FSE recorded during cycling in 1M THABF4 /AN

Figure V.19 confirms that this evolution has occurred only within the G peak, and no
modification of the CL peak is observed. The intensity of the G peak decreased, which may be
due to a decrease in the graphitic domains size (number of stacked layers) or a modification of
the orientation of these domains. The first hypothesis suggests that there is an exfoliation of the
graphitic domain within the material. However, electrochemically exfoliating graphite requires
aggressive condition with an applied potential of +10 V [4]. In addition, the observed low
adsorption of the THA" cation (with a characteristic size d~1 nm) within the material porosity,
as evidenced by the CV curves (refer to Figure V.10 b) reduces the possibility of its adsorption
between the restacked sheets (with a d-spacing of 0.39 nm). This subsequently reduces the

probability of the electrochemical exfoliation.

The latter hypothesis appears more suitable in these conditions. Indeed, in a flexible
material such as graphene, the presence of large cations, driven by diffusion and adsorption
within the porosity, can potentially influence the orientation of graphene sheets. Flexible

materials like graphene are prone to undergo dynamic structural changes in response to external
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stimuli [5], and the presence of large cations may induce variations in the arrangement of the

restacked domains.
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Figure V. 19 Subtraction of the first WAXS profile from the last one of 6RP-0.2 FSE cycled in 1M THABF4/ AN.

3.1.2 In-situ SAXS-WAXS study on 6RP-0.2 FSE during polarization

The in-situ analyses were conducted on both 6RP-0.2 and rGO under polarization. To
favor cation adsorption on the working electrode, a fixed potential of -1.3 V vs Ag was applied,
considering that both electrolytes shared the same anion. The most significant difference in
cycling behavior was observed at negative potentials (i.e. ion-sieving with THA") (Figure
V.10). The initial three SAXS/WAXS profiles were acquired prior to polarization, and the
subsequent ones were recorded every minute during the 90-min polarization at -1.3 V. Figure
V.20 presents the SAXS/WAXS profiles obtained for 6RP-0.2 acquired during polarization in
both 1M TEABFs and THABF4 /AN. As observed during cycling, the SAXS/WAXS profiles
recorded during polarization in 1M TEABF4 /AN electrolyte showed no significant changes
(Figure V.20 a, b). This indicates that the adsorption of the small cation (TEA™) did not affect
the structure at the SAXS/WAXS scale. In contrast, polarization in 1M THABF4 /AN
electrolyte resulted in a distinct evolution of both SAXS and WAXS profiles (Figure V.20
¢, d). The SAXS profile exhibited a noticeable decrease in intensity as indicated by the black
arrow (Figure V.20 c). The WAXS profile displayed a significant increase in intensity at the
position of the G peak (Figure V.20 c). To understand the origin of these evolutions, Kratky
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plots for the initial and final SAXS profiles were examined (Figure V.21. a). Additionally, for
WAXS, the final scattering profile was subtracted from the initial one to emphasize the
variation within the G peak (Figure V.21 b).
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Figure V. 20 (a) SAXS and (b) WAXS profiles of 6RP-0.2 FSE recorded during polarization at -1.3V vs Ag in 1M
TEABF4/ AN, (c) SAXS and (d) WAXS profiles of 6RP-0.2 FSE recorded during polarization at -1.3V vs Ag in
1M THABF4/ AN.

Notably the evolution within the SAXS profiles corresponds to a shift of the Q* break
in slope (associated to the bending length within the graphene sheets in 6RP-0.2) at high Q
values (Figure V.21 a). The initial position of this break was recorded at Q*= 0.008 A* (red
curve), and after polarization, a shift towards smaller angles was observed, reaching a final
position at Q*=0.006 A (black curve). The initial bending length R was calculated to be 78
nm, which increased to 105 nm at the end of the polarization. Figure V.21 b shows the
evolution of the WAXS profile within the G peak position area, indicating a clear increase in
the intensity of the G peak itself. An increase in the intensity of a peak in XRD indicates an
increase in the amount or ordering of the crystalline structure associated with that specific peak.
Here, the increase in the amount of graphitic stacks entities suggests that electrochemical
reduction of the remaining oxygen groups has occurred, increasing the amount of restacked
graphene sheets within this 6RP-0.2 FSE polarized with THABF4. However, this phenomenon
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was not evident in the case of TEA*, which is expected to be more accessible to the porosity
than THA™. Therefore, this increase in G peak intensity is most probably associated with the
enhancement of ordering. Indeed, the observed evolutions in both SAXS and WAXS might be
correlated. The SAXS results show a significant flattening of R, from 78 nm for non-polarized
6RP-0.2 FSE to 105 nm for polarized 6RP-0.2 FSE with THA". This could be due to an
unfolding of the crumpled graphene sheets, which increases the number of oriented graphitic
stacks within the beam direction, thereby contributing to the increase in the intensity of the G

peak.
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Figure V. 21 (a) Kratky plots of the first and last SAXS profiles of the polarization of 6RP-0.2 FSE at -1.3V vs Ag
in 1M THABF4 /AN (b) subtraction of the first WAXS profile from the last one for 6RP-0.2 FSE polarized at -
1.3V vs Ag in 1M THABF4/AN

3.1.3 In-situ SAXS-WAXS study on rGO FSE during polarization

The SAXS/WAXS profiles of rGO-FSE during polarization in both 1M TEABF4 and
THABF4 /AN electrolytes are presented in Figure V.22. The polarization in both electrolytes
induced similar evolutions of the SAXS and WAXS profiles of rGO FSE. Figure V.22 a, ¢
shows a slight shift of the scattering profile toward higher intensities, in the high Q region, as
indicated by the arrow on the curves. This intensity evolution occurred to the same extent and
independently of the cation size. On the other hand, Figure V.22 b, d show a significant
increase in the intensity of the WAXS curves, particularly around the G peak position, in both
electrolytes. However, it is important to note that these profiles also exhibited a slight shift in
the background, which may affect the clarity of this evolution. To understand the origin of these

changes, Kratky representation of SAXS profiles were plotted for the initial and final profiles
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(Figure V.23 a, c). Additionally, for WAXS, the final scattering profile was subtracted from
the initial one to emphasize changes within the WAXS scale (Figure V.23 b, d).
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Figure V. 22 (a) SAXS and (b) WAXS profiles of rGO FSE during polarization at -1.3V vs Ag in 1M TEABF,4
/AN, (c) SAXS and (d) WAXS profiles of rGO FSE during polarization at -1.3V vs Ag in 1M THABF, /AN.

Similarly to 6RP-0.2, the evolution of the SAXS profiles corresponds to a shift of the
break in slope at high Q values (Q*) (Figure V.23 a, ¢). The initial position of this break was
observed at Q*=0.043 A (black curves). After polarization, a shift towards smaller angles was
observed, resulting in a final position at Q*=0.03 A and Q*= 0.036 A for TEA" and THA"
respectively (red curves). The initial bending length was calculated to be 14 nm, which
increased to 21 and 18 nm in the case of TEA" and THA" respectively at the end of polarization.
The new R values are very close to each other, so increasing the cation size (from TEA+ to
THA+) does not seem to induce any further structural evolution within the SAXS scale. This is
likely due to the size of the bending length itself. As the bending length is much smaller than
that of 6RP-0.2, both cations caused the graphene sheet to flatten. In turns, Figure V.23 b, d
shows that a significant evolution in the WAXS profiles occurred within the background. This
background evolution is evidenced by the presence of the PTFE peak. In this case, it is not
possible to attribute this evolution to the G peak.
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Figure V. 23 (a) Kratky plots of the first and last SAXS profiles of the polarization of rGO FSE at -1.3V vs Ag in

1M TEABF4 /AN, (b) subtraction of the first WAXS profile from the last one of rGO FSE polarized at -1.3V vs Ag

in 1M TEABF4/AN, (c) Kratky plots of the first and last SAXS profiles of the polarization of rGO FSE at -1.3V vs

Ag in 1M THABF4 /AN (d) subtraction of the first WAXS profile from the last one of rGO FSE polarized at -1.3V
vs Ag in 1M THABF4/AN.

In summary, operando and in-situ SAXS/WAXS measurements were used to
investigate the structural changes in graphene-based materials during cycling and polarization
in two different organic electrolytes with varying cation sizes, 1M TEABFs and THABF4 /AN.
These measurements, conducted under various cycling conditions or constant potential,
provided valuable insights into the structural evolution of the materials during supercapacitor

operation.

Operando cycling experiments on 6RP-0.2 FSE showed that mesoscale structure (3 to
210 nm) remained unchanged even in the presence of a large cation (THA™), as indicated by
the unchanged SAXS profiles. In contrast, WAXS profiles showed significant evolution,
particularly on the G peaks and in the presence of THA®, suggesting a modification in the

arrangement of restacked domains.

Further examination of the material’s evolution during polarization provided valuable

insights. For 6RP-0.2, polarization in 1M TEABF4 did not result in any observable

203



Chapter V: Insights into the electrochemical behavior of graphene-based materials

modifications in the SAXS/WAXS profiles, indicating that the small cation (TEA*) had no
impact on the material’s structure at the studied scale. However, in the presence of THA",
distinct shifts were observed in both SAXS and WAXS profiles. The analysis of SAXS revealed
a shift in the break in slope, which was attributed to a flattening of the graphene sheets. The
WAXS analysis indicated an increase in the intensity of the G peak, suggesting an orientation

of the graphitic domains.

Similar investigations were carried out on rGO, where SAXS/WAXS profiles showed
significant changes during polarization in both electrolytes. The SAXS profiles showed similar
evolution regardless of the cation size, which is likely due to the smaller bending length
compared to 6RP-0.2 (R=14 nm in rGO and R= 78 nm in 6RP-0.2). However, the interpretation
of the WAXS profiles was hindered by a noticeable shift in the profiles background. This shift
complicates the attribution of specific structural changes to the material upon polarization.

3.2 Unveiling the localization of ions within the porosity of graphene-based
materials during SC operation by in-situ SANS study

As discussed in the beginning of this chapter, the aim of this fundamental study is to
gain insights into the adsorption and desorption mechanisms within an extended range of
porosity (3 nm to 210 nm) in graphene-based materials. To achieve this goal, it is necessary to
determine the location of the adsorbed ions within this range porosity scale. We used in-situ
SANS to selectively investigate the pore size dependencies of the adsorption of hydrogen-
containing (TEA™ and THA™) and boron-containing (BF4) ions [6] by taking advantage of the
high cross-section of neutron scattering on hydrogen (H) and the high neutron absorption cross-
section of boron (B).To attribute the variations in intensity to the adsorbed species, it is crucial
to ensure that the only source of hydrogen comes from cations within the electrolytic media.
Therefore, deuterated acetonitrile was used as a solvent. The adsorption of hydrogen-rich
cations (TEA" (N*(C2Hs)4) and THA™ (N"CH3(CH2)s)4) is expected to be associated with an
increase in the scattering intensity. Similarly, the adsorption of boron-rich anion is expected to
be associated to a decrease in the scattered intensity (BF4 anions contain approximately 20%
of neutron-absorbing °B). It is worth mentioning at this stage that at the adsorption interface
(solid/electrolyte), the polarization is supposed to create a concertation gradient of ions
within the electrolyte. This concentration gradient added complexity to the studied system as
it is no more considered as a simple two-phase system. Herein, a qualitative study is carried out
considering a two-phase system composed of the solid and: i) the electrolyte at the open circuit
voltage (OCV), ii) the cation-rich electrolyte at negative polarisation, iii) the anion rich-
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electrolyte at positive polarization as shown in Figure V.24. In this case the relative
guantities of the adsorbed ions will be marked by the variation of the contrast between
the reference and polarized samples.

Ap or Intensity

Ap = Psolid — Pcation—rich electrolyte

1.3V

Ap = Psotia — Pelectrolyte

Ap = Psolid — Panion—rich electrolyte

ocv +1.5V

1(Q) = ¢VpAp?P(q)S(q)

Figure V. 24 The expected variations in contrast Ap or intensity after anions and cations adsorption within the
porosity.

In this experiment, three profiles were recorded for each sample under three
conditions: i) at the open circuit voltage (OCV), which served as a reference, ii) at-1.3 V vs Ag

to promote cation adsorption, and iii) at +1.5 VV vs Ag to promote anion adsorption.

Another set of experiments was conducted by reversing the order of polarizations,
involving first the positive polarization at +1.5 V followed by the negative at -1.3 V. Each set
was performed on a pristine FSE-electrode. This approach aims to understand the process of
desorption of the adsorbed ions and their replacement by the ions of opposite charge during

reverse polarization.

Such sequencing can help to identify the importance of cycling history of the. The
evolution of the scattering profiles during polarization was emphasized by normalizing
the profiles to the one recorded at the open circuit voltage (OCV) (the reference profile).
Comparing the amount of adsorbed ions between samples can be qualitative inferred by
examining the level of the normalized curves of the polarized samples. The normalized profiles
presented in this chapter were smoothed for clarity purpose. This signal processing was made

without any modification of the observed trends as shown in Figure V.25.
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Figure V. 25 the normalized scattering profiles to the OCV without signal processing of 6RP-02 FSE polarized
in 1M TEABF4 /AN at (a) -1.3V followed by +1.5V, (b) +1.5 V followed by -1.3V, and in 1M THABF, /AN at (c)
-1.3V followed by +1.5V, (d) +1.5 V followed by -1.3V.

3.2.1 In-situ SANS on 6RP-0.2 during polarization in 1M TEABF4 /AN

As showed in the previous section, the polarization of 6RP-0.2 FSE in 1M TEABF4
/AN did not result in any observable modifications in the SAXS profiles. In this case, any
changes observed in the SANS profiles during polarization can be attributed to a variation in
contrast (Ap) resulting from the evolution of the relative proportion of cations and anions
within the different porosity scale under these specific polarization conditions. Figure V.26
displays the SANS profiles of 6RP-0.2 FSE polarized at -1.3 V and +1.5V in 1M TEABF4 in
deuterated acetonitrile (d-AN), along with the normalized profiles to the reference (OCV). As
shown in Figure V.26 a, b, the order of polarization has a significant influence on the evolution
of the scattering profiles after polarization. This suggests that the initial polarization state
strongly influences the desorption of ions and the adsorption of ions of opposite charge when

the polarization is reversed.
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Figure V.26 ¢ shows the normalized scattering profiles after polarization at -1.3 V
followed by polarization at +1.5 V. Such plot follows the contrast evolution resulting from
changes in the respective amounts of cations and anions over the probed scale. The polarization
at -1.3 V (red curve) induces an increase in normalized intensity compared to that recorded at
the OCV across the entire scale (3 nm to 210 nm). This increase is attributed to the electrolyte
enrichment of H-rich cations (TEA™) throughout all the porosity scales. This can be explained
by the fact that, at potentials below the OCV cations are more involved in the diffusion and
adsorption processes. It is worth mentioning that this increase could also be due to an anion
desorption. However, BF4 (with a size of 0.3 nm [7]) are small enough to travel throughout the
all porosity, and hence cannot be the limiting factor in these systems. We make this assumption
and resonate with the intensity evolution originating from the evolution of the relative amount
of cations. Furthermore, a decrease in the normalized intensity is observed above Q=0.02 A
(corresponding to 32 nm), stabilizing above Q=0.08 A, which corresponds to 8 nm. This
decrease indicates that the smaller porosity (below 32 nm) accommodates a lower relative
quantity of cations than the larger porosity. Conversely, polarization at +1.5 V (blue curve)
induces a decrease in normalized intensity, reaching the OCV profile’s level at high Q values
(Q >0.08 Al corresponding to a pore size higher 8 nm). Below this point, the normalized
intensity increases again compared to the OCV curve, surpassing that of -1.3 V at small angles.
The decrease in normalized intensity observed at the small porosity scale (below 8 nm) may be
attributed to the desorption of cations and the adsorption of anions (BF4) as expected when

polarizing at potential above OCV. Furthermore, the increase in normalized intensity above 8
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nm may be attributed to the enrichment of this porosity by the cations that are either desorbed

or diffusing from the small pores (below 8 nm).
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Figure V. 26 SANS profiles of 6RP-02 FSE polarized in 1M TEABF4 / d-AN at (a) -1.3V followed by +1.5V and
(b) +1.5V followed by -1.3V, and the normalized scattering profiles to the OCV of 6RP-02 FSE polarized in 1M
TEABF, /d-AN at (c) -1.3V followed by +1.5V and (d) +1.5V followed by -1.3V.

On the other hand, Figure V.26 d shows the normalized scattering profiles after

polarization at +1.5 V followed by polarization at -1.3 V. Interestingly, a significant difference

between the results of the two sets of experiments is observed. The initial polarization at +1.5

V (blue curve) results in a slight decrease in normalized intensity compared to that at the OCV

across the entire scale (3 nm to 210 nm). This decrease in normalized intensity may be due to

the relative adsorption of more neutrons absorbing anions (BFs) and from the relative

desorption or diffusion of cations towards porosity of larger size than the probed scale.

Compared to when a negative potential is applied first (Figure V.26 c), the signal did not

increase at any scale. This confirms the absence of any pre-adsorbed cations within the pores,

as expected when the potential applied is higher than the OCV.
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At -1.3 V (red curve) polarization, the signal increases across the entire scale (3 nm to
210 nm) similar to the case when negative polarization is applied first. This increase is likely
due to the desorption or diffusion of anions towards porosity of higher size than the probed
scale, combined with the adsorption of H-rich cations (TEA") inducing higher contrast.
Furthermore, at high Q values, similarly to when a negative potential is applied first, the
normalized intensity remains constant (1.25) (above ~Q=0.08 A, below ~8 nm), indicating
that independently of the first applied potential, the small porosity (below ~8 nm)
accommodates the same quantity of cations, suggesting adsorption saturation. Moreover, a
substantial increase in normalized intensity at small angles is observed above this scale (9~nm).
The achieved normalized intensity level (4.2) is significantly higher than that observed when
the negative potential is applied first (1.5). This increase is attributed to the low content of
cations within the pores, as evidenced by the normalized intensity below OCV curve) when the
positive potential is shifted to the negative one, it triggers a significant amount of cations
towards the accessible pores to neutralize the charge. The scale of porosity does not appear to
suffer from saturation. In the 6RP-0.2-FSE material, ions are distributed across the entire
porosity scale. The diffusion of ions encounters entanglement within the scale of approximately
8 nm to 210 nm, below which a quantized amount of ions is stored mainly due to geometrical

restriction.
3.2.2 In-situ SANS on 6RP-0.2 during polarization in 1M THABF4/AN

Figure V.27 displays the scattering profiles of 6RP-0.2 FSE polarized at -1.3 V and
+1.5 V in 1M THABF; /d-AN, as well as the normalized profiles to the reference (OCV).
Contrary to TEA", the order of polarization in THA" does not significantly impact the evolution
of the scattering profiles after polarization as shown in Figure V.27 a, b. This provides
preliminary evidence that THA" may be less adsorbed TEA®.

Figure V.27 ¢ shows the normalized scattering profiles after polarization at -1.3 V
followed by polarization at +1.5 V. The polarization at -1.3 V (red curve) shows an increase in
normalized intensity compared to that at the OCV across the entire scale (3 nm to 210 nm). This
increase is due to the adsorption of H-rich cations (THA™) within this scale, as expected when
polarizing at such negative potential. In addition, a clear bump is recorded in the middle of the
normalized profile between 0.01 A"t < Q < 0.08 A corresponding to a porosity ranging from ~
8 nmto ~ 63 nm. This bump is likely caused by the accumulation of large cations (THA™) within
this porosity scale, impeding their diffusion to smaller pores. At high Q values, above Q=0.08
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Al (i.e. 8 nm), the normalized intensity reaches 0.6, which is lower than the case of TEA*

despite the higher hydrogen content in THA compared to TEA.

This indicates that less THA" are present in the pores with a size lower than 8 nm.
Then, when the FSE is polarized sequentially at +1.5 V (blue curve), there is a slight decrease
in intensity at high Q values (Q > 0.1 A™). Unlike FSE cycled in TEA at +1.5V (Figure V.27
c), the normalized intensity does not reach the OCV level in this region, suggesting that some
adsorbed THA" is trapped in this porosity scale and cannot be desorbed. The intensity gradually
increases below Q=0.1 A, but it remains below the red curve (-1.3 V) and it rises above it at
Q=0.02 A*! (ie. 32 nm). It then reaches a plateau, similar to the case when the 6RP-FSE is cycle
in TEA". This could be explained by the release of THA™ cations from their accumulation at
the intermediate porosity range upon positive potential polarization. This intensity level above

~32 nm illustrates the enrichment of this porosity with these cations.
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Figure V. 27 SANS profiles of 6RP-02 FSE polarized in 1M THABF, /d-AN at (a) -1.3V followed by +1.5V and
(b) +1.5V followed by -1.3V, and the normalized scattering profiles to the OCV of 6RP-02 FSE polarized in 1M
THABF, /d-AN at (c) -1.3V followed by +1.5V and (d) +1.5V followed by -1.3V.
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On the other hand, Figure V.27 d displays the normalized scattering profiles after
initial polarization at +1.5 V followed by polarization at -1.3 V. The polarization at +1.5 V
(blue curve) indicates a slight decrease in intensity compared to the OCV across the entire scale
(3 nm to 210 nm), reaching the same level as in the case of TEA. This decrease in the intensity
results from the adsorption of anions (BF4) that absorb neutrons as expected when polarizing
at positive potentials. In turns, the polarization at -1.3 V (red curve) induces an increase in
intensity within the Q range 0.003 A1 < Q< 0.1 AL, This increase may be due to the desorption
of anions and adsorption or diffusion of H-rich cations (THA™) within this wider scale of 6 to
210 nm. Additionally, a small bump is observed in the intermediate Q range, s indicating cations
accumulation. However, the normalized intensity below Q=0.1 A is slightly impacted by the
negative polarization (back to the OCV level), suggesting that the cations are less adsorbed at
this scale in this case. This slight evolution might be due to the initial occupation of this porosity
by the anions and to the limited diffusion of the large sterically hindered THA™ within or to the
small pores (below ~6 nm). Furthermore, a pronounced increase in the relative intensity at small
angles is observed starting at Q=0.02 A" compared to when the negative potential is applied
first. This increase is attributed to the low concentration of cations within the pores when the
potential is switched to negative potential, which causes a significant amount of cations to move

towards these depleted pores.

This fundamental study provides valuable insights into the behavior of ions within the
pores of pillared graphene material under various conditions. The observations show that upon
polarization, THA" is less adsorbed in the small pores (< 8 nm) than TEA* and tends to
agglomerate within the mesoscale porosity. These results are valuable and show that the
previously observed ion-sieving (Figure V.10) is influenced by the lower adsorption of THA*
in the mesoscale pores before reaching the galleries. Unfortunately, the probed scale is limited
to 3 nm and does not allow for visualization of the micropores (i.e., galleries d~0.7 nm) to verify
the adsorption capabilities of THA™ and TEA™ within this scale. To complete this study, in-situ
WANS are needed. The probed length scale in WANS (< 0.5 nm) is well adapted to investigate
the ions adsorption within the galleries.

3.2.3 In-situ SANS on 6RP-0.2 during polarization at different potentials
in 1M TEABF4 /AN

The selected polarization potentials (-1.3 V and +1.5 V) do not fully capture the
mechanisms at intermediate potentials or during cycling. To gain further insights into the cation

adsorption and desorption mechanisms under conditions closer to cycling, we investigated the
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evolution of scattering profiles of 6RP-0.2 FSE during polarization in 1M TEABF4/ d-AN at
different potentials vs Ag: OCV, -0.65 V, -1.3 V, and the return to OCV: -0.65 V (R), finally
reaching the OCV (R) as displayed in Figure V.28 a. These experiments were conducted on
the same electrode, under conditions that closely resemble the cycling process. Figure V.28 b
shows the scattering profiles normalized to the OCV. At -0.65 V (red curve), a slight increase
of the normalized intensity was recorded at small angles (Q < 0.08 AL, i.e. ~8 nm), indicating
that cations started to diffuse in large porosity without reaching the smaller one.

At -1.3 V (blue curve), the normalized intensity increases at high Q values (Q > 0.08
A, i.e. 8 nm), indicating that cations are adsorbed in the small porosity. Furthermore, a
significant increase in the relative intensity at small angles is observed. This increase can be
interpreted as a large amount of cations diffusing within the large pores and becoming blocked
by adsorption saturation in smaller pores. After reversing potential, at -0.65 V (green curve),
the relative intensity at high Q values (Q > 0.08 A, i.e. 8 nm) remains constant, suggesting
that cations do not desorb within this scale. Furthermore, a decrease in normalized intensity at
small angles is observed, indicating a back-diffusion of cations from the larger pores. A similar
trend is observed at OV (purple curve), indicating that cations may remain trapped in small
pores. It seems that unless a positive potential is applied, these ions are not compelled to diffuse

back to higher porosity and be replaced by anions.
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Figure V. 28 (a) The different polarization potentials displayed on a CV curve, (b) the normalized scattering
profiles to the OCV of 6RP-0.2 FSE polarized at these different potentials, R refer to return.

Unfortunately, rGO showed a significant structural evolution upon polarization, which

prevented the attribution of the changes in the intensity to the contrast. The study with rGO
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aimed to compare the impact of the mesoporosity on the adsorption/desorption mechanisms of

ions within this scale, as rGO showed a well-developed mesoporosity compared to 6RP-0.2.

4 Conclusion

This chapter was dedicated to study the electrochemical performance of graphene-
based materials and to understand their behavior in real time as a supercapacitor electrode,
thereby, it was divided into two main parts. The first part involved a fundamental
electrochemical study using Cyclic Voltammetry (CV) of reference and pillared samples
formulated as a free-standing electrode (FSE) for SC. This study aims to understand the
influence of physicochemical properties, structure, and porosity of graphene-based materials
on their electrochemical performance. Both organic and aqueous electrolytes were tested to

highlight the impact of chemical properties on the pseudo-capacitive behavior.

In the organic electrolyte (LM TEABF4 /AN), the pillared samples exhibited higher
capacitances compared to the reference materials. Specifically, 6GA-0.05 demonstrated a
capacitance of 88 F/g, surpassing GA at 78 F/g, and 6RP-0.2 exhibited a capacitance of 101
F/g, outperforming rGO at 88 F/g at 10 mV/s. Despite the lower mesoporosity, mesopore
volume, and N2 specific surface area (SSA) observed in pillared materials, as discussed in
Chapter 1V, they displayed enhanced electrochemical capacitances compared to the reference
materials. This discrepancy underscores the significant involvement of the newly formed
graphene galleries in the electrochemical process. These results suggest that the newly created
microporosity in pillared materials provides additional adsorption sites for ions, contributing to
an overall increase in capacitance. This emphasizes the importance of micropores in
electrochemical storage within SCs. Moreover, despite higher mesoporosity in reference
materials, their electrochemical performances are limited due to the restacking of graphene
sheets, which likely influences their microporosity and, consequently, their capacitance in an

organic electrolyte.

In the aqueous electrolyte (3M H2SQO4), CV curves of reference and pillared samples
exhibited a pseudo-capacitive peak, notably more pronounced in reference samples especially
in GA. Surprisingly, the capacitance trends were reversed, in reference samples, with GA
showing a capacitance of 149 F/g, surpassing rGO with 96 F/g at 10 mV/s. In pillared samples,
both capacitances were higher than those in the organic electrolyte, revealing 105 F/g and 116
F/g for 6GA-0.05 and 6RP-0.2 respectively. This increase in the capacitance is attributed to the

additional pseudo-capacitive behavior associated with highly reversible surface or near-surface
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faradaic processes between the electrode and the electrolyte. This process is directly correlated
to the oxygen content within the materials. The higher abundance of oxygen functional groups
in GA results in a higher pseudo-capacitance from faradic processes, elucidating the superior
electrochemical performances of this sample in the aqueous electrolyte outperforming the

pillared samples.

In the second part of this chapter, the effort was dedicated understand the real-time
behavior of these materials as SC electrodes. An advanced in-situ/operando Small-Angle X-
ray Scattering (SAXS) and Wide-Angle X-ray Scattering (WAXS) study using synchrotron
radiation was carried out to unveil the structural evolution during cycling and polarization of
graphene-based materials. Additionally, an in-situ Small-Angle Neutron Scattering (SANS)
experiment was performed to reveal the qualitative location of ions within pores of different
sizes, aiming to gain insights into the adsorption/desorption mechanisms across the entire

porosity scale of the samples.

Operando and in-situ SAXS/WAXS measurements were performed in two distinct
organic electrolytes, 1M TEABF4 and THABF4 /AN. Operando SAXS experiments on 6RP-
0.2 FSE under cycling revealed that the structure within a length scale of 3 nm to 210 nm
remained unchanged even in the presence of a large cation (THA*). However, a significant
evolution was observed in WAXS profiles only in the presence of THA", particularly on the G
peaks, indicating a modification in the arrangement of restacked domains. During polarization
in 1M TEABF4 /AN, in-situ SAXS/WAXS studies 6RP-0.2 did not result in observable
modifications, suggesting that the small cation (TEA™) had no impact on the material's structure
at the studied scale. In the presence of THA, distinct shifts were observed in both SAXS and
WAXS profiles. SAXS revealed a shift in the break in slope (R) toward small angles, attributed
to a flattening of the graphene sheets, while WAXS indicated an increase in the intensity of the
G peak, suggesting an orientation of the graphitic domains. Similar investigations on rGO
showed significant changes in SAXS/WAXS profiles during polarization in both electrolytes.
SAXS profiles exhibited similar evolution, showing a decrease in the bending length (R)
regardless of cation size, likely due to the smaller bending length compared to 6RP-0.2 (R=14
nm in rGO and R= 78 nm in 6RP-0.2). However, interpretation of WAXS profiles was not
possible due to a noticeable shift in the background, hindering the attribution of specific

structural changes to the material.

In-situ SANS experiments were conducted on 6RP-0.2 FSE under polarization in both
1M TEABF4 and THABF4 /AN. The results were qualitatively discussed considering a two-
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phase system composed of the solid and: i) the electrolyte at the OCV, ii) the cation-rich
electrolyte at -1.3 V, iii) the anion-rich electrolyte at +1.5 V. The relative quantities of the
adsorbed ions were assessed by the variation of the contrast between the reference and polarized

samples.

In TEABF4/AN electrolyte, when a negative polarization was applied first, an increase
in normalized intensity across the entire scale (3 nm to 210 nm) was observed at -1.3 V,
indicating the electrolyte enrichment of H-rich cations (TEA™), showing their involvement in
diffusion and adsorption processes. A slight decrease in normalized intensity above 32 nm
suggested that smaller porosity accommodates a lower relative quantity of cations. Conversely,
at +1.5 V, a decrease in normalized intensity was observed at high Q values indicating
desorption of cations and adsorption of anions (BF4) at the small porosity (< 8nm).
Interestingly, when reversing the polarization order, a significant difference was observed. The
initial polarization at +1.5 V resulted in a slight decrease in normalized intensity, all over the
probed Q-range, likely due to the diffusion of anions toward the working electrode and the
diffusion of cations towards the counter electrode. At-1.3 V, the normalized intensity increased
across the entire scale, similarly to the case when a negative potential was applied first,
indicating adsorption and diffusion of cations towards smaller pores. In the 6RP-0.2-FSE
material, TEA" and BF4 were distributed across the entire porosity scale, with saturation
observed in small pores (below 8 nm), likely due to geometrical restrictions.

Furthermore, 6RP-0.2 FSE showed similar behaviors in the presence of THA™ with a
clear accumulation of this cation within the pore in the length scale between 8 nm and 63 nm.
Overall, THA™ showed lower adsorption capability in small pores (< 8 nm) than TEA" and
tends to agglomerate within mesoscale porosity. These observations suggested that the
observed ion-sieving phenomenon was influenced by the lower adsorption of THA* in the
mesoporosity before reaching the galleries. To further investigate ions' adsorption within

galleries, in-situ WANS with a probed length scale below 0.5 nm is recommended.
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General conclusion and Perspectives

Graphene-based materials have been widely examined as electrodes materials for
supercapacitors. The ability to control the structure and the chemical properties of these
materials is a significant advantage, that was addressed by using specific reduction methods
allowing to fine-tune the oxygen content, and by incorporating pillars allowing to space-out
graphene sheets. The electrochemical performances of these materials are highly dependent on
the structural features, notably the porosity of the electrode materials. However, and to the best
of our knowledge, a multi-scale comprehensive characterization of graphene-based materials
has not yet been addressed in the literature, particularly in terms of their mesostructural and

morphological properties.

This emphasizes the need for a holistic approach enabling to unlock the full potential
of graphene-based materials in supercapacitor technology. A comprehensive strategy
integrating complementary structural and morphological analysis, physicochemical
characterizations, and electrochemical investigations is deemed essential. Such an approach
would aim not only to enhance the current understanding of these materials but also to highlight
the importance of a multidisciplinary methodology to optimize the design and performance of

graphene-based materials, ultimately contributing to the development of supercapacitors.

Therefore, in this thesis, the effort has been dedicated to the study of graphene-based
materials following a methodology that includes i) the study of the effect of reduction on the
physicochemical and multi-scale structural properties of rGO using two reduction methods,
hydrothermal reduction and reduction using hydrazine hydrate, ii) the study of the influence of
functionalization/pillaring on the multi-scale structure, morphology, and porosity of pillared
graphene materials, highlighting their properties at different scales, iii) the understanding of the
electrochemical properties of both reference (non-pillared) and pillared graphene materials by
establishing a correlation between their structural or chemical properties and their
electrochemical performances, and finally iv) partially unveiling the real-time behaviours of

these materials as electrode for SC via in-situ and operando advanced characterizations.
) Chemistry and multi-scale structure of rGO-based materials:

In this study, two reduction methods, hydrothermal reduction and chemical reduction

using hydrazine hydrate, were employed to reduce graphene oxide (GO). XRD revealed that
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both reduction methods led to restacking of graphene sheets. A slightly broader G peak was
observed for rGO compared to GA, suggesting a higher number of graphene sheets per
restacked aggregate in GA. These observations were confirmed by TEM, showing a higher
number of restacked graphene sheets per stack in GA. The chemical analyses using XPS and
EA showed a higher carbon-to-oxygen (C/O) ratio in the reduced materials compared to GO,
confirming their efficient reduction. In addition, rGO showed higher C/O (13.4) ratio than GA
(7.9) and lower weight loss as evidenced by TGA (10% and 30% in rGO and GA respectively),
confirming the higher reduction level of rGO compared to GA. Furthermore, SANS showed
that the mesoporosity of rGO (57%) was greater than that of GA (35%) in the 3 nm to 210 nm
range. Moreover, N2 BET surface area and pore volume measurements further confirmed the
higher micro/mesoporosity in rGO (N2 BET SSA of 401 m?/g and 237 m?/g in rGO and GA
respectively, as well as a pore volume within the 0.6 to 30 nm length scale of 0.86 cm®/g and
0.24 cm®/g in rGO and GA respectively). All these quantitative results showed that rGO is
more reduced than GA and has higher micro/mesoporosity.

This work, goes from materials development to in-depth studies, provides valuable
understanding of the multiscale structure of rGO-based materials and their tunable chemistry

via the reduction processes.
i) Chemistry and multi-scale structure of pillared graphene-based materials:

The chemical analyses of 6RP-0.2 and 6GA-0.05 performed by TGA revealed weight
losses of 26% and 30%, respectively, showing good GO reduction. The higher weight loss
observed in 6GA-0.05 was shown to be due to a higher content of grafted pillars and a lower
reduction degree compared to 6RP-0.2. The effectiveness of the reduction was further
confirmed by XPS and EA, which also highlighted the presence of nitrogen within the material,

confirming the incorporation of pillar molecules within the samples.

The nature of the bonding between pillars and graphene sheets was assessed using
TPD-MS, revealing that covalent bonding occurred in both 6GA-0.05 and 6RP-0.2.
Furthermore, XRD analysis revealed a remarkable similarity in the nanoscale structure of the
two-pillared samples. Both materials exhibited a distinct CL peak with a d-spacing of 0.77 nm,
indicating the successful creation of a new porosity within the materials. The proportion of the
pillared domains (% CL) within the materials was determined from the XRD data showing

approximately 20 to 30%. This indicated that despite successful pillaring, the majority of the
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materials still consisted of restacked graphitic domains, accounting for approximately 70 to

80% of the overall structure.

SANS showed that 6RP-0.2 had a higher mesoporosity than 6GA-0.05, with a porosity
of 37% and 15%, respectively. Additionally, 6RP-0.2 showed a higher N2 BET SSA of 93 m%/g
compared to 26 m?/g for 6GA-0.05. The N, pore size distribution (N2-PSD) also showed a
higher pore volume (within the length scale ranging from 0.6 to 30 nm) in 6RP-0.2 (0.23 cm®/g)
compared to 6GA-0.05 (0.06 cm®/g). Clearly, despite the opening of new microporosity, the
pillaring process seemed to partially close the mesoporosity in the pillared samples. This
reduction in mesoporosity in the pillared samples was attributed to the potential connection of
restacked or pillared domains via pillars. Indeed, the reactivity of pillars with oxygen
functional groups can lead to a bridging between the different domains, resulting in random
connections and reduced interparticle distances and decreasing mesoporosity. The work
presented here shows the effect of pillaring on the microscale porosity, and chemistry of
pillared graphene materials, highlighting its impact on reducing the mesoporosity.

iii) Understanding the electrochemical performances of graphene based-

materials:

In the organic electrolyte (LM TEABF4 in AN), the pillared samples, 6GA-0.05 and
6RP-0.2, exhibited higher capacitances compared to the reference materials. Specifically,
6GA-0.05 had a capacitance of 88 F/g, surpassing GA 78 F/g, and 6RP-0.2 had a capacitance
of 101 F/g, outperforming rGO 88 F/g at 10 mV/s. Despite having lower SANS mesoporosity,
mesopore volume, and N> BET SSA, pillared materials, displayed enhanced
electrochemical capacitances compared to the reference materials. This discrepancy
highlights the significant role of the newly formed graphene galleries in the electrochemical
process. The results showed that the microporosity in pillared materials provided additional
adsorption sites for ions, contributing to an overall increase in capacitance. This underscores
the importance of micropores in the electrochemical storage of supercapacitors. Additionally,
the limited electrochemical performances of reference materials with higher mesoporosity are
attributed to the restacking of graphene sheets, which affects their microporosity and,

consequently their capacitance.

In the aqueous electrolyte (3M H2SO4), both the reference and pillared samples
showed an increase in capacitance compared to when cycled in the organic electrolyte. In

addition, all samples exhibited a pseudo-capacitive peak on the CV curves, which was more
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pronounced for the reference samples, particularly in GA. Interestingly, the capacitance trends
were reversed in reference samples, with GA showing a capacitance of 149 F/g, surpassing rGO
capacitance of 96 F/g at 10 mV/s. In pillared samples, both capacitances were higher than
those in the organic electrolyte, reaching 105 F/g for 6GA-0.05 and 116 F/g for 6RP-0.2. This
increase in capacitance was attributed to additional pseudo-capacitive behavior associated
with highly reversible surface or near-surface faradaic processes between the electrode and the
electrolyte as evidenced by the presence of pseudo-capacitive peaks. This process was directly
correlated with the oxygen content within the materials. The higher abundance of oxygen
functional groups in GA results in a higher pseudo-capacitance from faradic processes,
elucidating the superior electrochemical performances of this sample in the aqueous electrolyte,
outperforming the pillared samples. This work contributes to the understanding the high
importance of the microporosity in SC, showing that, even at small quantities (20-30%o),

their contribution in enhancing the capacitance of pillared samples was evident.

iv) Unveiling the real-time behaviours of graphene based-materials as electrode
for SC

The fundamental study carried out during this thesis was divided into two parts: i) the study of
the structural evolution of graphene-based materials during SC operating by performing an in-
situ and operando SAXS/WAXS analysis, ii) the unveiling of the ions location within the
material porosity at different applied potentials using an in-situ SANS study. The two studies
were performed in two different organic electrolytes, 1M TEABFs and THABF4 in AN to

highlight the impact of the ion size on the adsorption capabilities of the materials porosity.
a) Structural evolution of graphene-based materials during SC operation:

Operando SAXS measurements on 6RP-0.2 FSE during cycling revealed that the
mesoscale structure (3 to 210 nm) remained unchanged even in the presence of a large cation
(THA™). However, significant evolution was observed in WAXS profiles in the presence of
THA", particularly on the G peaks. A modification in the arrangement of restacked domains
was observed during cycling. Furthermore, in-situ SAXS/WAXS studies on 6RP-0.2 during
polarization at -1.3 V in 1M TEABF4 in AN, did not show observable modifications, suggesting
that the small cation (TEA*) had no impact on the material's structure. In contrast, polarization
at-1.3 Vinthe presence of THA* showed a distinct shift in both SAXS and WAXS profiles.
SAXS revealed a shift in the break in slope (R) towards small angles, indicating a flattening of

the graphene sheets, while WAXS showed an increase in the intensity of the G peak, suggesting
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an orientation of the graphitic domains. Similar investigations were carried out on reduced rGO,
showing significant changes in SAXS/WAXS profiles during polarization in both electrolytes.
SAXS profiles, regardless of cation size, exhibited similar evolution, showing a decrease in the
bending length (R), likely due to the smaller bending length compared to 6RP-0.2 (R=14 nm in
rGO and R= 78 nm in 6RP-0.2). However, the interpretation of the WAXS profiles was
hindered by a noticeable shift in the background, which prevented the attribution of specific
structural changes to the material.

a) Understanding the ion adsorption and desorption mechanisms:

In-situ SANS experiments were conducted on 6RP-0.2 FSE under polarization in both
1M TEABF4 and THABF4 in AN. The results were qualitatively discussed, considering a two-
phase system composed of the solid and: i) the electrolyte at OCV, ii) the cation-rich electrolyte
at -1.3 V, iii) the anion-rich electrolyte at +1.5 V. The relative quantities of the diffusing ions

were assessed by analyzing the contrast variation between the reference and polarized samples.

In the TEABF4AN electrolyte, when a negative polarization was applied first (-1.3 V),
an increase in normalized intensity across the entire length scale (3 nm to 210 nm) indicated
the enrichment of the pores by H-rich cations (TEA®), highlighting their involvement in
diffusion and adsorption processes. A slight decrease in normalized intensity below 32 nm was
observed, suggesting that smaller porosity accommodates a lower relative quantity of cations.
Conversely, at +1.5 V, a decrease in normalized intensity at high Q values indicated desorption
of cations and adsorption of anions (BF4") at small porosity (< 8 nm). Reversing the polarization
order resulted in a significant difference. With the initial polarization at +1.5 V a slight decrease
in normalized intensity across the probed Q-range was observed, indicating a depletion of
cations in the electrolyte. At -1.3 V, the normalized intensity increased across the entire scale,

indicating adsorption and diffusion of cations towards smaller pores.

In the presence of THA", 6RP-0.2 FSE exhibited significantly different behavior with
a clear accumulation of THA™ within the pores in the length scale between 8 nm and 63 nm at
-1.3 V. Furthermore, THA" showed lower adsorption capability in small pores (< 8 nm) than
TEA" and tended to agglomerate within mesoscale porosity. These findings suggested that
the observed ion-sieving phenomenon was influenced by the lower adsorption of THA* in
the mesoporosity before reaching the galleries.
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Perspectives:

The SAS results presented in Chapters 111, 1V, and V were discussed by considering
only the contribution of the form factor (P(Q)). This decision was justified by the hierarchical
porosity of graphene-based samples, where the distance between the objects is non-uniform at
the probed scale. In such cases, the contribution of the structure factor S(Q) is expected to be
potentially hindered by that of P(Q). However, it is always recommended to assess the
contribution of S(Q). To address this point, this is essential to measure the SAS profiles of
diluted samples. This experiment allows for a comparison of SAS profiles of diluted and dense
samples, enabling the evaluation of changes occurring within the scattering profiles. If diluted
samples exhibit a different scattering profile than non-diluted ones, then it indicates that there
is a non-negligible contribution from the structure factor. In such cases, the consideration of the
structure factor becomes crucial in the interpretation of the results. Preliminary experiments
have been conducted out to verify this point as shown in Chapter I1. However, the samples
suffer from precipitation due to the long acquisition time. Hence, experiments with other

solvent, or under a continuous flux of solvent to maintain the dispersion have to be carried out.

The CV-SANS experiments provided valuable information on the real SLD of the
graphene-based materials as well as their solid densities. However, this solid density
accommodates all the porosity below the probed length scale (< 3 nm). This factor limits our
understanding of the accessible porosity within these materials. Investigating the porosity
below 3 nm is essential to complete our understanding on the accessible microporosity. To
complete this study, CV-WANS is of prime interest. The probes length scale in WANS is
similar to that of WAXS, exceeding the G peak. This would allow the visualization of the
accessibility of the solvents to this porosity, and consequently quantifying the real solid density

of the graphene-based materials.

As shown in Chapter V, in-situ SANS provided valuable insights on the adsorption
mechanisms under different potentials, highlighting an adsorption saturation at small porosity
below 8 nm in 6RP-0.2. Furthermore, this experiment showed that THA* was less adsorbed in
small pores (< 8 nm) compared to TEA". Considering the higher mesoporosity in non-pillared
samples compared to pillared samples, it is important to study the ion location within this scale
by performing in-situ SANS for non-pillared samples. This will assess the impact of

mesoporosity in the adsorption capabilities between pillared and non-pillared samples.
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Furthermore, in-situ SANS showed that the ion-sieving phenomenon was influenced
by the lower adsorption of THA™ in the mesoporosity before reaching the galleries. To further
investigate ion adsorption within galleries, in-situ WANS with a probed length scale below 0.3
nm is needed. The adsorption within the microscale, notably the galleries, will be assessed
through the variation of the contrast at this scale, which is expected to be evident from the

variation of the intensity of the CL peak.

This thesis highlighted the importance of advanced characterization techniques,
namely WAXS, SAXS, and SANS, in understanding the structure and their complementarity
to basic characterization techniques (SEM, XRD). Moreover, the possibility to investigate the
mechanisms in supercapacitors by in-situ and operando measurements was emphasized. These
advantages show the necessity to address other advanced characterization techniques for deeper
understanding SC. Indeed, Quasielastic Neutron Scattering (QENS) is a sophisticated technique
that enables to the study the dynamics of ions within the electrodes and electrolyte, providing
insights into ion transport mechanisms and diffusion processes. Fleischmann, S. et al. explained
that it is necessary to study in-situ the diffusion of electrolytic species in the porosity of
carbonaceous material at the very local scale QENS analysis, alongside solid-state NMR [1].
Additionally, the Electrochemical Quartz Crystal Microbalance (EQCM) offers real-time
monitoring of mass changes during electrochemical processes. This technique helps in
elucidating the intricate interplay between electrode materials and electrolytes. Moreover,
SECM [2] analysis, would enable identifying the nature of the species involved in the charge
storage mechanism and relating macro-scale performances to local dynamics. Atomic Force
Microscopy (AFM) and dilatometry can be combined to investigate the relation between the
electrochemistry and the mechanics of such samples. In-situ and operando AFM can also be
used to investigate local electrochemical processes [3]. Raman spectroscopy can be utilized to

probe the electrode electrolyte interface under dynamic conditions [4].
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