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Abstract

This work reports on the formation of reduced graphene oxide/chitosan, RGO/CS, (0.1-10 wt%) hybrids
via L-ascorbic acid reduction of GO-CS aqueous suspensions. Hybrids at different synthesis steps and the
constituent modifications are characterized by microstructural, spectroscopic and physical methods. CS
undergoes chemical-structural changes, both by interaction with GO and in the course of the chemical
reduction, so that eventually, whilst there is no evidence of CS presence in the final product, we find
convincing proof of its transformation to a starch-like phase via a critical examination of XRD and ATR-
FTIR analysis. Hybrids show significant modifications of composition, conductivity, apparent surface
area and packing density vs. the pristine RGO. We elucidate more subtle effects, affecting stacking and
packing behavior, by examining the capacitive storage behavior of hybrid electrodes. The electrochemical
study highlights, at the best composition, a remarkable enhancement of specific/volumetric capacitance
(up to 30% and 90% increase, respectively) and of rate behavior, compared to pure RGO. Overall, we
show that the functioning of CS in hybrid formation can be explained through the reactive attachment of
CS molecules onto RGO sheets, forming a starch-like phase, which stiffens graphene layers mitigating

crumpling, and allowing a denser packing without re-stacking.
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1 Introduction

The graphene family has emerged as a promising material for a variety of applications shortly after its
discovery [1]. What makes graphene attractive, particularly for electrical and electrochemical
applications, is the combination of high electrical conductivity and high surface area [2-5]. Nevertheless,
high throughput synthesis methods amenable to industrial production were shown to impair the intrinsic
advantages of graphene. Synthesis of graphene oxide (GO) via chemical oxidation of graphite in strongly
oxidizing environment [6,7], followed by chemical reduction [8] for the formation of reduced graphene
oxide (RGO), is the best-established approach for mass production of graphene materials. However, the
exceptional electrical conductivity of graphene [2] is seriously undermined by the structural and
compositional damage induced by chemical oxidation [9]. Moreover, the full advantage of the high
surface area of graphene, with theoretical values in the range of 2600 m® g *[4,5,10], is not achievable in
RGO due partly to incomplete exfoliation in the oxidation stage, and partly to agglomeration and re-
stacking of the sheets during reduction [9,11]. The recovery of the electrical conductivity of GO through
chemical reduction methods has been addressed with the use of effective reducing agents such as
hydrazine [12] and L-ascorbic acid [13,14]. The observed conductivity is far below the value expected for
graphene; still, it is high enough for most electrochemical applications, as an example. On the other hand,
the issue of agglomeration and re-stacking of RGO sheets has been tackled via several strategies.
Processing methods developed to minimize the irreversible re-stacking of RGO sheets include the
synthesis of three-dimensional graphene networks [15], via hydrothermal self-assembly [16] or chemical
cross-linking [17], the fabrication of graphene-carbon [18-20], graphene-metal [21], graphene-ceramic
[22], graphene-polymer [23] hybrids or composites, and RGO surface modification by functionalization
[24].

Chitosan (CS), an amino polysaccharide obtained from deacetylation of chitin exoskeletons of arthropods,
has been studied for long, with a special focus on the properties that makes it appealing for biological,
medical, agricultural, and environmental applications [25-27]. More recently, it has also attracted
attention for electrochemical applications such as sensing [28] and energy storage [29]. Particularly, in
the field of supercapacitors, the use of chitosan in development of active electrode materials is growing

[30,31]. Nevertheless, most literature in this field reports about pyrolysis and activation of CS for the



production of activated carbon (AC) [32—42], which makes sense from the viewpoint of its abundance
and cost. Examples of specific applications of CS for nano-scale engineering of porous supercapacitor
electrodes, in particular based on graphene materials, are also reported [43-51]. Nevertheless, even in this
latter group of works, the focus remains on CS as the major constituent and RGO takes the role of a
modifier, by, e.g., fine-tuning the texture or enhancing the electrical conductivity. Sun et al. [43] prepared
a CS-GO hydrogel by mixing and further processing individual suspensions of GO and CS, with a CS:GO
mass ratio of 50:1. The prepared hydrogel underwent drying, carbonization and activation, leading to the
formation of a CS-RGO based AC composite. The BET surface area of the AC composite was 1.5 times
higher than the CS single component based AC, which, in turn, resulted in almost 50% improvement of
the specific capacitance when used as supercapacitor active material. Similarly, Zhang et al. [44] prepared
a CS-GO hydrogel, but with a lower CS:GO mass ratio of 4:1. The hydrogel was dried and carbonized but
not activated, probably because of the lower content of CS compared with [43]. The CS-RGO composite
showed a reasonable specific capacitance but poor rate capability. Gao et al. [45] used a microwave-
assisted hydrothermal method to reduce CS:GO suspension of mass ratio 1:1, without further
carbonization or activation process. The authors reported that inhibition of restacking and improved
dispersion of RGO contributed synergistically to enhance capacitive performance, together with a
pseudocapacitive contribution stemming from oxygen and nitrogen functional groups.

The opposite compositional paradigm, i.e., minor content of CS in an RGO-CS hybrid, has been studied
for applications such as water treatment and sensing [52-54], and rarely, if ever, as an energy storage
electrode material (Salleh et al. used 10 wt% CS as the binder for graphene based supercapacitor [55]).
Tan et al. [56] reported the synthesis of GO quantum dots (GQDs)—CS nanocomposite having a
reasonable supercapacitive performance after thermal treatment. However, notwithstanding the difference
in synthesis and processing of GQDs and GO/RGO flakes, the precise composition of the composite is
not reported in [56], while morphological analysis suggests that the CS phase may be the major
constituent.

In the present work, we show that an RGO-CS hybrid can be synthesized by a simple wet chemical
method consisting in the preparation of slightly acidic GO and CS suspensions, with a nominal content of

CS varied from 0.1 to 10 wt%, followed by chemical reduction under reflux conditions..



There are two specific research objectives for this study. The first is to elucidate the interactions and
modifications of CS and GO/RGO in the course of hybridization, which will affect the physicochemical,
textural and morphological properties of the product. The second is, specifically, a comparative
evaluation of the performance of such hybrids for electrochemical applications, and, more generally, a
supplement investigation to corroborate and complement the first objective. Detailed assessment of the
GO/RGO-CS hybridization in the aforementioned composition range and with the above goals has been
rarely, if ever, reported. The mechanisms here disclosed by which CS modifies the RGO arrangement can
be very insightful for research works addressing the tuning of microstructural and textural properties of
RGO-based hybrids to improve specific, application-oriented performances. The hybrid shows promising
characteristics towards enhanced porous structure and improved stability against re-stacking, through a
non-trivial mechanism, i.e., stiffening of RGO layers and increase of the packing density. We use a
combination of microstructural, physicochemical, spectroscopic and electrochemical characterization
techniques to provide comprehensive insight into the interactions of RGO and CS, the hybridization
process itself, and the behavior of hybrids as electrode material for capacitive charging in an aqueous
environment. The outcome of this analysis suggests a complex pattern of surface interactions and
chemical modifications leading to the covering by CS derivatives of RGO sheets. The CS derivative
layer, on the one hand, allows a denser packing of RGO sheets and, on the other hand, stiffens individual
RGO sheets, reducing wrinkling and large scale crumpling, thus modifying the balance between macro-

and mesopores in favor of the latter.

2 Experimental

2.1 RGO-CS hybrid synthesis

GO was synthesized from synthetic graphite powder (<20 pm, Aldrich), based on the Tour's method
[57,58]. After completion of the oxidation procedure, the product was thoroughly washed with deionized
water to near neutral pH (>6), and maintained in the form of a suspension. The procedure of hybrid
preparation was as follows. A 1 mg ml™ molecular suspension of CS in deionized water was prepared by
adjusting the pH to 3 with acetic acid and stirring for 12 h until a transparent solution was obtained. A 1

mg ml™ GO suspension was prepared by diluting the original 12 mg ml™ GO suspension. In a typical



hybridization procedure, the 1 mg mI™ GO suspension was stirred and sonicated for 1 h, and then, the
desired amount of the 1 mg mI™ CS suspension was added under stirring, and thoroughly dispersed by
probe sonication at room temperature. The added amount of the CS suspension varied in the range of 0.1
to 10 ml in order to get CS:GO ratios 0.001:1 to 0.1:1 (or, 0.1% to 10%). The mixture was stirred and
sonicated at room temperature for one hour before chemical reduction. The chemical reduction consisted
of addition of L-ascorbic acid (AA) at a AA:GO ratio 10:1, stirring for 1 h to assure complete dissolution
of AA, and then refluxing at 95 °C for 1 h. During reduction, the initial light brown color of the
suspension changed to black. By completion of the reduction, the suspension was filtered. The black
RGO-CS precipitates underwent multiple washing-centrifugation-filtering steps until a neutral pH (>6)
was obtained, and finally were dried at 80 °C for 12 h. For the purpose of comparison, a similar procedure
was used to reduce GO in the absence of CS, ending up to a pure RGO powder. For the sake of simplicity
in naming, reduced samples prepared from CS:GO ratios of 0.1%, 0.5%, 2.5% and 10%, are called RGO-—

CS 0.1%, RGO-CS 0.5%, RGO-CS 2.5%, RGO-CS 10%, respectively.

2.2 Material characterization

The prepared materials were characterized for crystalline phase analysis by X-ray diffraction (XRD)
technique in Bragg—Brentano configuration using an 1830 PW Philips X-ray generator, equipped with a
PW 3020 Philips goniometer and a PW 3710 Philips control unit. Morphological characterization of the
samples was carried out using a scanning electron microscope, SEM (Zeiss EVO 50 EP). Small scale
features of the morphology of RGO and RGO-CS hybrids were characterized by transmission electron
microscopy (TEM), using a Philips CM200 FEG instrument equipped with a field emission gun with
Schottky emitter, operated at 200 kV. Thermo-gravimetric analysis (TGA) was performed in air by using
PerkinElmer Simultaneous Thermal Analyzer (STA 6000) at a heating rate of 10 °C min* up to 800 °C.
N, adsorption-desorption isotherms were acquired at —196 °C (Micromeritics TriStar IT 3020) after
degassing at 90°C, to estimate the specific surface area (SSA) through the Brunauer—Emmett—Teller
(BET) method as well as the pore size distribution via the Barrett—Joyner—Halenda (BJH) method.
Infrared spectra of the solid samples in form of powder were obtained with a Nicolet Nexus FT-IR

spectrometer coupled to an IR microscope Continupm (Thermo Scientific) in attenuated total reflection



mode (ATR) using a Si tip single bounce slide-on ATR accessory. For each spectrum, 256 scans were
collected with a resolution of 4 cm™ in the spectral range 650-4000 cm™. Spectra reported in the figures
are ATR corrected in order to make the spectral pattern more similar to an absorption pattern. Electrical
conductivity of the compact powders was measured using a lab-made set-up consisting of a thick isolating
PTFE die with a central circular hole and two cylindrical gold coated copper pistons (details available in
our earlier work [20]). A variable load in the range of 2 to 150 N to the upper piston results in a
compacting pressure over the powders in the range of 72 KPa to 5.27 MPa, under which the electrical
resistance of the powders was measured. The electrical conductivity at each pressure was then calculated

using Equation 1:

o=— (1)

where [ is the powder column height, obtained by the displacement of the piston, A is the cross-section

area of the piston, and R the measured resistance.

2.3 Electrode preparation and electrochemical characterization

Electrode preparation was based on a paste method [59] using PTFE as the binder and conductive carbon
(CC, TIMCAL C-NERGY™ SUPER C65) as the conductivity promoter. The components were mixed in
RGO-CS:CC:PTFE ratio of 82:10:8 in a mortar to form a paste which was then rolled on a PTFE plate
resulting in a free-standing foil. The active layer was then cut in rectangular pieces of 7 mm X 7 mm and
stuck onto a graphite current collector using conductive adhesive (DAG EB-021, LADD Research
Industries). The apparent density of freestanding layers was measured before sticking onto the graphite
foil, by precisely measuring the mass (Gibertini E154 microbalance with an accuracy of 0.1 mg), the
thickness (20 um resolution calipers) and the area (ImagelJ processing of the scaled picture of the samples
with an approximate resolution of 2.5x10% cm?).

Electrochemical measurements were carried out in 1 M Na,SO, electrolyte, at room temperature, using a
ModuLab® XM ECS potentiostat / galvanostat system (Solartron Analytical XM PSTAT 1 MS/s),

equipped with a frequency response analyzer (Solartron Analytical XM FRA). A three-electrode set up



was used for electrochemical characterization, consisting of RGO-CS electrodes as the working, a
platinum foil as the counter, a 3.5 M KCI filled calomel probe as the reference electrode (all the results
are nevertheless reported with respect to the standard hydrogen electrode, SHE, where Egcg = +250
MVspe).

The electrodes were tested by cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). CV tests were carried out over the potential range 0 to 1 Vg and at five different scan rates, 1, 5,

20, 50 and 100 mV s . The specific capacitance was calculated according to Equations 2 and 3:

_1 $1av
Cg_ZXvAVm (2)
1 $1av
Co =3 X S avver )

where C, is the gravimetric capacitance, C, is the volumetric capacitance, ¢ 1dV is the area enclosed in
the voltammogram, v is the scan rate, AV is the potential window, m and Vol are the paste electrode mass
and volume, respectively.

EIS measurements were performed at the open circuit potential (OCP) using an AC excitation signal of

10 mV amplitude, in the frequency range from 100 kHz to 5 mHz, sampling 10 points per decade.

3 Results and discussion

3.1 Electron Microscopy

Fig. 1 shows SEM images of as-prepared RGO and RGO-CS hybrids, as well as of as-received CS
powder. While the RGO powder shows mostly relatively large, irregular platelets — presumably stacks of
numerous RGO sheets (Fig. 1a) - RGO-CS hybrids (Fig. 1b—d) show smaller aggregates with a granular
and relatively fluffy morphology. As-received CS powder, in Fig. 1e, consists of rather coarse lumps of
material, which are obviously untraceable in the hybrids.

The morphology of the hybrids was examined also by TEM, as shown by images of selected samples in
Fig. 2, in the search of evidence of the presence of CS on RGO at the nano-scale. Neither the high

magnification (Fig. 2c and e) nor the high resolution (Fig. 2d and f) TEM micrographs of RGO-CS



hybrids reveal peculiar features traceable to the presence of CS directly, when contrasted with the
corresponding RGO images (Fig. 2a and b). Also the selected area electron diffraction patterns (SAED,
insets of Fig. 2a, ¢ and e) of the samples show only the (002) and (101) crystalline planes of graphitic
carbon. Regardless of works with CS as the by far major constituent (e.g., [43,44]), which are not
comparable with our work, previous reports either suggest [52-54] or reveal [60] the absence of
morphological contrast enabling phase distinction, as in the present work, or recognize different
morphological features that are assigned to RGO/GO and CS (e.qg., [45,55]). Moreover, there are
instances where the morphological identification of different phases appeared to be possible only at a
certain stage of processing [56] or only in a range of experimental conditions [61]. Overall, the
heterogeneity and multiplicity of reports on the morphology of hybrids and their conflicting outcome on
the phase contrast in RGO-CS or GO-CS hybrids make these results inconclusive. On the other hand, it
is an important remark of the present work the distinction between RGO and RGO-CS hybrids from a
different viewpoint, that is, the degree of distortion and wrinkling of individual sheets, which apparently
decreases with increasing CS content (compare Fig. 2a with Fig. 2c and e). Arguably, RGO-CS
hybridization appears to have a stiffening effect on RGO sheets, greatly reducing their otherwise prompt
tendency to corrugation. We can argue, then, that this effect implies the formation of a hybrid structure
through supposedly strong molecular/atomic scale interactions. Additional characterization was

conducted to evaluate this conjecture.



Fig. 1. (a-e) SEM micrographs of RGO, RGO-CS 0.5%, RGO-CS 2.5%, RGO-CS 10% and CS powders,
respectively.
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Fig. 2. TEM micrographs of RGO, RGO-CS 2.5% and RGO-CS 10%

patterns of the corresponding samples.
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3.2 XRD

Fig. 3a compares the XRD patterns of RGO and RGO-CS 10% samples, showing in addition patterns of
pristine graphite, GO and CS for reference purpose. Patterns of hybrids at lower CS content are not
shown, since only for the latter composition we could get significant evidence from XRD analysis. The
evolution of the graphite crystalline structure — as revealed by the (002), (100) and (101) reflections of
hexagonal graphite belonging to the P65 /mmc space group [62] (at 26=26.543°, 42.321° and 44.518°,
respectively); and by the low intensity (101) and (012) peaks of rhombohedral graphite belonging to the
R3m space group [63] (at 260=43.454° and 46.321°, respectively) — in the course of its oxidation to GO —
with the main peak appearing at 26=10.40° due to the introduction of oxygen functional groups in
between (002) planes — has been articulated in previous reports, e.g. [20,64]. The disappearance of the
characteristic GO peak at 26=10.40° and the reappearance of graphite features (broad peaks at about
260=25° and 43°) in RGO and RGO-CS hybrid suggests that the L-ascorbic acid reduction of GO was
effective in the removal of oxygen groups. Only small differences emerge between the XRD patterns of
RGO-CS 10% and RGO in Fig. 3a in the form of minor peaks in the 26 range 15-25°, in particular at
about 15° and 18°. Since these peaks do not match with the known pattern of CS [65,66], the presence of
unmodified CS in the hybrid can be discarded, at least within the limits of XRD sensitivity, and in
agreement with the analogous evidence of SEM analysis. Conversely, we remark that these peaks have a
significant match with the crystalline patterns of basic carbohydrate polymers (C,(H.0),), i.e., cellulose
and starch. Among different polymorphs of cellulose, cellulose 1B shows a partial peak matching with
RGO-CS 10%, precisely by the small reflection at 15° corresponding to the (110) plane [67]. Although
there may be other minor peaks of cellulose I overlapping with RGO-CS features (e.g., the hardly
visible (111) plane coinciding with the feature at 18.9°), the absence of diffraction signals corresponding
to the main reflections of cellulose IB, such as (110) and (200) planes at around 16.8° and 22.8°,
respectively (Fig. 3b), rules out any chance of its presence in the sample. On the other hand, A-type starch
(the type dominant in cereals [68]), shows a surprising match not only with the two particular features of
RGO-CS 10% at 15° and 18°, but also with other still smaller features at 17°, 18.9°, 19.9°, 22.8° and
23.7°. Imberty et al. [69] assigned an orthorhombic-like unit cell to the crystalline part of A-type starch in

which — quoting from the abstract — “twelve glucose residues are located in two left-handed, parallel-
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stranded double helices packed in a parallel fashion”. In such an orthorhombic-like lattice, the planes
corresponding to the peaks at 15.0°, 17.0°, 18.0°, 18.9°, 19.9°, 22.8° and 23.7°, are (112), (103), (121),
(211), (004), (123) and (213), respectively (according to the orthorhombic-like lattice reported in the
ICDD 00-043-1858).

Starch and chitosan are polysaccharides with a similar backbone, the difference being in the plane a-
(1—4)-linked D-glucose units of starch in contrast to the randomly distributed p-(1—4)-linked D-
glucosamine and N-acetyl-D-glucosamine units of chitosan. Accordingly, the structural arrangement of
chitosan into a pseudo-starch phase would require specific molecular interactions with the GO surface
and its modification, notably the progress of deacetylation, in the course of the reaction procedure. In the
attempt to gather further evidence in support of this hypothesis, we used ART-FTIR to study the

hybridization process at different stages (Fig. 4a).

a o Graphite 7 b —— 1-RGO-CS
i —— 2-Starch A-type
—— 3-Cellulose IR €

Intensity (a.u.)
Intensity (a.u.)

10 15 20 25 30 35 40 45 50 14 16 18 20 22 24
2 Theta (°) 2 Theta (°)

Fig. 3. (a) XRD patterns of graphite control sample, GO, RGO, RGO-CS 10% and CS, (b) zoom-in view of
the 14-25° region of the RGO-CS 10% XRD pattern, overlaid with (intensities are not comparable) reference
patterns of cellulose If (adopted from [67]) and A-type starch (adopted from [69]).

3.3 ATR-FTIR
Spectra were collected from GO and CS dried powders, as parent constituents of the hybrids. To monitor
the possible modifications of the material during the mixing and reduction processes, spectra were

collected at different processing stages as pointed out in the following. Expectedly, the appearance of
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spectral features associated with the hybrids is the clearer the higher is the content of pristine CS in the
hybrid, and this is the reason why only the spectra of the hybrid with the highest CS concentration (i.e.,
10 wt%) are shown in Fig. 4.

Hybrid samples were analyzed at the following stages: a) after the mixing procedure, but before reduction
(GO-CS); b) after mixing and incomplete reduction (so-called premature RGO-CS, or in brief, pre-
RGO-CS), achieved using a lower concentration of AA (AA:GO ratio 3:1), a lower temperature (90 °C)
and a shorter time (immediate quenching to 25 °C after reaching the set temperature); c) after mixing and
complete reduction (RGO-CS). Additionally, pure RGO was analyzed after complete reduction as the
CS-free reference.

The ATR-FTIR spectrum of GO (green line, for reference to color images throughout the text, the reader
is referred to the electronic version of the article) is characterized by the strong and broad bands in the O—
H stretching range (3600-3000 cm ), typical of this material [70]. The very weak C—H stretching band at
relatively low wave numbers (around 2800 cm™) may be attributed to the presence of aldehyde functional
groups, considering the carbonyl stretching vibration in the region 1750-1700 cm™* [71]. Carboxylic acid
groups and derivatives account for most of the spectral features. Carboxylic anhydride is revealed by the
(lower intensity) symmetric C=0 stretching band at 1819 cm* coupled with the (higher intensity)

asymmetric C=0 stretching at 1733 cm* [72,73]. Carboxylate anions, COO", formed supposedly by

stretching at 1619 cm* and the symmetric O-C-0 stretching in the range 1420-1300 cm* [74,75], where
the GO spectrum however shows a broad and featureless absorption region. Carboxylic acid groups,
COOH, are revealed by the C=0 stretching in the 1730-1715 cm* range, accompanied with the O—H out-
of-plane bending at 980 cm ™, the C—O stretching at about 1220 cm ™ and the C~O—H in-plane bending at
1420 cm™*, notwithstanding the broadness of the spectral features in these regions. The most intense
spectral features of GO, grouped in the range 1250-1000 cm*, can be ascribed to etheric groups,
particularly ethers aggregated at the edges of defects, which vibration bands, e.g., at 1150 cm*, 1113 cm™
! and 1041 cm™ for the asymmetric C—O—C stretching mode, will vary remarkably depending on the

number of groups accumulated and the defect type [76,77]. In addition to ethers, the presence of epoxide
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groups is evidenced by the C—-O—C bending motion at 879 cm™ and asymmetric stretching at about 1300
cm*, which is shadowed by the broad spectral feature ranging from 1450 to 1250 cm ™.

The spectrum of pristine CS powder (brown line) was acquired and analyzed as a reference for the
interpretation of GO—CS and RGO-CS hybrids. The small bands in the range 3360-3293 cm™, floating
over the typical broad O—H stretching range (3600-3000 cm %) of CS [78], are indicative of the overlap of
N-—H stretching modes of a primary amine and a secondary amide [79], in the NH, group of the D-
glucosamine (deacetylated unit of CS) and the N-acetyl-D-glucosamine (acetylated unit of CS),
respectively. The presence of both groups CH, (revealed by symmetric and asymmetric C—H stretching in
the range 29202874 cm*, and symmetric bending at 1420 cm?, downshifted by the presence of C-O
bonds of the hydroxyl group [80-85]) and CHs (revealed by symmetric and asymmetric C—H stretching in
the range 29202874 cm?, the asymmetric bending at 1458 cm and the symmetric bending — the so-
called umbrella motion — at 1375 cm™?) is evident in the hydroxymethyl (— CH,~OH) and N-acetyl-D-
glucosamine units of CS, respectively. Note that in the overlapping of C—H stretching vibrations of CH,
and CHg; groups, the contributions of the latter always appear at higher wavenumbers. All the three amide
bands are recognized in the CS spectrum: amide | at 1651 cm™* corresponding to C=0 stretching weakly
coupled with C—N stretching and N—H bending; amide 11 at 1590 cm™* corresponding to the strong
coupling of N-H bending with C—N stretching; and amide 111 at 1318 cm ™ originating from N—H in plane
bending coupled with C—N stretching and from minor influences of C—H and N-H bending vibrations
[86-90]. Moving to lower wavenumbers a variety of C—O bands are observed within 1250-950 cm™. The
two bands at 1150 cm ™ and 992 cm* are attributed to asymmetric and symmetric stretching, respectively,
of the C—O-C bridge between two adjacent glucosamine units, the so called B—(1,4) glycosidic linkage in
CS chain [53,80-83,90-96]. There is not unanimous consent in the literature on the assignments of the
other bands in the same region, at 1066 and 1030 cm*, being attributed to either endo— or exocyclic C-O

stretching modes.
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Fig. 4. (a) ATR-FTIR spectra of the GO, CS, GO-CS, pre-mature RGO-CS, RGO-CS and RGO samples, (b)
zoom-in view of the fingerprint region of RGO-CS compared with A-type starch (adopted from [97]) and
Cellulose I (adopted from [98]). Rectangles numbered 1-4 represent four spectral zones discussed in the text,
and numbers at the right side of the curves represent the legend information. For the color version of this
image the reader is referred to the electronic version of the article. (c) The molecular structure of fully

deacetylated chitosan; p-(1—4)-linked D-glucosamine.
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In particular, symmetric and asymmetric C—O-C stretching modes inside the pyranose ring, respectively
at 1030 and 1066 cm*, are examples of the former [82,85,91], while C—O stretching vibrations primarily
of the alcohol groups account for the latter [99,100]. Other features of the CS spectrum include the out-of-
phase stretching of the pyranose ring at 897 cm ™ [80-83], the out-of-plane bending of the hydroxyl group
at 944 cm ™ and its other deformation at 1197 cm™, and the C—H bending at 1260 cm ™ [80,82,98].

The first point noticed in the spectrum of GO-CS (grey line) is the strong reduction —almost to
disappearance — of the amide I, 11 and 111 bands, observed in the CS spectrum at 1651 cm™, 1590 cm *and
1318 cm*, respectively. Noteworthy, in the spectrum of physically mixed GO and CS dry powders (not
shown here), the amide bands are present. We infer therefore that amide transformation and interaction
between GO and CS during the wet mixing procedure (suspension mixing) is responsible for the lowering
or vanishing of the amide bands. We can think of two possible paths for this modification; (a) the
advancement of deacetylation of the hydrolyzed CS upon mixing with GO suspension, and (b)
interactions of GO and CS through the N site of the acetylated unit of CS. In addition to the
disappearance of the C=0 stretching of amide I, the weakening and broadening of both symmetric and
asymmetric CH; bending motions as well as of the N—H stretching whit respect to CS support this
interpretation. The other part of the GO—CS spectrum with remarkable modifications is the C—O region,
showing only three bands, namely, 1153, 1070 and 980 cm . Two of these bands, namely, 1153 and 980
cm?, correspond to f—(1,4) glycosidic linkage, as discussed in the case of CS spectrum. Both bands are
greatly reduced in intensity, first, for the relatively low concentration of CS in GO-CS, but also because
the glycosidic linkage is primarily a characteristic of the polymer and thus, the interaction of CS with GO
after hydrolysis and, arguably, breakdown of this linkage, will involve oligomer fragments consisting of
relatively few D-glucosamine units. The relatively stronger signal and the slight red-shift of the 980 cm™
band is believed to be caused by its overlap with the O—H out-of-plane bending of the carboxylic acid
originating from GO. The 1070 cm* band of GO—CS does not totally coincide with C—O bands of the CS
(1066 cm™?), or the aggregated edge ethers of GO (1041 cm™). This fact, along with the absence of C-O—
C bending mode of epoxides (879 cm* band of GO), suggests that edge ethers and basal epoxides of GO
served as linking sites to the CS mono/oligomers. The counter-site of such a linkage on CS, in addition to

the N site discussed earlier, could be a C site on the pyranose ring, such as: (a) C-3 of CS, by
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dehydroxylation of this carbon in its interaction with ethers/epoxides on GO; or (b) C-1 or C-4 of CS,
through the replacement of the glycosidic linkage between CS monomers with a new linkage between CS
and ethers/epoxides on GO (see Fig. 4c). The formation of such Cgo—O-Ccs linkage can firstly justify the
vanishing in the hybrid spectrum of the out-of-phase pyranose ring stretching (observed at 897 cm™ for
CS), due to multiple point connection of the CS fragments to the GO sheets in the form of molecular
patches, which have less chance for collective vibrations. Secondly, such a Cgo—O—Ccs bonding would
obviously have a vibration band (1070 cm™) different from the C—O bands on CS (1030 and 1066 cm™).
Changes in other parts of the GO-CS spectrum are minimal and share common features with either the
CS or GO spectrum, including indicator bands of carboxylate anion, carboxylic anhydride, carboxylic
acid, symmetric bending of both CH, and CHj3, and O—H stretching region.

The spectrum of pre-RGO-CS (havy blue line) reveals, in the first place, the robustness of the AA
reducing effect, reflected by the strong decrease in the O-H region (3600-3000 cm™) as well as the
reduced intensity of the C=0 bands in the 1850-1550 cm* region. Reappearance of the C—H stretching
bands, in spite of their apparent absence in the GO-CS, demonstrates their shielding by O-H groups of
GO before reduction. More intense CH, related bands (C—H stretching bands at 2920 cm™ and 2850 cm ™
as well as the scissors motion at 1420 cm™) compared with CH, (C—H stretches at 2952 cm ™ and 2875
cm*, and the umbrella motion at 1375 cm™) further supports the assumption of a gradual progress of CS
deacetylation in the hybrid. The amide bands remain absent in the pre-RGO-CS, similar to GO-CS.
Actually, in the latter sample, the band at 1590 cm™, which overlaps with the amide Il band in CS, could
be attributed to the emergence of skeletal C—C vibrations of reduced GO (band at 1565 cm ™ in RGO-CS),
with a slight blue shift. In the C-O region, the glycosidic linkage bands at 1153 and 980 cm ™ are further
reduced, not to say eliminated. From this analysis, we infer that the polymeric character of chitosan units
attached to GO sheets decreases more and more with the progress of reduction. The C-O region (1070—
1030 cm*) seems to show the reappearance of a doublet, that we arguably understand as asymmetric and
symmetric stretching bands of the newly formed Cgo—O—Ccs bonds. Complementarily, we can say that
the vibrations in the 1070-1030 cm* region relate to the saccharide residues formed by addition of CS.
The indicator bands of carboxylate anion, carboxylic anhydride and carboxylic acid are still present in the

pre-RGO-CS. By the progress and completion of the reduction treatment, substantial removal of most
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functional groups is achieved, as revealed by the spectrum of RGO-CS (red line) and more clearly
evidenced in that of RGO (black line). The large hump in the 3600-3000 cm™ region of O—H and N-H
stretching is significantly depressed in RGO-CS — while almost flattened in RGO — and C-H stretching
bands are hardly visible. Marker bands of carboxylic anhydride at 1819 cm™ and of carboxylate anion at
1620 cm ™ are not visible anymore and only the C=0 stretching at 1715 cm ™ survived the strong
reduction. The asymmetrically shaped band at 1565 cm ™ is assigned to the vibrations of condensed sp?
carbon atoms; no sign of CS amide bands could be observed in RGO-CS. The most noticeable difference
between RGO-CS and RGO is in the C-O region, where a very broad hump appears in the former and
lacks in the latter. For a closer look, the fingerprint region is magnified in Fig. 4b, where shaded
rectangles highlight wavenumber ranges of the RGO-CS spectrum, as follows: (1) 1040-950 cm ™, (2)
1100-1050 cm*, (3) 1175-1125 cm™, and (4) 1475-1325 cm . Since according to XRD results (Fig. 3b),
A-type starch or, less likely, cellulosic species were identified as possible phases formed in RGO-CS
hybrids, the reference FTIR spectra of these two species, namely A-type starch [97] and cellulose |
[98,101], are overlapped with that of RGO-CS in Fig. 4b. The ranges 1 and 3, which correspond to C-O—
C glycosidic linkage bands for both A-type starch [95,102] and cellulose I [80,94,95], show a better
match of the A-type starch spectrum with RGO-CS, particularly in the range 1, where without the
contribution of a relatively strong band in the minor constituent (i.e., the 994 cm™ band of the starch), it
would be hard to explain the evident shoulder in the RGO-CS spectrum. Therefore, while the glycosidic
linkage bands of the original CS at 1153 and 980 cm* are decreasing in the course of hydrolysis, and by
interaction with GO and reduction, it appears that saccharide species thereby emerging can reassemble on
the surface of GO/RGO giving rise to structures with a spatial order similar to that observed in A-type
starch. The structure of the pure A-type starch is composed of six left-handed double helices, wherein the
pitch of the helices (i.e., 2c=2.138 nm) is affected — among other factors — by the quality of the glycosidic
linkages, and the packing of the double helices (i.e., interstrand spacing corresponding to the unit cell
parameters, a=2.124 nm and b=1.172 nm) is under the strong influence of a compact network of
hydrogen bonds involving the primary and secondary hydroxyl groups of the glucose units [69,103]. It is
inferred accordingly, that the lost f—(1,4) glycosidic linkages of the CS polymer are partially restored

under a different configuration, namely, a-(1—4) linkages, upon collective deposition of the monomers
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on GO. Such linkages not only justify the features observed in zones 1 and 3 of the RGO-CS spectrum
(Fig. 4b), but also account for the crystallinity of the RGO-CS hybrid (micro-features in Fig. 3b). On the
other hand, the evaluation of range 2 does not provide a clear clue about the match of the spectral feature
of RGO-CS (1070 cm ) with either A-type starch (1081 cm™) or cellulose 1 (1060 cm™Y). Interestingly,
since this band is already seen in the GO-CS spectrum (see Fig. 4a), it appears as a distinct feature of the
interaction between RGO/GO-CS. It was discussed earlier that the formation of a Cso—O—Ccs linkage
through the interaction of ether/epoxide sites of GO with either dehydroxylated C-3 site of CS or a broken
glycosidic linkage (C-1 or C-4 sites of CS) could generate a distinct vibration band not observed in CS. It
is important to note that the C—O band of A-type starch at 1081 cm™ has contributions from C-O—H
deformations [104] and, therefore, perturbations in the intrinsic hydroxyl atmosphere and hydrogen
bonding network of the pure phase could bring about modifications in the crystalline structure of the
polymer, in particular, the packing of the double helices (i.e., a and b parameters of the unit cell). It is
plausible therefore to assume that, whatever the specific interaction underlying the formation of the C-O
band at 1070 cm™ of RGO-CS, the resulting phase is a pseudo-A-type starch phase with molecular and
structural peculiarities. Finally, a broad hump with very weak — yet non-zero — intensity appears in zone 4
of RGO-CS, which corresponds to various C—H deformations. Both A-type starch and cellulose | may be
responsible for such weak bands of C—H deformations, particularly through their CH, moieties.

In brief, we conclude that the so-called RGO-CS hybrid is indeed composed of molecular islands of
oligosaccharides sticking onto the graphene sheets, formed through the transformation of CS to a pseudo-
A-type starch in the course of the thermochemical reduction, due to simultaneous deoxygenation,
deacetylation and reactive attachment onto RGO. Accordingly, we will use the abbreviation CS” from
here on to refer to “Chitosan transformed to Starch-like phase”, whenever we intend to emphasize the
differences between this species and the initial chemical, CS. Formation of starch by a deacetylation
process is not unreported, though previous studies refer to different precursors and different synthesis

routes [105-109].
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3.4 Physical properties

Further characterization addressed physical properties and composition of the hybrids, namely CS”
content, combustion temperature (Fig. 5a), apparent volumetric mass density (sometime referred to as
packing density for porous or non-consolidated materials [110], Fig. 5b) and the electrical conductivity
(Fig. 5c-e), looking for additional evidence about the hybridization process and its effects on RGO
properties.

Whereas by mass measurements before and after synthesis of RGO, we can calculate an apparent yield

mass of RGO
mass of GO

( ) of 53.7+£1% for the AA reduction of GO, this approach cannot be applied to the assessment

of the CS” content in the hybrid samples for the following reasons: (1) the yield of GO—RGO changes in
the presence of CS; (2) the CS mass also changes during the hybridization process. Accordingly, we used
thermal analysis in the attempt to overcome this issue. Since only the highest CS concentration could
provide adequate resolution to attempt a reliable quantitative analysis, we report TGA and DTA results
for the RGO and RGO-CS 10% sample, as shown in Fig. 5a. Both materials show a zero residue after
burning completion (TGA curves, solid lines), demonstrating the absence of mineral contaminants.
Moreover, both samples show a similar 4% mass loss by 100 °C, due to removal of adsorbed water. The
combustion wave sets off at 450 °C for RGO, preceded by a 20% mass loss due to residual oxygen
functional groups not completely removed during AA reduction [59]. The combustion onset for RGO-CS
is slightly higher, at 480 °C, and the mass loss over the interval 100 to 480 °C is 8% larger than for RGO.
Additionally, the DTA thermogram of RGO-CS (dashed line) shows a small exothermic peak in this
region centered at 280 °C, which is in good agreement with the thermal decomposition temperature
reported for starch [111]. Then, we can argue that the starch-like phase accounts for about 8% of the mass
of RGO-CS 10%. Therefore, notwithstanding the changes that both GO and CS have experienced, the
CS” content in the reduced hybrid samples turns out to be relatively close to the chitosan content initially
added to GO. By further increase of the temperature, RGO shows a single combustion peak centered at
622 °C, whereas RGO-CS appears to have a peak at 610 °C with a shoulder at 622 °C. From this, we
infer that RGO surface regions decorated with the starch-like phase may have a slightly modified thermal

stability, causing a bimodal burning behavior of the hybrid.
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electrical conductivity measurements [20], (d) electrical conductivity of compacted powder samples and (e)
highest measured conductivity of samples vs. CS content.

Fig. 5b shows the apparent density of the samples. For two-dimensional electrode materials, like RGO,
the non-compact nature of sheet arrangement limits their volumetric energy density, unless a packing
strategy is implemented allowing for closer settlement of the sheets without substantial loss of surface
area. Therefore, a high packing density is essential in order to achieve a relatively high volumetric energy
density [110]. The packing density measurement were performed on self-standing sheets, fabricated using

the same procedure as for the electrodes, not on the powder, since the bulk density of powders is
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dependent on the degree of compaction. We thought more significant to test the materials in the same
state as the freestanding electrodes, in view of the expected relevance of this property to the
electrochemical behavior of the hybrids. Since graphene is a soft and loose material, packing densities as
low as 0.05 g cm > have been reported for such electrodes in the uncompressed state [112]. Whereas
packing density in the range 0.2-0.45 g cm® is typical of uncompressed electrodes made by rolling a
paste [113-116], higher density, in the range 0.7 to 1.33 g cm 2, is reported using different compaction
methods such as hydraulic pressing [114,117] or capillary compression [118]. The packing density of our
electrodes varies between 0.25 g cm > for RGO to 0.36 g cm® for RGO-CS 2.5%, see Fig. 5b. According
to the model reported in [118], the above increase in the density corresponds to a decrease in the average
inter-sheet spacing of graphene layers from ~ 4.25 nm for RGO to ~ 3 nm for RGO-CS 2.5%.
Apparently, the CS hybridization can increase the packing of the RGO layers (by almost 44%) and
decrease their spacing (by almost 30%). From these results, we infer that the reactive attachment of CS
molecules onto RGO sheets has the effect of a stiffener, decreasing creases, wrinkles and folding of RGO,
and, in turn, increasing the packing density, since a higher number of individual RGO sheets bundle up
per unit volume. An alternative, or complementary, explanation for the higher packing of the hybrids is
that CS™ modifies RGO sheets to acquire anti-adhesive properties, thus preventing, to a certain extent, re-
stacking and agglomeration. In RGO sample, relatively large agglomerates are formed (Fig. 1a), which
inevitably develop large macropores in between and contribute to a loose packing. Since, as shown in Fig.
5b, the packing density of the electrodes appears to level off for CS content beyond the RGO-CS 2.5%
level, we presume that the limiting inter-sheet spacing for relatively flattened graphene layers is reached

at CS content of 2.5%, so that further packing is not possible. Further discussion of these results will

follow in section 3.5.2.

The electrical conductivity is another physical property that was characterized, using the lab-made set-up
shown in the schematic of Fig. 5¢c. Similar to the packing density, the electrical conductivity shows a clear
and strong dependence on the CS content, as shown in Fig. 5d for different samples. The conductivity
increases by the compaction pressure because of improved inter-particle contact, revealing a limiting
value at high enough pressure. Conductivity values corresponding to the high-end pressure are plotted in
Fig. 5e as a function of the CS content of hybrids. The conductivity of the pure RGO compacted powder
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is about 150 S m*, which is remarkably high. At small CS content (e.g., 0.1%), the conductivity remains

unchanged, while it decreases for CS content beyond 0.5%.

3.5 Electrochemical characterization

As a complement and completion of the physical-chemical investigation of the hybrids, we performed an
electrochemical study of the capacitive performance of RGO-CS hybrid based electrodes, in
consideration of the widespread use of RGO varieties for this particular application [119-121]. RGO and
RGO-CS electrodes were characterized by CV for assessing the capacitive performance metrics and EIS
for evaluating the underlying charge storage mechanism. Testing was performed in a three-electrode

configuration only, since the main objective of this study was the electrode material behavior.

3.5.1 Cyclic voltammetry

Fig. 6 shows the CV results for RGO-CS electrodes as gravimetric, Cg, (a, b, ¢) and volumetric, C,, (d, e,
f) capacitance vs. potential. Voltammograms at the lowest scan rate (1 mV s, Fig. 6a and d) reveal the
capacitive nature of the interface by the semi-rectangular shape of the curve, though a gradual rise of the
current at the positive end of the potential range is evident, due supposedly to the oxidation of surface
functionalities of carbon [122]. In addition, large symmetric humps appear at about 0.3 V, a feature that
can be attributed to the redox conversion of quinone-hydroquinone groups [123]. The CS content affects
both the gravimetric and volumetric capacitance, but the extent of the effect is larger with the latter. Fig.
6b and e show the change of C, and C,, respectively, with the scan rate, for a comparative assessment of
the rate capability of the electrodes. In this respect, RGO-CS 0.1% and RGO-CS 0.5% reveal a similar
behavior as RGO; RGO-CS 2.5% shows lower rate sensitivity compared to RGO, and notably the best
rate capability in terms of C, ; RGO-CS 10%, with the highest CS content, shows the highest loss of C;
and C,, with the scan rate. Summing up, with regard to the effect of CS content on specific capacitance,
either gravimetric (C,) or volumetric (C,), RGO-CS 0.5% is the optimum composition over the given
scan rate range (Fig. 6¢ and f), though RGO-CS 2.5% appears to reach comparable performance at the

high end of the scan rate range, particularly in terms of C,,.
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Fig. 6 Results of the electrochemical characterization of the hybrid samples with different CS content by CV
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potential, (b and e) C, and C,, respectively, vs. scan rate and (c and f) €, and C,, respectively, vs. CS content,

at three typical scan rates. Solid lines in (b, €) and (c, f) are drawn as a guide to the eye.

Interestingly, the volumetric capacitance is the quantity revealing the strongest sensitivity to RGO
modification by CS. Specifically, the RGO volumetric capacitance C,, improves upon hybrid formation
with CS (at the optimum composition) by 64% at 1 mV s and by 92% at 100 mV s, compared to the

22-35% increase of the gravimetric capacitance C, under the same conditions. These differences in the
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extent of the change of C; and C,, in the hybrid must have their origin in the mechanism through which
the charge storage capability of RGO is modified by CS. We hypothesize that two closely related yet
distinct factors are contributing to these effects. Firstly, CS acts as a barrier against adhesion between
RGO sheets, thereby reducing the van der Waals driven re-stacking, and this process affects equally C,
and C,,. Secondly, the attachment of CS molecules onto RGO sheets produces a stiffening effect, thus
reducing creasing and increasing packing density as discussed earlier (Fig. 5b). We believe this second
phenomenon affects chiefly the volumetric capacitance. The notion of exploiting the stiffening effect of
starch has a long tradition in the textile [124] and in the pulp and paper industries [125]. However, the
exploitation of this phenomenon for nanoscale flexible 2D materials, such as RGO, has not yet emerged.
For a more in depth assessment of the above hypotheses, we performed EIS analysis of the electrodes, as

discussed in the next section.

3.5.2 Electrochemical impedance spectroscopy

The plots in Fig. 7 outline the results of the EIS analysis. The Nyquist plots of the spectra are compared in
Fig. 7a and shown individually in Fig. 7c-g together with fitting results to the equivalent circuit shown in
Fig. 7b. In this model, R, is the equivalent series resistance accounting for the sum of the electrolyte
resistance and the ohmic resistance of the electrode materials. C.,,,; and R.,y¢, are the contact
capacitance and resistance, respectively, at the active material and the graphite current collector interface.
Ccap represents the capacitive contribution of the porous electrode by double layer charging. Both Ceop¢
and C,,;, Were modeled using constant phase elements (CPE). W represents the diffusion impedance,
modeled using the finite-length Warburg element for reflective boundary, i.e. Warburg open (W)
element [126]. The equivalent circuit model was chosen based on several reasons, after comparison with
many other models: physical significance in describing the behavior of the material under study,
mathematical fit to the experimental data with minimum error, and relative simplicity. Some components
used routinely in other models, such as the charge transfer resistance, or a double-branched capacitive
feature accounting for both double layer- and pseudo-capacitive contributions, were found inessential.
The satisfactory quality of the fit can be seen in Fig. 7c-g for different electrodes, and the variation of the

equivalent circuit components with the CS content is shown in Fig. 7h-1. R, (Fig. 7h) increases slightly
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with the CS content, mainly due to the electrode material resistance, in agreement with electrical
conductivity data (Fig. 5 d and €). More interesting is that the contact resistance, R.,,,; (Fig. 7i), increases
dramatically with the CS content, its relative increase being almost 5 times larger than the corresponding
change of R, The capacitive component at the active material/graphite interface, C.on¢, Which is
normalized to the geometrical area in Fig. 7j, is about 2.5 mF cm 2 and changes only slightly with the CS
content, except for RGO-CS 10%. It is important to note that the CPE exponent (CPEp_ .y, in the inset
of Fig. 7j) drops gradually with the CS content revealing a resistive shift in the behavior, so that the
presumption of C,,,+ being a capacitance is no longer acceptable for RGO-CS 10%. Fig. 7k and I, show

the components of the W, element. The diffusion impedance of W, is expressed as [126,127]:

w .
Zy, = (jWTRw)p coth[((Wrw)P] 4

2
where Wy (Q) is the Warburg resistance [128,129], W, = % (s), is the characteristic diffusion time

constant, representing the ratio of the square of the effective diffusion length § to the diffusion coefficient
D, and p is the exponent in the range 0 < p < 1, with the ideal case of finite space behavior characterized
byp =1/2.

Warburg resistance, W, is a function of the temperature, of the diffusion coefficient of the ionic species,
of their concentration in the bulk electrolyte and in the pores of the electrode, and of the
electrochemically active surface area [130]. Therefore, under the fixed conditions of temperature and
electrolyte bulk concentration of our experiments, this parameter reflects the influence of the textural
properties of the porous electrode on ionic transport. This parameter follows a similar trend as the main

capacitive component, C.q,, (normalized to the electrode active mass, Cg4, in Fig. 7m).
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Therefore, we infer that the modification of the porous structure associated with the RGO-CS hybrid
formation has a two-fold effect: namely, a relative increase of the specific capacitance, on the one hand,
and of the diffusion resistance, on the other hand. Given the strong increase of specific capacitance, this
diverging influence does not conflict with the changes of W, which confirms fastest electrode response
to the potential perturbation at the composition showing the best rate performance in CV experiments,
namely, RGO-CS 2.5%. Surprisingly, the sample with the highest packing density (Fig. 5b) allows fastest
ion diffusion (with W;=0.585 s compared to 1.80 s for RGO).

For the assessment of the relaxation time, t,, the imaginary component of the complex capacitance was

calculated from the EIS data according to the following equation [131]:

Z'(w)

¢ = Jzr ©)

where C"" (w) is the imaginary component of the complex capacitance C(w), Z'(w) is the real component
of the complex impedance Z(w), |Z(w)| is the magnitude of impedance and w is the angular frequency.
The relaxation frequency (f,), at which the behavior of the electrode shifts from predominantly resistive
to capacitive, is revealed as a peak on the imaginary capacitance curve (Fig. 8a, C"'(f)). The relaxation
time can be calculated on this basis as the reciprocal of f,,, and compared for different electrodes (Fig.
8b). Since t, corresponds to a compromise between the global resistance (including all resistive features
such as electric and contact resistance of the active material, electrolyte resistance, ionic resistance in
pores due to diffusion, charge transfer resistance of parasitic reactions, etc.) and the global capacitance,
larger values are observed in comparison with W7.. Nevertheless, the trend of change is the same for both
and the optimum rate performance of RGO-CS 2.5% is confirmed.

According to the interpretation of the impedance response and the analysis of the packing density, we
conclude that the densification process driven by CS, as discussed earlier, rather than leading to sheet re-
stacking and pore blocking — as it could be expected — has a beneficial effect on ion diffusion, arguably
by modifications of the electrode pore structure such as enhancement of pore connectivity and widening
of ion diffusion channels. We sought independent confirmation of this inference through the textural

study of the RGO-CS 2.5% sample in comparison with the pure RGO. The BJH pore size distribution in
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Fig. 8c reveals that both materials are dominantly of mesoporous nature with a most probable pore size in
the range of 3.5 nm. In fact, the introduction of CS does not change drastically the innate distribution of
the pore size in RGO, but rather increases the relative contribution of the small size mesopore fraction at
the expense of the large size mesopore and macropore content. This is revealed clearly in the plot of Fig.
8c by the shifting up of the pore size distribution peak and the sinking of the distribution curve in the
range of 10 to 30 nm pore size.

The evaluation of the SSA by the BET method shows that the formation of the hybrid causes almost a
doubling of the available surface for N, adsorption. However, the absolute values of the obtained figures
(26.85 and 58.43 m”g* for RGO and RGO-CS 2.5%, respectively) should be considered with caution.
Based on the theoretical calculations of Peigney et al. [10], who proposed an SSA of 1315 m%g* for the
external surface of single-walled carbon nanotubes, theoretical SSA values up to 2630 m°g ™" have been
attributed to single layer graphene [4,5]. Nonetheless, SSA values derived from BET analysis of

chemically reduced graphene oxide are considerably lower, ranging from 5 m?g™* [132] to 600 m’g*

[133,134], with a remarkable frequency between 50-250 m?°g " [135-137].
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Fig. 8 (a) The imaginary component of the complex capacitance C" (f) vs. frequency for different samples, (b)
relaxation time, t,, vs. CS content and (c) the BJH pore size distribution (pore area vs. pore diameter) of
RGO and RGO-CS 2.5%.

Such apparently low values of SSA for RGO materials have been attributed to either incomplete
exfoliation of GO sheets during graphite oxidation, or to re-stacking of RGO sheets and self-aggregation
upon drying. Nevertheless, the capabilities of the SSA probing technique should also be taken into

account. According to Guo et al. [138] as well as Xu et al. [117], moving from BET (even though RGO
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samples were freeze-dried to minimize re-stacking during drying) to methylene blue adsorption method in
a liquid medium, the SSA increased by a factor of up to four. In addition to the re-stacking issue, possibly
limiting access of N, to the surface, another source of uncertainty in the SSA predicted by BET may be
the high permanent quadrupole moment of N, [139] which can promote specific interactions with surface
functional groups [140] of RGO leading to clogging of microporous channels.

An alternative way to evaluate the SSA is to use the specific capacitance, Cg, (F g %), observed at low rate
to ensure ion access to the entire electrochemical surface area, and the areal capacitance, C, (F cm?), of
carbon materials. We determined the gravimetric capacitance of the electrodes by CV (Fig. 6) and EIS
(Fig. 7m), finding complete agreement between the two methods, in terms of both the trend with CS
content, and the range of values. The literature reports values of the double layer capacitance of carbon
[141] in the range from 5 to 20 uF cm 2, though values larger than 10 puF cm are usually explained in
terms of a pseudocapacitive contribution to interface charging. Assuming a dominant double layer
charging mechanism for the electrodes and a C, value of 10 pF cm 2, using the Cg4 values for different
samples (averaged from CV and EIS), we obtain for the electrochemically accessible surface area values
of 738, 844, 1160, 938 and 927 m°g " for samples RGO, RGO-CS 0.1%, RGO-CS 0.5%, RGO-CS 2.5%
and RGO-CS 10%, respectively. Even considering a high pseudocapacitance contribution, and thus using
a high-end C,, value of 20 uF cm?, the obtained SSA values (369, 422, 580, 469 and 463.5 m°g " for
samples RGO, RGO-CS 0.1%, RGO-CS 0.5%, RGO-CS 2.5% and RGO-CS 10%, respectively) remain

far larger than the BET based evaluation.

4 Conclusion

In this work, we describe the formation of a reduced graphene oxide / chitosan hybrid via chemical
reduction of a graphene oxide — chitosan precursor. In the concentration range of CS studied in this work
(0.1-10 wt%), physical properties, such as packing density, electrical conductivity and BET surface area
were remarkably changed with respect to single phase RGO. A rigorous and critical examination of XRD
and ATR-FTIR results revealed characteristic similarities between the CS modification in the RGO-CS
hybrid and polysaccharides, such as cellulose and starch. Precisely, we found that A-type starch shows a

meaningful match with most crystallographic and spectroscopic features observed in the hybrid and
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lacking in the RGO. Our conclusion is that a pseudo-starch phase forms in the course of the
thermochemical reduction through simultaneous partial deoxygenation and deacetylation of hydrolyzed
chitosan fragments attached onto GO sheets. Noteworthily, based on TGA, we estimate that the CS
derivative content in the hybrids is not far from the chitosan content initially added to the original GO-CS
mixture. The characterization of the electrochemical capacitive behavior of RGO-CS hybrids provides
further evidence in support of the above conclusions. The gravimetric and volumetric capacitance (C, and
C,, respectively) were improved at the optimum CS content by up to 35% and 92%, respectively,
compared to pure RGO. The RGO-CS 2.5% hybrid revealed the largest extent of modification among
hybrid samples, with 44% percent increase in the packing density and an evident increase in the specific
surface area due to enhancement of the small size pore fraction in the mesoporous region. The main
possible drawback of the formation of RGO-CS hybrids is the lower conductivity compared to RGO.
However, the RGO-CS 2.5% shows not only the best capacitive performance, but also the best rate
performance. The fact that the densest sample (RGO-CS 2.5%, p=0.36 g cm ), showed the fastest
frequency response, demonstrates that the densification process driven by CS, rather than leading to sheet
re-stacking and pore blocking, has a beneficial effect on ion diffusion, in agreement with the pore texture
modification.

In conclusion, we explain the properties of RGO-CS hybrids based on a two-fold effect: first, the surface
decoration of RGO sheets by the CS derived phase acts as a barrier against re-staking of RGO sheets;
secondly, the reactive attachment of CS molecules onto RGO sheets produces a stiffening effect,

mitigating their crumpling, and allowing a denser packing.

This research did not receive any specific grant from funding agencies in the public, commercial, or

not-for-profit sectors.
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