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HIGHLIGHTS

e Highly reduced graphene hydrogels
for high performance supercapacitor
applications.

e Hydrazine-based graphene hydrogels
exhibits an excellent SC of 123 Fg™! at
100 Ag™!

e High power and energy density
compared to literature with an
excellent stability.
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Graphene hydrogels with high electrical conductivity were prepared by a one-step process using hy-
drazine hydrate as gel assembly agent (GH-HD). Conventional two-step process of gel formation and
further reduction to prepare highly conducting gels was replaced by a single step involving equivalent
amount of hydrazine. Optimized graphene oxide concentration was established to facilitate such

monolith formation. Extensive characterization and control studies enabled understanding of the ma-
terial properties and gel formation mechanism. The synthesized gel shows a high electrical conductivity
of 1141 S/m. The supercapacitor based on GH-HD delivers a high specific capacitance of 190 F/g at a
current density of 0.5 A/g and 123 F/g at very high current density of 100 A/g. Furthermore, excellent
power capability and cyclic stability were also observed. 3D macroporous morphology of GH-HD makes
it ideal for high rate supercapacitor applications.

1. Introduction

Supercapacitors (SCs) based on electrochemical double layer
capacitance have attracted great interest as electrochemical energy
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storage devices in the last decade [1,2]. Successful elaboration of
SCs promise a wide range of applications in electric vehicles,
memory back-up devices and large industrial equipment. While
high power capability and long cycle-life of SC have been the
driving force for this extensive scientific research, inferior energy
densities compared to batteries has been a major shortcoming
[3,4]. Considerable efforts on materials design have been made in
attaining superior energy densities without compromising the
power capability and cycle-life [5]. Graphene, a one-atom thick



layer of graphite, is among the various carbonaceous materials that
are under study for this type of electrochemical storage. Graphene
with its high electrical conductivity, mechanical flexibility and
remarkable theoretical surface area of 2630 m?/g is an ideal
candidate for SC [6]. It is noteworthy that theoretically a high
gravimetric capacitance of 550 F/g could be obtained if both sur-
faces of graphene were used for charge storage [7]. While synthesis
of pristine graphene for practical applications is challenging, Ruoff
et al. have pioneered the bulk synthesis of chemically modified
graphene (CMG) as a graphene-like material [8,9]. This synthesis
pathway is based on the oxidation of graphite powder to exfoliated
graphene oxide (GO) that is subsequently reduced into reduced
graphene oxide (rGO) - more generally described as CMG [8]. When
tested in SC, CMG demonstrated good power capability in both
aqueous and organic electrolytes [10]. However, low specific ca-
pacitances of 130 and 99 F/g respectively were achieved owing to
limited exposition of graphene sheets to the electrolyte. This un-
expectedly lower accessible surface area was explained by the
restacking of individual hydrophobic graphene sheets due to strong
- T interactions [10].

Later, Shi et al. have first developed self-assembled graphene
hydrogels (GHs) from aqueous graphene oxide (GO) solutions
[11—13]. This assembly is achieved through careful modulation of
the hydrophobic/hydrophilic balances in the GO solution through
either non-covalent or covalent interactions [14—22]. Two inter-
esting monolith assembly methods are the hydrothermal treatment
of a graphene oxide solution, and the bridging of graphene oxide
sheets by reaction with diamine [12,23—26]. The first method can
be considered as non-covalently based as the monolith formation is
triggered by the GO sheets reduction under supercritical conditions
followed by their physical cross-linking [12]. The second method
concerns the reactivity of the terminal amines of an organic
diamine structuring agent with the oxygen functionalities on the
graphene oxide sheets [25]. The amine groups react with the
electropositive carbons on graphene oxide and a covalent C-N bond
is thus formed. Each diamine molecule could react twice and can
thus bridge two graphene sheets together. In this method, the
concomitant reducing nature of the diamine also plays a role in the
monolith formation [25]. The covalent bond formation and the
reduction of GO occur at a varied degree depending on the diamine
used. It was shown that the assembly of 2D sheets into 3D monolith
limits restacking of the layers, creates a unique macro porous
network with pore diameters ranging from sub-micrometres to
several micrometres that enables unobstructed transport of the
electrolyte, and yield a 3D percolating network [17]. Hence, these
GHs have been tested in SC systems and indeed showed excellent
electrochemical performances [27].

In the case of the hydrothermally synthesized GH, discharge
capacitance of 200 F/g is achieved at a low current density of 0.3 A/g
with good cycle-life [12]. However, a great decrease in specific
capacitance is observed upon increasing the current densities due
to low conductivity and extensive residual oxygenated groups.
Nevertheless, a subsequent hydrazine-reduction of this gel allowed
reaching better capacitances at high current densities (222 s F/g at 1
A/g) [28]. Similar enhancement in power performances is also re-
ported with hydrazine treatment of ethylenediamine assisted GHs.
These examples from literature emphasize that an additional
reduction step of the monolith is essential to achieve the highest SC
performances explained by a higher electrical conductivity of the
percolating network [23—25,28,29].

Interestingly, depending on the reducing agent nature and re-
action parameters, chemical reduction of GO in itself has been
identified as an efficient gel assembly method. For example,
reducing agents such as ascorbic acid, NaHSO3, Na,S and HI were
proposed as assembly initiators to form high conducting gels in

varying shapes [30]. Surprisingly, hydrazine hydrate, an excellent
reducing agent, which originally instigated the development of
CMG and was also used to further reduce the assembled gels, was
shown to be ineffective for monolith assembly under specific
conditions [30]. Yan et al. have suggested that the presence of re-
sidual nitrogen in the gel may prevent monolith formation with
hydrazine [30]. However, now it is well known that nitrogen doped
gels are indeed possible [23—26]. Hence, successful demonstration
of a monolith using hydrazine is conceivable and promises an
excellent conducting GH for high power supercapacitors.

Herein, we demonstrate that the graphene monolith assembly
using hydrazine monohydrate is indeed feasible. A simple one-step
synthesis process under optimized reaction conditions enables
exceptionally conducting gels (GH-HD) with excellent power ca-
pabilities. Furthermore, instead of large quantities of hydrazine
monohydrate as reported earlier, a molar equivalent of reagent
corresponding to GO is used. For comparison and better under-
standing of the mechanisms involved, GH with other longer chain
diamines such as ethylenediamine (GH-ED) and 1,4-diaminobutane
(GH-DB) have also been synthesized (Scheme 1). The synthesized
GH-HD demonstrates a high capacitance of 190 F/g at a current
density of 0.5 A/g and a remarkable cyclic stability over 2000 cycles
at 10 A/g. Moreover, a high capacitance of 123 F/g could be retained
at a very high current density of 100 A/g. Although gravimetric
capacitances were conventionally used as the evaluation criterion
of a SC, volumetric capacitance is considered to be a crucial mea-
sure for portable applications with limited space [31—-36]. By
adapting a simple drying technique [31], we could double the
volumetric capacitance of 110 Fjcm® for freeze dried GH-HD to
257 Fjem® at 0.5 A/g.

2. Experimental
2.1. Synthesis of graphene hydrogels
An aqueous solution of well dispersed 5 mg/ml GO was prepared

as a precursor for the synthesis of various GHs. GO synthesis was
achieved through a modified-Hummers and Offeman’'s method as

Scheme 1. Schematic of the gel formation process with different diamines used.



reported previously [37]. Details of the reaction procedures and
filtration techniques are given in the supplementary information
(SI). Prior to the synthesis, 15 ml of 5 mg/ml GO solution and
5.7 mmol of diamine were sonicated in a sealed vial for 10 min. The
vials were then heated in an oil bath at 80 °C for 24 h under no
stirring condition. GH-HD, GH-ED and GH-DB were obtained by
addition of 5.7 mmol of hydrazine monohydrate (0.28 ml), ethyl-
enediamine (0.38 ml) and 1, 4-diaminobutane (0.5 g) respectively.
The obtained gels were washed with copious amounts of water to
remove any unreacted diamine. Freeze drying was performed
at —37 °C to obtain dried GHs with preserved 3D structures for
characterization. A dense GH-HD was obtained by air-drying the
hydrogel (GH-HD-AD) for 48 h and then heated under vacuum at
60 °C overnight.

2.2. Fabrication of supercapacitors

The as prepared cylindrical GHs were cut into several slices of
GH (~1 mm thickness). In order to find out the exact mass, a cali-
bration of the dried mass to wet mass of the slices was established
by freeze drying some of the cut pieces. Two slices of wet gels with
same mass were chosen and pressed onto nickel foams under
10 MPa pressure. A piece of filter paper (Whatman filter paper) was
used as a separator between the electrodes. Electrodes and filter
paper, soaked overnight in 6 M KOH electrolyte, were assembled as
a layered structure into a home-made Swagelok-type two electrode
cell configuration with stainless steel as current collector. Similarly,
three electrode measurements were performed in 6 M KOH using a
home-made three electrode experimental set-up with Pt wire as
counter and Calomel electrode as reference.

2.3. Electrochemical measurements

The performance of SC were evaluated using cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) cycles and electro-
chemical impedance spectroscopy (EIS). A multichannel VMP3
potentiostat/galvanostat with EC-Lab software (Biologic) was used
for all electrochemical techniques. CV and charge-discharge mea-
surements in two electrode set-up were performed between 0 and
1V with scan rates from 10 mV/s to 1000 mV/s and 0.5 A/g to 100 A/
g respectively. CVs were obtained at 10 and 100 mV/s in a three
electrode configuration in the voltage range of —0.9 V to 0.1 V.
Graphene hydrogels were used as working electrode, platinum foil
as counter electrode and calomel as reference electrode. EIS tests
were performed with a frequency range between 400 kHz and
40 mHz and AC perturbation of 10 mV. The gravimetric capaci-
tances (Cwt) of GHs derived from galvanostatic discharge curves
were calculated by using the equation Cy¢ = 2I/(m(AV/At)), where |
is the constant discharge current, m is the mass of one electrode
and AV and At represent voltage change (excluding Vgrop) on
discharge and time for full discharge respectively. The corre-
sponding volumetric capacitances (Cyo1) were calculated as follows:
Cyol = Cwt x p, Where p is the packing density of GH. The gravimetric
energy and power densities were calculated as Eyt = CwV?/8 and
P = E,y¢/At. Packing densities were obtained by calculating the mass
of the dried gel with a precision of 0.01 mg and by measuring the
dimensions using scanning electron microscopy.

2.4. Characterization techniques

A Metler-Toledo XPE205 weighing balance was used to obtain
weights of the samples with a precision of 0.01 mg. The changes in
the chemical bonding were analyzed by Fourier transformed
infrared spectroscopy (FT-IR, Thermofischer ES 50) in the frequency
range of 4000—400 cm’’. The materials were tested using KBr

pellets. The crystallographic structures of the materials were
determined by a wide-angle X-ray diffraction (XRD) system on a
Panalytical X'pert PRO X-ray diffractometer using a Co Ko radiation
source (A = 1.79 A). The thermogravimetric analysis (TGA) of all
samples were performed with Setaram TGA 92 at a heating ramp
rate of 5 °C/min from 30 °C to 800 °C under nitrogen atmosphere.
Electrical conductivity values were obtained using a four-probe
measurement technique. Thin films prepared by pressing a cut
piece of gel under 10 MPa were used for these measurements.
Packing densities were also calculated by measuring mass and
volume of these films. X-ray photoelectron spectroscopy (XPS)
analyses were performed using a PHI Versa Probe Il spectrometer
with a monochromatized Al Ko X-ray source (1486.6 eV) focalized
to a spot of 100 um and with an electron take-off angle of 6 = 45°.
Survey spectra of the photo-emitted electrons were recorded with
a pass energy of 117 eV and the high-resolution spectra with a pass
energy of 23.5 eV. The deconvolution of C 1s and N 1s core-level
spectra was performed by fitting the individual components at
values obtained from earlier reports by using Casa XPS software
[25,29]. Spectra were fitted into Gaussian-Lorentzian (30) shaped
curves with full width at half maximum values kept under 1.5 in all
cases. The morphology of the GH materials was characterized using
a Zeiss Ultra 55 electron microscope at an accelerating voltage of
7 kV. Methylene blue adsorption method was used to determine
the solvated surface area. The detailed protocol is described in the
ESI. Porosity characteristics were calculated from nitrogen sorption
isotherms measured at 77 K with Micromeritics ASAP 3020
porosimeter. Prior to the analysis samples have been subjected to a
degazing at 100 °C for 24 h. The specific surface area was estimated
using both Brunauer—Emmett—Teller (BET) and density functional
theory (DFT) method while the pore volumes and the pore size
distributions (PSD) were calculated from adsorption isotherms by
using quenched solid density functional theory (QSDFT) method.

3. Results and discussion

In this study, the graphene monolith assembly is obtained by
reacting GO solution with a diamine structuring agent at 80 °C for
24 h under no stirring condition (Scheme 1). Concentration of the
GO solution and molar equivalents of the diamine used are two
important parameters in the gel formation. An earlier report
describing the effort to synthesize GH with 1.5 mg/ml GO and
41 mmol/L of hydrazine showed that it was unsuccessful [30]. In
this work a series of control experiments were performed to
identify if a monolith could be assembled for specific values of GO
concentration and diamine equivalents. It was evidenced that for
optimized concentrations of 5 mg/ml GO and 3.7 pul hydrazine
monohydrate for 1 mg of GO respectively, a GH-HD monolith could
be successfully formed (Details in SI). This finding certainly differs
from what was observed in the literature. This can be explained by
the higher GO concentration used in this work which promotes
enhanced cross-linking between the GO sheets and gel formation
[24]. GH-ED and GH-DB were also synthesized using these opti-
mized parameters to allow clear physical and electrochemical
property comparisons of the gels. The physical and chemical
properties of GHs were characterized by FT-IR, TGA, XRD, XPS and
conductivity measurements. SEM and BET analysis were performed
to analyse the expected 3D assembly of the systems.

Fig. 1a shows the comparison of the FT-IR spectra recorded for
graphene oxide and each of the gels assembled. The GO FT-IR
spectra displays intense adsorption peaks at ~3400, 1728 and
1620 cm~! corresponding respectively to OH, C=0 and C=C
stretching modes which is in accordance with the high degree of
oxidation of the starting material. Upon gel assembly with di-
amines, the broad and intense band at 3700-3200 cm ™! is replaced



Fig. 1. (a) FT-IR spectra from the raw data, (b) TGA response under N, atmosphere, (c) XRD patterns and (d) XPS survey scans of GO and GHs.

by a relatively weak band at 3400 cm~. The carbonyl signature at
1728 cm™! disappears while two new bands assigned to N-H of
primary amines and aliphatic C-N at 1568 and 1200 cm™! respec-
tively appear [25]. These modifications in spectra upon gel as-
sembly can be explained by the reduction of oxygen containing
function (chemical reduction) and by the diamine reaction with GO.
While GH-ED and GH-DB show presence of primary amine from
respective diamines with intense bands at 1568 cm™, this band is
much less intense for GH-HD suggesting that the gel formation
mechanism with hydrazine could be different with other longer
diamines.

Thermal degradation responses of GO and GHs were analyzed
with TGA analysis (Fig. 1b). GO thermogram shows a typical two
step degradation profile corresponding to loss of moisture at
around 100 °C and decomposition of labile oxygen functionalities at
~220 °C [38]. The synthesized gels show varied decomposition
profiles depending on the nature of the diamine. On one hand, GH-
ED and GH-DB show a gradual weight loss from 180 to 350 °C,
similar to that of GO. This loss is explained by the presence of re-
sidual oxygen functionalities in these gels. Further, a significant
weight loss could be noted around the boiling points of respective
diamines (116 and 158 °C) suggesting the removal of labile di-
amines. From these thermograms it can be deduced that these gels
are not fully reduced and that the reaction with ethylenediamine
and diaminobutane successfully occurred. On the other hand, GH-
HD thermogram does not indicate any significant weight loss
throughout the heating range indicating lack of any labile diamine
or oxygen functionalities. Thus, GH-HD demonstrates a high degree
of reduction and a graphite-like thermal behaviour. As hinted by
the IR study, the lack of amine loss in this gel highlights a different
gel formation mechanism when longer diamines were used.

Fig. 1c displays the XRD patterns of GO and freeze dried gels. The
pattern for GO depicts a relatively sharp peak at 20 = 12.9° corre-
sponding to 7.94 A of inter-layer spacing indicating high oxidation
of the starting material. The synthesized GH-HD exhibits a broad
peak around 20 = 27.5°, corresponding to the graphitic (002)
orientation and an inter-graphene sheet distance of 3.76 A. This
value is very close to that of graphite itself (3.36 A), evidencing a
high degree of reduction of GH-HD. GH-ED and GH-DB

diffractograms display a (002) peak shifted very slightly to lower 20
corresponding to interlayer spacing of 3.82 and 4.01 A respectively.
The gel formation with diamines results in removal of oxygen
functional groups from the surface of GO sheets and thus partially
restores the stacking as evidenced by the (002) peak shift. Among
the three diamines, GH-HD shows a near graphite-like behaviour
with an inter-layer spacing of 3.76 A highlighting better degree of
reduction than the other gels. Notably, GH-DB shows a pattern with
a remaining GO peak around 13°.

Further, XPS was performed to analyse the surface chemical
composition of GO and GHs. Fig. 1d shows survey spectra of
different samples with presence of the same elements i.e. C, O and
N. It is visible that depending on the samples the relative elemental
concentrations vary. For example, on the GO spectra, the intensity
of the O peak is higher than that of the C peak, whereas for the gels
this ratio is inversed and the C peak intensity becomes higher. This
evolution shows that GO is highly oxidized compared to the gels
that all show a spectra indicative of a sample reduction. It is also
visible that upon gel formation an additional N 1s peak appeared at
~399 eV giving evidence of a reaction between graphene and the
diamine used for the gel structuration.

To compare the samples further, HR XPS spectra were recorded
on C, O and N for each sample. As can be seen on Fig. 2a, after
deconvolution, the high resolution Cls core-level spectra of GO
shows four characteristic peaks at 284.6, 285.9, 286.5 and 288.3 eV
corresponding to C=C/C-C, C-OH, epoxy/alkoxy and carbonyl
groups respectively [8]. For the synthesized gels, the C1s HR XPS
spectra display significant decrease in the intensities of the signals
arising from C in an oxidized environment (C=0, C-OH, O-C-0) and
a new peak attributed to C-N bond appears at 285.6 eV (Fig. 2b for
GH-HD and Fig. S3 for all GHs) [25]. These findings confirm the
removal of oxygen groups upon the conversion of GO to GHs due to
chemical reduction and assert the reaction between GO and the
diamine structuring agent. Further, restoration of the conjugation is
also typically seen through m-7* signal that occurs beyond 290 eV.
Such a signal could be clearly spotted in GH-HD again confirming
the reduction of GO.

The reactivity between GO and the diamine structuring agent
was further addressed by observing the N1s HR XPS spectra for



Fig. 2. C1s XPS spectra of (a) GO and (b) GH-HD deconvoluted into components; (c) overlay of N 1s XPS spectra of the synthesized gels; (d) N 1s XPS spectra of GH-HD deconvoluted
into components; (e) histogram showing the percentages of different N environments in the gels; (f) electrical conductivities of the gels shown with corresponding amine contents

from XPS analysis.

various gels (Fig. 2c). The N1s signal for GH-HD is centred at higher
binding energy of ~400 eV compared to (~399 eV) of GH-ED and
GH-DB, showing variation in N environment. Furthermore, the N
atomic concentration in GH-HD (4%) is lower than that for both GH-
ED and GH-DB (~6%). Based on reference studies, the N 1s spectra
was deconvoluted into pyridinic (398.2 eV), amine (399.2 eV),
pyrrolic (400.2 eV) and graphitic (401.5 eV) components (Fig. 2d for
GH-HD and Figs. S4 and S5 for all GHs) [25,29]. As evoked in the
literature, these components arise from different types of Ns
resulting from various possible mechanisms: the amines react
covalently with the GO to form amine linkages on graphene sheets
and intramolecular rearrangements with these amine linkages can
cause insertion of pyridinic/pyrrolic/graphitic components into the
graphene sheet [29]. An analysis of the relative intensities of all N
components in the three gels is displayed in Fig. 2e. Approximately,
50% the nitrogen present in GH-ED and GH-DB corresponds to
amine whereas only 25% corresponds to amine N in GH-HD. For
GH-HD the main N component is pyrrolic. This differentiation may
arise from different gel formation mechanisms between GO and
hydrazine and GO and ED or DB. As an extension, GH-HD, even with
lower N content, could present different material properties
compared to GH-ED and GH-DB. For example, it is known that
addition of graphitic nitrogen into graphene materials improves the
electrical conductivity and presence of pyridinic nitrogen and
pyrrolic nitrogen under basic conditions boost electrochemical
capacitances [29,39].

Conventionally C/O ratios are analyzed as a measure of the de-
gree of reduction of graphene materials [28]. However, carbons
coming from the diaminobutane and ethylenediamine alkyl chains
are added into the C content, hence, the C/O ratios obtained herein
should be interpreted with caution. The obtained elemental com-
positions and C/O ratios of the gels are listed in Table 1. GH-HD, GH-
ED and GH-DB show C/O ratios of 16.7, 7.1 and 10.7 respectively
while GO demonstrates 2.6. These values further demonstrate the
reduction of GO during gel formation with diamines. The C/O ratio
observed for GH-HD here is greatest among the hydrazine reduc-
tion of the GO [8,9]. Repeated experiments confirm this value and

Table 1
Elemental composition and C/O ratios obtained from XPS, electrical conductivity ()
and discharge capacitances in F/g (Cwt) at different rates of GHs.

C(%) O(%) N(%) C/O0 o(S/m) Cu(Flg)  Cw(F/g)
at0.5A/g at100A/g
GH-HD 904 54 4.2 16.7 1141 190 123
GH-ED 824 10.7 6.8 7.1 68 152 51
GH-DB 854 85 6.2 107 14 136 32

investigations are under way to clearly understand the merits of
the current procedure over previous reduction protocols. Further-
more, the values obtained for GH-DB and GH-ED may not be a
correct representation of the order of degree of reduction as greater
number of alkyl carbons are added into GH-DB than GH-ED.
Electrical conductivity measurements were performed on each
freeze-dried gel. From Fig. 2f, it is clear that GH-HD has nearly two
fold greater conductivity (1141 S/m) compared to that of GH-ED
(68 S/m) and GH-DB (14 S/m) indicating a higher reduction
extent for GH-HD. Scanning electron microscopic images (Fig. 3)
show that well developed extensive 3D porous networks are ach-
ieved for the gels. GH-HD is characterized by macropore diameters
of several micrometres (Fig. 3a and b); whereas GH-ED and GH-DB
have smaller pore volumes than GH-HD with pore diameters in sub
micrometre range. Interestingly, GH-ED has larger pores than GH-
DB as also seen in an earlier study of diamines with different
chain lengths [23]. The specific surface areas for the gels were ob-
tained through methylene blue (MB) dye adsorption studies. MB
adsorption is extensively used to quantify the solvated surface area
of a material in which any possible restacking of graphene layers is
prevented by avoiding freeze drying technique [33,34,40]. GH-HD
shows high specific surface area (SSA) of 1433 m?/g whereas GH-
ED and GH-DB have 677 and 335 m?/g respectively. GH-HD dem-
onstrates a porous morphology (Fig. 3a and b) that is similar to the
hydrothermally synthesized gels which were found to have a SSA of
1030 and 1560 m?/g [33]. On the other hand, despite lyophilisation
propensity to reduce the SSA through graphene layer restacking,



Fig. 3. Scanning electron microscopy images of the 3D frameworks in (a & b) GH-HD, (c) GH-ED and (d) GH-DB.

BET surface area of fully freeze-dried samples can be used to
double-check this SSA difference between GH-HD and GH-ED or
GH-DB, and also to compare these samples to other monoliths
described in the literature. For GH-HD a 130 m?/g SSA with a mean
pore size of 25 nm is determined while for GH-ED and GH-DB the
SSA are respectively 85 and 80 m?/g with mean pore sizes of 17 and
13 nm (Fig. S6). Hence the trend obtained with MB adsorption is
also observed here confirming that GH-HD monolith presents a
higher surface area. It is noteworthy that the PSD also shows that
GH-HD displays macroporosity as evidenced in SEM. For GH-ED gel
that can be directly compared to literature data, the SSA obtained is
half lower than what was described earlier [24]; however both data
remain in the same range and this difference can be explained by
variation in ethylenediamine concentration used leading to
different graphene assembly structures. When compared to the
precursor of holey graphene foam obtained by the hydrothermal
route, GH-HD displays a lower SSA; however despite being pre-
pared following different methods and using different initial GO
concentration, both SSA remain in the same magnitude range [33].

Again this morphological characterization tend to prove that
while the three structuring agent are diamines, they do not react
identically with GO leading to GH with different properties (Pro-
posed reaction mechanisms in ESI). As evoked before, gel formation
with hydrazine occurs mainly through reduction of oxygenated
functionalities on the GO sheets; this high reduction degree is
confirmed with XPS, TGA and conductivity measurements. In this
case the reduced graphene oxide sheets cross-link through m©—m
stacking resulting in 3D framework with entrapped water [12]. For
ethylenediamine and diaminobutane structuring agents, the nature
of the reaction is more covalent and the amine functions will react
with C in an oxidized environment. The reductive power of these
two amines compared to hydrazine are lower explaining that this
reduction based gel formation path is not favoured. In this case, the
3D assembly is triggered by covalent cross-linking leading to
structures with smaller pore volumes. This gel comparison there-
fore shows that in a one step process by selecting a diamine that
remains short and display a high reductive power, a gel with
interestingly high conductivity and porosity can be formed. It is
noteworthy that the GH-HD conductivity and porosity fall in the
same range than that of the further reduced hydrothermally

synthesized gel [12].
3.1. Electrochemical studies on GHs

GHs synthesized with different diamine chain lengths were
tested in a two electrode supercapacitor configuration with
aqueous potassium hydroxide (6 M) as electrolyte. Since the gels
were prepared in aqueous media, they enable facile assembly into
aqueous electrolyte without much processing. Slices of gels were
assembled symmetrically without any conductive additives or
binding agents. CV, galvanostatic charge-discharge at different
current densities and EIS were performed to evaluate the electro-
chemical performances.

CV curves were obtained in the potential range of 0—1 V at
relatively low and high scan rates of 100 mV/s and 1000 mV/s. At a
lower scan rate all three gels show rectangular curves with little
deformation suggesting mainly electrochemical double layer
capacitance (EDLC) mechanism with good charge propagation at
the electrode-electrolyte interface (Fig. 4a). Upon increasing the
scan rate from 100 mV/s to 1000 mV/s, the CV curves of GH-HD and
GH-ED retain a nearly rectangular shape while that of GH-DB dis-
torts into narrow and oblique rectangle (Fig. 4b). Charge storage
mechanism which involves adsorption-desorption of the ionic
species at the electrode surfaces depends on the time scales of the
electrochemical processes. High scan rates or charge-discharge
current densities may not allow sufficient time for double layer
formation and thus could result in such resistive behaviour.
Notably, GH-HD offers greater current densities compared to the
other two gels at both scan rates. These results suggest better
electrolyte ion transport characteristics and higher ion accessible
surface areas in GH-HD.

The slight deformation in the CVs at 100 mv/s could possibly be
due to redox activity of the nitrogen and oxygen content in the
synthesized gels. CVs at a low scan rate of 10 mv/s were performed
and indeed a greater deformation could be seen in all the gels
(Fig. S8). Three electrodes configuration allows to study the indi-
vidual electrode response and could give additional information
over the two-electrode measurements. Hence, CVs were obtained
at 10 and 100 mv/s scan rates for all the gels in the voltage range
of —0.9 V to 0.1 V vs. standard calomel electrode (Fig. S9). 3-



Fig. 4. Cyclic voltammograms of gels obtained at scan rates of (a) 100 mV/s and (b) 1000 mV/s in the voltage range of 0—1 V; galvanostatic charge-discharge voltage profiles of the
gels obtained at current densities of (c) 10 A/g and (d) 100 A/g; (e) rate capability and (f) Nyquist plot obtained from frequency response of the gels from 400 kHz to 40 mHz. Inset

shows a magnified plot with frequency response at high frequencies.

electrodes CVs of the three gels show similarly slightly distorted
rectangular shape and confirm the contribution of pseudo capaci-
tance from N and O functionalities [29]. Among the three gels, GH-
HD demonstrates more intense redox peaks (—0.6 V vs. SCE) than
GH-ED and GH-DB. Good electrical conductivity of the material for
better electron transport to and from the redox active sites and
higher redox active N content explain the more intense pseudo
capacitance peaks in the case of GH-HD. A table (Table S1.)
comparing the three-electrode electrochemical performance of
GH-HD with literature can be found in the ESI.

Galvanostatic charge-discharge cycling of gels was performed at
high current densities of 10 A/g and 100 A/g. At 10 A/g, symmetrical
charge-discharge curves (Fig. 4c) could be seen for all the gels in
agreement with the major EDLC behaviour observed in the CV
curves. GH-ED and GH-DB suffer from a slight internal resistance
(IR) drop of 0.04 V and 0.06 V respectively, whereas GH-HD has no
drop in voltage. The voltage drop caused by IR of the electrodes is
more significant when cycling is done at high current densities.
When cycled at a very high current density of 100 A/g, GH-ED and
GH-DB show an asymmetric voltage profile with huge IR drops of
0.52 V and 0.71 V respectively (Fig. 4d). Similar IR drops were
observed in literature when cycled at high current density of 100 A/
g [28]. GH-HD retains a nearly symmetric behaviour with an IR
drop value of 0.18 V. This can be understood from the high electrical
conductivity of GH-HD (1141 S/m) as compared to GH-ED (68 S/m)
and GH-DB (14 S/m). High electrical conductivity of GH-HD ensures
lower IR drops and energy loss as heat, enabling better rate
performance.

Gravimetric capacitances of cycling at 0.5 A/g and 100 A/g are
obtained by calculating the slope of the discharge curves and are
listed in Table 1. Fig. 4e shows the power capability of GHs in a
range of current densities from 0.5 A/g to 100 A/g. GH-HD delivers
190 F/g at 0.5 A/g, which is similar to that of hydrothermally syn-
thesized gels (200 F/g at 0.3 A/g). GH-ED and GH-DB deliver ca-
pacitances of 152 F/g and 136 F/g under same conditions. At a high
current density of 100 A/g, GH-HD offers discharge capacitance of
123 F/g whereas GH-ED and GH-DB yield poor discharge capaci-
tances of 51 F/g and 32 F/g respectively. The superior performance
of GH-HD compared to GH-ED and GH-DB is attributed to multiple

factors. Firstly, GH-HD has a greater wet-state surface area of
1433 m?/g whereas GH-ED and GH-DB have 677 and 335 m?/g
respectively. Also, the excellent electrical conductivity of GH-HD
enables fast charge transfer at the electrode-electrolyte interface
and allows better rate performance. The extensive 3D networks
with large pore volumes facilitate fast ion transfer to the electrode
interface. Moreover, the lower percentage of amine N in GH-HD
than other gels results in greater pseudo capacitive contribution
by redox active N components. As a result of increased electrolyte
access to electrode surface, higher conductivity and greater pseudo
capacitive contributions, enhanced electrochemical capacitances
are observed in GH-HD.

Charge and ion-transfers inside the highly conductive and
porous GH-HD have been shown to be at the origin of its good SC
electrochemical performances. An EIS study has therefore been
performed to analyse these factors more directly Fig. 4f. Indeed this
technique offers the frequency response from 400 kHz to 40 mHz
yielding a Nyquist plot with real and imaginary components of
impedance X and Y axes respectively, and each region of the plot
will give direct evidence of a specific process. First, an arc at high
frequency region is ascribed to charge transfer resistance, the 45°
slope of Warburg impedance in intermediate frequency range is
related to ion diffusion and finally the nearly vertical line at higher
frequency shows the capacitive behaviour of the system. GH-HD
exhibits the smallest semi-circle diameter and its charge-transfer
resistance (Rcr) was deduced to be 0.62 Q compared to 1 Q for
GH-ED and 2.46 Q of GH-DB. Also the shorter Warburg impedance
region for GH-HD indicates the most efficient ion transfer among
the three gels. These two findings corroborate the positive impact
of the superior electrical conductivity and porosity of GH-HD on
electrode charge-transfer and ion-diffusion.

The electrochemical data recorded in this work (GH-HD and GH-
ED) are positioned on a Ragone plot with comparative values of GHs
prepared through various reduction methods in the literature
(Fig. 5a) [41,42]. When cycled at a high current density of 100 A/g,
with a sub-second discharge time of 0.4s, GH-HD offers a high
power density of 38 kW/kg while delivering an energy density of
4.3 Wh/kg. The observed values are on par with the best reported
energy and power densities in aqueous electrolytes. GH-HD



outperforms GHs synthesized through reduction of GO by hydro-
thermal treatment [12], thermal treatment [41] and r-glutathione
[42]. Also, GH-HD performs better than both GH-ED and ethyl-
enediamine assisted gel obtained with an extra step of hydrazine
reduction as reported in the literature [24]. Table S2 compares the
electrochemical performance of GH-HD with various reports on
carbon materials for supercapacitors in the literature. The electro-
chemical performances achieved with GH-HD are high and fall in
the range of values obtained for hydrothermal gel further reduced
by hydrazine, which display a power density of 30 kW/kg and en-
ergy density of 5.7 Wh/kg at 100 A/g [28]. Current efforts are
devoted towards achieving higher energy densities by benefiting
from large stable voltage ranges of non-aqueous electrolytes. Pre-
liminary results using 1 M Tetraethylammonium tetrafluoroborate/
Acetonitrile (TEABF4/ACN) as the electrolyte also show better per-
formance of GH-HD among the synthesized gels (Fig. S10).

The cycling study showed full capacity retention with GH-HD
after 5000 cycles of charge-discharge at a low current density of
2 A/g (Fig. S11). Recorded at a higher rate of 10 A/g, 93% retention of
discharge capacitance was obtained after 2000 cycles (Fig. 5b). The
observed cyclic stability is better than the 92% capacitance reten-
tion reported at an intermediate 4 A/g after 2000 cycles for the
hydrazine-reduced hydrothermal gel. These results further
demonstrate the merits of GH-HD which is obtained by a simple
one-step process involving equivalent amount of hydrazine.

Further, upon inspecting the Ragone plot, an initial report on
gaseous-hydrazine reduced CMG could be seen to deliver a high
energy density 7 Wh/kg with a power density of 0.5 kW/kg at 0.1 A/
g [43]. The rate performance of this CMG was, unfortunately, not
evaluated at higher current densities. The synthesized CMG was
characterized with high electrical conductivity and stacked
morphology of the reduced graphene oxide sheets. We believed
that a study of the electrochemical performance of this highly
conducting CMG compared to GH-HD would help us critically
analyse the implications of 3D porous networks in SC

performances. For this purpose, we performed a controlled study
by synthesizing CMG under similar reaction conditions as for GH-
HD with continuous stirring (procedures in ESI). Four probe mea-
surements showed an improved electrical conductivity of 1832 S/m
compared to GH-HD (1141 S/m) as can be understood by greater
extent of reduction under homogenized reaction media. CV of CMG
shows an ideal EDLC behaviour at 100 mV/s but distorts into an
oblique shape at a high scan rate of 1000 mV/s (Fig. S12). Power
capability study from 0.5 A/g to 100 A/g shows a similar perfor-
mance of CMG to that of GH-HD at lower rates but a huge drop is
noticed with increasing currents (Fig. 5¢). Despite being a better
electrical conductor, CMG shows poorer electrochemical perfor-
mance than GH-HD at higher currents. This can be explained by the
difference in porosity characteristics (Fig. S7). While, CMG performs
well at lower current densities, the compact porous structure
prevents seamless ion transport at higher densities. The extensive
porous network in GH-HD enables excellent ion accessibility to the
electrode-electrolyte interface even at higher currents. From these
observations, it can be concluded that, 3D interconnected porous
network, along with good electrical conductivity, is an equally
important factor in enabling a high power capability of a SCs.

Finally, considering the importance of good volumetric capaci-
tances for SC applications with limited space, we synthesized a
dense GH-HD gel by following a simple drying procedure. After gel
assembly with hydrazine, GH-HD was densified from a packing
density of 0.58 g/cm? to 1.56 g/cm? by drying it under ambient
conditions. The gradual removal of water molecules from the inter
layer spaces shrinks the gel to nearly a tenth of its original size.
Fig. 5d shows the cyclic stability of GH-HD and its densified
counterpart (GH-HD-AD) at a current density of 2 A/g. The volu-
metric capacitances of GH-HD could be noted to increase by a factor
of two. GH-HD-AD delivers gravimetric and volumetric discharge
capacitances of 130 F/g and 200 F/cm? respectively at a high current
density of 2 A/g.

Fig. 5. (a) Ragone plot showing a comparison of energy and power densities of GH-HD and GH-ED with references from literature based on graphene based materials obtained by
various reduction techniques; (b) cyclic stability of GH-HD obtained at high current density of 10 A/g; Inset shows CVs at a scan rate of 100 mV/s for GH-HD before the 1st and after
the 2000™ charge-discharge cycle; (c) rate capability of GH-HD and CMG; (d) cyclic stability of GH-HD and densified GH-HD-AD obtained at a current density of 2 A/g.



4. Conclusions

GH-HD was prepared as a highly conducting monolith using a
simple one-step synthesis process. An optimization study of the
reaction conditions enabled such a hydrogel assembly. GH-ED and
GH-DB based on longer diamines were also synthesized to analyse
different mechanisms and their implications. Hydrazine, being a
strong reducing agent, promotes gel formation via assembly of
reduced GO through non-covalent interactions such as 7 - 7 in-
teractions. When tested in aqueous SC, GH-HD with a low charge
transfer resistance of 0.62 Q and excellent 3D macroporous
network, offered high rate performance. An excellent cycling sta-
bility with 93% capacitance retention was noted after cycling for
2000 cycles at a high current density of 10 A/g and full capacitance
was observed when cycled at lower rate of 2 A/g over 5000 cycles.
Furthermore, at a very high current density of 100 A/g discharge
capacitance of 123 F/g could be achieved. Extensive 3D porous
networks along with high electrical conductivity were evidenced as
the major factors behind such performances. The control study
performed in this work to understand the interplay between
electrical conductivity and porosity in electrochemical perfor-
mances allows us to design superior materials for SCs. The simple
one-step synthesis procedure under atmospheric conditions to
obtain highly reduced GHs could enable the development of low
cost and high power performance SCs.
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