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ABSTRACT

In recent years, 3D assemblies of graphene are developed as promising materials in various applications, such as
energy storage devices. In this paper, we have reported a method for the synthesis of Graphene Aerogel (GA)
utilizing a novel reducing system to achieve high electrochemical properties. GAs were obtained via chemical
reduction of Graphene Oxide (GO) using a combination of L-Ascorbic Acid (L-AA) and sodium bisulfite (NaHSO3)
as the combined reduction media (GASL). However, L-AA exhibited a high level of reduction resulting in a
micro/mesoporous structure, but it is incapable of de-epoxidation with high efficiency. Besides, NaHSO3 en-
hanced the de-epoxidation step, decreased the shrinkage of the structure, and also increased the size of the pores.
The synergistic effect of the combined reducing system led to the proper level of reduction with meso/macro-
porous structure and lowered shrinkage, which improved the electrochemical performance. The N, adsorption
analysis with BET formula estimated the specific surface area and the pore volume of 135 m?g™* and 2.9 cm?g’,
respectively. Moreover, FT-IR spectroscopy admitted a high level of reduction for GASL in comparison with
single reducing agent samples. The GASL exhibited a high specific capacitance (165 Fg~' at 1 Ag~ 1), excellent
cycling stability (91% capacitance retention after 1000 cycles) and an adequate capacitive performance (91%
capacitance retention by the increase in current density from 1 to 5 Ag~ ') with low internal resistance (about

0.005 V). The desired results are due to the high level of reduction and the meso/macroporous structure.

1. Introduction

Graphene, this one-atom-thick lattice of carbon atoms, presents
exceptional properties, which are strongly connected to the production
route. The defects of the graphene sheets and the issue of restacking
have weakened the perfect characteristics of ideal graphene, especially
electrical properties and high surface area. To dispel these drawbacks,
3-Dimensional (3D) monoliths are developed. The assemblies of gra-
phene sheets into 3D structures not only maintain the fundamental
properties of graphene, but also endow the benefits of high accessible
surface area, interconnected channels, adjustable pore structure, and
less aggregation [1-3].

The main procedures developed to obtain these arranged structures
are based on direct gelation and self-assembly of functionalized gra-
phene sheets. The preparation of aerogels mostly occurs by a wet
chemical route such as sol-gel reaction but through different precursors
and conditions. In most researches, GO is the precursor material for the
synthesis of 3D graphene structures. GO sheets can attach to form a 3D

structure via either reduction, adding a cross-linking agent, or by in-
creasing the concentration of GO [4-6].

The chemical and hydrothermal reduction are the most-cited
methods to produce graphene monolith from GO suspension. In com-
parison with relatively elevated temperatures and pressures used in
thermal reduction, the chemical route carries out at low temperatures.
As a result, the equipment and conditions of chemical reduction are
much more available than thermal reduction, which has got undeniable
importance for practical applications [7-11].

The products of the chemical reduction route are strongly depen-
dent on the solvent and reducing agent employed in the reaction. Up to
this point, dozens of reducing agents have been introduced and
exploited, including r-ascorbic acid (LAA), hydrazine or hydrazine hy-
drate, sodium borohydride (NaBH4), sodium hydroxide (NaOH), and
hydroiodic acid (HI) [12]. Although sodium bisulfite (NaHSO3) has
been used as a reductant in some of the studies [12-14], this material is
mostly employed as a catalyst in functionalization reactions such as
amination [15].
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L-Ascorbic acid, also known as vitamin C, having a gentle ability of
reduction and non-poisonous property, is naturally used as a reducing
agent. LAA and its oxidized products are more environmentally friendly
than the other reducing agents, such as hydrazine. Zhang and co-
workers reported that using LAA as a reducing agent could provide
graphene aerogels for 48 h, also using a higher concentration of vitamin
C was able to decrease the reduction time [16]. Also, Chen et al. used a
variety of sulfur-containing components, including sodium bisulfite,
and compared their reduction performance to other reductants [17].
The results showed that NaHSO3 has equal reduction efficiency as hy-
drazine. On the other hand, GO reduced by NaHSO3 exhibited better
electrical conductivity performance, about 27% more than ones re-
duced by hydrazine [12,14,17].

As mentioned, graphene aerogels possess lots of excellent properties
such as high specific surface area, low density, and excellent con-
ductivity, which made them excellent candidates for electrode material
of supercapacitors. On the other hand, the graphitic electrodes cannot
be functionalized due to the tendency for restacking [18]. Recently, Wu
et al. have exploited graphene paper (GP) for preparing electrodes and
obtained 57 Fg~! capacitance which was improved by additives [19].
Furthermore, Ghazitabar et al. made electrodes from graphene aerogel,
which was reduced just by LAA and achieved 71 Fg~! capacitance [20].
Bi et al. synthesized an electrode of carbon nanotube/graphene aerogel
on the Cu substrate and obtained 42.3 Fg~! capacitance at the current
density of 1 Ag~? [21]. All the findings show that 3D graphene opens a
new avenue for modifying batteries and supercapacitors [22-26].

Herein, we developed a new combined system which is composed of
L-AA and NaHSOj; acting as reducing agents. The role of NaHSOj3 in the
reduction process and the corresponded effect on the pore structure
have been investigated. The enhancement of mechanical stability of
synthesized Graphene Hydrogel (GH) and Aerogel (GA) was discussed
through the exploration of surface chemistry of rGO sheets and the pore
structure. Accurately, the electrochemical performance of the best
sample has been characterized and compared to some of the reported
results in the literature.

2. Materials and methods
2.1. Materials

Graphite powder, sodium nitrate (NaNOs3), and potassium perman-
ganate 97% (KMnO,) were provided from Dae-Jung (Korea). L-Ascorbic
Acid powder, sodium bisulfite, HCl (37%), H,SO4 (98%), H>0, (30%)
were purchased from Merck Co. (Germany).

2.2. GO preparation

GO was prepared according to Hummers' method. Briefly, 5 g of
graphite powder and 2.5 g of sodium nitrate were added into 115 mL of
concentrated sulfuric acid. Then 25 g of potassium permanganate was
added slowly, while keeping the system at the temperatures lower than
10 °C for 25 min. The well-mixed suspension was heated to 35 °C and
kept for 45 min to form a thick mixture. After adding 140 mL of double-
distilled water, the temperature of the mixture was increased to 98 °C
for another 45 min, where the color of the mixture changed from brown
to yellow. Subsequently, 30 mL of hydrogen peroxide (H,0,) was
added. The obtained mixture was filtered and washed with diluted HCl
solution (10% v/v). Finally, the mixture was centrifuged several times
at 10,000 rpm until the pH of the system reached to neutral.

2.3. GA preparation

A mixture of LAA and NaHSO3 was added to GO suspension as the
reducing system. The mass ratio of GO to the reducing mixture was set
at 1:5, and the mass ratio of LAA to NaHSO3 was set at 1:1 (each of the
reducing agents makes 50% of the mixture). The GA100L and GA100S
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Table 1
Samples reduced by different reducing agents.

Sample Ascorbic acid Sodium bisulfite
GAL 100% -

GASL 50% 50%

GAS - 100%

samples were synthesized using only LAA and only NaHSO3 as reducing
agents, respectively. At a temperature of 90 °C (in an oil bath), the GHs
were formed after 4 h. Afterward, the as-prepared GHs were washed by
double-distilled water to remove unreacted species. After 24 h of freeze-
drying, the hydrogels were transformed into aerogel. The composition
of the samples are presented in Table 1.

2.4. Electrochemical tests

Electrodes have been prepared using Ghazitabar et al. method [20].
Electrochemical characterizations such as Cyclic Voltammetry (CV),
Galvanostatic Charge-Discharge (GCD), and Electrochemical Im-
pedance Spectroscopy (EIS) were conducted by the ZIVE electro-
chemical measurement apparatus. A three-electrode system comprised
of a Pt plate as the counter electrode and Ag/AgCl as the reference
electrode was exploited, using 2 M KOH aqueous electrolyte. The spe-
cific capacitance was calculated from the discharge curves according to
the following equation:

IXx At
m X AV

Where C (Fg_l) is the specific capacitance of electrodes, I (A) is the
discharge current, At (s) is the discharge time, m (g) is the mass of the
active material, and AV is the potential window [27].

For the evaluation of the electrochemical capacitance, GCD analysis
is a reliable method under the adjusted current situation. In this tech-
nique, the current is controlled and the voltage is computed. The spe-
cific capacitance calculated using this method is entirely different from
cyclic voltammetry since the numerical estimation of capacitance from
the surface within CV graphs can cause errors in calculations.

2.5. Characterization

The hydrogel samples were dried via the freeze-drying method
using an FD-10V freeze-drier apparatus (Tajhizat Sazan Pishtaz Co.,
Iran). Philips XL 30 device was used to take scanning electron micro-
scopy (SEM) images. Transmission electron microscopy (TEM) was
performed on a Philips CM-200 FEG to observe the size and shape of the
graphene sheets. X-Ray Diffraction (XRD) patterns was recorded on a
Philips X-ray powder diffractometer system with Cu Ka radiation
(A = 1.5418 A) operated at 40 kV and 150 mA, at a scanning step of
0.04° and the scanning angle from 5° to 80°. A Fourier transform in-
frared spectroscopy (FTIR) Thermo AVATAR model was used to mea-
sure chemical bonds and functional groups. The electrical conductivity
of graphene aerogels was measured using the standard four-probe
method by scientific equipment & Services Company. The resulting
errors in this measurement were estimated to be less than 5%.

3. Results and discussion
3.1. Morphology & microstructure

To observe the morphology of the graphene sheets within the 3D
structure, SEM and TEM analysis are exploited. As is evident in Fig. (1-
4), the as-prepared aerogels have a 3D porous structures comprised of
an interconnected network of channels. These channels are essential to
make rGO sheets accessible, since the mass transfer for each kind of
species e.g. ions and molecules, takes place through these paths. The
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Fig. 1. TEM images of wrinkled rGO sheets.

wrinkled rGO sheets with dimensions in the range of a few microns are
illustrated in Fig. 1. During the self-assembly process, these layered
components organized the cell walls of the pore structure.

As is shown in Fig. 2(a-b), GAS pore sizes are in the range of
macropores due to the weaker cross-linking effect of sodium bisulfite,
as a reducing agent. This structure has many voids and closed pores
which caused the decrement in the electrochemical properties.
Fig. 2(c—d) also shows the pore structure of the GAL sample. The me-
sopores and macropores are formed due to the participation of ascorbic
acid in the hydrogel-formation process. In this case, by-products of L-
AA oxidation are bound to the remaining oxygen-functionalities and
play the role of cross-linking in the 3D graphene structure, which will
be further discussed in the following sections [16]. The open pore-
structure with the high surface area makes GAL desirable for electro-
chemical applications.

For the GASL sample, the combination of ascorbic acid and sodium
bisulfite as reducing agents resulted in a different pore-structures.
Although the structure of the channels remained the same, with the
partial decrement in the size of the pores the GASL can be concluded as
a meso/macroporous structure without any voids (Fig. 3).

N, adsorption analysis was employed to evaluate the pore structure
of the synthesized aerogels. Based on the adsorption-desorption

isotherms, the specific surface area of the GASL sample is calculated
135 m?g™ and the total pore volume around 2.9 cm® g~'. Due to the
formation of more macropores and macroscopic voids, the specific
surface area for GAL and GAS are measured 81 m?g~ ! and 75 m%g ™7,
respectively [28]. It means the agglomeration and restacking of rGO
sheets have been successfully minimized during the reduction, as a
result of the utilization of both reducing agents.

Pore volume and the mean pore radius of all three samples showed a
rational correlation with SEM images (Figs. 1 and 2). Table 2 indicates
some of the structural properties of the samples, including bulk density.
The density of GASL stands between GAS and GAL, which have the
lowest and the highest densities, respectively. GAS has the lowest
density due to the macroporous structure and the lowest shrinkage
during the hydrogel-formation step. In the GAL sample, the compact
mesoporous structure with high shrinkage caused the increase in the
bulk density. GASL showed an intermediate shrinkage which resulted in
a moderate bulk density in comparison with GAL and GAS samples.

The phase structure of the samples was examined through the X-ray
Diffraction (XRD) method. XRD patterns of GO, GAL, GAS, and GASL
samples are shown in Fig. 4.

As shown in Fig. 4, the typical diffraction peak for GO appeared at
20 = 11.43° attributed to the (001) diffraction planes and interlayer

Fig. 2. SEM images of inner pore structure of GAS (a,b) and GAL (c,d) samples.
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Fig. 3. SEM images of inner pore structure of GASL sample in two magnifications.

Fig. 4. XRD patterns of GO, GAS, GAL and GASL samples.

space (d) of 7.76 A. After reduction, the partial removal of the oxygen-
containing groups on GO sheets and the increase in m-;t interactions
between rGO sheets resulted in a decrease in interlayer space. There-
fore, the sharp peak of GO disappeared and shifted to a broad peak at
around 20 = 23.5° corresponded to interlayer space of 3.4, 3.55, and
3.5 A for GAS, GAL, and GASL, respectively. All of the patterns, after
the reduction, are so close to the typical peak of (002) diffraction planes
of graphite with interlayer space of 3.35 A at 20 = 26.6° [30-32]. XRD
spectra of GASL showed a higher peak intensity in comparison with
GAL and GAS due to the higher boundary defect density which is
formed in the hydrogel-formation process. Another reason for the
highest peak intensity is the high level of reduction in the GASL sample
[3,33,34]. For a better evaluation of the reduction level in aerogel
samples, FTIR analysis was performed.

Qualitative amount of functional groups on GO sheets, before and
after the reduction, can be studied through the assessment of relative
intensities of peaks corresponded to the oxygen-containing functional

Fig. 5. FTIR spectra of GO and GASL.

groups. Fig. 5 demonstrates the FTIR spectra of GO and GASL samples.

The characteristic absorption peaks for GO appeared at 1726 cm ™!
representing stretching vibration peak of C=0 bond in carbonyl and
carboxylic acid groups, 1062 cm ™! attributed to C-O bonds in alkoxy
and carboxyl groups, and 1255 cm ™! corresponded to G-O-C bond in
epoxy groups. Moreover, there are peaks at 3428 and 1376 cm™*!
contributed to stretching and bending vibrations of O-H bonds in hy-
droxyl and carboxyl groups, respectively [3,32,35,36]. As we expected,
the oxygen-containing functionalities such as carbonyl and epoxy
groups showed a severe decline in intensity after the reduction. Even
the peak corresponded to hydroxyl groups was disappeared. In contrast,
the absorption peak of the C=C bonds of the graphene basal planes,
which appeared at 1625 cm ™!, showed no significant change in the
rGO spectrum. The characteristic peaks of GO and GA samples are
briefly presented in Table 3.

The effect of LAA, NaHSO3, and the combined system on the re-
moval of oxygen-containing groups is illustrated in Fig. 6.

Table 2

Physical properties of samples; pore structure characteristics.
Sample Specific surface area (m? g’l) Mean pore radius (nm) Pore volume (cm® g’l) Density (mg ecm™ Y Ref.
GO 136 - - - [28]
rGO 98 - 1.9 - [29]
GAS 75 8 0.6 8.8 This work
GAL 81 1 1.22 23.2 This work
GASL 135 5 2.9 16.1 This work
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Table 3
Characteristic FTIR peaks of GO.

Peak wavenumber (cm ™ 1) Functional Group

1726 C=0
1062 C-0
1255 C-0-C
3428 O-H
1376

1625 c=C

Fig. 6. FTIR spectra of all samples; GO, GAS, GAL and GASL.

The intensities of all the oxygen-containing moieties have an ob-
vious decrease, but there are differences between the three spectra. As
shown, the GAL spectrum shows total removal of the carbonyl peak at
1726 cm ™!, meaning that LAA can remove carboxylic acid function-
alities efficiently. In contrast, with the addition of NaHSO3 the GASL
spectrum demonstrates further reduction of the intensities in the range
of 1050-1100 cm ™! contributed to the epoxy group. This fact implies
that NaHSOj3 can enhance the de-epoxidation of GO sheets. Besides, the
GASL spectrum shows a lower intensities of hydroxyl peaks at 1376 and
3428 cm™' compared to GAS and GAL, which indicates the superior
reduction efficiency of this complex reducing system.

To express the semi-quantitative Level of Reduction (LOR) of all
samples, the sum of area under C-O (A;¢g2) and C=0 (A;7,¢) bands are
analyzed. The LOR can be calculated as the following equation:

1

LOR = —MMM
Aposz + A1726

In Table 4, the LOR values for different GA samples are expressed
relative to the corresponded GO from which the aerogel is synthesized,
for comparative purposes.

These results confirm that the principal reason for the highest peak
intensity in the XRD pattern of the GASL sample is the recovery of more
sp2 regions due to the high level of reduction [9]. The electrical

Table 4
The ratio of LOR of each graphene aerogel samples (GAs) system to that of GO.

Sample LOR = (Ajosz + Aiyze) ' LOR of GA/LOR of GO
GO 0.002 1

GAS 0.36 180

GAL 0.2 100

GASL 0.11 55
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Fig. 7. The electrical conductivity of GAS, GAL, and GASL.

conductivity of the samples is shown in Fig. 7.

The electrical conductivity of GAS, GAL, and GASL are 1.4, 2.2 and
3.6 Sm™ !, respectively. FTIR and XRD results indicate that the in-
corporation of both reducing agents in the reduction process improved
the electronic conductivity of graphene aerogel (GASL). In other words,
as a result of improvement in the reduction and less aggregated sheets,
a larger amount of carbon atoms that were engaged in the covalent
bonds, are restored and contributing to the electronic conductivity.

3.2. Hydrogel formation

During the first stages of the reduction process, the chemical reac-
tion between reducing agents and GO sheets leads to the gradual re-
moval of the oxygen-containing groups. It is well known that the hy-
drophilic nature of GO sheets is a consequence of the presence of these
functional groups. So as GO sheets start to lose these moieties, the
hydrophilicity turns to hydrophobicity and the brown suspension
changes to a black viscose pulp, as a result of deoxygenation. Then GO
sheets isolate from water and form a closely packed structure, named
rGO hydrogel. By the progression of the reaction, the increment in the
level of reduction causes the enhancement of m-it interactions between
conjugated rGO sheets, so hydrogel shrinks in dimensions. The suitable
duration time for the reduction can be considered the time that the
hydrogel gets fully packed and the shrinkage stops. In the final stage of
the reduction reaction, a hydrogel that forms the shape of the vessel is
floated on a clear solution [1,37].

As depicted in Fig. 8, both samples were isolated after 30 min in an
oil bath, showing the reduction is on-going. After the completion, the
hydrogels found to be in the same shape but different sizes. Fig. 8 de-
monstrated that GAS is the largest sample and GAL is the smallest in
dimensions, although the volume of starting materials and the reduc-
tion times were equal. So from the final dimensions, this is obvious that
the unary LAA reducing system has the most reduction rate amongst all.
The lower reduction rate of NaHSO3 can be an advantage, while the
reduction via LAA results in vigorous bubble generation through
deoxygenation. This phenomenon can cause real damage to the hy-
drogel structure and even lead to collapse. Fig. 9 demonstrates the ef-
fect of bubbling on structural stability during the reduction. To decrease
this bubbling effect the reduction temperature has to be lessened, so the
time needed for reduction via LAA will be much longer inevitably.

On the other hand, the reduction time needed to form the GAS
hydrogel is a lot more than samples reduced via LAA. As mentioned
before, all of the samples containing LAA in the reducing system have
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Fig. 8. Samples in oil bath during the reduction process; GAS (left) showed no
significant changes in volume compared with GAL (right).

Fig. 9. The bubbling effect; GAL sample showed a large number of bubbles on
the surface generated by gasses released during reduction.

been isolated from solution after 30 min and started the shrinkage,
despite GAS which was isolated after 3 h and even at the final stage did
not reach the other samples size.

The GAS sample has the lowest volume shrinkage in the hydrogel-
forming process due to the presence of internal voids and macroporous
structure. The volume shrinkage is 35% for GAS, while this parameter is
65% for the GAL sample because of the more mesopores. By decreasing
the volume shrinkage, an aerogel with low density is expected. In the
GASL sample, the volume shrinkage is moderate (about 50%) to make
low-density aerogel which is suitable for electrode materials. In con-
clusion, a combination of both reducing agents causes the formation of
low-density graphene aerogel with promising properties to use as
electrode materials in electrochemical capacitors.
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3.3. Reduction mechanism

The proposed mechanism for the oxidation of LAA molecules
through the reduction process is based on the deprotonation of LAA
molecules. Two protons (H*) are generated through this reaction, and
ascorbic acid is converted to dehydroascorbic acid. On the other hand,
carboxyl (-COOH) and hydroxyl (-OH) groups on the edge of the GO
sheets can be deprotonated in neutral pH spontaneously [38]. These
protons are very chemically active and able to reduce the oxygen-
containing groups such as hydroxyl and epoxy functionalities, mostly
located on basal planes of GO [16].

The catalytic role of NaHSO3 has been discussed in different re-
searches [15]. There are not many proposed reactions that illustrate the
reduction mechanism using NaHSO; as a reductant. Chen et al. have
suggested that the sulfur-containing reductants can open the epoxy ring
and enhance the de-epoxidation step of the reduction. The primary
mechanism occurs upon dissociation of NaHSO3 in aqueous media and
the production of HSO3 ™. These ions attack the C-O bond and replace it
with the C-S bond. Then the free oxygen is ready to be protonated and
release a water molecule. At the end of the reaction, SO3; molecules are
detached from reduced GO sheet and converted to soluble SO42~ ions,
which can be easily washed out from the system. The process is shown
schematically shown in Fig. 10. The fact that this material leaves no by-
products in the final hydrogel is highly beneficial [12,39].

The main reason behind the function of LAA as a reductant is the
structural stability of the final product. This stability is originated from
cross-linkage caused by LAA's by-products. Following the deprotonation
of LAA molecules, dehydroascorbic acid transforms into oxalic and
guluronic acid [16]. These species can form strong hydrogen bonds
with residual oxygen-containing groups, which are remained on rGO
sheets. This edge-by-edge connection is the crucial factor in achieving a
robust 3D structure with high surface area, while they can prevent rGO
sheets from restacking through face-to-face m-m interactions. The
schematic of the proposed reaction for cross-linkage is depicted in
Fig. 11.

So it can be said that although NaHSO; can act as a reductant, it
facilitates the reduction process through enhancement of the de-epox-
idation step. The removal of each epoxy moiety on the edge of the GO
plane can release two carbon atoms from the covalent bond and add
them to the basal plane to contribute to the electrical conductivity.
Moreover, the decrement in density due to high pore volume can ease
the mass transfer of ions through the internal channels, which means
more accessible and activated rGO sheets within the structure. As a
result, we can expect enhanced electrochemical characteristics by the
utilization of NaHSOs.

3.4. Electrochemical performance

Cyclic Voltammetry (CV) is one of the adaptable electrochemical
analyzes which is appropriate for electro-active samples. The CV test
was conducted on all samples and as is obvious from Fig. 12, there is no

Fig. 10. The proposed role for NaHSOj3 in reduction process; ring-opening reaction.
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Fig. 11. Schematic of the reduction reaction and cross-linking effect.

sign of reduction and oxidation reactions in the curves.

The comparison of CV curves indicated the integral area of the GASL
curve is more than the other samples, which ascribes a higher specific
capacitance resulted from a structure with more porosity and more
electrical conductivity. From the results obtained from the N, adsorp-
tion test, GASL has a higher specific surface area (about 1.6 times
higher than GAL and 1.8 times higher than GAS) which is in agreement
with the CV curves. Furthermore, the higher pore volume of GASL
causes the electrolyte ions to have further access to the active material
and release higher adsorption/desorption electrolyte ions on graphene
sheets and store higher energies. According to Fig. 13 which contains
CV curves of the samples at scan rates of 10 mV/s and 50 mV/s, the
rectangular and symmetric shapes of the CV curves remain the same

with an increase in scan rate and there is no noticeable change in the
shape of GASL and GAL curves.

These observations can be indicative of cyclic stability and good
reversibility of GASL and GAL samples due to their mesoporous struc-
ture. However, there is a slight change in the GAS curve by increasing
the scan rate, as a result of aggregated sheets and less surface area
which decreases reversibility. In the GAL sample, cross-linking caused a
decrease in m-; interactions between graphene sheets and reduced the
number of aggregated sheets in the 3D graphene structure.

For the estimation of the electrochemical capacitance, the
Galvanostatic Charge-Discharge (GCD) test is a reliable route under the
adjusted current situation. Using this method, parameters such as ca-
pacitance, resistance, and cyclability are concluded [40]. The GCD
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Fig. 12. Cyclic Voltammetry curves of the samples at the scan rate of 50 mV/s.

curves of the samples at current densities of 1 Ag~! and 5 Ag™"! are
shown in Fig. 14.

It is noticeable that the shape of each charge-discharge curve ex-
hibits an excellent linear shape with a typical triangle symmetrical
distribution that indicates sufficient columbic efficiency (an ideal ca-
pacitive behavior). Furthermore, Table 5 shows the specific capacitance
of each sample at current densities of 5 Ag~* and 1 Ag™".

The decrease in specific current density will provide enough active
sites for the ions to diffuse from the electrolyte into the pores and be
transferred to the active sites to contribute to the electrochemical re-
actions. FTIR analysis showed that the level of reduction in the GASL
sample was higher than the two other samples. This provides high
electrical conductivity for GASL with fewer oxygen species that de-
crease the active sites for electrolyte ions.

As shown in Fig. 14, a dramatic voltage drop corresponding to the
IR drop, is estimated to be 0.025 V for a current density of 5 Ag~ ' and
0.005 V for 1 Ag™* for the GASL electrode. IR drops of the GAS and GAL
electrodes are higher than GASL due to higher aggregated graphene
sheets and a lower level of reduction. This phenomenon happens due to
the internal resistance of the material. Although it is worth mentioning
that in comparison with other samples the resistance is the least, be-
cause of the combined reducing system resulted in the enhancement of
the pore volume and preventing the agglomeration of graphene plates.
Also, from the results of FTIR analysis GASL is reduced better than the
others; this happens because of the presence of NaHSO3 that facilitates
the removal of epoxy groups through ring-opening reaction which
provides restoration of the conjugated structure. This fact is in
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agreement with FTIR analysis, as mentioned before. As a result, more
activated sites are enabled for incorporation in electrochemical reac-
tions, and this results in the enhancement of electrochemical properties.
Fig. 15 (a and b) shows the capacity retention of the GASL electrode
after passing 1000 cycles charge/discharge at 1 Ag ™" current density.

According to Fig. 15-a, the specific capacitance of GASL is calcu-
lated 165 Fg~ !, which demonstrates excellent cyclic capacitance sta-
bility after 1000 cycles. Furthermore, the capacitance is retained
around 91%, reaching 150 Fg’1 at the last cycle (Fig. 15-b). Table 6 is a
comparison between the specific capacitance results of this work with
others reported in the literature.

The capacitance retention of the GASL sample is measured at about
91%. This prominent result is obtained due to the enhanced pore
structure of the graphene aerogel with a high level of reduction. As
mentioned in the previous work [20] when LAA is just added as a re-
ducing agent, pore volume is 0.2 cm®¢~!. While the addition of
NaHSO; combined with LAA led to a pore volume of 2.9 cm®g ™! which
is about 14 times higher; this enhancement paves the way of more ion
diffusion and charge transfer to the active materials.

Observations show that NaHSO3; provides more pore volume than
only using LAA as a reductant. The high specific surface area plays an
important role in electrochemical performance; as there are more pores
on the surface, the electrolyte can be transferred better, and as a result,
ion conductivity is improved. Thus, if the porosities are on a micro-
scopic scale, they will be blocked by the ions which have the same
scale. Whereas larger channels can transfer the different sizes of ions
more quickly. Ghazitabar et al. reported 71 Fg~! at 1 Ag ™! for specific
capacitance by using just LAA as a reducing agent [20]. Chen and Yan
reported a specific capacitance of 156 Fg~' at a potential scan rate of
20 mV/s for NaHSO3; reduced graphene oxide, but the result is not
comparable while the calculation method was based on CV test [14].
So, the excellent electrochemical performance, such as high specific
capacitance and high capacitance retention is obtained by using com-
bined reducing agents for graphene aerogel synthesis.

Electrochemical Impedance Spectroscopy (EIS) includes quantifi-
cation and examination of the materials with strong ionic conductivity.
EIS test was conducted in the frequency range of 10 MHz to 100 kHz for
an advanced study of the cycling stability (Fig. 16).

The semicircle region at the high-frequency range on the Nyquist
plot is attributed to the interfacial resistance and the charge-transfer
reactions. Also, the direct line in the low-frequency region is related to
the Warburg line, which causes ions diffusion within an electrode and
also a representative of the capacitive performance of the electrodes.
The resistance of the solution occurs at the beginning of the semicircle,
which indicates the electrolyte resistance. Besides, the electrochemical
system is described by a Randles equivalent circuit (Fig. 16-b), con-
sisting of an electrolyte resistance (R;) in series with a parallel combi-
nation of double-layer capacitance (Cq;) and charge transfer resistance
(R¢), and the Warburg element (Z,,) taking diffusion into account.

The charge transfer resistance (R.) is estimated at 0.2 Q from the

Fig. 13. Cyclic voltammetry curves of a) GAS, b) GAL and c) GASL samples measured at a scan rate of 10 mV/s and 50 mV/s.
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Fig. 14. GCD curves of a) GAS, b) GAL and c) GASL at current densities of 1-5 A/g.

Table 5
Specific capacitance (Cs) of samples at current densities of 5 Ag~ ' and 1 Ag~ .
Capacitance retention is measured by increasing the current density.

Sample Cs(1Ag™hH Cs (5Ag™ ) [Cs (5 Ag~1)/Cs (1 Ag~H)1*100
GAS 39 31 79
GAL 79 66 83
GASL 165 150 90

semicircle's diameter for the GASL sample. This low value is a con-
sequence of high porosities in the structure which provides a better
opportunity for redox reduction. GAS has a higher R, due to the lower
level of reduction and highly aggregated sheets structure. This para-
meter is enhanced by using LAA which can cross-link the graphene
sheets to hinder the aggregation and increase the porosity of structure.
The utilization of both reducing agents causes the synergistic effect of
microstructure and reduction of graphene aerogel that provides better
electrochemical properties for the GASL sample.

Table 7 contains the internal resistance values compared to the
other researches to introduce the present synthesis method as an ef-
fective route for electrochemical properties [20,51].

4. Conclusion

In summary, we introduced a new reduction media for the pre-
paration of graphene aerogels via a mild chemical reduction process.
The defined reducing system consists of L-AA and NaHSOj3 in equal
mass ratio.

FTIR analysis showed that reduction efficiency is enhanced due to
the synergistic effect of the combined reducing system. The proposed

mechanism for the reduction process indicated the role of NaHSO3 in
the improvement of the de-epoxidation step. Besides, L-AA can provide
the cross-linking effect to impede the aggregation of graphene sheets,
which is demonstrated in TEM and SEM images. XRD analysis showed
the high-intensity peak of graphene aerogel is gained in the GASL
sample because of highly reduced graphene sheets.

N, adsorption analysis showed that the BET specific surface area
and pore volume of the GASL sample are 135 m?g™ and 2.9 cm®g?,
respectively. The meso/macro pore-structure enhances the mobility of
the ions by increasing the diffusion rate, which is favorable for elec-
trode materials in the electrochemical capacitors.

The GASL sample demonstrated superior electrochemical perfor-
mance in comparison with other samples synthesized via a single re-
ducing agent. The CV analysis performed on GASL resulted in well-
shaped rectangular curves, even at high scan rates. The capacitance
retention reached 91% after 1000 cycles of charge/discharge and the
specific capacitance was calculated 165 Fg~!. Moreover, the low
charge transfer resistance (about 0.2 €2) measured in the EIS test, was
contributed to the increment in porosity volume and the high electrical
conductivity (3.6 Sm™Y). As a consequence, the utilized reducing
system can be a basis for the preparation of various graphene-based
nanocomposites for energy storage systems.

Compliance with etshical standards

This study wasn't funded and the authors declare that they have no
conflict of interest.

Fig. 15. a) GCD curves of GASL sample at 1 Ag~ " after 1000cycles and b) capacity retention of GASL after 1000 cycles charge/discharge test.
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Table 6
Comparison of specific capacitance data of related studies.
Material Specific capacitance (F g~ ') Electrolyte Ref.
Graphene aerogel (GASL) 165 2 M KOH This work
resorcinol-formaldehyde derived carbon aerogel 45 Aqueous electrolyte [41]
Chemically reduced GO 135 Aqueous KOH [42]
99 Organic electrolyte
Thermal reduction in propylene carbonate 120 Organic electrolyte [43]
MnO, nanowire—graphene 117 H,SO4 [44]
31 Neutral aqueous Na,;SO4
Graphene/CNT aerogel-NF 142 6 M KOH [45]
Ti3C2Tx/MoO3 151 1 M KOH [46]
Ti3C2Tx/ZnO 120 1 M KOH [47]
3D graphene framework 113.2 6 M KOH [48]
3D graphene monolith ~80 1 M lithium hexafluorophosphate [49]
carbon nanotubes (CNTs) onto carbon fiber (CF) 143 1 M H,SO,4 [50]

Fig. 16. Nyquist plots GAS, GAL and GASL samples, and the equivalent Randles circuit.

Table 7
Comparison of EIS data in related studies.

Material The resistance of Re (Q)  Ref.
solution (Q)

Graphene aerogel (GASL) 1.7 0.2 In this
work
Graphene aerogel/ZnO and 1.3 4.3 [20]
Co304
Graphene aerogel - 3.6 [52]
MnO,@CNTs@3DGA - 8.5 [53]
rGO/CNT - 2 [54]
MnO,/3D CNTs-Graphene/Cu - 0.23 [21]
Reduced graphene hydrogels 0.73 3.20 [55]
CoCO3/GA 6.5 146.9 [25]
Co304/GA 10.9 97.5
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