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ABSTRACT: Reduce graphene oxide (rGO) aerogels with different
precursor graphene oxide sheet sizes are synthesized using L-ascorbic acid
reduction followed by an ambient pressure drying method. The sheet sizes
determine the oxygen functionality content during aerogel formation, which
subsequently affect its structural properties. The optimized sheet size renders
strong parallel sheet stacking to provide mechanical strength that withstands
capillary action during aerogel formation with a high surface area (190.40 m2

g−1) and pore volume (0.261 cm3 g−1). Such surface properties enhance the
electrochemical properties of rGO aerogel (182 F g−1 at 0.75 A g−1) and
render it to be an excellent electrode material for a supercapacitor.

■ INTRODUCTION

The global revolution in fulfilling human needs requires huge
energy consumption. In this context, an energy storage device
plays a vital role in ensuring uninterrupted energy supply.
Currently, a battery and supercapacitor are the well-known
energy storage devices with different energy-storing mecha-
nisms but complement each other in the storage performance.1

A Li-ion battery (LIB) excels in providing high energy density
but suffers from poor long-term stability and power density.2

In contrast, a supercapacitor can surmount the constraint of an
LIB except on the energy density performance where
amelioration is still available.3,4 The literature shows that
nanocomposite pseudocapacitors undergo redox reaction,
which can increase the energy storage with a minimal stability
reduction.5−8 In addition, electrochemical double-layer capaci-
tors (EDLCs) show exceptionally high cycling stability and fast
charging ability among the energy storage devices, and their
capacitance performance could be enhanced by tuning the
properties of an electrode material.9−11 The chemically derived
graphene, or better known as reduced graphene oxide (rGO),
has been widely studied as an energy storage material due to its
high conductivity and excellent double-layer capacitance
behavior. The production of rGO requires the reduction of
graphene oxide (GO), which is conventionally achieved by a
strong reducing agent such as hydrazine. The hazardous nature
of hydrazine prompts the usage of green chemicals such as L-
ascorbic acid, and it is proven that the reduction efficacy of L-
ascorbic acid is comparable to hydrazine reduced GO or
hydrothermal reduced GO.12,13 The rGO in an aerogel form
has been proposed as the supercapacitor electrode due to its
high surface area and porosity that enable the easy access of
electrolyte ions.14,15 Various approaches have been adopted to
enhance rGO aerogel as a supercapacitor electrode, such as

aerogel composite formation with metal oxides/polymers,
functionalization of rGO, and heteroatom doping in rGO
aerogel.16−22 The strategy of doping heteroatoms such as
nitrogen, sulfur, or boron in rGO aims to improve the electrical
properties as well as contribute to the supercapacitor
performance via pseudocapacitive heteroatoms.19−21 The
modification of rGO by adding metal oxides such as SnO2

and W18O49, functionalization of rGO with fluorophenylene
group or phosphorus, and rGO composite formation with
PEDOT:PSS or MnO2 are proven to improve the super-
capacitor performance by enhancing the electrolyte transport
and creating additional electrochemical active sites for charge
storage.16−18,22−24 However, these strategies require multiple
steps and often demand additional chemicals to be added in
the process. Thus, it is important to study the intrinsic
properties of rGO in the aerogel formation. The correlation
between its intrinsic properties such as sheet size and the
aerogel electrochemical properties is vital in the roadmap of
developing a high-performance supercapacitor. So far, only the
flake size effect on rGO aerogel mechanical strength has been
reported elsewhere.25

In this study, a low-cost and industrial-scale feasible
approach is used to produce rGO aerogel. GO, as the aerogel
precursor, was produced at different sheet sizes and
subsequently used for the aerogel formation by ambient
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pressure drying. We establish the systematic correlation
between the GO sheet size and the electrochemical properties

of the assembled aerogel. The findings could facilitate the
production of graphene aerogel with ameliorated energy

Figure 1. GO sheets under FESEM analysis and size distribution for (a,b) 0, (c,d) 1, (e,f) 4, (g,h) 8, and (i,j) 12 h GO.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c04126
Energy Fuels XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04126?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04126?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04126?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04126?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c04126?ref=pdf


storage performance by harnessing the intrinsic properties of
GO sheets.

■ EXPERIMENTAL SECTION
Preparation of rGO Aerogel. The synthesis of different sheet

sizes of GO as a starting material was shown in our previous study.26

Typically, 4 g of graphite flake (+100 mesh, Graphene Supermarket)
was preoxidized with a mixture of 60 mL of H2SO4 (95.0−98.0%, J.T.
Baker), 6 g of K2S2O8 (Sigma-Aldrich), and 6 g of P2O5 (Sigma-
Aldrich) at 80 °C for 6 h. The resultant product was then diluted and
washed with deionized water until the pH was neutral. Sonication was

done for the targeted duration to produce different sheet sizes
followed by oxidation using 35 g of KMnO4 (R&M Chemicals) in 300
mL of H2SO4 for 4 h at 35 °C under stirring. The mixture was diluted
with 700 mL deionized water, and the oxidation was stopped with 100
mL H2O2 (30%, HmbG Chemicals). Centrifugation was applied to
wash the mixture with 2 L of 1:10 HCl (37%, Merck) followed by
excess deionized water until the pH was neutral. Graphite oxide was
obtained after freeze-drying and exfoliated through sonication into
GO.

rGO aerogel was produced by adopting and modifying the method
proposed by Yang et al.27 First, 80 mg of L-ascorbic acid (L-AA)
(HmbG Chemicals) was added into 10 mL of GO dispersion (4 mg

Figure 2. SEM images at 500× and 5000× for (a,b) 0, (c,d) 1, (e,f) 4, (g,h) 8, and (i,j) 12 h rGO. Red arrows are pointing to the bending and
crumpled zones of rGO. Additional SEM images are shown in Figure S2.
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mL−1) and heated at 80 °C for 80 min. A mass ratio of 2:1 for L-
AA:GO was used as it had been proven to produce rGO aerogel with
optimum structural properties.27,28 The partially reduced graphene
hydrogel was frozen at −18 °C followed by heating at 80 °C for 8 h
for further reduction. The resultant hydrogel was washed with
deionized water to remove excess reactants. rGO aerogel was obtained
after oven-drying the hydrogel at 60 °C for 24 h. According to
sonication duration, the rGO aerogel samples were termed as 0, 1, 4,
8, and 12 h rGO to indicate the no sonication, 1, 4, 8, and 12 h
sonication times, respectively.
Materials Characterization. The sheet sizes of GO were

determined using a field emission scanning electron microscope
(FESEM, JEOL JSM-7800F), and an average of 2500 sheets was used
for each sample for the sheet size determination. The morphology and
elemental composition of rGO aerogel were studied by a scanning
electron microscope with an energy-dispersive X-ray analysis (SEM−
EDX, FEI Quanta 450). The crystal structure of rGO aerogel was
obtained by X-ray diffraction (XRD, Rigaku Miniflex II) for 2θ from 3
to 80°. The surface area and porosity of the rGO aerogel were
experimented by a N2 adsorption−desorption isotherm using a
Micromeritics ASAP 2020 at 77 K with a degassing temperature at
120 °C.
Electrochemical Measurements. The working electrode was

prepared by pressing a thin layer of rGO aerogel sample (0.7−1.3 mg)
onto nickel foam. All the current reported in this work was normalized
against a sample mass. A three-electrode cell system was set up to
assess the electrochemical performance using an Autolab M101 at
room temperature, with platinum wire as a counter electrode and Ag/
AgCl as a reference electrode. KOH (5 M) was used as an electrolyte
throughout cyclic voltammetry (CV), galvanostatic charge−discharge
(GCD), and electrochemical impedance spectroscopy (EIS) measure-
ments. Previous reports suggest that the concentration of a KOH
electrolyte at 5 M provides the lowest charge transfer resistance and
highest specific capacitance.29 Eq 1 was used to calculate the specific
capacitance (Csp) from the GCD curve.

= × Δ
× Δ

C
I t

m Vsp (1)

where I is the discharge current, Δt is the discharge time, m is the
mass of sample, and ΔV is the potential window.

■ RESULTS AND DISCUSSION
Structural and Morphological Analyses. GO as the

precursor for rGO aerogel formation was fragmented into

different sheet sizes with ultrasonication. Figure 1 shows the
GO sheet distribution on a Si wafer under FESEM observation.
The mean sheet size distributions for each GO sample are
computed to be 290.29, 80.08, 60.06, 40.04, and 10.01 nm for
0, 1, 4, 8, and 12 h GO, respectively. It shows that the
prolonged sonication produces GO sheets with a smaller sheet
size, which had been reported in our previous study.26

Typically, GO sheet fragmentation occurs at the atomic
level, and it is accompanied by the rise of localized temperature
and pressure during sonication.30 A smaller sheet size of GO
creates a higher active surface area for localized heat oxidation
to take place, which subsequently produces higher oxygen

functionalities at the GO sheets. These results corroborate well
with our previous FTIR analysis, where GO with a smaller
sheet size possesses more edge oxygen functionalities.26

The fragmented GO sheets were subjected to L-AA
reduction and ambient pressure drying to produce rGO
aerogel. The process of aerogel formation started with GO
sheet stacking to form a strong structure, followed by oxygen
functionality removal to form rGO, and ended with water
removal. The FTIR analysis (Figure S1) confirms that the as-
prepared rGO aerogel is free from L-AA residue, which is
consistent to the previous report on rGO reduced by L-AA.12,31

The as-prepared rGO aerogel samples were investigated by a
scanning electron microscope to study their morphological
properties (Figure 2). The strong capillary action of water
removal during the drying process causes the final pore
formation in rGO aerogel, as seen in 4 h rGO aerogel, where

Table 1. EDX Results for wt % of C and O Contents in rGO
Aerogel Samples

sample C (wt %) O (wt %) C/O

0 h rGO 82.82 17.18 4.82
1 h rGO 81.42 18.58 4.38
4 h rGO 81.10 18.90 4.29
8 h rGO 80.47 19.53 4.12
12 h rGO 79.41 20.59 3.86

Figure 3. XRD patterns for 0, 1, 4, 8, and 12 h rGO.

Table 2. Peak Ratio for the XRD Pattern for (002) and
(101) Peaks for the Different Sheet Sizes of rGO Aerogel
Samples

sample peak (002) peak (101) ratio ((002)/(101))

0 h rGO 1343.19 91.28 14.72:1
1 h rGO 1616.91 270.53 5.98:1
4 h rGO 2288.51 618.68 3.70:1
8 h rGO 2012.45 537.82 3.74:1
12 h rGO 2279.11 527.07 4.32:1

Figure 4. Schematic diagram of the rGO aerogel formation for (a) 0
and 1; (b) 4; and (c) 8 and 12 h rGO.
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interconnected pores can be observed. For larger sheets (0 and
1 h rGO), the rGO sheets exhibit bending and twisting at the
edge with pore deformation. On the other hand, at the smaller
sheets (8 and 12 h rGO), a compact and crumpled
morphology can be observed, possibly due to the higher
oxygen functionalities in smaller sheets. Furthermore, the
freezing of hydrogel with a smaller sheet size at a partially
reduced state also causes the pore cracking and deformation,
instead of strengthening the wall of pores.25,27 The porous wall
of aerogel for 4 h rGO shows relatively less crumple and
reflects the several stacking layers of the rGO sheet that
increases the mechanical strength of the aerogel structure for
interconnected pore formation. Table 1 shows the C/O wt %
of each rGO aerogel sample and indicates that oxygen remains
after reduction, which supports the proposed gelation by
oxygen functionalities, as suggested in other works.32−34 As the
sheet size decreases, the oxygen functionalities increase and
therefore leads to a stronger sheet interaction via hydrogen
bonding that produces the higher mechanical strength of the
aerogel. However, the morphological observation only
supports this statement up to 4 h rGO where smaller rGO
sheet samples (8 and 12 h rGO) exhibit pore cracking and
deformation. For this, XRD analyses were later employed to
investigate the rGO sheet stacking behavior.
XRD analyses (Figure 3) show that all rGO aerogel samples

exhibit major peaks at ca. 2θ = 25.4, 42.68, and 78.13°, which
are attributable to the diffraction planes of the graphitic carbon
of (002), (101), and (110), respectively. Accounting on the
(002) peak, all rGO aerogel samples show the interlayer
spacing (d) of ca. 3.50 Å, which indicates the oxygen
functionality removal from GO (2θ = 10.27°, d = 9.05 Å).26

The peak broadening could be due to the multimode feature of
the interlayer spacing of rGO aerogel35 and disordered rGO

sheets in the aerogel.36 The interaction between rGO sheets
can be divided into parallel and nonparallel stacking, where the
former is the adjacent sheet stacking, and the latter is caused by
the edge to basal sheet stacking. The parallel and nonparallel
stacking can be indicated by the peaks (101) and (002),
respectively.32 Table 2 shows the peak area ratios between
(002) and (101), where a higher ratio signifies more
nonparallel sheet stacking. The larger sheet samples (0 and 1
h rGO) show more nonparallel sheet stacking, possibly due to
lower oxygen functionalities, which limits the intersheet
hydrogen bonding and causes random sheet stacking. The 4
h rGO sample shows the highest parallel stacking (lowest peak
area ratio (002)/(101)). The high reactivity of oxygen
functionalities at the edges of the sheets on 4 h rGO causes
strong hydrogen bonding that forms parallel sheet stacking.
Further reducing the sheet size for 8 and 12 h rGO, the sheets
are so small that they tend to orient randomly, causing the
edge plane oxygen groups to interact with basal plane oxygen
groups. The XPS analysis reported elsewhere suggests that the
smaller sheet size of GO possesses higher edge plane oxygen
functionalities (CO and O−CO peaks) as compared to
the larger sheet size of GO.37 In addition, the nonparallel
stacking in 8 and 12 h rGO is corroborated by SEM
observation where crumpled sheets are formed. The different
sheet sizes in aerogel formation are best illustrated in Figure 4.
The strong sheet stacking caused by the parallel stacking
provides mechanical strength to withstand the capillary action
of water removal during aerogel formation and exhibits an
interconnected pore structure as seen in 4 h rGO.
The N2 adsorption−desorption isotherm as shown in Figure

5a reflects that all samples behave as a type II isotherm model
with the unrestricted monolayer−multilayer adsorption of N2
on the rGO sheet surface in the aerogel.38 The N2 adsorption
volume without an observable steep increase (gradual
curvature) at the low P/P° region indicates the significant
overlapping of a monolayer and initiation of multilayer
adsorption.39 The sudden increase of adsorption volume at
the P/P° ca. 1 shows that a macroporous structure and
adsorbed multilayer N2 exists to increase without limit.39 A
minor H4 hysteresis that is observed at P/P° > 0.2 shows the
presence of a micromesoporous structure. The 4 h rGO shows
the highest surface area (190.40 m2 g−1) and pore volume

Figure 5. (a) N2 adsorption−desorption isotherm (a closed symbol represents the adsorption curve, while an open symbol represents the
desorption curve) and (b) pore size distribution. The light yellow region indicated the microporous region and white space for mesoporous while
light pink refers to a macroporous region.

Table 3. Surface Area and Pore Volume for rGO Samples

sample BET surface area (m2 g−1) pore volume (cm3 g−1)

0 h rGO aerogel 107.20 0.087
1 h rGO aerogel 171.60 0.179
4 h rGO aerogel 190.40 0.261
8 h rGO aerogel 79.05 0.069
12 h rGO aerogel 30.81 0.026
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(0.261 cm3 g−1) as compared to other rGO aerogel samples in
the micromesoporous region as shown in the pore size
distribution (Figure 5b). The detailed surface area and pore
volume of rGO aerogel samples are tabulated in Table 3. The
surface area findings corroborate the morphological findings
where 4 h rGO with interconnected pores possesses a higher
surface area and pore volume, while the pore deformation in
other samples causes the lower surface area as well as pore
volume.
Electrochemical Performance. The electrochemical

properties of different rGO aerogel samples were investigated
using CV. The nickel foam was used as a current collector due
to its high conductivity and microporous structure that
provides the excellent mass transport of an electrolyte.40 The
usage of nickel foam does not give a significant response in CV
as compared that for the rGO aerogel samples (Figure S3).
Figure 6a shows the CV curves where all samples exhibit an
EDLC behavior by showing a rectangular CV shape with a
large area under the curve. The area under the curve acts as an
indicator for an EDLC effect, where it increases from 0 to 4 h
rGO as the sheet size decreases. However, the EDLC effect
drops for 8 and 12 h rGO. These findings correlate to the
surface area analysis that shows the increasing surface area and
pore volume from 0 to 4 h rGO and decreasing from 8 and 12
h rGO. Furthermore, the CV curves of 8 and 12 h rGO slightly
deviate from the rectangular shape. This shows the weak
charge propagation in 8 and 12 h rGO, possibly due to the

higher oxygen functionalities that may alter the charge storage
mechanism. For this, further investigation with Trasatti’s
analysis was conducted41,42 (detailed calculation is presented
in the Supporting Information; and the CV curves of all the
samples in different scan rates are shown in Figure S4). Figure
6b shows that the predominant charge storage in 0, 1, and 4 h
rGO can be attributed to a capacitive storage. On the other
hand, 8 and 12 h rGO show the reversal effect where diffusive
storage contributes predominantly to the charge storage
mechanism. At a large sheet size, the rGO aerogel samples
(0 and 1 h rGO) show a pore deformation that limits the ion
diffusion, and the ion adsorption plays a major role in charge
storage. As the sheet size decreases (4 h rGO), the aerogel
shows the increased surface area and pore volume that
enhances the EDLC effect. When the sheet size further
decreases (8 and 12 h rGO), the reversal effect occurs where
the oxygen functionalities promote the ion diffusions, rather
than ion adsorption, and thus making the diffusive storage to
be dominant. The Dunn’s analysis43,44 (detailed calculation is
presented in the Supporting Information) provides more
insight on the contribution of EDLCs. Figure 6c shows the
contribution of EDLCs in 4 h rGO. It clearly shows that the
EDLC contributes significantly across different potentials. A
similar observation is obtained for 0 and 1 h rGO (Figure
S7a,b). The EDLC contribution drops significantly for 8 and
12 h rGO (Figure S7c,d), mainly due to the low surface area

Figure 6. (a) CV curve at 25 mV s−1; (b) Trasatti’s analysis to show diffusive and capacitive contribution; and (c) Dunn’s analysis for 4 h rGO
representing the area for EDLC behavior in the CV.
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and contribution from ion diffusion, which does not favor ion
adsorption in ELDCs.
GCD tests were performed to evaluate the performance of

rGO aerogel under the operational condition as a super-
capacitor. Figure 7a shows the discharge curves for different
aerogel samples. The discharge curve linearity decreases from 0
to 12 h rGO, with significant curve bending from 4 to 12 h
rGO. This could be associated to the presence of oxygen
functionalities. The specific capacitance (Csp) was computed
from the discharge curve slope and summarized in Figure 7b
(discharge curves at different current densities for all the
samples are shown in Figure S8). The highest capacitance is
attained on 4 h rGO with 182 F g−1 at 0.75 A g−1, followed by
1 h rGO (164 F g−1), 0 h rGO (146 F g−1), 8 h rGO (130 F
g−1), and 12 h rGO (106 F g−1) at the same current density. It
is interesting to note that the Csp values drop insignificantly for
0, 1, and 4 h rGO as the current density increases, a clear
indication of a strong EDLC effect. For 8 and 12 h rGO, the
Csp values increase significantly as the current density
decreases. This shows that the diffusive capacitance where
ions diffuse extensively at low current density aligns to the
findings from Trasatti’s analysis. The comparison with other
rGO samples is tabulated in Table 4.
The charge kinetics of the rGO aerogel was tested by

electrochemical impedance spectroscopy (EIS). Figure 7c

Figure 7. (a) Discharge curves at 0.75 A g−1; (b) variation of specific capacitance with respect to current density; (c) Nyquist plots with the fitted
equivalent circuit and high frequency region magnification as insets; and (d) Bode plot for 4 h rGO.

Table 4. Comparison of the Electrochemical Performance
for Different rGO Samples

sample
specific capacitance

(F g−1) references

exfoliated graphene/MnO2 composites 106.2 at 0.5 A g−1 45
nanoflake MnO2/rGO 140.3 at 0.125 A g−1 46
3D cross-linked porous carbon with
graphene

141.0 at 0.5 A g−1 47

polyphenylenediamine/rGO composite 158.5 at 1 A g−1 48
SmCoO3/rGO 166.0 at 1 A g−1 49
rGO-S/150 mg MnO2 169.5 at 1 A g−1 50
rGO-Au@PANI nanocomposite 212.8 at 1 A g−1 51
SnO2@nitrogen doped graphene 289.4 at 0.5 A g−1 52
4 h rGO aerogel 182.0 at 0.75 A g−1 this work

Table 5. Summary of the Data Fitted with the Equivalent
Circuit

sample
Rs
(Ω) Rct (Ω)

CPE1
(F g−1)

CPE2
(F g−1)

SE
(m2 g−1)

0 h rGO 0.42 4.08 81.95 0.43 412.61
1 h rGO 0.48 3.76 108.50 0.71 572.13
4 h rGO 0.49 2.52 116.87 0.90 593.08
8 h rGO 0.52 11.55 75.23 0.93 375.25
12 h rGO 0.75 24.72 57.18 2.08 295.22
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shows the Nyquist plots for all the rGO aerogel samples with
the fitted equivalent circuit as the inset and fitted data as
shown in Table 5. As shown in the equivalent circuit, Rs
(electrolyte resistance, internal electrode resistance, and
contact resistance) is connected in series with both constant
phase elements (CPEs), where CPE1 indicates the double-
layer capacitance, and CPE2 indicates the diffusive capaci-
tance.53 The CPE becomes a suitable element in circuit fitting
than the capacitor element due to the nonideal capacitive
storage mechanism as shown in the CV results.54 The findings
on CPE1 and CPE2 values correlate to Trasatti’s analysis,
which supports the high double-layer capacitance for 0, 1, and
4 h rGO and high diffusive capacitance for 8 and 12 h rGO.
The high Rs and Rct for 8 and 12 h rGO samples suggest that
the higher content of oxygen functionalities reduces the
electrode conductivity as well as impeding charge transfer, due
to the disruption of an sp2 network in graphene.55 The
electrochemical active surface area (SE) was further calculated
(Table 5) by referring to the imaginary impedance at 10 mHz
from the Nyquist plot using eq 2:41,56

=S
C
CE

dm

d (2)

where Cdm = (2πmfZ″)−1 and Cd = 20 μF cm−2 for the carbon
material.57 The findings correlate to the BET analysis where 4
h rGO exhibits the highest SE of 593.08 m2 g−1. The high SE
also justifies the high Csp for 4 h rGO. The pore deformation in
large sheet aerogels (0 and 1 h rGO) causes the SE to reduce;
meanwhile, pore deformation and the oxygen functionalities
cause the further reduction in SE for smaller sheet-sized
aerogels (8 and 12 h rGO). The SE could explain the charge
storage performance where 4 h rGO with the highest SE
exhibits the highest Csp.
The bode plots in Figure 7d describe the relationship

between phase angle and frequency, which shows the
capacitance effect at a lower frequency. The 4 h rGO shows
a good capacitive performance (81.16°), very close to the ideal
capacitor phase angle of 90°. The real and imaginary parts of
capacitance are calculated and plotted in Figure 8a,b using eqs
3 and 4.

ω ω
ω ω

′ = − ″
| |

C
Z

Z m
( )

( )
( ) 2 (3)

ω ω
ω ω

″ = ′
| |

C
Z
Z m

( )
( )

( ) 2 (4)

where C′and C″ are the real and imaginary parts of
capacitance, respectively, and ω = 2πf. The total capacitance
of the sample is the sum of its C′ and C″, with the highest
capacitance that can be seen on 4 h rGO at all frequency
ranges. The relaxation time (τ) is the minimum duration
needed to fully discharge with at least 50% efficiency, and it
was calculated using eq 5:

τ π= *−2 f 1 (5)

where f* is the frequency at the maximum imaginary
capacitance in Figure 8b.7,41 The result shows that 4 h rGO
possesses the shortest time (0.31 s) to have 50% efficiency
discharge, as compared to 0 h rGO (0.82 s), 1 h rGO (0.59 s),
8 h rGO (1.59 s), and 12 h rGO (8.24 s). The best performing
sample, 4 h rGO, was subjected to continuous GCD for
stability assessment. Figure 9 shows that 4 h rGO exhibits as a
stable and reliable supercapacitor electrode material, which
retains up to 95.83% capacitance after 10,000 cycles at 10 A
g−1. Along with the GCD cycles, 4 h rGO is able to maintain
the Coulombic efficiency at 95%. The inset of Figure 9 shows
the GCD curves for the first and last five cycles of the GCD

Figure 8. (a) Real and (b) imaginary capacitance plots vs frequency.

Figure 9. Stability assessment for 4 h rGO with the first and last five
cycles of GCD curves as insets.
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stability test. It can be deduced that there is no significant
difference in the GCD curve shape, further solidifying the
claim for its application as a long-term supercapacitor
electrode.

■ CONCLUSIONS
The intrinsic properties of GO as the precursor for rGO
aerogel are studied from the perspective of the sheet size. It is
discovered that GO sheets tend to form nonparallel stacking
during rGO aerogel formation, which leads to a low structural
strength and poor surface area. The optimization of GO sheets
is proven to effectively tune the GO sheets into parallel
stacking during aerogel formation, producing rGO aerogel with
a high surface area (190.40 m2 g−1) and pore volume (0.26 cm3

g−1). These structural properties contribute to the electro-
chemical properties of the optimized rGO aerogel (182 F g−1

at 0.75 A g−1) with high stability (95.83% capacitance
retention for 10,000 GCD cycles). This study highlights the
importance of optimizing GO sheets in the preparation of
aerogel for supercapacitor applications.
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