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Abstract
A facile approach is reported to produce reduced graphene oxide (rGO) aerogel. The proposed approach involves the reduc-
tion of GO by utilizing the reduction capability of carbonic acid in soft drinks. The presence of carbonic acid reduces the 
oxygen functionalities in GO to produce rGO and simultaneously provides carboxyl groups for hydrogen bonding in the 
three-dimensional self-assembly of aerogel. It is also proven that the as-synthesized rGO aerogel possesses a pseudocapacitive 
effect, owing to the presence of carboxyl groups. This facile reduction approach by an easily available source successfully 
produces rGO aerogel with 20-fold charge storage capacity enhancement (121 F/g at 0.4 A/g) as compared to the GO. It 
suggests this facile approach has great potential to construct lightweight graphene aerogel for energy storage applications.
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Introduction

A highly ordered structure of graphene known as graphene 
aerogel has been in the limelight due to its unique structural 
characteristics. It possesses high porosity, high specific sur-
face area, and high conductivity [1, 2], which facilitates its 
employment in energy generation [3], regenerative medi-
cine and drug delivery [4, 5], sensors [6], energy storage 
[7], pollutant removal [8–11], and gas separation [12]. Gra-
phene aerogel can be constructed from precursor graphene 
oxide by either hydrothermal assistance [13] or gelation/
cross-linking [14]. The freeze drying or freeze casting is 
usually employed after gelation to remove the solvents while 

fixing the dispersion structure to produce aerogel with high 
surface area and porosity [15–18]. Graphene oxide (GO) is 
commonly being used as the precursor for graphene-based 
aerogel due to its high elasticity, flexibility, and stable colloi-
dal dispersions formation ability that can be converted into 
reduced graphene oxide (rGO) [19, 20]. The reduction can 
be accomplished via common chemical reducing agents such 
as hydrazine [21] or sodium borohydride [22]. However, 
using such reducing agents triggers safety as well as environ-
mental issues. Green reducing agents such as vitamin C [23], 
green tea [24], rose water [25], and other natural compounds 
[26, 27] have received immense research interest due to their 
effective reducing capabilities while possessing zero harm 
to the environment. Tremendous scientific efforts have been 
introduced to study the eco-friendly approach to produce 
rGO. In the quest for eco-friendly reduction approach, the 
availability of reducing agents should be the consideration 
factor as easily available, and effective reducing agent should 
be highly preferred.

Herein, we report the easily available soft drink as the 
reducing agent to reduce GO into rGO. Cola soft drink is 
used in this work where carbonated water, sugar, phosphoric 
acid, and caffeine are its major ingredients. The carbonated 
water in cola soft drink contains carbonic acid that can effec-
tively reduce and functionalize rGO aerogel with carboxyl 
groups, forming hydrogen bonding between inner sheets and 
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ultimately leading to rGO aerogel formation. It is further 
investigated from the electrochemical perspective to assess 
its energy storage application.

Materials and methods

The GO was prepared using the modified Hummer’s method 
as our previous report [9]. The process includes three main 
steps, starting with the peroxidation step to get the interca-
lated graphite compound (GIC), where graphite flake as a 
precursor of graphene (4 g; + 100 mesh, Graphene Super-
market) was added in a mixture of  K2S2O8 (6 g),  H2SO4 
(60 mL), and  P2O5 (6 g) at 80 °C for 6 h. The second step is 
the washing step until the pH becomes 7 to remove impuri-
ties and stop the oxidation step. The last step is to get the full 
oxidation form of the graphene (Graphene oxide) by incu-
bating the GIC with a mixture of  H2SO4 solution (300 mL) 
 andKMnO4 (35 g) at 35 °C for 4 h. Deionized water (700) 
was used to dilute the mixture, and Hydrogen peroxide 
 (H2O2 (100 mL) was used to stop the oxidation reaction HCl 
solution (1:10) is used for washing the GO until pH 7. To get 
the solid form. In contrast, GO was obtained by suspending 
graphite oxide in deionized water. An increase in the surface 
area of GO was obtained by freeze-drying the mixture. To 
remove the unexfoliated sheets, GO was obtained by sus-
pending graphite oxide in deionized water by centrifugation. 
The GO aqueous dispersions (8 mg/mL) were prepared and 
added into 50 mL of cola soft drink (Coca-Cola Classic). 
Later the solution was heated at 90 °C for 2 h. The black 
solution turned into a gel suspension, and the formed gel was 
then washed multiple times with deionized water before sub-
jected to the freeze-drying process. Finally, a free-standing, 
three-dimensional aerogel (rGO-A) was obtained. Two addi-
tional control samples, namely GO@pH 7 and GO@90 °C, 
were prepared. Under similar experimental conditions, no 
cola soft drink was added for GO@90 °C; while for the 
GO@pH 7, the cola soft drink was neutralized by titration 
to pH 7 before GO was added. The samples were character-
ized by an infrared spectrometer (PerkinElmer, Spectrum 
100), UV–Vis spectrophotometer (Agilent, CARY60), X-ray 
diffractometer (XRD) (Rigaku, MiniFlex II), Raman spec-
trometer (Renishaw, inVia Reflex) with 2.33 eV (532 nm) 
laser energy, and field emission scanning electron micro-
scope (FESEM) (JEOL, JSM7800F) equipped with energy 
dispersive X-ray spectrometer (EDS). The chemical groups 
of samples were studied by X-ray photoelectron spectrom-
eter (XPS, PHI 5000 VersaProbe II), with monochromatic 
Al  Kα X-ray source at 117.40 and 29.35 eV for wide and 
narrow scan, respectively). The electrochemical experiment 
(AUTOLAB, PGSTAT30) was performed in a 3-electrode 
system with the sample, platinum wire, and Ag/AgCl as 
working, counter, and reference electrodes, respectively. 

All electrochemical experiment was conducted in 5 M KOH 
aqueous electrolyte.

Results and discussion

The reduction of GO was investigated by UV–Vis spectros-
copy (Fig. 1a). The absorption peaks at 230 nm indicate the 
π-π* transition peak of the aromatic ring, which is promi-
nent in GO, GO@ 90 °C and GO@pH 7. Additionally, the 
broad shoulder peaks (300 nm) attributable to n-π* transi-
tion, can be observed for those samples, which indicates the 
presence of oxygen functionalities. On the other hand, the 
red-shifting of π-π* transition peak to 270 nm for rGO-A 
sample signifies the π-conjugation network restoration dur-
ing the reduction process by soft drink [28]. The oxygen 
functionalities removal is also supported by the diminish-
ment of the broad shoulder peak at 300 nm. In XRD analysis 
(Fig. 1b), GO exhibits an intense diffraction peak (002) at 
2θ = 9.82°, which corresponds to the d-spacing of 0.899 nm. 
A similar XRD pattern is observed for GO@90 °C and 
GO@pH 7, where diffraction peaks are seen at 2θ = 9.82° 
and 2θ = 10.5°, respectively [29]. It shows an insignificant 
change of d-spacing for both samples. However, the rGO-A 
exhibits an intense (002) peak shifting to 2θ = 25.1° with a 
calculated d-spacing of 0.351 nm. The decrease of d-spacing 
can be associated with removing oxygen functional groups 
on GO sheets, indicating the successful reduction of GO by 
cola soft drink. The observed peak broadening in rGO-A 
could be due to the structural nonuniformity [30]. The addi-
tional diffraction peak for rGO-A at 2θ = 43.0° shows (100) 
plane of rGO-A layers. Fourier transform infrared spectros-
copy (FTIR) (Fig. 1c) was utilized to examine the func-
tional groups changes upon reduction by cola soft drink. It 
is clearly seen that GO, GO@90 °C and GO@pH 7 demon-
strate similar oxygen functional groups related peaks at ca. 
1724, 3440, 1220, and 1050  cm−1, which can be attributed 
to the C=O stretching (carboxyl and carbonyl groups) [31], 
O–H stretching, epoxy, and sp2 C–O stretching, respectively 
[23, 32]. The characteristic peaks of carbon materials can 
be seen at ca. 1620  cm−1 for aromatic sp2 C=C stretching 
and ca. 1401  cm−1 for C– H bending. Upon reduction by 
cola soft drink, it can be clearly seen that the intensities of 
all oxygen functional groups related peaks decreases, with 
the diminishment of the epoxy group related peak. The 
intensity for C-H bending peak at ca. 1401  cm−1 increases 
for rGO-A, indicating more reduction of oxygen functional 
groups into aromatic C–H bonds. The O–H functional group 
at 3440  cm−1 remains for rGO-A, most probably due to the 
presence of carbonic acid in rGO-A.

Raman spectroscopy is useful for studying the sp3 
and sp2 disorder in carbonaceous materials, and it is 
often used to determine the rGO formation [33, 34]. The 
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distinctive feature for carbon samples is the D band and 
G band, where the former represents the breathing mode 
of κ-point phonons of  A1g symmetry while the latter indi-
cates the first-order scattering of  E2g phonon of sp2 carbon 
atoms. The D and G peaks (ID/IG) ratio could provide 
information on the distance between defect sites, and ID/
IG increases with the mean distance increment between 
two defects. All the samples demonstrate typical D and 
G bands in Raman spectra as Fig. 1d. By computing ID/IG 
ratio, it can be seen that GO, GO@90 °C and GO@pH 7 
do not exhibit significant variation in ID/IG, where  ID/IG for 
GO, GO@90 °C and GO@pH 7 are 0.84, 0.91 and 0.94, 
respectively. However, the rGO-A shows ID/IG of 1.23, to 
indicate the lower defect sites [35]. The oxidation process 
in GO synthesis generally produces higher defect sites, 
which can be seen from the lower ID/IG ratio. Upon reduc-
tion to remove oxygen groups, the sp2 carbon network is 

restored with lower defect sites, seen from higher ID/IG for 
rGO-A [36, 37].

The XPS characterization investigates the chemical 
groups changes in GO and rGO-A. Figure 2a displays the 
XPS survey scan spectra for GO and rGO-A samples. It is 
observed that an increase in the C1s peak and a decrease in 
the O1s for rGO-A compared to that for GO, indicating the 
deoxygenation in rGO-A. This is further supported by C1s 
narrow scan (Fig. 2b, c) where the intensity for deconvoluted 
C−O peak is lower in rGO-A) than that for GO. The dimin-
ishment of epoxy-related peak in rGO-A from FTIR analysis 
also corroborates this claim.

All the physicochemical characterizations suggest suc-
cessfully reducing GO by cola soft drink into rGO-A in the 
aerogel form. Both control samples GO@90 °C and GO@
pH 7 remain as powder form to indicate the insignificant 
reduction process. In the absence of cola soft drink, the 

Fig. 1  a UV spectra show the red-shifting of π-π* from 230 nm (GO) 
to 270  nm (rGO-A); b XRD patterns show the interlayer spacing 
decrease of rGO-A; c FTIR spectra show the diminishment of oxygen 

functional groups in rGO-A; d Raman spectra show the increased  ID/
IG upon reduction into rGO-A
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control samples GO@90 °C is unable to reduce GO and 
proves that the cola soft drink predominantly causes the 
reduction process in rGO-A. Furthermore, control sample 
GO@pH 7 also suggests that the reduction process in rGO-A 
is originated from the acidic compound in cola soft drink 
as its neutralization at pH 7 could stop the reduction pro-
cess. Carbon dioxide is typically used in cola soft drinks to 
create the effervescent effect, and it is converted into car-
bonic acid  (H2CO3) upon reaction with water molecules. 
The mechanism of GO reduction by carbonic acid is pro-
posed to occur via E1, E2, and E1CB reactions (Scheme 1). 
It can be seen that most of the oxygen functional groups are 
forcefully removed by carbonic acid. However, the carboxyl 
groups remain, and the carbonyl groups are converted into 
carboxyl groups upon reaction with carbonic acid. These 
are consistent with the FTIR findings to show the remain-
ing oxygen functionalities as carboxyl and hydroxyl groups. 

Such findings also suggest that the carbonic acid in cola 
soft drinks not only reduces GO into rGO-A; it simultane-
ously functionalizes rGO-A with a carboxyl group. The pres-
ence of the carboxyl group provides the hydrogen bonding 
interaction among rGO-A sheets to form the gelation of 3D 
network. Upon freeze-drying, the lightweight rGO-A is pre-
sented as aerogel, which can be supported by the cotton wool 
as illustrated in Scheme 1. The lightweight rGO-A can be 
associated with its unique morphology. The role of carbonic 
acid in GO reduction has been demonstrated by Wadekar 
et al. [38]. However, other constituents in cola soft drink 
such as sugar could assist in aerogel formation in our work. 
It has been reported that sugar could stabilize and increase 
the rate of the gelation process [39, 40]. The strong hydrated 
sugar molecule is found to reduce water surrounding the 
carboxyl functionalized rGO sheets, thus promoting inter 
sheets hydrogen bonding to form aerogel [41, 42].

Fig. 2  a XPS survey scans spectra of GO and rGO; XPS narrow scan C1s spectra of b rGO-A c GO
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In Fig. 3a, FESEM image of rGO-A shows the 3D inter-
connected network constructed by rGO-A sheets randomly 
orientation. This interconnected network renders rGO-A to 
be highly porous, which corroborates its lightweight behav-
ior. The functionalized carboxyl group plays a vital role in 
connecting rGO-A sheets via hydrogen bonding during aero-
gel formation. In contrast, the prior GO reduction (Fig. 3b) 
shows a compact structure, which may limit its usage in 
surface-area-dependent applications such as supercapaci-
tor. Elemental analysis (Table 1) reveals that the C/O ratio 
increases from 1.80 (GO) to 3.82 (rGO-A) upon reduction 

by cola soft drink. It shows the successful GO reduction by 
cola soft drink. The oxygen functional groups at GO act 
as the spacer to prevent the interlayer stacking and their 
removal in rGO-A causes the decrease in interlayer spacing, 
as seen from lower d-spacing in rGO-A (in XRD analysis). 
The remaining 20.74% of oxygen content in rGO-A can be 
attributed to the oxygen atoms from the carboxyl group that 
is functionalized on rGO-A. The EDS spectra for GO and 
rGO-A are shown as Fig. 3c, d, respectively.

The electrochemical performance of the rGO-A was 
further studied using a three-electrode configuration in 

Scheme 1  Simultaneous reduc-
tion and functionalization of 
rGO aerogel by carbonic acid 
via E1, E2, and E1CB reactions
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5 M KOH. The applied potential range was optimized by 
checking cyclic voltammetry (CV) at different ranges, as 
shown in Fig. 4a. The optimum working potential range was 
determined by observing the gas evolution [43], where the 
rGO-A electrode functions at a potential range from − 1 to 
0 V, without any gas evolution. Gas bubbles can be found at 
the electrode surface from − 1.0 to 0.1 V, which can be seen 
from the sharp increase of current at 0.1 V. The CV curves 
for rGO-A and GO electrodes are shown in Fig. 4b and c, 
respectively. It can be seen that both electrodes at different 

scan rates exhibit quasi-rectangular CV curves, a clear sign 
of electrical double layer capacitance (EDLC) [44–47]. 
Additionally, both rGO-A and GO electrodes show small 
redox peaks, which can be inferred from the redox reac-
tion of oxygen functional groups. It shows that the carboxyl 
group on the rGO-A is contributing to the redox reaction. 
Figure 4d compares the CV curves of rGO-A and GO elec-
trodes at 75 mV/s scan rate. The larger area under the CV 
curve for rGO-A electrode indicates a higher EDLC effect 
than that for GO electrode, which hints at better charge stor-
age capability. The galvanostatic charge–discharge (GCD) 
was used to investigate the electrode performance under 
practical application of current load. The GCD curves for 
rGO-A and GO electrodes at different current loads are 
shown in Fig. 5a and b, respectively. Both electrodes show 
identical GCD shapes, with the rGO-A electrode exhibit-
ing longer charging and discharging time under similar cur-
rent loads than that of GO electrode (Fig. 5c). The specific 

Fig. 3  FESEM images show a interconnected sheets network of rGO-A aerogel; b compact sheets of GO. EDS analysis for c rGO-A and d GO

Table 1  EDS detailed content of carbon and oxygen, including C/O 
ratio for GO and rGO-A

Sample C O C/O ratio

GO 64.08% 35.92% 1.80
rGO-A 79.26% 20.74% 3.82
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capacitance values are calculated from the slope of the 
discharge curve [48–51] and summarized in Fig. 5d. It can 
be seen that the GO electrode obtains low charge storage 
by showing low specific capacitance of ca. 6 F/g at vari-
ous current densities. Upon reduction by cola soft drink, 
the rGO-A electrode demonstrates enhanced charge storage 
with the highest specific capacitance of 121 at 0.4 A/g, an 
overwhelming value compared to that of GO electrode. The 
obtained specific capacitance value can be considered as an 
enhancement of the current reported graphene aerogel-based 
supercapacitor. For instance, nano-iron oxide  (Fe2O3)/three-
dimensional graphene aerogel  (Fe2O3/GA) composite shows 
only 81.3 F  g−1 in 0.5 M in aqueous solution of  Na2SO4 [52]. 
Another interesting note is the increasing specific capaci-
tance of the rGO-A electrode at a lower current density. 
We could attribute this trend to the enhanced electroactive 

surface area in the rGO-A electrode, where electrolyte ions 
could have a longer diffusion time within the electrode struc-
ture, contributing to higher ions adsorption.

The electrode kinetics were studied by using electro-
chemical impedance spectroscopy (EIS) at open circuit 
potential in a frequency range from 100 to 0.01 Hz with 
10 mV amplitude, as shown in Fig. 6a. The EIS fitted 
data is tabulated in Table 2. The charge transfer resist-
ance  (RCT) value for the rGO-A electrode decreases as 
compared to that for the GO electrode. It clearly proves 
that cola soft drink removes oxygen functional groups on 
GO and restores the conductivity network of graphene 
sheets in rGO-A, allowing easier charge transfer across 
the electrode/electrolyte interface. The slight increase of 
Rs value for the rGO-A electrode could be attributed to its 
electrode preparation, where the rGO-A in aerogel form 

Fig. 4  Cyclic voltammetry curves for a rGO-A electrode under potential optimization at 75 mV/s scan rate; b rGO-A electrode at different scan 
rates; c GO at different scan rates, and d a comparison between GO and rGO-A in 75 mV/s scan rate
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was directly used as the working electrode. Meanwhile, 
additives (binder and conducting carbon) were added to 
the powdery GO during its electrode preparation. The 
near-vertical line at the low-frequency region for the 
rGO-A electrode could be attributed to the aerogel nature 
of rGO-A, which allows more ions adsorption for capaci-
tive behavior. This is also supported by the low Warburg 
diffusion (W) resistance. As seen in CV and GCD findings, 
the charge storage enhancement in the rGO-A electrode 
is mainly due to the higher electroactive surface area of 
the aerogel structure and functionalized carboxyl groups. 
This is further validated in the EIS by calculating elec-
troactive surface area (SE) from the equation SE = Cdm/Cd 
[49, 53, 54], where,  Cdm = (2πfmZ")−1, Z" is the imaginary 
impedance from Nyquist plots at the frequency of 0.01 Hz 
and Cd is a constant value of 20 μF/cm2 for carbonaceous 

materials [55]. The SE value for rGO-A electrode in 5 M 
KOH is 764.52  m2/g as compared to 164.86  m2/g for GO 
electrode. 

Lastly, the rGO-A electrode’s stability was investigated by 
GCD tests up to 10,000 GCD cycles (Fig. 6b). Electrode with 
high capacitance retention is crucial for continuous usage for 
the supercapacitor and the rGO-A electrode shows high sta-
bility with capacitance retention of 93.04% after 10,000 GCD 
cycles. A comparison GCD curves before and after the stabil-
ity test is presented as Fig. 6b insets and it shows insignificant 
change after 10,000 GCD cycles.

Fig. 5  Galvanostatic charge–discharge curves for a rGO-A electrode; 
b GO electrode in a potential window of (− 1 to 0 V) at different cur-
rent densities; c A comparison between GO and rGO-A electrodes at 

1 A/g; d The calculated specific capacitance of GO and rGO-A elec-
trodes at different current densities in 5 M KOH
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Conclusions

In this work, we report a facile approach for simultaneous 
reduction and functionalization of rGO aerogel using com-
monly available cola soft drink. The presence of carbonic 
acid in soft drink removes the oxygen functional groups 
in GO and provides carboxyl groups for hydrogen bonding 
between inner sheets. This interconnected network trig-
gers rGO aerogel gelation, and it forms aerogel upon water 
removal by freeze-drying process. The aerogel structure 
and functionalized carboxyl group enhance the charge 
storage of rGO aerogel, which suggests it as the suitable 
electrode material for supercapacitor. It is anticipated that 
these findings can stimulate the production of rGO aerogel 
by using the easily available materials and its application 
in energy storage.
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