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To solve environmental problems and address the exhaustion of fossil fuel resources, 
the development of environmentally friendly and alternative energy storage devices has at-
tracted much interest. Supercapacitors are attractive devices for such a purpose because of 
their high power density, long cycle life, low maintenance, wide range of operating tem-
peratures, and fast charging time compared to conventional capacitors and batteries [1-
5]. Supercapacitors can be divided into two general classes characterized by their unique 
mechanism for storing charge. The first class includes electrochemical double layer capaci-
tors (EDLCs), which store a charge electrostatically or non-faradically, when the charge is 
distributed over surfaces through physical processes. EDLCs generally operate with stable 
capacitive performance for many charge-discharge cycles because there are no chemical or 
compositional changes. The second class is called pseudocapacitors. These store a charge 
faradically through redox reactions and electrosorption at the surface of a suitable electrode. 
Pseudocapacitors can achieve greater energy densities than EDLCs [5-8]. Graphene materi-
als, which consist of a few atomic layers of only graphite, have attracted great interest as 
novel electrode materials for energy storage devices because of their superior properties 
and advantages, such as high electrical and thermal conductivity, great mechanical strength, 
large specific surface area, and low manufacturing cost [9-13]. In this work, reduced gra-
phene oxide (RGO), obtained through the chemical reduction of graphene oxide (GO), was 
used as a capacitive material [14-16]. Here, sponges similar to the ones used in ordinary life 
have been employed as supporting substrates for the fabricated supercapacitor electrodes. 
Sponges have suitable properties for improving capacitive performance, such as good wet-
tability, highly porous structure, and substantial internal surface area. In demonstrations, 
they have provided smooth accessibility of ions to electrolytes. Among the various sponges 
easily available on the market, three types have been employed: polyvinyl alcohol (PVA), 
melamine, and polyurethane (PU) sponges. The capacitive performances of these types of 
sponge were compared. A facile dip and dry method was demonstrated, using an RGO so-
lution to coat each sponge, to fabricate an RGO-coated sponge (RGO-sponge) electrode 
without additional binder and or conductive materials [17-19].

All chemical reagents including graphite powder (<20 µm) were purchased from Sigma 
Aldrich (USA). PVA sponge and Melamine sponge were purchased from CJ Olive Young, 
and PU sponge was purchased from Spongemart in the Republic of Korea. Elemental analy-
sis was performed using a Flash 2000 (Thermo Scientific, UK). Atomic force microscopy 
(AFM) was performed using a Nano-R (Pacific Nanotechnology, USA). Attenuated total re-
flection Fourier transform infrared (ATR-FTIR) measurements were performed by a Vertex 
80V (Bruker Optics, Germany). Raman spectroscopy was performed by an Alpha 300 (WI-
Tec , Germany). The Brunauer-Emmett-Teller specific surface area (BET-SSA) was mea-
sured using a Tristar, ASAP2020 (Micromeritics, USA). Electrochemical measurements, in-
cluding cyclic voltammetry (CV) and galvanostatic charge-discharge tests, were conducted 
with an Ivium Compactstat potentiostat (B0714).

A GO suspension was synthesized from graphite powder using a modified Hummers 
method. The RGO was obtained by simple chemical reduction from GO. An RGO solu-
tion was obtained using ammonium hydroxide, with hydrazine hydrate as a reducing agent, 
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RGO-sponge. The loaded amount of RGO on each RGO-sponge 
was ~0.05 mg after soaking in the RGO solution and drying, five 
times. The mass of the loaded RGO was determined by weigh-
ing the sponge before and after RGO coating using an electronic 
microbalance.

The electrochemical measurements were conducted using a 
two-electrode system. Two pieces of RGO-sponge were used as 
both electrodes, and they were separated by filter paper (Cel-
gard 3501, USA) soaked with 1 M H2SO4 as an electrolyte. 
Two gold-coated glasses were used as the current collectors. 
All of the components were assembled into a layered structure 
and sandwiched between two gold-coated glasses [20]. Fig. 1e 
shows the process of assembling the two-electrode cell. The 
electrochemical performance of the supercapacitor cells was 
evaluated using CV and a galvanostatic charge-discharge test. 
CV was performed in the potential range 0–1 V at different scan 
rates from 10 to 1000 mV/s. The galvanostatic charge-discharge 
curves were obtained in the potential range 0–1 V at different 
current densities (from 1 to 30 A/g). All electrochemical capaci-
tive performance tests were performed in 1 M H2SO4 as an elec-
trolyte for electrochemical reactions in the cell.

The chemical compositions of GO and RGO were character-
ized by elemental analysis. This result shows an increase in the 
carbon to oxygen atomic ratio of RGO (4.78) compared with 
1.19 for GO. This means a sufficient reduction in the oxygen-
functional groups of GO by hydrazine. The attenuated total 
reflectance (ATR-FTIR) was also measured to characterize 

under N2 gas. First, ammonium hydroxide was added to adjust 
the pH to 10.5 in the GO solution (0.5 mg/mL). Then, 55 µL of 
hydrazine hydrate was added and stirred magnetically for 5 min. 
The solution was heated at 95°C for 2 h. After reduction, this 
aqueous solution was centrifuged to remove precipitates of the 
aggregated RGO sheets.

The RGO-sponge electrode was fabricated using a very facile 
method in which the sponge was dipped in the RGO solution and 
then dried. Three types of sponges (PVA, melamine, and PU) 
were cleaned with distilled water, acetone, and ethanol several 
times, dried completely in a vacuum oven at 100°C for 3 h, and 
cut into small pieces (thickness ~1 mm and area 1.0 × 1.0 cm). 
The sponge pieces were dipped into 0.2 mg/mL of the RGO so-
lution and then dried in a vacuum oven at 100°C for 10 min. This 
was repeated five times to increase the amount of RGO loaded. 
Then, the sponges were cleaned thoroughly with distilled water 
to remove impurities produced in the process of synthesizing 
the RGO solution. After this, the RGO-sponges were dried in a 
vacuum oven at 100°C for 3 h to remove the water completely. 
Fig. 1a shows the three types of fabricated RGO-sponges. In this 
paper, three types of fabricated RGO-sponges were mentioned, 
including the RGO-PVA sponge, RGO-melamine sponge, and 
RGO-PU sponge, respectively. The upper images are unmodi-
fied sponges and the bottom images are RGO-sponges (from 
left, PVA, melamine, and PU sponges). The three types of RGO-
sponges in Fig. 1b-d show the mechanical flexibility of each 

Fig. 1. (a) Photograph of unmodified (left to right) PVA, melamine, and 
PU sponge (upper); and RGO-coated (left to right) PVA, melamine, and 
PU sponge (bottom). (b) Photograph of a flexible RGO-coated (b) PVA, (c) 
melamine, and (d) PU sponge. (e) Assembly process for a two-electrode 
cell. 
PVA, polyvinyl alcohol; PU, polyurethane; RGO, reduced graphene oxide.

Fig. 2. (a) Attenuated total reflection Fourier transform infrared spectra 
of graphene oxide (GO) and reduced graphene oxide (RGO); atomic force 
microscope images and height profile of a single layer of (b) GO and (c) 
RGO.
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GO, and a decrease in the size of the in-plane sp2 domains by a 
reduction of the oxygen-functional groups of GO [15].

CV and galvanostatic charge-discharge tests were conduct-
ed in 1 M H2SO4 as electrolyte with a two-electrode system to 
measure the capacitive performance. CV was conducted in the 
potential range 0–1 V at different scan rates. Fig. 3a-c show the 
CV curves of the RGO-PVA, melamine, and PU sponges at dif-
ferent scan rates (from 20 to 100 mV/s). All of the CV curves of 
the three types of RGO-sponge show a quasi-rectangular shape, 
which characterizes the electrochemical double layer capacitive 
behavior of the loaded RGO [1,24,25]. The sponges used in this 
test are intrinsic insulators for which no current conduction has 
been observed. Fig. 3d illustrates the CV curve of the RGO-
PVA sponge to show the largest area. This indicates a larger 
specific capacitance of the RGO-PVA sponge than of the RGO-
melamine and RGO-PU sponges. This difference is affected by 
the specific surface area or surface properties of the electrode. 

the synthesis of RGO. In Fig. 2a, GO shows obvious peaks at 
3300, 1730, and 1050 cm-1, which correspond to the O-H bond, 
O-C=O groups, and C-O-C groups, respectively. After the re-
duction of GO, most peaks involved in the oxygen-containing 
functional groups were decreased considerably, which indicates 
successful reduction of GO. Fig. 2b and c show AFM images of 
GO and RGO, respectively, on an (3-Aminopropyl)triethoxysi-
lane (APTES)-modified silicon surface. The measured thickness 
from the height profile was about 1.3 nm, as reported previously, 
indicating a single layered GO [21]. After the reduction of GO 
by hydrazine, the measured thickness of the RGO was about 0.9 
nm. This value is smaller than that of GO because of the elimi-
nation of oxygen-functional groups, and it is comparable to the 
previously reported thickness of an RGO sheet [22,23]. In the 
result from Raman spectroscopy of GO and RGO, the ID/IG ratio 
of RGO (1.164) increased, compared to that of GO (0.938). This 
indicates a structural change caused by the structural defects of 

Fig. 3. Cyclic voltammograms of RGO coated (a) PVA, (b) melamine, and (c) PU sponge at different scan rates (20–100 mV/s) in the range 0–1 V of poten-
tial. Cyclic voltammograms of (d) RGO coated PVA, melamine, and PU sponge at the scan rate of 70 mV/s, and (e) RGO coated PVA sponge at different scan 
rates (100–1000 mV/s) in the range 0–1 V of potential.
RGO, reduced graphene oxide; PVA, polyvinyl alcohol; PU, polyurethane. 
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has been alleviated as a result of the structural stability provided 
by using a sponge as the supporting substrate, and the fast diffu-
sion of ions to the electrolyte then onto the surface of the coated 
graphene sheets in a PVA sponge.

A facile and reasonable dip and dry method was proposed 
for fabricating an RGO-sponge supercapacitor using several 
types of sponge as the supporting substrate. Among these, the 
PVA sponge with abundant hydroxyl groups provides the fast-
est access of ions to aqueous electrolytes, such as H2SO4. This 
is because of its extremely hydrophilic surface due to the hy-
droxyl groups. The synergetic combination of RGO and the 
PVA sponge has shown good capacitance performance through 
improved wettability, good ionic diffusion from electrolyte to 
electrode, and structural stability, which together have allevi-
ated the degradation of graphene. The RGO-PVA sponge super-

The BET-SSA of the PVA, melamine, and PU sponges was esti-
mated to be 0.3197, 1.4420, and 0.4400 m2/g, respectively; and 
the average pore width of the PVA, melamine, and PU sponges 
were estimated to be 133.0763, 116.7731, and 170.6670 Å, 
respectively (Table 1). The BET surface area of the melamine 
sponge is greater than that of the PU sponge. Although the BET 
surface area of the PVA sponge is the smallest among them, the 
CV curve of the RGO-PVA sponge shows the largest area. This 
result is mainly because the PVA sponge is extremely hydro-
philic due to abundant hydroxyl groups. The hydroxyl groups on 
the surface of PVA contribute to its good surface wettability and 
enhance the mobility of the ions in the electrolyte solution. This 
indicates that a PVA sponge provides much faster access of ions 
to aqueous electrolytes, such as H2SO4, than do the melamine 
and PU sponges, due to its hydrophilic surface. In addition, 
the CV curves in Fig. 3e show that the RGO-PVA sponge can 
be operated over a wide range of scan rates, from 100 up to 
1000 mV/s. This means fast ion diffusion inside the RGO-PVA 
sponge electrode, even at high scan rates. 

Fig. 4a shows the galvanostatic charge-discharge curves of 
the RGO-PVA, RGO-melamine, and RGO-PU sponges at a 
constant current density of 5 A/g. All of the curves are quasi-
triangular, which indicates the contribution of electric double-
layer capacitance [20,26]. The specific capacitance values are 
calculated from galvanostatic charge-discharge curves accord-
ing to the Eq. (1): 

Cs = IDt/mDV   (1)

where C is the specific capacitance (F/g), I is the charge-dis-
charge current, ∆t is the time variation of the discharge, ∆V is 
the charge voltage range (1.0 V in the measurements in this pa-
per), and m is the mass of the RGO in the RGO-sponge elec-
trode. Fig. 4b shows that the highest specific capacitance values 
of the RGO-PVA, RGO-melamine, and RGO-PU sponges were 
122.7, 101.0, and 55.56 F/g, respectively. The specific capaci-
tance values of the RGO-PVA sponge, as expected, were higher 
than those of the other sponge types. After the current density 
was changed from 1 to 30 A/g, the capacitance retention ratios 
of the RGO-PVA, RGO-melamine, and RGO-PU sponges were 
60.9%, 61.0%, and 78.0%, respectively, indicating the mainte-
nance of stable capacitance values. To evaluate the cycle stabil-
ity of the RGO-PVA sponge, a galvanostatic charge-discharge 
test was carried out at a current density of 5 A/g for 1000 cycles, 
as in Fig. 4c. The cycling stability test of the RGO-PVA sponge 
shows 87.4% capacitance retention after 1000 cycles. This good 
cycling stability demonstrates that the degradation of graphene 

Table 1. BET-SSA results: average pore width of PVA, melamine, 
and PU sponge

Sample BET-SSA (m2/g) Average pore width (Å)

PVA 0.3197 133.0763

Melamine 1.4420 116.7731

PU 0.4400 170.6670

BET-SSA, Brunauer-Emmett-Teller specific surface area; PVA, polyvinyl 
alcohol; PU, polyurethane.

Fig. 4. (a) Galvanostatic charge-discharge curves of RGO coated PVA, 
melamine, and PU sponge at cyrrent density of 5 A/g. (b) The specific 
capacitance values. Of RGO-coated PVA, melamine, and PU sponge at dif-
ferent current densities from 1 to 30 A/g. (c) Cycling performance of RGO 
coated PVA sponge at a current density of 5 A/g
RGO, reduced graphene oxide; PVA, polyvinyl alcohol; PU, polyurethane.
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capacitor demonstrated the highest specific capacitance value 
(122.7 F/g) at the current density of 1 A/g. This is an outstand-
ing performance achieved by operating even at high scan rates 
of 1000 mV/s. Its good cycling stability was indicated by 87.4% 
capacitance retention after 1000 cycles. The RGO-PVA sponge 
supercapacitor provides a valuable and promising tool for en-
ergy storage devices.
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