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Graphene oxide (GO) film was electrochemically reduced by a cyclic voltammetry technique in 6 mol L1 KOH aqueous solution. 
Electrochemically reduced graphene oxide (ER-GO) film was characterized by X-ray diffraction, X-ray photoelectron spectros-
copy, atomic force microscopy, and Raman spectroscopy. The oxygen content (with the O/C atomic ratio of 1.29%) was signifi-
cantly decreased after electrochemical reduction. The ER-GO film exhibited a specific capacitance of 152 F g1 at the current 
density of 5 A g1 and a good rate capability. Furthermore, the ER-GO film showed an excellent cycling ability. The capacitance 
retention remained 99% after 3000 cycles at the current density of 10 A g1. 

graphene, electrochemical reduction, electrochemical double-layer capacitor, electrode material 

 

Citation:  Zhang X, Zhang D C, Chen Y, et al. Electrochemical reduction of graphene oxide films: Preparation, characterization and their electrochemical proper-
ties. Chin Sci Bull, 2012, 57: 30453050, doi: 10.1007/s11434-012-5256-2 

 

 

 
Graphene, a two-dimensional carbon material consisting of 
a single-layer of sp2 carbon atoms, has attracted strong scien-   
tific and technological interest due to its unique physical 
and chemical properties, such as high surface area, excellent 
conductivity, and mechanical strength [1,2]. Graphene has 
shown great applications in nanoelectronics [3], biosensors 
[4], nanocomposites [5–8], batteries [9,10], electrochemical 
double-layer capacitors (EDLCs) [11–19], and so on.  

Generally, several techniques, such as micromechanical 
cleavage [20], epitaxial growth on silicon carbide or metal 
[21], chemical vapor deposition [22], thermal exfoliation 
[23], and chemical reduction of graphene oxide (GO) [24,25], 
have been developed to produce graphene. The chemical 
reduction of graphene oxide is considered to be the most 
economical way to the mass production of graphene [26]. 
However, it often employs hazardous chemicals (e.g. hy-
drazine) as reductants and thus this technique is not a green 
approach to the synthesis of graphene. Recently, electro-
chemical reduction of graphene oxide to produce graphene 
has received a great attention since it can be performed 
without any dangerous chemicals. NaCl [27–29], Na3PO4 

[30], Na2SO4 [31], NaNO3 [32], PBS (K2HPO4/KH2PO4) 
[33], KNO3 [34] and KCl [35] aqueous solutions and or-
ganic solvents [36] have been investigated as mediums for 
the electrochemical reduction of graphene oxide. However, 
an efficient route to fabricate electrochemically reduced 
graphene oxide (ER-GO) films with lower oxygen content 
is still a challenge.  

In this paper, we reported a simple, efficient, and envi-
ronmentally friendly electrochemical method to reduce GO 
in 6 mol L1 KOH using cyclic voltammetry scans from 
0.9 to 0 V (vs. Hg/HgO). This is a positive effect of deoxy-   
genation of GO under the strongly alkaline solution [37]. 
The resulted ER-GO film showed a low O/C ratio of 1.29% 
determined by X-ray photoelectron spectroscopy (XPS). A 
specific capacitance of 152 F g1 was obtained for the ER- 
GO film at the current density of 5 A g1. Moreover, the 
ER-GO film exhibited a good rate capability and an excel-
lent cycling performance.  

1  Experimental  

Graphite oxide (GO) was synthesized from natural graphite 
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(100 mesh, Alfa Aesar Co.) by the modified Hummers 
method [38]. An amount of 20 mg GO was mixed with 20 
mL deionized water, and a certain polytetrafluoroethylene 
(PTFE) solution was added into the mixture (the weight 
ratio of GO/PTFE at 9:1). Then, the mixture was ultrasoni-
cated for 2 h to give a stable brown dispersion. The GO/ 
PTFE film was prepared by cast-dropping onto platinum 
sheets and drying at 70°C in air. The electrochemical reduc-
tion of GO was carried out with cyclic voltammetry (CV) in 
6 mol L1 KOH solution in a standard three-electrode cell 
with the Hg/HgO and platinum sheet as the reference and 
counter electrode, respectively. Cyclic voltammetry scans 
were recorded from 0.9 to 0 V (vs. Hg/HgO), using a CHI 
660C electrochemical workstation. The electrochemical 
impedance spectroscopy (EIS) was measured in the fre-
quency range of 10 mHz to 100 kHz at 0 V with an AC am-
plitude of 5 mV. Galvanostatic charge-discharge test was 
performed by an Arbin MSTAT4 multichannel galvanostat/ 
potentiostat. 

X-ray diffraction (XRD) patterns were performed using 
an X’ Pert Pro system with Cu K radiation. X-ray photoe-
lectron spectroscope (XPS) spectra were recorded on a PHI 
Quantear SXM (ULVAC-PH INC) which used Al as anode 
probe in 6.7×108 Pa. Atomic force microscopy (AFM) im-
ages were recorded on a digital Instruments Nanoscopy IIIa 
atomic force microscope. Raman spectra were obtained on a 
RM 2000 microscopic confocal Raman spectrometer (Ren-
ishaw in via Plus, England) employing a 633 nm laser beam. 

2  Results and discussion 

GO was electrochemical reduced with potential cycling at 
50 mV s1 in 6 mol L1 KOH (from 0.9 to 0 V, vs. Hg/ 
HgO). Figure 1 shows the CV curves during the reduction 
process from the 1st to 1000th cycle. The GO film exhibits 
three redox peaks at about 0.18, 0.61, and 0.72 V, re-
spectively. The redox peaks are possibly due to the follow-
ing reported surface redox reactions [39–41]: 

 C OH  C O H e     > >  (1) 

 C O e  C O    > >  (2) 

 COOH COO H e       (3) 

It can be seen that the redox peaks decrease (to disappear) 
as the potential cycling proceeds due to the quasireversible 
reactions. Moreover, the cathodic and anodic currents in-
crease linearly and the CV curves become almost un-
changed after the 400th cycle, which suggests that the elec-
trochemical reduction of GO is considered to be completed. 
The change in shape of the CV curves demonstrates the 
increase of non-Faradaic currents induced by the increase in 
effective surface area of electrically conductive graphene 
that are obtained by reduction of GO [36].  

 

Figure 1  CV curves of the electrochemical reduction of the GO film in  
6 mol L–1 KOH at 50 mV s–1 from 1st to 1000th. 

Figure 2 shows the XRD patterns of the GO and ER-GO 
films. A clear diffraction peak is observed for the GO film 
at 2 =9.91° corresponding to an interlayer distance of 8.9 Å. 
After the electrochemical reduction of the GO film, the 
characteristic peak of GO disappears, which indicates that 
the interlayer distance of ER-GO is considerably reduced by 
removal of oxygen-containing functional group. A new dif-
fraction peak of graphite (002) at 26.46° appears, as repor-     
ted in previous work [42]. The van der Waals attraction 
between two adjacent layers becomes dominant as com-
pared to those of surface functional groups, leading to the 
restacking of the graphene layer which formed the graphite 
[43]. The diffraction peak at 18.2° in the XRD patterns cor-
responds to PTFE [44]. 

The surface chemistry of GO before and after the elec-
trochemical reduction was characterized using XPS, as 
shown in Figure 3. The C1s XPS spectrum of GO shows 
four different peaks centered at 284.4, 285.6 286.5 and  
288 eV, which are corresponding to C==C/C–C in aromatic 
rings, C–OH, C–O (epoxy and alkoxy), and C==O groups,  

 

Figure 2  XRD patterns of the GO and ER-GO films. 
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Figure 3  C1s high-resolution XPS spectra of the GO and ER-GO films. 

respectively. After the electrochemical reduction, the inten-
sities of all C 1s peaks of the carbons binding to oxygen, 
especially the peak of C–O (epoxy and alkoxy), decrease 
dramatically compared to that of GO, revealing that most 
oxygen containing functional groups are removed. In addi-
tion, the  shake-up satellite peak around 291.5 eV, a 
characteristic of aromatic or conjugated systems [41], is 
observed for ER-GO. According to the semi-quantitative 
analysis of XPS, the O/C atomic ratio of ER-GO is 1.29%. 
The strongly KOH solution can be used as reductant to 
chemically reduce GO [37]. So, in our experiments, this is a 
positive effect of using strongly KOH solution as electrolyte 
for electrochemical reduction, which is contributed to a 
lower oxygen content. These results, combined with XRD, 
indicate the structural changes from graphene oxide to gra-
phene. 

The topographies of the GO and ER-GO films were 
characterized by AFM, as shown in Figure 4. The surface 
roughness (Ra) of the GO and ER-GO films were ~47 and 
~177 nm, respectively. After the electrochemical reduction 
of GO, the ER-GO film shows a more large wrinkle and a 
rougher surface than the GO film. Such rough surface may 
facilitate the penetration and diffusion of electrolyte ions. 

Figure 5 shows the Raman spectra of GO and ER-GO 
films, and the bands associated at ~1330 and ~1600 cm1 
correspond to D and G modes, respectively. After electro-
chemical reduction, the D/G intensity ratio increases from 
0.95 to 1.15. This change in the intensity ratio of the D/G is 
attributed to the increased defect concentration present in 
ER-GO relative to that in GO [24,34]. 

Figure 6 presents the Nyquist plots of the GO and ER- 
GO films. The ER-GO film has a better capacitive perfor-
mance than that of the GO film, as the line of the ER-GO 
film is more vertical. The intersection of the curve at the 
X-axis represents the internal or equivalent series resistance 
(ESR). The slope of the 45° portion of the curve is called 
the Warburg resistance and is a result of the frequency  

 

Figure 4  AFM images of GO (a) and ER-GO films (b). 

 

Figure 5  Raman spectra of the GO and ER-GO films. 

dependence of ion diffusion/transport in the electrolyte [11]. 
The GO film shows a much larger Warburg resistance, 
which is due to its poor conductivity. The inset of Figure 6 
shows the high-frequency region of the impedance spectra 
for the GO and ER-GO films. The internal resistance was 
0.72 and 0.65  for the GO and ER-GO films, respectively. 
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Figure 6  Nyquist plots of GO (a) and ER-GO films (b). 

Figure 7 shows the CV curves of the ER-GO film at the 
scan rates of 0.1, 0.3, 0.5, 1 and 2 V s1. It can be seen that 
all CV curves retain a similar shape in the potential window 
from 0.9 to 0 V (vs. Hg/HgO). Even at an ultrafast scan 
rate of 2 V s1, the CV curve is still quasi-rectangular in 
shape along the current-potential axis, without any redox 
peaks. This demonstrates excellent capacitance behavior 
and fast diffusion of electrolyte ions into the electrode.  

Figure 8(a) shows the galvanostatic discharge curves of 
the ER-GO film between 0.9 to 0 V at different current 
densities of 5, 8, 10, 20, 50 and 100 A g1, respectively. The 
specific capacitance of the electrode measured by the gal-
vanostatic discharge method can be calculated from the 
equation [45]: 

 ,
I t

C
Vm





 (4) 

where C (F g1) is the specific capacitance, I is the constant  

 

Figure 7  CV curves of the ER-GO film at different scan rates from 0.1 to 
2 V s1. 

discharge current, t is the discharge time, V is the poten-
tial window, and m (g) is the mass of the active material in 
the electrode. According to this equation, the specific ca-
pacitance of the ER-GO film at the current density of 5 A g1 
is 152 F g1. This value is comparable with or higher than 
that of electrochemical reduction graphene oxides reported 
by other routes [31,32,35]. However, the specific capaci-
tance of the GO film is only 8.9 F g1 at the current density 
of 5 A g1. Generally, the specific capacitance gradually 
decreases with the increase of current density, which can be 
attributed to the low utilization efficiency of active materi-
als under a high discharge current. The capacitance reten-
tion is about 60%, with growth of current densities from 5 
to 20 A g1 (92 F g1), Further increasing the current density 
to 100 A g1, the specific capacitances almost keep constant, 
which indicates a high utilization efficiency and good rate 
capability (Figure 8(b)). 

To evaluate the stability of the ER-GO film, the values of 
specific capacitance with respect to the cycle numbers at a 
constant current density of 10 A g1 are measured and the 
corresponding result is shown in Figure 9. The ER-GO film 
exhibits excellent long cycle life with 99% specific capaci-
tance retained after 3000 cycles. This demonstrates excel-
lent cycle stability and reversibility of the ER-GO film in 
the repetitive charge/discharge cycling, and suggests that 
the ER-GO film could be a promising electrode material for 
EDLCs. 

The excellent electrochemical properties obtained can be 
attributed to the special structural characteristic of the ER-GO 
film. The low O/C ratio leads to a good conductivity of the 
ER-GO film, which can facilitate the fast transport of the 
electrons. The electrochemical reduction of GO can effi-
ciently expose electrochemically active sites. Addition of 
PTFE binder can make graphene nanosheets have good ad-
hesion to the substrate. Furthermore, the present work may 
provide a simple method to produce graphene films with 
controllable thickness and size.  
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Figure 8  (a) Discharge curves of the ER-GO film at different current 
densities from 5 to 100 A g1; (b) specific capacitance of the GO and 
ER-GO films as a function of current density. 

 

Figure 9  Cycle life of the ER-GO film measured at 10 A g1 and its 
galvanostatic charge-discharge curve (inset). 

3  Conclusions 

In summary, a simple, efficient, and environmentally friendly 
electrochemical method has been developed to produce 
ER-GO film with a low O/C ratio of 1.29%. The ER-GO 

film shows a specific capacitance of 152 F g1 at the current 
density of 5 A g1 in 6 mol L1 KOH aqueous solution. 
Moreover, the ER-GO film preserves 99% of its initial ca-
pacitance after 3000 cycles. Such excellent electrochemical 
performance makes the ER-GO film as a promising elec-
trode material for EDLCs. 
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