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Abstract In this study, a simple and controllable two-step

electrochemical process is described for the synthesis of

graphene sheets (GS) film on a cleaned indium tin oxide

(ITO) sheet electrode. Namely, the main procedures involve

the electrophoretic deposition (EPD) of graphene oxide

(GO) film onto ITO electrode and the subsequent in situ

electrochemical reduction (ECR) of GO to generate GS

film. X-ray photoelectron spectroscopy (XPS) measurement

demonstrates that most of the oxygen-containing functional

groups in GO film have been removed after ECR. By

electrochemical measurements, the maximum specific

capacitance of the prepared GS film electrode was calcu-

lated to be 156 F g-1, besides, the capacitance retention of

the material remained 78% after 400 times of cycling,

showing a promising prospect as supercapacitor materials.

Keywords Graphene sheets � Electrophoretic deposition �
Supercapacitors

1 Introduction

Supercapacitor (also called electrochemical capacitor,

electric double layer capacitor, EDLC), one of the most

promising power energy storage systems, has aroused wide

interests because of its potential applications ranging from

mobile devices to electric vehicles. As the third generation

commercial supercapacitors, carbon-based materials

including activated carbon, carbon nanotubes, carbon

fibers, and graphene sheets (GS), are widely employed and

exhibit much higher capacitance compared with the con-

ventional capacitors [1–5]. Among these, GS, an intriguing

novel two-dimensional carbon material, has attracted more

and more attention because of its unique properties such as

high-surface area (the theoretic surface area of a single GS

is about 2630 m2 g-1), excellent mechanical stiffness and

flexibility, as well as exceptional electrical properties [6–

8]. Thus, GS has been considered as the high-performance

electrochemical supercapacitor materials. However, it is

rather difficult to obtain GS films on a conductive substrate

via solution phase deposition due to bad dispersion of GS

and poor adhesion to substrate. Therefore, developing a

convenient and efficient route to produce GS film on the

conductive substrate as supercapacitor is still a challenge.

Fortunately, the GS film on an indium tin oxide (ITO) sheet

electrode has been realized via electrophoretic deposition

(EPD) technique and the subsequent in situ electrochemical

reduction (ECR) process; [9–14] however, the electro-

chemical properties of the obtained films have not been

referred to and need further grope for.

In this study, by combining EPD process with in situ

ECR of the GO, GS film has been achieved on the ITO

sheet successfully, which was confirmed by X-ray photo-

electron spectroscopy (XPS) investigation and field emis-

sion scanning electron microscope (FE-SEM) observation;
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and then, the electrochemical properties of the obtained GS

films are measured and analyzed in detail by character-

izations of cyclic voltammetry (CV), electrochemical

impedance spectroscopy (EIS), and chronopotentiometry

measurements.

2 Experimental section

In this study, GO was firstly prepared based on the previous

report [9]. A cleaned ITO conductive glass sheet and a

stainless steel plate were employed as the positive elec-

trode and the negative electrode, respectively. EPD tech-

nique was applied to fabricate GO films on the ITO

electrode. Under an applied potential of 150 V for 45 s, the

GO films were deposited in the GO aqueous suspension

with the concentration of 0.6 mg mL-1 at the room tem-

perature. At last, in situ ECR of GO was performed on a

CHI660C electrochemical workstation in the 0.1 M KCl

aqueous solution by the constant potential reduction

method.

The surface morphology and microstructure of the pre-

pared samples were investigated by characterizations of

FE-SEM (JSM-6701F) and XPS (PHI-5702, Physical

Electronics, USA). CV and EIS measurements were per-

formed with a CHI660C electrochemical workstation using

a three electrode system. GS film-coated ITO sheet, plati-

num wire, and Ag/AgCl electrode were employed as

working electrode, counter electrode, and reference elec-

trode, respectively. The electrolyte is 0.1 M Na2SO4

solution. EIS was recorded under the following conditions:

AC voltage amplitude of 5 mV, frequency range of 105–

0.01 Hz, and open circuit potential. Galvanostatic charge/

discharge testing was carried out from -0.2 to 0.8 V at

different current density using CHI660C electrochemical

workstation and Land Battery workstation.

3 Results and discussion

Owing to the existence of plentiful of polar oxygen-

containing functional groups on the edges and planar sur-

faces of the individual GO sheets, [15, 16] a stable and

well-dispersed GO aqueous suspension with brown color

can be achieved with the aid of ultrasonication, as clearly

shown in Fig. 1a. Measured with a Zetaplus analyzer, the

zeta potential of GO aqueous suspension is about -

64.7 mV at pH 7.0. Making use of EPD technique, the GO

film was successfully deposited on the surface of the

positive ITO electrode. Then, constant potential reduction

process was applied to obtain the GS film. Namely, after

ECR process, the brown and semi-transparent GO film on

ITO electrode was changed to black GS film (Fig. 1a). On

the other hand, it is obvious from Fig. 1b that a typical

electrochemical irreversible reaction has been occurred,

demonstrating the GO has been reduced into GS

successfully.

From FE-SEM images of GO and GS films shown in

Fig. 2a and b, there is almost no substantial difference

between them although there are more new edges and

fractures generated on GS film. Figure 2a1 gives the C1 s

XPS spectrum of GO film, indicating a considerable

degree of oxidation occurs. Obviously, the C1 s peaks are

composed of four components, corresponding to carbon

atoms in different functional groups: the nonoxygenated

ring C C=C/C–C (284.8), C–O (hydroxyl and epoxy,

286.3 eV), C=O (carbonyl, 288.2 eV), and O–C=O (car-

boxyl, 290.1 eV) groups [17–19]. Upon completion of

ECR step, the C1 s XPS spectrum of GS (Fig. 2b1) con-

firms obvious decrease of oxygenated carbon related sig-

nals at 286–290 eV. According to the calculation of the

integrated areas of the C 1 s peaks, the nonoxygenated

groups of C=C/C–C increase obviously from 49.1 to

74.2%, suggesting that most of the oxygen-containing

functional groups have been removed [20]. On the other

hand, for GO film, there is no pi-pi* shakedown feature

characteristic of conjugated carbon materials appeared;

while for GS sample, an obvious pi-pi* shakedown feature

belonging to the conjugated carbon materials can be

observed at 290.6 eV, confirming the existence of conju-

gated carbons. In a word, in situ ECR of GO provides a

feasible opportunity for fabricating GS film on the elec-

trode materials.

As an efficient technique, CV is often adopted to

evaluate electrochemical properties of new materials for

EDLC [2]. Using GS film as the working electrode, the

CV plots at various scan rates of 5, 30, 50, and 100 mV

s-1 are displayed in Fig. 3a. Obviously, the CV loop at

low scan rate of 5 or 30 mV s-1 is close to rectangular

shape, exhibiting an ideal EDLC capacitor behavior with a

low contact resistance in the capacitor [21]. It is well-

known that the resistance of an electrode material is an

important factor influencing the supercapacitor’s capaci-

tance and the interface resistance should be minimized for

a high-performance capacitor [2]. In this case, the EIS

data were analyzed using Nyquist measurement and a

typical Nyquist plot of the GS film was shown in Fig. 3b.

From the inset in Fig. 3b, it can be seen that the plot

consists of a straight line in the low-frequency region and

a semicircular arc in the high-frequency region (from

*14650 to *8.1 Hz). The high frequency loop represents

the electronic resistance between the GS film and current
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collector, as well as the GS film itself. The straight line

(near-vertical) at low-frequency region represents ions

diffusion behavior and the very steep shape reveals the

swift ion diffusion in solution and the adsorption onto the

electrode surface [22].

At different current densities, the charge–discharge

properties of the GS film electrode were investigated by

chronopotentiometry in 0.1 M Na2SO4 aqueous solution in

a potential window of -0.2 * 0.8 V and the correspond-

ing results were shown in Fig. 3c. According to the specific

capacitance (Cspec) equation

Cspec ¼ I= m dV=dtð Þð Þ

where m (0.14 mg, which was obtained by the weight

method) is the mass of the GS electrode, I is the applied

current, and dV/dt can be obtained from the slope of the

discharge curve, [23] the calculated specific capacitance

of the GS film electrode can reach to 156 F g-1 at

150 mA g-1. Moreover, cycle life of the GS film electrode

was evaluated by variation of specific capacitance with

cycle number at a constant current density of 750 mA g-1

and the corresponding result was shown in Fig. 3d. It is

clearly observed that the specific capacitance still remains a

high level of 93 F g-1 after 400 times of cycling, illustrat-

ing the prepared GS film electrode possesses the excellent

stability and lifetime as the supercapacitor material.

In summary, the as-prepared GS film on the ITO elec-

trode by a two-step electrochemical process shows good

performance as the EDLC supercapacitor materials.

Moreover, this simple method also can be controllably

realized on other conducting substrates such as metals,

conducting polymers, etc.

Fig. 1 a optical images of the

GO aqueous suspension

(0.6 mg mL-1) and the as-

deposited GO film and GS film

on ITO sheet, respectively;

b typical i–t curve for ECR of

GO film on the ITO electrode in

the 0.1 M KCl aqueous solution

at -0.9 V

Fig. 2 FE-SEM images of the

prepared GO a and GS b films;

C 1 s XPS spectra of GO a1 and

GS b1 films
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