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Abstract In this paper, an electrochemical approach was

described for preparing graphene with different mi-

crostructures, starting from aqueous solutions of graphene

oxide (GO), processed under direct voltage. The process

relied on the electrochemical reduction of GO sheets de-

posited on the surface of Cu electrode. The same electrode

is first used as the anode for the electrophoretic deposition

of GO film, and then as the cathode, allowing for the ef-

fective reduction of GO. Paper-like graphene was observed

on the electrode after the reduction, while crumpled gra-

phene existed in the solution, which could be further

transformed to graphene scroll by sonication. The samples

were characterized by scanning electron microscopy, X-ray

diffraction, X-ray photoelectron spectroscopy, Fourier

transform infrared spectroscopy, and thermogravimetric

analysis. The results showed that the oxygen functional

groups are significantly removed after the reduction. The

mechanism for this method was also proposed in this paper.

Moreover, a scale-up device was designed to make this

method more applicable for commercialization. This

method has the potential for large-scale production of

graphene.

Keywords Electrophoretic deposition � Electrochemical

reduction � Paper-like graphene � Crumpled graphene �
Graphene scroll

1 Introduction

Graphene, a two-dimensional (2D) honeycomb lattice of

sp2-bonded carbon atoms, holds great promise for potential

applications in many fields for its unique electronic, optical,

and thermal properties [1–3]. The industrial application of

graphene will require large-scale and cost-effective pro-

duction methods, while providing a balance between ease of

application and final material quality. Currently, several

approaches have been proposed for the synthesis of gra-

phene production, among which the reduction of graphene

oxide (GO) obtained from ultrasonic exfoliation of oxidized

graphite is the most convenient way to yield large quantities

of graphene sheets [4, 5]. The reduction of GO is normally

achieved by a thermal or chemical process. However, they

typically require inert atmospheres, high temperatures, or

the use of hazardous solvents [6, 7]. Therefore, developing a

safe and environmentally friendly way of producing gra-

phene is becoming more and more necessary.

The electrochemical reduction of GO is an effective,

controllable, and environmentally friendly way to produce

graphene whereby it discards the use of toxic chemicals

and high temperature in the reduction process. Recently,

several research works have been reported [8–15].

Typically, the electrochemical reduction of GO can be

carried out via two different approaches: one-step electro-

chemical reduction approach and two-step electrochemical

reduction approach [16].

In the one-step electrochemical approach, the GO sheets

are directly electrochemically reduced from an aqueous
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colloidal suspension in the presence of buffer electrolyte to

produce electrochemically reduced graphene oxide

(ERGO) film on an electrode surface [16–21]. Typically,

buffer electrolyte is used with the GO colloidal suspension

to form a medium and the selection of the appropriate pH

for the medium is also essential to ensure good deposition

of the ERGO onto the electrode substrate. In the two-step

electrochemical approach, GO is first deposited onto the

surface of an electrode by dip-coating [10], drop-casting

[22, 23], layer-by-layer [11], or spray-coating method [24],

which acts as a substrate and is subsequently dried out to

form a GO-coated electrode. The GO-coated electrode is

then subjected to electrochemical reduction using a stan-

dard three-electrode electrochemical system in the pres-

ence of a buffer or supporting electrolyte to produce ERGO

films on the electrode [25–29]. However, the quantity of

ERGO film obtained on an electrode with a limited area

was confined to a few tens of micrograms, leading to low-

yield production.

The electrophoretic deposition (EPD) method is a well-

developed and economical method that has been success-

fully applied for the deposition of GO due to its high de-

position rate, good thickness controllability, and simplicity

of scale up [30]. Herein, different from the existing

methods mentioned above, we show a versatile approach

for controlling the adsorption of GO at surfaces and elec-

trochemically reducing the GO in situ, which is processed

entirely in GO solution without preparing GO-coated

electrode and buffer electrolyte. In particular, by choosing

the right deposition and electro-reduction conditions, we

demonstrate that GO can be well reduced to paper-like

graphene and crumpled graphene. Crumpled graphene can

be further transformed to graphene scroll by sonication.

The products are characterized by morphology charac-

terization and spectroscopic characterization. The results

show that the oxygen functional groups are significantly

removed after the reduction. Furthermore, a scale-up de-

vice is designed to make this method more applicable for

commercialization. This approach has the potential for

large-scale production of graphene.

2 Experimental section

2.1 Preparation of GO suspension

Graphite oxide was purchased from the Sixth Element Ltd.

Graphite oxide (15 g) was dispersed in water and sonicated

for 120 min at room temperature. Then a well-dispersed

and stable suspension in water containing 1 mg ml-1 of

graphene oxide (GO) platelets was obtained.

2.2 Synthesis of ERGO

A small reaction unit (250 mm 9 250 mm 9 10 mm) was

used to study and choose the reaction condition. Two

copper electrodes (250 mm 9 250 mm) acted as working

electrodes with 10 mm spacing (SFig. 1 in ESM, according

to the results of the research, the time of complete depo-

sition of GO was increased and the reduction degree of

ERGO was decreased as the space was increased. 10 mm is

the optimum space). The main process involved controlling

the adsorption of GO at surfaces and electrochemically

reducing the GO in situ. In order to choose the optimum

condition of deposition process, the influence of the con-

centration of GO solution (0.1, 0.5 and 1 mg ml-1) and the

voltage potential (10, 30 V) on the EPD process of GO was

carried out. The current–time curve was recorded to ex-

amine the time requirement for the EPD. To investigate the

influence of the voltage potential and the reduction time,

the opposite wires connected to the power supply was

exchanged, the GO-deposited electrode was changed from

positive to negative. Electrochemical reduction of GO was

carried out on the cathode at 60 V for different time points.

2.3 Scale-up synthesis of ERGO

As shown in Fig. 1, the scale-up electrochemical device

consists of a DC power supply, a junction box, copper

electrodes, and reaction tank. The reaction tank (15 l) is

embedded with 24 copper electrodes (250 mm 9 250 mm)

that act as working electrodes. The spacing of two elec-

trodes is about 10 mm. Electric power to the electrodes is

supplied by connecting the adjacent electrodes to an op-

posite pole of the DC power supply. The adjacent elec-

trodes act alternatively as anodes and cathodes. In order to

electrochemically reduce the GO in situ, a switch selector

is installed in the junction box to exchange the opposite

wires connected to the power supply.

The scale-up synthesis of ERGO was carried out in the

electrochemical device. Under an applied potential of 30 V

for 30 min, the GO in solution was deposited onto the

anode completely to fabricate GO films. Then the opposite

wires connected to the power supply was exchanged,

namely, the GO-deposited electrode was changed from

positive to negative. Electrochemical reduction was carried

out on the cathode at 60 V for 180 min. After the reduc-

tion, ERGO1 film was observed on the electrode, while

ERGO2 was found to exist in the solution. After the

sonication of ERGO2 for 1 h, ERGO3 was obtained. The

ERGO1 was air-dried at room temperature for 24 h. The

ERGO2 and ERGO3 were thoroughly washed with

deionized water and dried at 50 �C.
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2.4 Characterization

The morphology of the samples was observed with a field

emission scanning electron microscopy (Quanta 200FEG,

FEI). The X-ray diffractions (XRD) of the samples were

measured using an X-ray diffractometer (D/max2550VB3?/PC,

Rigaku, Japan) with reference target: Cu Ka radiation.

Fourier transform infrared (FT-IR) spectra were obtained

through a BRUKER EQUINOXSS spectrometer that use the

attenuated total reflectance. X-ray photoelectron spec-

troscopy (XPS) analysis was performed on a RBD upgraded

PHI-5000C ESCA system (Perkin Elmer) with Mg Ka ra-

diation (hm = 1253.6 eV). Thermogravimetric analysis

(TGA) was done in a STA 449 C Jupiter simultaneous

thermal analyzer. The weight loss of the samples was

monitored from room temperature to 600 �C at a heating

rate of 10 �C min-1 in nitrogen atmosphere.

3 Results and discussion

Typically, the current–time curve is recorded to examine

the time requirement for the electrochemical deposition

and reduction of GO in the constant potential reduction

technique. To investigate the influence of the concentration

of GO solution and the voltage potential on the EPD pro-

cess of GO, the current–time curves for the EPD process

with different concentrations of GO in the small reaction

unit are recorded. Figure 2a, b shows the current–time

curves for the EPD process with different concentrations of

GO at 10 and 30 V. A common feature in the curves is a

decrease of currents at first, followed by a stable current.

GO sheets are negatively charged due to the deprotonation

of the –COOH groups in water. GO sheets are elec-

trophoretically drawn to the anode, which causes a large

current in the initial stage. When the majority of charged

GO in solution is deposited onto the copper, the current

tends to be stable. It is found that the curves shift up with

the increase in the concentration of GO, which indicates

that the current increases with the increase in the concen-

tration of GO. When the GO is deposited completely, the

GO solution will be transparent and an adsorbed layer

(micrometer) can be observed. The time when the phe-

nomenon happens is defined as complete deposition time. It

takes longer to completely deposit GO at 1 mg ml-1

(3000 s) than at 0.1 mg ml-1 (900 s) under the potential

10 V. However, the complete deposition time decreased

with the increased potential, as shown in Fig. 2c. It takes

shorter time to completely deposit 1 mg ml-1 GO at 30 V

(1260 s) than 10 V (3000 s), which is similar to the de-

position time of 0.1 mg ml-1 GO at 10 V (900 s). There-

fore, the EPD process of 1 mg ml-1 GO under 30 V for

30 min is more effective, which is chosen as the optimum

condition for the EPD process.

Then deposition products were compared by FT-IR

characterization. Figure 2d shows the FT-IR transmittance

spectra of GO, GO1 (deposited on the anode at 30 V for

30 min), and GO2 (deposited on the anode at 30 V for

90 min). The spectrum of GO illustrates C–O stretching

vibrations at 1045 cm-1, C–O–C stretching vibrations at

1226 cm-1, C = O in carboxylic acid, and carbonyl moi-

eties at 1722 cm-1; C = C at 1620 cm-1 assigns to

skeletal vibrations of unoxidized graphitic domains. The

band at 3397 and 1396 cm-1 can be ascribed to the O–H

stretching mode and deformation vibration of intercalated

water, respectively [31]. The intensity of carboxylates and

carbonyl groups decrease dramatically with the deposition

time, demonstrating that graphene oxide is reduced to some

extent. This is consistent with the results of An et al. [19].

However, the reduction level of anodic reduction is limited,

which is different from cathodic reduction. To compare the

reduction efficiency of the anodic reduction with cathodic

reduction, after the EPD of GO (deposited on the anode at

30 V for 30 min), the voltage was reversed, namely, the

GO-deposited electrode was changed from positive to

negative. GO3 was reduced on the cathode at 30 V for

60 min. As shown in Fig. 2d, the intensity of oxide func-

tional groups in GO3 decreases dramatically. GO3 is better

reduced than GO2 which is reduced for the same time.

Therefore, the cathodic reduction is a more effective re-

duction of GO after the EPD process.

To reduce GO more effectively, the influence of the

voltage on the reduction was investigated. Figure 3a shows

the FT-IR transmittance spectra of GO and ERGO on the

Fig. 1 a Diagram of the

electrochemical setup and b the

photograph of the

electrochemical setup
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electrode obtained at different potentials (30, 45, 60 V) for

60 min, the intensities of the peaks corresponding to the

oxygen functionalities all decreased dramatically with the

voltage increased to 60 V. These data reveal that the GO is

reduced more effectively with the voltage increased.

Figure 3b shows XRD spectra of GO and ERGO obtained at

different potentials (30, 45, 60 V) for 60 min. GO exhibits a

very sharp diffraction peak at 2h = 10.8� with d-spacing of

0.818 nm. A very sharp diffraction peak at 2h = 10.9� and a

weak peak at 23.9� are found when the reductive voltage was

30 V. The intensities of peak become weak at 2h = 10.9�
with the reductive voltage increased to 60 V. Meanwhile, a

broad peak of ERGO at 2h = 23.9� is observed. Those give

evidence that the reduction degree of GO increased with the

voltage increased. Therefore, 60 V is used in the electro-

chemical reduction process.

The recorded current–time curve for the reduction at

60 V exhibits three stages (Fig. 4a): a fast initial increase

to a maximum over the first 200 s followed by a decrease

to 2000 s, then a gradual decline to a stable level. This was

because the electrochemical reduction started on GO sheets

adjacent to the electrode and then the reduced graphene

that was conductive transferred the charge to reduce the

GO sheets further. As the GO was consumed, the current

decreased, approaching zero when the reduction was

complete. The curve exhibits a common feature in the

electrochemical reduction of GO [28, 32]. Figure 4b shows

the FT-IR spectra of GO and ERGO on the electrode at

Fig. 2 a The current–time

curves of the electrophoretic

deposition (EPD) process of

different concentrations of GO

at 10 V, b the current–time

curves of the EPD process of

different concentrations of GO

at 30 V c the current–time

curves of the EPD process of

1 mg ml-1 GO at 30 V and

d FT-IR spectra of GO at 30 V

for different deposition time

Fig. 3 a FT-IR spectra of GO

and ERGO obtained at different

voltage potentials (30, 45, 60 V)

and b XRD spectra of GO and

ERGO obtained at different

voltage potentials (30, 45, 60 V)
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60 V for different reduction times (60, 120, 180 min). The

intensities of the peaks corresponding to the oxygen

functionalities all decrease dramatically or even disappear

after the reduction. These results reveal that the GO has

been successfully reduced with the prolonged reduction

time. When the reductive time reaches 180 min, the re-

duction degree is the highest. XRD spectra of GO and

ERGO on the electrode at 60 V for different time points are

shown in Fig. 4c. GO exhibited a very sharp diffraction

peak at 2h = 10.9�. After 60 min of reduction, the inten-

sities of peak become weak at 2h = 10.9�. Meanwhile, a

new and weak peak of ERGO at 2h = 23.9� is observed.

The diffraction peaks at 2h = 10.9� disappeared when the

reductive time reached 240 min. Therefore, the optimum

condition of reduction process is under the applied poten-

tial of 60 V for 180 min.

The electrochemical reduction of GO suspension on

large scale was carried out in the scale-up electrochemical

setup. The current–time curves are shown in Fig. 5. The

feature in the curve is consistent with the curve of the small

setup.

SEM was used to characterize the morphology of

ERGO. The SEM image of the cross section of the ERGO1

(Fig. 6a, b) shows the layered microstructure. The packing

morphology of the ERGO1 is similar to GO paper-like

materials formed by filtration, and the thickness of ERGO1

is uniform. The morphology of ERGO2 resembles crum-

pled paper (Fig. 6c, d). Like crumpled paper balls,

crumpled graphene loosely pack into a three-dimensional

(3D) structure. The ERGO3 shows scrolled structure which

is curled up and stakes orderly after sonication (Fig. 6e, f).

It was reported that short (1 h) and high-energy (500 W)

sonication was necessary for efficient graphene scroll for-

mation [33]. Further research will be done on the scrolled

graphene.

Figure 7 shows the XRD patterns of GO, ERGO1, and

ERGO2. GO exhibits a very sharp diffraction peak at

2h = 10.8� with d-spacing of 0.818 nm. The interlayer dis-

tance of ERGO1 and ERGO2 drastically decreases to

0.361 nm (2h = 24.6�) and 0.386 nm (2h = 23�), respec-

tively which indicates that the oxygen-containing group of

GO had been efficiently removed. While the XRD patterns of

ERGO both display amorphous structures. However, the in-

terlayer space of ERGO1 is more similar to pristine graphite,

demonstrating that ERGO1 is deoxygenated effectively.

As shown in Fig. 8, the C1s spectrum of GO consists of

four different peaks: C = C in aromatic rings (284.3 eV);

C–O (286.3 eV); C = O (287.6 eV); COOH (289.0 eV)

[34]. In the C1s XPS spectrum of ERGO, the intensities of

all C1s peaks of the carbons binding to oxygen decreased

obviously, revealing that considerable oxygen-containing

functional groups are removed. However, the C1s XPS

spectrum of ERGO1 exhibits their peak intensities smaller

than those in ERGO2. The changes of C/O ratio of ERGO

indicate the different reduction degree. After reduction, the

C/O ratio is improved to approximately 5.8:1 and 4.6:1,

Fig. 4 a The current–time

curves of electrochemical

reduction, b FT-IR spectra of

GO and ERGO obtained at 60 V

for different reduction times

(60, 120, 180 min) and c XRD

spectra of GO and ERGO

obtained at 60 V for different

reduction times (60, 120,

180 min)
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Fig. 5 The current–time curves

of electrophoretic deposition

(EPD) (a) and electrochemical

reduction on a large scale (b)

Fig. 6 SEM images of ERGO1 (a, b), ERGO2 (c, d), and ERGO3 (e, f)
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respectively. Figure 8d shows the FT-IR transmittance

spectra of GO, ERGO1, and ERGO2. The intensity of the

peaks related to oxygen functional groups of ERGO all

decrease dramatically, demonstrating that graphene oxide is

well reduced. There were small peaks at 1045 cm-1 (C–O)

and 1722 cm-1(C = O) remaining in ERGO2. This shows,

along with the chemical analysis by XPS, that the oxygen

functional groups were significantly reduced, although the

reduction degree of ERGO1 was a little higher.

Figure 9 shows the TGA graphs of GO, ERGO1, and

ERGO2. As for GO, there is a weight loss of *20 wt%

around 150 �C, likely due to evaporation of water mole-

cules. As the temperature increases from 150 to 300 �C,

GO exhibits a significant weight loss of 29.8 wt%, indi-

cating the removal of oxygen functional groups which are

extruded as carbon dioxide [35]. As for ERGO1 and

ERGO2, a small amount (*4, 8 wt%, respectively) of

weight loss up to 150 �C is due to the fact that much of the

water of ERGO is removed. As the temperature increases,

the ERGO2 loses weight more rapidly than that of ERGO1,

suggesting that more amount of residual oxygen groups

exists in ERGO2. As the temperature increases from

600 �C, the weight loss of ERGO1 and ERGO2 is much

less than that of GO, indicating that GO is reduced

effectively.

The mechanism of the electrochemical reduction and the

formation of different nanostructures can be explained as

shown in Fig. 10: GO sheets in solution are completely

deposited on the electrode by EPD to fabricate GO film.

After the voltage in the electrodes is reversed, the GO film

adjacent to the electrode is firstly reduced in suit during the

electrochemical reduction (ECR). The reduced graphene

adjacent to the electrode that is conductive will transfer the

charge to the GO sheets outside which are reduced further.

Fig. 7 XRD spectra of GO (a), ERGO1 (b), and ERGO2 (c)

Fig. 8 XPS spectra of GO (a),

ERGO1 (b), ERGO2(c), and

FT-IR spectra of GO, ERGO1,

and ERGO2 (d)

J Appl Electrochem (2015) 45:453–462 459

123



However, these partially reduced GO sheets with negatively

charged oxygen functional groups fall off from the cathode

by the electrostatic force and are crumpled loosely by the

different force direction. Crumpled graphene can be further

transformed to graphene scroll by sonication. This also can

explain the fact that the reduction degree of ERGO1 is

higher than that of ERGO2. ERGO2 is not in touch with the

electrode during the reduction due to the falling from the

cathode, which influences the reduction degree.

The possible reaction on the cathode is as follows:

GOþ aHþ þ be� ! ERGOþ cH2O ð1Þ

This reaction mechanism indicates the essential role of

hydrogen ions in the reduction process [24]. As shown in

Fig. 2c, the initial current increase is observed. This is

because GO sheets are negatively charged due to the de-

protonation of the –COOH groups in water. And an initial

current increase is observed in Fig. 4a, which can be ac-

counted for the charge transfer reactions. Therefore, along

with the characterization, the GO sheets on the cathode are

well reduced.

Fig. 9 TGA graphs of GO (a), ERGO1 (b), and ERGO2 (c)

Fig. 10 Schematic illustration

of the reduction mechanism and

the formation of different

nanostructures: a GO film is

deposited on the electrode by

EPD, b in suit ECR of GO is

carried out. The GO film

adjacent to the electrode is

firstly reduced, c the partially

reduced GO sheets with residual

oxygen functional groups fall

off from the electrode by the

electrostatic force and are

crumpled loosely by the

different force direction and

d the graphene scroll which is

curled up and staked orderly is

formed after sonication
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4 Conclusions

In summary, we described a highly versatile method that

relies on a voltage applied to trigger the electrochemical

reduction of GO sheets deposited on the surface of Cu

electrode. A scale-up device is designed to make this

method more applicable for the large-scale production of

graphene. By choosing the right deposition and electro-re-

duction conditions, we demonstrate that GO can be well

reduced to paper-like graphene and crumpled graphene.

Crumpled graphene can be further scrolled into graphene

scroll by sonication. The characterization results show that

the oxygen functional groups are significantly decreased

after the reduction, although the reduction degree of ERGO1

is a little higher. The mechanism is also proposed to explain

the formation of diverse graphene. Further research about

the properties and application of the production will be

carried out. Our approach is simple and effective, making it

possible to produce graphene with different microstructures.

We anticipate that it can be applied in commercialization.
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