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Abstract This paper introduces a novel electrochemical

route for preparing the ZnO/graphene heterojunction com-

posite via high temperature. This process includes: (1)

depositing the electrochemically reduced graphene oxide

(ERGO) on ITO glass via cyclic voltammetry; (2) pulse

plating a zinc (Zn) layer on the ERGO; (3) thermally treating

the Zn/ERGO composite and ‘‘in situ’’ to obtain the ZnO/

ERGO composite. SEM characterizations revealed that the

Zinc Oxide (ZnO) particles were homogenously distributed

on the surface of graphene sheets. XRD and Raman spectra

found a ZnCO3 phase in the ZnO/ERGO composite, which

demonstrated that when the Zn film transformed into ZnO

particles during thermal treatment, Zn also reacted with

graphene and formed a ZnCO3 intermediate layer at the

interface between ZnO and ERGO via short-range diffusion.

Compared with the heterojunction formed from regular

chemical route, the present process provided a tight contact

and combination between ZnO and ERGO, which eventually

led to a heterojunction between ZnO and graphene sheets.

This heterojunction exhibited great improvement for sepa-

ration efficiency of photo-generate electron–hole pairs.

Experimental results of ultraviolet–visible (UV–Vis) light

catalysis demonstrated that the photocatalytic activity of the

ZnO/ERGO composite had been greatly improved, and

exhibited a value of three times higher than that of pure ZnO.

Introduction

Graphene is another allotrope of carbon besides fullerenes

and CNTs, which could be considered a two-dimensional

(2D) single or several atomic layers of graphite. It has been

widely investigated due to its unique physical, chemical, and

mechanical properties. Graphene based composite nano

materials have attracted wide attention in the past few years

[1, 2]. Besides, researchers also have noted that when inor-

ganic materials, such as ZnO and TiO2 are integrated with

graphene, their properties will be greatly improved [1–5].

Oxide semiconductors have attracted wide attention due

to the potential applications in areas such as photocatalyst,

solar cell, and optoelectronic, etc. In addition to TiO2 based

photocatalyst [4–8], ZnO and its composite also attracted

extensive attention [3, 9]. ZnO is a direct band gap semi-

conductor with a 3.3 eV band gap. Due to its unique optical

and electrical properties with various morphologies, ZnO

has been widely used in solar cell, photocatalyst, and pie-

zoelectric materials [10]. However, its applications are still

limited because of its inherent defects involving wide band

gap, which restricts the absorbing wavelength no longer

than 375 nm just in the ultraviolet light range and results in

low light utilization efficiency. In order to overcome these

disadvantages, integrating ZnO with graphene to fabricate

composite is a simple and efficient method. The excellent

properties of graphene contribute to the preparation of high

efficiency photocatalyst.

Recently, several kinds of ZnO/graphene composites

have been reported [11–19]. The performances of the

composites are different due to the variant preparation
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methods, which have been widely used in different ZnO

morphologies including nano-needle, nano-rod, nano-wire,

and nano flower, etc. Kim et al. [11] prepared the vertical

ZnO nanoneedle arrays on graphene sheets through cata-

lyst-free metal–organic vapor-phase epitaxy. It was found

that the completed array structure only grown on the

graphene sheet substrate, and the Photoluminescence

characteristics of ZnO nanostructure on graphene layer

were almost the same to those of pure ZnO nanostructure,

which suggested that ZnO nanostructures grown on the

graphene layers without deterioration of the graphene layer

during preparation. Hwang et al. [12] prepared ZnO/

graphene composite from hydrothermal process. The ZnO

nanowires grown on the reduced graphene film, which

exhibited an excellent field emission property. Lin et al.

[13] synthesized the ZnO/graphene heterogeneous nano-

structures via chemical vapor deposition (CVD). It was

observed that the morphology of ZnO changed from

nanorod into micro-nano-needle with the increase of tem-

perature, which showed an excellent optical property.

ZnO/graphene nano-composite also showed a great

potential application in electrochemical supercapacitors.

This nano-composite could be prepared via variant pro-

cesses, such as microwave assisted reduction of zinc ions in

aqueous solution with graphite oxide dispersion, [14] and

ultrasonic spray pyrolysis method. [13] The composites

exhibited an enhanced capacitive behavior through better

reversible charging/discharging ability and higher capaci-

tive values by comparison with pure ZnO or graphene

electrode. Alternate preparations include the graphene

coated ZnO via plasma-enhanced CVD and CVD method,

[16] and direct depositing ZnO on the surface of graphene,

were prone to solar cell applications [17].

In the field of photocatalysis, Li et al. [18] prepared the

ZnO/graphene composite photocatalyst with high photo-

catalytic activity via the chemical deposition. Xu et al. [19]

prepared the ZnO/graphene composite by restoring the

oxidized graphene. The photocatalytic property of the

composite was improved to some extent by depredating

methylene. According to these studies, the reason for

improving photocatalytic efficiency is the interaction of

ZnO particles and graphene sheets, which increases the

electron transmission speed and inhibits the electron–hole

recombination [18, 19].

It has been well-known that a crucial point for obtaining a

high-quality composite system is to achieve a tight contact

interfaces between different phases, i.e. to form a hetero-

junction structure. In general, the preparation of ZnO/

graphene composites whether via hydrothermal or mechan-

ical stirring were both at relatively low temperature, which

might result in a simple and loose interaction at the interface

between ZnO and graphene sheet. That is to say, there might

be a ‘‘gap’’ at the interface or no real heterojunction formed

due to the ‘‘virtual contact’’. Obviously, this phenomenon

will restrict the ZnO/graphene composites to lower level of

photocatalytic property and also lead to the instability.

In this paper, we introduce a novel route to prepare the

ZnO/graphene composite via following process: firstly,

synthesizing a graphene layer on a conductive glass via

electrochemical process [20]; secondly, depositing a layer

of zinc (Zn) film on the graphene by using a pulse electro-

deposition; and finally, in situ oxidizing the Zn film to ZnO

through high-temperature thermal oxidation [21]. When Zn

transformed to ZnO at high temperature, the short range

atomics interdiffusion happened between ZnO and graph-

ene, which induced a transition layer at the interface, i.e.

formed a heterojunction interface. Obviously, this is a real

heterojunction and advantage to increase the photo-induced

electron–hole separation efficiency [9].

Experimental section

Preparation of the ZnO/graphene composite was according

to the following process: (1) Took appropriate amount of

graphene oxide which was prepared from modified hummers

method [22], and dispersed it into distilled water and keep the

solubility of the aqueous solution of oxidized graphene at

1 mg/ml. (2) Deposited the graphene on the ITO glass was

carried out in a three-electrode system (Platinum plate as the

counter electrode, HgI as the reference electrode, and ITO

glass as the working electrode platinum) by cyclic voltam-

metry, the initial voltage was 0 V, and the scan speed was

0.1 v/s. The high voltage was 0 V and the low voltage was

-1.5 V. The number of cycles was five. (3) After graphene

electrode was prepared, Zn nanocrystalline layer was plated

upon the surface of ERGO using square wave pulse plating

process. The main composition of the electrolyte was ZnCl2.

The anode was Zn foil with 99.9 % purity, and the cathode

was ERGO on ITO substrate with 10 s pulsed plating, the PH

value of the electrolyte was 5.0, which can be adjusted by

adding hydrochloric acid (HCl) and potassium hydroxide

(KOH). During the 10 s pulse plating process, the forward

voltage was 3.0 V, reverse voltage was 1.0 V, and duty cycle

was 40 %. (4) Cleaned the conductive glasses, and removed

the inorganic salt in the electrolyte. (5) At last, the Zn/ERGO

composite was heated at 350 �C for 2 h in the air to oxide Zn

into ZnO, as shown in Fig. 1.

Phase structure of the ZnO/graphene composite was tes-

ted by X-ray diffraction (XRD) (D8 Advanced XRD, Bruker

AXS, Karlsruhe, Germany) with parameters including tube

voltage of 40 kV, tube current of 40 mA, and CuKa radia-

tion (the incident wavelength is k = 0.15406 nm). Mor-

phologies and microstructures of the ZnO/graphene

composite were characterized by using field-emission gun

scanning electron microscope (SEM) (S-4800, Hitachi High-
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Technologies Corporation, Japan). Raman spectra of the

composite were measured in a laser scanning confocal

micro-Raman spectrometer (LabRAM HR, HORIBA,

France).

The photocatalytic activity of the ZnO/ERGO composite

was measured by detecting the concentration variety of

�OH generated in the terephthalic acid (TA) solution under

the ultraviolet–visible (UV–Vis) irradiation, which was

conducted according to the literature [23, 24]. The com-

posite was entirely immersed in 3 mL aqueous solution

containing 10 mM NaOH and 3 mM TA. Before exposure

to the visible light irradiation, the solution was left in the

dark for 30 min. Then it was irradiated perpendicularly by

a 450 W high pressure mercury lamp. The fluorescence

signal of the 2-hydroxy terephthalic acid (TAOH) was

measured in situ every half hour by using a fluorescence

spectrophotometer (F-4500, Hitachi, Japan) with the exci-

tation light from a Xe lamp. The excitation light employed

in recording fluorescence spectra was 320 nm.

The intensity of photo-generated current was measured

by electrochemical workstation (CHI660C, Chenhua,

Shanghai, China). The prepared samples, saturation calo-

mel electrode, and platinum electrode were used as the

working electrode, reference electrode, and counter elec-

trode, respectively. They were all immersed in 0.1 M

Na2SO4 aqueous solution together. The working electrode

1 cm2 films were irradiated horizontally by a 150 W high

pressure mercury lamp, which generate light wavelength in

the range of 350–450 nm. The distance between the lamp

and electrode was 10 cm.

Results and discussion

Figure 2 shows SEM morphologies of the ZnO/graphene

composite in different stages of preparation. It can be seen

that the graphene distributed smoothly on the conductive

glass and the pulse electro-deposited Zn film homogeneously

covered on the graphene surface. After heat treatment, it was

found that the original Zn film shrank into granular particles.

Raman spectroscopy, as shown in Fig. 3a, had a strong G

peak and relatively weak and broaden 2D peak of the original

graphene via cyclic voltammetry, which revealed that it had

a lot of defects. However, after thermal oxidation of the

composite, in addition to the characteristic peak of graphene,

the characteristic E2 and E1 peaks of ZnO at 434 and

587 cm-1 was also observed [25], as shown in Fig. 3b,

which indicated the formation of the ZnO/graphene

composite.

Figure 4 illustrates the XRD patterns of the ZnO/

graphene composite in different stages of preparation,

respectively. It was found that in addition to the transfor-

mation of Zn into ZnO during thermal oxidation, a ZnCO3

phase was also observed. The existence of the intermediate

ZnCO3 phase demonstrated that an interdiffusion and

interaction of carbon and Zn atoms occurred at the inter-

face during the oxidization of Zn to ZnO progress, due to

good lattice matching between Zn and graphene during

high-temperature thermal oxidation.

It was this intermediate phase which achieved a tight

contact of ZnO with ERGO, that is to say, a heterojunction

formed between ZnO and ERGO in the composite. This

was of significant importance for the electron transfer

between ZnO and ERGO, and exhibited a great improve-

ment of the separation efficiency of the photogenerated

electron–holes. However, due to the limitations of experi-

mental conditions, the HRTEM image at the interface of

ZnO and graphene can hardly be observed; and since

content of ERGO was rarely small, the XRD results could

also hardly detect the interface.

We believed that the heterojunction between ZnO and

ERGO was formed during heat treatment, due to the

interdiffusion of carbon and zinc. The thickness of the

diffusion layer could be simply calculated from the Fick’s

Fig. 1 The process for preparing the ZnO/graphene composite

Fig. 2 SEM morphologies of the samples. (a) ERGO, (b) Zn/ERGO, (c) ZnO/ERGO
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second law. Actually, at the interface, high temperature

provided enough energy for active carbon atoms diffusing

into the Zn plating and forming a solid solution. At the

same time, an oxidation reaction of the Zn layer happened

due to the surplus O2 in the atmosphere, which resulted in a

phase transformation from Zn into ZnO. Also, the Diffu-

sion layer of Zn and C had captured O2 and transformed

into a ZnCO3 transitional layer.

Considering the C diffusing in Zn, a calculation based

on the Fick’s law was performed according to a simple

one-dimensional model. At the beginning, it was assumed

that the C concentration was 100 %, and after the diffusion,

the proportions of C and Zn matched the atomic ratio in

ZnCO3, i.e., Cc% = 15.58 %.

The initial conditions were t = 0 and Cc = C0, where C0

was the original C concentration of the Zn plating, consid-

ered as C0 = 0. The boundary conditions were at t [ 0 and

x = 0, Cc = Cs = 1 and X = ?, Cc = 15.58 %. Accord-

ing to the Fick’s law, it was calculated that:

Cc ¼ Cs� Cs� C0ð Þerf x=2 Dtð Þ1=2
� �

ð1Þ

From above conditions, the error function was erf (x/2

(Dt)1/2) = erf (b) = 84.42 %, referring to graph b = 1.

Therefore, the diffusion depth of C in Zn was

x ¼ 2 Dtð Þ1=2 ð2Þ

The diffusion of C in Zn belonged to a kind of interstitial

diffusion mechanism, and the diffusion coefficient could be

calculated from the formula D = D0exp(-Q/RT). According

to the literature [26], D0 = 1 9 10-5 cm2/s and

Q = 50,200 cm2/s, and consequently, the variations of the

diffusion depth with time at different temperatures were

obtained, as shown in Fig. 5. This simple simulation just

indicated the diffusion phenomenon happened during heat

treatment in the present case. Practically, there were many

factors that influenced the interdiffusion of C and Zn, such as

carbon concentration, grain boundaries, defects, etc.

Therefore, the actual diffusion depth was much smaller than

those determined from the calculations. However, with high

temperature, the tight contact heterojunction can be observed,

and the diffusion interface formed due to the short range atom

diffusion at the interface [9, 27].

In our previous study, it was found that the electro-

deposited Zn layer was transformed into ZnO-nanoneedles

during thermal oxidation, which was considered to be a

growth mechanism of ‘‘solid state based-up diffusion

model’’ [21]. However, in this study, due to the short time

plating and thin Zn film (only a few microns), the Zn film

tended to be transformed into liquid phase with large

surface tension during thermal treatment, which inhibited

ZnO growth in a preferred orientation according to the

above model, and finally, the ZnO grew as a kind of

irregular particles. In addition, the reinforced surface

energy of graphene sheets was also prone to form the

particles during Zn shrinking on the surface. Obviously,

the shape of ZnO particle was different from the typical

hexagonal structure of ZnO nanorods, but it was also

reported in literature [18].

Fig. 3 Raman spectra of the samples. (a) ERGO, (b) ZnO/ERGO

Fig. 4 XRD patterns of the samples on ITO glass. (a) ERGO, (b) Zn/

ERGO, (c) ZnO/ERGO
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It is well-known that Fluorescence spectra is an efficient

method to evaluate photocatalytic activity by measuring

the formation and variety of photocatalytic active species

�OH radicals under the UV–Vis light irradiation. TA was

used as the fluorescence probe because it reacted with �OH

in solution to generate TAOH. With the 320 nm excitation

light irradiation, TAOH emitted a unique fluorescence

signal with a peak at 426 nm and its intensity variation was

coincident with concentration. Thus, the concentration of

hydroxyl radical (�OH) could be measured from the vari-

ations of fluorescence intensity of the solution. The detailed

procedure is as follows:

ZnOþ h! e� þ hvb ð3Þ
OH�þ hvb ! OH� ð4Þ
TAþ OH� ! TAOH ð5Þ

The photocatalytic property of the ZnO/ERGO composite

film was characterized by using a UV–Vis light irradiation

catalyzing TA. The fluorescence spectra associated with

TAOH were generated by irradiating the ZnO/ERGO, as

shown in Fig. 6. The result demonstrated that after

photodegradation for 3 h, the photocatalytic efficiency of

the ZnO/ERGO composite increased approximately three

times higher than that of ZnO. The inset of Fig. 6 is

photodegradation curves of the ZnO/graphene, ZnO, and

graphene, respectively. From comparison, it could be seen

that while graphene had no photodegradation effect, and

ZnO exhibited a strong photocatalytic activity, the

composite enhanced and almost tripled the photocatalytic

efficiency.

In fact, this enhancement for photocatalytic property

mainly came from the improvement of the photogenerated

electron -holes separation efficiency. Fig. 7 shows the fluo-

rescence curves of the ZnO and ZnO/graphene composite. In

general, ZnO exhibits a strong fluorescence property. For the

present case, the ZnO prepared from thermal oxidation also

showed strong fluorescence intensity, and the defect peak

was obvious too, due to the heat treatment in the air. How-

ever, for the composite, the fluorescence intensity decreased

greatly, as shown in Fig. 7, which proved that the recombi-

nation efficiency of photogenerated electron-holes reduced

significantly under the excitation light.

Figure 8 illustrates the photocurrent curves of pure ZnO

and the ZnO/ERGO composite. Obviously, the photocur-

rent intensity of the ZnO/ERGO composite was about two

times higher than that of pure ZnO, and the photocurrent

intensity of the ERGO was almost negligible, when com-

pared with ZnO or ZnO/ERGO composite. The photocur-

rent provided a direct characterization of photocatalytic

activity of the composite, which revealed the photo-gen-

erated electron-hole pairs under the UV–Vis light

irradiation.

Fig. 5 Relationships of diffusion depth with time at different

temperatures
Fig. 6 Fluorescence spectra obtain for the supernatant liquid of the

irradiated ZnO/ERGO solution containing 3mMTA at various irradi-

ation periods, and the inset is the time dependence of fluorescence

intensity at 426 nm of ERGO, ZnO, and ZnO/ERGO composite

Fig. 7 Fluorescence spectra of ERGO, ZnO, and ZnO/ERGO

composite
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Figure 9 shows the energy level diagram of ZnO and

graphene. It can be seen that the conduction band position

of ZnO is higher than that of graphene, which resulted in

the movement of electrons from ZnO to graphene. There-

fore, theoretic analysis revealed that, due to the advantages

of the heterojunction at the interface between ZnO and

graphene, and the extremely excellent electron mobility of

graphene, the photo-induced electrons could be exported

via graphene sheets, which effectively separated the elec-

trons and holes and reduced the recombination rate. That

was to say, more photo-induced holes and hydroxyl radical

involved in the photocatalytic process, and the photocata-

lytic efficiency of the composite enhanced significantly.

Conclusion

It is an effective route to obtain a ZnO/graphene composite

with high photocatalytic properties via high temperature

treatment since during the process of Zn transformed into

ZnO, a tight contact heterojunction was formed between

ZnO and graphene which greatly improved the separation

efficiency of photo-induced electron-holes. The process was

simple, economic, and suitable for large quantity prepara-

tion. It is applicable in the field of photocatalysis, solar cells,

and supercapacitors. With the same principle, the hetero-

junction of other composite systems, such as, ZnO/TiO2,

ZnO/NiO, ZnO/CuO etc., can also be obtained, and their

chemical and physical properties can be further improved.
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