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Abstract ZnO/RGO (ZnO/Reduced Graphite Oxide)

composites with sandwich structure (layered structure)

were synthesized at relatively low temperature (60 �C)

using ZnSO4 and GO (Graphite Oxide) as precursors.

Compared with pure ZnO, ZnO/RGO composites showed

greatly enhanced-UV photocatalytic activity for the deg-

radation of the organic dye methyl orange (MO). The

structure and morphology of as-prepared samples have

been characterized by X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FT-IR), Field Emission

Scanning Electron Microscopy (FE-SEM), etc. ZnO/RGO

composites had a sandwich structure, which would be

enhanced when exfoliated GO was used. During the for-

mation the composites, GO was reduced to RGO (graphite-

like carbon named as Reduced Graphite Oxide, RGO). The

groups which exist in GO (such as C=O, C–O–C) disap-

peared or obviously weakened, while the groups similar to

those in graphite (such as C=C) appeared at the same time.

Photoluminescence (PL) spectra of ZnO/RGO showed a

significant decline compared to that of pure ZnO, which

suggests that the recombination of excited electron–hole

pair (e-–h?) may be efficiently inhibited by the transfer of

electrons to the carbon neighbor. The enhanced-photocat-

alytic activity for ZnO/RGO can be attributed to the

migration effect of photoinduced electrons on the interface

of RGO and ZnO. The photocorrosion effect of ZnO was

found to be evidently suppressed according to Inductively

Coupled Plasma Optical Emission Spectrometry (ICP).

Introduction

The semiconductor photocatalysis has received much

attention due to its capability of completely degrade and

mineralize a wide range of pollutants at ambient temper-

atures and pressures, which endue it great potential appli-

cation in environmental cleaning, water purification, self-

cleaning, and anti-bacteria [1–4]. Although TiO2 is the

most commonly used effective photocatalyst, ZnO appears

to be a suitable alternative to TiO2 since its photodegra-

dation mechanism has been proven to be similar to that of

TiO2 [5]. Some studies have confirmed that ZnO exhibits

particularly noticeable degradation of some dyes, such as

bleaching wastewater of the pulp mill [6], phenol [7], and

2-phenylphenol [8]. Furthermore, the reported optimal pH

value for ZnO process is close to neutral one, whereas the

optimum pH for TiO2 mostly lies in acidic region [9].

Hence the ZnO process can be another choice for the

treatment of industrial effluents.

However, the photocatalytic efficiency of ZnO is sup-

pressed substantially due to the high recombination ratio of

photoinduced electron–hole pairs (e-–h?). In recent years,

several attempts have been made to reduce this recombi-

nation by combining photocatalyst with carbon materials,

such as CNT [10] and C60 [11], both of which take the role

of electron scavenging agents. However, neither CNT nor

C60 is suitable to be extensively used now for their high

price and complex process.

Graphite oxide (GO) that has a layered structure has

attracted considerable attention in recent years [12–14]. It

is obtained through the reaction of graphite with strong

oxidants such as KMnO4 and H2SO4 [15]. Polar groups

(such as C=O, –C–O–C, –C–OH) appear in the interlayer

of GO, which make it hydrophilic and easily hybridize with

other species. These kinds of hybrid materials often exhibit
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many unique physical and chemical properties [16, 17].

Besides, GO is much cheaper than CNT and C60, which

establish some potential applications. Recently, much

attention has been focused on GO/polymers [18, 19].

However, there are few reports of GO/inorganics com-

posites so far. Herein, we report for the first time a simple

method to chemically synthesize ZnO/RGO (ZnO/reduced

graphite oxide) in aqueous at relatively low temperature

(60 �C).

A pH above 9.0 is essential for the formation of ZnO in

aqueous solution at low temperature [20]. In the aqueous

solution, soluble ions are Zn2? and ZnOH? under acidic

conditions of pH \*6.0 [21]. With OH- increasing in the

aqueous solution, the precipitation of Zn(OH)2 occurs

under neutral and moderately basic conditions:

Zn2þ þ 2OH� ! Zn OHð Þ2 sð Þ ð1Þ

Further increase of OH- causes the dissolution of Zn(OH)2

and the precipitation of ZnO simultaneously because the

latter’s solubility is lower in higher pH region. Finally,

Zn(OH)2 will totally transform into ZnO through the

dissolution-deposition process with an increase in pH. The

reaction can be expressed as:

Zn OHð Þ2 sð Þ ! Zn OHð Þ2 aqð Þ ! ZnO sð Þ þ 1=2H2O ð2Þ

In the present study, a strong basic solution ([OH-]:

[Zn2?] = 20) was applied for the preparation of wurtzite

ZnO and ZnO/RGO. We found that ZnO/RGO composites

have a sandwich structure, which greatly depends on the

reaction process. The UV photocatalytic activity of ZnO/

RGO composites showed great enhancement compared to

the pure ZnO nanopowders. Moreover, we have also

studied the formation process of ZnO/RGO composites,

the photocatalysis mechanism of ZnO/RGO, and the

photocorrosion effect of different samples.

Experimental section

Materials preparation

All the reagents were of analytic purity, bought from

Sinopharm Chemical Reagent Co, Ltd (SCRC) and without

further purification before utilization. High purity deion-

ized water made ourselves was used as solvent. GO was

prepared by modified Hummer method, the previous work

carried out by our group [22].

Preparation of ZnO

ZnO was synthesized by simply mixing the solutions of

NaOH and ZnSO4 at 60 �C. 100 mL of 4 M NaOH was

added drop by drop into of 100 mL of 0.2 M ZnSO4 in

10 min. The reaction was performed at 60 �C for 30 min.

White precipitates were obtained by filter and washing to

neutral pH value with plenty of deionized water. The

products were dried at 80 �C for 24 h in the air.

Preparation of D-ZnO/RGO

14 mL of GO was mixed with ZnSO4 solution under stir-

ring. After sonicating for a period of time, the solution was

then transferred into a water bath (60 �C). NaOH solution

was dropped in after the temperature was stable. The fol-

lowing steps are similar to that of pure ZnO production.

The ratio ([OH-]: [Zn2?] = 20) was fixed in this system.

This process was defined as direct synthesis method; the

product was denoted as D-ZnO/RGO.

Preparation of E-ZnO/RGO

In order to form a better sandwich structure of ZnO/RGO

composite, NaOH solution was tried to exfoliate GO to

enlarge the interlayer distance. A colloidal solution of GO

was obtained by mixing 14 mL of GO solution with 14 mL

of 0.1 M NaOH aqueous solution and sonicating for

30 min. The GO colloidal solution can be named as EGO

(exfoliated GO). The obtained EGO was then mixed with

ZnSO4 solution under vigorous stirring. After sonicating

for a period of time, the solution was then transferred into a

water bath (60 �C). NaOH solution was dropped in after

the temperature was stable. The following steps are similar

to that of pure ZnO production. The ratio ([OH-]:

[Zn2?] = 20) was also fixed in this system. This process

was defined as exfoliate synthesis method; the product was

denoted as E-ZnO/RGO.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on

a Rigaku D/Max-rB12KW X-ray diffractometer in the

diffraction angle range 2h = 5–70� at a rate of 5�/min

using CuKa radiation (k = 0.15418 nm). Fourier transform

infrared spectroscopy (FT-IR) was recorded on a Bruker

VECTOR22 FT-IR spectrometer using KBr pellets. The

morphology of the as-prepared samples was observed using

a field-emission scanning electron microscope (FE-SEM,

Quanta 200 FEG). The room temperature photolumines-

cence (PL) was measured by a 970CRT-luminescence

spectrophotometer, using the 325 nm excitation line of a

Xe lamp. The concentration of Zn2? in the catalysts sus-

pension was measured using Inductively Coupled Plasma

Optical Emission Spectrometry (ICP, PerkinElmer, Optima

2100 DV).
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Photocatalytic experiments

The photocatalytic activity of the as-prepared samples was

characterized under UV light using methyl orange (MO) as

a target. Experiments were as follows: 0.05 g of sample

was dispersed in 50 mL of aqueous MO solution with a

concentration 20 mg/L. Fresh air was bubbled for the

purpose of stirring and oxygen supply. High pressure Hg

lamp (250 W, k C 365 nm) was used as a UV source.

Suspensions were collected every 30 min to monitor the

degradation of MO. The transmittance (Ti) of the centri-

fuged suspensions was measured at 483 nm. Absorbance

(Ai) was obtained by Lambert–Beer law (Ai = 2-lgTi).

And then degradation efficiency (Di) was available

according the following equation:

Di ¼ A0 � Aið Þ=A0 ð3Þ

A0 is the absorbance of MO solution at 483 nm before

exposing under UV light.

In order to the investigate photostabilities of as-prepared

samples, the suspensions of P-ZnO and E-ZnO/RGO were

exposed under UV light for a period of time. A certain

amount of suspension was withdrawn at 30, 50, and 80 h to

carry the photocatalytic experiment and ICP test.

Results

XRD analysis

Figure 1a–d shows X-ray diffraction patterns for pure ZnO,

D-ZnO/RGO, E-ZnO/RGO, and GO. All the peaks of

as-prepared samples (Fig. 1a–c) can be indexed to the

wurtzite ZnO (JCPDS card No. 36-1451). No characteristic

peaks were observed for ether GO or graphite in both

D-ZnO/RGO and E-ZnO/RGO. The particle sizes were

estimated employing Debye–Scherrer’s formula and the

values were listed in Table 1. The average crystal size of

ZnO in both D-ZnO/RGO and E-ZnO/RGO is slightly

lower than that of pure ZnO. This can be attributed to the

appearance of GO, which may suppress the growth of

grains in some extent.

FI-IR analysis

Figure 2 describes the FT-IR spectra of ZnO (a), D-ZnO/

RGO (b), E-ZnO/RGO (c), and GO (d). In the spectrum of

the pure ZnO (Fig. 2A, a), hydroxyl group vibration bands

are centered at 3430 and 1620 cm-1. The strong absorption

band around 450 cm-1corresponding to the Zn–O bonds.

GO (Fig. 2A, b) exhibits the following characteristic IR

features: the broad absorptions at about 3420 and

1620 cm-1 are assigned to the hydroxyl groups of absorbed

H2O molecules, the bands at 1720 and 1056 cm-1 are

assigned to the C=O and C–O–C groups, respectively, the

weak bands at 1390 and 1245 cm-1 are assigned to the

O–H deformations of the C–OH groups.

As shown in Fig. 2, remarkable changes had taken place

when compared D-ZnO/RGO (b) and E-ZnO/RGO (c) with

GO (d). The active groups C–O–C (1056 cm-1) and C=O

(1720 cm-1) which existed in GO disappeared or obvi-

ously weakened in both D-ZnO/RGO (b) and E-ZnO/RGO

(c). The range of 1800–1400 cm-1 is magnified in Fig. 2B.

The C=O (1720 cm-1) could not be found in D-ZnO/RGO

(Fig. 2B, b) while a weak band assigned to the C=C bonds

appeared at 1580 cm-1. It indicates that GO was reduced

to graphite-like carbon (Reduced GO, RGO) during the

reaction, but the graphitization degree is relatively low.

Meanwhile, distinct C=C bonds (1580 cm-1) presented in

E-ZnO/RGO (Fig. 2B, d), suggesting a higher graphitiza-

tion degree of GO. However, the weak band of C=O

(1720 cm-1) was observed in E-ZnO/RGO at all. The

pretreatment of GO with NaOH may be responsible for this

phenomenon.
Fig. 1 XRD patterns of (a) pure ZnO; (b) D-ZnO/RGO; (c) E-ZnO/

RGO; (d) graphite oxide

Table 1 Crystallite size measurement and photodegradation

efficiencies

Sample da (nm) Db (%)

Pure ZnO 26.1 28.02

D-ZnO/RGO 25.4 50.92

E-ZnO/RGO 23.4 70.3

Degussa P25 21 59.7

da is the crystal size calculated by plane (101), Db is the photocata-

lytic efficiency at 30th min
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FE-SEM studies

The FE-SEM images of D-ZnO/RGO (a, b) and E-ZnO/

RGO(c, d) are shown in Fig. 3. From the image of D-ZnO/

RGO in Fig. 3a, subtle-layered structure can be observed in

the rectangular area. However, the layered structure is

rather non-uniform. The surface of RGO is covered by a

mass of agglomerated ZnO nanoparticles. We can infer that

a large quantity of ZnO nanoparticles distributes on the

external surface, while only a little is grown on the brink of

interlayer and the inside interlayer of RGO. Consequently,

the interlayer distances will be varied and thus the layered

structure is not uniform (shown in the illustration, Fig. 3a).

As for E-ZnO/RGO (Fig. 3c, d), the sample shows a

very regular-layered structure (Sandwich structure) in the

rectangular area (shown in the illustration). Besides, ZnO

nanoparticles also appear on the inside of RGO (shown by

the dashed arrow). From the horizontal cross-section of

RGO layer (Fig. 3d), well-distributed ZnO nanoparticles

can be observed and the size is about decade nanometers,

consistent with the result of XRD. Another interesting

phenomenon is the rolling tendency at the brink of RGO

Fig. 2 FT-IR spectra of

(a) pure ZnO (b) D-ZnO/RGO

(c) E-ZnO/RGO and

(d) graphite oxide:

A 4000–400 cm-1 and

B 1800–1400 cm-1

(the enlarged spectra in the

rectangular area of A)

Fig. 3 FE-SEM image of

D-ZnO/RGO (a, b) and

E-ZnO/RGO (c, d)
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layer (Fig. 3c). This may be caused by uneven stress

around the layer while it is very thin. However, this rolling

phenomenon does not appear in D-ZnO/RGO (Fig. 3b)

because the layer not being as thin as that in E-ZnO/RGO.

This may be another evidence for the formation of Sand-

wich structure.

The FE-SEM images reveal that the interlayer spacing is

quite large by the existence of the ZnO nanoparticles, to

prevent the graphite-like carbon to be observed in the XRD

patterns.

Photoluminescence studies

The room temperature PL emission spectra (excitation at

325 nm) of ZnO, D-ZnO/RGO, and E-ZnO/RGO are

shown in Fig. 4a–c. The spectrum for the mixture of ZnO

and graphite (ZnO/graphite, Fig. 4d) is given for compar-

ison. All samples emit strongly at the UV with a band

centered at 390 nm, corresponding to the excitonic emis-

sion [23].The blue-green band around 463 nm is induced

by the electron transition from the level of the ionized

oxygen vacancies to the valence band [24].

Comparing to pure ZnO, the UV emission of D-ZnO/

RGO (Fig. 4b) and E-ZnO/RGO (Fig. 4c) shows a signif-

icant decline indicating the decreased electron–hole pair

(e-–h?) recombination. The reason for this may be the

transfer of photo-induced electrons to RGO. E-ZnO/RGO

showed even lower emission than that of D-ZnO/RGO,

suggesting that the former has more evident migration

effect of photo-induced electrons on the interface of RGO

and ZnO.

The PL spectrum of the mixture of ZnO and graphite

is slightly weaker than pure ZnO but much higher than

D-ZnO/RGO and E-ZnO/RGO. So it is clear that the decline

in D-ZnO/RGO and E-ZnO/RGO primarily resulted from

the migration effect of photo-induced electrons instead of

the absorbance of graphite.

Photocatalytic activity

The photocatalytic activities of the as-prepared samples

were evaluated by the degradation of methyl orange (MO)

in aqueous solution, and the results are shown in Fig. 5a.

The blank test confirmed that MO was quite steady. Less

than 3% of MO was degraded under UV light for 90 min in

the absence of the catalyst. Meanwhile, the photocatalytic

efficiency of D-ZnO/RGO and E-ZnO/RGO was much

higher than that of pure ZnO. E-ZnO/RGO showed the

highest activity, 70.3% of MO was degraded after exposing

under UV light for 30 min. The degradation efficiencies

were 50.2 and 28.0% for D-ZnO/RGO and pure ZnO,

respectively. 90 min later, MO was almost completely

degraded in the presence of E-ZnO/RGO and D-ZnO/RGO.

However, the degradation efficiency of pure ZnO was only

61%, which was even less than the value of E-ZnO/RGO at

Fig. 4 PL spectrum of as-prepared samples under 325 nm UV

irradiation: (a) Pure ZnO; (b) D-ZnO/RGO; (c) E-ZnO/RGO; (d)

ZnO/graphite

Fig. 5 UV photocatalytic degradation (a) and dark absorption (b) of MO for as-prepared samples
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30th min. The result was compared with Degussa P25,

which is well-known to have a superior photocatalytic

activity. E-ZnO/RGO exhibits a higher photocatalytic

activity than commercial P25. The values of degradation

efficiency at 30th min for E-ZnO and P25 were 70.3 and

59.7%, respectively. It implied that the interaction between

RGO and ZnO photocatalyst played a crucial role in the

enhancement of photocatalytic activity.

The adsorption properties of the catalysts were tested by

putting the suspension in dark circumstance (Fig. 5b). It is

true that the absorption property of ZnO/RGO composites

was slightly higher than that of pure ZnO but the difference

was not so obvious. Although D-ZnO/RGO and E-ZnO/

RGO showed similar absorbability, they performed evi-

dently different photocatalytic properties. So we can con-

clude that a higher absorbability of ZnO/RGO composites

is not the main reason for their greater photocatalytic

properties.

The recycled experiments for the photodegradation of

MO were performed as well, and the results are given in

Fig. 6. After 30 h of exposed under UV light, an evident

decrease of photocatalytic activity for P-ZnO was found

(Fig. 6a), the degradation efficiency within 90 min

decreased from 61 to 49%. When it comes to 80 h, only

23% of the MO was degraded within 90 min. Meanwhile, it

is much better for E-ZnO/RGO (Fig. 6b) under the same

situation, and its photodegradation activity did not appar-

ently affected even after 80 h of irradiation by UV light.

Although decreases can be observed at the early stage of

photocatalytic process, the degradation efficiencies within

90 min were above 90% for all of them. It is clear that the

photocorrosion effect of ZnO was suppressed in ZnO/RGO

composites.

As it is well-known that ZnO would decompose and

release Zn2? ions under illumination for its photocorrosion

effect [25]. To further study the photocorrosion effect, the

concentration of Zn2? in the solution was measured with

ICP test after exposure for 30, 50, and 80 h, and the results

are shown in Fig. 7. Evidently, the concentration of Zn2?

for P-ZnO suspension is much higher than that of E-ZnO/

RGO, suggesting the photoinduced dissolution of ZnO is

effectively prevented in E-ZnO/RGO. The ICP tests were

also in good agreement with the results of the circled

photochemical experiment.

Discussion

Formation process of ZnO/RGO

The active groups(C=O, –C–O–C–, –C–OH) endow GO

with a large surface area and strong ion exchange capacity,

which make it possible for Zn2? to enter into the interlayer

of GO. And then ZnO nanoparticles can be formed in the

interlayer of GO. GO would be reduced at the same time

because the groups were consumed during the reactions.

Fig. 6 Recycled experiments of P-ZnO (a) and E-ZnO/RGO (b)

Fig. 7 Concentration of Zn2? induced by the ZnO decomposition

under UV light
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Figure 8a describes the formation process of D-ZnO/

RGO. In this situation, diffusion is the predominant manner

for Zn2? entering into the interlayer of GO. The diffusion

process is hindered by a considerable resistance because

the interlayer distance is not large enough. A large amount

of Zn2? ions would stay on the external surface and the

fringe of interlayer. When NaOH solution is dropped,

heterogeneous nucleation in these positions will be prior to

the homogeneous in the solution. So ZnO nanoparticles are

mainly grown in these areas which can be observed in the

FE-SEM image (Fig. 3a).

Figure 8b presents the formation process of E-ZnO/RGO.

Compared with the D-ZnO/RGO process, the most distinc-

tive difference is the ultrasonic processing of GO with

NaOH. Since GO contains acidic hydroxyl groups (such as

C=O, –C–O–C–, –C–OH), C–O- could be formed in GO

layers when GO is neutralized by dilute alkaline solution,

and Na? ions would take the place of H? at the same time.

The bigger diameter of Na? and electrostatic repulsive force

between C–O- groups among GO layers cause the forma-

tion of exfoliated GO (EGO) [26]. The layers of EGO would

be much thinner since its interlayer distance is much larger

than that of GO. So far, Zn2? ions would be easier to enter

into the interlayer of EGO. Then Zn2? ions bond with C–O-

and followed by the nucleation of ZnO when NaOH is

dropped. The sandwich structure is formed together with the

nucleation of ZnO because Zn2? ions have already bonded

with carbons before. The sandwich structure of E-ZnO/RGO

was also well performed in its FE-SEM image (Fig. 3c).

Mechanisms of enhanced-photocatalytic activity

and suppression of photocorrosion effect

When ZnO is irradiated by UV light, e-–h? pairs are

generated. The e- and h? can migrate to the surface to

react with the adsorbed reactants in the desired process, but

some can undergo an undesired recombination. A rate

increase in the former process or a rate decrease in the

latter would lead to greater photocatalytic efficiency.

The main photocatalysis process of ZnO/RGO can be

described as follows (Fig. 9): When excited by the UV light,

electrons in valence band (VB) can jump to conduction band

(CB) and diffuse to the interface of ZnO and RGO. With a

good conductivity, RGO could be a good acceptor of photo-

induced electrons. Hence the recombination would be

Fig. 8 Formation process of different photocatalysts: a D-ZnO/RGO; b E-ZnO/RGO

Fig. 9 General mechanism of the photocatalysis of as-prepared ZnO/

RGO composites
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effectively suppressed and this has been confirmed by the PL

analysis before. As a result of this, much more holes (h?)

could diffuse to the surface of ZnO and cause the formation

of hydroxyl radicals (•OH), which subsequently degrade the

MO target. Meanwhile, the transferred electrons might react

with dissolved oxygen to form the superoxide radicals

(•O2
-), which would also react with the dye molecules. The

greatly enhanced-photocalytic activity could be attributed to

the above reasons.

Since RGO paves the way for migration of electrons, a

better graphitization is expected to have higher electron

transfer efficiency and thus have a better photocatalysis

activity. So it will be understandable that the photocatalysis

activity E-ZnO/RGO is better than that of D-ZnO/RGO.

It is reported that the photocorrosion of ZnO was caused

by the surface unsaturated oxygen atoms [11], which would

react with holes and escape from the surface. And the

reactions of this process can be described as follows [27]:

O2�
surface þ hþ ! O�surface ð4Þ

O�surface þ 3O2� þ 3hþ ! 2 O� O2�� �
ð5Þ

O� O2�� �
þ 2hþ ! O2 ð6Þ

2Zn2þ ! 2Zn2þ aqð Þ ð7Þ

The overall reaction may be represented as

ZnO þ 2 hþ ! Zn2þ þ 0:5O2 ð8Þ

The loss of oxygen not only consumed the holes but also

caused the Zn2? to dissolve from ZnO and followed by a

damage of the crystal structure, which would inevitably

weaken the photocatalytic activity of ZnO. When ZnO was

hybridized with RGO, a combination would be formed

between RGO the surface unsaturated oxygen atoms of

ZnO. Consequently, the number of surface unsaturated

oxygen atoms could be sharply decreased. Therefore holes

would prefer to react with dyes instead of performing the

reaction 4 and the photocorrosion of ZnO could be effec-

tively inhibited.

Conclusions

Sandwich-structured ZnO/RGO composites were success-

fully prepared by different means at relatively low tem-

perature (60 �C). Ultrasonic processing of GO with NaOH

could further enlarge the interlayer distance of GO, which

makes it easy for Zn2? to move into the interlayer of GO

and followed by the formation of more regular-layered

structure.

During the formation of ZnO/RGO composites, GO was

reduced to graphite-like carbon (RGO), the good conduc-

tivity of which paved a way for the transfer of photo-induced

electrons. The migration photo-induced electrons could take

place on the interface of RGO and ZnO, which effectively

suppressed the recombination of e-–h? pair. As a result, the

UV photocatalytic activity would be greatly enhanced.

When RGO was introduced, the surface unsaturated

oxygen atoms of ZnO could combine with RGO, which

prevented the surface oxygen atoms and Zn2? from

escaping from ZnO nanoparticles and then the photocor-

rosion of ZnO was effectively inhibited.
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