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The nano-sized zinc oxide-graphene oxide (ZnO-GO) hybrid has been prepared by using GO dispersed
in the ethanol as carrier, zinc acetate dihydrate and lithium hydroxide monohydrate as reactant. Then
the nano-sized hybrid material of ZnO-graphene (ZnO-G) is obtained by thermally treating ZnO-GO
at different temperatures. The samples are characterized by using scanning and transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Raman, electron absorption and photo-

geywl:)rds: luminescence emission spectroscopy. The results reveal that both sides of the graphene sheets are coated
Z;%p ene with ZnO particles, and that the lattice constants and the band gap energy of ZnO have been changed

compared with the pure nano-sized ZnO particles. The photodegradation of methylene blue (MB) has
been investigated in the presence of hybrid materials. It is found that ZnO-G prepared at 200°C con-
taining 2.5% graphene exhibits the highest activity which is three times as large as that of pure ZnO. The
optimum ZnO-G catalyst still retains the 80% of the initial activity still after it has been used 5 times
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repeatedly, and exhibits larger rate for MB degradation than pure ZnO in each recycled time.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, great interest has been stimulated in the treatment
of organic contamination in water through photocatalytic method
because it can destruct the pollutants completely and has a broad
optional compound [1-3]. Among the semiconductors used as pho-
tocatalyst, TiO, has been widely used for complete degradation of
the recalcitrant organic pollutants because of its high efficiency,
notoxicity and photochemical stability [2,3].

ZnO, as a semiconductor, is also usually used as photocatalyst
to destroy the organic pollutants in water or air because its high
photo-sensitivity and large band gap can offer the high driving force
for reduction and oxidation processes [4]. It is proved that ZnO may
exhibit a better efficiency than TiO, in photocatalytic degradation
for some dyes [5]. Usually, the photocatalytic activity of the catalyst
can be influenced strongly by the crystal structure, particle size,
dispersibility, band gap and the hydroxyl density on the surface
[6-9]. Furthermore, the catalytic efficiency and the applied scope
of the photo-catalyst may be limited by two facts: (1) charge carrier
recombination occurs within a short time as nanoseconds, and (2)
the band edge absorption threshold does not allow the utilization of
visible light [6]. The attempt has been made to improve dispersibil-
ity of ZnO by loading the particles on the sepiolite [10] which
prevents the particles from aggregation, but the recombination of
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the photo-generated electrons and holes cannot be reduced by dis-
persing on it. Therefore, several methods have been employed to
reduce the recombination of charge carriers by coupling the photo-
catalysts with noble metals [11], semiconductors [12], polyaniline
[13] and carbonaceous materials such as carbon nantubes and Cgg
[13-16], which can take the role of electron scavenging agents.
However, neither the CNT nor Cgj is suitable to be extensively used
now for their high price [17].

As a new kind of two-dimensional carbon material constructed
by single layer of carbon atoms, graphene is an excellent support-
ing and electron-transport material compared with other carbon
materials in the process of photocatalysis for its large surface area,
superior electrical conductivity and mechanical properties [18,19].
Furthermore, graphene can be easily produced from inexpensive
natural graphite through intermediates product graphite oxide
(GO).Besides, the presence of oxygen-containing functional groups
in GO and reduced GO will make them excellent supporting mate-
rial to anchor nanocrystals during the process of synthesis [20]. Up
to the date, efforts have been made to utilize graphene to improve
the efficiency of photocatalysts [21-26] and solar cells [27-29]. Fur-
thermore, the composite of ZnO and graphene has been synthesized
by treating the mixture of ZnO particles and GO through hydrother-
mal process or co-precipitation; however, the structural changes
such as lattice constants and band gap energy of ZnO have not been
observed in the composite [17,30].

It has been proved that ZnO nanoparticles can be conveniently
prepared by using the zinc acetate dihydate and lithium hydroxide
monohydrate as reactants in ethanol medium. It is expected that
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the GO can contact with ZnO more intimately when the ethanol dis-
persion of GO exists synchronously. The hybridization of ZnO with
graphene will increase the dispersibility of the catalyst and reduce
the recombination of charge carriers, which is favorable to increase
the photocatalytic efficiency. In present work, the hybrid of ZnO-G
will be prepared by thermal treatment of the ZnO-GO prepared in
ethanol system containing different amount of GO sheets, and the
photocatalytic property of the hybrid will also be investigated in
detail.

2. Experimental
2.1. Materials

Natural mineral graphite powder (NGP, 99.9%, 325 mesh) was
obtained from the Tianjin Guangfu Research Institute. GO was pre-
pared from NGP according to the previous method [31,32]. P25
(TiO,) was obtained from Evonik Degussa (Hualisen Guangzhou).
LiOH-H,0 (95%), Zn(CH3CO0);-2H,0 (99%), n-hexane (98%), H,0,
(30%), sulfuric acid (H,SOg4, 98%), chlorohydric acid (HCl, 36%) and
other chemicals were of AR grade. Unless otherwise specified, all
reagents and materials involved were used as received without fur-
ther purification. Anhydrous ethanol was refluxed over CaO for
2h and distilled before use. Methylene Blue (MB) was obtained
from Zhangjiagang Chemical Plant. The GO stock dispersion was
prepared by dispersing 20.0mg GO in 10.0 mL ethanol to form
2.0mgmL-! dispersion.

2.2. Preparation of ZnO-graphene hybrid

ZnO nanoparticles were synthesized according to the
method reported previously [10,33]: 1.10g (5.0 mmol) sam-
ple of Zn(CH3COO0),-2H,0 was dissolved into 50.0 mL anhydrous
ethanol at 80°C under vigorous stirring for about 20 min; after
the mixture was cooled to 50°C, LiOH-H,0 (0.30¢g) dissolved in
other 50.0 mL anhydrous ethanol containing a certain amount of
GO dispersion was added into the solution of Zn(CH3C0OO),-2H,0;
the mixture was then kept under vigorous stirring for 40 min, in
which the resulted ZnO particles were supported on the surface
of the GO sheets. After cooling, more than twice as much hexane
in volume was added to the mixture and stored at temperature
under 4 °C overnight. The precipitate was collected by filtering the
mixture through the micro-porous filter membrane and washed
by deionied water and ethanol thoroughly to remove the impurity
after being dried under vacuum at 50 °C and designated as ZnO-GO.
The samples were designated as ZnO-G after they were thermally
treated for 2.0 h in a tube furnace at different temperatures under
high-purity Argon atmosphere. By comparison, the composite
ZnO-multiwalled carbon nanotube (ZnO-MWCNT) and pure ZnO
nanoparticles were also synthesized according to the similar
procedure.

2.3. Characterization of the composites

The XRD patterns of the samples were recorded on a Bruker D8
Advance X-ray diffraction meter with Cu Ka radiation and graphite
monochromator, at the scan speed of 5°/min with a step size of
0.02°. The morphologies of the samples were observed by using a
JEOL-JSM-6701 field-emission scanning microscope (SEM) operat-
ing at an accelerating voltage of 10 kV and aJEOL 2010 transmission
electron microscopy (TEM) operating at 200 kV. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed with an
ESCAL-ab 220i-XL spectrometer (VG Scientific, England) employ-
ing a monochromic Al Ka source at 1486.6eV. Raman spectra
were recorded on a JobinYvon Lab RAMHR800 microscopic confo-
cal Raman spectrometer by employing laser of 514 nm as incident

light. The thermogravimetric analysis (TGA) was performed on
a STA449C thermo gravimetric analyzer from room temperature
to 800°C with a heating rate of 10°Cmin~!. The photo-activity
of the samples and the UV-visible spectra were measured on
a Varian 50 Bio UV-visible spectrophotometer and the fluores-
cence properties of the samples were investigated on a Hitachi
F-2500 spectrofluorometer at room temperature. The electrochem-
ical impedance spectra (EIS) measurements were carried out on
a CHI 660C electrochemical workstation (Chenhua, Shanghai) by
using three-electrode system.

2.4. Photocatalytic activity of the composites

The photodegradation process of MB was tracked based on the
absorption spectroscopic technique. In a typical process, the solu-
tion of the MB (20.0mg L~!, 50.0 mL) containing a certain amount of
the photo-catalystin a 100 mL beaker was stirring for 30 min under
dark at ambient conditions to get the absorption-desorption equi-
librium before irradiation. Then the beak was exposed to the light
irradiation produced by a 200 W Xe lamp positioned 36 cm away
from the vessel. The photo-catalytic reaction started from turning
on the Xe lamp, and during the photocatalysis, the degradation
solution was analyzed by recording variations of the absorption
located at maximum band at given time intervals. During the photo-
degradation, the temperature was kept at about 25°C and the pH
value of the dispersion was kept at about 6.5. After given time inter-
vals, 1.0 mL of the mixture under radiation was transferred from the
vessel and was centrifuged at 12,000 rpm for 3 min to remove the
catalyst particles completely. The absorbency of the MB solution
was measured in the mixture of ethanol and water with a volume
ration of 3:1. The control experiments such as irradiating without
photo-catalyst or non-irradiating in the presence of photo-catalyst
were also carried out at the similar procedure. The durability test
of the catalyst in the photo-degradation of MB under light radia-
tion was performed following the same procedure, at the beginning,
30.0 mg of ZnO-G or ZnO was dispersed in 50.0 mL MB solution with
the concentration of 20.0 mgL-!, and then the mixture underwent
five consecutive cycles, each lasting for 70 min. After each cycle, the
catalyst was centrifuged and washed thoroughly with water, and
then fresh MB solution was added to the catalyst.

2.5. Fabrication of the electrodes for EIS measurements

For the EIS measurement, the photo-catalyst (5.0 mg) was dis-
persed in 1.0 mL ethanol, then 50uL dispersion was dropped on
a carbon electrodes for five times. The EIS measurements were
carried out on a CHI 660C electrochemical workstation by using
three-electrode cells after drying in air at 100°C. The resultant
electrode served as the working electrode, with a platinum plate
and a saturated calomel electrodes (SCEs) as the counter and refer-
ence electrodes, which was performed in the presence of a 2.5 mM
K3[Fe(CN)g]/K4[Fe(CN)g] (1:1) mixture as redox probe in 0.1 M KCI
solution. The impedance spectra were recorded under an ac per-
turbation signal of 10 mV over the frequency range of 10°-0.1 Hz.

3. Results and discussion
3.1. Characterization of the hybrids

The XRD patterns of the samples are shown in Fig. 1, it is found
that all the samples present the typical XRD diffraction character of
wurtzite structure according to the standardized JCPDS (36-1451)
card. However, no characteristic peaks are observed for either GO
or graphite in the corresponding region, which may arise from
the factors that the content of the graphene is low and that the
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Fig. 1. The XRD patterns of pure ZnO and ZnO-G containing 2.5% graphene. (a)
Zn0O-GO as prepared; (b) ZnO-G calcined at 200°C and (c) pure ZnO calcined at
200°C.

deposited ZnO particles prevent the graphene sheets from form-
ing the inerratic stacks [32]. The sample of ZnO-GO (Fig. 1a) shows
the similar broader diffraction peaks to the pure ZnO as prepared,
which indicates that the size of ZnO particles is smaller. Further-
more, the diffraction peaks of the ZnO-G (Fig. 1b) are shifted to
small degree (Fig. S1) compared with that of pure ZnO (Fig. 1c),
which indicates that the lattice constants of ZnO have changed
because of the presence of the carbonaceous material. It is dif-
ferent from the results reported previously where the presence of
graphene has no influence on lattice constants of the ZnO [17,30].
Therefore it can be concluded that the interaction between the GO
or graphane and ZnO particles is stronger in present work. The par-
ticles’ sizes are estimated by employing Debye-Scherrer’s formula
based on the diffraction peak corresponding to the (101) plane,
and the lattice constants (a, b and c¢) can be calculated according to
Bragg’s law 2dsin 6 =nA. The lattice constants are given by [34]

a=>b

(2)

"~ /3sin 6 and ¢ = sin 6
according to the (100) and (002) plane orientation, respectively.
From the data listed in Table 1, it is found that the average crystal
size of ZnO-GO and ZnO-G is smaller than that of ZnO as pre-
pared and calcined at 200 °C, respectively. The lattice constants in
ZnO-GO and ZnO-G are larger than that in pure ZnO, indicating
that the presence of GO or graphene can make the lattice constants
of ZnO larger and stabilize the particles.

675
Table 1
The physical properties of the ZnO crystallite prepared in this work.
Samples d (nm) a(A) c(A) V(A3) Eg (eV)
Zn0 5.8 3.231 5.170 46.741 3.29
Zn0-GO 5.6 3.261 5.227 48.138 3.31
Zn0? 16.4 3.225 5172 46.585 3.29
Zn0-G? 12.9 3.263 5.224 48.169 3.26

d is the crystal size calculated by plane (101), a and c are calculated based on the
plane (100) and (002), E; is obtained based on the absorption spectroscopy.
2 The sample is prepared by being thermally treated at 200°C.

In order to clarify the evolution of the GO in the hybrids, the
XPS spectra of GO and the composites prepared at different tem-
perature are shown in Fig. 2. Curve fitting of the XPS peaks can be
performed using Gauss-Lorentzian peak shape after performing a
Shirley background correction. The C1s peak with a binding energy
of 284.5eV can be attributed to the C—C and C=C bonds, and the
fitted peaks with binding energy of 286.5, 287.2 and 288.7 eV are
typically assigned to C—OH, C=0 and O=C—OH functional groups
(Fig. 2A-a), respectively [35-38]. Most structural models of GO also
include an epoxide group (C—0—C), which should have a C1s bind-
ing energy similar to C—OH [38]. The peak with the binding energy
of 283.6eV can be assigned to the C—M bind (Fig. 2A-d), which
indicates that the bond between C and Zn has formed at higher
temperature (500 °C). It can be calculated that the relative ratio of
the areas of C1s peaks related to the C—C and C—O (R/¢,) is about
0.75 in the GO spectrum, and that the values of R, increase to
about 4.17, 4.35 and 6.25 after the prepared ZnO-GO hybrids are
thermally treated at 100, 200 and 500 °C. It is surprising to find that
the value of R, reaches to 4.17 when the sample of ZnO-GO is
treated at 100°C. The O1s XPS peak located at 532.4eV (Fig. 2B-a)
is wide and almost symmetric (Fig. 2B), which can be attributed to
the oxygen of hydroxyl and epoxide, carbonyl and carboxyl group
in GO [35,38]. However, the O1s XPS peaks of the samples of ZnO-G
are asymmetrical and present a visible shoulder, the peak centered
at 529.8eV is attributed to the O ion in ZnO lattice, the peak at
531.3 eVisassociated with O ions in oxygen-deficient lattice in ZnO,
and the peaks located at about 532.2 eV may be attributed to the
chemisorbed oxygen species [39].

The Raman spectra of pristine GO and ZnO-G are shown in Fig. 3,
from which it can be found that the GO (Fig. 3a) shows the D and
G bands at 1348 and 1586 cm~!. The G band is attributed to all sp?
carbon forms and provides information on the in-plane vibration of
sp? bonded carbon atoms while the D band suggests the presence
of sp3 defects [35]. The peak at 2685 cm™! is corresponding to the
overtone of the D band, and the peak at 2927 cm~! is associated
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Fig. 2. The C1s (A) and O1s (B) XPS spectra of the GO and ZnO-GO treated at various temperatures. (a) GO, (b) ZnO-GO (c) and (d) the ZnO-G prepared at 200 and 500°C.
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Fig. 3. The Raman spectra of the GO (a), ZnO-GO (b), ZnO-G prepared at 200 (c) and
500°C (d).

with the D + G band [36]. The samples of ZnO-G (Fig. 3b-d) present
the similar spectra to GO. The ratios of the area of D band and G
band (Rap;ac) are calculated to be about 2.35, 2.80, 2.68 and 2.68 for
GO and ZnO-GO thermally treated at 100, 200 and 500 °C, respec-
tively. The accompanying increase of the Ryp/a; values for ZnO-G
can be explained by the presence of smaller but more numerous
sp? domains during the heating process of the GO [40]. It is worth
noting that a G band up-shift from 1586 to 1599 cm~"! is observed
for ZnO-G compared with GO. This G band shift is generally given
as evidence for chemical doping of the carbon materials [41]. The
above mentioned XPS and Raman spectra also provide reliable evi-
dence for the stronger interaction between the ZnO and graphene
sheets.

TGA is an effective analytical technique to evaluate the content
of the graphene in the hybrid of ZnO-G. From Fig. 4, it can be found
that the mass loss of GO is about 13% from 25 to 125 °C because of
the adsorbed water loss. The dramatic mass loss initialed at about
198 °Ccan be contributed to the decomposition of the oxygen group
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Fig. 4. TGA curves of GO (a), pure ZnO calcined at 200°C (b), ZnO-GO thermally
treated at 100 °C (c¢) and ZnO-G prepared at 200°C (d).

in GO, and the mass loss from 125 to 300 °C is about 35%. The mass
loss at above 300°C can be attributed to the carbon oxidation, and
the complete decomposed temperature of the residue carbon is
about 702 °C (Fig. 4a). However, the TGA curve of ZnO-GO shows
a dramatical mass loss at 174 °C, which is a lower decomposition
temperature for oxygen group compared with GO, indicating that
the thermal stability of GO is decreased after composited with ZnO
(Fig. 4c). The curve of pure ZnO calcined at 200°C shows a total
mass loss of about 5.5% at 800°C because of the adsorbed water
and acetate group (Fig. 4b). However, the ZnO-G prepared at 200 °C
with certain GO content shows a total mass loss of about 8.0% at the
same temperature (Fig. 4d). Therefore, the content of graphene in
ZnO-G can be deduced according to the curves b and d and found
to be about 2.5%.

From the typical SEM images of ZnO-GO as prepared shown in
Fig. 5A, it can be seen that both sides of the GO sheets are closely
coated with the particles of ZnO (the average size is roughly 5 nm)
in relatively high density to form a sandwich-structure stacks layer
upon layer. The ZnO-G prepared at 200 °C containing 2.5% graphene

Fig. 5. The SEM images of ZnO-GO as prepared (A) and ZnO-G prepared by thermally treated ZnO-GO at 200 °C, (C) the TEM image of ZnO-G as shown in (B) and (D) the

magnified TEM image shown in (C).



D. Fu et al. / Materials Chemistry and Physics 132 (2012) 673-681 677

still retains the sandwich-structure except that the size of the ZnO
particles increases to roughly 14 nm (Fig. 5B). From the TEM images
of ZnO-G shown in Fig. 5C, it is found that ZnO particles assem-
ble on the graphene sheets in a relatively high density. From the
magnified TEM image shown in Fig. 5D, it can be seen that the
graphene sheets are not perfectly flat but intrinsically microscopic
rough and out of plane deformations (wrinkles), and that some
very small particles are also observed on the surface of graphene,
which is similar to the results reported previously where subnano-
sized Pt particles are observed on the graphene surface besides
the nano-sized Pt particles [42]. The intimate contact between ZnO
and graphene will make the strong electronic interaction between
ZnO and graphene possible, and will improve the charge separation
which will increase the photocatalytic activity.

As shown in Fig. 6, the absorption properties of the samples
are measured by UV-visible spectroscopy and found that all the
samples show the characteristic spectrum with their fundamental
absorption sharp edge. From the curves of (whv)? versus hv derived
from the UV-visible spectra, it is found that the pure ZnO almost
exhibits the same band gap energy of 3.29 eV whether as prepared
or being calcined at 200 °C, while the samples of ZnO-G prepared
at 200°C exhibit a gap energy of about 3.26 eV which is slightly
smaller than 3.31 eV for ZnO-GO as prepared, which may also be
deduced that the presence of graphene has some influence on the
electronic energy level of ZnO nano-particles.

The PL emission (excitated at 325 nm) spectra recorded at room
temperature are also shown in Fig. 6. Pure ZnO as prepared shows
three strong and wide PL peaks at about 410, 468 and 525 nm
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Fig. 6. (A) The plots of («hv)? versus hv derived from the UV-visible spectra (the
inset) measured by using the dispersion of photo-catalyst: (a) ZnO-GO (2.5%) as
prepared, (b) ZnO-G prepared at 200 °C, (c) pure ZnO as prepared and (d) thermally
treated at 200°C (B) the room temperature PL emission of the catalysts: (a) pure
ZnO as prepared, (b) ZnO prepared at 200°C, (c) the ZnO-GO as prepared and (d)
ZnO-G prepared at 200°C; (C) the ratio of PL intensity shown in (B): (a) Iy/I4, (b)
La/le, (¢) Ic/lq and (d) La /Iy

although the band-band PL phenomenon cannot be found. The PL
peak at 410 nm is attributed to band edge free excitons, while that
at 468 nm is attributed to bound excitons [43], and that at 525 nm
is resulted from the high-level surface defects which account for
the increase of the green emission [44]. Currently, it is consid-
ered that ZnO nanostructures with a higher surface area to volume
ratio might favor a high-level surface defects which account for the
increase of the long wavelength emission [45-48]. The stronger
emission at the long wavelength indicates that the ZnO as pre-
pared exhibits many surface defects [49-51]. However, the ZnO-GO
as prepared exhibits a blue-shifted peak at 390 nm, and a much
weaker emission at 540 nm than pure ZnO as prepared. These may
be resulted from the factors: (1) the presence of GO may be favor-
able to eliminate the defect of the ZnO particles which will make
the near band edge emission blue shift, and (2) the GO can accept
the photo-generated electrons which will cause a weaker emis-
sion. After thermally treated, the emissions’ intensities at long
wavelength become much weaker than pure ZnO and ZnO-GO as
prepared, indicating that the thermal treatment is favorable for
elimination of the surface defects. In order to illustrate the con-
tribution of graphene in the hybrid materials, the relative intensity
ratios among the PL spectra of the samples are shown in Fig. 3C,
from which it can be seen clearly that the intensity of the emission
band located at long wavelength in all samples changes dramati-
cally either with graphene or thermal treatment. Furthermore, it
can be deduced that the graphene exhibits higher ability to quench
the emission at long wavelength than GO, and that the presence of
graphene has larger ability to quench the emission than only ther-
mal treatment by comparing the curve a with b, and curve c with
d, respectively, indicating that the presence of graphene can accept
the photo-induced electron assuredly and improve the charge sep-
aration.

3.2. Optimization based on the kinetics of photodegradation

It is well accepted that the photo-catalytic degradation of the
organic pollutants follows the pseudo first-order kinetic [52], which
exhibits a linear relationship between In(Cy/C;) and the reac-
tion time. The kinetics equation of the first-order reaction can be
described as:

Go
In ol Ki (1)
where (g is the initial concentration of MB, t the reaction time and
C the concentration of MB at reaction time t. So based on the first-
order equation the activities of the photo-catalysts are determined
by measuring the absorbency of the MB in solution at a certain time
intervals (Fig. S3). It shall be noted that the mixture of ethanol and
water with a ratio of 3:1 in volume is used as medium to measure
the absorbency of MB because of the strong congregation of MB in
pure water (Fig. S4).

The control experiments such as the degradation of MB under
radiation without photo-catalyst or under dark in the presence of
photo-catalyst are carried out in order to get the sole influence of
the light or photo-catalyst (Fig. S5). It can be clearly found that
the degradation of the MB is slight without photo-catalyst, and the
photo-catalyst has no more than 5% degradation for MB under the
dark for 50 min.

The relationship between the apparent reaction constants (Kapp)
for the photo-degradation of MB in the presence of ZnO-G cal-
cined at 200 °C and the content of graphene is show in Fig. 7, it can
be seen from which that the pure ZnO particles exhibit a K;pp of
about 0.035 min~!, and that the Kapp increases with the increment
of graphene in samples of ZnO-G, and reaches to about 0.108 min~!
whichis three times greater than that of pure ZnO when the content
of graphene is 2.5% and obviously larger than that of commercial
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Fig. 7. The relationships of the apparent reaction constant K;,, for MB degradation and the content of graphene in the hybrid materials of ZnO-G (A); the plots of Kp, for
MB degradation versus the temperature of thermal treatment for pure ZnO and ZnO-G containing 2.5% graphene (B). The content of photo-catalyst used in the system is

600mgL-1, and the concentration of MB is 20mgL~! (50 mL).

P25 (0.066 min—!) under the same condition (Fig. S6). In order to
compare the influence of the supports, the ZnO-MWCNT compos-
ite has also been synthesized in similar procedure and the activity
is determined under the same condition, it is found that the Kapp
(0.044min~1) is obviously smaller than that of ZnO-G (Fig. S7).
However, the Kypp for MB degradation decreases when the content
of graphene in ZnO-G is larger than 2.5%, so the sample of ZnO-G
containing 2.5% graphene is chosen in the following experiments.
The decrement of the activity at higher content of graphene may
be attributed to the increased absorbance and scattered photons
through excess graphene in the system.

From Fig. 7B which shows the plots of Kapp for MB degradation
versus the temperature of thermal treatment, it is clear that the
pure ZnO and ZnO-G exhibit the highest Kapp when the samples
are thermally treated at 200°C. Furthermore, the Kypp boosts up
gradually with an increment of temperature under 200°C while
decreases gradually when the temperature is higher than 200°C.
During the thermal treatment, the water and some organic mat-
ters will be eliminated, the crystalline will be improved, the GO
structure will be changed to form the graphene, and the ZnO par-
ticles will contact graphene sheets more intimately, so the Kapp
increases under 200 °C. However, the size of particles will become
larger dramatically with the increment of the temperature, which
will decrease the specific surface area. It has been proved that the
rate of the charge movement will increase and the recombination
probability of the hole-electron pairs will become lower in the
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semiconductor due to the small size, which leads to the increase
of the photo-catalytic efficiency.

3.3. Photocatalytic degradation

Fig. 8A shows that the photo-degradation rate of MB increases
with the increment of the amount of ZnO-G prepared at 200°C in
the solution. It shall be noted that MB can only be degraded slightly
(12.5%) under the radiation without the photo-catalyst, while
noticeable degradation of MB has occurred when the concentra-
tion catalyst is only 50mgL-! and increases with the increment of
Zn0O-G. The K,pp for MB photo-degradation without photo-catalyst
is about 0.0026 min~! and increases dramatically with the incre-
ment of the catalyst in the solution, furthermore, the Kapp increases
almost linearly in the catalyst content range of 100-600mgL~!
except that the Kypp increases relatively quickly when the content
of catalystis <100 mgL~!, and increases relatively slowly when the
content of the catalyst is >600 mg L~'. This result indicates that the
low content of catalyst cannot absorb the light completely, so the
Kapp increases quickly in low concentration; however, the incident
light may be reflected by the excess catalyst particles when the
content is much higher.

The influence of OH~ ion on the photo-degradation of MB has
also been investigated in the solutions with different pH values
(Fig.9).It can be seen that the degradation rate of MB increases with
the increment of pH value when the content of ZnO-G prepared is

0 200 400 600 800

B Concentration (mg L")

Fig. 8. (A) The curves of the degradation of MB in the presence of ZnO-G prepared at 200 °C at different contents in the solution of MB: (a) 0, (b) 50, (c) 100, (d) 200, (e) 400
and (f) 800 mgL~1; (B) the plot of K,pp versus the content of ZnO-G in the solution of MB. The concentration of MB is 20mgL~! (50 mL).
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Fig. 9. The plot of the degradation rate of MB in the presence of ZnO-G versus pH,
the concentration of MB is 20 mg L~! (50 mL), and the content of the ZnO-G prepared
at200°Cis 50 mgL'.

kept at 50mgL-! and the reaction time is 14.0 min at room tem-
perature, respectively. Initially, the Kypp increases slowly with the
increment of pH value in the low pH region while the Kpp, increases
dramatically in the larger pH region. This may be contributed to the
fact that the change of pH has affected the adsorption behavior of
MB which bears positive ion on the surface of photo-catalyst where
hydroxy base has carried more negative charges (Fig. S8). On the
other hand, OH~ may also act as the capture reagent of h*:

OH™ +h* — *OH (3)

where *OH, as oxidized material of photochemical catalysis, will
be decreased by other materials (such as response intermediate,
resultant, inorganic ions etc.) which have an intense adsorption
on the surface of catalyst. So the increase of pH makes reduction
of the recombination probability of electron and hole, which will
make the photocatalytic activity enhanced [53].

In order to obtain the activity under irradiation of visible light
(400-600 nm), the degradation of the dye is examined under the
same procedure except that the UV light is cut off by a filter. It is
found that the degradation rate of MB is very small for both the pure
ZnO (12%) and ZnO-G (11%) in 50 min, which is slightly larger than
that for visible light solely (7%) and indicates that the degradation
is mainly resulted from the UV light (Fig. S9).

3.4. EIS measurement and recycled properties

Itis well known that graphene is the excellent electron acceptor
and transporter due to its two-dimensional conjugation struc-
ture. So in ZnO-G system graphene will serve as an acceptor of
the generated electrons of ZnO and can effectively suppress the
charge recombination, leaving more charge carriers to form reac-
tive species and promote the degradation of dyes. As shown in
Fig. 10A, the typical electrochemical impedance spectra are pre-
sented as Nyquist plots, and it is observed that the semicircle in the
plot becomes smaller with the introduction of graphene in small
amount, which indicates a decrement of resistance in the solid state
interface layer and the charge transfer on the surface. Overall, both
the electron accepting and transporting properties of graphene in
the hybrid could contribute to the suppression of charge recom-
bination, and thereby a higher rate in the photocatalysis will be
achieved.

The recycled properties of the catalyst ZnO-G and ZnO prepared
at 200 °C are also measured in 50 mL MB solution (20mgL~1) con-
taining 30 mg catalyst. Keeping the condition of photo-catalytic
degradationinvariable, the identical catalystistobeused 1,2, 3,4,5
times separately under the radiation of 70 min each time. From the
results shown in Fig. 10B, changes of degradation rate are observed
from the relationship between the number of times of reuse and the
photodegradation rate. The experiments indicate that the ZnO-G
prepared at 200°C can still retain 80% activity for degradation of
MB after repeated uses of 5 times, and exhibits larger degradation
rate than pure ZnO in every recycled time, indicating that it can be
reused.

The microstructure changes have also been investigated by com-
paring the SEM images of the catalyst before and after 5 times’
repeated uses (Fig. 11). It is found that pure ZnO particles exhibit a
slight aggregation in initial condition, but obvious aggregation has
occurred after five times’ repeated uses. For the catalyst of ZnO-G,
it is surprising to find that some ZnO particles have peeled off the
graphene sheets after 5 times’ repeated uses although the surface of
graphene sheets is coated with ZnO particles uniformly in relatively
high density during initial stage.

From the above-mentioned experiment results, it can be
deduced that the high enhance of the photodegradation of ZnO-G
may come from the following: such structural changes of ZnO as
the big lattice constants, small particles size and the small band
gap energy may be favorable for the adsorption of MB on the cat-
alyst surface and the utilization of the light radiation; on the other
hand, the graphene has beenreported to be a competitive candidate
for the acceptor material due to its two-dimensional conjugation
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Fig. 10. (A) EIS properties of the electrodes decorated with ZnO-G (a) and pure ZnO prepared at 200°C (b). The EIS measurements were performed in the presence of a
2.5mM K;5[Fe(CN)s]/K4[Fe(CN)g] (1:1) mixture as a redox probe in 0.1 M KCl aqueous solution. (B) The influence of catalyst use number of times on activeness of photochemical

catalyst (a) ZnO-G and (b) pure ZnO prepared at 200°C.
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Fig. 11. The SEM images of the ZnO prepared at 200°C (A) and (B), ZnO-G prepared at 200°C (C) and (D), before photo-catalytic degradation of MB (A) and (C) and after the

photo-degradation of MB for 5 times (B) and (D).

structure [54], and in the ZnO-G system, the excited electrons of
ZnO could transfer from the conduction band to graphene, there-
fore an effective charge separation can be accomplished [55], which
make more charge carriers form reactive species and promote the
degradation of MB.

However, the ZnO particles will peel off the graphene sheets,
the structure of graphene will also be destructed slowly during
the durability test, which will cause the process of charge separa-
tion suffocated; moreover, the impurity or the inorganic ions will
occupy the photo-catalyst active centers and change the structure
of the catalyst. The above-mentioned factors may be part of the
reasons for the deactivating of catalyst.

4. Conclusions

ZnO supported on graphene sheets can improve the photo-
catalytic performance. The structure of the ZnO may be changed
obviously in the presence of graphene and the photo-catalytic effi-
ciency of the system is significantly influenced by the calcining
temperature and the graphene content. The nano-ZnO supported
on graphene sheets not only solve the dispersing problem but have
a positive synergistic effect on the ZnO photocatalysis. It is proved
that the ZnO-G hybrid can be used as photocatalysts for envi-
ronmental remedial applications. The ZnO-G hybrid is easy to be
gathered and recycled.
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