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h i g h l i g h t s
� GO/ZnO hybrid was successfully synthesized by hydrothermal process.
� GO/ZnO hybrid showed high photocatalytic activity with irradiation of LED light.
� Effective photo-electrons separation and fast transportation.
� Excellent recycled performance was achieved by GO/ZnO hybrid.
a r t i c l e i n f o

Article history:
Received 29 April 2013
Received in revised form
25 September 2013
Accepted 27 November 2013

Keywords:
Nanostructures
Chemical synthesis
Electron microscopy
Oxidation
* Corresponding authors. Fax: þ86 561 3803256.
E-mail addresses: daikai940@chnu.edu.cn, daikai9

whut.edu.cn (L. Lu).

0254-0584/$ e see front matter � 2013 Elsevier B.V.
http://dx.doi.org/10.1016/j.matchemphys.2013.11.055
a b s t r a c t

In this work, graphene oxide/zinc oxide (GO/ZnO) hybrid was prepared through a facile hydrothermal
process. Transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectra and N2

adsorption and desorption isotherms were used to investigate the morphology, crystal structure, optical
properties and specific surface area of GO/ZnO hybrid. It was shown that the well-dispersed ZnO
nanorods were deposited on GO homogeneously. Photocatalytic properties of GO/ZnO nanorods hybrid
were evaluated under 375 nm light-emitting diode light irradiation for photodegradation of methylene
blue (MB). The synergic effect between GO and ZnO was found to lead to an improved photo-generated
carrier separation. An optimal GO content has been determined to be 3 wt%, and corresponding the
apparent pseudo-first-order rate constant kapp is 0.0248 min�1, 4.3 times and 2.5 times more than that of
pure ZnO nanorods and commercial P25 photocatalyst, respectively. Moreover, the cyclic photocatalytic
test indicated that GO/ZnO hybrid can be reused for degradation of MB, suggesting the possible appli-
cation of GO/ZnO hybrid as excellent candidate for water treatment.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Semiconductor photocatalysts have attracted increasing atten-
tion in the past decades owing to their applications inwater and air
de-contamination and solar energy conversion [1e3]. Zinc oxide
(ZnO), with wide band gap of 3.37 eV and large exciton binding
energy of 60 meV, can act as photocatalysts for light-induced
chemical transformations due to their unique electronic structure.
The photogenerated holes and electrons play a very important role
in pollutant degradation and photocatalytic reaction [4,5].
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However, the photogenerated electronehole pairs in the excited
states are unstable and can easily recombine, which results in low
photocatalytic efficiency [6e8]. During the past decade, a variety of
strategies have been employed to improve the photocatalytic per-
formance of ZnO, for example, suitable sizes and morphologies
design [9,10], noble metal loading [11,12], doping [13e15], and
forming semiconductor composites [16,17]. In particular, an effi-
cient option is to design and develop hybridmaterials based on ZnO
to enhance their photocatalytic performance [18,19]. Zhang et al.
recently reported the use of ZnO-pillared titanates for degradation
of methylene blue (MB) [20], Lai et al. reported Ag doped ZnO
synthesized under hydrothermal conditions and showed their
enhanced photocatalytic activity for Rhodamine B [21]. Yan et al.
reported alpha-Fe2O3/ZnO coreeshell structure and showed their
enhanced photocatalytic activity in aqueous solutions [22].
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Fig. 1. (a) Photograph of LED lamps and (b) the wavelength spectrum of LED lamp.
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Fig. 2. XRD patterns of GO, ZnO and 3%GO/ZnO.
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Graphene oxide (GO) is an atomic thick nanosheet of covalently
organized two-dimensional lattice of carbon atoms whose basal
planes and edges are decorated with various oxygen-containing
groups [23e25]. Moreover, the surface properties of GO can be
adjusted through chemical modification, which favors its perfect
solubility in solvents and provides fertile opportunities for the
construction of GO-based hybrid nanocomposites [26e28]. So far, a
paramount GO-based semiconductor photocatalysts have attracted
a lot of attention due to their specific surface area, remarkable
electrical conductivity, excellent adsorptivity, and high chemical
and thermal stability [29e31]. Zhang et al. demonstrated
graphene-P25 TiO2 composites synthesized under hydrothermal
conditions that exhibited an enhanced photocatalytic activity for
the degradation of MB [32]. Zhu et al. used the water/oil system to
produce GO enwrapped Ag/AgX (X ¼ Br, Cl) composites for stable
plasmonic photocatalyst [30]. Thus, the easy and large scale prep-
aration of GO-based semiconductor photocatalysts, which simul-
taneously possesses superior adsorptivity, transparency,
conductivity, recyclable and controllability, should be critical for
the pollutants elimination and meets the demands of future envi-
ronmental issues.

In this paper, we report the preparation of GO/ZnO nanorods
hybrid via a simple hydrothermal method. Moreover, light-
emitting diode (LED) light array was used as irradiation source,
which provided the opportunity to develop small, space-saving
equipment because of its compact size. The GO/ZnO nanorods
hybrid exhibited an enhanced photocatalytic performance in the
reduction of MB under UV-LED light irradiation as compared with
that of pure ZnO nanorods and commercial P25.

2. Experimental

2.1. Materials

Natural graphite powder (325 mesh) was commercially ob-
tained from Alfa-Aesar, TiO2 (P25, 20% rutile and 80% anatase) was
purchased from Degussa. Concentrated sulfuric acid (98%, H2SO4),
polyethylene glycol (PEG) and potassium permanganate (KMnO4)
were purchased from Shanghai Chemical Reagent Co., Ltd (China).
Sodium nitrate (NaNO3), potassium persulfate (K2S2O8), phos-
phorus pentoxide (P2O5), sodium sulfate (Na2SO4), poly-
vinylpyrrolidone (PVP), hydrogen peroxide (30%, H2O2), MB and
zinc chloride (ZnCl2) were purchased from Sinopharm Chemical
Reagent Corp (China). All reactants were used as received without
further purification. Double distilled water was used during the
experimental process. The experiments were carried out at room
temperature and humidity. All reactants were of analytical purity
and used as received without further purification. The experiments
were carried out at room temperature and humidity.

2.2. Preparation of GO

GOwas synthesized by the modified Hummers’method [33,34].
In detail, 3 g of graphite was put into a mixture of 12 mL of
concentrated H2SO4, 2.5 g of K2S2O8, and 2.5 g of P2O5. The solution
was heated to 80 �C and kept stirring for 4.5 h in oil bath. Then the
mixture was diluted with 500 mL of deionized water, and the
product was obtained by filtering using 0.2 mmNylon film and dried
under ambient condition. Thereafter, 15 g KMnO4 was added
gradually with stirring, to prevent the temperature of the mixture
from exceeding 10 �C. The ice bath was then removed and the
mixture was stirred at 35 �C for 2 h. The reactionwas terminated by
adding 700 mL of distilled water and 20 mL of 30% H2O2 solution.
Finally, the GO was recovered by filtration and drying.

2.3. Preparation of GO/ZnO nanorods hybrid

6.5 g ZnCl2 was initially dissolved in 100 mL distilled water
followed by adding 30 mL NH3$H2O to form a transparent solution.
And then, amount of GO, 1.0 g PVP and 30 mL distilled water were
added into 10 mL transparent solution to form a mixture. The
mixture was further transferred into a 50mL Teflon-lined autoclave
and subsequently heated at 180 �C for 20 h. After the reaction, the



Fig. 3. AFM image of (a) GO, TEM images of (b) GO, (c) 3%GO/ZnO nanorods hybrid, low-magnification TEM image of (d) 3%GO/ZnO nanorods hybrid, and FESEM image of (e) 3%GO/
ZnO nanorods hybrid. Inset in panel (e) is the EDX spectrum of 3%GO/ZnO nanorods hybrid.
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products were harvested by centrifugation and throughout
washing with water and ethanol, and were finally dried at 60 �C. To
investigate the effect of GO content on the photocatalytic perfor-
mance of GO/ZnO hybrids, the weight percentages of GO to ZnO
were varied from 0 to 5 (1, 2, 3, 4, and 5 wt%) by varying the weight
of GO, and the samples were presented as x%GO/ZnO, where x is the
weight content of GO. ZnO nanorods were also prepared by the
above-mentioned method without GO.

2.4. Analytical and testing instruments

Scanning electron microscopy (SEM) images were recorded by
JSM-6700F with Inca Energy-dispersive X-ray spectroscopy (EDX).
High resolution transmission electron microscopy (HRTEM) of
samples was performed using Tecnai G2 F20 S-Twin. Atomic force
microscopy (AFM) was conducted using a Veeco NanoScope IIIa
Multimode, the frequency is 0.801 Hz, the samples were prepared
by dropcasting dilute mixtures of GO sheets in ethanol onto heated,
freshly cleaved mica substrates. An etched silicon tip was used as a
probe to image the samples. The X-ray photoelectron spectra (XPS)
of GO/ZnO hybrid were measured using a Kratos AXIS Ultra DLD X-
ray photoelectron spectrometer. X-ray diffraction (XRD) data for
samples were collected using a Rigaku D/MAX 24000 diffractom-
eter with Cu Ka radiation. UVevis diffuse reflectance spectroscopy
(DRS) measurements were carried out using a Hitachi UV-3600
UVevis spectrophotometer equipped with an integrating sphere
attachment. The analysis rangewas from 200 to 600 nm, and BaSO4
was used as reflectance standard. The BrunauereEmmetteTeller
(BET) specific surface area values were determined by using ni-
trogen adsorption data at 77 K obtained by a Micromeritics ASAP
2010 system with multipoint BET method. Wavelength of UV-LED
was measured by PMS-50, light power was performed by UV-
2000Z, voltage and current were performed by GPS-2303. The
photoelectrochemical measurements were measured on CHI-660D
electrochemical system, using a conventional three-electrode cell.
The counter and the reference electrodes were platinum wire and
saturated calomel electrode (SCE), respectively. The electrolyte
solution was 0.1 M Na2SO4. The working electrodes were prepared
as follows: the 0.25 g ground sample was mixed with 0.05 g PEG
and 1 ml water was added to make slurry. The slurry was then



Fig. 4. XPS spectra measured at the surface of 3%GO/ZnO hybrid.
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injected onto a 2.5 cm � 1.0 cm FTO glass electrode and these
electrolytes were dried at 200 �C for 30 min.

2.5. Measurement of photocatalytic activity

A 10 � 10 LED array was welded on copper clad laminate, and
used as light source. As indicated in Fig. 1(a), 5 LED lamps were
connected in series as one group, and 20 groups in parallel were
welded on copper clad laminate. Fig. 1(b) shows the wavelength
spectrum of the LED at 25 �C and 20 mA. The emission center
wavelength of LED is 375 nm. The photocatalytic experiments were
carried out in a reactor containing the 100 mL 8 mg L�1 aqueous
solution of MB and 0.1 g photocatalysts. The distance between the
LED light source and the reactor was 1 cm. Before irradiation, the
suspension was magnetically stirred in the dark for 1 h to establish
adsorption equilibrium under ambient conditions. Then, the
mixture was exposed to the LED light irradiation. Then, the mixture
was exposed to the UV light irradiation. At the given irradiation
time, the concentration of MB was quantified by the absorbance,
and the absorbance wavelength used in the spectrophotometer
analysis to determine MB concentration was about 664 nm. The
decomposition behavior of MB by photocatalytic oxidative process
can be described by LangmuireHinshelwood rate equation, Equa-
tion (1) can be seen as follows:

1
r
¼ 1

k
þ 1
kKC

(1)

where C is the absorbance of the MB solution after LED light irra-
diation at time t; k, and K are the rate constant, and the equilibrium
adsorption constant, respectively. Integrating Eq. (1) gives

ln
C0
C

¼ kappt (2)
where C0 is the initial dye concentration in solution, kapp is the
apparent pseudo-first-order rate constant, and t is the reaction
time (Fig. 1).
3. Results and discussion

The XRD patterns of GO, ZnO, and 3%GO/ZnO nanorods hybrid
are shown in Fig. 2. GO has a diffraction peak at 10.0�, corre-
sponding to a (002) interplanar spacing of 8.8�A that result from the
interlamellar water trapped between hydrophilic GO sheets
[35,36]. The XRD analysis further shows that the main diffraction
peaks of 3%GO/ZnO hybrid are similar to that of pure ZnO and
corresponds to wurtzite-structured ZnO (JPCDS 36-1451). No
typical diffraction peaks of carbon species are observed due to the
low amount of GO in the hybrid.

Fig. 3(a) shows AFM image of as-synthesized GO, the GO
nanosheets were about 1.2 nm thick. Fig. 3(b) and (c) shows the
high-magnification TEM images of as-synthesized GO and 3%GO/
ZnO. It can be seen that the as-prepared GO can be dispersedwell in
water and the as-prepared ZnO nanorods of 3%GO/ZnO are of 20e
30 nm in diameter and 500e600 nm in length. It is clearly that GO
nanosheets are decorated by ZnO nanorods, which display a good
combination between GO and ZnO. As indicated in the inset of
Fig. 3(e), the existence of GO and ZnO in the hybrid has been proved
by the peaks of C, Zn and O in EDX data.

XPS spectra of C1s, O1s and Zn2p for the 3%GO/ZnO nanorods
hybrid to probe the chemical environment of the elements in the
near surface range are shown in Fig. 4. Fig. 4(a) shows the high-
resolution spectra of C1s, the peaks at 284.40, 285.00, 285.92 and
286.64 eV are assigned to contributions of CeC (sp2), CeC (sp3), Ce
OH, and OeCeO, respectively [37e39]. As indicated in Fig. 4(b), the
binding energies of Zn 2p3/2 and 2p1/2 are centered at 1021.62 and
1044.42 eV, respectively, in agreement with those of pure ZnO [40].



Fig. 5. The nitrogen adsorption-desorption isotherms of ZnO and 3%GO/ZnO.

Table 1
Data of BET surface area and pore specific volume of ZnO and 3%GO/ZnO.

Sample BET (m2 g�1) Pore specific volume (cm3 g�1)

ZnO 20 0.027
3%GO/ZnO 112 0.223
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Fig. 4(c) shows the high-resolution spectra of O 1s. In the case of
GO/ZnO hybrid, the curve fitting of O1s spectra basically indicates
three components centered at 530.10, 530.62 and 532.32 eV. The
peak at 530.62 eV is due to oxygen in the ZnO crystal lattice [41].
The latter two peaks are commonly ascribed to the surface oxygen
complexes of carbon phase [42]. Oxygen-containing groups on the
photocatalysis will lead to an increase of photocatalytic activity
because the surface hydroxyl is an active species that plays an
important role in semiconductor photocatalysis [43].

Fig. 5 shows the nitrogen adsorptionedesorption isotherms for
ZnO and 3%GO/ZnO. The data of BET surface area and pore specific
volume of samples were listed in Table 1. 3%GO/ZnO hybrid displays
better BET surface area and pore specific volume than that of ZnO,
which should be great favor for photocatalytic performance.

During the photocatalysis, the light absorption and the charge
transportation and separation are crucial factors. The DRS spectra of
ZnO nanoparticles and the as-prepared 3%GO/ZnO hybrid are
shown in Fig. 6. The sharp characteristic absorption edge of 3%GO/
ZnO appeared at 391 nm corresponding to the indirect band gap
(3.17 eV) and the baseline was increased from 391 nm to 600 nm
compared to ZnO nanorods. The reason for the baseline increase of
the spectra of GO/ZnO could be that the light which comes across
Fig. 6. UVeVis DSR spectrum of ZnO nanorod and 3%GO/ZnO nanorods hybrid.
the sample was prevented by GO sheets, which may be resulted
from an increase of the surface electric charge of the oxides in the
GO/ZnO hybrid and modification of the fundamental process of
electronehole pair formation during irradiation [44]. Therefore, the
presence of GO nanosheets in GO/ZnO hybrid can increase the light
absorption intensity and range, which results in the enhancement
of the photocatalytic performance.

The photocatalytic activity of GO/ZnO nanorods hybrid was
evaluated using MB as model molecules. Prior to irradiation under
375 nm LED arrays light, the solution was magnetically stirred in
dark for 1 h to reach an adsorption-desorption equilibrium. The
solution was then exposed to 375 nm LED arrays, the direct voltage
of light array is 18.0 V and the power is 7 W. As a comparison, MB
degradation with Degussa P25, ZnO nanorods and no catalyst were
also carried out under same conditions. As shown in Fig. 7(a), about
6%,12%, 9%,13%, 21%, 23% and 26% of MB in intensity were absorbed
on the ZnO nanorods, Degussa P25, 1%GO/ZnO, 2%GO/ZnO, 3%GO/
ZnO, 4%GO/ZnO and 5%GO/ZnO, respectively. When the solution
containing 3%GO/ZnO nanorods hybrid was irradiated with LED
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Fig. 7. Photocatalytic degradation of MB under UV light irradiation, (B) linear trans-
form ln (C0/C) of the kinetic curves of MB degradation over different catalysts and (c)
the apparent pseudo-first-order rate constant kapp with different catalysts.



Fig. 8. Comparison of photodegradation performance within five cycles for 3%GO/ZnO
nanorods hybrid and ZnO nanorod.

K. Dai et al. / Materials Chemistry and Physics 143 (2014) 1410e1416 1415
light, MBwas nearly decomposed completely after 140min Fig. 7(b)
shows that there is a linear relationship between ln C0/C and t,
confirming that the photodegradation reaction is indeed pseudo-
first-order. According to Equation (2), the apparent pseudo-first-
order rate constant kapp with different catalysts was shown in
Fig. 7(c), 3%GO/ZnO showing superior catalytic activity to com-
mercial Degussa P25, pure ZnO nanorods and other GO/ZnO
composites.

Stability of photocatalyst is an important factor for practical
applications. One of the major drawbacks of ZnO photocatalysts is
their severe photocorrosion under UV irradiation, which can result
in significant decrease of the photocatalytic activity in reused
process [45,46]. To evaluate the stability of GO/ZnO nanorods
hybrid, we carried out the recycle experiment under identical
conditions. Fig. 8 shows recycle experimental results of 3%GO/ZnO
nanorods hybrid and ZnO nanorods, the irradiation time for each
test is 140 min. As indicated in Fig. 8, the degradation efficiency of
MB is about 87% and 37% in the fifth cycle for 3%GO/ZnO nanorods
hybrid and ZnO nanorod photocatalyst, respectively. Moreover, the
3%GO/ZnO nanorods hybrid could be easily collected by low speed
centrifugation or simple filtration over a short time, while ZnO
nanorods have to be collected by longer time with higher speed
centrifugation. It is obvious that GO/ZnO hybrid is a suitable pho-
tocatalyst due to its high activity and excellent recycled perfor-
mance accompanied by easy separation from the reaction system.

Fig. 9 shows the proposed pathway for the photocatalytic
degradation of MB molecules by the GO/ZnO hybrids. The MB
molecules were captured by GO through adsorptionedesorption
irreversible hysteresis [47]. The large adsorption capacity was due
Fig. 9. Schematic of the adsorption and photocatalytic degradation of MBmolecules by
the GO/ZnO hybrid.
to the large surface area of the GO. When the catalyst is irradiated
with a photon of sufficient energy, equal or larger than band gap,
GO may absorb the irradiation and inject the photo-induced elec-
tron into ZnO conduction band, which can trigger the formation of
reactive radicals, superoxide radical ion �O2� and hydroxyl radical
�OH, both responsible for the degradation of the organic com-
pounds. Furthermore, inhibiting the undesirable electronehole
pair recombination is important to enhance the photocatalytic ac-
tivity. Upon UV illumination, the electronehole pairs are generated
and the electrons reach the conduction band of ZnO and then
transfer to the GO. Since GO behaves as conducting plane, there is
no possibility of accumulation of the electrons on GO. This favors
the electronehole separation and lead to the increase of the
photocurrent in the hybrid structure as the space charge effect in
ZnO side becomes negligible. However, when the content of GO is
further increased above its optimum value, the photocatalytic
performance deteriorates. The reasons can be explained as the
follows: (a) the large amount of GO can absorb some UV light and
thus there exists UV light lost on ZnO, (b) some GOwill act as a kind
of recombination center instead of providing an electron pathway.
Thus, 3%GO is the most suitable ratio for GO/ZnO catalyst in this
study.

The transient photocurrent responses of the pure ZnO and 3%
GO/ZnO nanorods hybrid samples were investigated for several
oneoff cycles of irradiation to give further evidence to support
the proposed photocatalytic mechanism. As indicated in Fig. 10,
steady and prompt photocurrent generation is obtained during
on and off cycles of illumination. The photocurrent densities
rapidly decrease to zero as soon as the lamp turns off, and the
photocurrent comes back to stable values when the lamp is
turned on. Under UV light irradiation, the photocurrent of the 3%
GO/ZnO nanorods hybrid electrode is about four time higher than
that of the pure ZnO electrode, this phenomenon indicates that
more efficient photocatalytic performance for the 3%GO/ZnO
nanorods hybrid samples.

Degradation efficiency of the dyes or organic compounds is
highly dependent on the experimental conditions such as light
irradiation source, reaction time, types of dye and weight of pho-
tocatalyst used [48]. In this work, we have used the photocatalytic
reactor based on the combined use of 3%GO/ZnO photocatalyst and
UV-LED light irradiation for the degradation of MB. We compared
this studywith the earlier reportedwork based on classical UV light
and LED light as a source for photocatalytic degradation of MB. The
comparison results are given in Table 2. Compared to different
lamps such as xenon, iodineetungsten, and mercury lamp, UV-LED
sources may be a good alternative as a source for UV light irradia-
tion for photocatalytic organic water treatment.
Fig. 10. Transient photocurrent responses of ZnO and 3%GO/ZnO nanorods hybrid.



Table 2
Comparison of degradation percentages of MB with literature.

No. Catalyst Light source Time (min) Degradation (%) Ref.

1 ZnO nanoparticles 250 W high pressure mercury lamps 80 96.11 [49]
2 Beaded ZnO nanoparticles 160 W Hg lamp. 165 64 [50]
3 ZnO hollow Spheres 40 W mercury lamp 120e135 100 [10]
4 ZnO: Al 7 W UV lamp 180 90 [6]
5 ZnS nanoporous Nanoparticles 125 W high-pressure Hg lamp 40 100 [51]
6 Cu2O 100 W iodineetungsten lamp 180 95 [52]
7 N-doped titanate nanotubes 500 W Xenon light 300 95 [53]
8 TiO2-quartz tubes UV-LED (15 � 20 mW) 300 61 [48]
9 TiO2 nanotube array 0.6 W UV-LED 300 100 [54]
10 3%GO/ZnO nanorods hybrid 7 W UV-LED 140 98 This study

K. Dai et al. / Materials Chemistry and Physics 143 (2014) 1410e14161416
4. Conclusions

In summary, high-quality GO/ZnO nanorods hybrid was syn-
thesized by a hydrothermal method. 3%GO/ZnO hybrid exhibited a
better photocatalytic performance than that of pure ZnO and
Degussa P25 under 375 nm LED light irradiation. The improved
photocatalytic performance could be ascribed to the high BET sur-
face area of hybrid for capturingMBmolecules, and the reduction of
photoelectronehole pair recombination with GO as conducting
plane. Considering the ease separation, recycling, mass production
of GO/ZnO hybrid, it should be a promising candidate materials for
pollutant elimination applications.
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