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ABSTRACT: Electron−hole recombination is one of the major factors limiting the efficiency of ZnO-based photocatalysts. In
this work, a 2-fold enhancement strategy was employed to suppress electron−hole recombination and boost photocatalytic
efficiency. First, significantly enhanced photocatalytic activity of ZnO by introducing graphene oxide (GO) was systematically
investigated. Hybrid photocatalysts with different weight ratios of ZnO to GO (from 0.95:0.05 to 0.70:0.30) were synthesized
and characterized. The results indicated that when the proportion ratio of ZnO to GO reached 0.85:0.15, the as-synthesized
ZnO−GO nanocomposite exhibited the maximum photocatalytic efficiency on methylene blue with an apparent rate constant
κapp almost 10 times faster than that of pure ZnO under UV illumination. GO was suggested to enhance the photocatalytic
activity of ZnO because of its great capability in dye adsorption and charge separation. Second, Pd nanoparticles were introduced
to decorate ZnO−GO to produce generally better photocatalyst ZnO−GO−Pd nanocomposites. The junction between Pd and
ZnO was believed to also effectively separate the photogenerated charges due to the metal-semiconductor diode effect. These
two systems of ZnO−GO and ZnO−GO−Pd nanocomposites are expected to have a broad range of applications in
environmental conservation.
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1. INTRODUCTION

Graphene has emerged as a novel nanocarbon material in
recent research.1−3 This kind of two-dimensional macro-
molecular sheet of carbon atoms material exhibits many
superiorities such as a flexible structure, large specific surface
area,4 unique electronic property,5,6 and high transparency,7

attributed to its one atom thickness structure. Graphene oxide
(GO) contains a series of reactive oxygen functional groups on
the sheet surface that could be regarded as graphene
functionalized by carboxylic acid, hydroxyl, and epoxide groups.
Owing to these functional groups, GO solves the problem of
graphene aggregating readily in solutions caused by strong van
der Waals force. This makes GO a good choice for supporting
metal or metal oxide particles. In addition, GO can be gained

from graphite easily and sufficiently, and degree of oxidation
can be controlled by adjusting reaction conditions.
The photocatalytic decomposition of organic dyes has drawn

much attention due to their huge amount discharged every year
from industries and households, and their great hazards on the
environment. Oxide semiconductors such as titanium dioxide
(TiO2) and zinc oxide (ZnO) have been widely used for
pollutant degradation due to their many advantages such as low
cost, abundance, nontoxicity, physical and chemical stability,
and high efficiency.8−12 These materials are widely believed to
be the most promising materials to have a practical application
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in reality, and one essential problem to be settled to further
improve their performance is how to retard the recombination
of the photogenerated electrons and holes. The recombination
process usually has faster kinetics than the surface redox
reactions, greatly reducing the quantum efficiency of photo-
catalysis. Many efforts have been reported to prevent the quick
recombination of electron−hole pairs, such as using semi-
conductor hybrids with noble metals,13,14 metal oxide,15,16 and
carbon materials (graphene and GO).17−20 Jiang et al.
developed a novel method to synthesize GO/TiO2 composites
as a highly efficient photocatalyst by in situ depositing TiO2
nanoparticles on GO nanosheets via a liquid phase deposi-
tion.21 The composites had a two-dimensional porous structure
and showed a considerably larger surface area than that of pure
P25 and the similarly prepared TiO2 particles without GO.
Furthermore, the GO/TiO2 also exhibited higher rates for
degrading methyl orange and reducing Cr(VI) as compared to
those for pure P25. Chen et al. reported another method to
fabricate high efficiency photocatalysts using GO and TiCl3 as
reactants via a self-assembly method.22 It was found that either
a p-type or n-type semiconductor was formed by GO in GO/
TiO2 composites with different concentrations of GO in the
starting solution. When GO formed a p-type semiconductor, a
p/n heterojunction could be clearly observed. The concen-
tration of GO in the starting solution also played an important
role in photoelectronic and photocatalytic performance of GO/
TiO2 composites. The as-synthesized composites could
decompose methyl orange under visible light irradiation
efficiently. Another interesting result for TiO2 nanorods self-
assembled on GO sheets was reported by Liu et al. that one
two-phase process for self-assembling TiO2 nanorods on the
whole large GO sheets were created.23 This work provides an
excellent method for assembling and stabilizing the high-quality
organic soluble nanocrystals on large GO sheets. The as-
synthesized photocatalysts exhibit a higher photocatalytic
activity than GO−P25 and the original TiO2 under UV light
irradiation. In addition, decorating semiconductor catalysts by
using noble metal nanoparticles such as Ag, Au, and Pd to
improve the photocatalytic efficiency has also been re-

ported.24−26 Hankare et al. integrally reported a titania−
alumina−zinc ferrite nanocomposite.27 The presence of a Pd
cocatalyst increases the photocatalytic activity of T40−ZF
(composites having 40% of TiO2 on ZnFe2O4 nanoparticles)
and the photocatalytic activity of Pd−T40−ZF is comparable
with that of T40−Al−ZF without a cocatalyst.
In this work, ZnO−GO nanocomposites and ZnO−GO−Pd

nanocomposites have been systematically synthesized via a
facile method. The significant enhancement of photocatalytic
activities was observed, and the possible mechanism was
proposed. These systems of nanocomposites are expected to
have a broad range of applications in environmental
conservation.

2. EXPERIMENTAL DETAILS
2.1. Materials and Reagents. All chemicals utilized in this work

were analytical grade and were used as received. ZnO nanoparticles
(NPs) were purchased from Aladdin Co., Ltd., China. Graphite
powder (spectral pure) and methylene blue (MB, biological stain)
were from Sinopharm Chemical Reagent Co., Ltd. Deionized (DI)
water was prepared by Milli-Q Plus system (Millipore), and all
solutions were prepared from the as-provided deionized water.

2.2. Preparation of GO and ZnO−GO. GO was obtained from
natural graphite powder via a modified Hummers method, as originally
developed by Kovtyukhova and colleagues.28,29 A dialysis process was
used to remove residual salts and acids completely. The as-purified GO
powder was collected by centrifugation, dried in air, and further used
for the preparation of ZnO−GO.

A facile one-step synthesis method was used here to acquire ZnO−
GO nanocomposites. ZnO NPs and GO powders were mixed (with
different weight ratios from 0.95:0.05 to 0.70:0.30) in DI water, and
then the mixture was stirred energetically for 2 h to obtain ZnO−GO
dispersion. The dispersion was centrifuged and dried to obtain ZnO−
GO powder for further use.

ZnO−GO−Pd nanocomposite photocatalysts were synthesized via
a thermal method. First, different amounts of GO (ranges from 0.05 to
0.3 g, with 0.05 g as a step size) were cast into DI water followed by
ultrasonication for 10 min and subsequent stirring for 20 min, to
disperse GO evenly. Second, 40 mg of polyvinyl pyrrolidone (PVP)
was dissolved in a GO dispersion and the solution was heated up to 60
°C, marked as solution A. Third, 0.01 g of PdCl2 was dissolved in 10
mL of KCl solution with the concentration of 5 mg/mL and then

Figure 1. TEM images of (A) GO (B) ZnO−GO (C) ZnO−GO−Pd and HRTEM image of (D)Pd NPs. Inset is the corresponding electron
diffraction pattern of Pd NPs shown in (D).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405872r | ACS Appl. Mater. Interfaces 2014, 6, 3623−36293624



mixed with solution A for 30 min. Two milliliters of formaldehyde was
used to fabricate Pd NPs. Then ZnO NPs were mixed with
aforementioned solution for 2 h. The samples were centrifuged and
dried to obtain ZnO−GO−Pd nanocomposites.
The as-synthesized ZnO−GO and ZnO−GO−Pd nanocomposites

were used as photocatalysts in the photocatalytic degradation
experiments.
2.3. Photocatalytic Experiment. The photocatalyst (5 mg) was

cast in 50 mL of an aqueous dye solution of 10 mg L−1 MB. The
solution was first ultrasonicated for 5 min to disperse the
photocatalysts evenly and then stirred in the dark for 30 min to
establish an adsorption−desorption equilibrium. The test for
measuring the photodegradation property was conducted under the
UV illumination (wavelength: 254 nm, power: 8 W). At given time
intervals under UV illumination, 5 mL of the solution was sampled and
centrifuged to remove the photocatalyst completely. The solution was
analyzed by Shimadzu UV-2550 PC spectrophotometer. Because the
dye and catalyst were uniformly distributed in the solution, the change
of volume should have negligible effect on the results.
2.4. Characterization. The morphology and diffraction pattern

were recorded by a JEOL 2100F field emission transmission electron
microscope (TEM). The crystalline nature of the ZnO−GO powder
was investigated by a 2500v/pc X-ray diffractmeter (XRD) using Cu
Kα radiation (Kα = 0.154 05 nm) at a scanning rate of 10.0°/min with
a voltage of 40 kV and current of 200 mA. The absorption spectra of
ZnO, GO, and ZnO−GO were recorded by Shimadzu UV-2550 PC
spectrophotometer in the range of 300−800 nm. Fluorescence spectra
were recorded by using a Hitachi F4600 fluorescence spectropho-
tometer.

3. RESULTS AND DISCUSSION

The morphology and structure of GO, ZnO−GO nano-
composite, and ZnO−GO−Pd nanocomposites were inves-
tigated by TEM and shown in Figure 1A−C, respectively. As
shown in Figure 1A, the GO sheet wrinkles are clearly
observed. According to Figure 1A, the GO sheet is basically flat,
and the wrinkles of the GO sheet are attributed to the
disruption of the planar sp2 carbon sheets by the introduction
of sp3-hybridized carbon upon oxidation.30 It is also observed
from Figure 1C that the ZnO NPs and Pd NPs are dispersed on
the GO sheet and the particle size of ZnO NPs loaded on GO
sheet mostly ranges from 20 to 100 nm. Compared to Figure
1B, the ZnO NPs in Figure 1C are slightly bigger, probably
because of coarsening. The extra small spots located on the GO
sheet (Figure 1C) are Pd NPs. The high-resolution TEM and
select area diffraction pattern of loaded Pd NPs are observed
clearly in Figure 1D. It is observed that the diameter of Pd NPs
distributes between 3 and 5 nm. The diffraction rings are
indexed as (111), (200), (220), (311), and (420) of Pd from
inside to outside.
The absorption range of light plays an important role in the

photocatalysis. The absorption spectra of ZnO, GO, and ZnO−
GO are shown in Figure 2A. The fluorescence spectra in Figure
2B describe the quenching process of ZnO by introducing
different amounts of GO in solution. As the amount of GO
increases, a clear emission quenching process is observed,
indicating direct contacts and interactions between ZnO and
GO. The significant decrease in fluorescence intensity reveals
that there is an additional route for the transfer of charge
carriers because of the interactions between the excited ZnO
particles and the GO sheets. These kinds of interactions
prevent the recombination of electrons and holes which are
generated from UV light irradiation, prolongs the lifetime of the
electron−hole pairs and, in turn, weakens the strength of the
ZnO photoluminescence emission.

XRD patterns of graphite, GO, ZnO, ZnO−GO (0.95:0.05 in
weight ratio, same for the rest ratios), and ZnO−GO−Pd
(0.85:0.15:0.005) are shown in Figure 3. For graphite, an
intense crystalline peak around 26.46° is observed, which
represents the characteristic peak of the (002) plane in
hexagonal graphite. After oxidation, the previously mentioned

Figure 2. (A) UV−visible absorption spectra of ZnO, GO, and the
resulting ZnO−GO composites. (B) Quenching process of fluo-
rescence of ZnO with different concentrations of GO in aqueous
solution.

Figure 3. XRD patterns of graphite, GO, ZnO, ZnO−GO (0.95:0.05),
and ZnO−GO−Pd (0.85:0.15:0.005).
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peak disappears and a weak peak appears at 10.16°, which
corresponds to GO’s (002) plane. The oxidized and exfoliated
carbon atomic layers were stacked weakly, resulting in the weak
signal-to-noise ratio. This significant change of peak location
indicates the great expansion of d-spacing due to the
introduction of oxygen functionalities (such as C−OH, C−
O−C, C−OOH) of GO.31−33 The main diffraction peaks of
ZnO, ZnO−GO, and ZnO−GO−Pd composites are similar to
each other and correspond to hexagonal phase of ZnO, which
indicates the introduction of GO and Pd does not lead to the
new phase or change in preferential orientations of ZnO.
Meanwhile, all peaks from three XRD patterns are narrow due
to high crystallinity. No obvious diffraction peaks from Pd were
observed because the quantity of Pd is too small to be detected.
An experiment has successfully been conducted in which the

as-synthesized photocatalyst (the ratio of ZnO to GO is
0.85:0.15) was employed to degrade the MB solution at the UV
light source (λ = 254 nm). Figure 4A illustrates that the

absorption spectra revealed the process of the degradation of
the MB dye after UV light irradiation. With the evolution of the
degradation process, the peak values of the absorption spectra
decreased gradually, which indicated the concentration of the
dye solution decreased. It could be observed that the
characteristic peak of the MB dye centered at 644 nm. As the
description in Figure 4B indicates, a comparison about
photodegradation has been made at different wavelengths
with the same photocatalyst (ZnO:GO = 0.85:0.15). At λ = 365

nm, the rate of the degradation of the MB solution was lower
than at λ = 254 nm. Also, the concentration of MB decreased to
nearly 0.07% after irradiating for 60 min at λ = 254 nm. In
contrast, after irradiating at λ = 365 nm, the concentration of
the MB solution remained around 66.6% in 1 h. It is well-
known that the band gap of ZnO is ∼3.37 eV at room
temperature. From the equation λg = 1240/Eg (nm), the
absorption edge of ZnO is about 368 nm, only slightly larger
than the UV wavelength of 365 nm. In this case, a portion of
photons of the UV light with a wavelength of 365 nm cannot be
absorbed by the ZnO catalyst and cannot excite electrons from
the valence band to the conduction band. On the contrary, UV
light with a wavelength of 254 nm can supply enough energy to
effectively generate electrons and holes. In other words, the
electrons in the valence band of ZnO are much easier to absorb
the energy to jump to the conduct band by the excitation from
the 254 nm source, which then are transferred to the graphene.
The lifetime as well as the concentrations of charges can
increases, leading to the enhanced photocatalytic effect.18,34

Photocatalytic activities of catalysts with different propor-
tional ratios for the photocatalytic degradation of MB under
UV irradiation (wavelength: 254 nm) are shown in Figure 5A.
The curve labeled “pure ZnO” was obtained under UV
illumination with pure ZnO as a catalyst. The curve labeled
“no catalyst” was obtained under UV illumination but without
any catalyst. The normalized temporal concentration changes
(C/C0) of MB during the photodegradation are proportional to
the normalized maximum absorbance (A/A0) and derived from
the changes in the dye’s absorption profile at a given time
interval. It can be seen from the figure that there is only little
change in the concentration of the solution when the aqueous
dye solution is irradiated without any photocatalyst. It is clear
from Figure 5A that all the ZnO−GO composites used as
photocatalysts exhibited better efficiency in the photodegrada-
tion of MB compared to pure ZnO. Under UV light irradiation,
more than 93% of the initial dyes were decomposed by ZnO−
GO (with ratio of 0.85:0.15) after 1 h. In contrast, nearly 77%
of the initial dye still cannot be decomposed in the solution
after the same time period for using pure ZnO as a
photocatalyst. Figure 5B shows the photocatalytic performance
when using ZnO−GO−Pd as a photocatalyst. The apparent
rate constant κapp was obtained by line fitting with equation

κ = C C tln( / )/app 0

where C0 is the initial concentration, C is the temporal
concentration, and t is the corresponding reaction time.35 The
obtained results revealed that the plots of ln(C0/C) versus
irradiation time t indicated a good linear relationship (R2 ≥
0.959 27), which demonstrated that the photocatalytic
degradation of MB by ZnO−GO and ZnO−GO−Pd nano-
composites followed the first-order kinetic model. Compared to
ZnO−GO, ZnO−GO−Pd works better as photocatalysts on
degrading MB in a wider range of weight ratios. Figure 5C
shows the photodegradation rates of MB on ZnO−GO
photocatalysts and ZnO−GO−Pd photocatalysts with different
proportional ratios, which can be used to compare the
photocatalytic activities more directly.
It is easy to observe that the optimal proportion ratio of ZnO

to GO was 0.85:0.15 for the ZnO−GO system. It is noteworthy
that when the amount of GO is below 15 wt %, the
photocatalytic activities enhance greatly with the increased
loading amount of GO. The sample with 15 wt % GO showed
the highest activity (κapp = 0.0394 min−1), which is almost 10

Figure 4. (A) UV−visible spectra of MB solution with ZnO−GO
(0.85:0.15) as photocatalyst under UV illumination of 254 nm at
different time. (B) Comparison of photodegradation processes of
photocatalysts ZnO−GO (0.85:0.15) on MB under UV lights of
different wavelengths.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405872r | ACS Appl. Mater. Interfaces 2014, 6, 3623−36293626



times faster than that of ZnO alone. However, when the
proportion ratio of GO outnumbers 15 wt %, the photocatalytic
activities of as-synthesized photocatalysts decrease with
increasing amounts of GO. The decreased activity of the
photocatalyst with a weight ratio higher than 15 wt % is
attributed to the decreased amount of ZnO, which is the major
contributor of electron−hole pairs. After all, GO is an auxiliary
material that can enhance the photocatalytic effect but not the
active material. Two possible processes might involve in the
enhanced catalytic activities of GO in the ZnO−GO system.
One is the photogenerated electrons in ZnO might transfer to
the GO surface, inhibiting the recombination of electrons and
holes. Once photogenerated and separate electrons and holes
are caught by the dissolved O2 and water molecules,
respectively, strong oxidizing and catalytic functional groups
O2

− and •OH are produced. The higher concentrations of
electrons and holes are, the more catalytically active the
nanocomposite. The other is that the oxygen functional groups
on the GO surface might help to absorb dye molecules to the
surface for degradation.
It is also worth noting that there is an obvious enhancement

after the introduction of Pd NPs on degrading the dye solution.
This phenomenon is observed probably because the Pd NPs
located on ZnO−GO are catalytically active and have
synergetic effect on photocatalysis. To illustrate this, band
diagrams of individual ZnO and Pd are schematically illustrated
in Figure 6A. Due to the lower Femi level of ZnO than metal
Pd, the energy band of the semiconductor will curve up while
they are connected and become a metal-semiconductor
Schottky junction under equilibrium, as shown in Figure 6B.
When irradiated by UV light (illustrated in Figure 6C as
process 1), the electrons of ZnO in the valence band acquire
enough energy and jump to the conduction band, leaving the
holes behind (process 2). The photogenerated electrons

accumulate and then raise the Femi level of ZnO, resulting in
electrons transferring from ZnO to metal Pd (process 3).
However, the energy barrier of the Schottky junction prevents
the electrons in Pd from flowing back to ZnO. This charge
separation process effectively reduces the chances of the
recombination of newly generated electrons and holes,
significantly increasing the lifetime of charges in ZnO−GO−
Pd. These accumulated charges with longer lifetimes can
produce more quantities of strong oxidizing and catalytic
functional groups O2

− and •OH, inducing faster photo-
degradation.18 Figure 5D shows the •OH-trapping photo-
luminescence spectra of ZnO−GO−Pd in a terephthalic acid
solution at room temperature under UV light irradiation.36,37

Specifically, a ZnO−GO−Pd (0.85:0.15:0.005) photocatalyst
(1 mg) was cast in 50 mL of terephthalic acid solution of 0.2
mmol L−1, and then the solution was stirred in the dark for 30
min. The test for measuring the photodegradation property was

Figure 5. Photodegradation of MB by the as-synthesized (A) ZnO−GO and (B) ZnO−GO−Pd photocatalysts at different weight ratios. (C) Effect
of the graphene and Pd NPs loading on the apparent rate constant κapp of MB photodegradation. (D) •OH trapping photoluminescence (PL)
spectra for ZnO−GO−Pd obtained after irradiation.

Figure 6. Band diagram analysis of (A) individual ZnO and Pd, (B)
ZnO and Pd in contact, and (C) ZnO and Pd in contact under UV
light illumination (filled and open circles represent electrons and holes,
respectively).
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conducted under the UV illumination (wavelength: 254 nm,
power 8 W). At given time intervals under UV illumination, 3
mL of the solution was sampled and analyzed by Shimadzu RF-
5301PC spectrophotometer. The terephthalic acid was trans-
formed to 2-hydroxy terephthalic acid, which has the
photoluminescence emission peak at 426 nm, with the presence
of •OH. During the reaction process, the photoluminescence
emission peak of 2-hydroxy terephthalic acid was gradually
enhanced, indicating the continue increase of •OH when
ZnO−GO−Pd was illuminated with UV light.
In deed, the 254 nm UV light belongs to UV C range and is

mostly filtered out by the earth’s atmosphere. In practice,
people may use this ZnO−GO−Pd catalyst with artificial light
sources for dye degradation or apply the knowledge to fabricate
other new types of efficient catalysts more suitable for solar
spectrum.

4. CONCLUSIONS
With the introduction of GO to ZnO NPs, ZnO−GO
photocatalyst is fabricated successfully and it shows significantly
enhanced photocatalytic activity for the degradation of MB in
the presence of UV light irradiation as compared to pure ZnO.
It is worth noting that when the weight ratio of ZnO to GO
reaches 0.85:0.15, the as-synthesized ZnO−GO photocatalyst
exhibits the optimum photocatalytic efficiency. In addition, with
the assistance of noble metal Pd NPs, such ZnO−GO−Pd
nanocomposite exhibits generally higher photocatalytic activity
in a wider range of weight ratio as compared to ZnO−GO
catalysts. GO in ZnO−GO composites does not work as an
active photodegradation agent but an auxiliary materials that
can depress the recombination of photogenerated electrons and
holes. Pd can also form Schottky contact with ZnO in ZnO−
GO−Pd nanocomposites, which can also effectively separate
photogenerated charges. Our findings provide necessary
information to understand the mechanism in the enhanced
photocatalytic property in ZnO−GO and ZnO−GO−Pd
systems and help to design the next generation of effective
and efficient photocatalysts that are believed to have better
performance degrading pollutants in water.
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