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ABSTRACT: In the present paper, the graphene−ZnO composite with
quasi-shell−core structure was successfully prepared using a one-step wet
chemical method. The photocatalytic Rhodamine B degradation property and
the photoelectrochemical performance of the graphene−ZnO quasi-shell−
core composite are dependent on the amount of graphene oxide that is added.
When the amount of graphene oxide added is 10 mg, the graphene−ZnO
quasi-shell−core composite possesses the optimal photocatalytic degradation
efficiency and the best photoelectrochemical performance. An efficient
interfacial electric field is established on the interface between the graphene
and ZnO, which significantly improves the separation efficiency of the
photogenerated electron−hole pairs and thus dramatically increases its
photoelectrochemical performance. In addition to the excellent photocatalytic
and photoelectrochemical properties, the electron migration ability of the
grephene−ZnO quasi-shell−core composite is significantly enhanced due to the graphene coating on ZnO surface; therefore, this
material has great potential for application as a substrate material to accept electrons in dye solar cell and in narrow bandgap
semiconductor quantum dot sensitized solar cells.
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1. INTRODUCTION

In recent years, the application of graphene−inorganic
semiconductor composite materials in the area of solar energy
conversion has caused widespread concern in the research
community.1−3 Graphene is a two-dimensional material
composed of sp2-bonded carbon atoms that are linked in
hexagonal shapes, with each carbon atom covalently bonded to
three other carbon atoms. Graphene possesses very high charge
carrier mobility and specific surface area, and these properties
can significantly improve the separation efficiency of photo-
generated electron−hole pairs and increase the reaction active
sites during a photocatalytic process. Furthermore, a strong
heterojunction electric field is formed on the interface between
graphene and an inorganic semiconductor material due to the
difference in their Fermi levels. Photogenerated electrons are
swiftly transferred to the surface of graphene and participate in
the reduction reactions occurring there, significantly enhancing
the separation efficiency of photogenerated electron−hole pairs
and the photocatalytic ability. Therefore, graphene composite
photocatalysts should be developed and their application in the
areas of photocatalysis and photoelectrochemistry should be
investigated.
It has been reported that large-area monodispersed graphene,

loaded with inorganic semiconductor materials, such as
TiO2,

4−6 ZnO,7,8 CdS,9,10 BiVO4,
11,12 ZnFe2O4,

13 etc., shows
significantly improved photocatalytic performance. Under

illumination, the electrons generated in the inorganic semi-
conductor materials can be swiftly transferred to the graphene
through the interface between these two materials and
participate in reduction reactions occurring on graphene
surface. Meanwhile, photogenerated holes remain on the
surface of the inorganic semiconductor materials and participate
in oxidation reactions occurring on their surfaces. However, it is
worth noting that the contact area between graphene and the
inorganic semiconductor materials is relatively small and the
effective area of the heterojunction electric field built on the
interface is low using this complex method.1 Thus, it cannot
achieve optimum photocatalytic performance. Recently, Kim et
al.14 obtained small pieces of graphene oxide (GO) by breaking
GO with large piece structures. These small pieces of GO were
then successfully loaded onto the surfaces of TiO2 nano-
particles and subsequently reduced to form graphene by
photoassisted reduction. Their investigations showed that the
photoelectrochemistry and photocatalytic water reduction
performance of the small pieces of graphene-coated TiO2

nanocomposite materials are clearly improved when compared
with those of large pieces of graphene-coated TiO2 nano-
composite materials. The performance improvement is
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attributed to a three-dimensional nanocoating structure, due to
TiO2 being completely coated and in close contact with
graphene. This type of structure can increase the separation
efficiency of photogenerated electron−hole pairs and the
migration rates of photogenerated electrons and holes, resulting
in an increase in the lifetime of the charge carriers. Therefore,
this graphene-coated photocatalyst is more attractive than a
photocatalyst on which graphene is directly loaded.
Zinc oxide (ZnO) is a semiconductor material with a wide

bandgap, which is responsive to ultraviolet light. Because it is
inexpensive and environmentally friendly and it possesses
strong photoinduced hole oxidation ability, ZnO has been
widely studied for its use in solar cell,15,16 photocatalytic
hydrogen production from water splitting,17−19 photocatalytic
degradation of organic pollutants,20−24 photoluminescence,25

etc. In addition, the electron mobility in ZnO is approximately
two orders of magnitude higher than that in TiO2. This higher
electron mobility can effectively improve the migration rate of
photogenerated electrons in ZnO and inhibit the recombina-
tion of photogenerated electrons and holes, and can hence
increase the lifetime of the photogenerated charge carriers.
Therefore, ZnO is considered as a photovoltaic semiconductor
material with significant application potential.
Recently, Son et al.26 prepared graphene-coated ZnO quasi-

shell−core structure materials by a one-step heating reaction
method using graphite oxide and zinc acetate as raw materials.
The composite material was studied in the application in a
light-emitting diode and achieved excellent results. However, to
the best of our knowledge, there have been few studies
investigating the photocatalytic and photoelectrochemical
properties of similar materials including the effect of the
graphene and ZnO composite ratio related to the above
properties. Therefore, in consideration of the potential
applications of this new type of nanostructure based on the
promotion of the photocatalytic and photoelectrochemical
properties, the authors prepared graphene−ZnO composite
materials with a quasi-shell−core structure and further
optimized its photoelectrochemical properties and its photo-
catalytic Rhodamine B (RhB) degradation performance. The
mechanism of the related performance improvement was also
analyzed in this work.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Graphene−ZnO Quasi-Shell−Core

Composite Materials. A certain amount of GO (3, 5, 10, 20, and 40
mg), which was prepared based on the method used by Hummers et
al.,27 was dispersed in 40 mL dimethylformamide (DMF), and the
resulting mixture was ultrasonically vibrated for 30 min. This
dispersion liquid was subsequently added slowly to a Zn(Ac)2·2H2O
DMF solution prepared by dissolving 0.92 g Zn(Ac)2·2H2O in 200 mL
DMF under strong agitation. The liquid mixture was stirred for 5 h at
95 °C. After that, the liquid mixture was centrifugalized and the
centrifugate was repeatedly washed with anhydrous ethanol. The
graphene−ZnO quasi-shell−core composite materials with different
GO addition were obtained after drying at 55 °C for 12 h under
vacuum conditions. All reagents used in this study were analytical ones
from Aladdin reagent corporation.
2.2. Characterizations of the Prepared Graphene−ZnO

Quasi-Shell−Core Composite Materials. The morphologies and
the microstructure of the synthetic products were analyzed using a
field emission scanning electron microscope (FESEM) (S4800,
Hitachi, Japan) and a high-resolution transmission electron micro-
scope (HRTEM, FEI Tecnai G20, FEI Company, USA). The
elemental compositions, the crystalline structures, and bonding
information of the synthetic products were analyzed using an energy

dispersive spectrometer (EDS, FEI Tecnai G20, FEI Company, USA),
X-ray diffraction (XRD, D/MAX-2500/PC; Rigaku Co., Tokyo,
Japan), and X-ray photoelectron spectroscopy (XPS, Axis Ultra,
Kratos Analytical Ltd., England). The optical absorption properties
were investigated using a UV−vis diffuse reflectance spectropho-
tometer (U-41000; HITACHI, Tokyo, Japan).

2.3. Photocatalytic Degradation of RhB. A 0.1 g portin of
prepared photocatalysts was added to 100 mL RhB with a
concentration of 10 mg·L−1 and stirred for 30 min in the dark. The
light source was a 300 W Xe arc lamp (PLS-SXE300, Beijing Changtuo
Co. Ltd., Beijing, China). The distance between the light source and
the dye liquid level is 10 cm. The temperature of the dye liquid was
maintained at 25 °C using circulating water. The stability of the
photocatalytic degradation in a graphene−ZnO composite with 10 mg
of added GO was studied. The photocatalyst was recycled by the
centrifugation of the solution after dye degradation and the
centrifugate was used for the next cycle of RhB degradation after
sufficient drying. Photocatalyst recycling tests were performed five
times in this work.

2.4. Photoelectrode Preparation. An FTO glass (13 mm × 10
mm) was first ultrasonically cleaned with acetone of analytical grade
for 5 min, rinsed with deionized water, and then dried with a clean, dry
airflow. One longitudinal edge of the conductive side was then
carefully covered with insulating tape, with the exposed effective area
of the FTO glass measuring 1 cm2. In total, 0.01 g of the prepared
powder was mixed with 0.1 mL of deionized water in an agate mortar,
and the mixture was carefully ground for 10 min to form a
homogeneous suspension. Then, 0.025 mL of the as-prepared
suspension was evenly distributed onto the exposed area of the
conductive side of the FTO glass. The insulating tape on the edge of
the FTO glass was removed after the suspension had dried in the air.
Finally, the FTO glass deposited with the as-prepared suspension was
heated to 120 °C for 2 h under vacuum condition. A copper wire was
connected to the conductive side of the FTO glass using conductive
silver tape. Uncoated parts of the conductive side of the FTO glass
were isolated with parafilm after the conductive silver tape had dried.

2.5. Photoelectrochemical Measurements. Photoelectrochem-
ical measurements were performed in a three-electrode experimental
system using CHI660D Electrochemical Workstation (Shanghai
Chenhua Instrument Co., Ltd., Shanghai, China). The prepared series
photoelectrodes, saturated calomel electrode (SCE), and Pt electrode
acted as the working, reference, and counter electrodes, respectively.
The potentials are reported on the SCE scale. The photo, generated by
a 150 W Xe arc lamp (PLS-SXE300, Beijing Changtuo Co. Ltd.,
Beijing, China), passed through a flat circular quartz window, equipped
on the side of the three-electrode cell, and illuminated on the backside
of the photoelectrode with an optical intensity of 265 mW cm−2. The
variations of the photoinduced current density with time (i−t curve)
were measured at a 0 V bias potential (vs SCE) during 3-cycle light on
and off. The photoinduced voltage−current (i−V) curves were
measured from −0.8 to 1.0 V with a scan rate of 10 mV s−1. The
gap between the switching on and turning off of the light was 1 s. EIS
tests were performed under dark condition at open circuit potential
over the frequency range between 105 and 10−1 Hz, with an AC
voltage magnitude of 5 mV, using 12 points/decade. All of the
measurements were performed in 0.1 M Na2SO4 solution at ambient
temperature.

3. RESULTS AND DISCUSSION

Figure 1 shows the scanning electron microscope (SEM)
images of the ZnO and graphene−ZnO quasi-shell−core
composite with different GO dosages (5, 10, and 20 mg).
Figure 1a shows the SEM image of ZnO under low
magnification, and Figure 1b shows that of ZnO under high
magnification. ZnO exists as small nanoparticles and aggregates.
The diameter of the aggregates is approximately 500 nm, as
shown in Figure 1a. Figure 1b is the enlarged image of one of
the aggregates and clearly shows that the aggregate is mainly
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formed by very small ZnO nanoparticles. Figure 1c and d shows
the micromorphologies of the graphene−ZnO quasi-shell−core
composite under both low and high magnification when the
added GO in the reaction system is 5 mg. The micro-
morphology under low magnification is similar to that of ZnO
shown in Figure 1a. However, under high magnification (Figure
1d), ZnO nanoparticles cannot be clearly observed in the ZnO
aggregates and ZnO appears to combine more closely. When
the added GO in the reaction system is increased to 10 mg, the
composite is mainly composed of evenly distributed aggregates
(Figure 1e), in contrast to the microstructure produced by the
blending of very small nanoparticles with aggregates, as shown
in Figure 1a and c. Under high magnification, the micro-
structure shown in Figure 1f is similar to that shown in Figure
1d. When the added GO in the reaction system increases to 20
mg, a large amount of laminar precipitations is clearly observed

except for the larger aggregates under low magnification, as
shown in Figure 1g. This result indicates that the added GO
amount has exceeded the amount needed to cover all of the
ZnO nanoparticles and a surplus is present. Under high
magnification, a coating material layer is clearly observed on the
surfaces of the aggregates and the ZnO nanoparticles are barely
observed, as showed in Figure 1h. Therefore, through the above
SEM results, graphene can completely coat all surfaces of ZnO
nanoparticles and aggregates when the added GO amount is 10
mg. Higher GO additions will increase the thickness of the
graphene coating layer and the surplus layer-structured
graphene will be located between the ZnO aggregates.
In order to further study the graphene loading information

on the ZnO surface, the composite with 10 mg adding GO was
selected for HRTEM investigations. Figure 2a shows the
microscopic morphology under low magnification. After
ultrasonic dispersion, ZnO is found to exist in the form of
evenly dispersed nanoparticles with size of approximately 15
nm. The ZnO aggregates, as shown in Figure 1b, are not
observed after ultrasonic dispersion, indicating that ZnO in the
aggregates has combined due to weak binding forces. Under
high magnification, the ZnO (002) crystal plane is clearly
observed and a coating layer approximately 1−2 nm thick
covers the ZnO surface, as shown in Figure 2b. This result is
similar to that obtained by Son et al.26 The results indicate that
2−3 layers of graphene cover the surface of ZnO. Figure 2c
shows the EDS results of the composite with 10 mg GO
addition. Zn, O, C, and Cu elements are observed. The Cu
element is observed because the EDS test was performed using
HRTEM with a copper mesh substrate.
Figure 3 shows the XRD patterns of ZnO and the graphene−

ZnO quasi-shell−core composite with different GO additions
(5, 10, 20, and 40 mg). The crystal structure of the ZnO
without graphene is similar to that of wurtzite, and the
graphene coating does not affect the diffraction peaks of ZnO,
revealing that graphene does not affect the crystal structure of
ZnO. Graphene simply coats on the surface of ZnO, instead of
doping into the ZnO crystal lattice. With an increase of the GO
addition, a weak and broad diffraction peak appeared at 2θ =
25.8°, and the intensity of this peak increases with the GO
addition. This diffraction peak is the characteristic index of the
(002) crystal plane of graphene.26

X-ray photoelectron spectroscopy (XPS) was further used to
investigate the states of zinc, oxygen, and carbon on the
samples. Figure 4 shows the XPS spectra of the graphene−ZnO
quasi-shell−core composite with 10 mg GO addition. Figure 4a
shows the total survey spectrum. Figure 4b shows the Zn2p
XPS core level spectrum. Binding energy peaks at 1021.68 and
1045.02 eV are observed, and these peaks are assigned to the
electron orbits of Zn2p3/2 and Zn2p1/2.

7,8 Figure 4c shows the
O1s XPS core level spectrum. Two binding energy peaks at
531.1 and 533.5 eV are obtained by curve fitting. The former
one is assigned to the Zn−O bonding. The latter one is much
weak and it is attributed to the carboxyl groups, indicating that
the graphene contains small amount of carboxyl groups.7,8

Figure 4d shows the C1s XPS core level spectrum. The strong
binding energy peak at 284.7 eV is assigned to the CC
bonding, 287.8 eV is assigned to the CO bonding, and the
weak binding energy peak at 289.3 eV is assigned to the O
CO bonding. This result reveals that the graphene in the
prepared composite has a very high degree of reduction.27−29

Figure 5 shows the UV−vis diffuse reflectance spectra of the
prepared ZnO and the graphene−ZnO quasi-shell−core

Figure 1. SEM images of the graphene−ZnO quasi-shell−core
composite with different GO addition: (a, b) 0; (c, d) 5; (e, f) 10;
(g, h) 20 mg.
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composites with different GO additions. When ZnO is coated
with graphene, the absorption band-edges of this composite
red-shift to >400 nm. The optical absorption intensity increases
with the GO addition. These results are in agreement with
those reported by Liu et al.30 The optical absorption at >400
nm of the graphene−ZnO quasi-shell−core composite is
mainly provided by the absorption of the graphene with zero
bandgap. This absorption cannot change to the energy for the
generation of separated electrons and holes, but is simply
converted to heat dissipation. In the ultraviolet region (λ < 400
nm), the absorption band-edges of all composites prepared in
this study are approximately 380 nm, corresponding to a
bandgap of 3.2 eV. In the ultraviolet region, the optical

absorption intensity of the graphene−ZnO quasi-shell−core
composites is clearly larger than that of ZnO, revealing that

Figure 2. HRTEM morphologies (a, b) and EDS results (c) of the
graphene−ZnO quasi-shell−core composite with 10 mg GO addition.

Figure 3. XRD patterns of the graphene−ZnO quasi-shell−core
composite with different GO addition: (a) 0; (b) 5; (c) 10; (d) 20; (e)
40 mg.

Figure 4. XPS spectra of the graphene−ZnO quasi-shell−core
composite with 10 mg GO addition.

Figure 5. UV−vis diffuse reflectance spectra of the prepared ZnO (a)
and the graphene−ZnO quasi-shell−core composites with different
GO additions: (b) 5; (c) 10; (d) 20 mg.
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adding GO efficiently improve the photocatalytic performance
of ZnO.
Figure 6 shows the RhB degradation curves of the prepared

ZnO and graphene−ZnO quasi-shell−core composite with

different GO additions under white light illumination. Before
the light was switched on, the photocatalysts were mixed with
the RhB under dark condition and stirred for 30 min.
According to the data obtained for the 30-min adsorption
under dark condition, graphene improves the dye adsorption
capacity of ZnO to a certain extent. In order to perform a more
intuitive comparison of the prepared series of photocatalysts,
10-min degradation efficiency data under white light illumina-
tion was selected and is shown in Figure 6b. The photocatalytic
degradation efficiency increases with increasing GO addition
and reaches its maximum value when the GO addition is 10 mg
(i.e., the optimal photocatalytic degradation efficiency), as
shown in Figure 6b. After 10 min of illumination by white light,
about 78.9% RhB has already been degraded, exhibiting a high
photocatalytic degradation capacity. With a further increase in
the GO additions to 20 and 40 mg, the photocatalytic
degradation efficiency declines. According to the data shown in
Figure 6, the GO addition plays an important role in the
photocatalytic degradation performance of the prepared
composites. When the GO addition is too low, the graphene

is randomly distributed on the ZnO surface and discrete island-
like graphene loading forms on the ZnO surface. This
discontinuous graphene loading may act as the recombination
centers of photogenerated electrons and holes and decrease the
photocatalytic degradation efficiency. When the GO addition is
too high, a much thicker graphene adhesive layer is formed on
the ZnO surface. Because graphene is a black material with 0 eV
bandgap, it will absorb a large amount of incident light, thereby
reducing the photo absorption of ZnO and thus decreasing the
photocatalytic degradation efficiency.
As the results shown in Figure 6a, all of the RhB was

degraded by the graphene−ZnO quasi-shell−core composite
with 10 mg GO addition after only 20 min of illumination,
illustrating its excellent photocatalytic degradation perform-
ance. There are plenty of reports concerning about the organic
dye degradation using ZnO or graphene-loaded ZnO
composites. Xu et al.7 found that it cost 40 min for the
graphene-loaded ZnO composite to degrade the methylene
blue under UV light illumination. Li et al.31 prepared graphene-
loaded ZnO composite, and they found that it need 30 min for
this composite to degrade all of the RhB under UV light
illumination. Li et al.32 prepared graphene-loaded ZnO
composite and found that it cost 40 min for this composite
to completely degrade the methylene blue under illumination
using a 300 W Xe arc lamp. According to the results obtained
from literature mentioned above, the photocatalytic degrada-
tion performance of the graphene−ZnO quasi-shell−core
composite prepared in the present paper is significantly better
than those prepared in the literature. The promotion of the
photocatalytic degradation performance of the graphene−ZnO
quasi-shell−core composite prepared in the present paper
could be attributed to the increase of the contact areas of the
graphene and ZnO and, hence, increase the effective area of the
interface electric field formed on the interface between the
graphene and ZnO, which resulted in the increase of the
separation efficiency of the photogenerated electron−hole
pairs. The photoinduced electrons and holes generated by
ZnO under white light illumination due to its photovoltaic
effect. The photogenerated electrons and holes joined the RhB
degradation process of the graphene−ZnO quasi-shell−core
composite. The photogenerated electrons transferred to the
graphene and took part in the reduction reactions of the
organic dye occurred on the surface of the graphene.
Meanwhile, the photogenerated holes left ZnO and joined
the oxidation reactions of the organic dye occurring on ZnO
surface.
To further study the separation efficiency of photogenerated

electrons and holes, the photoelectrochemical performance of
the prepared ZnO and series graphene−ZnO quasi-shell−core
photoelectrodes was studied using photoinduced i−t and i−V
curves. Figure 7a shows the i−t curves obtained at a 0 V bias
potential under white light. The photogenerated current
densities decrease gradually during the first three cycles of
light switching on and off, possibly due to slight photocorrosion
of ZnO in Na2SO4 solution under white light. The photo-
generated current density of the graphene−ZnO quasi-shell−
core composite with 3 mg adding GO is lower than that of
ZnO. The photogenerated current density of the prepared
composite increases with the increase of the GO addition and
reaches the maximum value when the GO addition is 10 mg.
With a further increase in GO addition, the photogenerated
current density declines. There is a very good corresponding
relationship between the photoinduced current densities shown

Figure 6. Photocatalytic RhB degradation efficiency (a) and that
obtained after 10 min illumination (b) of the prepared ZnO and the
grephene-ZnO quasi-shell−core composite with different GO
addition.
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in Figure 7a, and the photocatalytic RhB degradation results
shown in Figure 6.
Figure 7b shows the i−V curves of the prepared ZnO and

graphene−ZnO quasi-shell−core composite with 10 mg GO
addition. When the bias potential is larger than −0.4 V, the
photogenerated current density of the photoelectrode prepared
by the graphene−ZnO quasi-shell−core composite with 10 mg
addition is much larger than that of the photoelectrode
prepared by ZnO. When the bias potential increases above
−0.2 V, the photogenerated current density of the photo-
electrode prepared by the graphene−ZnO quasi-shell−core
composite with 10 mg adding GO is approximately two times
greater than that of the photoelectrode prepared by ZnO. As
we may know, the threshold bias potential for generating
current in a semiconductor under light illumination is
approximately equal to its Fermi level potential.33 As shown
in Figure 7b, the threshold bias potential for generating current
in ZnO under white light illumination is −0.71 V, and this value
positively shifts to −0.65 V after covering with graphene. This
result reveals that the graphene loading causes a positve shift of
the Fermi level of ZnO, thus causing the energy band of ZnO
to bend. An effective interfacial electric field will form between
ZnO and graphene, effectively enhancing the separation
efficiency of photogenerated electron−hole pairs and improv-
ing its photoelectrochemical and photocatalytic performance.
Figure 8 shows the electrochemical impedance spectroscopy

(EIS) results of the photoelectrodes prepared by ZnO and

graphene−ZnO quasi-shell−core composite with 10 mg GO
addition in 0.1 M Na2SO4 solution under dark condition. The
AC impedance of the photoelectrode is mainly decided by the
solution resistance, the migration resistance of the photo-
generated electrons in the material and interfacial reaction
resistance. Therefore, EIS can be used to study the migration
ability of the photogenerated electrons and the interface
reaction ability of the electrons in the graphene−ZnO
composite materials. The EIS results were fitted by the
equivalent circuit inserted in Figure 8. In this equivalent circuit,
Rsol was the solution resistance; Rfilm was the migration
resistance of the charge carriers in the thin-film photoelectrode;
Q was constant phase angle element. Its impedance was equal
to (Y0(jω)

n)−1, where ω was the ac-voltage angular frequency
(rad s−1), and Y0 and n were the frequency-independent
parameters; Rct, C, and W were used to describe the behaviours
of the photogenerated electrons and holes on the interface
between the semiconductor material and the electrolyte. Rct, C,
andW were the electron transfer resistance on the interface, the
interface capacitance, and the Warburg resistance caused by the
diffusion effect of the electrolyte, respectively. As showed in
Figure 8, the measured data are the dots with different symbols,
while the fitted results are the solid lines. The measured data
are fitted very well. Table 1 shows the parameters of the EIS
data. The Rfilm value of ZnO thin film was 6304 Ω cm2, while
this value of graphene coated ZnO thin film decreased to 336.2
Ω cm2, which is decreased by about 20 times of that of ZnO.
This result indicated that the continuous electron transfer path
was established through the coated graphene on the surface of
ZnO. Therefore, the electron migration resistance within the
thin film could be dramatically reduced, which resulted in the
effectively avoiding of the recombination of the photogenerated
electrons and holes. ZnO, acting as an electron acceptor, had
been widely used in the field of dye-sensitized or narrow
bandgap semiconductor quantum dot sensitized solar cell.
However, the prepared graphene−ZnO quasi-shell−core
materials in this work could greatly enhance the electron
mobility of ZnO. Therefore, this composite material would
have a great potential application in the field of solar cells. The
Rct value obtained for ZnO was 1.213 × 105 Ω cm2 (Table 1).
After being coated with graphene, the Rct value decreased to
332.7 Ω cm2, which is three orders of magnitude lesser than the
material without graphene. The decrease of the Rct value

Figure 7. Photoinduced i−t curves (a) and i−V curves (b) of the
photoelectrodes prepared by ZnO and graphene−ZnO quasi-shell−
core composite with 10 mg GO addition.

Figure 8. EIS results of the photoelectrodes prepared by ZnO and
graphene−ZnO quasi-shell−core composite with 10 mg GO addition
and the equivalent circuit for fitting the EIS results obtained in this
work.
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indicated that the graphene loading significantly improved the
interfacial electron transfer velocity and lower down the
interfacial reaction resistance. The reasons for causing this
phenomena, on the one hand, may be due to the formation of
the interfacial electric field between the interface of graphene
and ZnO, which improved the separation efficiency of the
photogenerated electrons and holes and made the interfacial
reaction much easier, on the other hand, may be due to the
lowering down of the interface electrochemical reaction energy
barrier by the coated graphene and hence resulted in the
decrease of the interfacial reaction resistance.
As the results shown in Figure 7a, the photogenerated

current densities decrease with increasing cycles of white light
switching on and off, indicating the existence of corrosion of
ZnO during the photoelectrochemical reactions in a Na2SO4
solution.34 If this corrosion phenomenon exists in the
photocatalytic degradation of organic dye, it is bound to
negatively affect the feasibility of this composite material in the
field of photocatalysis. In order to investigate the stability of the
graphene−ZnO quasi-shell−core materials in the process of
photocatalysis, five successive cyclic RhB degradation tests were
performed and the relevant experimental results are shown in
Figure 9. From the results shown in Figure 9, the photocatalytic

RhB degradation efficiency of this composite material does not
show noticeable decline after five successive cyclic RhB
degradation tests, indicating that there is no serious corrosion
of ZnO during the process of photocatalytic degradation. The
existence of the ZnO corrosion in the i−t curves in Figure 7a
may be due to the separation of photoelectrochemical
reactions. In the i−t curve test, the reduction process of
photogenerated electrons occurs on the surface of the counter
electrode, while the oxidation process of photogenerated holes
occurs on the surface of the ZnO photoelectrode. On the
surface of the ZnO photoelectrode, the photogenerated holes
are captured by the OH−, ionized by H2O. With consumption
of OH−, H+ will enrich on the surface of the ZnO

photoelectrode and cause a decrease in the pH value of the
local electrolyte near the ZnO photoelectrode, leading to the
occurrence of ZnO corrosion during the i−t measurements.
However, in the photocatalytic RhB degradation process, the
redox reactions of photogenerated electrons and holes occur on
the surfaces of the catalysts. The H+ products from the
oxidation reactions of the photogenerated holes can rapidly
neutralize the OH− product from the reduction reactions of the
photogenerated electrons. Therefore, the corrosion of ZnO is
effectively avoided during the photocatalytic RhB degradation
process, and the stability of the graphene−ZnO quasi-shell−
core materials in the process of photocatalysis is significantly
improved.
Figure 10 schematically shows the proposed mechanism for

the improvement of the photoelectrochemical performance and

photocatalytic properties of the graphene−ZnO quasi-shell−
core material. Because the graphene is coated onto the surface
of ZnO nanoparticles, continuous conductive paths are built
through the graphene particles, thereby effectively reducing the
transfer resistance of photogenerated electrons and inhibiting
the recombination of photogenerated electrons and holes.
Furthermore, because the Fermi level of graphene is more
positive than that of ZnO, the Fermi level of ZnO will shift in a
positive direction when graphene coats on its surface. An
interfacial electric field will form due to the exchange of
electrons at the interface between graphene and ZnO. The
formation of this electric field can further improve the
separation efficiency of photoinduced electron−hole pairs.
When photogenerated electrons migrate to the FTO
conductive glass and finally are transferred to the counter
electrode, they participate in the reduction reactions on the
counter electrode surface, and the holes left on the VB of ZnO
will react with OH− and generate OH• or participate in the
RhB dye degradation process. If the graphene−ZnO quasi-
shell−core material is further loaded with p-type dye or p-type
semiconductor quantum dots with narrow bandgap, a p−n
heterojunction electric field will form on the interface between

Table 1. Fitted Parameters of the EIS Results of the Photoelectrodes Prepared by ZnO and Graphene−ZnO Quasi-Shell−Core
Composite with 10 mg GO Addition in 0.1 M Na2SO4 Solution under Dark Conditions

sample Rsol (Ω cm2) Rfilm (Ω cm2) Q (Ω−1 cm−2 sn) n C (μF cm−2) Rct (Ω cm2) Wss (Ω cm2)

ZnO 81.38 6304 6.514×10−5 0.8388 1.083×10−5 1.213×105 3.819×10−5

graphene + ZnO (10 mg GO) 75.03 336.2 2.063×10−5 0.8849 3.775×10−5 332.7 4.25×10−4

Figure 9. Stability study for the photocatalytic RhB degradation by the
prepared graphene−ZnO quasi-shell−core composite with 10 mg GO
addition.

Figure 10. Proposed mechanism for the improvement of the
photoelectrochemical and photocatalytic performance of the gra-
phene−ZnO quasi-shell−core composite material.
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them. This electric field will significantly improve the separation
efficiency of photogenerated electron−hole pairs. Meanwhile,
the graphene possesses very high efficient electron transfer
ability. This high electron transfer ability improves the lifetime
of photoinduced electrons and holes. This indicates that it has
great application potential and this potential should be explored
in detail.

4. CONCLUSIONS
In this study, the graphene−ZnO composite with quasi-shell−
core structure was successfully prepared using a one-step wet
chemical method. Coating ZnO with graphene significantly
improves the photocatalytic RhB degradation property and the
photoelectrochemical performance. The graphene−ZnO quasi-
shell−core composite with 10 mg GO addition possesses
optimal photocatalytic degradation efficiency. After 10 min of
illumination by white light, about 78.9% RhB already degrades,
and complete degradation is achieved after only 20 min.
According to the results from the photoinduced i−t and i−V
curves, ZnO coating with the appropriate amount of graphene
can significantly improve its photogenerated current density
and the graphene−ZnO composite achieves the highest
photoinduced current density when the added GO amount is
10 mg. This is in agreement with the GO amount that produces
the best photocatalytic degradation property in graphene−ZnO
composites. The improvement in photoelectrochemical per-
formance and photocatalytic dye degradation capability are
caused by the establishment of an effective electric field
between ZnO and the graphene coating layer and the dramatic
decrease in migration resistance of the photogenerated
electrons due to the graphene coating layer on the ZnO surface.
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