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ABSTRACT: Heterostructures of gold-nanoparticle-decora-
ted reduced-graphene-oxide (rGO)-wrapped ZnO hollow
spheres (Au/rGO/ZnO) are synthesized using tetra-n-
butylammonium bromide as a mediating agent. The structure
of amorphous ZnO hollow spheres is found to be transformed
from nanosheet- to nanoparticle-assembled hollow spheres
(nPAHS) upon annealing at 500 °C. The ZnO nPAHS hybrids
with Au/rGO are characterized using various techniques,
including photoluminescence, steady-state absorbance, time-
resolved photoluminescence, and photocatalysis. The charge-
transfer time of ZnO nPAHS is found to be 87 ps, which is much shorter than that of a nanorod (128 ps), nanoparticle (150 ps),
and nanowall (990 ps) due to its unique structure. The Au/rGO/ZnO hybrid shows a higher charge-transfer efficiency of 68.0%
in comparison with rGO/ZnO (40.3%) and previously reported ZnO hybrids. The photocatalytic activities of the samples are
evaluated by photodegrading methylene blue under black-light irradiation. The Au/rGO/ZnO exhibits excellent photocatalytic
efficiency due to reduced electron−hole recombination, fast electron-transfer rate, and high charge-transfer efficiency.
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■ INTRODUCTION

In recent years, heterostructural photocatalysts have greatly
attracted attention in the photodegradation of organic
pollutants, such as methylene blue, methyl orange, rhodamine,
and phenol.1−6 The principle of photocatalytic cells is based on
the absorption of irradiated photons to create electron−hole
pairs, which are separated and diffused across interfaces to react
with adsorbed substances on the surface. The excited electron−
hole pairs can recombine at the valence band edge or can be
captured at trap sites (defects, vacancies).7 Therefore, the
enhancement of photoinduced charge transfer is crucial to
improve the photocatalytic performance. There are several ways
to improve charge transfer in a semiconductor. For example,
metal nanoparticle, metal oxide, or carbon material decorated
on the semiconductor surface facilitates electron transfer from
the semiconductor to the metal via Schottky contact, serves as
the cocatalyst material, or easily separates electrons from
semiconductor surface, respectively.8−12 Semiconductor photo-
catalysts, including TiO2, ZnO, CdS, and ZnS, have been
known as excellent materials for the photoinduced redox
reaction due to their specific electronic structure (the filled
valence band and empty conduction band) and have been used
for the degradation of many hazardous compounds in water
and air.13 In particular, ZnO, a wide band gap semiconductor,
has been widely researched as a photocatalyst in sustainable

solar energy harvesting areas due to its abundant morphologies,
easy synthesis, low cost, and nontoxicity.14 Graphene, a two-
dimensional honeycomb structure, has been known as an
excellent material for improving the optoelectrical and
electrochemical activities of hybrid materials.15−18 Recently,
reduced graphene oxide (rGO) based composite photocatalysts
have gained increasing attention because they improve the
charge transfer at the interface and have good adsorption
capabilities for organic pollutants on their surfaces. Xu’s
research group has claimed that a graphene-based nano-
composite holds a great potential in the development of
multifunctional photocatalytic performance.19−27 This group
reported that the enhancement of the photocatalytic activity of
graphene−semiconductor results from the strengthened
interfacial contact and optimized interfacial composition. Su
and co-workers have fabricated rGO/ZnO hollow spheres to
investigate the suppression of charge-carrier recombination for
enhancing photocurrent and photocatalytic activities.28 How-
ever, to the best of our knowledge, no studies have been
reported on the photoinduced properties of Au/rGO/ZnO
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hybrid with ZnO hollow hierarchical structure for effective
photoinduced charge transfer at the interface.
In this work, we synthesized a gold-nanoparticle-decorated

rGO-wrapped ZnO hollow hierarchical heterostructure (Au/
rGO/ZnO). Upon annealing at 500 °C, the ZnO structure is
transformed from nanosheet-assembled (as-prepared ZnO) to
nanoparticle-assembled hollow spheres (nPAHS). The charge-
carrier lifetime of ZnO is much reduced when wrapped by rGO
and much more reduced when wrapped by Au/rGO. This
phenomenon demonstrates that wrapping Au/rGO on ZnO
greatly improves the photoinduced charge-transfer efficiency
and electron-transfer rate, resulting in the enhanced photo-
catalytic activities of the hybrid.

■ EXPERIMENTAL SECTION
Synthesis of ZnO Hollow Spheres. Zinc acetate dihydrate

[Zn(CH3COO)2·2H2O] was dissolved in 100 mL of water in a 500
mL jar and stirred for 5 min, and then 0.1 mmol of trisodium citrate
(Na3C6H5O7) was added to the precursor solution and the mixture
was continuously stirred for 5 min. Subsequently, 1 mmol of
hexamethylenetetramine [(CH2)6N4] was introduced and the mixture
stirred for 5 min. A glass substrate was located at the bottom of the jar
to collect the precipitates. After a stopper was put on the jar, the
solution was refluxed at 95 °C for 180 min. The as-prepared ZnO
coated on glass substrate was cleaned by rinsing with ethanol, and then
it was annealed at 500 °C for 60 min for further study.
Synthesis of Hybrid AuNPs/rGO/ZnO. Graphene oxide (GO)

was synthesized using a modified Hummers method and reduced using
hydrazine monohydrate 98% (C2H4·H2O).

29 To obtain rGO, 4 mL of
aqueous GO (0.3 g/L) was mixed with 16 mL of ethanol and the
mixture was ultrasonicated for 15 min. Hydrazine (0.4 mL) was then
added and the mixture ultrasonicated for 60 min. To fabricate Au/
rGO/ZnO hybrids, a mixture of 0.1 mL of 10 mM hydrogen
tetrachloroaurate(III) (HAuCl4·4H2O) and 0.9 mL of 20 mM tetra-n-

butylammonium bromide (TBAB, C16H36Br
−N+) was added to the as-

prepared rGO solution and this mixture was ultrasonicated for 120
min (in the case of fabricating rGO/ZnO, only 0.9 mL of 20 mM
TBAB was used). Subsequently, the resulting Au/rGO aqueous
solution was added to 10 mL of ZnO (1 mg/mL) in ethanol and the
mixture was ultrasonicated for 60 min to wrap Au/rGO nanosheets
onto ZnO. The final suspension was washed with ethanol three times
and then dispersed in 10 mL of water:ethanol (1:1 v/v) for spraying
on a 2 × 2 cm2 quartz substrate, which was mildly annealed at 150 °C
for 30 min for further characterizations.

Characterization. Morphological properties of the samples were
studied using field emission electron microscopy (FESEM) with a 10
kV operating voltage, transmission electron microscopy (TEM) with
an electron gun of 200 keV, and atomic force microscopy (AFM) with
an RTESP probe in a tapping mode. X-ray diffraction (XRD) with Cu
Kα radiation was used to analyze the crystalline ZnO. X-ray
photoelectron spectroscopy (XPS, Thermo Fisher, K-alpha) with
200 eV beam energy trained on a 400 μm spot size was employed to
investigate chemical bonding. Nitrogen adsorption−desorption
isotherms and Brunauer−Emmett−Teller (BET) surface areas were
recorded on an accelerated surface area and porosimetry system
(ASAP 2420 V2.09) at 77 K. The samples were degassed at 125 °C for
12 h before nitrogen adsorption measurement. The optical properties
were analyzed using a UV−vis spectrophotometer (HP8453) with a
190−1100 nm wavelength and 1 nm slit width and a photo-
luminescence spectrometer on a He−Cd laser (IK3301R-G, Kimmon
Koha) at room temperature with a wavelength of 325 nm and output
power of 30 mW. The time-resolved photoluminescence spectra were
taken at room temperature on a mode-locked femtosecond pulsed
Ti:sapphire laser (Coherent, Chameleon Ultra II) at an excitation
wavelength of 266 nm and output power of 0.2 mW. A streak camera
(Hamamatsu, C7700-01) was used to measure the decay profile.

Photocatalytic Measurement. The as-prepared samples were
dispersed in 10 mL of water:ethanol (1:1 v/v) for spray pyrolysis on a
2 × 2 cm2 quartz substrate, which was then mildly annealed at 150 °C
for 30 min. The sprayed samples on 2 × 2 cm2 quartz substrate were

Figure 1. TEM, HR-TEM, and SAED images of as-prepared (a) and 500 °C-annealed (b) ZnO hollow hierarchical structure. XRD patterns (c),
normalized PL spectra (d), and diffuse reflectance spectra (e) of ZnO annealed at various temperatures.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00152
ACS Appl. Mater. Interfaces 2015, 7, 3524−3531

3525

http://dx.doi.org/10.1021/acsami.5b00152


used to evaluate the photocatalytic activity. The samples were
immersed in 10 mL of 10 μM methylene blue (C16H18N3SCl·3H2O)
in water irradiated by five surrounding 20 W black-light (UVA) lamps
(wavelength range 315−400 nm). The photocatalytic performance was
analyzed by measuring the absorbance of the methylene blue solution
at λ = 665 nm using a UV−vis spectrophotometer (HP8453) every 30
min for 150 min.

■ RESULTS AND DISCUSSION

Figure 1 shows the annealing-temperature-dependent morpho-
logical, crystalline, and optical properties of the ZnO hollow
hierarchical assembly. TEM and HR-TEM images in Figure 1a
confirm the hollow structure of the as-prepared ZnO, which is
formed from the assembly of nanosheets around a hollow
sphere. The selected area electron diffraction (SAED) image
shows the amorphous structure of the as-prepared ZnO. The
transformation of morphology from nanosheet- to nano-
particle-assembled hollow spheres (nPAHS) after annealing at
500 °C is shown in Figure 1b. The incorporation of oxygen
from the air into the defects in the ZnO crystal during the
annealing process induces the transformation of the morphol-
ogy, the improvement of the crystallinity (SAED image), and
the change of the optical properties of the ZnO hierarchical
structure. The TEM images of the ZnO nPAHS in Figure S1
(Supporting Information) are additional evidence for the
hollow sphere structure. XRD results in Figure 1c show that
the crystallinity of the ZnO is improved with annealing from
200 to 500 °C. No peaks appear at 200 °C, indicating that the
as-prepared ZnO is amorphous, which may result from the
adsorption of citrate anions onto the ZnO surface. Peaks are
observed at 300 °C, implying that crystals are formed and the
adsorbed citrate anions on ZnO are thermally decomposed.30

As the temperature is further increased up to 500 °C, the
crystallinity of the ZnO is improved with increasing temper-
ature, and the ZnO structure is transformed from assembled
nanosheets to nanoparticles. The diffraction pattern of ZnO
nPAHS is consistent with the wurtzite structure (JCPDS No.
36-1451; a = 3.241 96 Å and c = 5.211 11 Å). The
photoluminescence (PL) of the annealed ZnO hollow spheres
is illustrated in Figure 1d. The PL emission peak of the 300 °C-
annealed ZnO is red-shifted in comparison with 200 °C-
annealed ZnO. This phenomenon results from the modification
of defects such as oxygen and zinc vacancies, interstitials, and
antisites. The green emission of the 200 °C-annealed ZnO is
typically associated with zinc vacancies and oxygen vacancies.31

At an annealing temperature of 300 °C, the green band
emission of ZnO is shifted to the yellow band due to the
decreased concentration of zinc vacancies and the moderate
concentration of oxygen vacancies.32 The 500 °C-annealed
ZnO is found to have the fewest defects compared to the other
samples. This result confirms the removal of both zinc and
oxygen vacancy defects to produce high-purity, high-crystalline
ZnO nPAHS. The diffuse reflectance results in Figure 1e show
that the optical absorbance property of ZnO depends strongly
on annealing temperature. The red-shift of the absorbance edge
and the decrease of absorbance in the visible range with
increasing annealing temperature are ascribed to the enhanced
ZnO crystallinity and the improved transparence properties of
nanoparticles in comparison with nanosheets assembled into
the hollow sphere structure. Due to its high crystallinity, high
purity, and excellent optical properties, the 500 °C-annealed
ZnO (nPAHS structure) is selected to study the effect of rGO

and Au/rGO decoration on the photoinduced charge transfer
and recombination at the ZnO interface.
The growth mechanism of the ZnO hollow structure was

reported in our previous work.33 With the assistance of
trisodium citrate (Na3-citrate), the hydroxyl and carboxyl
groups in citrate ions cap Zn2+ precursors and direct the growth
of the ZnO structure. At 95 °C under reflux, hexamethylene-
tetramine reacts with water to produce formaldehyde (HCHO)
gas as follows:33

+ → + ++ −(CH ) N 10H O 6HCHO(g) 4NH 4OH2 6 4 2 4

The Zn2+ precursor capped by the citrate ion covers the
HCHO gas template to form a seed-layer-decorated hollow
sphere (Figure 2a). Zn2+ and OH− ions remaining in the reflux

solution are consumed as ZnO hollow spheres continue to
grow. The Na3-citrate works as an inhibitor of [001] growth
and facilitates the growth in the [100] direction to form the
nanosheet-assembled hollow structure.34 The resulting product
was annealed at 500 °C to remove the citrate ion and improve
the crystalline structure. As a result, the pure ZnO nPAHS was
obtained, which possesses better optical properties than other
samples.
A mechanism for the synthesis of Au/rGO/ZnO is

schematically illustrated in Figure 2b. The rGO (obtained by
reducing GO suspension with hydrazine monohydrate) is
highly reduced, as shown in the XPS data (Figure S2,
Supporting Information). The peaks for oxygen functional
groups such as hydroxyl (C−OH), carbonyl (CO), and
carboxylic (O−CO) are not observed in the XPS spectra of
rGO. The TBAB (a cationic polymer) capped AuCl4

− is
adsorbed on the negatively charged rGO plane under
sonication to obtain Au/rGO hybrid. The AuNPs well-
decorated onto rGO are revealed in AFM image in Figure S3

Figure 2. Schematic illustration of the synthesized ZnO hollow
hierarchical structure (a) and the synthesis of Au/rGO/ZnO hybrid
(b).
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(Supporting Information). AuNPs are found to be about 10−
20 nm in diameter, which are mostly located at the edge of rGO
monolayer. The TBAB ligand in solution also plays an
important role as a mediating material to wrap rGO onto
ZnO and prevents the aggregation of the rGO sheets. The
TBAB free ligand is also decorated on the ZnO hollow sphere
to easily cover rGO under ultrasonication. After wrapping Au/
rGO onto the ZnO interface, the TBAB can be removed from
the Au/rGO/ZnO hybrid by mild annealing at 150 °C after the
thermal spray-coating process.
Figure 3 shows the SEM, bright-field scanning TEM (BF-

STEM), energy-dispersive X-ray spectroscopy (EDX), and
electron energy loss spectroscopy (EELS) chemical mapping
results of the Au/rGO-wrapped ZnO nPAHS structure. SEM
images in Figure 3a clearly reveal that Au/rGO covers the
entire ZnO nPAHS surface, which confirms the excellent
adsorption of rGO on ZnO through the mediation of TBAB.
For detailed analysis, BF-STEM (Figure 3b,c), EDX (Figure
3d), and EELS chemical mapping (Figure 3e,f) measurements
are performed. The EDX measurement is taken at the ZnO
hollow sphere edge to confirm the presence of rGO and Au at
the ZnO interface. As shown in Figure 3d, the atomic content
of Au and C is 9.0% and 13.3% in Au/rGO/ZnO composite,

respectively. By taking EELS chemical mapping from a large-
scale BF-STEM in Figure 3e, Au and C elements mostly exist at
the edge of ZnO nPAHS, which shows the good decoration of
Au and rGO on ZnO. Furthermore, high-resolution BF-STEM
and EELS chemical mapping in Figure 3f are taken to
investigate the morphological properties at the Au/rGO−
ZnO interface. ZnO nanoparticles of about 50 nm in diameter
are assembled to form a ZnO nPAHS structure of about 1.6 μm
in size (Figure 3e,f); Au nanoparticles of about 10−20 nm in
diameter are randomly distributed on the Au/rGO−ZnO
nPAHS interface; and the excellent adsorption and covering of
Au/rGO on the ZnO surface are also confirmed.
Figure 4 shows the UV−vis and PL spectra of ZnO nPAHS

structures and their hybrids with rGO and Au/rGO. In the
UV−vis spectra (Figure 4a), the absorbance peak of graphene
appears at 265 nm and the plasmonic band of AuNPs from 500
to 630 nm, confirming the presence of rGO and AuNPs in the
composite. The improved absorbance of Au/rGO/ZnO in
comparison with rGO/ZnO could be due to the plasmonic
light trapping effect of AuNPs.35 When an incoming photon
hits the AuNPs, the photon is trapped or scattered in many
directions at the interface, enhancing the light absorption ability
of the hybrid. As shown in the PL spectra (Figure 4b), the Au/

Figure 3. SEM (a), BF-STEM (b, c), EDX (d), BF-STEM and EELS chemical mapping (e), and high resolution BF-STEM and EELS chemical
mapping (f) results of the Au/rGO-wrapped ZnO hollow hierarchical structure.
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rGO/ZnO has the lowest emission intensity of the band gap
peak (380 nm) and visible emission band. The normalized PL
spectra (Figure 4c−e) are decomposed into four Gaussian
emissions: band gap peak (380 nm) and deep-level point
defects at 540 and 650 nm; the emission in the near-infrared
region (760 nm) is considered as the second-order band gap
peak. The decrease of the PL emission intensity in the case of
wrapping rGO and Au/rGO on ZnO implies that electron
transfer from the ZnO conduction band to the interface is
facilitated. The generated electron in ZnO transfers to the rGO
(lower energy state), which takes place faster than its
recombination with a hole in ZnO. This effect is improved
with the introduction of AuNPs in the composite, thus
facilitating electron transport at the interface and quenching
the recombination of electron−hole pairs. The emission ratios
of defects/band gap are found to be decreased as ZnO is
wrapped with rGO and Au/rGO, being 0.173, 0.079, and 0.029
(I540/I380) and 0.116, 0.079, and 0.025 (I650/I380) for ZnO,
rGO/ZnO, and Au/rGO/ZnO, respectively. This result shows
that electron transfer from the defect state to the interface is
more facilitated than from the conduction band. The separated
electron in the conduction band could be nonradiatively
transited to surface defects such as oxygen vacancies and zinc
interstitials (donor levels). With the strengthened interfacial
contact between Au/rGO and ZnO, an electron could be
facilitated to transfer from surface defects in ZnO to the Au/
rGO layer. Thus, the surface defects of ZnO are expected to act
as an active site for the interfacial charge transfer.
Figure 5 shows the time-resolved PL decay profile of the

samples to evaluate the photoinduced charge transfer from the
ZnO conduction band to the Au/rGO interface. As shown in
Figure 4b−e, the defect emission of the ZnO nPAHS structure
is so much weaker than that of the band gap/exciton. This leads
to a low signal-to-noise ratio in measuring the time-resolved PL
decay profile of the defect state using the Ti:sapphire laser
(excitation wavelength of 266 nm and output power of 0.2
mW). Therefore, we use the result of the time-resolved PL of

the band gap/exciton to exhibit the improving charge transfer
at the ZnO−Au/rGO interface. The monitored peak in the
time-resolved PL is the band gap peak (about 380 nm), as
shown in Figure S4 (Supporting Information). From the
double exponential fitting, the charge-carrier lifetimes (⟨τ⟩),
charge-transfer lifetimes (τCT), and charge-transfer efficiency
(η) are determined (Table 1). The fast component (τ1)
originates from the free exciton states, while the slow
component (τ2) is ascribed to the bound exciton states.36

From the fitting data, both components τ1 and τ2 become
shorter after wrapping ZnO with rGO and Au/rGO, which
leads to a decrease in charge-carrier lifetime (τZnO = 87 ps,
τrGO/ZnO = 52 ps, and τAu/rGO/ZnO = 28 ps). From the relation
τCT = (τSemiτHybrid)/(τSemi − τHybrid),

36,37 the charge-transfer
time is faster in the presence of AuNPs, which is decreased
from 129 ps for rGO/ZnO to 41 ps for Au/rGO/ZnO. The
Au/rGO/ZnO with a faster charge-transfer time exhibits
excellent charge-transfer efficiency compared with rGO/ZnO.
The photoinduced charge-transfer efficiency is determined as η
= 40.3% for rGO/ZnO and η = 68.0% for Au/rGO/ZnO.
According to previous works, the charge-transfer efficiency was
η = 20% for Au−ZnO nanoparticle hybrid (τZnO= 150 ps, τHybrid
= 120 ps),36 η = 31.3% for rGO/ZnO nanorod hybrid (τZnO =
128 ps, τHybrid = 88 ps),38 and η = 53.6% for CdS/ZnO
nanowall (τZnO = 990 ps, τHybrid = 460 ps).39 Therefore, Au/
rGO/ZnO nPAHS (η = 68.0% and τCT = 41 ps) synthesized in
this work exhibits the better photoinduced charge-transfer
efficiency and faster electron transport among ZnO hybrids
reported so far.
The photocatalytic performance of the prepared ZnO

hydrids is evaluated by measuring the photodegradation of
methylene blue (MB) under black-light irradiation. As shown in
Figure 6, the MB photodegradation efficiency of ZnO nPAHS
is found to be 56%, increasing to 64% and 70% after being
wrapped by rGO and Au/rGO, respectively. Novel, highly
crystalline ZnO nPAHS shows much better photodegradation
efficiency than P25 (41%). Good wrapping of Au/rGO onto
ZnO, effective photoinduced electron transport, and excellent
adsorption of negatively charged rGO onto MB account for the

Figure 4. UV−vis (a) and PL spectra (b) of ZnO, rGO/ZnO, and Au/
rGO/ZnO nPAHS. The normalized PL emission of ZnO (c), rGO/
ZnO (d), and Au/rGO/ZnO (e) as four Gaussian-resolved peaks at
380, 540, 650, and 760 nm.

Figure 5. Time-resolved PL decay profile of ZnO, rGO/ZnO, and Au/
rGO/ZnO nPAHS (a). The system instrument response function
(IRF) is used as the reference. An illustration of electron transfer at the
ZnO interface (b).
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improved photocatalytic performance of rGO/ZnO. To
examine the adsorption ability toward MB, the specific surface
areas of ZnO, rGO/ZnO, and Au/rGO/ZnO have been
determined from nitrogen adsorption−desorption isotherms
and the BET surface areas shown in Figure S5 (Supporting
Information). The BET surface area of ZnO, rGO/ZnO, and
Au/rGO/ZnO is found to be 12.7, 17.9, and 28.9 m2/g,
respectively. Thus, the best photocatalytic performance of Au/
rGO/ZnO results from both effective photoinduced charge
transfer and excellent adsorption ability toward MB.
Furthermore, the Au/rGO/ZnO shows an excellent photo-
catalytic activity for three cycles by consecutively photo-
degrading 70%, 65%, and 69% of MB, as shown in Figure 6b.
This result demonstrates a stable photocatalysis and a strong
adsorption of Au/rGO onto ZnO surface.
A mechanism for the photocatalytic acitivity of Au/rGO/

ZnO is illustrated in Figure 6c. Typically, under UV-light
irradiation, electron−hole pairs are generated in the photo-
active ZnO. The work function of ZnO (5.2−5.3 eV) and
AuNPs (5.1 eV) is different from that of rGO (4.5 eV), so
photoexcited electrons transfer readily from ZnO to rGO and
from rGO to AuNPs.40−43 The Au/rGO layer has excellent
adsorption properties (highest BET surface area value). Thus,
photoexcited electrons trapped on Au/rGO can rapidly react
with oxygen to form superoxide radicals (O2

•−) or hydro-
peroxide radicals for degrading organic pollutants. The
remaining photoinduced holes can oxidize water or OH− to
produce a hydroxyl radical (OH•) that is able to oxide organic

pollutants. An effective photoinduced electron transfer at the
interface leads to an enhanced photocatalytic activity.

■ CONCLUSION
We have successfully synthesized the novel structures of ZnO
nPAHS and Au/rGO/ZnO hybrid. Excellent covering of Au/
rGO on ZnO in the hybrid results from the good adsorption
properties of rGO through the mediation of cationic TBAB
polymer. The Au/rGO/ZnO exhibits facilitated electron
transfer across the Au/rGO−ZnO interface, fast and effective
photoinduced charge transfer (τCT = 41 ps and η = 68%)
resulting from good decoration of Au/rGO onto ZnO,
plasmonic absorption enhancement, and strong perturbation
of photon-excited electrons. As a result, with the excellent
photoinduced separation and diffusion of electron−hole pairs,
the Au/rGO/ZnO exhibits remarkable photocatalytic activity
compared with ZnO and rGO/ZnO hybrid.
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