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’ INTRODUCTION

The demonstration of the photocatalytic water splitting on
TiO2 electrodes revealed

1 the potential of semiconductors to be
used as heterogeneous photocatalysts, and extensive research has
since been performed in understanding the fundamental pro-
cesses of semiconductor photocatalysis. It has been found that up
to 90% of photogenerated charge carriers may undergo recom-
bination,2 consequently adversely affecting the photocatalytic
efficiency of semiconductor materials. The use of nanosized
semiconductor particles is advantageous3�5 in this regard be-
cause of the increased number of catalytically active sites and the
reduced charge recombination in bulk, resulting from the large
surface to volume ratio of the nanoparticles. Significant enhance-
ment of photocatalytic efficiency can be achieved additionally by
the deposition of noble metal nanoparticles,6 such as Au or Pt on
the semiconductor nanoparticle surfaces, because metal can act
as a reservoir for photogenerated electrons,7 thereby promoting
interfacial charge separation processes.

A number of methods for the deposition of metal nanoparti-
cles on semiconductor surfaces have been demonstrated includ-
ing coprecipitation, deposition�precipitation and chemical
vapor deposition,8,9 However, these methods often led to
problems, for example, embedding of metal in the bulk instead
of the surface of the semiconductor,10 incorporation of foreign
ions such as Cl�,11 and metal deposits with a wide size
distribution.6,12 Use of monodisperse metal nanoparticles is

especially important as chemical and physical properties of
nanoparticles are critically dependent upon the particle dimen-
sions in the nanometer scale.13,14

Alternatively, anchoring of preformed metal nanoparticles on
semiconductor surfaces is advantageous, in which particle size
could be controlled independently and very narrow size distribu-
tions could be obtained via well-established synthetic methods.15

In a previous study,16,17 we have shown that structurally well-
defined composite photocatalysts could be prepared by modifi-
cation of TiO2 with thiolate-protected gold nanoparticles. The
photocatalytic activity of the composite, however, exhibited
essentially no enhancement with gold modification and thus
thermal treatment of the composite was used to activate the
catalytic activity.

ZnO exhibits a band gap of 3.4 eV and an electronic affinity of
4.2 eV, similar to those of TiO2, and thus is considered to be
a viable alternative to TiO2 in dye-sensitized solar cells and
photocatalysts.18�20 Herein, we present the preparation and
photocatalytic activity of a well-defined composite based on ZnO
modified with thiolate-protected gold nanoparticles (AuNPs).
Highlymonodisperse AuNPswere synthesized via a facile synthetic
method and the AuNPs were assembled onto ZnO nanoparticles
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ABSTRACT: Well-defined Au/ZnO nanoparticle composites
were prepared by modifying ZnO with preformed Au nano-
particles protected with bifunctional glutathione ligand. In this
approach, the Au nanoparticles were highly monodisperse and
their loading on ZnO surface could be precisely controlled by
the anchoring conditions. Steady-state and time-resolved photo-
luminescence of the composites revealed the ability of the Au
nanoparticles to efficiently extract conduction band electrons
from the photoexcited ZnO. The composites exhibited strongly
enhanced photocatalytic activity without requiring thermal
activation process in degrading organic substrates in both oxida-
tive and reductive pathways. A clear correlation between the
photocatalytic activity and the Au loading was found for both oxidative and reductive photocatalytic reactions. These results
demonstrate that thiolate-protected AuNPs can significantly enhance the charge separation by extracting electrons from the
photoexcited ZnO and consequently improve the photocatalytic activity of the composites.
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using a bifunctional glutathione linker as illustrated in Scheme 1.
Photoexcitation of ZnO generates holes in the valence band
and electrons in the conduction band of ZnO. When AuNPs
are present on the surface of ZnO, the AuNPs would act as
an electron sink and thus could greatly enhance the charge
separation efficiency. Consequently, it is expected that more
electrons and holes become available for subsequent catalytic
reactions. The ZnO-AuNP composite catalysts were found
to exhibit strongly enhanced photocatalytic activity toward both
oxidation and reduction of substrates without requiring any
thermal treatment step, in contrast to most of the similar photo-
catalysts reported in the literature where enhancement of
photocatalytic activity was only achieved after some form of
heat treatment.16,21,22 Strong correlation between the photoca-
talytic activity and the AuNP loading was observed, demonstrat-
ing the active role AuNPs in the photocatalytic reaction of the
composites.

’EXPERIMENTAL METHODS

Chemicals. L-Glutathione reduced (GSH, >99%), sodium borohy-
dride (NaBH4, 99%), hydrogen tetrachloroaurate trihydrate (HAuCl4 3
3H2O, ACS reagent grade), zinc oxide nanoparticles (ZnO, 99.9%),
thionine acetate (TH, >85%),methanol (99.9%) and acetonitrile (99.9%)
were purchased from Sigma-Aldrich. Rhodamine 6G (R6G, 99%) was
purchased from Exciton. All chemicals were used as received without
further purification. Ultrapure water with a resistivity of 18.2 MΩ cm was
obtained from a Millipore Milli-Q system.
Synthesis of Glutathione-Protected AuNPs. A modified

literature procedure was utilized to synthesize glutathione-protected
AuNPs.23 1 mmol (0.39 g) of HAuCl4 was dissolved in a solution of
30mL of methanol and 20 mL of water, which resulted in a bright yellow
solution. One mmol (0.31 g) of glutathione is added to the rapidly
stirred gold salt solution. The solution turned light brown and slowly
turned colorless within 40 min. A NaBH4 solution, freshly made by dis-
solving 5 mmol (0.19 g) of NaBH4 in 40 mL of water, was slowly added
to the vigorously stirred precursor solution, which caused the solution to
immediately turn dark brown due to the formation of gold nanoparticles.
The solution was quickly transferred into a water bath that was kept at
50 �C, and stirring was continued for 1 h. The resulting solution was
evaporated to near dryness on a rotary evaporator at 30 �C. Excess
methanol was added to precipitate particles and wash reaction bypro-
ducts and any remaining starting material. The washed product con-
sisted of AuNPs with various sizes. The product was dissolved in 20 mL
of water and then 4mL of methanol was added to induce precipitation of

AuNPs. After removing the AuNP precipitate (the largest AuNP) by
centrifugation, the supernatant was treated with more methanol to
induce further precipitation. This recrystallization procedure was re-
peated with increasing amounts of methanol until a clear supernatant
was obtained. Various sized AuNPs were isolated from this recrystalliza-
tion process. The AuNPs thus obtained were reasonably monodisperse
in size, and the second isolate with an average core diameter of 3.4 (
0.6 nm was used for the subsequent photocatalytic investigations.
Preparation and Characterization of ZnO-AuNP Compo-

sites. The composites were prepared by anchoring the glutathione-
protected AuNPs on the surfaces of ZnO nanoparticles. Commercially
available ZnO nanoparticles with a primary particle size <100 nm and
BET surface area of 15�25 m2/g were used. The AuNP anchoring
process was carried out by stirring ZnOwith a predetermined amount of
AuNPs in water for 5 h. The composites were isolated by centrifugation,
and were dried in vacuum. The resulting ZnO�AuNP composites con-
taining 0.4, 0.7, 1, and 2 wt % glutathione-protected AuNP relative to
ZnO are referred to 0.4, 0.7, 1, and 2 wt % composite, respectively.

Transmission electron microscopy (TEM) images were acquired
with a JEOL 2100F operating at 200 kV. The samples were prepared by
drop casting of a sample solution onto 400 mesh Formvar/carbon coated
copper grids (FCF400-CU, Electron Microscopy Sciences). Optical
absorption spectra were obtained with a Perkin-Elmer Lambda 40 spec-
trophotometer.

An aqueous suspension of ZnO or ZnO-AuNP composite with a
concentration of 0.1 g/L was used for steady-state photoluminescence
(PL)measurements. PLwasmeasured using a FL920 spectrofluorimeter
(Edinburgh Instruments) with photoexcitation wavelength set at 330 nm.
Time-resolved PL measurements were made with concentrated 1 g/L
solutions of ZnO or 2 wt % composite using a femtosecond fluorescence
upconversion system (CDP Instruments, Inc., Russia) described else-
where.24 The present measurements were carried out with 267 nm
excitation (fundamental of Ti:sapphire was set at 800 nm) and decay
traces of the band edge emissions were obtained at 375 nm. Instrument
response function (IRF) was measured using the rise time of several dye
molecules, which gave a sigma value of∼290 fs. Stability of the samples
was verified by repetition and only little degradation was observed
because of laser excitation.
Photocatalysis Experiments. For the photocatalytic experi-

ments performed under atmospheric conditions, a catalyst suspen-
sion (ZnO or composites) in water and an aqueous solution of the
substrate R6G were mixed in a 1 cm� 1 cm fluorimetric quartz cuvette
just before the photocatalysis experiments. The concentrations of the
catalyst and R6G in the reaction mixture were 50 mg/L and 12.5 μM,
respectively.

For the photocatalytic experiments performed under inert condi-
tions, a catalyst suspension in 1:1 (v/v) CH3OH:H2O was placed in a
sealed shell-vial and purged with Ar to remove the dissolved oxygen for
30min. Deaerated TH solution was added to the catalyst suspension just
before the photolysis experiment. The concentration of the catalyst in
the reaction mixture was 25 mg/L and that of TH was 25 μM.

Photocatalysis was performed with the radiation from a 300W xenon
lamp (Newport Corporation) filtered through a 320 nm high-pass UV
filter (Hoya, UV-32). The incident light intensity was set to 0.2 mW/
cm2. Photolysis was assessed by recording the optical absorbance of
the reaction mixture in situ using a USB 4000 fiber optic spectrometer
(Ocean Optics). The absorption spectra were recorded over the course
of photocatalysis and final results were averaged out of at least 3 inde-
pendent experiments.

’RESULTS AND DISCUSSION

Preparation and Characterization of ZnO-AuNP compo-
sites.Carboxylic groups are commonly employed for anchoring of

Scheme 1. Schematic Illustration (Not to Scale) of Photo-
excitation, Electron Transfer, and Photocatalytic Reactions at
a ZnO-AuNP Composite (A, electron acceptor; D, electron
donor)
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dye molecules onto metal oxide surfaces. The pH corresponding
to the point of zero charge of ZnO is around 9 and thus ZnO
carries a net positive charge in neutral, aqueous solutions.25 On
the other hand, pKa1 and pKa2 for the carboxyl groups on the
glutathione molecule is 2.1 and 3.5, respectively, and thus the
carboxyl groups are expected to exist in the anionic form in a
neutral solution.26 Therefore, one can expect a strong electro-
static interaction between the positively charged ZnO surface
and the negatively charged carboxyl groups of glutathione mole-
cules. In fact, ZnO-AuNP composites are readily formed by
simply stirring of the aqueous mixture of ZnO and AuNP for
5 h without any additives. Figure 1 shows the TEM images of the
AuNPs and the ZnO-AuNP composites. The TEM image of the
isolated AuNPs shows that the AuNPs are reasonably mono-
disperse. TEM images of the composites prepared with 0.4, 1,
and 2 wt % of AuNPs are shown in parts b, c, and d respectively of
Figure 1. It was found that the AuNP anchoring on ZnO readily
occurred and thus AuNP loading on ZnO could be conveniently
controlled by simply varying the initial concentration of AuNPs
in the mixture during the anchoring step. Complete anchoring
of AuNPs on ZnO was confirmed by the absence of AuNP
absorption from the supernatant of the anchoring solution after
separating the ZnO-AuNP composites by centrifugation. TEM
images in Figure 1 also shows that all the AuNPs are bound to the
surfaces of ZnO and no unbound AuNPs are found after 5 h
stirring, proving the effectiveness of this preparation procedure.
Importantly, the average AuNP core size was preserved at its
initial size of∼3.4 nm and no aggregations took place during the
binding process.

Optical absorption spectra of ZnO, 2 wt % composite, and
AuNP solutions in water are shown in Figure 2a. The absorption
maximum at 375 nm of ZnO is comparable to the onset of
absorption of macrocrystalline ZnO,27 due to the large average
size of ZnO nanoparticles. The AuNPs show a broad absorption
near 550 nm that corresponds to the surface plasmon resonance
band of gold nanoparticles.28 The absorption profile of the
composite is similar to that of ZnO with weak absorption near
550 nm arising from the presence of AuNPs.
PL measurements are widely utilized to characterize semi-

conductor nanoparticles that exhibit broad range of absorption,
narrow emissions with high quantum yields, and size-tunable
emission wavelength.29�32 On the other hand, gold nanoparti-
cles are known to be effective quenchers when placed in the
close proximity to fluorophores.33�35 PL emission spectra of
ZnO and 2 wt % composite dispersed in water are given in
Figure 2b. Emission of ZnO consists of two prominent bands: a
narrow emission with amaximum at 377 nm and another broader
emission at around 500 nm. The stronger UV emission that
corresponds precisely to the absorption band edge can be
attributed to the direct radiative recombination of excitons,36,37

whereas the broad green emission is commonly assigned to the
charge carrier relaxation via surface-related trap states.38,39 These
trap states are identified as oxygen vacancies on the nanoparticle
surface.38

The PL emission of ZnO is seen to be drastically quenched in
the presence of AuNPs, showing their strong influence on the
charge carrier dynamics. Compared to the emission of ZnO, the
2wt% composite exhibits significantlyweaker, featureless emission

Figure 1. TEM images of (a) glutathione-protected 3.4 nm AuNPs and ZnO-AuNP composites with AuNP loading of (b) 0.4, (c) 1, and (d) 2 wt %.
Au cores are darker than the ZnO particles because of the higher electron scattering cross-section of Au. Insets are histograms of Au core diameters.
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with a maximum around 383 nm. UV emission was found to
be reduced by 71%, whereas the drop in visible emission was
84%, which illustrates that the AuNPs block both direct and
trap-related charge carrier recombination pathways. This result
suggests that AuNPs on ZnO surface are able to extract electrons
from the conduction band of ZnO and thus prevent charge
carrier recombination within the ZnO nanoparticles.
To further understand the charge transfer process between

ZnO and AuNPs, PL lifetimes of the band edge emission were
measured at 375 nm using a 267 nm laser as the excitation source.
The experiments were carried out in aerated samples so that no
charge accumulation occurred during UV irradiation. The PL
lifetime depends upon both the radiative and nonradiative
processes and thus its change can reveal a particular deactivation
process.40 In the present study, the PL lifetime of ZnO can be
used to investigate the charge transfer deactivation process oc-
curring in the composites. Panels c and d in Figure 2 show the PL
decay profiles from ZnO and 2 wt % composite, respectively. The
experimental decay profiles were fitted using a nonlinear least-
squares method with a two-component decay model. Table 1
summarizes the time constants and relative amplitudes from the
biexponential fits.
Comparing with the lifetime results reported by Xiong et al.41

for ZnOnanoparticles with sizes ranging 25�73 nm, the fast decay
component (τ1) in Table 1 can be attributed to nonradiative

recombination of near surface excitons and the slow component
(τ2) to the radiative recombination of the free excitons.42,43

Whereas the fast decay lifetime is rather insensitive to the pre-
sence of AuNPs, the slow component appears to be considerably
affected by the presence of AuNPs. The PL lifetime (τ2) of the
2 wt % composite is 215 ps, significantly shortened in the pre-
sence of AuNPs, compared to that of ZnO (293 ps). This result
suggests that the presence of AuNPs on ZnO surface provides an
additional deactivation pathway corresponding to the electron
transfer from ZnO to AuNPs, leading to a significant decrease
in the PL lifetime. We can estimate the electron transfer rate con-
stant (kET) by comparing the PL lifetime of ZnO in the presence
of and absence of AuNP:

kET ¼ 1=τðZnO�AuNPÞ � 1=τðZnOÞ ð1Þ

The rate constant of∼1.2 � 109 s�1 calculated using τ2 of ZnO
and 2 wt % composite reflects the electron transfer time scale of
∼830 ps in the ZnO-AuNP composite. The comparison of the
PL lifetimes also reveals that the electron transfer from the
excited ZnO to AuNPs accounts for ca. 27% of deactivation
processes for 2 wt % composite.44 On the basis of the steady-state
and time-resolved PL results, it can be concluded that the AuNPs
present on the surface of ZnO effectively block both direct and
trap-related charge carrier recombination pathways by extracting
electrons from the photoexcited ZnO. The transferred electrons
may subsequently be used for catalytic reactions, which could
lead to the significant enhancement of the photocatalytic activity
of the ZnO-AuNP composites (vide infra).
Photocatalytic Degradation of Rhodamine 6G (R6G). The

photocatalytic activity of the composites was examined by moni-
toring the degradation of R6G dye in aqueous medium. Evolu-
tion of the absorption profiles during the photocatalytic degrada-
tion of R6G with ZnO and the 2 wt % composite are shown in

Figure 2. (a) Optical absorption spectra of ZnO, 2 wt % composite, and AuNP solutions in water. (b) PL spectra of ZnO and 2 wt % composite
suspension in water. PL decay profiles with the corresponding biexponential fits for (c) ZnO and (d) 2 wt % composite.

Table 1. Time Constants (τ) and Relative Amplitudes (a)
from Bi-Exponential Fits to the PL Decay Profiles of ZnO and
2 wt % Composite Dispersions in Water

catalysts a1 τ1 (ps) a2 τ2 (ps)

ZnO 25.5 23.3 74.5 293

2 wt % composite 32.3 22.3 67.7 215
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parts a and b of Figure 3. As can be seen in the figures, both
ZnO and the composite show similar changing patterns of the
absorption profiles, which suggests that the R6G degradation
occurs via a similar pathway. The composite exhibits, however,
much faster decomposition rate compared to ZnO; that is, during
the 30 min photolysis the composite was able to completely
bleach the dye, while ZnO only resulted in a partial decomposi-
tion. To compare the photocatalytic activity more quantitatively,
we monitored the changes in R6G concentration (C) relative to
the initial concentration (C0) during photocatalysis. The R6G
concentration was estimated from the absorbance at 525 nm. As
shown in Figure 3c, the photolysis time corresponding to 50%
degradation of R6G is ∼8 min with ZnO. The catalytic activity
increases significantly with AuNP loading; the 50% photolysis
time decreases to 6 min with 0.4 wt % composite and further
decreases to ∼2.5 min as the AuNP loading increases to 2 wt %.
This result clearly demonstrates the positive role of AuNP in the
photocatalytic activity of the composite with which the photo-
catalytic activity increases with AuNP loading. Gold nanoparti-
cles are known to be a strong light absorber and thus light
screening effect may in effect at higher gold loading, which would
result in decrease in the photocatalytic activity at higher gold
loadings.8,45 In the present study, however, such a decrease
was not observed from the composites with AuNP loading up
to 2 wt%, presumably because of relatively low loadings examined.

Additionally, the results show that regardless of the catalyst used,
the dye absorption is bleached throughout the observed spectral
region, which may be indicative of full decomposition. Further
testing revealed that the bleaching of R6G was not reversible.
These observations suggest a permanent mineralization of the
dye during this photolysis.
Although the photobleaching of R6G can occur via oxidative

or reductive pathway,46 the irreversible mineralization of R6G
suggests that it occurs via oxidative pathway by the photogener-
ated holes. It has been well-documented that the photogenerated
holes play an important role in a number of photocatalytic
processes.47,48 To examine the role of the valence band holes
in the photocatalytic degradation of R6G, we carried out photo-
catalysis of the dye in the presence of a known hole scavenger,
thiocyanate ion.49 The degradation profiles of R6G in the
presence of SCN� are shown in Figure 4, where R6G degrada-
tion is found to be strongly inhibited by the presence of SCN�

for both ZnO and 2 wt % composite as the catalyst. Therefore, it
can be concluded that the valence band holes are directly
accountable for the degradation of R6G in the present catalytic
system. It is interesting to note that the inhibition by SCN� is
found to be less significant and there is still considerable photo-
catalytic activity observed with the composite catalyst even in the
presence of SCN�. This result indicates that the charge separa-
tion in ZnO is sufficiently enhanced by the modification with

Figure 3. Temporal evolution of absorption spectra obtained during photocatalysis of R6G with (a) ZnO, (b) 2 wt % composite, and (c) change in
R6G concentration (C) relative to the initial concentration (C0) during photocatalysis with ZnO and the composites with different AuNP loadings (0.4,
0.7, 1, and 2 wt %). The R6G concentration was estimated from the absorbance at 525 nm.

Figure 4. Effect of SCN� on R6G photocatalysis with (a) ZnO and (b) 2 wt % composite. [SCN�] = 137 μM.
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AuNPs, which results in higher availability of holes in the com-
posite compared to ZnO.
Photocatalytic Degradation of Thionine (TH). In addition

to the valence band holes, the photogenerated conduction band
electrons of the ZnO nanoparticles possess a strong reductive
power that is related to the conduction band position of the
semiconductor.50 The reductive power of the composite photo-
catalyst was probed using TH dye. In order to study the catalytic
activity by the photogenerated electrons alone, the experiments
were conducted in the absence of the photogenerated holes using
CH3OH, an effective hole scavenger.51 Additionally, the photo-
catalytic reaction was performed in the absence of oxygen, in
order to avoid electron scavenging by oxygen dissolved in the
solution.52 As illustrated in Scheme 1, band gap illumination of
ZnO in deaerated CH3OH-H2O generates electrons in the
conduction band while holes are scavenged by CH3OH. The
band energy positions of ZnO are similar to those of TiO2.

53 It is
therefore expected that the photoelectrons generated in the
conduction band of ZnO can readily transfer to the attached
AuNPs in the composite, as has been observed in the TiO2�
AuNP composites.16,34 Consequently, charge separation in the
composites can be greatly enhanced in the presence of AuNPs
and thus more photoelectrons will be available for the catalytic
reduction of TH.
The evolution of the optical absorption profile of the reaction

mixture during the photocatalytic degradation of TH with ZnO
and the 2 wt % composite are compared in parts a and b of
Figure 5. It can be seen that the absorption of TH, with a
maximum at 600 nm, is rapidly bleached in the presence of either
catalyst. However, rate of photolysis is greatly enhanced with the
composite. In Figure 5c, photolysis time corresponding to 50%
degradation of TH is 3.7 min with ZnO. For composites, the
photolysis time dramatically decreases with increasing AuNP
loading; the photolysis time decreased to 3.0, 1.7, 1.4, and
0.9 min with 0.4, 0.7, 1, and 2 wt % composite. As was observed
for R6G photocatalysis, the strongest enhancement of the acti-
vity was observed with the highest AuNP loading (i.e., 2 wt %
composite). The clear correlation between the AuNP loading
and the photocatalytic activity observed here undoubtedly
demonstrates the active role of AuNP in the photocatalytic
reduction of TH.

The dramatic enhancement of the photocatalytic activity by
the modification of AuNPs found in ZnO-AuNP composites is in
sharp contrast to the previous result observed for TiO2�AuNP
composites.16 In our previous study,16 it was found that the
photocatalytic activity of TiO2 nanoparticles exhibit essentially
no enhancement when modified with gold nanoparticles. The
catalytic activity of the composites was enhanced only after
thermal treatment. This result suggested that the presence of
ligands on gold nanoparticles imposed a large kinetic barrier for
electron transfer from TiO2 to gold nanoparticle and thus the
charge separation and the catalytic activity were enhanced only
after removing the ligand via thermal treatment. The reason for
the contrasting result observed for the two composite systems is
unclear at this juncture, but it could be associated with the
difference in catalytic reactivity between TiO2 and ZnO and/or
the difference in the electron transfer dynamics between metal
oxide and AuNP. Comparative dynamics study will be needed to
fully understand the origin of the difference in these composite
systems. This will be pursued in future work.
Finally, the composite was thermally treated at 250 �C for

30 min to see whether its catalytic activity could be enhanced
after the removal of the glutathione ligand, as was observed
for TiO2�AuNP composites.16,17 The temperature was set to
250 �C because ZnO exhibited activity change when thermally
treated above 300 �C. The TEM image shown in Figure S1 (see
the Supporting Information) shows that the gold particles are
still well dispersed on ZnO surface and the average size of the
particles (3.6 nm) is almost unchanged after the thermal treat-
ment, highlighting the advantage of the present method for the
composite formation. The thermogravimetric analysis (TGA)
result in Figure S2 (see the Supporting Information) suggests
that the glutathione ligand is partially removed by the thermal
treatment at 250 �C. Nevertheless, significant removal of the
ligand is expected by the thermal treatment and thus it should be
possible to examine the ligand effect on the catalytic activity of
the composite. As can be seen in Figure 5(c), the catalytic activity
of the thermally treated composite (2 wt % T) is essentially the
same as that of the untreated composite (2 wt %), indicating
that the presence of ligand between ZnO and AuNP has little
influence on the catalytic activity. This result also implies that the
electron transfer through the linker ligand occurs at a relatively

Figure 5. Temporal evolution of absorption spectra obtained during photolysis of TH with (a) ZnO, (b) 2 wt % composite, and (c) change in
TH concentration (C) relative to the initial concentration (C0) during photocatalysis with ZnO and the composites with different AuNP loadings (0.4,
0.7, 1, and 2 wt %) and thermally treated 2 wt % composite (2 wt % T). The TH concentration was estimated from the absorbance at 600 nm.
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shorter time scale than that of the catalytic reduction of TH and
thus the composite exhibits little enhancement in the catalytic
activity after the thermal treatment.

’CONCLUSIONS

A well-defined nanoparticle-based photocatalytic system was
developed with ZnO and thiolate-protected AuNPs using a facile
method. The method is highly versatile in that the ZnO�AuNP
composites can be prepared in well-defined forms, as bifunctional
glutathione protected AuNPs with high monodispersity are
utilized and the extent of AuNP loading is precisely controlled.
Assembly of AuNPs on ZnO surfaces caused a strong quenching
of ZnO photoluminescence, signifying the ability of AuNPs to
effectively inhibit charge recombination and direct the charge
carriers to interfacial reactions. This characteristic was further
established by the PL lifetime results of ZnO, where a consider-
able decrease in the PL decay constants confirmed the additional
nonradiative electron transfer pathway in the presence of AuNPs.
The composites were found to exhibit strongly enhanced photo-
catalytic activity without requiring any thermal activation step for
both photooxidation and photoreduction reactions. A clear cor-
relation between the photocatalytic activity and the AuNP load-
ing was observed for both reactions. These results demonstrate
that thiolate-protected AuNPs can effectively enhance the charge
separation by extracting electrons from the photoexcited ZnO,
and consequently improve the efficiency of the photocatalytic
reactions. The combination of well-defined gold nanoparticles
with metal oxide photocatalysts could open the avenue to develop
tunable photocatalysts whose reactivity can be controlled by the
size, shape, and loading of gold nanoparticles.

’ASSOCIATED CONTENT

bS Supporting Information. TEM image of 2 wt % compo-
site thermally treated at 250 �C and TGA of glutathione-
protected AuNPs. This material is available free of charge via
the Internet at http://pubs.acs.org.
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