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ABSTRACT: Au-nanoparticle-decorated ZnS nanoarchitec-
tures were fabricated by a simple hydrothermal approach
combined with a deposition-precipitation method. After the
deposition-precipitation process, S-nm Au nanoparticles were
homogeneously dispersed on the ZnS surface. In addition, the
band gap of ZnS was also narrowed by the incorporation of a
small amount of Au(I) ions. The photocatalytic hydrogen
production activities of all the samples were evaluated by using
Na,S and Na,SO; as sacrificial reagents in water under a 350 W
xenon arc lamp. The results show that the photocatalytic
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hydrogen production rate of ZnS nanoarchitectures can be significantly improved by loading Au cocatalysts and reaches an
optimal value (3306 ymol h™' g') at the Au content of 4% wt. Although strong surface plasmon resonance (SPR) absorption of
the Au nanoparticles was found in the Au-loaded samples, all of these samples exhibit no activities in the visible light region (1 >
420 nm). On the basis of this Au/ZnS system, the possible roles of Au deposition in improving the photocatalytic hydrogen
production activity, especially the necessary condition for SPR effect of metal nanostructures to function in the visible-light

photocatalysis, are critically discussed.
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B INTRODUCTION

Hydrogen, a clean and renewable energy source, has become
even more attractive with the depletion of fossil fuel reserves
and the deterioration of the global environment."” The
prevalent method of hydrogen production is steam reforming
of natural gas,2 which still consumes nonrenewable resources.
Several sustainable sources of H, from biomass were proposed
as alternatives.” However, the economic efficiency of using
biomass sources remains to be seen.* In view of the abundance
of water on the earth, the most desirable hydrogen production
should be from the direct splitting of water. Since the
pioneering work of Fujishima and Honda in 1972,° interest
in the field of semiconductor photocatalytic water splitting was
catalyzed by the prospect that it would become a low-cost and
eco-friendly way to produce hydrogen directly from sunlight
and water. Consequently, various semiconductors, including the
celebrated TiO,, were proposed to serve as photocatalysts for
photoelectrochemical water splitting.®"*> Among them, ZnS is
widely investigated owing to its relatively high activity for H,
evolution even without any assistance of noble metal
cocatalysts.'>'* As a direct band gap semiconductor, the
theoretical efficiency of photocarrier generation of ZnS$ is much
higher than that of TiO,, which may be greatly beneficial to the
photocatalytic activity. Actually, some ZnS materials show
better photocatalytic activities than TiO,."> Nevertheless, the
photocatalytic efficiency of ZnS is seriously restricted by the
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fast recombination of photoexcited charge carriers. Moreover,
like TiO,, ZnS possesses a wide bandgap (~ 3.6 eV),'® which
may limit its ability for solar energy harvesting. Therefore, the
photocatalytic activity of ZnS can still be greatly improved. ZnS
may become a promising photocatalyst for effective solar water
splitting, when its visible light response is enhanced and the
direct recombination of charge carriers is suppressed.
Therefore, enormous efforts have been dedicated to either
narrowing the band gap of ZnS or reducing the recombination
of photogenerated charge carriers. For instance, ZnS was
alloyed with various narrow bandgap semiconductors to extend
its photoresponse to the visible-light region.'” ' On the other
hand, to accelerate the separation of photogenerated charge
carriers, ZnS was combined with other semiconductors (TiO,,
CuS, etc.)'*?%*' or metals to fabricate various heterostruc-
tures.”> >* According to the present research results, noble
metal/ZnS composites may become a possible solution to
remarkably improve the photocatalytic hydrogen production
activity of ZnS. More specifically, the electric field induced in
the interface of metal/ZnS heterostructures can effectively
separate the photogenerated charge carriers. Decorating the
ZnS surface with small noble metal particles can create
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separation centers for electron—hole pairs as well as active sites
for hydrogen evolution.>*® Furthermore, noble metal
nanostructures deposited on ZnS surface may extend the
spectral response to visible light re§ion because of the surface
plasmon resonance (SPR) effect.””®

In this work, we present a Au/ZnS hybrid system fabricated
by a simple hydrothermal and deposition-precipitation method.
The self-supported ZnS nanoarchitecture with exposed wurtzite
(0001) facets were chosen as the candidate for Au nanoparticle
loading, which itself exhibit superior photocatalytic activity
owing to the internal electric field induced by the spontaneous
polarization of the wurtzite [0001] direction. After Au
nanoparticle loading, the photocatalytic activity of the ZnS
nanoarchitectures was found substantially improved. The
physiochemical properties of a series of Au-nanoparticle-
decorated ZnS nanoarchitectures as well as the effect of the
Au loading content on their photocatalytic H,-production rate
from aqueous solutions containing Na,S and Na,SO; were
extensively characterized and investigated. With regard to ZnS
system, the roles of Au cocatalysts in the photocatalytic
hydrogen production process are discussed, including the
charge separation effect, band gap narrowing, and the SPR
effect. Then, the necessary conditions for SPR effect of metal
nanostructures to function in the visible-light photocatalysis are

proposed.

B EXPERIMENTAL SECTION

Chemicals. All the chemicals in this work, including NaOH, Na,S,
ZnO, and HAuCl,, were AR reagents purchased from Sinopharm
Chemical Reagent Co. Ltd. and were used without any further
purification.

Preparation of Self-Supported ZnS Nanoarchitecture. ZnS
nanoarchitectures were synthesized following a previously reported
method.® By virtue of a system containing 14 M NaOH, self-
supported ZnS nanoarchitectures could be thermodynamically stable
and mass-produced. Briefly, 12.875 mL of 16 M NaOH solution was
poured into a dried Teflon-lined autoclave with a capacity of 20 mL. A
0.167 g portion of ZnO powder was added and stirred until complete
dissolution occurred. Then, 2 mL of 1 M Na,S solution was injected
into the autoclave. After stirring for about 2 min, the autoclave was
sealed and heated at 230 °C for at least 12 h. The autoclave was
rapidly quenched to room temperature after the hydrothermal
reaction. The obtained white precipitates were centrifuged, rinsed
with distilled water 5 times, then acidified with dilute acetic acid to
eliminate the photocarrier quenching centers (—OH groups) capping
on the as-synthesized ZnS surface, and finally dried in a vacuum oven
at 60 °C. For comparison, 3-nm ZnS$ nanoparticles were also prepared
using a facile chemical precipitation method.*

Preparation of Au/ZnS Nanoarchitecture Hybrids. The Au/
ZnS catalysts were prepared by dispersing 0.2 g of the above-
synthesized ZnS nanoarchitectures in SO0 mL of water containing
different amount of HAuCl,-4H,O (84, 16.7, 25.1 mg). After
adjusting the pH to about 7 with 1 mM NaOH, the solution was
stirred at 80 °C for 3 h. The products were collected by centrifugation,
washed thoroughly with water until CI~ was below detection, and
dried at 60 °C for 12 h. The obtained powders were calcined in
vacuum at 200 °C for 1 h. The nominal weight ratios of Au to ZnS
(Ray) were 0, 2, 4, and 6 wt %, and the samples were labeled as AZ0,
AZ2, AZ4, and AZ6, respectively.

Characterization. X-ray diffraction (XRD) was used to identify
the crystal structures and phase compositions of the samples.
Diffraction data were collected on a PANalytical X'Pert PRO
diffractometer with Cu Ka radiation (40 kV X 40 mA) and an
X’Celerator detector in the continuous mode. The 26 scanning range
was from 5° to 65° with a scanning speed of 4°/min. Scanning
electronic microscopy (SEM, JEOL, JSM-6700F) analyses were used
to determine the particle size and morphology. Further morphological
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and structural characterization was based on transmission electron
microscopy (TEM) and high-resolution transmission microscopy
(HRTEM) observation. TEM/HRTEM analyses were conducted on
a JEM-2010 electron microscope at an acceleration voltage of 200 kV.
X-ray photoelectron spectroscopy (XPS) was utilized to identify the
chemical status of Au in the obtained Au/ZnS catalysts. XPS
measurements were performed on a Thermo Scientific ESCALAB
250 system with Mg Ka source. All the binding energies were
calibrated by C 1s peak at 284.8 €V of the surface adventitious carbon.
The Brunauer—Emmett—Teller (BET) surface area of the powders
was measured using a Micrometrics ASAP 2020 system after the
sample was degassed in vacuum at 120 °C overnight. The BET surface
area was determined by a multipoint BET method using adsorption
data in the relative pressure (P/P,) range of 0.05—0.25. A desorption
isotherm was used to determine the pore size distribution by the
Barret—Joyner—Halenda (BJH) method, assuming a cylindrical pore
model. Diffuse reflectance UV—vis spectra of the samples were
collected for the dry-pressed tablets using a Shimadzu UV-2550 UV—
vis spectrophotometer equipped with an integrating sphere. The
BaSO, plate was used as a standard. The absorption spectra can be
further calculated from the reflectance spectra using the Kubelka—
Munk function, K/S (1—R)*/2R, where K is the absorption
coeflicient, R is the diffused reflectance, and S is the scattering
coeflicient.

Photocatalytic H, Production Activity. The photocatalytic
hydrogen production experiments were performed in a 100-mL 3-
neck Pyrex flask at ambient temperature and atmospheric pressure,
and outlets of the flask were sealed with silicone rubber septum. A 350
W xenon arc lamp, which was positioned 20 cm away from the reactor,
was used as a light source to trigger the photocatalytic reaction. The
focused intensity on the flask was about 20 mW/cm? In a typical
photocatalytic experiment, S0 mg of catalyst was dispersed by a
constant stirring in 80 mL of mixed aqueous solution containing 0.35
M Na,S and 025 M Na,SO;. Before irradiation, the system was
bubbled with nitrogen for 40 min to remove the dissolved oxygen and
ensured that the reaction system was under an anaerobic condition. A
0.4 mL portion of gas was sampled through the septum, and hydrogen
was analyzed by gas chromatograph (GC-14C, Shimadzu, Japan, TCD,
nitrogen as a carrier gas and S A molecular sieve column). All
glassware was carefully rinsed with distilled water prior to use. The
apparent quantum efficiency (QE) was measured under the same
photocatalytic reaction condition. Four low-power 365-nm LEDs (3
W) (Shenzhen LAMPLIC Science Co. Ltd. China), which were
positioned 1 cm away from the reactor in four different directions,
were used as light sources to trigger the photocatalytic reaction. The
focused intensity for each 365-nm LED was about 80 mW/ cm? The
QE was calculated according to eq 1:

number of reacted electrons
X 100

QE[%]

number of incident photons

number of evolved H,molecules X 2

X 100

number of incident photons

(1)

B RESULTS AND DISCUSSION

Phase Structure and Morphology. The crystal structure
and phase composition of the samples were investigated using
XRD. Figure 1 shows the XRD patterns of the samples with
different Au contents. XRD data reveals that the main phase of
all the samples can be identified as the self-supported ZnS
nanoarchitectures with interwoven wurtzite (001) nanosheets,
which is consistent with our previous work.>" In detail, the
strong and sharp peak at 27.2° can be indexed as the (100)
reflection of wurtzite ZnS. The adjacent broadened peak is the
overlapping peaks of wurtzite (002), sphalerite (111), and
wurtzite (101). For samples with higher R,, ratios (AZ4 and
AZ6), very weak peaks belonging to Au(111) diffraction are
observed at 20 ~ 38°, indicating the presence of metallic Au.
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Figure 1. XRD patterns of the Au/ZnS nanoarchitecture samples with
Ry, (Wt%) = 0 (AZ0), 2 (AZ2), 4 (AZ4), 6(AZ6), respectively.

The detailed characterization of morphologies and crystal
structures of the samples was performed using SEM and TEM/
HRTEM. Figure 2a and 2b show typical SEM images of ZnS

=—3-0.23 nm

f.r\u(lll)

Figure 2. SEM (a and b), TEM (c and d), and HRTEM (e and f)
images for Au/ZnS nanoarchitecture samples with R,, (wt %) = 0
(AZ0) and 6 (AZ6), respectively.

nanoarchitectures without and with Au deposition (AZO and
AZ6), respectively. The SEM images clearly demonstrate that
ZnS microspheres composed of interwoven nanosheets were
successfully fabricated by the hydrothermal method, and their
morphologies remain essentially unchanged after subsequent
heat treatment and Au nanoparticle deposition.

Figure 2¢ and 2d show a comparison of TEM images of the
sample AZ0 and AZ6. It can be seen that after Au deposition,
uniform black dots with an average size of 5 nm were
homogeneously dispersed on the ZnS support. Further
HRTEM observation indicates that the distances between the
adjacent lattice fringes for AZ0 (Figure 2e) are about 0.33 nm,
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in agreement with the (100) d spacing for wurtzite ZnS
(JCPDS No. 79-2204). As for the sample of AZ6, besides the
lattice fringes with d spacing of 0.31 nm corresponding to the
(002) plane of wurtzite ZnS, another kind of lattice fringes with
d spacing of 0.23 nm for the black dots can be found in the
HRTEM image (Figure 2f), which can be indexed as the (111)
plane of face-centered cubic Au (JCPDS No. 04-0784).
Therefore, the black dots can be identified as Au nanoparticles.

Chemical States of Au. XPS was further employed to
identify the chemical states of Au element. Figure 3 gives a

Raw data
Fitting curve
e Background
A’ 4f

Au' 4f

Zn 3p

Intensity (a. u.)

100 98 96 94 92 90 83 86 84 82 80
Binding energy (eV)

Figure 3. High-resolution XPS spectrum of Au 4f and Zn3p for the
AZ6 sample.

typical high-resolution XPS spectrum of Au 4f for AZ6, in
which part of the Au 4f;;, peak is overlapped by the signal of
Zn 3p. The XPS data were analyzed by fitting to a Gaussian—
Lorentzian function and using a Shirley background sub-
traction.”” As shown in Figure 3, the spectrum can be
decomposed into six components, which can be assigned to
the peaks of Au’ 4f, ,, Au® 4f;),, Au" 4f,,, Au* 4f; )5, Zn 3p; ),
and Zn 3p, /,. It can be derived from the XPS results that the Au
constituent in AZ6 is mainly in the metallic state. In addition to
the metallic Au, a small amount of monovalent ions (Au(I))
also exist in the Au-loaded samples and may be incorporated
into the ZnS nanoarchitectures during the heat treatment
process (see discussion below).

UV-vis Absorption Properties. Figure 4 shows the UV—
vis diffuse absorption spectra for samples AZ0, AZ2, AZ4 and
AZ6. As can be seen, the absorbances of our samples in the UV-
light region initially increase with the increasing of Au loading
amount but then decrease for the sample AZ6. As for our
system, UV light is mostly absorbed by ZnS. The presence of a
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Figure 4. Comparison of UV—vis absorbance spectra of pristine
(AZ0) and Au-decorated ZnS nanoarchitecture (AZ2, AZ4, and AZ6).
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Table 1. Effects of R,, on the Physical Properties and Photocatalytic Activities of the Samples

samples Ry, (%) Sger (m?/g) pore volume (cm®/g) average pore size (nm) band gap (eV) activity (umol h™" g™*) QE (%)
AZ0 0 128 0.39 9.6 3.59 1602 4.8
AZ2 2 116 0.40 10.1 348 2288 5.6
AZ4 4 109 0.40 10.5 343 3306 7.5
AZ6 6 108 0.38 10.1 341 1532 4.7
Nano 0 150 0.15 3.7 276 0.7

small amount of Au nanoparticles can accelerate the separation
of the photogenerated charge carriers and thus improve the
light-absorption efliciency of ZnS. However, as the surface of
ZnS is covered by more Au nanoparticles, the incident UV light
is gradually blocked, which leads to the decrease in the
absorbance. On the other hand, with increasing Au content, all
Au-loaded samples obviously exhibit an increasing absorption
in the visible-light range, which is probably due to the SPR
effect of metallic Au deposited on the ZnS surface. The
absorption peak at about 553 nm can be assigned to the
characteristic SPR peak of Au nanoparticles.”® Therefore, Au
loading can indeed extend the light response of ZnS
nanoarchitecture to visible-light region. It can also be found
that, as the Au content increases, the optical absorption edges
of the samples shift to longer wavelengths. We determined the
band gaps of the samples by fitting the optical transition at the
absorption edges using the Tauc/David-Mott model®
described by equation (hva)'" = A(hv — Eg), where h is
Planck’s constant, v is frequency of vibration, @ is the
absorption coefficient, E, is the band gap, and A is a
proportionality constant. The value of the exponent n denotes
the nature of the sample transition and n = 0.5 when assuming
a direct allowed transition. As listed in Table 1, band gaps of the
samples tend to become narrower with increasing Au content.
The phenomenon of band gap narrowing may be caused by
Au(I) incorporation. It was reported that Au,S is a narrow-band
gap semiconductor with E in the range from 1.3 to 2.6 eV
Therefore, alloying with Au,S can effectively narrow the band
gap of ZnS and extend its light absorption range. According to
the XPS results, a small portion of Au additive exists in the form
of Au(I). During the heat treatment process, Au(I) ions can be
incorporated into the lattice of ZnS, which may be responsible
for the band gap narrowing.

BET Surface Areas and Pore Size Distributions. Figure
S shows the nitrogen adsorption—desorption isotherms at 77 K
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Figure S. Nitrogen adsorption—desorption isotherms and the
corresponding pore size distributions (the inset) calculated by the
BJH method for AZ0 and AZ6. Asterisks (*) denote the artifacts of the
BJH model.

together with the pore size distributions (the inset) for the AZ0
and AZ6 samples. Nitrogen adsorption—desorption measure-
ments on these two samples result in type IV isotherms with
hysteresis loops according to the IUPAC classification,>
indicating the presence of mesopores. In addition, the
adsorption branches of the isotherms increase rapidly at
relative pressures close to unity, which bear some resemblance
to type II isotherms. Therefore, there are also macropores in
the samples. The hysteresis loops can be categorized as type H3
associated with slit-like mesopores, which is consistent with the
characteristic of our ZnS hierarchical nanoarchitectures. The
pore size distribution curves (the inset in Figure S) indicate that
both AZ0 and AZ6 possess mesopores and macropores in a
wide size range of 2 to over 60 nm. It should be noted that the
sharp peaks at about 3.6 nm in the pore-size distribution curves
are artifacts of the BJH method arising from the tensile strength
effect (TSE). The TSE artifact appears when the desorption
isotherm used for BJH analysis exhibit a sudden drop at p/p, ~
0.45.3%%7 The other Au/ZnS nanoarchitecture samples exhibit
similar nitrogen adsorption—desorption behaviors. The BET
specific surface areas, pore volumes, and average pore sizes of
all the samples are summarized in Table 1. As listed in Table 1,
the pristine ZnS nanoarchitectures (AZ0) have a relatively high
BET specific surface area (Sgpr) up to 128 m?/g. After Au
nanoparticle deposition, the Szpr of the samples slightly
decrease with the increasing Au content, while the pore
volumes as well as the average pore sizes do not change
appreciably. The decrease of the Sgpy is because the specific
surface area (m’/g) is expressed per gram of the samples, which
contain some amount of heavy Au. The densities of Au and
ZnS are 19.3 and 3.98 g/cm?, respectively. Consequently, the
densities of the Au/ZnS samples increase with increasing Au
amount, resulting in the reduction of the BET surface area.!®

Photocatalytic Activity. Photocatalytic H, production
activities of Au/ZnS nanoarchitectures were evaluated under
350W xenon arc lamp using mixed 0.35 M Na,S and 025 M
Na,SO; aqueous solutions as scavenger. The results are shown
in Figure 6 and Table 1. H, production rate of 3-nm ZnS
nanoparticles under the same experimental conditions was also
evaluated for comparison. As can be seen in Figure 6 and Table
1, the pristine ZnS nanoarchitectures exhibit relatively high H,
production activity up to 1602 umol h™' g~' even without
noble-metal loading, which is much higher than that of the 3-
nm nanoparticles, though the nanoparticles possess a larger
Sger- In our previous work, we found that annealing at 200 °C
for a short time can significantly improve the lattice integrity
and crystallinity of the ZnS nanoarchitectures and thus
optimize their photocatalytic H, production activities."*
Therefore, the high H, production activities of the ZnS
nanoarchitectures in this work may be partly credited to the
high lattice integrity achieved during the calcine step in the Au
loading process. On the contrary, for the 3-nm nanoparticles
synthesized by our method, their photocatalytic activities were
seriously constrained by the fast charge recombination resulting
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Figure 6. Comparison of photocatalytic H, production activities of
Au/ZnS nanoarchitectures (AZ0 ~ AZ6) and 3-nm ZnS nanoparticles
(nano) from mixed 0.35 M Na,$S and 0.25 M Na,SO; aqueous
solutions.

from the lattice distortion and lattice defects.>® In addition, our
flower-like ZnS nanoarchitestures are composed of 20—30 nm
interwoven nanosheets with wurtzite ZnS (0001) face as the
exposing crystal face. Owing to the atomic arrangement of the
[0001] direction of ZnS, a spontaneous polarization is induced
across the wurtzite ZnS (0001) face from Zn-terminated plane
to S-terminated plane.'* There exists an internal electric field in
the nanosheets induced by the spontaneous polarization, which
will facilitate the separation of the photogenerated electrons
and holes, and accelerate their migration to the surface.
Therefore, compared with common nanoparticles, ZnS
materials with dominant {0001} facets may exhibit relatively
high photocatalytic activities.

It also can be seen that the presence of a small amount of Au
nanoparticles can substantially improve the activity of ZnS
nanoarchitectures. The photocatalytic H, production rates of
the samples increase with increasing Au content when R,, <
4%, and reach a remarkable maximum value of 3306 umol h™*
g~ with apparent quantum efficiency (QE) up to 7.5% at 365
nm (for AZ4). However, further increasing of Ry, to 6% leads
to a reduction of the photocatalytic activity, which is
comparable with that of the pristine ZnS nanoarchitectures.
This reduction is probably due to the increase of opacity and
light scattering of samples with higher Au contents, which
actually reduced the effective irradiation absorbed by the
reaction suspension solution.'® Furthermore, excessive noble
metal clusters may in turn work as recombination centers and
thus hinder the photocatalytic hydrogen production reac-
tion.>®® To evaluate the stability of our photocatalysts, a
recycling test was performed on the hydrogen production
activity of the sample AZ4 (Figure 7). After four recycles, the
catalyst does not exhibit any loss of activity, indicating its good
stability during the photocatalytic reaction. In addition, it can
be found that after the first cycle, the average rate of hydrogen
production is slightly increased because the hydrogen
production reaction is an activated process, and the photons
absorbed on the surface of the photocatalyst increase with
increasing irradiation time."”*

It is generally accepted that noble metal loading can
significantly improve the efficiency of a semiconductor
photocatalyst.'® As for our ZnS nanoarchitectures, the
photocatalytic hydrogen production rate was improved by
over 2 times via 4% (wt) Au-nanoparticle decoration.
Considering the comparable Sppr of the samples, this
improvement could be ascribed to the following two reasons.
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Figure 7. Time course of photocatalytic H, production for sample
AZ4. The reaction system was bubbled with N, for 30 min every 3 h to
remove the H, inside.

First, considering the lower Fermi level of Au with respect to
the conduction band minimum (CBM) of ZnS, the photo-
generated electrons in ZnS can readily be transferred to Au
nanoparticles, which could efficiently separate the photo-
generated carriers and finally result in enhancement of
photocatalytic activity (see Figure 8a). Second, in our
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Figure 8. Schematic illustration of (a) the enhancing mechanism on
photocatalytic activities of Au-loaded ZnS under UV irradiation and
(b) the configuration between the Au SPR state and ZnS energy band.

experimental conditions, a small amount of Au(I) was
incorporated into the ZnS lattice and narrowed the band gap
of ZnS. Therefore, the light absorption region was extended,
and the utilization efficiency of light irradiation was improved.

It is reported that the SPR effect of a noble metal can endow
the wide-band gap semiconductors, such as TiO, and ZnO,
with visible-light photocatalytic activities.** A classical mecha-
nism is analogous to dye sensitization.”” When plasmonic-metal
nanostructures absorb visible light, the electrons near the Fermi
level are excited to the SPR state (generally above the CBM of
the semiconductors), injected into the conduction band of the
semiconductors, and then participate in the photocatalytic
reactions. Therefore, under appropriate visible light irradiation,
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the photocatalytic activities of a noble metal/semiconductor
system could be greatly boosted. However, unexpectedly,
though our Au/ZnS nanoarchitectures do exhibit SPR
absorption properties, all of them are inactive for photocatalytic
hydrogen production in the visible-light region (4 > 420 nm).
To find a reasonable explanation, the relative position of the
SPR state of noble metal and the semiconductor energy band,
as well as the electron transfer processes upon visible-light
excitation should be taken into account. Figure 8b depicts a
sketch of the configuration of Au SPR state and ZnS energy
band. As can be seen, the Fermi level of Au lies at —5.38 €V vs
vacuum (0.94 V vs NHE).*! Under the irradiation of $53-nm
visible light (hv ~ 2.24 V), the SPR of Au nanoparticles will be
induced. Thus, the energy position of the SPR state for our Au
nanoparticles is about —1.3 eV vs NHE. However, to our
knowledge, the conduction band minimum of ZnS lies more
negative than —1.75 eV on NHE scale (higher than the SPR
state of Au nanoparticles).”"* Therefore, in the Au/Zn$S
system, the excited energetic electrons in the SPR state cannot
be injected in the conduction band of ZnS and thus cannot
participate in the hydrogen-evolution reaction on the surface of
ZnS.

B CONCLUSIONS

In summary, we have successfully decorated the ZnS nano-
architectures with highly dispersed and uniform Au nano-
particles by a simple deposition-precipitation method. The
photocatalytic hydrogen production rates of these nano-
architectures are significantly enhanced in the presence of the
Au cocatalysts and reach the highest value at Ry, = 4% wt. At
the optimal Au loading concentration, the hydrogen production
rate is up to 3306 umol h™' g~' with apparent quantum
efficiency (QE) of 7.5% at 365 nm. On the basis of the above
discussion, Au cocatalysts may play two roles in the
improvement of the hydrogen production rate. First, Au
loading can greatly accelerate the separation of the photo-
generated charge carriers. Second, the band gap of ZnS is
narrowed by the incorporation of a small portion of Au(I) and
thus the utilization efficiency of light irradiation is enhanced. It
is worth noting that although strong SPR absorption of the Au
nanoparticles was found in our Au loading samples at the
wavelength of 553 nm, all of these samples exhibit no activities
in the visible light region (1 > 420 nm). According to our
discussion, this should be ascribed to the highly negative
reduction potential of the ZnS conduction band minimum,
which prevents the excited energetic electrons in the SPR state
from injecting into the conduction band. Therefore, in utilizing
the SPR effect to achieve visible-light activities in the
plasmonic-metal nanostructure/wide-band gap semiconductor
systems, the configuration of the Fermi level of the metal, the
SPR state, and the conduction band minimum of the
semiconductor should be given full consideration. Generally,
semiconductors with lower conduction band, such as TiO,,
ZnO and CdS, are more appropriate for plasmonic-metal
nanostructure sensitization.
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