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Abstract: Highly efficient, visible-light-induced hydrogen (H,) production via water
splitting can be achieved without the help of a cocatalyst by a noble-metal-free
core-shell photocatalyst, in which zinc sulfide (ZnS) nanoparticles as the protective
shell is anchored on the surface of cadmium sulfide nanorods (CdS NRs). Due to the
closely interfacial contact of component semiconductors, the electronic structure of
CdS is strongly coupled with that of ZnS nanoparticles, leading to an efficient transfer
of charge carriers between them and the improvement of the CdS photostability. The
CdS/ZnS NRs photocatalyst showed much higher catalytic activity for H, production
than CdS NRs and ZnS under visible light irradiation (A > 420 nm), which is probably
due to fast transfer of the photogenerated charge carriers and/or electron tunneling in
one-dimensional core-shell nanorod structure. Under optimal conditions, the highest
hydrogen evolution rate reached 239 pmol-h™ mg”, which is much greater than ZnS
and CdS NRs and also among the best cocatalyst-free photocatalysts for H;
production. The average apparent quantum yield can be achieved as ~16.8% after 8 h
of irradiation (monochromatic light at 420 nm +5 nm). A possible mechanism for the

photocatalytic reaction based on CdS/ZnS NRs is also discussed.

Keywords: Cocatalyst-free; Hydrogen production; Photocatalysis; Core-shell

structure; Nanorod
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Introduction

Development of clean and renewable energy has been one of a hot subject in
recent decades as a result of the global energy crisis. One way to address this issue is
the use of solar energy over semiconductor photocatalysts'> or molecular catalysts®”
for hydrogen (H;) production. Extensive efforts have been focused on finding the

suitable semiconductors for this purpose, including efforts with metal oxides,*"" metal

12-13 20-21

hydroxides, oxynitrides,M'” sulﬁdes,lg'19 and metal-free semiconductors.
However, the most widely studied semiconductors, such as TiO, and ZnO, mainly
absorb the ultraviolet photons that account for less than 5% of solar light.”* Therefore,
seeking a robust semiconductor photocatalyst which can efficiently utilize visible
light is an important topic in this area.

CdS is a very promising n-type semiconductor for photocatalytic H, production
due to its low band gap energy (~2.4 eV) and high activity under visible light.>>*
However, CdS suffers from severe photocorrosion and fast recombination of
photogenerated charge carriers under visible light.*>*’ To overcome these drawbacks,
various cocatalysts have been studied to functionalize CdS nanoparticles to improve
the catalytic activity,28 in which the cocatalysts could accept photoinduced electrons
and retard the charge recombination process (Scheme 1a). These cocatalysts include
both noble-metal-based materials (Pt, Pd, Ru, etc)25,29.3o and noble-metal-free
materials (Ni, Co, Cu, e‘cc).6'7’31'3 ? In addition, dual cocatalysts can highly enhance the

quantum efficiency (up to ~93%) for photocatalytic H, production in water (for

example, the Pt-PdS/CdS system) (Scheme 1b).” Different morphologies of CdS
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semiconductor were also explored for photocatalysis (Scheme 1c only show the
nanorod morphology; many others, such as nanosheet and nanocube, are not
shown).”>™ Another strategy is to couple CdS with other semiconductors with
suitable bandgaps to facilitate charge transfer and separation (Scheme 1d). A few
examples have been reported in the literature for photocatalytic H, production.3 637
The typical semiconductor composites used for this purpose include nanoparticulate
CdS/TiOz,lg’%’38 CdS/Cu20,39 and CdS/Zn0.***! ZnS material has also demonstrated
to promote the catalytic activities due to the appropriate structural

arrangement/morphology of the photocatalyst,****

in which the trap states in the CdS
core materials can be reduced by ZnS layer. However, the catalytic performance of
such a heterostructured photocatalyst is still quit low. The nature of electron transport

45-46
d.

in  nanoparticulate materials is fairly well studie Time-resolved

4547 48-49

measurements and modelling studies indicate that electron transport in
nanoparticles proceeds by a trap-limited diffusion process but the diffusion length is
limited by the size of particles and crystallinity. It has been reported that
single-crystalline nanowires/nanorods can increase the electron diffusion length,
which could be several orders of magnitude faster than that in a random
polycrystalline nanoparticles.”®>!

Inspired by previous studies, to enhance the electron diffusion length in
photocatalysis and improve the photocatalytic activity, herein we report the use of
core-shell CdS nanorods/ZnS nanoparticles composite (CdS/ZnS NRs, Scheme 1le) as

a very efficient photocatalyst without a cocatalyst for visible light-driven hydrogen

4
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production from water with a H, evolution rate at ~239 umol-h™-mg”. The nanorod
samples were synthesized via a simple solvothermal step followed by a solution bath
deposition method. Their physical properties were well characterized by scanning
electron microscope (SEM), powder X-ray diffraction (XRD), transmission electron
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM),
UV-vis diffuse reflectance spectroscopy (UV-vis DRS), and X-ray photoelectron
spectroscopy (XPS). The photocatalytic reaction mechanism was proposed based on

the photocurrent measurement.

Results and Discussion

Figure la shows the XRD patterns of pure CdS and core-shell CdS/ZnS
photocatalysts with different mole ratios of ZnS. All the samples have similar
diffraction peaks, which can be indexed to the hexagonal phase of CdS with
crystalline parameters at a =4.141 A and ¢ =6.72 A. The peaks at 20 of 24.81°, 26.51°,
28.18°, 36.62°, 43.68°, 47.84°, and 51.82° are assigned to diffraction patterns from
the (100), (002), (101), (102), (110), (103), and (112) lattice planes of CdS (JCPDS
41-1049), respectively, indicating that crystalline CdS materials were successfully
synthesized (Figure 1a).*®> It should be noted that strong CdS crystalline phases
appeared in all these samples and no obvious diffraction peaks of ZnS were observed,
probably because the amount of ZnS is too small and/or there was weak
crystallization. For comparison, the XRD patterns of pure ZnS prepared by the same

method can be indexed to cubic phase (JCPDS 05-0566), as shown in Figure 1b. The



Journal of Materials Chemistry A

weak crystallization of pure ZnS agrees well with the missing obvious ZnS diffraction
peaks in the XRD patterns of core-shell CdS/ZnS materials. When the ratio of ZnS
was further increased, the diffraction peaks can be found, as in the CdS/ZnS-5 sample
(Figure la and Figure 1c). Based on above results, the presence of ZnS did not affect
the crystallinity of CdS, indicating that ZnS did not dope into the crystal lattice of
Cds.

The morphology of the samples was investigated by SEM and TEM. Figure 2a is
the SEM image of pure CdS, demonstrating the nanorod morphology with a diameter
of 30~60 nm and a length of 0.5~2 pm. When loading ZnS semiconductor
nanoparticles onto CdS, the nanorod morphology of the material has no significant
change, as shown in the CdS/ZnS-0.5 sample (Figure 2b). However, the nanorod
surfaces became rough after the growth of ZnS nanoparticles, indicating the
successful deposition of ZnS. The EDX spectrum of the sample shows the presence of

Cd, S, Zn, Cu, and C elements (Figure 2b, inset). The Cu element is from the Cu grid

substrate. In addition, TEM images confirmed the results observed in the SEM images.

The TEM image of pure CdS showed similar nanorod morphology with smooth
surfaces (Figure 2c). Compared with pure CdS, the formation of CdS/ZnS core/shell
nanostructure was clearly observed for the ZnS/CdS NRs and the surfaces of the

nanorods became rough with small nanoparticles (2-5 nm) on CdS NRs (Figure 2d

and Figure S1). More importantly, the diameter of the CdS/ZnS NRs was increased ca.

2~6 nm when ZnS was deposited on the surface of CdS.
The core/shell structure of CdS/ZnS can be confirmed by elemental mapping.

6
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The elements of Cd, Zn, and S were present, as shown in Figure 3a-3e. The
distribution of each element and the difference in the width further indicate the ZnS
shell was coated on the surfaces of the CdS NRs. Furthermore, the HRTEM image of
the CdS/ZnS-0.5 sample showed a lattice fringe distance of 0.312 nm in the shell and
0.336 nm in the core, which can be assigned to the (111) plane of cubic ZnS and the
(002) plane of hexagonal CdS, respectively (Figure 3f and Figure S2).

To identify the surface chemical composition and valence state of the core-shell
semiconductor heterostructure, the XPS spectra of the CdS/ZnS-0.5 sample was
measured. The XPS survey scan in Figure 4a shows the presence of Cd, S, Zn, and C
elements. The C element at 285.2 eV was the reference to correct the binding energies.
The high resolution XPS spectrum of Cd 3d shows two peaks at 404.49 eV and
411.23 eV, which are assigned to Cd 3ds, and Cd 3ds; in CdS,26'27’34 respectively
(Figure 4b). The high resolution Zn 2p binding energies locate at around 1044.23 eV
and 1021.21 eV, corresponding to Zn 2p;, and Zn 2psp, respectively (Figure 4c).”>™>
The high resolution XPS data of S exhibits two peaks (Figure 4d), the binding
energies of S 2psp and S 2py are 161.6 eV and 162.9 eV, respectively, which
demonstrates the existence of S. All the binding energies indicate the formation of
ZnS and CdS.

Photocatalytic hydrogen production experiments were carried out using the
as-prepared photocatalysts in water under visible light irradiation (A > 420 nm).

Figure 5a shows the rate of H, evolution using CdS/ZnS samples with different

amounts of ZnS in the presence of Na,S and Na,SOs as sacrificial reagents. It was
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found that the rate of H, evolution initially increases and then decreases with an
increasing amount of ZnS. The corresponding H, evolution rates are 195
umol-h™mg™, 239 pmol-hmg”’, 150 pmol-h™ mg”, 118 pmol-h’ mg”, 68
umol-h™mg”, for the samples CdS/ZnS-0.1, CdS/ZnS-0.5, CdS/ZnS-1.0,
CdS/ZnS-1.5, CdS/ZnS-5.0, respectively. The maximum rate of H, production was
observed for CdS/ZnS-0.5. A corresponding animation of the H, production is shown
in supporting information movie S1, with a large amount of H, bubbles produced
from the solution. The present CdS/ZnS system has much higher H, production rate
than other photocatalysts without loading a cocatalyst for H, production reported in
the literature, such as CdS/TiO,,*® ZnO/ZnS,>* NiS/CdS,” and Co03;04-CdS.** This
result indicates that the CdS/ZnS-0.5 NRs have an optimal deposition amount, which
favors the transport and separation of photogenerated charge carriers. A further
increase in the amount of ZnS results in a decrease of the rate for photocatalytic H,
production, which is possibly due to the decreased catalytic sites for H; evolution on
the CdS surface when coated by more ZnS particles. Similar observations have also
been previously reported.”*** To further confirm the critical roles of the ZnS shell in
the photocatalytic experiments, ZnS and CdS samples were used for comparison
under the same condition. No appreciable hydrogen can be detected when ZnS alone
was used as the catalyst, suggesting that pure ZnS is not active for photocatalytic H,
production under the same conditions. The corresponding H, evolution rate of CdS
was much less than that of CdS/ZnS-0.5. All of the above results indicate that ZnS
can be used as an efficient promoter for photocatalytic H, production and plays an

8
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important role in inhibition of the recombination of photogenerated electron-hole
pairs. In addition, the photocatalytic activity for hydrogen production can be further
enhanced by loading 1.0 wt% Pt (Figure S5a). The hydrogen evolution rate of 340
umol-h™-mg™ has been achieved because Pt is a well-known active cocatalyst for
hydrogen production.

Determination of the apparent quantum yield (AQY) of the photocatalytic H,
production was performed in a system containing 1.05 M Na,;SOs and 0.75 M Na,S in
20 mL millipore water. Monochromatic light at 420 nm (£5 nm) was used as the light
source. The experiment was run for 8 h and the result is shown in Figure 5b. In the
first hour, the AQY was 11.3%. After that, a slight increase to ~18% was obtained in
the second hour and then remained relative stable in the following hours. The average
AQY was calculated to be ~16.8% during 8 hours of irradiation. We also check the
AQY for CdS/ZnS photocatalyst loaded with 1.0 wt% Pt (Figure S5b). As expected,
the corresponding average AQY reached 22.8% after 6 hours of irradiation, which is
higher than a Pt-free CdS/ZnS sample. This trend is consistent with the result shown
in Figure S5a.

The stability of the CdS/ZnS-0.5 sample in terms of photocatalytic activity under
visible light irradiation was further investigated. The reaction system was evacuated
to remove the evolved H, inside the reaction flask every 3 h and the process was
carried out for repeated cycles. As shown in Figure 5c, the ZnS/CdS-0.5 photocatalyst
exhibited similar photocatalytic activity for 12 h, suggesting excellent stability of this

material for H, production.
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Furthermore, the long-term stability of the CdS/ZnS-0.5 for H, production was
investigated. During the course of the experiment, the H, production rate was
basically the same and 14 mmol H, was produced after 46 h of irradiation (Figure 5d).
This result suggests that the CdS/ZnS-0.5 sample is a highly efficient photocatalyst
with great stability under visible light irradiation in the present system. After
photocatalysis, the morphology of the photocatalyst remained nearly the same (Figure
S3) and powder XRD data is almost consistent with the sample before photocatalysis
(Figure S4), confirming good stability of the present photocatalyst.

Figure 6a shows the influence of concentration of the sacrificial agents on H,
production using CdS/ZnS NRs photocatalyst. The results show that the
photocatalytic activity rapidly increased with increasing concentration of the Na,S
and Na,SOs. The reaction reached a maximum rate for H, evolution in the presence of
1.0 M Na,S and 1.4 M Na,SOs. A further increase of the concentration resulted in a
slightly reduced rate of H, production, probably due to the fact that loss of light
energy results from the undissolved sacrificial agent in the oversaturated system.

The UV-vis diffuse reflectance absorption spectra of the CdS, ZnS, and
CdS/ZnS-0.5 samples are shown in Figure 6b. Pure CdS can absorb visible light with
a bandgap of ca. 2.39 eV (520 nm) and the absorption spectra of pure ZnS shows its
wide band gap at ca. 3.38 eV (367 nm). It is observed that the absorption edge of the
ZnS/CdS heterostructure shows a slight blueshift in the visible region compared with
that of CdS, revealing a band gap broadening due to the wide band gap of ZnS.>® This
could be attributed to the interfacial interaction between ZnS and CdS.

10
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Transient photocurrent response curves of the electrodes coated with CdS NRs
and CdS/ZnS-0.5 samples were measured in an electrochemical potentiostat under
visible light irradiation (A > 420 nm) (Figure 7). The results show that the
photocatalysts present very low dark current (< 107 mA/cm?). However, when the
visible light irradiation is turn on, the photocurrent rapidly increases to a constant
value for both samples. Specifically, the CdS/ZnS-0.5 electrode exhibits a much
higher photocurrent than that of pure CdS electrode, indicating the ZnS protective
nanoparticles in CdS/ZnS-0.5 sample can efficiently facilitate the transport of
photoinduced charge carriers under visible light irradiation.{Zhang, 2015 #56} It
would effectively prevent direct recombination of electrons and holes, allowing more
electrons to be captured by protons to produce H,. The faster charge carriers transfer
process in CdS/ZnS sample can be further confirmed by time-resolved
photoluminescence (TRPL) decay spectra (Figure S6). The results show that the
lifetime of the excited states in CdS/ZnS sample is much shorter than that for pure
CdS NRs, indicating the transfer of photoexcited charge carriers between CdS and
ZnS probably exists. A similar observation can be found in the previous literature.*

It has been established that the bandgap of ZnS is much wider than that of CdS,
and ZnS has both a higher conduction band (CB) and deeper valence band (VB).!*
Typically, the transfer of the photogenerated electrons and holes will be limited in a
well-confined type-I structure. From this point of view, the CdS/ZnS catalyst should
not be more active for hydrogen evolution than pure CdS. However, our present study
and other reported results”***7 do indicate efficient transfer of charge carriers in the

11
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core-shell CdS/ZnS system. The phenomena can be achieved through two possible
mechanisms: a hole transfer mechanism and an electron tunneling mechanism
(Scheme 2). As drawn in Scheme 2A, there are many intrinsic defects, such as zinc
vacancies (Vz,) and interstitial sulfur vacancies (Is) in the ZnS shells. Vz, and I can
act as acceptors for holes generated in the CdS NRs, which further promotes efficient
charge transfer, thereby stimulating efficient H, production. Thus, a tentative
mechanism for the enhanced photocatalytic activity of the CdS/ZnS sample is
proposed and the CB/VB levels of the CdS and ZnS are illustrated according to
previous reports.’®>® Under visible light illumination, the electrons located on the
valence band (VB) of CdS are excited to the conduction band (CB), accompanied by
the creation of holes in the VB. When ZnS shell is introduced onto the photocatalyst,
holes from CdS Fermi level are splitted into the ZnS hole Fermi level and a more
efficient hole transfer process from CdS to ZnS can occur.”’ The spatial separation of
photogenerated electrons and holes is probably responsible for the enhanced
photocatalytic activity for H, production in our CdS/ZnS NRs system. This is
indicated by the higher photocurrent responses for CdS/ZnS-0.5 in Figure 7. On the
other hand, taking the ZnS shell thickness (< 10 nm) into account, there may exist
another possible electron tunneling pathway for electron transfer (Scheme 2B), which
was recognized in the type I core/shell nanocrystals (NCs), such as CdSe/CdS
core/shell NCs,” and CdS/ZnS core/shell NCs.*' In this case, the surface-deep trap
states of CdS core, on which the photogenerated electrons and holes with low energy
are not efficient for hydrogen evolution, is passivated, making more charge carriers

12
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with suitable energies active for reduction reaction. Thus, the charge carriers in the
CdS core might tunnel through thin ZnS shell for photocatalytic hydrogen evolution.
In addition, the charge carriers may also leak from the uncovered CdS nanorod
surface to outside. Therefore, the above-mentioned pathways are probably responsible

for the enhanced photocatalytic hydrogen production.

Conclusions

In summary, CdS/ZnS core/shell NRs photocatalyst was successfully
synthesized by a facile method. The photocatalytic activity can be significantly
enhanced by addition of a ZnS shell. The ZnS/CdS-0.5 sample exhibited a maximum
H, production of ~239 pmol-h™-mg™. The apparent quantum yield was ~16.8% after
8 hours of irradiation under optimal conditions. The results indicate that ZnS can
efficiently facilitate the spatial separation of photogenerated charge carriers and
highly promote photocatalytic activity for H, evolution. This work provides a novel
noble-metal-free core-shell CdS/ZnS system without a cocatalyst for highly efficient

photocatalytic H, evolution with good stability in water.

Experimental Details

Synthesis of the photocatalysts. All chemicals were commercially available and
used without further purification. Pure CdS NRs were prepared by a modified
one-step solvothermal method.*’ In a typical procedure, 4.62 g of CdCL+2.5H,0 and
4.62 g of CH4N,S were dissolved in 60 ml of ethylenediamine. The mixture was

13
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transferred into a Teflon-lined autoclave, sealed, and maintained at 160 °C for more
than 48 h. After cooling to room temperature, the resulting yellow solid products were
collected by centrifugation, washed with distilled water and ethanol three times each.
The product was then dried at 60 °C overnight. ZnS shells were coated on the surface
of CdS NRs based on chemical bath deposition reaction using Zn(NO3),*6H,0, citric
acid, and Na,S. Typically, 101 mg (0.7 mmol) CdS NRs and 20 mg (0.095 mmol)
citric acid were added into 50 mL distilled water. The mixture was ultrasonicated for
10 min and then maintained at 40 °C for 2 h with stirring. After cooling to room
temperature, 20 mL aqueous solution of a certain amount of Zn(NO3),°6H,0O was
slowly added into the above reaction solution, followed by stirring for another hour.
Next, 20 mL Na,S aqueous solution (the molar ratio of Zn(NOs),*6H,0 to Na,S were
kept at 0.5) was slowly added to the above solution and then stirred for 0.5 h. Finally,
the product was collected by centrifugation and washed with deionized water and
ethanol three times each and vacuum-dried overnight to obtain the final powder (The
mole ratios of added Zn*":CdS NRs were 0, 0.1, 0.5, 1.0, 1.5, 5.0, and the
corresponding samples were labeled as CdS/ZnS-0, CdS/ZnS-0.1, CdS/ZnS-0.5,
CdS/ZnS-1.0, CdS/ZnS-1.5, and CdS/ZnS-5.0, respectively). Pure ZnS powder
sample was prepared following the same procedure without adding CdS NRs. The
loading of 1.0 wt% Pt cocatalyst was performed according to a previous report.®!

Characterization. The crystal structures of the samples were investigated by powder
X-ray diffraction (XRD, D/max-TTR III) using graphite monochromatized Cu Ka
radiation of 1.54178 A, operating at 40 kV and 200 mA. The scanning rate was 10°

14
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min” from 10° to 70° (20). Scanning electron microscopy (SEM) was performed on
JSM-6700F. Transmission electron microscopy (TEM) images, high resolution
transmission electron microscopy (HR-TEM) images, and mapping images were
collected on a JEM-2010 electron microscope, operated at an acceleration voltage of
200 kV. The UV-vis diffuse reflectance spectra was obtained using a UV-visible
spectrophotometer (SOLID 3700 UV-vis spectrometer). X-ray photoelectron
spectroscopy (XPS) measurement was performed using an ESCALAB 250 X-ray
photoelectron spectrometer.

Photocurrent measurement. Photocurrent experiments were measured using a CHI
602E instrument in a standard three-electrode system with the photocatalyst-coated
FTO as the working electrode (an active area of ~1 cm?). An Ag/AgCl was used as a
reference electrode and Pt wire as the counter electrode. A 300W Xe lamp with a
cut-off filter (A > 420 nm) was used as the light source, and the electrolyte was
sodium sulfate (Na;SOy4, 0.5 M) solution. The working electrodes were prepared by
dropping a suspension (20 plL) made of CdS, CdS/ZnS-0.5 (the concentration of
samples being 50 mg/mL) onto the surface of a precleaned FTO plate using a pipette,
then the working electrodes were dried in air at room temperature before the
measurements. The applied potential for the measurement was 0.5 V vs Ag/AgCl
(saturated KCI).

Photocatalytic hydrogen production. Photocatalytic H, production experiments
were carried out in a 50 mL round-bottom flask at ambient temperature and
atmospheric pressure. A 300 W Xe-lamp equipped with a 420 nm cut-off filter was

15
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used to provide the visible light irradiation. In a typical photocatalytic reaction, 1.0
mg of the powder sample was dispersed in a 20 mL aqueous solution. Before
irradiation, the solution was bubbled with high purity nitrogen for 15 min to remove
the air inside. Methane was used in the reactor as the internal standard.”® The amount
of evolved H, was determined with a gas chromatograph (GC) equipped with a TCD
detector. The apparent quantum yield (AQY) was measured using a 300 W Xe-lamp
equipped with a 420 nm (=5 nm) bandpass cut filter. The AQY was calculated based

on the following equation (1):

AQY(%) = number of reacted electrons « 100%
QY(%) = number of incident photons 0

_ number of evolved H, molecules X 2

x 1009
number of incident photons %
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Figure 1. (a) Powder XRD patterns of CdS/ZnS NRs photocatalysts with different
ratios of Zn”". (b) Powder XRD patterns of pure ZnS. (c) Powder XRD patterns of

CdS/ZnS-5 sample.
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Figure 2. (a) SEM image of pure CdS NRs. (b) SEM image of CdS/ZnS-0.5 NRs

photocatalyst. (c) TEM image of pure CdS NRs. (d) TEM image of CdS/ZnS-0.5 NRs

photocatalyst.
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Figure 3. (a) Bright field image of CdS/ZnS-0.5 photocatalyst. (b-d) EDX mapping of
the elemental distribution of CdS/ZnS-0.5 photocatalyst. (e) Difference in distribution

of Zn, Cd, and S elements. (f) HRTEM image of CdS/ZnS-0.5 photocatalyst.
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Figure 4. (a) XPS survey spectrum of CdS/ZnS-0.5 sample. High-resolution XPS

spectra of (b) Cd 3d; (c) Zn 2p; (d) S 2p.
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Figure S. (a) Hydrogen evolution rate in a 20 mL aqueous solution containing 0.75 M
Na,S and 1.05 M Na,SOs in the presence of 1.0 mg of CdS/ZnS NRs photocatalysts.
A: CdS/ZnS-0, B: CdS/ZnS-0.1, C: CdS/ZnS-0.5, D: CdS/ZnS-1.0, E: CdS/ZnS-1.5,
F: CdS/ZnS-5.0. (b) The time courses of H, production and apparent quantum yield
(AQY) over CdS/ZnS-0.5 NRs photocatalyst under monochromatic 420 nm light
irradiation using 1.0 mg photocatalyst in a 20 mL aqueous solution containing 0.75 M
Na,S and 1.05 M Na,SO;. The bars represent the apparent quantum yields. (c¢) Cyclic
H; evolution curves for 1.0 mg CdS/ZnS-0.5 NRs photocatalyst in a 20 mL aqueous
solution containing 1.125 M Na,S and 1.575 M Na,S0s. (d) Long-term photocatalytic
H, production over CdS/ZnS-0.5 NRs photocatalyst for 46 hours under visible light
irradiation at ambient temperature. The system contained 1.0 mg photocatalyst, 1.25
M Na,S, and 1.75 M Na,SOj; in 50 mL deionized water. Generally, the light source
was a Xe lamp (300 W) with a 420 nm cut-off filter.
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Figure 6. (a) The rate of H; production using CdS/ZnS-0.5 NRs photocatalyst under
different concentrations of electron donors at ambient temperature under visible light
(A > 420 nm): (A) 0.25 M Na;S, 0.35 M Na,SOs; (B) 0.50 M Na,S, 0.70 M Na,SOs;
(C) 0.75 M NayS, 1.05 M Na,SO3; (D) 1.0 M NasS, 1.4 M Na,SOs; (E) 1.25 M Na,S,
1.75 M Na,SO0s;. (b) UV-vis diffuse reflectance spectra of the CdS, CdS/ZnS-0.5, and

ZnS samples.
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Figure 7. Photocurrent density of CdS and CdS/ZnS-0.5 samples measured at 0.5 V
vs. Ag/AgCl under chopped (on-off) 300 W Xe lamp (A > 420 nm) in a 0.5 M Na,SO4

aqueous solution.
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Scheme 2. Schematic illustration of the mechanisms for the photocatalytic H,

production over core/shell CdS/ZnS NRs under visible light irradiation.
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