Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Highly Efficient Photoelectrochemical Hydrogen Generation Using
Zn,Bi,S;,, Sensitized Platelike WO; Photoelectrodes

Canjun Liu," Yahui Yang,;t Wenzhang Li*" Jie Li*" Yaomin Li® Qilin Shi,” and Qiyuan Chen"

School of Chemistry and Chemical Engineering, Central South University, No. 932 Lushan South Road, Changsha 410083, China
iCollege of Resources and Environment, Hunan Agricultural University, Changsha 410128, China
SDepartment of Chemistry, University College London, 20 Gordon Street, London WC1H 0AJ, United Kingdom

© Supporting Information

ABSTRACT: Zn,Bi,S;,, sensitized platelike WO; photoelectrodes -

on FTO substrates were for the first time prepared via a sequential
ionic layer adsorption reaction (SILAR) process. The samples were
characterized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), ultraviolet visible spectrometry (UV—
vis), and Raman spectra. The results show that the Zn,Bi,S,,,
quantum dots (QDs) are uniformly coated on the entire surface of o 257
WO, plates, forming a WO;/Zn,Bi,S,,, core/shell structure. The M
Zn,Bi,S;,,./WO; films show a superior ability to capture visible light.
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High-efficiency photoelectrochemical (PEC) hydrogen generation is
demonstrated using the prepared electrodes as photoanodes in a typical three-electrode electrochemical cell. Compared to the
Bi,S;/WOj; photoelectrodes, the Zn,Bi,S;,,/WO; photoelectrodes exhibit good photostability and excellent PEC activity, and

the photocurrent density is up to 7.0 mA cm™>

at —0.1 V versus Ag/AgCl under visible light illumination. Investigation of the

electron transport properties of the photoelectrodes shows that the introduction of ZnS enhances the photoelectrons’ transport
rate in the photoelectrode. The high PEC activity demonstrates the potential of the Zn,Bi,S;,,/WO; film as an efficient

photoelectrode for hydrogen generation.
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1. INTRODUCTION

The development of eflicient methods for generating renewable
and sustainable energy sources is critically important to meet
the ever-growing global demand for energy and reduce harmful
greenhouse gas emissions from fossil fuels. As one of the most
promising methods, photoelectrochemical (PEC) hydrogen
generation has attracted extensive attention since the first
report on PEC water splitting using TiO, photoanodes in
1972.7* Over the past several decades, a variety of nano-
structured metal oxides (e.g.TiOz,5 Zn0,%’ Fe,0,° and
WO;”'°) as photoanodes have been investigated for PEC
hydrogen generation. Among these photoanodes, tungsten
trioxide (WO,) is a promising material because of its high
electron mobility, nontoxicity, and low cost.'”'" More recently,
a great deal of attention has been drawn to the fabrication of
WO, with controlled nanostructures, such as nanopar-
ticles,>™* nalnoplates,ls_17 nanowires,"® and nanorods," due
to their enhancement in charge separation and transportation.
Compared to nanoparticles, low-dimensional WO; nanostruc-
ture (e.g, nanorods, nanowires, and nanoplates) film can
provide a direct pathway for charge transport and an
enhancement of charge mobility, which can effectively reduce
the recombination of photogenerated electrons and holes.”*~>*
Furthermore, a low-dimensional nanostructure usually has the
advantage of low reflectance owing to light scattering and
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trapping over a wide spectrum range, resulting in superior
optical absorption properties.*?

One of the major drawbacks of WO is its large band gap (E,
> 2.6 eV), which means its photocatalytic activity is limited in
the near UV region.** 2 Considerable efforts have been made
to expand the spectral response of WO; to the visible light
region, such as elemental doping (e.g,, C” S,*® and N24’29‘30)
and sensitizing with narrow band gap semiconductors.* >
Among various narrow band gap semiconductors, metal sulfide
semiconductors (e.g, CdS,**7*® PbS,*” In,S;** and Bi,S;***°)
have attracted great interest as a sensitizer for PEC hydrogen
generation recently. However, their further application is
limited by the weak catalytic activity for the hydrogen
production and inevitable photocorrosion under the irradi-
ation.* ZnS, with a band gap of 3.66 eV, has high
photocatalytic activity for H, evolution even in the absence
of noble metal cocatalysts and good photocorrosion resist-
ance.”® As we know, doping metal sulfides with transition
metal elements and coupling metal sulfides with other
semiconductors can observably improve their photocatalytic
activity and stability.”** Reber’s group first reported using
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ternary semiconductors Zn,Cd,_.S to form a solid solution
between ZnS and CdS improved the photoactivity obviously.*’
Recently, Santra and Kamat, by employing Mn** doping of
CdS, have succeeded in significantly improving QDSC
performance and delivered power conversion efliciency of
5.4%.* Chidambaram’s group demonstrated the synthesis of
Zn,Cd,_,Se quantum-dot-sensitized titania nanotube array
photoanodes exhibiting excellent PEC properties.*’

Herein, we have rationally designed and synthesized
Zn,Bi,S;,, QDs using a sequential ionic layer adsorption
reaction (SILAR) process. Platelike WO, photoelectrodes
sensitized with Zn Bi,S;,, QDs were fabricated to decompose
water into hydrogen. The as-prepared ternary ZnBi,S;,, as
sensitizer for WO; photoelectrodes show higher PEC activity
for H, evolution than that of the binary Bi,S;. Furthermore, it
was found that the ternary photoelectrodes showed a good
photostability in an alkaline electrolyte. To the best of our
knowledge, this is the first report to synthesize Zn,Bi,S;,,/WO;
photoelectrodes.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization. All chemicals were
analytical grade. WO; platelike films were prepared by hydrothermal
method according to our previous work.** A 0231 g sample of
sodium tungsten dehydrate (Na,WO,2H,0) as the tungsten source
dissolved in 30 mL of deionized water under constant stirring at room
temperature. Then, 10 mL of 3 M HCI was added to the solution,
followed by the addition of 0.2 g of ammonium oxalate
((NH,),C,0,). After several minutes of stirring, 30 mL of deionized
water was added into it with continual stirring for 30 min. The as-
prepared precursor was transferred into a 100 mL of Teflon-lined
stainless autoclave. The FTO substrates with the conducting side
facing down were immersed and leaned against the wall of the Teflon-
vessel. The hydrothermal synthesis was carried out at 140 °C for 3 h.
The as-prepared films were calcined at 450 °C for 1 h. Zn,Bi,S;,, QDs
have been deposited onto WO; platelike films by a SILAR method.
First, the substrate with WO; platelike films were immersed in 20 mM
glycol solution of Bi(NO;);:SH,0 and 10 mM Zn(NO,), for 2 min
for the adsorption of Bi** and Zn** on the platelike WO, surface,
respectively, and then thoroughly washed with glycol and completely
dried at 60—80 °C to remove the solvent. Then it was dipped in 20
mM methanol solution of Na,S for 2 min, and thoroughly washed with
methanol. The S*~ reacted with the absorbed Zn** and Bi** forming
Zn,Bi,S;,,. This two-step dipping procedure was repeated 15 times.
We also prepared the pure Bi,S; and ZnBi,S;,, films on FTO
substrates by the same process.

The crystalline phase of the electrodes was characterized by X-ray
powder diffraction (D/Max2250, Rigaku Corporation, Japan). The
surface morphology of the thin films was investigated by scanning
electron microscope (SEM, Nova NanoSEM 230). High-resolution
transmission electron microscopy (HR-TEM, TECNAI G2 F20, FEI)
was operated at 200 kV to observe the microstructure of samples. A
spectrophotometer (DR-UVS, Shimadzu 2450 spectrophotometer)
was used to record the UV—vis spectra in the range 300—800 nm.
Raman spectra were recorded with a LabRAM HR800 Raman analyzer
using an excitation laser source of 532 nm wavelength.

2.2. Electrical and Photoelectrochemical Measurements.
The photoelectrochemical measurement was carried out in a typical
three-electrode electrochemical cell. An Ag/AgCl/satd KCI electrode
was employed as the reference electrode, and a platinum foil was used
as the counter electrode. All the electrodes were performed in an
aqueous solution containing 0.1 M Na,S and 0.1 M Na,SO; (pH =~ 9)
by an electrochemical analyzer (Zennium, Zahner). A 150 W Xe lamp
(CHF-XM35, Beijing Trusttech Co. Ltd.) with a 400 nm cutoff filter
to remove UV irradiation was used as the visible light source. The light
intensity was adjusted to 100 mW cm™> Intensity modulated
photocurrent spectroscopy (IMPS) were obtained by using a Zahner

CIMPS-2 system. A white light lamp emitting diode driven by a PP210
was used as lamp.

3. RESULTS AND DISCUSSION

3.1. XRD, SEM, EDS, XPS, and HR-TEM Analysis. The
photographs of the WOj; film, Bi,S;/WOj; film, and Zn Bi,S;,,/
WO; film are shown in Figure 1. Compared with that of the

Figure 1. Photographs of the film samples.

pristine WO; film, the color of the Bi,S;/WO; film and
Zn,Bi,S;,,/WO; film obviously changed to puce. There is no
significant difference between the color of the Bi,S;/WOj; film
and the Zn,Bi,S;,,/WO; film. However, the XRD patterns of
the Bi,S;/WOj; film and the Zn Bi,S;,,/WO; film present the
same peaks (Supporting Information Figure S1), corresponding
to monoclinic WO; (JCPDS 83-0950), and no other obvious
peak is observed in all patterns, which is likely due to low Bi,S;
and Zn,Bi,S;,, content. The SEM images observably reveal the
high density and uniform vertical alignment of WOj; plates
grown on an FTO substrate (Figure 2). The pristine WO,
plates have a smooth surface and exhibit an edge length in the
range 500 nm to 1.5 pm and a thickness of 50—200 nm (Figure
2a). As shown in Figure 2b—d, the surface morphology of
Bi,S;/WOj; and Zn,Bi,S,,,/ WO, plates is different from that of
the pristine WO5. It is evident that a number of small flakes and
dots are aggregated to form a thin shell on the surface of the
core WO; plates. The local composition of Zn,Bi,S;,,/WO;
film was analyzed by energy dispersive X-ray spectrometer
(EDS). The EDS analysis over the region of the film shows the
existence of Zn, Bi, and S in Supporting Information Figure S2.
The chemical composition of the Zn,Bi,S;,,/WO; film was
further characterized by XPS as shown in the Supporting
Information Figure S3. The peaks at 163.8 and 158.4 eV are
attributed to Bi, (Supporting Information Figure S3a), and the
peaks at 41.4, 37.8 and 35.7 eV are attributed to W*
(Supporting Information Figure S3b). In addition, the peaks
at 225.6 eV correspond to S,, (Supporting Information Figure
$3c). Importantly, the Zn,, peak can be observed at 1045.1 and
1021.7 eV (Figure 4f), which is in good agreement with the
reported work.*” Figure 3a shows a low-magnification TEM
image of the as-prepared Zn,Bi,S;,,/WO; plate. The TEM
image shows that the Zn,Bi,S;,, QDs are uniformly distributed
on the entire WO; plate surface to form a high-quality WO,/
ZnBi,S;,, core/shell nanoplate. The interface between
Zn,Bi,S;,, and WO; is shown in the high-magnification TEM
of the Zn,Bi,S;,,/WO; plate (Supporting Information Figure
S4). Figure 3b—e correspond to Bi, Zn, S, and W elemental
mappings, respectively, revealing that Bi, S, Zn, and W are
homogeneously distributed throughout the WO; plate.
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Figure 3. (a) TEM images of Zn,Bi,S;,,/WOj plate, and the element distribution maps of (b) Bi, (c) Zn, (d) S, and (e) W on the Zn,Bi,S;,,/WO;
plate.

3.2. UV-Vis Absorption and Raman Spectra Analysis.
The optical behavior of the films was evaluated by UV—vis
absorption spectroscopy. Figure 4 illustrates the UV—vis
absorption spectra of the WO;, Bi,S;/WO;, and Zn,Bi,S;,./
WO; film. The WO; film has a clear absorption edge around
460 nm, which matches well with its indirect band gap energy.
For the Bi,S;/WO; film, it shows a strong absorption intensity
around 400—800 nm, which is consistent with its narrow direct
band gap. Surprisingly, the absorption intensity of the
Zn,Bi,S;,,/WO; film shows a little increase in 400—700 nm
compared to that of the Bi,S;/WOj; film. As all we know, ZnS is

a wide band gap semiconductor (3.5 eV) and can only absorb
UV light. It is probably due to the higher absorption coefficient
of Zn,Bi,S;, . for visible light. This result confirms that the as-
prepared QDs are a ternary compound, instead of a mixture of
ZnS and Bi,S; nanocrystals. To further confirm the nominal
composition of the films, Raman spectra of the pure Bi,S; and
Zn,Bi,S,,, films were recorded between 50 and 800 cm™. As
shown in Supporting Information Figure S5, the Bi,S; films
show five characteristic peaks at about 70, 97, 186, 236, and 260
cm™, which is in good agreement with the reported work.>*~>*
The Zn,Bi,S;,, films have similar peaks with no additional
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Figure 4. UV—vis absorption spectral of Bi,S;/WO; film and
Zn,Bi,S;,,./WO; film.

peaks but a little red shift. It indicates the generation of the
terna?3 compound Zn Bi,S;,,, instead of a mixture of ZnS and
Bi,S;.

3.3. Photoelectrochemical Study. The photoelectro-
chemical measurements were carried out in a three-electrode
PEC cell under illumination of AM 1.5 (with UV cutoff). The
photocurrent density versus measured potential (I-V) curves
of the three photoanodes obtained in the dark and under
illumination are shown in Figure Sa. Because the UV light was
filtered out from the illumination, the photocurrent density
measured for the bare WOj electrode is very small (<0.2 mA).
The Bi,S; sensitized WOj; electrodes exhibit much higher
photocurrent than the bare WO; electrodes under illumination,
which is attributed to the enhanced visible light response. Our
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Figure 5. (a) Photocurrent density and (b) photocurrent—time plot of
the photoelectrodes.

present result is superior to the recent reports for Bi,S;/WO;
photoelectrodes.>* Such excellent PEC performance of the
Bi,S;/WOj; photoelectrodes can be mainly attributed to their
core—shell structures and improved light-harvesting capabil-
ity.** Particularly, the photocurrent density at —0.1 V (vs Ag/
AgCl) of the Zn,Bi,S,,,/WOj electrode is 7.0 mA cm™2, which
is almost 1.8 times higher than that of the Bi,S;/WO; electrode
(3.9 mA cm™2). The high values obtained from the Zn,Bi,S5,,/
WO; electrode indicate that Zn,Bi,S;,, is a good candidate
material for the promising photosensitizer.

Owing to the importance of the stability of a PEC cell for its
practical application, the photoelectrocatalytic stability of the
PEC cells was further investigated by performing long-duration
photoelectrocatalytic experiments. The experiments were
carried out at —0.4 V versus Ag/AgCl under discontinuous
illumination. We found that lots of H, bubbles were generated
on the surface of the Pt electrode upon illumination throughout
the entire test. The experimental results are shown in Figure Sb.
All the samples show an increasing photocurrent with time in
the first 300 s. The I—t curve of the Bi,S;/WOj electrode shows
a decreased photocurrent to some extent in the following 1500
s. Compared to the Bi,S;/WOj; electrode, the photocurrent of
the Zn,Bi,S;,,/WO; electrode has shown no decrease in the
entire test section, and the color has not significantly changed
after the stability test. To further verify the stability of the
Zn,Bi,S;,,/WO; electrode, we also conducted stability tests at
—0.1 V versus Ag/AgCl using continuous light illumination
with the same group sample. As shown Supporting Information
Figure S6, the ZnBi,S;,,/WO; electrode shows a Dbetter
photostability and only an approximately 14% decrease in
photocurrent after a 7000 s operation under illumination. The
absorption spectrum of the electrode after the test is shown in
Figure 6a. The absorption intensity for the Bi,S;/WOj;
electrode is obviously decreased after a 2 h operation,
compared with the absorption spectrum of the electrode
before the test. The reproducibility and stable photoresponse
for the Zn,Bi,S;,,/WO; electrode can be attributed to the
formation of the core—shell structure that protects the WO,
plate from the chemical corrosion in the alkaline electrolyte and
good photocorrosion resistance for the ternary metal sulfide
alloys.

In addition to photostability, we also measured the H,
generation at —0.1 V versus Ag/AgCl. The PEC cells have
high H, yields but poor production of O,, due to the following
chemical reaction: 28>~ + 2h* — S,7. It can prevent the anodic
photocorrosion of Bi,S;.** The H, generation reactions take
place at the Pt electrode/electrolyte interface. As shown in
Figure 6b, the evolved H, at the Pt electrode was collected and
analyzed using gas chromatography (GC). The Faradaic
efficiency for H, production was calculated to be about 88%.
The hydrogen evolution rates for Bi,S;/WOj; and Zn Bi,S;,,/
WO, electrode are 52.7 and 88.6 umol cm™ h™/, respectively.
The Zn,Bi,S;,,/WO; electrode has a higher H, generation rate,
which is caused by not only the higher photocurrent but also
the higher stability of Zn Bi,S;,,/WO; electrode observed for
Supporting Information Figure S6.

In order to study the relationship between the PEC activity
and the wavelength of the incident light, we performed incident
photon-to-current conversion efficiency (IPCE) measurement
at an applied voltage of —0.4 V versus Ag/AgCl. The IPCE is
expressed as IPCE = (1240I)/(AJyg), where I is the
photocurrent density, A is the incident light wavelength, and
Jiight is the incident light power density. * The IPCE values
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Figure 6. (a) Absorption spectrum of the photoelectrodes after a 2 h
operation under illumination. (b) The amounts of evolved H, for

Bi,S;/WO; and Zn,Bi,S;,,/WO; photoelectrodes at —0.1 V versus
Ag/AgCl under continuous light illumination.

obtained for WOj, Bi,S;/WOj;, and Zn,Bi,S;,,/WO; electrodes
are shown in Figure 7. The pristine WO; electrode shows
photoactivity only at the wavelength range of ~455 nm due to
its large band gap (E; > 2.6 €V), with a lower IPCE value of
~16%. In comparison to pristine WO; electrode, sensitized
WO; electrode show substantially enhanced IPCE in the entire
testing wavelength region because of the increased light
absorption by the QDs. As expected, the IPCE value of
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Figure 7. IPCE spectra of WO;, Bi,S;/WOj;, and Zn Bi,S;,,/WO;
photoelectrodes.

Zn,Bi,S;,,/WO; electrodes is the highest, which is in
accordance with the photocurrent results.

To better understand the enhanced PEC property in the
Zn,Bi,S;,,/WO; photoelectrodes, the electron transport
properties were assessed using the electrochemical impedance
spectroscopy (EIS). The Nyquist plots were obtained for
selected samples under illumination conditions, at the applied
potential of —0.4 V versus Ag/AgCl (Figure 8a). One
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Figure 8. (a) Electrochemical impedance spectra and (b) Bode phase
plots of the photoelectrodes.

semicircle is observed for each sample, which is fitted by the
equivalent circuit (the inset in Figure 8a) composed of a series
resistance (Rg), a charge transfer resistance (R;), and a
capacitance (CPE,). The Ry corresponds to the sheet resistance
of the FTO glass, contact resistance, and wire resistance. The
R, represents the complex charge transfer resistance at the
interface of the semiconductor electrode and the electrolyte.*®
As seen in Table 1, the Rg values of all samples are comparable
while the R; values are very different. The R, values of the
Zn,Bi,S;,,/WOj; photoelectrodes are smaller than that of the
Bi,S;/WO; photoelectrode, which indicates better charge
transport property at the interface of the semiconductor
electrode and the electrolyte, consistent with the improved
PEC property. Similarly, Bode plots in Figure 8b reflect the
efficient electron lifetime in Bi,S;/WO; and Zn,Bi,S;,, /WO,

DOI: 10.1021/acsami.5b00830
ACS Appl. Mater. Interfaces 2015, 7, 10763—10770


http://dx.doi.org/10.1021/acsami.5b00830

ACS Applied Materials & Interfaces

Research Article

Table 1. Simulated Values of Resistance (Rs) and Charge
Transfer Resistance (R;) of EIS Spectra Calculated by
Equivalent Circuit

sample R, (Q cm?) R, (Q cm?)
wo, 38.08 2499
Bi,S,/WO, 41.89 1019
Zn,Bi,S5,,/ WO, 35.05 4707

photoelectrodes, respectively. The lifetime (7,) can be
determined by using the following formula: 7, = 1/2xf,,
where the f,,, is the frequency at which the low-frequency peak
appears in the Bode plot.*® Larger 7, values indicate that
electrons have longer lifetime and faster diffusion rate in the
photoelectrode.”” As presented in Figure 8b, the ., value for
Bi,S;/WO; and Zn,Bi,S;,,/WO; is 53.5 and 13.8 Hz,
respectively. It suggests that Zn,Bi,S;,,/WO; possesses a 4-
fold improved lifetime of electrons compared with Bi,S;/WO,.
It may be because the introduction of ZnS into Bi,S; results in
better photocatalytic activity.

In order to further support the above ideas, we subjected the
Bi,S;/WOj; and Zn Bi,S;,,/WO; photoelectrodes to intensity
modulated photocurrent spectroscopy (IMPS) analysis. The
IMPS is a useful method to investigate semiconductor charge
transport properties and is pogularly used in electron transport
characterization of PEC cells.'***° During the IMPS measure-
ments, the sample electrodes were biased at —0.4 V (vs Ag/
AgCl) and illuminated with a white light emitting diode at 2.19
mW cm ™2 Figure 9 shows a complex plane plot of the IMPS
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Figure 9. Complex plane plot of the IMPS response of the
photoelectrodes.

response in the fourth quadrant. The average transit time (74)
of the photogenerated electron can be estimated from the
frequency at the apex of the semicircle, given by 74 = (27f ) ™"
The average transit times for the Bi,S;/WO; and Zn,Bi,S;,./
WO; photoelectrodes were 15.87 and 8.55 ms, respectively.
The results indicate that the Zn,Bi,S;,,/WO; photoelectrodes
exhibit a higher electron transit rate than the Bi,S;/WOs;,
supporting the EIS results.

3.4. Mechanism Discussion. To understand how the
electrode works for PEC hydrogen production, a model
nanostructure of Zn,Bi,S;,,/WO; and the possible mechanism
are shown in Figure 10. Bi,S; is an n-type semiconductor with a
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Figure 10. Schematic representation of the formation process of
Zn,Bi,S;,,/WO; photoelectrodes and the PEC hydrogen production
mechanism.

narrow band gap of 1.3 eV and can absorb a large part of visible
light up to 800 nm.®*®" On the contrary, Zn$ has a wide band
gap (3.5 eV) and can only absorb UV light.> ZnS$ has a more
negative conduction band (CB) level (—0.945 Vyyg) than that
of Bi,S; (0.081 Vyy).*> When WO,, ZnS, and Bi,S; are
connected together, the energy level differences between ZnS
and Bi,S; facilitate the electrons flowing from ZnS (higher
level) to Bi,S; (lower level) because of the Fermi level
alignment.*® The redistribution of the electrons between Zn$S
and Bi,S; results in a downward and upward shift of the band
edges, respectively, for ZnS and Bi,S;. The band positions of
the ternary ZnBi,S,,, locate at an intermediate position
between the bands of pure ZnS and pure Bi,S; and can be
controlled by varying x value.*>** Therefore, the electrons in
the VB of Zn,Bi,S;,, are excited to the CB under visible-light
irradiation, and then the excited electrons transfer from the CB
of Zn Bi,S;,, to the WO;, because of the lower CB of WO,
(+0.4 Vyup).** The superior PEC performance of the
Zn,Bi,S;,,/WO; photoelectrodes can be attributed to the
following reason. By the introduction of ZnS, the CB level of
the ternary Zn Bi,S;,, is shifted toward more negative potential
values. So the ternary semiconductor has a more positive CB
level than that of ZnS but a more negative value than that of
Bi,S;. It can be supported from the Mott—Schottky results
(Supporting Information Figure S7), showing a more negative
flat band potential for Zn,Bi,S;,,/WO; photoelectrodes. The
more negative CB level gives rise to an enhanced charge
separation and higher reduction potential of the CB electrons,
and results in a more efficient PEC hydrogen production.***
Moreover, ZnS has a good photocorrosion resistance to protect
Zn,Bi,S;,, from photocorrosion. This may be one of the
explanations why Zn Bi,S;,,/WO; photoelectrodes keep good
stability.

4. CONCLUSION

In this study, ZnBi,S;,, sensitized WO; platelike films have
been first reported as efficient photoanodes. The ZnBi,S;,,
QDs were uniformly deposited by the facile SILAR process on
the entire surface of the WO; plates to form the core/shell
heterostructures. Importantly, the formation of the high-quality
core—shell structure protects the WO, plate from the chemical
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corrosion in the alkaline electrolyte. The PEC performance of
the Zn,Bi,S;,,/WO; photoelectrodes is higher than that of
Bi,S;/WO; photoelectrodes under visible light illumination.
This may be because the introduction of ZnS improves
photocatalytic activity of photoelectrodes for H, evolution and
photocorrosion resistance. These findings are of great
significance for the design of highly efficient photoanodes for
hydrogen generation.
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