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ABSTRACT: ZnO/ZnS/CdS/CulnS, core—shell nanowire arrays with enhanced photoelectrochemical activity under visible
light were successfully prepared via ion exchange and hydrothermal methods. The samples were characterized by X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, UV—vis absorption, X-ray photoemission
spectroscopy, and photoelectrochemical response. As a p—n junction photoanode, ZnO/ZnS/CdS/CulnS, heterostructure
shows much higher visible light photoelectrocatalytic activity toward water splitting than ZnO/ZnS/CdS and ZnO/ZnS films.
The ZnO/ZnS/CdS/CulnS, film with optimal constitution exhibits the highest photocurrent of 10.5 mA/cm” and the highest
IPCE of approximately 57.7% at 480 nm and a bias potential of 0 V versus Ag/AgCl. The critical roles of CdS and ZnS in ZnO/
ZnS/CdS/CulnS, heterostructure were investigated. ZnS, as a passivation layer, suppresses the recombination of the
photogenerated charge carriers at the interface of the oxide and CulnS,. CdS enhances the absorption of visible light and forms
p—n junctions with CulnS,, which promotes the transport of charge carriers and retards the recombination of electrons and holes
in CulnS, to improve the photoelectrochemical performance of ZnO/ZnS/CdS/CulnS, heterostructure.

KEYWORDS: ZnO/ZnS/CdS/CulnS,, core—shell, p—n junction, photoelectrochemical property

B INTRODUCTION

Solar energy, as a kind of inexhaustible and clean energy, holds
great potential to cope with the world energy crisis and to solve
energy-related environmental problems. However, how to
utilize sunlight effectively and economically in usable energy
forms remains a great technical challenge. Photoelectrochem-
ical water splitting is accepted as a promising way to convert
solar energy to zero-emission and renewable hydrogen fuel with
high energy density. Continuous efforts have been made to
construct highly-efficient and stable photoelectrochemical
systems.' ™ Effective electron percolation pathways, high
surface-to-volume ratio, and improved light scattering ability
for light harvesting have made the perpendicularly-aligned and
highly-ordered ZnO nanowire arrays an excellent candidate for
a photoelectrochemical photoanode. However, a number of
unfavorable issues, such as the short lifetime of the charge
carriers and its sole absorption of UV light, limit the
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photoelectrochemical efficiency of ZnO nanowire arrays.'®”">

In order to remedy these defects, specific semiconductors have
been coated or randomly decorated on the surface of ZnO
nanowires to extend visible light absorption and to build
heterojunctions with ZnO to facilitate the separation and
transportation of photogenerated charge carriers so as to
improve the kinetics of water-splitting processes.'> ¢

Copper indium disulfide (CulnS,), free of toxic elements, is
an ideal semiconductor for capturing the sunlight owing to its
high absorption coefficient of 10° cm™" and direct bandgap (E,)
of 1.53 eV which is well-matched with the solar spectrum.'”~"
Moreover, CulnS, exhibits intrinsic p-type semiconductive
behavior when the atomic ratio of Cu to In exceeds 1.
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CulnS,-based p—n junctions are expected to be high-perform-
ance photoelectrodes, because the p—n junction causes the
space charge region at the junction where electrons are
depleted and an internal electrostatic field is established. The
internal electric field forces electrons and holes to diffuse to
opposite directions, thus reducing their recombination.*'~**
Although several CulnS,-based p—n heterojunctions have been
reported,l‘c”zs’26 such as ZnO/CulnS," and TiO,/CulnS,,> it
remains a technical challenge to obtain high quality CulnS,-
based p—n heterojunctions with completely conformal surface
coverage of nanowire arrays. Defects of contact and uniformity
will inevitably emerge when quantum dots are simply deposited
on nanowire arrays by dip-coating or spin-coating. Recently,
ZnO/CulnS, core/shell nanorods were prepared by hydro-
thermal and cation exchange methods, by which uniform
CulnS, films were obtained on the surface of ZnO nanorods
and improved efficiency of photoelectrochemical water splitting
was achieved.'> However, when a wide bandgap semiconductor,
such as TiO,, was directly sensitized with CulnS, for quantum-
dot-sensitized solar cells, it displayed mismatched band
alignments and high surface state density in the heterostructure
between TiO, and CulnS,. As a result, the charge separation at
such heterostructure interfaces is poor.”” It also exhibited slow
hole scavenging and prompt electron—hole recombination
between CulnS, and electrolytes.”® CdS and ZnS, as buffer
layer and passivation layer, respectively, were believed to retard
recombination of charge carriers at the TiO,/CulnS,/electro-
Iyte interfaces and to enhance the photovoltaic perform-
ance.”® ! Teng and his colleagues reported that the CdS
coating improved the photoelectrochemical performance of
TiO,/CulnS, electrodes by extending the absorption spectra of
the CulnS, and facilitating charge separation by scaven§ing
photogenerated holes in the valence band of the CulnS,.’

To the best of our knowledge, the roles of CdS and ZnS in
ZnO/CulnS, heterostructures for photoelectrochemical water
splitting have not been fully investigated. In this study, ZnO/
ZnS/CdS/CulnS, core—shell nanowire arrays were prepared by
ion exchange and hydrothermal processes. Ion exchange has
been demonstrated as an effective way to alter the chemical
compositions of nanostructures without destroying the original
morphology and to ensure the formation of high quality
heterojunctions. The ZnO/ZnS/CdS/CulnS, heterostructure
shows much higher visible light photoelectrocatalytic activity
toward water splitting than ZnO/ZnS/CdS and ZnO/ZnS
films. CdS and ZnS play critical roles in the improvement of
photoelectrochemical performance of the composite electrode.
It demonstrates a new approach to build highly eflicient
photoanodes in photoelectrochemical water splitting.

B EXPERIMENTAL SECTION

Materials. Zn(CH,;C0OO0),2H,0, Cu(NO;),-3H,0, and Na,$-
9H,0 were purchased from Guangzhou Chemical Reagent Factory,
whereas Cd(NO;),-4H,0 and Na,SO; were from Kermel Chemical
Reagent Company (Tianjin, China). Thioacetamide (TAA) and
triethylene glycol (TEG) were bought from Shanghai Lingfeng
Chemical Reagent Company. In(NO;);-4.SH,O and hexamethyl-
enetetramine (C¢H;,N,) were obtained from Sinopharm Chemical
Reagent Company and Chengdu Union Chemical Industry Reagent
Institute, respectively. All chemicals were of analytical grade and used
without further purification. Deionized water (resistivity >18.4 MQ/
cm) was from a pure water system (GWA-UN). Fluorine-doped tin
oxide (FTO)-coated glass was purchased from Nippon Sheet Glass
Company, Japan. FTO-coated glass was sliced to be 30 mm X 10 mm
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per piece, and the FTO pieces were then successively sonicated in
acetone and ethanol and then rinsed with deionized water.

Preparation of ZnO/ZnS/CdS/CulnS, Nanowire Arrays.
Preparation of ZnO nanowire arrays was described elsewhere.'>*
Typically, FTO was firstly soaked with 5 mmol/L ethanol solution of
zinc acetate to form the seed layer. The dense layer was annealed at
350 °C for 30 min to form the ZnO nanocrystalline layer. Nanowire
arrays were grown by immersing seeded substrates in an aqueous
solution containing 25 mmol/L zinc nitrate hydrate, 25 mmol/L
hexamethylenetetramine, and 6 mmol/L polyethylenimine (branched,
low molecular weight, Aldrich) at 95 °C for 3 h. The as-grown ZnO
nanowire arrays were further annealed in air at 400 °C for 60 min to
improve the crystallinity of the nanowires and decrease the interfacial
defects.

Zn0O/ZnS/CdS/CulnS, core—shell nanowires were constructed by
a series of ion exchange and hydrothermal processes. Firstly, the as-
prepared ZnO nanowire arrays reacted with 0.20 mol/L TAA solution
at 90 °C for 6 h to prepare ZnO/ZnS nanowire arrays. Secondly, the
ZnO/ZnS nanowire arrays were put in a Telfon-lined stainless
autoclave, which contained a 0.10 mol/L Cd(NOs;), aqueous solution,
and maintained at 95 °C for 3 h to fabricate ZnO/ZnS/CdS nanowire
arrays. ZnS could be totally replaced by CdS, resulting in ZnO/CdS
nanowire arrays, with extending the reaction time and using a higher
concentration of Cd(NO;), solution. To prepare ZnO/ZnS/CulnS,,
ZnO/CdS/CulnS,, and ZnO/ZnS/CdS/CulnS,, the ZnO/ZnS,
ZnO/CdS, and ZnO/ZnS/CdS nanowire arrays were immersed,
respectively, in 2.5 mmol/L Cu(NO;), aqueous solution at 75 °C for
10 s and then put in Teflon-lined stainless autoclaves, all filled with 40
mL of TEG solution containing 0.060 mmol In(NO;);-4.5SH,0. The
autoclaves were then sealed and maintained at 200 °C for 3 h. Lastly,
the samples were washed with deionized water and dried at 90 °C.

Characterization. The morphology of the samples was charac-
terized by scanning electron microscopy (SEM, Philips CM 300FE)
and transmission electron microscopy (TEM, Tecnai G220, FEI). X-
ray diffraction (XRD) patterns were recorded on an X’Pert MPD Pro
X-ray diffractometer using Cu Ko radiation. UV—vis spectroscopy was
conducted on a Hitachi U3010 spectrophotometer using BaSO, as a
reference.

Electrochemical Measurements. Typically, a three-electrode
configuration in a quartz cell was assembled to test the photo-
electrochemical activity of the samples on Chenghua electrochemical
workstation (CHI660C, Shanghai). A Pt plate and a commercially
available Ag/AgCl electrode were used as the counter and reference
electrodes, and the prepared samples were employed as working
electrodes. The effective surface area of the working electrode is 0.60 X
0.60 cm?. All measured potential values are against Ag/AgCl reference
electrode, unless otherwise indicated. The electrolyte used in all
measurements was an aqueous solution containing 0.50 mol/L Na,S
and 0.50 mol/L Na,SO;. A 300 W xenon lamp (PLS-SXE300/300UV)
equipped with a UV-light cut-off filter (4 > 420 nm) was used as visible
light irradiation source. The output (visible light) intensity of the
xenon lamp is about 150 mW/cm® The linear sweep voltammograms
were operated at 100 mV/s in a potential range from —1.3 to +0.5 V
versus Ag/AgCl both in dark and under illumination. The
chronoamperometry curves of the films were obtained at 0 V versus
Ag/AgCl. Electrochemical impedance spectroscopy (EIS) was
performed under illumination with an AC amplitude of 10 mV and
frequency range between 100 kHz and 1 Hz. A S00 W Xe lamp (CHF-
XM-500, Changtuo Technology Co., Ltd.) and a monochromator
(monochromator 300, Changtuo Technology Co., Ltd.) were used to
measure wavelength-dependent photocurrents of all samples. The
monochromatic light intensity was measured with a radiometer
(PM120VA, Thorlabs). The incident photon to electron conversion
efficiency (IPCE) of the samples was calculated as follows:

IPCE = 1240I(mA/cm?) /[/I(nm)]hght(mW/cmz)]

where I is the photocurrent density, A is the wavelength of the
monochromatic light, and Jig is the monochromatic light intensity.
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Scheme 1. Preparation Process of the Core—Shell Heterojunctions
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B RESULTS AND DISCUSSION

XRD Patterns. ZnO nanowire arrays were firstly grown on
FTO by a hydrothermal process. As illustrated in Scheme 1, the
ZnO nanowire arrays were successively immersed in TAA,
Cd(NO;),, and Cu(NO;), aqueous solutions. In such
processes, ZnO would partially or totally convert to ZnS,
CdS, then to CuS by altering the solution concentration,
reaction time, and reaction temperature due to the differences
in solubility of the products (Ksp(ZnO) 68 x 1077,
K, (ZnS) = 2.93 X 107, K,(CdS) = 8.0 X 1077, K,(CuS) =
127 x 107%)."® Lastly, ZnO/ZnS/CulnS,, ZnO/CdS/CulnS,,
and ZnO/ZnS/CdS/CulnS, core—shell nanoarrays were
obtained through a polyol reduction reaction in TEG solution
containing In*".

XRD patterns of all samples are shown in Figure 1. The
diffraction peaks of Figure 1A can be well-indexed to the
hexagonal phase ZnO (JCPDS 65-3411). After immersing in
0.20 mol/L TAA solution, ZnO reacts with S*~, which is
released from TAA at 90 °C at the surface of nanowires to form
the ZnS layer. A new widened peak appears at 26 of 28.6°
which is indexed to the cubic phase ZnS (JCPDS 05-0566)

Intensity / a.u.

20 80

2 Theta / degree

Figure 1. XRD patterns of (A) ZnO, (B) ZnO/ZnS, (C) ZnO/ZnS/
CdS, and (D) ZnO/ZnS/CdS/CulnS, nanowire arrays.
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(Figure 1B). Further ion exchange and hydrothermal processes
result in the formation of cubic phase CdS (JCPDS 10-0454)
(Figure 1C) and tetragonal phase CulnS, (JCPDS 47-1372)
(Figure 1D). The weak peak at 27.9° corresponding to CulnS,
is due to the short reaction time with Cu®". The wide peaks at
26.5° (CdS) and 28.6° (ZnS) reveal that the newly generated
ZnS and CdS layers are composed of very small crystals.
SEM and TEM Images. Figure 2 shows the typical top-view
SEM images of the bare and modified nanowire arrays grown
on FTO. From Figure 2A, one can see that the nanowires with
diameters of about 50—150 nm are perpendicularly aligned,
with regular hexagonal tips. The lateral surfaces of the
nanowires are angular and even, whereas the surfaces of the
top are flat (inset in Figure 2A). Figure 2B—D show the top-
view images of ZnO/ZnS, ZnO/ZnS/CdS, and ZnO/ZnS/
CdS/CulnS, nanowire arrays, respectively. It is clearly
demonstrated that the surfaces of the nanowires gradually
grew rougher and bigger, indicating that the ion exchange
reactions were achieved and new phases were formed. The
EDX analysis of the final products demonstrates that Zn, Cd,
Cu, In, S, and O elements co-exist and ZnO/ZnS/CdS/CulnS,
nanowire array was successfully prepared (Figure 2E). Among
all these elements, the atomic ratio of Cu to In is about 3:2,
which exceeds 1. It reveals that CulnS, prepared in this way is a
Cu-rich semiconductor and exhibits p-type behavior. To
confirm the formation of ZnO/ZnS/CdS/CulnS, core—shell
structure, the final product was observed by TEM (Figure 3)
and elemental mapping (Figure S1, Supporting Information).
From Figure 3A, one can see that the inner core of the
nanowire is a monocrystal with irregular surface, and the outer
layer consists of many closely-packed but randomly-oriented
nanoparticles with a thickness 5—15 nm. The inner core with
unitary lattice fringes is a single-crystal structure, and the fringe
spacing of 0.26 nm corresponds to the (002) plane of wurtzite-
type ZnO (inset of Figure 3A). The outer layer from the surface
to the inside is made up of different crystal phases, and the
fringe spacings of 0.32, 0.34, and 0.31 nm match well with the
interplanar spacings of the (112) plane of CulnS,, (111) plane

dx.doi.org/10.1021/am501336u | ACS Appl. Mater. Interfaces 2014, 6, 8467—8474
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Figure 2. SEM images of (A) ZnO, (B) ZnO/ZnS, (C) ZnO/ZnS/CdS, and (D) ZnO/ZnS/CdS/CulnS, nanowire arrays. Insets are the
corresponding high resolution images. (E) EDS analysis of ZnO/ZnS/CdS/CulnS,.

of CdS, and (111) plane of ZnS crystals, respectively (Figure bandgap can absorb and utilize even a larger proportion of

3B). XPS analysis (Figure S2, Supporting Information) also visible light to generate more photoinduced charge carriers.
proves the existence of ZnO, ZnS, CdS, and CulnS,. Linear Sweep Voltammograms. Figure S shows the -V
UV—vis Spectroscopy. The UV—vis diffuse reflectance characteristics and current—time transient responses of the
spectra and optical images of ZnO, ZnO/ZnS, ZnO/ZnS/CdS, Zn0O/ZnS, Zn0O/ZnS/CdS, ZnO/ZnS/CulnS,, ZnO/CdS/
and ZnO/ZnS/CdS/CulnS, nanowire arrays were displayed in CulnS,, and ZnO/ZnS/CdS/CulnS, nanowire arrays to
Figure 4. ZnO and ZnO/ZnS nanowire arrays are white and evaluate their photoelectrochemical activity. Linear sweep
show almost no absorption in the visible light range. The voltammograms (LSV) were operated both in dark and under
absorption edges are all about 400 nm. After being ion- visible light irradiation. In the dark, all electrodes show tiny
exchanged with Cd**, the sample turns yellow and absorbs part currents without observable difference. Therefore, only the

of the visible light. The absorption edge of ZnO/ZnS/CdS current of the ZnO/ZnS electrode is illustrated (dash line in
shifts to S30 nm, corresponding to the narrow bandgap (2.4 Figure SA). As shown in Figure S, under visible light
eV) of CdS. After ion-exchange with Cu®* followed by a polyol illumination, the ZnO/ZnS nanowire array electrode exhibits

reduction, the finally obtained sample, ZnO/ZnS/CdS/CulnS,, very low photocurrent, whereas the photocurrents of other
becomes brown. Its absorption extends to a longer wavelength samples enhance obviously compared with the bare ZnO/ZnS
up to 700 nm and demonstrates prominent absorption in the electrode in the entire scanning region. It is due to the addition
visible light region due to the formation of CulnS, (bandgap of of visible light absorbers and the formation of heterostructure.
1.53 eV). In sum, as direct narrow bandgap semiconductors, At an applied potential of 0 V versus Ag/AgCl, the current
CdS can capture a considerable proportion of visible light, density of ZnO/ZnS is 0.48 mA/cm’. Under the same
whereas CulnS, with a high absorption coefficient and proper conditions, the current densities of the ZnO/ZnS/CdS,
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Figure 3. TEM (A) and HRTEM (B) images of ZnO/ZnS/CdS/
CulnS,. Inset is HRTEM image of ZnO.
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Figure 4. UV—vis spectra of (A) ZnO, (B) ZnO/ZnS, (C) ZnO/ZnS/
CdS, and (D) ZnO/ZnS/CdS/CulnS, nanowire arrays. Insets are the
optical images of corresponding samples.

Zn0O/ZnS/CulnS,, ZnO/CdS/CulnS,, and ZnO/ZnS/CdS/
CulnS, are 2.45, 0.96, 4.56, and 11.3 mA/cm?, respectively.
Moreover, the onset potential of ZnO/ZnS film is around
—0.65 V, and the value shifts to —0.80 and —1.29 V after
CulnS, and CdS are attached. The onset potentials of ZnO/
CdS/CulnS, and ZnO/ZnS/CdS/CulnS, are about —1.32 and
—1.35 V, respectively. The negative shift of onset potential
indicates the decreased surface state densities of the electrodes
and the increased charge transfer rates at the interfaces.>**°
I-T Curves. The visible light responses of the ZnO/ZnS,
Zn0/ZnS/CdS, Zn0O/ZnS/CulnS,, ZnO/CdS/CulnS,, and
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Figure S. Current—potential curves of (A) ZnO/ZnS, (B) ZnO/ZnS/
CulnS,, (C) ZnO/ZnS/CdS, (D) ZnO/CdS/CulnS,, and (E) ZnO/
ZnS/CdS/CulnS, nanowire arrays in 0.50 M Na,S/Na,SOj; solution.
Scan rate: 100 mV/s.

Zn0O/ZnS/CdS/CulnS, samples at an applied potential of 0 V
versus Ag/AgCl are shown in Figure 6. As the light turns on,
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Figure 6. I-T curves of (A) ZnO/ZnS, (B) ZnO/ZnS/CulnS,, (C)
Zn0/ZnS/CdS, (D) ZnO/CdS/CulnS,, and (E) ZnO/ZnS/CdS/
CulnS, nanowire arrays in 0.50 M Na,S/Na,SO; solution, applied
potential 0 V versus Ag/AgCL

the photocurrent reaches a peak value and gradually decays to a
steady state. A longer decay time is associated with a longer
lifetime of photogenerated charge carriers.** In addition, Figure
6 clearly illustrates the photocurrent densities of the electrodes.
A higher photocurrent corresponds to a higher efficiency of the
PEC device of hydrogen evolution. The current density of the
Zn0/ZnS electrode is 0.36 mA/cm?”. The loadings of CdS and
CulnS, lead to notable increase in current density. The current
densities of the ZnO/ZnS/CdS and ZnO/ZnS/CdS/CulnS,
films are 2.40 and 10.5 mA/cm?, respectively. The photocurrent
of ZnO/ZnS/CdS/CulnS, is 29 times that of ZnO/ZnS and
4.4 times that of ZnO/ZnS/CdS. However, absence of either
CdS or ZnS causes the decline of photoelectrochemical
performance compared with ZnO/ZnS/CdS/CulnS,. The
photocurrent densities of ZnO/ZnS/CulnS, and ZnO/CdS/
Culn$, are only 0.59 and 4.40 mA/cm?, respectively, which are
much lower than that of ZnO/ZnS/CdS/CulnS,.

IPCE Measurement. To quantify the photoelectrochemical
response of the samples to the incident light with various
wavelengths, the IPCE measurements were performed on the
sample electrodes at 0 V versus Ag/AgCl. The IPCE curves of
the ZnO/ZnS, ZnO/ZnS/CdS, ZnO/ZnS/CulnS,, ZnO/CdS/
CulnS,, and ZnO/ZnS/CdS/CulnS, films are presented in

dx.doi.org/10.1021/am501336u | ACS Appl. Mater. Interfaces 2014, 6, 8467—8474



ACS Applied Materials & Interfaces

Research Article

Figure 7. The photoresponse of the ZnO/ZnS film is only
active in the UV region. Upon the attachment of CdS, the
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Figure 7. IPCE profiles of all samples collected at 0 V vs Ag/AgCL

wavelength range of photoresponse extends to 530 nm, which
is consistent with the absorption edge of ZnO/ZnS/CdS.
Compared with the ZnO/ZnS/CdS film, the ZnO/ZnS/CdS/
CulnS, film both extends wavelength coverage of photo-
response and increases IPCE values in the entire visible light
region. The electrode exhibits the maximum IPCE of
approximately 57.7% at 480 nm. The incorporation of
CulnS, into ZnO/ZnS/CdS improves the electron-injection
efficiency and also broadens the utilization range of the solar
spectrum (i.e, the absorption edge shifts to the red light
region). The improvement is mainly attributed to the p—n
junctions formed between CdS and CulnS,. However, in the
absence of CdS or ZnS, the photoresponse of ZnO/ZnS/
CulnS, and ZnO/CdS/CulnS, drops dramatically. In addition,
ZnO/ZnS/CulnS, film only exhibits very low photocatalytic
activity within the wavelength ranging from 400 to 450 nm,
because ZnS and CulnS, cannot form efficient p—n junction
due to their mismatched band alignment.'”

Electrochemical Impedance Spectroscopy (EIS). Elec-
trochemical impedance spectroscopy (Nyquist plots) was
carried out to interpret the change of photocurrent and
conversion efficiency of photon. Figure 8 shows electro-
chemical impedance spectra of composite nanowire arrays at
AC frequency from 100 kHz to 1 Hz, which was performed
under illumination at open circuit voltage. Charge transfer
resistance (R.) from the photoelectrodes to redox species in
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Figure 8. Electrochemical impedance spectra (Nyquist plots) of (A)
Zn0O/ZnS, (B) ZnO/ZnS/CulnS,, (C) Zn0O/ZnS/CdS, (D) ZnO/
CdS/CulnS,, and (E) ZnO/ZnS/CdS/CulnS, nanowire arrays.
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the electrolyte can be calculated by fitting the semi-arc in the
low frequency region.'” Smaller circular radius represents lower
electron transport resistance and higher separation efficiency of
the photogenerated electrons and holes.” As can be seen from
Figure 8, the R, of ZnO/ZnS and ZnO/ZnS/CulnS, is much
larger than that of ZnO/ZnS/CdS, ZnO/CdS/CulnS,, and
Zn0/ZnS/CdS/CulnS,, indicating much larger electron trans-
port resistance and much poorer photoresponse, as curves A
and B demonstrated in Figure 6. The R, of ZnO/ZnS/CdS/
CulnS, is smaller than that of ZnO/CdS/CulnS, and ZnO/
ZnS/CulnS,, demonstrating that ZnS and CdS effectively
restrain the recombination of photogenerated electrons and
holes, thus the larger photocurrents are obtained. The matched
potential positions of the valence band and conduction band of
CdS with those of CulnS, result in the formation of effective
p—n junction, which establishes an internal electrostatic field to
promote the transportation of charge carriers and retards the
recombination of electrons and holes in CulnS,. Moreover,
without ZnS layer, the electrons on the conduction band of
ZnO would recombine with the electrolyte via the surface states
or conduction band of CulnS,, because their energy levels are
close.® The surface states of ZnO can be effectively passivated
by full covering of ZnS, and the recombination at the interface
of the oxide and CulnS, is restrained. Thus, more charge
carriers took part in the redox reactions.>

Mechanism. As mentioned above, the ZnO/ZnS/CdS/
CulnS, core—shell nanowire array is proved to be one of the
ideal structures for photoelectrochemical water splitting. Owing
to nanowire-forest character, nanowire arrays provide effective
electron percolation pathways, high surface-to-volume ratio for
more reactive sites, and more effective harvest of the light.
Moreover, the coarse surface reduces the reflection of incident
light so as to increase the utilization of incident light."® In situ
ion-exchange reaction ensures that high-quality heterojunctions
form and reduces the surface defects of CulnS,. Uniform core—
shell structure with high-quality heterojunctions leads to
efficient light absorption and effective separation of charge
carriers. The ZnO/ZnS/CdS/CulnS, nanowire functions as
follows: CdS and CulnS,, direct narrow semiconductors with
high absorption coeflicient, act as excellent visible light captors
to generate photoinduced charge carriers. ZnS, as a passivation
layer, suppresses the recombination of electrons and holes at
the interface of the oxide and CulnS,, whereas ZnO acts as a
pathway for the transportation of electrons. Furthermore, the
p—n junction formed between CdS and CulnS, demonstrates a
synergetic effect. The enhancement of the photoelectrical
activity of ZnO/ZnS/CdS/CulnS, is higher than the sum of
that of ZnO/ZnS/CdS and ZnO/ZnS/CulnS,, indicating that
the junction formed between CulnS, and CdS is favorable for
electron transfer at the interface and for charge separation
between CulnS, and CdS. Scheme 2 illustrates the photo-
induced electron separation and transportation process in the
ZnO/ZnS/CdS/CulnS, nanowire arrays. Under visible light
illumination, photogenerated electrons in the conduction band
of CulnS, flow to that of CdS, then to that of ZnO, and further
to the counter electrode through external circuit to produce
hydrogen. A stepwise conduction band edge limits the flux of
electrons and reduces the recombination, leading to the
enhancement of the performance.'” Simultaneously, photo-
generated holes in the valence band of the CdS transfer to that
of CulnS,, which react with the hole scavengers S*~ and SO,*~
adhering to the CulnS, surface. Thus, the high photo-
electrochemical activity of ZnO/ZnS/CdS/CulnS, is ascribed
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Scheme 2. Photoinduced Electron Separation and
Transportation Process in ZnO/ZnS/CdS/CulnS,
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to the ZnS passivation layer and the intimate CulnS,—CdS p—n
heterojunction.

B CONCLUSION

Zn0O/ZnS/CdS/CulnS, core—shell nanowire arrays were
fabricated via ion exchange and hydrothermal processes. The
nanowires are perpendicularly aligned on FTO, with ZnO as a
core wrapped with ZnS, CdS, and CulnS, multiple layers. The
highest photocurrent of the ZnO/ZnS/CdS/CulnS, film
reached 10.5 mA/cm® compared to 440 mA/cm’ of the
Zn0/CdS/CulnS, film and 0.59 mA/cm? of the ZnO/ZnS/
CulnS, film. The IPCE of the ZnO/ZnS/CdS/CulnS, film was
significantly enhanced in the entire visible light region by
imposing ZnS and CdS. In such a configuration, ZnO acts as a
pathway for electron transportation. CulnS, can capture a large
proportion of visible light owing to its high absorption
coefficient of 10° cm™ and narrow direct bandgap (E,) of
1.53 eV. ZnS, as a passivation layer, suppresses the
recombination of electrons and holes at the interface of the
oxide and CulnS,. CdS also acts as an excellent visible light
captor to generate photoinduced charge carriers. Moreover, the
CulnS, is a p-type semiconductor when the atomic ratio of Cu
to In exceeds 1. The intimate p—n junctions formed between
CulnS, and CdS interfaces accelerate charge injection from one
semiconductor to another, which leads to efficient charge
separation and reduction of the recombination of electron—
hole pairs by the internal electrostatic field in the interface. The
above factors are supposed to be the main reasons for the
generation of the enhanced photoelectrical response of the
Zn0O/ZnS/CdS/CulnS, system. The current work demon-
strates that the core—shell configurations and heterostructures
of ZnO/ZnS/CdS/CulnS, have great potential applications in
the field of photoelectrical devices and photocatalysis for water
splitting.
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