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Abstract

We design a novel semiconductor core/layer nanostructure of the uniform
ZnO@TIiO, nanorod array modified with Znlng2sCug02S1.395 solid-solution on the
surface via a facile hydrothermal synthesis. This novel nanostructure combines the
merits of all components and meets the requirements of photovoltaic systems
application. An intimate PN heterojunction is formed from the ZnO@TiO; nanorod
and polymetallic sulphide solid-solution, which is remarkably beneficial for the
effective visible light absorption and rapid charge carrier separation. The
nanostructures exhibit higher photocurrent and incident photon to electron conversion
efficiency (IPCE) under no bias potential versus the Ag/AgCl electrode. We also
analyzed the interface and photoelectrochemical characteristics of the nanostructure
and revealed the Kinetic process of the electron and hole transmission. In addition, the
photoanode test shows the hydrogen production capability of the nanostructures from
solar water splitting. These results verified that the ZnO and TiO, can be sensitized by
the polymetallic sulfide for UV-Vis light driven energy conversion. Importantly, the
approach we used to design the photoanode enables the development of the

micro-nanoelectronic devices with enhanced performance.
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Introduction

Due to the growing global energy demand and the increasing concerns on the
energy-related environmental problems, solar energy, a sustainable and clean energy,
has been considered as a potential energy source to tackle the energy and
environmental issues.[1-8] Therefore, great efforts have been contributed to convert
sunlight into usable energy effectively and economically. Photoelectrochemical (PEC)
water splitting using solar illumination is proposed for the production of hydrogen
fuel, because it is a simple and green process with high energy density.[9-12] Highly
efficient and stable PEC systems have been employed for water splitting based on
semiconducting materials, including TiO,, Fe,O3, and Zn0.[13-18] Among them, ZnO
single-crystal nanorod array is one of the excellent candidates as the photoelectrodes
due to its great electron percolation pathways and light-harvesting ability.[19-21] On
the other hand, anatase TiO;, nanocrystals exposing the active facets [22-24] can be
used to modify the surface of the individual ZnO single-crystal nanorod to improve
the chemical stability of ZnO nanorod in acidic or basic environment. More
importantly, the surface modification of ZnO nanorod using TiO, nanocrystals can
also enhance the surface activity via the compatible crystal lattice parameters and
band gap between ZnO and TiO..

However, both ZnO and TiO, are wide band gap semiconductors and they are
only sensitive to UV light and exhibit fast recombination of the exciton which results
in lower conversion efficiency of solar energy.[25-27] The metallic sulphide

semiconductors with narrow band gap have recently been employed to decorate the
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surface of ZnO nanowires for the extended visible light absorption, such as CdS,
CdSe, and PbS. [28-34] The heterojunction interfaces of the oxides (TiO, or ZnO) and
metallic sulphides can facilitate the separation and transportation of photogenerated
charge carriers and thus improve the kinetics of water splitting processes to extend the
lifetime of the charge.[27, 35-37] However, the toxicity of Cd, Se, and Pb elements in
the metallic sulphides is still a big concern. In addition, CdS quantum dots, possessing
relatively slower interfacial hole transfer rate compared to electron injection into
metal oxides, cause hole-induced anodic corrosion.[38, 39]

In this work, we proposed a new polymetallic sulphide solid-solution to decorate
the hierarchical nanostructure of the co-axial ZnO@TiO, nanorod array as the
photoelectrode for the solar driven PEC device. We characterized sample morphology,
crystal phase and elements. The optical absorption properties and interface properties
were also analyzed. The mechanism of electron transmission Kinetics of the novel
hierarchical nanostructure was investigated. In addition, we performed the
photoelectrochemical tests for the photovoltaic applications. We concluded that the
novel hierarchical nanostructure of the co-axial ZnO@TiO, nanorod array decorated
with polymetallic sulphide solid-solution is a promising multifunctional nanomaterial
candidate for the micro/nano photoelectronic systems of biological sensing and

medical detection.[40-42]
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Results and discussion

The fabrication procedure of the hierarchical nanostructure of the co-axial
ZnO@TIiO, nanorod array decorated with the polymetallic sulfide solid-solution via
hydrothermal synthesis is illustrated in Scheme 1. The fluorine-doped tin oxide (FTO)
glass substrate spin-coated with ZnO seeds was put into the growth solution to get the
ZnO nanorod array (ZnO NRA). Then TiO,was coated outside of each ZnO nanorod
to form ZnO@TiO; nanorod array (ZnO@TiO, NRA). Finally, a variety of nanorod
array samples loaded different amount of polymetallic sulfide solid-solution on the
surface were obtained. They were named as from ZICS-lunit to ZICS-20unit
according to the stoichiometry defined by the amount and concentration of the
reaction mixture (see Experimental Section).
Morphology, structure and composition analysis

Figure 1 shows the typical top-view and side-view of the ZnO NRA, ZnO@TiO,
NRA and ZICS-15unit grown on FTO substrates using field emission scanning
electron microscope (FESEM). It can be seen from Figure 1A and D that ZnO
nanorods with diameter of about 180 nm are perpendicularly aligned on the FTO
substrate. The ZnO nanorod is in the shape of hexagonal prism with even lateral
surfaces. Due to fast axial direction growth, the top of ZnO nanorod is sharp (inset in
Figure 1A). Figure 1B and C show the top-view images of ZnO@TiO, NRA and
ZICS-15unit, respectively. It can be seen that the surface of ZnO@TiO, nanorod
becomes rough and a nanostructured layer consisting of many unordered

nanoparticles is formed. Some bright sphere nanoparticles and aggregates are
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irregularly distributed on the top and lateral surfaces of ZICS-15unit. The nanorod
diameters of ZnO@TiO, NRA and ZICS-15unit increase to about 200 nm. From the
corresponding side-view images (Figure 1E and F), it is also clearly shown that the
TiO, nanoparticle layer wraps the ZnO nanorod, and the nanoparticles and aggregates
are decorated onto the surface of nanorod. The length of each ZnO nanorod is about 7
um, and it is barely changed with the coating of TiO, and sulfides. The
energy-dispersive X-ray spectroscopy (EDX) analysis show that Zn and O, Zn, Ti and
O, and Zn, Ti, Cu, In and S element co-exist in the ZnO NRA, ZnO@TiO, NRA and
ZICS-15unit samples, respectively (see Figure S1 in supporting information).

Figure 1G~I1 show the X-ray diffraction (XRD) patterns of the ZnO NRA,
ZnO@TiO2 NRA and ZICS-15unit, respectively. The crystal structure of the ZICS
powder, which is centrifugally collected from ZICS-15unit reaction liquid, is used as
reference (inset of Figure 11). A pronounced (002) diffraction peak of ZnO is shown
in Figure 1 due to the highly oriented ZnO nanorod array. The diffraction peak from
other directions is relatively weak. It is hard to observe diffraction peaks of TiO, due
to the small amount of TiO; on the ZnO nanorod surfaces. Trace amount ZnS
diffraction peaks is observed from the ZICS-15unit sample. This could be probably
attributed to the penetration of the sulfide through the TiO, layer and reaction with the
ZnO nanorod in the hydrothermal environment. The XRD pattern of ZICS powder
shows three broad peaks corresponding to (111), (220), and (311) of
Znlng2sCug02S1.305, respectively.[43] With the increase amount of sulfide,

ZICS-20unit sample shows stronger ZnS diffraction peaks (see Figure S2 in
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supporting information), which agrees well with the lattice spacing of ZnS
nanoparticles observed in high resolution transmission electron microscopy (TEM)
images of ZICS-20unit sample (see Figure S4 in supporting information). Based on
above results, we can conclude that the Znlng25Cup02S1395 aggregates were
successfully decorated onto the surfaces of the co-axial ZnO@TiO; nanorod array.
High resolution transmission electron microscopy (HRTEM) images and element
mapping of the ZICS-15unit sample results are shown in Figure 2. Figure 2A reveals
that the outside of the ZnO@TiO, nanorod consists of randomly-oriented hemisphere
nanoparticles and aggregates with the size of 15~50 nm. The magnification of
selected partial nanorod area (Figure 2B) reveals a layer of TiO, nanoparticles about
10 nm thick wrapping the surface of ZnO nanorod. From Figure 2C, the inner ZnO
nanorod with unitary lattice fringes is a characteristic sign of single-crystal structure,
and the fringe spacing of 0.26 nm corresponds to the (002) plane of wurtzite type ZnO,
which agree with the XRD patterns of related samples shown in Figure 1. We can also
find that the nanoparticle layer from the surface to the inside has a polycrystalline
structure, and crystal grains have the fringe spacings of 0.19 nm and 0.31 nm, which
match well with the interplanar spacings of the (002) plane of TiO, and the (111)
plane of Znlng2sCup02S1.395, respectively.[18, 22-24, 43] Moreover, it is further
verified that Znlng 25Cug.02S1.395 forms solid-solution rather than compound mixture of
ZnS, In,S; and CuS due to its unitary fringe spacing and characteristic diffraction
peak. Figure 2D shows the line scan profile of the ED X spectra acquired along a line

crossing the nanorod as shown in the inset (high angle annular dark-field scanning
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TEM (HAADF-STEM) image). The intensity of the curves provides evidence of the
distribution density of all the elements indicating the core/layer structure. To confirm
the multiple layer structure, element distribution mapping results are shown in Figure
2E. The left STEM image shows the nanorod decorated with sulfide aggregates. The
Zn element is well dispersed in whole nanorod and aggregates due to both nanorod
and aggregates contain Zn. In the Ti-k image, only the two edges of the nanorod show
maxima, indicating that Ti only exists in the outer layer around the ZnO nanorod. On
the contrary, the O element locates on the position of the nanorod because O mainly
contributes from ZnO and TiO,. On the aggregates, the O element signal obviously
turns darker than that of the nanorod. Most of the S element locates on the aggregate
site. These results clearly indicate that TiO, nanoparticle layer well wraps the ZnO
nanorod, and polymetallic sulfide solid-solution forms nanoparticles and aggregates
mingled onto the surface.

Absorption characterization

The optical absorption properties of the samples were tested. The UV-Vis
absorption spectra and optical images of a series of nanorod array films on the FTO
substrates are shown in Figure 3. ZnO NRA and ZnO@TiO, NRA are white and show
no absorption in the visible light range. Their absorption edges are below 400 nm in
the UV light region. After loaded Znlng 25Cug.02S1.395 Solid-solution, the nanorod array
sample displayed colors from light yellow to dark brown with the increased amount of
sulfide. The corresponding band edges of absorption spectra red-shift from 521 nm to

582 nm in visible light region, that is to say, the corresponding bandgap varies from
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2.39 eV to 2.14 eV by adjusting the loading amount of Znlng25Cup.02S1.395
solid-solution while the absorption intensity also increases. However, an obvious
absorption peak is observed in the UV-Vis spectrum of the ZICS-20unit sample, and
the peak is probable due to the intensive scattering of small nanoparticles by loading
excess Znlno2sCuop2S1.395 solid-solution. In sum, it demonstrates that loading
Znlng 25Cup02S1.395 solid-solution onto the co-axial ZnO@TiO, nanorod array
enhances the absorption coefficiency within a larger proportion of visible light to
generate more photoinduced charge carriers.

Photoluminescence characterization

The photoluminescence spectra are shown in Figure 4, and the Kkinetic
mechanism of electron transmission and material interface properties of our samples
was investigated. For 220 nm laser excitation (Figure 4A), a ZnO intrinsic emission
peak is at 400 nm, which increases with the loading amount of the sulphide. However,
an intensity decrease was observed for the ZICS-20unit sample at 400 nm. It is
probably because of the corrosion of the ZnO nanorod from over loading of sulphide
(see Figure S3 in supporting information). The peaks located around 420 nm and 470
nm are attributed to the deep energy states caused by impurities of the ZnO nanorod,
the broad spectra around 450 nm are assigned to the TiO, nanoparticle shell, and the
broad baselines from 475 nm to 600 nm in visible light region are brought about by
loading polymetallic sulphide solid-solution. The ZICS powder has no evident
emission peaks in this region under the same excitation. Furthermore, when 450 nm

laser excitation was applied (Figure 4B), the peak around 550 nm of the ZICS powder,
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intrinsic emission of polymetallic sulphide solid-solution, gradually disappeared with
sulphide addition. According to the comparison of different laser excitations, we can
infer that the existence of electron transfer between core/layer interfaces under solar
UV-Vis light illumination. First, both the inner ZnO nanorod and the outer layer
including TiO, and polymetallic sulfide solid-solution are excited by UV light, so the
electron transfer from sulphide to ZnO leads to strengthen the intrinsic emission of
Zn0. Second, only the Znlng 25Cu 02S1 395 Solid-solution can absorb the visible light
and rapidly carry the excited electrons to ZnO through the stepwise energy level
arrangements. Then the inner ZnO nanorod acts as good electron transport channel to
achieve fast separation of photoinduced electrons and holes in working circuits.
Photoelectrochemical measurements

Figure 5A shows the J-V characteristics and current-time transient responses of
these samples to evaluate their photoelectrochemical activity. Linear sweep
voltammograms (LSV) are operated both in dark and under visible light irradiation. In
the dark, all electrodes show tiny currents without any difference. Therefore, only the
current curve of the ZnO NRA electrode is illustrated in dash line in Figure 5A. Under
visible light illumination shown in Figure 5A, the ZnO NRA and ZnO@TiO, NRA
electrode exhibit very low photocurrent, whereas the photocurrents of the samples
loaded with sulfide are obviously enhanced within the entire scanning region. The
photocurrent density gradually increases with the increment of sulfide loading amount,
because Znlng25Cup.02S1.395 solid-solution is a visible light absorber and the more

sulfide can convert the more visible light into current. At an applied potential of 0 V
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versus Ag/AgCl, the current density of ZnO NRA and ZnO@TiO; NRA are —0.32 and
—0.37 mA/cm?, respectively. Under the same conditions, the current densities of the
ZICS-1unit, ZICS-2unit, ZICS-5unit, ZICS-10unit, ZICS-15unit and ZICS-20unit are
~1.27, —2.89, —4.21, —5.56, —7.39, and —5.23 mA/cm?, respectively. Moreover, the
onset potentials of the ZnO NRA and ZnO@TiO, NRA films are around —0.25 and
—0.27 V, and the value shifts from —0.33 to —0.56 V after ZnlIng25Cug 02S1 395
solid-solution is loaded. The negative shift of the onset potential indicates the
decreased surface state densities of the electrodes and increased charge transfer rates
at the interfaces.[44, 45]

The visible light responses of the samples with a UV light cut-off filter (1 > 400
nm) at an applied potential of 0 V versus Ag/AgCl are shown in Figure 5B. A higher
photocurrent corresponds to a higher efficiency of hydrogen evolution of the PEC
device. When the light turns on, the photocurrent reaches a peak value and gradually
decays to a steady state. A longer decay time associates with a longer lifetime of
photogenerated charge carriers.[46] The current densities of the ZnO NRA and
ZnO@TiO, NRA electrodes are 0.31 and 0.34 mA/cm? respectively. The current
densities of the ZnO@TiO, NRA with Znlng 25Cuo 02S1.395 Solid-solution increase from
1.25 to 7.28 mA/cm?, which are increased about from 4 to 24 times than that of ZnO
NRA sample. However, the ZnO NRA corrosion of the ZICS-20unit sample causes
the decline of the photoelectrochemical performance compared with the other samples
as mentioned above.

To quantify the photoelectrochemical response of the samples to incident light

13
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with various wavelengths, the IPCE measurements were performed on the sample
electrodes at 0 V versus Ag/AgCI (Figure 5C). The photoresponse of the ZnO NRA
and ZnO@TiO, NRA are only active in the UV region. With the ZnIng 25Cuo.02S1.395
solid-solution loaded onto the ZnO@TiO, NRA, the photoresponse of the sample
electrodes extends to the wavelength at 580 nm, which agrees with the absorption
edge of Znlng25Cuo.02S1.395 solid-solution (Figure 3). With the increased polymetallic
sulphide amount the series of ZICS samples exhibit both the extended coverage of
photoresponse and the increased IPCE values in the visible light region. The
ZICS-15unit electrode exhibits a maximum IPCE of approximately 43.2% at 380 nm,
and then 31.8% at 420 nm, 29.3% at 440 nm, 26.2% at 460 nm and 20.5% at 480 nm,
respectively. The improvement is mainly attributed to the PN heterojunctions formed
between the co-axial ZnO@TiO, nanorod and polymetallic sulphide solid-solution on
its surfaces. The ZnS nanoparticles in ZICS-20unit sample cause the photoresponse
drop dramatically due to the damage of interface contact from the corrosion. In
addition, we believe that the lower IPCE in the visible light region compared to the
UV light region is due to mismatched band alignments of the ZnO@TiO; nanorod and
Znlno 25CUg.0251.395 Solid-solution to some extent.

Electrochemical impedance spectroscopy (EIS, which are Nyquist plots here)
was carried out to interpret the photocurrent change and the photon conversion
efficiency of the samples. Figure 5D shows electrochemical impedance spectra of
nanorod arrays at AC frequency from 100 kHz to 1 Hz, which was performed under

simulated solar illumination at open circuit voltage. Considering the molecular
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polarization caused by high frequency alternating-electric field, the charge transfer
resistance (R.) from the photoelectrodes to redox species in the electrolyte can be
calculated by fitting the semi-arc in the low frequency region. A smaller circle radius
represents lower electron transport resistance and higher separation efficiency of the
photogenerated electrons and holes. From Figure 5D, we can deduce that the R of
loaded Znlng 25Cug.02S1.395 Solid-solution film is smaller than that of ZnO NRA and
ZnO@TiO, NRA films, which explains the better photoresponse in Figure 5B. It
indicates that the formed PN heterojunctions between Znlng25Cug.02S1.395
solid-solution and ZnO@TiO, NRA establish an internal electrostatic field to promote
the transportation of charge carriers and restrain the recombination of electrons and
holes, so more charge carriers take part in the redox reactions. Again, the corrosion of
the ZICS-20unit sample passivates the electron transmission in ZnO single-crystal by
appearance of ZnS nanoparticles. Thus, its R becomes larger than that of ZnO NRA
and ZnO@TiO, NRA samples.
Photocatalysis and hydrogen production

Scheme 2 illustrates the photoinduced electron separation and transportation
process in the ZnO@TiO, NRA loaded Znlng2sCug02S1.395 solid-solution. ZnO
nanorods play the role as an effective percolation pathway for the transportation of
electrons from Znlng2sCuo 02S1.395 solid-solution to inner nanorods. TiO,, as an
activated layer, has high surface-to-volume ratio for more photocatalysis reactive sites,
and enhances the photocatalysis activity by exposing active (001) plane and protect

ZnO from harsh environments. The coarse surface of ZnO@TiO, nanorod reduces the
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reflection of incident light so as to increase the harvesting of incident light.
Znlng 25Cug.02S1.395 solid-solution with direct narrow band gap and high absorption
coefficiency can be employed as the visible light absorber to generate photoinduced
charge carriers.

Under UV-Vis light illumination, photogenerated electrons in the conduction
band of sulphide flow to that of ZnO and TiO,, and further to the counter electrode
through the external circuit to produce hydrogen. A stepwise conduction band edge
limits the electrons flux and reduces the recombination of the electrons and the holes,
leading to the enhancement in the photovoltaic performance. Then it significantly
enhances photocurrent density and conversion efficiency of material. Furthermore, we
also used the ZICS-15unit film sample for hydrogen production, and we received
about 12 pmol hydrogen gas during 4 h reaction (Figure 6). Although the hydrogen
gas produced within this sample system is much lower than that produced within the
traditional mesoporous powder materials (e.g. commercial TiO, P25 powder), it is still
an acceptable result considering the lower amount of uncontrollable stoichiometric
loaded material due to nanorod array film in liquid reaction condition. Simultaneously,
photogenerated holes in the valence band of the ZnO and TiO, are transferred to
sulphide, which reacts with the hole scavengers S** and SOs* adhering to the
sulphide surface.

A uniform semiconductor core/layer nanostructure with effective heterojunction
like this combines the merits of all components and meets the requirements of the

large light absorption, the rapid separation of charge carriers and the reduction of the
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surface defects of nanorods. In addition, a nanorod array film also has higher surface

areas and suitable integration into micro-nanoelectronic systems.
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Conclusions

A ZnO@TIiO, core/layer nanorod arrays sensitized with the Znlng 25Cug 0251395
solid-solution nanoparticles was fabricated via a facile hydrothermal process. The
photocurrent of the heteronanostructure reached to 7.28 mA/cm?, and its IPCE was
significantly enhanced in the visible light region. In such a combined nanostructure,
ZnO acts as a framework and pathway for electron transport and Zning 2sCuo.02S1.395
solid-solution can capture a large proportion of visible light due to its high absorption
coefficient and a narrow direct bandgap. TiO; plays the role as a protection layer to
ZnO and enlarges the surface area of photocatalysis. Moreover, the ZnO nanorod with
TiO, layer wrapped outside and the polymetallic sulphide solid-solution decorated
onto surfaces together form an intimate PN heterostructure between interfaces, which
accelerates charge injection from one semiconductor to another. It leads to efficient
photoexcited 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 enhanced photoelectrical response of our material
system. We also demonstrate its great potential as the integrated photoelectric devices

and solar photocatalysis water splitting.

18

Page 18 of 39



Page 19 of 39

Nanoscale

Experimental Section

Preparation of ultralong ZnO nanorod array

To get ultralong ZnO nanorod arrays, we used polyethyleneimine (PEI) to
suppress the homogeneous nucleation during the ZnO nanorod growth process. Then
the polymer chain of PEI preferentially adsorbs to certain crystal faces of ZnO
clusters, which initially formed due to thermal fluctuation and are small, and inhibit
further crystal growth along these faces to develop the ZnO bulk. As a result, growth
of ZnO nanorods can normally occur on the seeded substrates at a reasonably high
growth rate.

In a typical modified route,[47, 48] the zinc acetate dehydrate and ethanolamine
are mixed in a 1:1.2 mole ratio in 25 mL 2-Methoxyethanol to ensure the
concentration of Zn(CH3COO); as 0.2 mol/L. The above solution is stirred at 60 T
for 30 min., and then spin-coated (3000 rpm for 1 min) on FTO glass substrates,
which are ultrasonically cleaned by acetone, ethanol and deionized water in this order.
Next, we put the pretreated FTO glass substrates in an electric oven at 400 <C for 2 h
to get ZnO grains.

To prepare the ZnO nanorod array growth solution, zinc nitrate hexahydrate and
hexamethylenetetramine (HMTA) are digested in 100 mL deionized water to maintain
the concentration of Zn(NO3), as 25 mmol/L and the molar ratio of Zn(NO3); :
HMTA as 1:1. The concentration of PEI is set as 0.005 mol/L in our work. A ZnO
nanorod array is grown on the FTO substrate with ZnO grains by soaking in the above

solution at 90 <C for 12 h. Then we change with fresh growth solution to repeat the
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above procedures five times to obtain ultralong nanorod arrays, and the total actual
growth time should be more than 60 h in our experiments.
Preparation of ZnO@TiO, core/layer nanorod array film

The FTO substrate with ZnO nanorod film is put into a Teflon lined stainless
steel autoclave, which contains 7.5 pL diethylenetriamine (DETA), 10.5 mL isopropyl
alcohol (AR grade, Beijing Chemical Works) and 50 ~ 70 uL titanium (1V)
isopropoxide. The sealed autoclave is heated up to 180 < for 12 hin an electric oven.
Following that, the reaction autoclave is naturally cooled down to room temperature.
The as-prepared samples are gently rinsed with ethanol and acetone and dried at room
temperature. Finally, the samples are annealed at 400 < for 2 h to reinforce the
crystal phase of TiOx.
Preparation of ZnO@TiO; film loaded with Zn-In-Cu-S solid-solution

The Zn-In-Cu-S solid-solution is loaded via the solvothermal method. In a
typical experiment, Zn(CH3COQ)2*2H,0 (0.03 mmol), InCl3*4H,O (0.005 mmol),
and thiourea (0.0385 mmol) were dissolved into 8 mL of ethylene glycol using a
magnetic stirrer to form a clear solution. We also prepared 0.2 mL of 0.005 mol/L
Cu(CH3COO0),*H,0/ ethylene glycol solution to add dropwise into the above solution
under constant stirring. The above amount and concentration of the reaction mixture
can be defined as unit dose (named as ZICS-1unit), and we increase the stoichiometry
according to ZICS-1unit to obtain ZICS-2unit (twice), ZICS-5unit (five times) and so
on, which are named as mentioned above. The as-prepared solution is immediately

transferred into an autoclave (Teflon cups with 15 mL inner volume), and the FTO
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substrate with a ZnO@TiO, nanorod array film is maintained in the Teflon cup at
180 <C for 2 h and then air-cooled to room temperature. The FTO substrate is washed
several times with absolute ethanol and finally air dried.
Material morphology and characterization

Morphology and elemental chemical composition analyses of the nanoarray
photoelectrode are carried out using field emission scanning electron microscope
(FESEM) JEOL JSM 4800F combined with energy-dispersive X-ray spectroscopy
(EDX). The crystallographic and detailed microscopic structure analyses are observed
by high resolution transmission electron microscopy (HRTEM) on FEI Tecnai F20
operated at 200 kV, equipped with a line scan profile of EDX and elemental mappings.
X-ray diffraction (XRD) patterns are recorded on a Rigaku D/Max-2000
diffractometer with Cu Ka radiation (4 = 0.15406 nm). UV-Vis spectra to analyze the
band gap structure are measured by a Shimadzu UV-3600 UV-Vis-NIR scanning
spectrophotometer using BaSO, as a reference. A Hitachi F7000 UV-Vis
spectrophotometer equipped with a Xe lamp source is employed to determine the
photoluminescence spectra of our samples under different excitations.
Photoelectrochemical measurements

In our experiments, a three-electrode configuration in a quartz cell is assembled
to test the photoelectrochemical activity of the samples on a Chenghua
electrochemical workstation (CHI660C, Shanghai). A Pt plate and a commercially
available Ag/AgCl electrode are used as the counter and reference electrodes, and the

prepared samples are employed as working electrodes. The effective surface area of
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the working electrode is 0.5 < 0.5 cm?. All measured potential values are against a
Ag/AgCI reference electrode unless otherwise indicated. The electrolyte used in all
measurements is an aqueous solution containing 0.5 mol/L Na,SO,. A 300 W xenon
lamp (PLS-SXE300/300UV) equipped with a UV-light cut-off filter (1 > 400 nm) is
used as visible light irradiation source, and its light intensity is 100 mW/cm? The
linear sweep voltammograms (LSV) are operated at 100 mV/s in a potential range
from —0.8 V to +0.8 V versus Ag/AgCl both in dark and under illumination. The
chronoamperometry curves (I-T curve) of the films are obtained at 0 V versus
Ag/AgCI. Electrochemical impedance spectroscopy (EIS) is performed under
illumination with an AC amplitude of 5 mV and frequency range between 100 kHz
and 1 Hz. The PLS-SXE300/300UV xenon lamp and a monochromator
(Monochromator 300, Changtuo Technology Co., Ltd.) are used to measure
wavelength-dependent photocurrents of all samples. The monochromatic light
intensity is measured with a radiometer for next calculations. The incident photon to
electron conversion efficiency (IPCE) of the samples is calculated as follows:
IPCE = 12401(mA/cm?)/[A(nm)Jjign: (MW/cm?)]

where 1 is the photocurrent density, 4 is the wavelength of the monochromatic light,
and Jjigne s the monochromatic light intensity.
Photocatalytic hydrogen production

The production is performed in a closed gas-circulation photoelectrochemical
system with a side window, and we use one S15 sample in 350 mL stirring aqueous

solution containing 1.0 mol/L Na,SO3; and 1.0 mol/L Na,S as electron donors for
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hydrogen production. The reaction without Pt material catalysis is carried out for 4 h
by irradiating the mixture light from a 300 W Xe lamp, which is equipped with an
optical filter (A > 400 nm) to cut off the light in the UV region. The amount of
produced hydrogen gas was measured by gas chromatography (Agilent 6820) with a

thermal conductivity detector (TCD) and argon as the carrier gas.
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Figures and Captions (in order)
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Scheme 1 Hydrothermal fabrication process of ZnO@TiO;, nanorod array film

loaded with polymetallic sulphide solid-solution.
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Figure 1 Field emission scanning electron microscope (FESEM) images of related
samples. (A) Top-view of ZnO NRA, (B) Top-view of ZnO@TiO, NRA, (C)
Top-view of ZICS-15unit sample, (D), (E) and (F) are the side-views corresponding
to (A), (B) and (C), respectively. All the insets as shown are the corresponding
magnification views. Meanwhile, the corresponding X-ray diffraction (XRD) patterns
are shown as (G) ZnO NRA , (H) ZnO@TiO; NRA, and (I) ZICS-15unit sample. The

inset of (1) is the XRD pattern of ZICS powder sample as reference.
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Figure 2 (A) Transmission electron microscope (TEM) image of ZICS-15unit
sample, (B) and (C) High resolution TEM (HRTEM) images of the selected square
area shown in (A), (D) Line scan profile of EDX spectra. It goes along the orange line
crossing the nanorod as shown in the inset, which is high angle annular dark-field
scanning TEM (HAADF-STEM) image. The yellow square is the reference area for

image signal processing, (E) Elemental mappings of the ZICS-15unit sample.
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Figure 3 UV-Vis absorption spectra of nanorod array film samples mentioned in this

work. Insets are the optical images of corresponding samples.
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Figure 4 Photoluminescence spectra of nanorod array film samples mentioned in

this work. (A) Emission spectra under 220 nm laser excitation, (B) Emission spectra

under 450 nm laser excitation.
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Figure 5 Photoelectrochemical measurements. (A) Current-potential curves of
corresponding samples in 0.5 mol/L Na,;SO, solution. Scan rate: 100 mV/s, (B) I-T
curves of corresponding samples in 0.5 mol/L Na,SO, solution, applied potential 0 V
versus Ag/AgCl with a UV light cut-off filter (A > 400 nm), (C) IPCE profiles of
corresponding samples collected at 0 V versus Ag/AgCl, AC amplitude: 5 mV,
frequency range: 100 kHz ~ 1 Hz, (D) Electrochemical impedance spectra (EIS,

Nyquist plots) of corresponding samples at 0 V versus Ag/AgCl.
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Scheme 2

Photoinduced electron separation and transportation process in the

ZnO@TiO; nanorod array film loaded with ZnlIng 25Cug 0251395 Solid-solution.
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Figure 6 Amount of H, evolution according to reaction time for one ZICS-15unit
sample and one ZnO@TiO,; NRA sample, respectively. The 350 mL reaction vessel
contains 1.0 mol/L Na,SO3 and 1.0 mol/L Na,S stirring aqueous solution as electron

donors.
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