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Well aligned ZnO-ZnS heterojunction nanowire arrays have been synthesized via a novel wet-chemical route in which

ammonium persulfate was used as oxidant to oxidize zinc foil directly followed by a sulfidization process to substiti**
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oxygen with sulfur in the alkali solution. The structure and photocatalytic properties of the ZnO-ZnS were analysed in

comparison with that of ZnO nanowires. The formation mechanism of ZnO-ZnS heterojunction NW arrays arises from. ..
combination of two different processes, namely a typical dissolution-crystallization process and a substitution reaction.
Room temperature photoluminescence measurements indicate that ZnO-ZnS heterojunction NW arrays have an emission
peak cantered at 385 nm, and the PL intensity of ZnO-ZnS heterojunction is lower than that of ZnO NW arrays. The
morphology and structure of the heterostructural products have been characterized by transmission electron microscopy
(TEM), energy dispersive spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). Due to the formation of
heterostructures and a new transfer pathway of electrons from ZnS to ZnO, the composites show significantly improvea
photocatalytic activities than that of pure ZnO NW arrays. This study persuades a novel way of fabricating semiconductor
composites for high-efficiency photocatalysis applications.

Introduction

One-dimensional (1D) semiconducting nanostructures have
attracted extraordinary attention in the past few decades due to
their unique properties and superior performances.® Recently,
1D nano/heterostructures consisting of two important functional
materials are attracting increasing interests because of the
possibility of tuning their chemical, electronic, and optical
properties over a wider range and performing diverse
functionalities within a single nanostructure.*® Motivated by
these prospects, significant progress has been made in the
synthesis of various 1D heterostructured nanostructures
including Si-SiGe and GaAs-GaP superlattice nanowires,
biaxial TiO»-SnO,, ZnO-Ge, CdSe-Si, and ZnS-Si nanoribbons,
which provide a testing ground to study the fundamental effects
of different components and their interface on the optical and
electronic properties of nano-heterostructures.”*® Among the
various semiconductor heterostructure nanostructures, ZnO-

ZnS nano-heterostructures are considered as the most
promising materials due to their excellent optical and
electrochemical properties.’®**® As an important 11-VI

semiconductors, zinc oxide (ZnO) has a wide band gap energy
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of 3.37 eV with a large binding energy (Eg=60 meV)."># It is
an excellent candidate for photocatalysts, photodetectors, and
ultraviolet laser.?®* However, it can absorb only UV light with
the wavelength equal to or less than 385 nm and greatly limits
its practical application in environmental decontamination.?®
Furthermore, the photocatalytic action of a semiconduct
particulate system is based on generation of electron-hole pairs.
In order to obtain high reaction efficiency, the recombination of
the two kinds of charge carriers must be kept low.?*?” Thus,
how to extend energy range of photoexcitation and enhance
photocatalytic activity of ZnO has become a challenge work on
solar energy conversion and environmental cleaning. In order to
enhance the photocatalytic performance of ZnO photocatalysts,
coupling/doping of ZnO with other semiconductors (with wide
or narrow band gaps) can facilitate the separation ol
photogenerated hole-electron pairs and regulate band-gan
energies, which has been studied widely as an efficie 1t
approach.

On the other hand, ZnS has a wide band gap energy of 3.66
eV at room temperature.?® It is a well-known luminescent
material, having prominent applications in flat-panel displays,
electroluminescent devices, sensors, and lasers, and also has
been applied in photocatalysts, infrared windows, pigmen ;,
and nonlinear optical devices.’>*® ZnO-ZnS heterostructures
have become of prime importance because of the lowe.
photoexcitation threshold energy and improved electron
transfer paths.®® Both theoretical calculations and
experimental results have demonstrated that 2ZnO-ZnS
heterostructures exhibited higher photocatalytic efficiencies for
the degradation of several dye pollutants in both acidic and
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basic medium than the individual components due to their type-
Il band alignments.®*** For instance, ZnO core/ZnS shell
structures have been successfully synthesized by Chen et al.,
which showed excellent photocatalytic properties.®® Hu and
coworkers have prepared ZnO/ZnS core-shell nanorods which
possess significantly higher visible light photocatalytic
activity.®® Besides, Lu have reported that vertically aligned
ZnO-ZnS heterojunction nanowire (NW) arrays which were
used for converting mechanical energy into electricity, were
synthesized by a thermal evaporation method.*” However, the
facile and simple synthesis of ZnO-ZnS heterostructure NW
arrays remains a challenge until date. This is mainly due to the
high sensitivity of such heterostructures to synthetic conditions,
such as, oxidation propensity of ZnS surfaces as well as
differential solubility of the constituents in the catalyst particle.
Therefore, for the more effective synthesis of hybrid or ZnO-
ZnS heterostructures, there is an urgent need to develop a new
and promising method that is simple, convenient and free of
contamination.

In this study, we report for the first time the epitaxial growth
of ZnS nanospheres onto vertically aligned ZnO NW arrays to
form ZnO-ZnS heterostructure NW arrays without any catalyst
via a simple hydrothermal process. The formation mechanism
of the ZnO-ZnS heterostructure NW arrays is suggested
according to a series of experiments. The ZnO-ZnS
heterostructure NW arrays integrate the optical properties of the
two components within them and exhibit different
photoelectrochemical properties from 2ZnO NW arrays.
Photocatalytic water splitting and photocatalytic degradation of
an organic dye were performed in order to determine the
catalytic performance of the synthesized ZnO-ZnS
heterostructure NW arrays.

Results and discussion

XRD analysis

The crystal structure and crystal orientation of ZnO-ZnS
heterostructure NW arrays are investigated by XRD diffraction.
Fig. 1 shows the XRD pattern of the as-prepared ZnO-ZnS
heterostructure NW arrays covered on the zinc foil substrate.
The indexed diffraction peaks show a pure hexagonal phase of
wurtzite-type ZnO (space group: P63mc) with lattice constants
a = 3249 A and c = 5.206 A, which is consistent with the
database (JCPDF 80-0075). The highly enhanced (002) peak
can be clearly seen as a result of the vertical orientation of ZnO
NWs. On the same pattern, some weak peaks can be indexed as
a typical face-centered zZnS (JCPDF 80-0020) and the
hexagonal Zn phase (JCPDF, 04-0831) originating from the
Zinc substrate. Because the diffraction peaks of (102) crystal
plane of ZnO are very close to the peaks of (220) crystal plane
of ZnS, two peaks are overlapped. It is worth noting that
compared to the standard pattern of hexagonal phase ZnO the
relative intensity of the peaks corresponding to (002) plane is
significantly enhanced in the obtained XRD pattern (Fig. 1),
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which suggests that ZnO (001) plane is oriented parallel to the
basal plane of the zinc foil substrate. Due to crystalline lattice
mismatch between ZnO and ZnS, the atomic distance of Zn-O
and Zn-S would be changed when the formation of ZnO-ZnS
heterostructure NW arrays, which resulted in the distortion of
crystal planes and shifts of XRD peaks. The selection of zinc
foil as the substrate for the growth of well-orientated ZnO-Zn<
heterostructure NW arrays is due to the following reason: the
lattice matching between ZnO and Zn crystals (both are in the
hexagonal phase) facilitates the growth of well-aligned ZnO-
ZnS heterostructure NW arrays; moreover, zinc foil is a
conductive material, making it easy to utilize the aligned ZnO-

ZnS heterostructure NW arrays for electronic and
optoelectronic devices.
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Fig. 1 (a) XRD pattern of well-aligned ZnO-ZnS NW arrays on the Zinc foii
substrate; (b-d) standard diffraction patterns of Zn (4-0831), ZnO (80-0075)
and ZnS (80-0020) shown as references.

Surface morphology

Fig. 2 shows the large arrays of oriented ZnO-Zn<
heterostructure NWs, which are vertically grown on a zinc fon
substrate along the [001] direction. The top view (Fig. 2a and b)
shows that ZnO-ZnS heterostructure NWSs cover the zinc
surface uniformly. The images at higher magnifications (Fig. 2¢
and d) clearly shows that ZnO NWs are aligned well on to the
zinc substrate with the average diameter of about 100 nm and
every tip of the ZnS multipods has been capped by a
nanosphere with the average size around 400 nm. It is
interesting that the ZnS nanospheres were not found at the other
area.

Structural and composition analysis

Further observation under HRTEM found that the
nanospheres on the tips of ZnO-ZnS heterostructure NW arrays
were essentially agglomerates of many small crystallite grains,
as shown in Fig. 3. It can be seen that ZnS nanospheres grow
on the tip of ZnO NWs and ZnS nanospheres consist of much
smaller (~25 nm), nanocrystals (Fig. 3a), compared to t e
roughly spherical 300 nm particles agglomerate as shown in
Fig. 2a. This is consistent with the results of SEM analysis. An
HRTEM image shown in Fig. 3b is taken from the interfacial
region (circular area marked ‘b’ in Fig. 3a) between the ZnO-
rod and ZnS-grain side. It can be seen that the interfacial region
is clean and uniform at the atomic scale. Lattice fringers
spacing of 0.260 nm and 0.299 nm were measured

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 SEM images of the ZnO-ZnS heterostructure NW arrays grown directly on Zn substrate: (a) and (b) low-magnification tilt view; (c)

and (d) high-magnification images of ZnO-ZnS heterostructure arrays.

corresponding to that of the (002) and (111) lattice plane of the
wurtzite ZnO (JCPDF 80-0075) and sphalerite ZnS (JCPDF 80-
0020), respectively. An epitaxial growth of ZnS above ZnO
NW was observed at the interface. It can also be seen that a thin
intermediate layer is found in between, which is due to the large
lattice mismatch/dislocation between ZnO and ZnS. In order to
reveal the chemical compositions of the granular particle and
nanowire, the area marked by box | and box Il in Fig. 3a were
analyzed with EDS spectroscopy. From the corresponding EDS
spectra (insets in Fig. 3c and d), it can be seen that the elements
in the isometric particle are Zn and S and the elements in the
NWs are Zn and O (the signals of C and Cu in the EDS spectra
originate from the carbon-coated copper grid onto which the
sample was deposited). EDS analysis of the other areas of the
NWs reveals that the elements were consistently Zn and O.
These results suggest that the granular particles are ZnS grains
while the NWs are pure ZnO. EDS analysis of the other area of
the branch reveals that the elements are still Zn and O. These
results suggest that the granular particle is composed of ZnS
while the NW s still pure ZnO. SAED patterns (Fig. 3c and d)
taken on the same sites as those in EDS analysis also provide
important information about the structures of the granular
particle and the NWs. The indexing of the SAED patterns
demonstrates that the granular particle is polycrystalline ZnS
with a face-center cubic structure and the NW is well-
crystalline ZnO with a hexagonal structure, which is consistent
with XRD and EDS studies. To elucidate the formation of the
ZnS nanospheres on the tip of ZnO NWs, XPS analysis was

This journal is © The Royal Society of Chemistry 20xx

carried out. Fig. 4a is the XPS survey spectrum in which Zn, O,
S and C peaks can be clearly be observed. The peaks at the
binding energy 531.5 eV (Fig. 4b) are ascribed to the lattice
oxygen in the ZnO-ZnS structure.® The O 1s photoelectror
peaks are higher than the binding energy of O in ZnO, which is
normally between 529.9 to 531.2 eV. The shoulder at a higher
binding energy could be attributed to the presence of OH
groups or adsorbed oxygen species or of oxygen atoms related
to oxygen vacancies, possibly indicating different species
between ZnO-ZnS heterostructure NW arrays and ZnO.*® The
spectrum in Fig. 4c shows the S2p 3/2 peaks located at 161.3
eV, are related to Zn-S bonding. These binding energy are
smaller than those of sulfur and related compounds, such as S°,
S0,, SO.*, SO,%, which are typical for S* ions.*® It indicat -
that the existence of S element in the ZnO-ZnS structure. Ti >
binding energy of Zn2ps, and Zn2p,,, peaks located at 1020.8
and 1043.2 eV are shown in Fig. 4d. The XPS spectra
confirmed that ZnO on the surface of nanowire is sulfuretted
and has been converted into ZnS, resulting in formation of
ZnO-ZnS heterostructure NW arrays.

Growth Mechanism

The effects of reaction time and temperature on the growth of
ZnO-ZnS  heterostructure  NW arrays were carefully
investigated. The morphologies of pure ZnO NW arrays
obtained at low hydrothermal temperature (at 120 °C) for 6 h
and 12 h are shown in Fig. Sla and b, respectively. When the
hydrothermal reaction was 6 h, ZnO NWs are aligned
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Fig. 3 TEM images of ZnO-ZnS heterostructure NW arrays: (a) TEM image of an individual NW capped by agglomerated particles; (b) HRTEM image

of ZnO-ZnS heterostructure arrays interface of the two phases; (c) and (d) SAED patterns taken in the region marked by box | and Il in (a),

respectively. The inset of (c) and (d) show EDS spectra taken from the region marked by box | and Il in (a), respectively, indicating ZnS nanospheres

and ZnO nanorods.

approximately normal to the zinc substrate with a diameter of
about 50-100 nm. As the reaction time increased to 12 h, the
length of ZnO NW arrays became longer, while the diameter
did not change significantly. During the hydrothermal growth
process, the temperature of the hydrothermal system is the
critical parameter for the formation of ZnO-ZnS heterostructure
NW arrays. Only pure ZnO nanorod arrays were obtained when
the hydrothermal treatment was increased to 160 °C for 12 h
(Fig. Sic). As shown in Fig. Slc, the length of these ZnO
nanorod arrays with an average diameter of 300 nm and the
NWSs became much longer than ZnO NW arrays. This indicates
that the formation of ZnS nanospheres needs a high-
temperature condition (220 °C) rather than a low-temperature
condition (160 °C). In the current reaction process, as the initial
hydrothermal temperature is low (120 °C), SCN™ did not

4 | CrystengComm., 2012, 00, 1-3

decompose to release S%, therefore no ZnS nanospheres we -
observed. In contrast to ZnO NW arrays and ZnO nanorc '
arrays, the diameter of ZnO-ZnS heterostructure NW arrays is
smallest. It demonstrates that ZnS formed from S? that is
released from SCN°™ upon a high-temperature (220 °C )
hydrolyzation process reacted with ZnO NW arrays, leading to
the reduction in diameter of ZnO-ZnS heterostructure N'V
arrays.

Based on the above observations and analyses, a combination
of two different processes, namely a typical dissolution-
crystallization process and a substitution reaction are believed
to be responsible for the growth of well-aligned ZnO-ZnS
heterostructure NW arrays. The mechanistic conversion process
from ZnO NW arrays to ZnO-ZnS heterostructure NW arrays is
schematically shown in Fig. 5. The Zn foil serves as both a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 XPS spectra of ZnO-ZnS heterostructure NW arrays: (a) complete survey and O1s, (c) S2p, and (d) Zn2p peaks.

substrate and the zinc source. At the beginning of the low
temperature hydrothermal reaction (120 °C), the zinc surfaces
are first oxidized by (NH,),S,0g into a large quantity of ZnO
thin films, which serve as the nuclei and reduce the interface
energy barrier for the crystal growth. At the same time, the
fresh resulting ZnO thin films can be dissolved in the KOH
solution as [Zn(OH),]? growth units into the solution. More
growth units of [Zn(OH),]? can be successively supplied with
the oxidation of zinc foil by (NH,),S,0s. Consequently, the
resulting [Zn(OH),]? could serve as growth units for the
epitaxial growth of nuclei into 1D ZnO structures as soon as
they reach a critical saturation point. With respect to the
structure of ZnO, the polar growth of ZnO crystal along the
[001] direction proceeds through the adsorption of growth units
of [Zn(OH),]* onto the (001) plane and the side surfaces are
{01-1} and/or {2-1-1} due to their lower energies than that of
(001) [40]. These nuclei would preferentially grow along the
[001] direction to form 1D nanowires if the chemical
environment constantly provides [Zn(OH),]*> growth units,
which can be realized in our reaction system.** As the reaction
continues at low temperature (120 C), ZnO NW arrays will
keep on growing. The introducing of KSCN in the current
hydrothermal system is vital for the formation of ZnO-ZnS
heterostructure  NW arrays. In the next high-temperature
hydrothermal reaction, ZnO NW arrays are used as a self-

This journal is © The Royal Society of Chemistry 20xx

template for the fabrication of ZnO-ZnS heterostructure Nvv
arrays with an increase in OH™ concentration. The ZnS
nanospheres forms in the sulfidation process of ZnO NW
precursor crystals at 220 °C, in which S% that is released from
SCN’ upon a high-temperature hydrolyzation process serves as
sulfur source.”? After that, S* readily reacts with ZnO at the
surface of the ZnO NW arrays to produce ZnS nucleates and
grows on the tip of ZnO NW arrays due to their higher surface
energy compared with other areas such as the side of NWs, but
in contrast, the diameter of ZnO NW arrays decreases. The
high-temperature hydrothermal reaction can improve t:
nucleation rate of ZnS nuclei and then, ZnS nuclei would gro.
larger and larger to form ZnS nanospheres along with the
process of reaction, which bring about the formation of ZnO-
ZnS heterostructure NW arrays.

Optical Property

To check for the absorbance of the photocatalysts, the diffu »
reflection spectra (DRS) are discussed. Fig. 6a shows the DRS
of ZnO NW arrays and ZnO-ZnS heterostructure NW arrays,
which reveal the remarkable change of the optical absorption
property. For bare ZnO NW arrays, only a UV absorption band
is observed. The absorption edge of ZnO NW arrays locates at
370 nm close to the value for bulk ZnO (E4 = 3.37 eV). The
ZnO NW arrays show no absorption in the visible region. A

CrystEngComm., 2013, 00, 1-3 | 5
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significant red shift in the absorption edge is observed in the
UV-vis DRS spectrum of the ZnO-ZnS heterostructure NW
arrays because of deposition of ZnS nanospheres on the tip of
ZnO NW arrays and the photo absorption in the visible region
at the range of 375-650 nm was obviously enhanced. This red
shift is attributed to the electronic interaction between ZnO and
ZnS upon the increase of ZnS on the tip of ZnO NW arrays.*
Furthermore, the ZnS nanospheres grown after the formation of
ZnO NW arrays lead to a coarser surface, which diminishes the
reflection of incident light, and then increases the volume of the
optically active component.** These results indicate that the
shape of ZnO nanowires and both the interface between the
ZnS nanospheres and ZnO NW arrays play significant roles in
the photo absorption of ZnO-ZnS heterostructure NW arrays.
Therefore, the absorption ability of the ZnO NW arrays can be
tuned by using such simple sulfidation process.

Fast dissolution

—
Nucleation and growth

ZnO NW arrays

Continuous growth
Substitution and sulfurization

reaction
—~e——

Zn0O NW arrays

ZnO-ZnS heterostructure
NW arrays
Fig. 5 Schematic representation of the fabrication of well-alighed ZnO-ZnS
heterostructure NW arrays on the zinc foil from a facile ZnO self-template.

Photoluminescence (PL) was performed at room temperature
and Fig. 6b compares the results of the PL measurements of the
ZnO-ZnS heterostructure NW arrays and ZnO NW arrays. The
PL spectrum of the ZnO NW arrays, in which an ultraviolet
emission with peak at 385 nm and a weak blue band centred at
470 nm, can be observed. The ultraviolet emission was reported
to be due to oxygen interstitials,*® suggesting oxygen excessive
in the ZnO NWs. The origin of the blue emission could be
attributed to the defect related emission.*®#” Interestingly, no
significant emission in the green region could be detected that
corresponds to a transition from a single ionized oxygen
vacancy in the ZnO NWs.*® It is known that, in the case of
solution phase synthesis, the relative concentration of OH/Zn?*
regulates the luminescence properties of ZnO crystals and that
the green intensity decrease was at a minimum. Furthermore,
ZnO-ZnS heterostructure NW arrays did not show the blue and
green luminescence. During the next hydrothermal process at
220 °C, sulfur anions could diffuse into the surface oxygen

6 | CrystEngComm., 2012, 00, 1-3
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vacancies in ZnO that can act as active trap sites for electrons
and occupy their sites. Thus, the blue emission and green
emission could almost disappear in ZnO-ZnS heterostructure
NW arrays. Compared to the PL spectrum of the ZnO NW
arrays, the PL intensity of ZnO-ZnS heterostructure NW arrays
is reduced, especially in UV region, which indicates the
suppression of the recombination of the photogenerated
electron-hole pair by ZnS capped on the tip of ZnO NW
arrays.*® The photocatalytic activities of the materials were also
governed by the efficiency of the separation of the
photogenerated electrons and holes.® Thus, the ZnO-ZnS
heterostructure NW arrays display higher photocatalytic
activities than pure ZnO NW arrays.

9 ZnO NW arrays
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Fig. 6 The corresponding UV-Vis DRS (a) and PL (b) of ZnO NW arrays and
Zn0O-ZnS heterostructure NW arrays.

Photocatalytic Property

The photocatalytic proterties of the ZnO-ZnS heterostructure
NW arrays and ZnO NW arrays were investigated, taking the
degradation of MO under UV-light irradiation (A > 324 nm).
Fig. 7a shows the photocatalytic degradation activity of meth /|
orange (MO) solution using different photocatalysts under tl -
same conditions and the characteristic absorption of meth:
orange (MO) approximately 464 nm was used to monitor the
process of degradation, where C, and C are the initial
concentrations of methyl orange (MO) after the equilibrium
adsorption and that after the reaction, respectively. The addition
of catalysts significantly accelerates the decomposition process,
and the degradation rate also exhibits a remarkable dependencr

This journal is © The Royal Society of Chemistry 20xx
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photocatalytic H, at different temperature (Light source: Hg-arc (300 W) wit

on the heterostructures. For pure ZnO NW arrays, the
degradation rate in only 62% after 40 min under UV-light
irradiation. As seen in Fig. 7a, with ZnO-ZnS heterostructure
arrays as photocatalysts, MO was nearly completely degraded
by UV-light irradiation after 40 min, which is evidently higher
than for the above-mentioned pure ZnO NW arrays. The
photocatalytic dye decomposition follows the Langmuir-
Hinshelwood kinetic model.>* For this model, which can be
given as In(C/Cy) = Kqppt, the first-order linear relationship is
extracted from the plots of In(C/C,) versus irradiation time (t),
where Cy is the initial concentration of the MO dye, C is the
concentration of the MO dye at different UV illumination
times, Kqpp is the apparent first-order reaction constant, and t the
irradiation time. Fig. 7b shows degradation of methyl orange
(MO) with the presence of catalysts which follows a pseudo-
first-order kinetic formula. The average value of apparent rate
constant for ZnO-ZnS heterostructure NW arrays (k = 0.072
min™) is 5.1 times higher than ZnO NW arrays (k = 0.014 min’
1. In contrast, when the ZnO-ZnS heterostructure NW arrays
were used as photocatalysts in the system, significant
enhancement effect of the photocatalysis was observed. Methyl
orange (MO) was decomposed thoroughly within 40 min giving
the highest value of 0.081 min™, which is more than 5.8 times
higher than ZnO NW arrays. It is well known that the charge
separation and transport are crucial for high-efficiency

This journal is © The Royal Society of Chemistry 20xx

h UV cut-off filter A > 420 nm).

photocatalysts. In order to reveal the reason for the superio
photocatalytic activity of ZnO-ZnS heterostructure NW arrays,
the energy band structures of ZnO and ZnS are schematically
illustrated in Fig. 7c. The conduction band of ZnS lies at a more
negative potential than that of ZnO, while the valence band of
ZnO is more positive than that of ZnS.%? In this case, following
the generation of electron-hole pairs under UV illumination, the
electrons will move to the ZnO side and holes will move to the
ZnS side due to the internal field at the ZnS-ZnO interface,
facilitating the formation of a charge transfer state and the
spatial separation of the photo-generated carriers within tt:
ZnO-ZnS arrays.> The spatial separation of the photogenerate *
carriers can decrease the recombination of the electron—hole
pairs. Based on the analysis of PL results, the photogenerated
electrons and holes separated at the ZnO-ZnS interfaces could
increase both the yield and the lifetime of charge carriers,
which restrains their recombination probability and enabl s
them to migrate effectively to the surfaces of ZnO and Zn :
respectively, resulting in the formation of the hydroxyl radical
species (‘OH).** As a powerful oxidant, the hydroxyl radical
could decompose MO effectively, and thus the photocatalytic
efficiency may increase significantly. The stability and
reusability of ZnO-ZnS heterostructure NW arrays was shown
in Fig. S2.
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The ZnO-ZnS heterostructure NW arrays were used as the
photocatalyst for photocatalytic H, production under visible
light (A> 420 nm) irradiation. Fig. 7d shows that ZnO-ZnS
heterostructure NW arrays exhibit active visible-light-driven H,
evolution with a rate of 23.4 umol h'’g? at 25 °C. In contrast,
no H, evolution was observed for commercial ZnS, ZnO
samples and ZnO NW arrays due to their large band gap.*® It is
well known that both ZnS and ZnO have a large band gap, and
thus almost no absorption in the visible light region. The effect
of reaction temperature on photocatalytic water splitting
performance has been investigated in the range of 25-75 C
(Fig. 7d). An increase in temperature significantly enhances the
rate of hydrogen evolution. The increased reaction rate can be
attributed to the effect of temperature on “dark” reaction steps,
such as the adsorption-desorption equilibrium of reactants and
products and the diffusion of adsorbed species.®® A schematic
for H, splitting scheme was shown in Fig. S3.

In the ZnS-ZnO heterostructure arrays, the ZnS nanospheres
were capped on the tip of the ZnO NWS. This created
numerous ZnS-surface-states on ZnO NW surfaces. The
electrons at the ZnS-ZnO interfaces could be excited from the
bent VB level induced by the ZnS surface states to the CB of
ZnO for water reduction. In this way, the effective band gap at
the interface would be narrowed, which enables excitation
under visible-light irradiation. The photogenerated holes would
be trapped by the ZnS-surface-states and subjected to
quenching by the sacrificial reagent (S*/S05%) that facilitates
the electron-hole separation. These results indicate that
compared with ZnO NW arrays, the ZnS-ZnO heterostructure
arrays improve the separation efficiency of the photo-generated
intermediates and reduce the energy barrier at the interface.
Therefore the ZnO-ZnS NW arrays show remarkably improved
photocatalytic performance.

Conclusions

Well-aligned ZnO-ZnS heterostructure NW arrays were
successfully grown on zinc foil substrates through direct
oxidation of zinc foil using ammonium persulfate as oxidant
followed by a sulfidization process to substitute oxygen with
sulfur. ZnS nanospheres with a size 200 nm were grown on the
tip of ZnO nanowires. Compared to ZnO NW arrays, the PL
spectra of ZnO-ZnS heterostructure NW arrays at room
temperature showed a decreased UV emission, showing the
suppression of the recombination of the photogenerated
electron-hole pair. ZnO-ZnS heterojunction arrays exhibited a
significantly higher photocatalytic activity for the degradation
of methyl orange (MO) than that of ZnO NW arrays under the
same conditions. ZnO-ZnS heterostructure arrays also exhibited
a higher photocatalytic performance for H, evolution from
water splitting. The ZnO-ZnS heterostructure NW arrays have a
H, production of 23.4 umolh™g" under visible light irradiation
at 25 °C. ZnO-ZnS heterostructure NW arrays could create ZnS-
surface-states on the ZnO nanowire surfaces, which induce
band bending of ZnO and narrow down the effective band gap
at the interface of the ZnO-ZnS hybrids, thus allowing visible-
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light excitation. The enhanced photocatalytic performance is
attributed to the improved electric conductivity of ZnO-ZnS
heterostructure NW arrays and increased the light utilization
through broadening the light absorption range.

Experimental section

Synthesis of ZnO-ZnS heterostructure NW arrays. All
chemical reagents were of analytical grade and were used as
received without further purification. Zinc foil (99.99%,
Aldrich) was ultrasonically washed in absolute ethanol before
use. For the synthesis, the starting solution was prepared by
mixing 15 mL of 3.2 mol/L KOH solution and 15 mL of 0.24
mol/L ammonium persulfate solution under stirring. Then 2-4
mmol KSCN were added under stirring. The mixture was then
transferred into a 50 mL Teflon-lined autoclave, followed by
immersing a piece of zinc foil (2x2x0.8 cm) in the reacta -
solution. The autoclave was sealed and maintained at 120 C
for 12 h, and was then heated at 220 ‘C for 12 h. Afi_.
reaction, the solution was cooled down to room temperature.
The zinc foil was then taken out of the solution, washed with
absolute ethanol, and finally air-dried for further analysis.
Synthesis of ZnO NW arrays. The synthesis process of Znc
NW arrays followed a similar procedure to that given above.
The starting solution was prepared by mixing 15 mL of 3.2
mol/L KOH solution and 15 mL of 0.24 mol/L ammonium
persulfate solution under stirring. Afterward, the mixture was
transferred into a 50 mL Teflon-lined autoclave, followed by
immersing a piece of zinc foil (2x2x0.8 cm) in the reactant
solution. The autoclave was sealed and maintained at 120 C
for 6 and 12 h, respectively. After the solution was cooled to
room temperature, the zinc foil was taken out of the solutio
washed with ethanol, and finally air-dried for characterization.
The ZnO nanorod arrays obtained with the next hydrothermal
high temperature 160°C for 12 h and other reaction conditions
similar to ZnO-ZnS heterostructure NW arrays.
Characterization. The as-synthesized samples were examined
by X-ray diffractometry (XRD) (Rigaku-DMax 2400) equipped
with graphite monochromatized CuKa (A = 1.5406 A). The
morphology of the samples was investigated by using a
scanning electron microscope (Hitachi S-3500N). The
transmission electron microscopy (TEM) and high resolutior
transmission  electron microscopy (HRTEM) (Phisli s
CM200/FEG) were used to study the microstructure of the
samples using an accelerating voltage of 200 kV. The
photoluminescence spectrum was measured at room
temperature in a spectral range of 350-600 nm using a Xe lamp
with a wavelength of 325 nm as the excitation source. The
formation of ZnS nanospheres on the tip of ZnO nanowires ai J
the bonding characteristics were determined by X-ruy
photoelectron spectroscopy (XPS, ESCALAB 250). UV-V..
diffuse reflectance spectroscopy (DRS) and absorption spectre
of various samples were measured using a Hitachi U-3010
spectrophotometer at room temperature.

Photocatalytic  degradation of organic dye. The
photocatalytic activities of ZnO-ZnS heterostructure NW arrays

This journal is © The Royal Society of Chemistry 20xx
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as photocatalysts were compared against ZnO NW arrays by
measuring the photodegradation of methyl orange (MO). Zn
substrate with ZnO-ZnS heterostructure NW arrays (2x2x0.8
cm) was averagely separated into 10 pieces. Five pieces of a
little Zn substrate with ZnO-ZnS heterostructure NW arrays
were put in 15 mL of 10 ppm aqueous solution of MO. The
mixture was stirred in the dark for 1 h to achieve the
equilibrium adsorption. Then the suspension was exposed to
UV light (300 W high pressure Hg lamp) for different
durations. The concentration change of MO was monitored by
measuring the UV-vis absorption of the suspensions at regular
intervals. The suspension was centrifuged at 14000 rpm for 1
min to remove the photocatalysts before measurements. The
peak absorbance of MO at 466 nm was used to determine its
concentration.

Photocatalytic water splitting. Five pieces of a little Zn
substrate with ZnO-ZnS heterostructure NW arrays were
dispersed in an aqueous solution (20 mL) of Na,S (0.25 M) and
Na,SO3 (0.35 M). The suspension was sealed in a quartz flask
and purged with argon for 1 h to flush out the residual air. The
photocatalytic hydrogen production was initiated by irradiating
the suspension with an Hg-arc lamp (350 W) coupled with a
UV cut-off filter (A > 420 nm) cooled with a fan. The
concentration of H, was analyzed by a gas chromatography
equipped with a thermal conductivity detector (molecular sieve
5-A column and Ar as the carrier gas).
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