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Well aligned ZnO/ZnS heterostructures with different thichness of Zn$S layer have been synthesized
on ITO substrates by a simple SILAR method. The morphology properties of as grown heterostruc-
tures were investigated by SEM and TEM images. From the SEM and TEM results, the thickness
of ZnS layer increased with the increased SILAR period. When SILAR period was 10 times, the
chickens of ZnS layer was about 24 nm. ZnO/ZnS(10) structure shows the highest photocatalytic
activity. Although ZnO/ZnS heterostructures do not show very high photocatalytic activity, ZnO/ZnS
heterostructures will attract increased attention due to its multifunction and low cost.
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1. INTRODUCTION

The environmental problems have become one of the main
challenges that human faced. Semiconductor photocatalyst
is an efficient approach for environmental decontamina-
tion by the chemical utilization of solar energy,'™ which
is capable of converting the toxic and nonbiodegradable
organic compounds into carbon dioxide and inorganic con-
stituents. Zinc oxide, with a wide band gap of 3.37 eV
and a large exciton binding energy (60 meV),""? is con-
sidered as one of the most promising semiconductor which
can be potentially applied in photocatalysis due to its high
surface-to-volume ratio, nontoxicity, high photon utilizing
efficiency, and diverse morphologies.'" However, the fast
recombination of photogenerated electron-hole pairs seri-
ously affects the photocatalytic efficiency. So, it is nec-
essary to improve the photocatalytic performance of ZnO
nanostructure by modification to inhibit recombination of
photo generated electron-hole pairs. Great efforts have
been made to overcome this problem. ZnO has been suc-
cessfully incorporated with narrow band gap semiconduc-
tors (such as CdS, CdTe, CdSe, CuO, and Fe,0;) and
some wide band gap semiconductors (such as SnO,, ZnS,
and TiO,).!*"?

7ZnS is considered as an important [I-VI group semi-
conductor photocatalyst due to the rapid generation of

*Author to whom correspondence should be addressed.
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electron—hole pairs by photoexcitation and the highly
negative reduction potentials of excited electrons,* %
which is widely applicable for the photodecomposition of
various organic substrates.”’ Recently, 1D ZnO/ZnS nano-
structures have been reported, exhibiting superior or new
functional properties compared with their individual con-
stituent materials.?? For example, ZnS/ZnO heterostruc-
tures have been successfully fabricated by Wu et al,
which exhibits improved photocatalytic efficiency due to
the reduced volume recombination of the charge carries
and the multiple reflection effect.” However, there is no
report about the effects of ZnS thickness on the perfor-
mance of ZnO/ZnS heterostructures.

In this work, 1D ZnO nanorods were synthesized by a
two-step CBD approach. ZnS shell layer was synthesized
by successive ionic layer adsorption and reaction (SILAR)
method. ZnO/ZnS was used as photocatalyst, the effects of
different ZnS thickness on the performance of heterostruc-
tures will be discussed in detail.

2. EXPERIMENTAL METHODS

2.1. Chemicals

In our experiment, all chemicals (analytical grade reagents,
99.0%) were directly used without further purification.
Ethanol, acetone, zinc acetate dehydrate (Zn(C,H;0,), -
2H,0), zinc nitrate hexahydrate (Zn(NO;), - 6H,0) and
methenamine (C4H,,N,) were purchased from Guoyao
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Group Chemical Reagent Shenyang Co. Sodium sul-
fide 9-hydrate (Na,S-9H,0) was obtained from Liaon-
ing Quanrui Reagent Co. All chemicals mentioned above
were used as received. Deionized water (DIW) was used
throughout the experiment.

2.2. Synthesis of ZnO/ZnS Heterostructures

ZnO/ZnS heterostructures were fabricated as in our pre-
vious report.** ZnO nanorods were grown on indium tin
oxides (ITO) substrates (STN-SI-10, Rs < 10 /0, Tr >
83%) by a two-step Chemical Bath Deposition (CBD)
method. Before growth, the substrates were ultrasoni-
cally cleaned for 15 min in acetone, ethanol and DIW
in sequence. ITO substrates were pretreated by coating
the substrates with a 5 mM solution of Zn(C,H;0,), -
2H,0 dissolved in pure ethanol. In the CBD growth, the
aqueous solutions of 0.1 M Zn(NOs), - 6H,0 and 0.1 M
C¢H,,N, were first prepared and mixed together. The pre-
treated ITO substrates were immersed into the aqueous
solution at 93 °C for 6 h to get ZnO nanorods. ZnS layer
was deposited on ZnO nanorods by SILAR method. ZnO
nanorods were immersed in a 0.1 M Zn(NO;), solution for
five minutes. They were then rinsed with distilled water
and immersed in a 0.1 M Na,S solution for another five
minutes followed by another rinsing with distilled water.
Samples ZnO/ZnS(5) and ZnO/ZnS(10) and ZnO/ZnS(15)
were synthesized via this method and the process were
repeated for 5, 10 and 15 times respectively.

2.3. Photocatalytic Activity Mensurements

Rhodamine B (RhB) was used to test the photocatalytic
performance of the as-prepared products. 200 ml RhB
aqueous (7 mg/L) was prepared, before turning on the
lamp, the RhB solution was magnetically stirred in a dark
condition for 60 min. 0.9 cm x 0.9 cm ITO substrates with
7Zn0O/ZnS was added into a cuvette equipped with 7 mg/L
RhB solution and then exposed to UV light (250 W high-
pressure Hg lamp) for different durations. After a period of
time, the RhB solution was analyzed on a Varian UV-vis
spectrophotometer (UV-5800PC, Shanghai Metash Instru-
ments Co., Ltd) and the absorption value was recorded.
The percentage of degradation is reported as C/C,. C is
main peak of the absorption spectrum of pollutants at each
irradiated time interval. C, is the absorption of the ini-
tial solution when adsorption—desorption equilibrium was
achieved.

2.4. Instrumentation

X-ray diffraction (XRD) patterns were recorded by a MAC
Science MXP-18 X-ray diffractometer using a Cu target
radiation source. EDAX (energy dispersive X-ray analy-
sis) was recorded on a Genesis 2000 EDAX. Scanning
electron microscopy (SEM) pictures were collected on
XL-30 ESEM FEG SEM. Transmission electron micro-
graphs (TEM) and high-resolution transmission electron
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microscopy (HRTEM) images were taken on TECNAI F20
transmission electron microscope with a acceleration volt-
age of 200 kV. The room temperature photoluminescence
(PL) measurements were carried out on the Renishaw
inVia micro-PL spectrometer. A continuous 325 nm light
of a He—Cd laser was used as the excitation source.

3. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD patterns of the ZnO,
Zn0/ZnS(5), ZnO/ZnS(10), ZnO/ZnS(15) heterostructures.
It can be seen from the curves that the diffraction peaks at
30.5° are from ITO substrate; other peaks match well with
the crystal structure of the zinc oxide (ZnO) phase, accord-
ing to Joint Committee on Powder Diffraction Standards
(JCPDS). Particularly, the intensity of the (002) diffrac-
tion peak located at 34.65° is the stronger than any other
diffraction peaks, which illustrates the highly preferential
orientation of ZnO nanorod arrays along c-axis.?> How-
ever, no additional peaks related to ZnS were observed in
XRD patterns, which is consistent with the report of Wang
et al.?® Because the thickness of ZnS layer are negligi-
ble compared with ZnO NRs thickness and the amorphous
nature of ZnS, no ZnS peaks can be observed. In order to
prove the existence of ZnS layer on ZnO nanorods, EDAS
measurement has been taken on ZnO/ZnS(10). As shown
in Figure 1(b), it exhibits the presence of the 34.06 at%
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Fig. 1. (a) XRD patterns of ZnO, ZnO/ZnS(5), ZnO/ZnS(10) and
Zn0/ZnS(15) heterostructures; (b) EDAS measurement of ZnO/ZnS(10)
structure.
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0, 52.36 at% Zn and 13.58 at% S elements. The above
experiment results prove the formation of ZnO/ZnS het-
erostructures.

Figure 2(a) is a vertical SEM image of ZnO nanorods
grown on ITO substrate. ZnO nanorods are aligned on
ITO with a diameter of 100-120 nm, separated by a
gap of 10-200 nm. Figures 2(b)—(d) show SEM images
of ZnO/ZnS(5), ZnO/ZnS(10) and ZnO/ZnS(15). It can
be seen from the figures, the diameter of the structures
did not change obviously. However, the surfaces of ZnO
nanorods are no longer smooth as in Figure 2(a). ZnO
nanorods are wrapped with a thin layer of ZnS nanoparti-
cles, indicating the formation of ZnO/ZnS heterostructures.
Figures 2(b)—(d) compares arrays made from different ZnS
deposition period. The increase of deposition period makes
the ZnO/ZnS heterostructures rougher. A set of High-
magnification SEM images are taken to further prove the
changes of the sample. As can be seen in Figure 3, the
surface of ZnO/ZnS(15) is the roughest.

In order to further discuss the effects of deposi-
tion period of the ZnS layer, TEM and high resolution
(HRTEM) images of ZnO, ZnO/ZnS(5), ZnO/ZnS(10) and
Zn0/ZnS(15) structures were taken as shown in Figure 4.
Figure 4(a) shows the TEM image of the ZnO nanorod.
The surface of the nanorod is very smooth, which is com-
pletely consistent with the SEM image. After repeating the
SILAR process for 5 times, a thin layer of ZnS appeared
as shown in Figure 4(b). The thickness of ZnS layer was
about 13.7 nm. From Figures 4(c) and (d), it can be noticed
that with the increased number of SILAR times, the thick-
ness of the ZnS layer was also increased. The thickness
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of the ZnS layers can be estimated to be 24, 36 nm
for ZnO/ZnS(10) and ZnO/ZnS(15) structures respectively.
As SILAR times increased, the surfaces of ZnO/ZnS het-
erostructures became rougher, this is also in agreement
with SEM images.

Figures 5(a) and (b) show the HRTEM images of
Zn0O/ZnS(5) and ZnO/ZnS(10) structure. Both of the
figures reveal a lattice fringe of 0.26 nm and 0.31 nm,
corresponding to the wurtzite ZnO nanostructure and ZnS
nanoparticle. Above experiment data indicating a thin layer
of ZnS NPs has uniformly attached on the surface of the
ZnO NRs. ZnS NPs have been marked by red circles with
average diameter of 4~5 nm. We can conclude that ZnS
NPs have been successfully deposited on the whole sur-
face of the ZnO NRs. Hence, entire length of ZnO NRs
forms a ZnO/ZnS cores—shell structure in our experiment
process.

The photocatalytic degradation curves of representative
samples are clearly shown in Figure 6(a). When UV illu-
mination is introduced, solution color becomes shallow,
implicating the decomposition of the RhB. During the
previous 30 min under UV light irradiation, degradations
take place over the 3 structures. Over 75 min, degrada-
tion is still in progress. Among them, the degradation
rate of ZnO/ZnS(10) is the fastest. The sufficient contact
and interaction between the two ingredients should be pri-
marily responsible for the excellent photocatalytic activ-
ity and stability. Firstly, there is a build-in electric field
in the composite due to the interaction and the forma-
tion of heterostructure between ZnO and ZnS. Besides, the
conduction band of ZnS lies at a more negative potential
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Fig. 2. Vertical-view SEM images of (a) ZnO, (b) ZnO/ZnS(5), (c) ZnO/ZnS(10) and (d) ZnO/ZnS(15) heterostructures.
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Fig. 3. High-magnification SEM images of (a) ZnO, (b) ZnO/ZnS(5), (c) ZnO/ZnS(10) and (d) ZnO/ZnS(15) heterostructures.

(vs. NHE) than that of ZnO, while the valence band of
Zn0O is more positive than that of ZnS.15 Hence, after
the photogenerated electrons in the valence bands of ZnO
core and ZnS shell are excited under UV light irradia-
tion, they deviate from photogenerated holes to the con-
duction bands and then pass from the conduction band
of ZnS shell to that of ZnO core. Meanwhile, the trans-
fer of photogenerated holes occurs from the valence band

Fig. 4. TEM image of (a) ZnO, (b) ZnO/ZnS(5), (c) ZnO/ZnS(10) and
(d) ZnO/ZnS(15) heterostructures.
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of ZnO core to that of ZnS shell, which effectively pre-
vents the holes attacking the surface oxygen of ZnO and
inhibits the photocorrosion effect. Through this process,
the yield and lifetime of charge carriers in the ZnO/ZnS
system increase, leading to the more excellent photocat-
alytic activity of ZnO/ZnS HCSSs than that of pure ZnO
and ZnS.”” For ZnO/ZnS(5) heterostructrue, the poor activ-
ity indicates that the activity of the catalysts could not be
effectively improved by depositing a thin layer of ZnS.
This result can be attributed to the insufficient contact
between ZnO and ZnS, which restricts the charge transfer
between them. For ZnO/ZnS(15) heterostructrue, the poor
activity of the catalysts can be ascribed to the poor elec-
trical conductivity of ZnS compared with ZnO, since it is
very hard for photoinduced electrons to pass through ZnS
layer when ZnS layer reaches a certain thickness.?*

The normalized room-temperature PL spectra of three
samples (ZnO/ZnS(5), ZnO/ZnS(10) and ZnO/ZnS(15))
are shown in Figure 6(b), which was used to investigate
the defect of materials and separation efficiency of photo-
generated electronehole pairs.”® As shown in Figure 6(b),
all the samples exhibited efficient UV emission and broad
visible light emission. The UV emission (~378 nm)
is the near band edge emission of Zn0.* The visible
light emission centered at 540 nm is ascribed to ion-
ized oxygen vacancies, which usually results from the
recombination of a photogenerated hole with the singly
ionized charge state of these defects.®® Different visi-
ble light emission intensity was displayed in the figure.
Zn0O/ZnS(10) presents the weakest visible light emis-
sion, which indicates that ZnO/ZnS(10) heterostructure
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Fig. 5. High resolution (HRTEM) images of ZnO/ZnS(5) and ZnO/ZnS(10).

has better crystalline quality. In addition, weaker visible
light emission implies lower recombination of photogen-
erated electron-hole pairs. In the photocatalysis process,
the primary oxidative species are the photogenerated holes,
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Fig. 6. Photocatalytic activities (a) and normalized room-temperature

PL spectra (b) of ZnO, ZnO/ZnS(5), ZnO/ZnS(10) and ZnO/ZnS(15)
heterostructures.
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which are able to oxidize H,O to hydroxyl radicals ("OH)
or lead to complete mineralization of organic pollutants.
So decreasing serious bulk recombination of photogener-
ated electron-hole pairs in semiconductors will definitely
contribute to the higher photocatalytic activity.?® That is
the main reason why ZnO/ZnS(10) heterostructure have
the highest photocatalytic activity.

4. CONCLUSIONS

In summary, ZnO/ZnS(5), ZnO/ZnS(10) and ZnO/ZnS(10)
heterostructures are synthesized by a SILAR method. XRD
and EDAS analysis indicates that ZnO/ZnS heterostruc-
tures are formed by using ZnO nanorods as template. The
Zn0O/ZnS(10) structure shows the highest photocatalytic
activity due to the better crystalline quality and less recom-
bination of photogenerated electron-hole pairs. This work
provides the basic approach for the construction of het-
erostructures, it will stimulate more extended study about
ZnO-base heterostructure photocatalysts.
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