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Flower-Like ZnO/ZnS Heterostructures: Facile Synthesis, Structural Characterization
and Photocatalytic Activity
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(School of Science and Engineering of Materials, Anhui University of Science & Technology, Huainan, Anhui 232001, China)

Abstract: ZnO/ZnS heterostructures with flower-like morphology have been prepared via a simple two-step
chemical solution method at low temperature (80 °C). The as-prepared samples were characterized by X-ray
diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy, transmission electron microscopy and
UV-Vis spectroscopy. The results demonstrate that the ZnO/ZnS heterostructure is composed of ZnO microflower
coated by ZnS nanoparticles. In the test for photodegradation of Rhodamine B (RhB), the ZnO/ZnS sample shows
higher photocatalytic efficiency than those of ZnO precursor and commercial photocatalyst of P25, which is
mainly attributed to the effective electron-hole separation at the interfaces of the heterostructures. The ZnO/ZnS

photocatalyst also retains good cycling stability during the photocatalytic degradation of RhB.
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The search for highly active photocatalysts for (3.37 eV) with a conduction band edge located at

environmental remediation especially waste water approximately the same level as that of TiO, which has

decontamination has been a challenging yet very been intensely investigated as a photocatalyst for

important research topic due to the growing degradation of organic pollutants. More attractively, the

environmental concerns. Photocatalytic degradation of
organic pollutants using nanostructured semiconductors
offers great potential for the elimination of toxic

chemicals"?. ZnO is a wide band-gap semiconductor
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electron mobility of ZnO has been proven to be higher
than that of TiO,"¥. However, despite its great potential,
the photocatalytic efficiency remains very low because

of the fast recombination of the photogenerated
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electron-hole pairs in the single phase semiconductor®.

Therefore, suppression of the recombination of

photogenerated  electron-hole  pairs  in  the

essential  for

Coupled

provide routes for promoting the charge separation in

semiconductors  is improving the

photocatalytic efficiency. semiconductors
semiconductor photocatalysts [**. Integration of two or
more desirable semiconductors based on the electron
transfer process™!, where photogenerated electrons can
flow from one semiconductor with a higher conduction
band minimum (CBM) to the other with a lower CBM, is
of great importance in better realizing photocatalytic
degradation of organic pollutants. Compared to single-
phase photocatalysts, the coupled semiconductor
systems possess significant advantages for promoting
the separation of electron-hole pairs and keeping
reduction and oxidation reactions at two different
reaction sites. Many successful examples have been
developed in recent years, such as the semiconductor
pairs of Sn0,/Zn0™, Cu,0/Ti0,", ZnO/In,0;™, ZnO/
Ce0,¥ and so on.

The studies in recent years have revealed that ZnS
nanocrystals are also good photocatalysts due to the
rapid  generation of  electron-hole  pairs by
photoexcitation and the highly negative reduction
potentials of excited electrons!". ZnS nanomaterials
used for photocatalytic

have been intensively

8 and photocatalytic

degradation of organic pollutants
splitting water for producing H,". The band structures
of ZnS and ZnO are adequate to promote the electron
transfer process where photogenerated electrons can
flow from ZnS to ZnO™, and the charge carriers become
physically separated upon generation and therefore the
recombination rate greatly decreases. Moreover, the
theoretical calculations and experimental results have
demonstrated that the combination of the two wide
bandgap semiconductors of ZnS and ZnO can yield a
novel composite with the photoexcitation threshold
energy lower than the individual components .
Therefore, we selected the ZnO/ZnS system as a target
material to synthesize heterostructured nanostructures

for photocatalytic degradation of organic pollutant.

Currently, the as-reported heterostructures were

mainly concentrated on the biaxial ZnO/ZnS nanowires

224 whereas the facile synthesis of ZnO/

or nanorods
ZnS heterostructures with complex morphology has
been rarely reported. Recently, we have synthesized
very uniform flower-like ZnO on a large scale through
the reaction between Zn* ions and NaOH in a template-

(80 °C) aqueous

solution™.. Since flower-like ZnO possesses high surface

and surfactant-free low-temperature

area and open porous surface, they might be ideal
platforms to fabricate ZnO/ZnS heterostructures with
Zn0/7ZnS

heterostructure with a hierarchical 3D {flower-like

complex morphology. In this work,
morphology is fabricated by a two-step chemical
solution method for use in photocatalytic degradation of
organic pollutant. The flower-like ZnO assembled by
many interleaving nanosheets were firstly prepared by a
simple precipitation, and then sulfuretted partly by an
ion exchange process to form ZnS nanoparticles on the
Zn0 nanosheets. Compared to the ZnO precursor, the
as-obtained ZnO/ZnS heterostructure showed an

enhanced photocatalytic activity in the

photodegradation of rhodamine B.
1 Experimental

1.1  Synthesis of ZnO precursor and ZnO/ZnS
heterostructures

All reagents were of analytical grade, purchased
from Shanghai Sinopharm Chemical Reagent Co. Ltd.
and used without further purification.

Firstly, the flower-like ZnO was prepared through
a simple precipitation method by reacting ZnCl, and
NaOH in aqueous solution, similar to that described in
our previous paper®. 2.0 mmol ZnCl, and 10.0 mmol
NaOH were dissolved in 30 mL of distilled water under
stirring, and the mixed solution was sealed in a glass
bottle (60 mL), kept static at 80 “C for 12 h. The final
white precipitate was separated by centrifuge, washed
with distilled water and absolute alcohol several times
to remove the possible residues, and then dried in air.

An ion-exchange process was adopted to prepare
the ZnO/ZnS heterostructures. The as-prepared ZnO
precursor was dispersed in aqueous solution of Na,S

(0.05 mol - L.™") and heated in an oven at 80 °C for 8 h.
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The resultant product was then rinsed with distilled
water, and dried for further characterization.
1.2 Characterizeation of ZnO precursor and
ZnO/ZnS heterostructures

The XRD patterns were recorded on a Japan
Rigaku D/max-rA X-ray diffractometer equipped with a
graphite diffracted-beam monochromator for Cu Ko
radiation (A =0.154 178 nm) at 40 kV and 200 mA,
using 0.15 mm receiving slit and scintillation counter as
the detector. The 26 region was in the range of 10°~ 70°
with a step of 0.02° and a scanning speed of 4°-min~".
The field emission scanning electron microscopy
(FESEM) was performed on JEOL JSM-6700F at an
accelerating voltage of 20 kV, and transmission electron
microscopy (TEM) images associated with energy-
dispersive X-ray spectroscopy (EDS) were performed on
JEOL-2010 TEM with an acceleration voltage of 200
kV. X-ray photoelectron spectroscopy (XPS) provided
further evidences for the component of ZnO/ZnS
heterostructure, and the measurements were performed
VGESCALAB MKII
spectrometer with an excitation source of Mg Ka =
1253.6 eV. The binding energies in the XPS analysis
were corrected for specimen charging by referencing the
Cls to 284.60 eV. The UV-Vis diffuse reflectance
(DRS) were recorded on a DUV-3700
DUVVISNIR

Shimadzu Corporation.

on a X-ray photoelectron

spectra
recording  spectrophotometer  from
1.3 Photocatalytic activity test

The photocatalytic performance of the as-prepared
products was evaluated by decomposing the model
pollutant of Rhodmine B (RhB) under UV irradiation
from a 200-W high-pressure Hg lamp (the strongest
emission at 365 nm) at room temperature. The distance
between the light source and the solution surface was
set at about 10 em. In the degradation experiment, 50
mg of photocatalyst was suspended in 100 mL of a 5.0x
10 ®° mol L ™" aqueous solution of RhB. Prior to
irradiation, the suspensions were stirred in dark for 1 h
to establish an adsorption/desorption equilibrium. At
time intervals, about 5 mL of the solution was taken
from the reaction beaker for analysis of the RhB

concentration after centrifuging. The photocatalytic

degradation process was monitored by measuring the
absorption of RhB at 553 nm on a UV-Vis spectrop
hotometer (Shimadzu UV2550).

2 Results and discussion

2.1 XRD, SEM, TEM and XPS characterization

In this work, ZnO/ZnS heterostructure was
fabricated by a two-step chemical solution method.
After the flower-like ZnO precursor was obtained ™, it
was used to fabricate ZnO/ZnS heterostructured
microflowers by ion exchange between ZnO precursor
and S*°, as described in Scheme 1. Compared with the
usual coprecipitation, this strategy can avoid the quick
nucleation and growth of ZnS in the solution, and ZnS
nanoparticles in situ formed on the surface of ZnO to

form ZnO/ZnS heterostructure.

ZnO precusor

ZnO coated by ZnS nanoparticles(®)

Scheme 1 Scheme for the preparation of ZnO/ZnS

heterostructure.

Fig.1 displays XRD patterns of the ZnO precursor
and ZnO/ZnS heterostructure. In the XRD pattern of
Zn0 precursor (Fig.1a), all the diffraction peaks can be
accurately assigned to hexagonal wurtzite ZnO (PDF
No. 36-1451). The XRD pattern of the ZnO/ZnS
heterostructure (Fig.1b) indicates that there are two sets

of patterns: one can be assigned to hexagonal wurtzite

(102) « (110) &

*
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(a) ZnO precursor; (b) ZnO/ZnS heterostructure

Fig.1 XRD patterns of the as-prepared samples
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7Zn0 and the other originates from hexagonal wurtzite
7ZnS (PDF No. 80-0007). The diffraction peaks of ZnO
are sharp and intense, revealing the highly crystalline
character of the ZnO component, while the diffraction
peaks of ZnS are broad and weak, indicating a small
crystal size or semicrystalline nature of the ZnS
component!,

Fig.2a~b show SEM images of the ZnO precursor,
revealing that the morphology of ZnO product is well-
defined three-dimension (3D)

microstructures with diameters in the range of 1~2 pm,

flower-like

assembled by nanosheets as  “petals”. A close-up view
in Fig.2b shows that the nanosheets are about 10 nm in
thickness, and they alternately connect with each other
to form a network-like surface of the “flower”. Many
pores with different sizes are engendered in the 3D
microflowers, which may improve the chemical
properties or serve as transport paths for small
molecules.

Fig.2c~d show SEM images of ZnO/ZnS heterostr-
uctures prepared by the ion exchange for 8 h. It is found
that the morphology of ZnO/ZnS heterostructures still
3D flower-like

suggesting that the ion-exchange process does not

present hierarchical  structures,
damage the flower-like morphology of ZnO precursor.
Besides, there are many nanoparticles with the sizes of
several nanometers growing on the surfaces of the ZnO
nanosheets, and the surfaces become coarse compared
with those of ZnO precursor. Accordingly, it can be

concluded that the 7n0/ZnS

as-prepared

7n0 heterostructure

heterostructural microflowers are composed of flower-
like ZnO coated by ZnS nanoparticles. Importantly, this
coarse-surface structure can enhance the dye absorption
and diminish the reflection of the incident light 7,

which may greatly improve the photocatalytic
performance.

The detailed structures and compositions of ZnO/
ZnS heterostructure were further investigated using
transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS). Fig.3a shows a
Zn0/7ZnS
heterostructure, indicating ZnS nanoparticles are grown
on ZnO nanosheet. Fig.3b, ¢ show the HRTEM images

for two representative segments from one of the

low-magnification ~ TEM  image  of

nanosheets, as marked with frames in Fig.3a, to map out
the distribution of crystal structures. The lattice
distance in Fig.3b taken from the edge with a light
contrast of the nanosheet is 0.261 nm, corresponding to
the (0002) plane of wurtzite ZnO. The other lattice
distance in Fig.3c taken from the middle part with a
0.312 nm,
(0002) plane of wurtzite ZnS.

However, the interface segment of ZnO and ZnS cannot

dark contrast of the nanosheet is

corresponding to the

Zn

Intensity (a.u.)
Y
Intensity (a.u.)

Cu Cu

Zn Zn

0 2 4 6 8 10 0 2 4 6 8 10
Energy / eV Energy / eV
Fig.3 (a) TEM image for a fragmented nanosheet from
the ZnO/ZnS heterostructure. (b, ¢) HRTEM
images recorded from the frame marked regions
b and ¢, respectively, in (a); (b’, ¢') EDS spectra
taken from the frame marked regions b and c,

respectively, in (a)
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be observed because the overlapping orientation of ZnO
nanosheet and 7ZnS nanoparticles. EDS data were
collected from two selected areas marked with frames of
b and ¢ in Fig.3a, and the spectra are shown in Fig.3b’
and ¢’, respectively. The results show that the part with
light contrast mainly consists of Zn and O, and the other
part with dark contrast is mainly composed of Zn and S.

The signals of C and Cu in the EDS spectra originate

from the carbon-coated copper grid for TEM
measurement. Thus, both TEM and EDS results
consistently prove the formation of ZnO/ZnS

heterostructure.

The XPS results are shown in Fig.4. The survey

1

—_
(=)} oo (=}
L L |

IS
1

Intensity / counts

0 200 400 600 800 1000

Binding energy / eV

5.0 Ols

Intensity / counts
iy =
[=] W
h L

W
[V
|

3.0

524 526 528
Binding energy / eV

530 532 534 536 538

spectrum in Fig.4(a) reveals the presence of Zn, S, O
elements without any other contaminant species, except
for a small amount of carbon. The Zn2p core level XPS
spectrum in Fig.4(b) is centered at 1 021.8 eV, which is
attributed to the Zn2ps, of Zn*1". Fig.4(c) shows the Ols
core level peak at 531.2 €V, which agrees well with the
O1s of O*. The binding energies of S2p shown in Fig.4(d)
for ZnO/ZnS is 161.9 eV, smaller than those of sulfur and
related compounds (S 164.0 eV; SO,: 163-165.5 eV;
S05%: 166.4 eV; SO,7: 168~170 eV), which is consistent
with the ZnS in  ZnO/ZnS
heterostructure .. Therefore, the XPS spectra confirm

that the ZnO/ZnS sample is composed of Zn*, 0> and S*.
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(a) the survey spectrum; (b) Zn2psp; (¢) Ols; (d) S2p

Fig.4 XPS spectra for ZnO/ZnS heterostructures

2.2 UV-Vis diffuse reflectance spectrum

Fig.5 shows UV-Vis diffuse reflectance spectra for
7Zn0 precursor and ZnO/ZnS heterostructure, which
reveals the remarkable change of the optical absorption
property of the sample after combining another
semiconductor. In Fig.5a, ZnO precursor exhibits a
strong absorption in ultraviolet region with spectral

wavelength between 200 and 400 nm. The energy of the
band gap of the direct band-gap semiconductor could

be estimated from the plots of (ahv)* versus photon
energy (hv), and the estimated band-gap of ZnO
precursor is 3.24 eV, shown in the inset of Fig.5a. In
the UV-Vis of  Zn0O/ZnS

heterostructure (Fig.5b), there are two absorption edges

absorption  spectrum
which can be assigned to the characteristic absorption
of ZnS and 7ZnO components, respectively. The
appearance of two kinds of characteristic absorption

edges also confirms that the ZnO/ZnS sample is a
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Fig.5 UV-Vis diffuse reflectance spectra for the samples

composite semiconductor composed of ZnO and ZnS.
The estimated band-gaps of ZnO and ZnS component in
7/n0/ZnS heterostructure are 3.18 eV and 3.38 eV,
respectively, smaller than the reported values of ZnO
(3.23 eV)®'and ZnS (3.7 V)™, which may result from

the interfacial combination and matched band edges
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Fig.6

between the two semiconductors of ZnO and ZnS.
2.3 Photocatalytic degradation of Rhodamine B
(RhB)
Fig.6 (a) shows the UV-Vis absorption spectrum of
RhB aqueous solution (initial concentration: 5.0 x

10 ® mol -L 7, 100 ml) with 50 mg of ZnO/ZnS

b
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(a) UV-Vis absorption spectra for the RhB solution (5%x10~ mol- L, 100 mL) in the presence

of 50 mg of ZnO/ZnS heterostructures under UV light irradiation. (b) Photodegradation of RhB

(5x107° mol - L', 100 mL) using different photocatalysts under UV light irradiation. (c) The
variation of the concentration of RhB solution versus illumination time with ZnO/ZnS
heterostructures as photocatalyst under UV light irradiation during the five cycles.

(d) SEM image for the recycled ZnO/ZnS photocatalyst after five cycles
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heterostructures as photocatalyst and exposure to the
irradiation for various durations. The characteristic
absorption of RhB at 553 nm decreases rapidly with
extension of the exposure time, and completely
disappears after about 60 min. Fig.6 (b) shows the
results of the RhB degradation under different
conditions, where Cy and C, are the initial concentration
after the equilibrium adsorption and the reaction
concentration of RhB, respectively. A blank test (RhB
without any catalyst) under irradiation exhibits little
decrease in the concentration of RhB. For the pure ZnO
(ZnO precursor), the RhB degradation is about 70%
after 60 min. For ZnO/ZnS heterostructures, the
photodegradation of RhB reaches nearly 100% after 60
min. Moreover, ZnO/ZnS heterostructures show higher
photocatalytic efficiency than that of the well-known
photocatalyst of P25 TiO, (purchased from Degussa).
Because the stability of a photocatalyst is important and
necessary for its application, five cycles of the

Zn0/ZnS

heterostructures were carried out to investigate the

photocatalytic ~ experiment  for  the
repeatability of the photocatalyst. As shown in Fig.6c,
RhB could be totally decomposed in each cycle and the
7Zn0/ZnS photocatalyst exhibits almost no change in its
photocatalytic  activity ~ during  the  repeated
photocatalytic experiments. Fig.6d shows a SEM image
of the recycled ZnO/ZnS photocatalyst after five cycles,
and it indicates that the morphology of the photocatalyst
almost remains unchanged. Thus, the enhanced
photocatalytic activity and stable capacity retention of
Zn0/ZnS heterostructures are beneficial for the
potential application as a photocatalyst.

The factors inducing the enhanced photocatalytic
activity of the ZnO/ZnS heterostructures are
complicated. However, the electron-hole separation at
the ZnO/ZnS interfaces must be a critical one. On the
basis of the Anderson model™, a “staggered” type II
band configuration at the interface of the ZnO/ZnS
heterostructure is proposed, as shown in Fig.7. Due to
both ZnO and ZnS have adsorption response to the UV
irradiation, electrons (e”) in the valence bands (VB) are
excited to their conduction bands (CB), with the same

amount of holes (h*) left in VB. The interfacial electron-

Potential / V vs SHE
I

H?0/0H

‘OH

ZnO ZnS

Fig.7 Schematic diagram showing band configuration
and electron-hole separation at interface of ZnO/

ZnS heterostructure under UV light
hole separation in ZnO/ZnS heterostructures would be
bidirectional. The photogenerated electrons in CB of
ZnS incline to transfer to CB of ZnO with a lower
potential, while the holes in VB of ZnO transfer to VB
of ZnS with a higher potential ™. Consequently, the
photogenerated electrons and holes are separated at the
7Zn0/7ZnS which

recombination probability and enables them to migrate

interfaces, suppresses  their
effectively to the surfaces of ZnO and ZnS, respectively,
to form the hydroxyl radicals (-OH)™. As a powerful
the hydroxyl radicals

oxidant, could decompose

effectively the organic pollution, and thus the

photocatalytic reaction can be enhanced greatly.
3 Conclusions

ZnO/ZnS hetero structures with a hierarchical
morphology were fabricated by a facile two-step
chemical solution method for use in photocatalytic

Zn0/ZnS

heterostructures are composed of ZnO microflowers

degradation of organic pollutant. The
coated by ZnS nanoparticles. As a photocatalyst for
photodegradation of RhB, the ZnO/ZnS sample shows
higher photocatalytic efficiency than those of the ZnO
precursor and P25 TiO,, which is mainly attributed to
the effective electron-hole separation at the interfaces of

Zn0/ZnS
photocatalyst also retains good cycling stability during

the heterostructures.  Moreover, the

the photocatalytic degradation of RhB.
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