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Introduction

As one of the most important semiconductors, zinc sulfide
(ZnS) has been known for a long time as a versatile and ex-
cellent phosphor host material; it has a wide band gap of
3.88 eV and a small Bohr radius (2.4 nm), which make it an
excellent candidate for exploring intrinsic recombination
processes in dense excitonic systems. Arising from its high
luminous efficiency in direct transitions, ZnS was expected
to be an optical semiconductor in the near-ultraviolet
region. ZnS nanocrystals with various morphologies have al-
ready been synthesized, such as nanowires,[1–3] nano-
sheets,[4,5] nanobelts,[6,7] nanorods,[8] and nanotubes.[9] Some
methods for the preparation of nanocrystalline ZnS include
the sonochemical method,[10] microwave irradiation,[11] the
sol–gel technique,[12–14] plasma-assisted metal organic chemi-
cal vapor deposition,[15] and template methods.[16–25]

The template method is an important route for forming
ZnS hollow nanospheres. In previous work, many hollow
spheres were synthesized by using hard[16–21] or soft tem-

plates.[22–25] In most cases, pure-phase samples were obtained
only after removal of the templates. The use of tungstosili-
cate acid (TSA) ion as a soft template to synthesize nano-
particles is an important method. TSA ions form a subset of
polyoxometalates of Keggin structure. It is well known that
Keggin ions undergo stepwise multielectron redox processes
without a structural change.[26] They may be reduced electro-
lytically, photochemically, or chemically (with suitable re-
ducing agents). They are a large category of metal oxygen
cluster anions with well defined structures and properties,
have diverse applications in the fields of analytical chemis-
try, biochemistry, and solid-state devices, and have been
used as antiviral and antitumor reagents. Their redox
chemistry is characterized by their ability to accept and re-
lease a certain number of electrons in distinct steps without
decomposition.[27] Recently, Sastry and co-workers used
[PW12O40]

3� ions to make phase-pure core–shell nanoparti-
cles.[28] They also used [PW12O40]

3� as a template for the
in situ growth of metal nanoparticles,[29] star-shaped calcium
carbonate crystals,[30] and CdS nanoparticles.[31]

In this work, we use TSA as a soft template for the forma-
tion of solid spheres. In the experimental process, we found
that TSA played an important role in the formation of ZnS
solid nanospheres, and we give a reasonable explanation for
this role herein. ZnS has never been used in oxygen sensing,
because of its low carrier density and its irreversible reac-
tion with oxygen. However, these problems could be solved
by using ultraviolet (UV) illumination. The illumination en-

Abstract: Almost monodisperse ZnS
microspheres have been synthesized on
a large scale by a hydrothermal route,
in which tungstosilicate acid (TSA) was
used as a soft template. By controlling
the reaction conditions, such as reac-
tion temperature, pH value of the solu-
tions, and the reaction medium, almost

monodisperse microspheres can be syn-
thesized. The structure of these micro-
spheres is sensitive to the reaction con-

ditions. The growth mechanism of
these nearly monodisperse micro-
spheres was examined. Oxygen sensing
is realized from ZnS microspheres. The
current through the ZnS microspheres
under UV illumination increases as the
oxygen concentration decreases.

Keywords: hydrothermal synthesis ·
microspheres · oxygen · sensors ·
templates

[a] L. Yang, J. Han, T. Luo, M. Li, J. Huang, F. Meng, J. Liu
The Key Laboratory of Biomimetic Sensing and
Advanced Robot Technology
Anhui Province, Institute of Intelligent Machines
Chinese Academy of Science
Hefei, 230031 Anhui (China)
Fax: (+86) 551-5592420
E-mail : jhliu@iim.ac.cn

174 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2009, 4, 174 – 180

FULL PAPERS

www.interscience.wiley.com


hances the modulation of conductance by adsorbed
oxygen.[32] Herein, we demonstrate an approach to oxygen
sensing at room temperature by using ZnS microspheres.

Result and Discussion

Hydrothermal treatment of a dispersion of amorphous parti-
cles at 160 8C for 10 h results in the formation of ZnS micro-
spheres with good crystallinity, as shown in the X-ray dif-
fraction (XRD) pattern (Figure 1). All reflection peaks of
the products can be indexed as a pure structure with cell pa-

rameters a=b=3.83 � and c=6.26 �, which are in good
agreement with the literature value (JCPDS card 5-492). Al-
though the diffraction peaks (100) and (101) overlap with
the peak (002) owing to widening, the product should be the
hexagonal phase. According to Scherrer�s equation (d=kl/
b cos q), the mean size of particles is about 12 nm.

Figure 2 A shows the low-magnification SEM image of the
as-prepared precipitate, which clearly indicates that the pre-
cipitate consists of a large quantity of micrometer-scale
spheres. The size distribution of such particles indicates that
all these particles are nearly monodisperse with an average
diameter of about 1.8 mm. The high-magnification SEM
image shown in Figure 2 B reveals that these particles are
spherical and that the microparticles tend to form ordered
structures. High-magnification SEM images of the surface
structures indicate that the surface of the crystal is rough
and composed of plenty of nanoparticles with a size of
about 20–60 nm (see inset of Figure 2 B). Imaging of broken
spheres obtained by ultrasonic treatment (Figure 2 C) con-
firms that the inner part is also composed of such spherical
nanoparticles and that the assembly has a relatively soft
nature to allow the mobility of nanoparticles for their rear-
rangement. A TEM image (Figure 2 D) confirms the uni-
formity of the microspheres and gives an average diameter
of about 1.7 mm. In Figure 2 E, EDAX measurements of
drop-coated films of as-prepared precipitate on Cu sub-
strates clearly reveal the presence of Zn and S, suggesting
the presence of the microspheres.

The purity and composition of the as-prepared precipitate
was examined by using X-ray photoelectron spectroscopy
(XPS). Figure 3 A shows a survey spectrum of the product.

Figure 1. XRD pattern of ZnS sample prepared by aging at 160 8C for
10 h.

Figure 2. A,B) SEM images of ZnS microspheres at low and high mag-
nification. C) SEM image of ZnS microspheres after ultrasonic treatment.
D) TEM image of the ZnS microspheres. E) EDAX spectrum of the as-
prepared sample.

Figure 3. XPS spectra of product: A) survey spectrum, and B) C1 s,
C) S2p, D) ZnLM2 regions.
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The Zn, S, C, and O peaks can be clearly observed. Fig-
ure 3 B shows the C 1s peak. The binding energies obtained
were corrected for specimen charging by reference to C 1s
at 285 eV. Figure 3 C shows the multiplex spectrum of sulfur
peaks. The peaks at binding energies of 161.37 and
162.56 eV can be assigned to S 2p3/2 and S 2p1/2 of the Zn�
S bond, respectively.[33] Moreover, the atom ratio of Zn/S is
about 1. The signal at 989.88 eV can be attributed to the ki-
netic energy of ZnLM2 (shown in Figure 3 D). The only ex-
istence mode of zinc is the ZnS compound combining the
ZnLM2 kinetic energy and Zn 2p3/2 binding energy identi-
fied at 1020.98 eV (Figure 3 A). The XPS analysis results are
well in accord with XRD analysis and EDAX measure-
ments.

To understand better the formation of large, spherical
ZnS particle assemblies, the kinetics of crystallization was
monitored as a function of aging time for the hydrothermal
process. Figure 4 shows representative SEM micrographs re-

corded for aging times of 0.5 (A), 1 (B), 2 (C), and 10 h (D).
Figure 4 A shows that there are plenty of particles with a
size of several nanometers. The larger particles could grow
from the smaller ones during the hydrothermal treatment.
After aging for 1 h, the particles have already grown to
about micrometer size, and there is evidence of the final
spherical structure. There are also many ellipsoid structures
(Figure 4 B). After aging for 2 h, a very large percentage of
the particles have grown, and the number of ellipsoidal par-
ticles have decreased (Figure 4 C). From this image, it ap-
pears that the growth of the ZnS crystallites proceeds from
within the precursor small particles and leads to their assem-
bly on the surface of the precursor small particles. After
aging for 10 h, the particles have evolved considerably in
size and shape (Figure 4 D), and exhibit a distinct and highly
regular morphology. The overall morphology of the particles
undergoes a clear resemblance to the final spherical mor-
phology.

TSA also played an important role in the formation of
the spherical particles of ZnS. Figure 5 shows SEM images
of ZnS synthesized by a hydrothermal treatment with differ-

ent concentrations of TSA. A comparative experiment was
performed under the same conditions, but without TSA:
there were no spherical nanoparticles in the products (Fig-
ure 5 A). When the concentration of the TSA was very low,
some distorted spherical particles were obtained (Fig-
ure 5 B). When the experiment was performed with the ap-
propriate concentration of TSA, plenty of regular spherical
ZnS particles were formed (Figure 5 C). All of these results
indicated that TSA plays an important role in the reaction
and assembly processes.

Possible chemical reactions involved during the hydrother-
mal treatment are shown in Equations (1) and (2).

2 Zn2þ þ ½SiW12O40�4� Ð Zn2½SiW12O40� ð1Þ

Zn2½SiW12O40� þ 2 CH3CSNH2 þH2O!
2 ZnS # þCH3CNþHAcþ ½SiW12O40�4�

ð2Þ

The two reactions in such a system [Eqs. (1) and (2)]
occur competitively. Because the solubility of Zn2ACHTUNGTRENNUNG[SiW12O40]
is far larger than that of ZnS, Zn2 ACHTUNGTRENNUNG[SiW12O40] crystals are not
formed. Therefore, ZnS is the dominant end product. These
possible chemical reactions agree with the conclusions of
the XPS spectra (Figure 3) and the XRD pattern (Figure 1).

A reasonable route for the growth of the ZnS micro-
spheres, on the basis of the obtained results, is shown in
Scheme 1. In solution, TSA ions are clusters.[28] On electro-
static grounds, the clusters are spherical. In step 1, strong in-
teraction between the Zn2+ cations and the TSA anion
leads to the formation of spherical Zn–TSA colloidal parti-
cles. In step 2, when the CH3CSNH2 solution is added to the
precursor Zn–TSA, TSA ions are replaced by S2� to form
ZnS, because the solubility of ZnS is far less than that of
TSA. This step is the nucleation and growth step. Generally,

Figure 4. SEM images of ZnS microspheres synthesized with treatment
times of A) 0.5 h; B) 1 h; C) 2 h; and D) 10 h.

Figure 5. SEM images of ZnS synthesized by hydrothermal treatment
with concentrations of TSA of A) 0; B) 10�4

m ; and C) 10�3
m.

176 www.chemasianj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2009, 4, 174 – 180

FULL PAPERS
J. Liu et al.



van der Waals forces are believed to drive the aggregate
growth of nanostructures.[34] These observations suggest an
assembly process as illustrated in steps 3 and 4. First, small
spherical ZnS particles adsorb on the surface of TSA cluster
ions to form larger particles held together by electrostatic
forces. Then these larger particles aggregate into micro-
spheres in solution. In fact, primary nanoparticles and larger
particles of different sizes undergo restructuring or rearrang-
ing into a more compact/dense microparticle texture. TSA
keeps the primary nanoparticles and then the larger parti-
cles slightly apart, and may provide them with a moderate
degree of mobility to regulate their position in the aggre-
gate, which is typically thought to occur in the process of
oriented attachment of biomineralization.[35] As reported
earlier,[30] uniform crystalline particles form from the tem-
plate-directed aggregation of small particles and subsequent
reconstruction rather than simple aggregation of small parti-
cles (shown in step 4). In the whole process, TSA ions play
an important role (soft template) in affecting the final mor-
phology of the ZnS particles, which is in agreement with the
results of our experiments (see Figures 4 and 5).

To understand the kinetics of crystallization better, the
XRD pattern was monitored as a function of aging time for
the hydrothermal treatment process. Figure 6 shows the
time-dependent phase transformation and transition under
the present conditions. At the early stages of the reaction
(Figure 6 a and b), cubic-phase ZnS nanospheres were pro-

duced. After a reaction time of 6 h (Figure 6 c and d), hexag-
onal nanospheres were obtained. The evolution from the
cubic phase to the hexagonal phase with greater reaction
time is shown in Figure 6. At the same time, we observed
the growth of diffraction peaks of (100), (101), and (103), al-
though the evolution process of (002), (110), and (112) dif-
fraction peaks cannot be seen because they overlap with the
peaks for (111), (220), and (311), respectively, of the cubic
phase. All of these results are similar to the work of Liu
et al.[23] The reason for this similarity is not clear at present,
but we might consider that the different reaction times lead
to different ZnS nanoparticle packing modes. Short reaction
time is favorable for cubic-phase ZnS formation, whereas
long reaction time is suitable for the formation of hexago-
nal-phase ZnS.

To produce different structures of ZnS microspheres, we
carefully examined the influence of several parameters such
as temperature, pH value, and reaction media. Figure 7

shows that the surface structure of the microspheres varies
with different reaction temperatures. When the reaction
temperature was 65 8C, microspheres with a diameter of
about 1.5 mm were obtained (Figure 7 A). Each microsphere
is composed of many loosely aligned nanoflakes (Fig-
ure 7 B). When the temperature was increased to 110 8C, the
average diameter of spheres was around 1.2 mm (Figure 7 C).
Interestingly, the high-magnification SEM image in Fig-
ure 7 D shows a highly spherical assembly of primary nano-

Scheme 1. The formation process of ZnS microspheres.

Figure 6. XRD patterns recorded from drop-coated films on Si ACHTUNGTRENNUNG(111) sub-
strates of ZnS synthesized for reaction times of a) 1 h; b) 3 h; c) 6 h; and
d) 10 h.

Figure 7. SEM images of the ZnS nanoparticles synthesized by hydrother-
mal treatment at different temperatures. A) low magnification, 65 8C;
B) high magnification, 65 8C; C) low magnification, 110 8C; D) high mag-
nification, 110 8C; E) low magnification, 160 8C; F) high magnification,
160 8C.
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particles. Each of these microspheres with a size of 1.2 mm
consists of about half a million nanoparticles with sizes of
20–40 nm. When the temperature was kept at 160 8C, the
average diameter of the spheres was 1.7 mm, and the surface
of the particles became relatively smooth (Figure 7 E and
F).

The pH value also plays an important role in the process.
Well-crystalline monodisperse microspheres can be obtained
at 160 8C only at a pH value of about 2.5 (Figure 8 A). When
the pH value was increased to 3.5, some nanoparticles ap-
peared (Figure 8 B), which tended to aggregate together to

form spherical aggregates. Irregular aggregates were found
when the pH value of the reaction system was 4.5 (Fig-
ure 8 C).

Water and ethanol have been applied as the reaction
media for the crystallization of ZnS. ZnS samples obtained
from different types of solvent mixtures are shown in
Figure 9. In pure ethanol, the ZnS particles are mostly ag-
gregates of oblong blocks with small particles (Figure 9 A).
Nearly spherical aggregates and spherical particles were ob-
tained from a mixture of ethanol and H2O (Figure 9 B); the
size of these particles was about 1.2 mm. Quite uniform mi-
crospheres with rough surfaces and a broader size range
(average diameter of about 1.8 mm) were obtained from an
aqueous medium (Figure 9 C). These results demonstrate
that a mixture of solvents can provide an effective tool for
controlled morphogenesis of ZnS.

To investigate the oxygen-sensing properties of ZnS mi-
crospheres, electrically contacted ZnS microspheres were
fabricated by dropping sample solutions onto 15 nm thick
comblike gold electrodes on silicon substrates with a 400 nm
oxide layer on top. The separation between two electrodes
was about 25 mm. An SEM image of a typical device is
shown in Figure 10. The inset shows ZnS particles between
the two gold electrodes. UV illumination was provided by a
UV lamp (l= 254 nm, power 15 W) fixed at a distance of

10 cm. All measurements were carried out at room tempera-
ture.

Figure 11 shows the response of the ZnS microsphere
device to different oxygen pressures with or without UV il-
lumination. The measurement was first performed under an
oxygen concentration of 600 ppm (Figure 11 A). The current

Figure 8. SEM images of the ZnS nanoparticles synthesized at different
pH values. A) pH 2.5; B) pH 3.5; C) pH 4.5.

Figure 9. SEM images of the ZnS nanoparticles synthesized in different
reaction media. A) C2H5OH; B) C2H5OH/H2O (1:1); C) H2O.

Figure 10. SEM image of the ZnS microspheres placed onto comblike
gold electrodes on a silicon (400 nm oxide) substrate. The scale bar is
about 50 mm. The ZnS microsphere sample is the same as in Figure 2A.
The inset shows ZnS particles between the two gold electrodes.

Figure 11. Three cycles of switching between low- and high-conductance
states in the presence of oxygen concentrations of 600 ppm (A) and
50 ppm (B) and an applied bias voltage on the microspheres of 10 V.
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increased from 0.50 to 0.57 nA in 5 s. When the oxygen con-
centration was decreased to 50 ppm, the current increased
to 0.73 nA (Figure 11 B). When the light was turned off, the
current recovered to the original dark level within several
seconds. Figure 11 also shows three cycle of switching be-
tween low and high conductance states with no obvious
decay of conductance. It is evident that the microspheres
can be reversibly switched between low and high conduc-
tance. Since the data were obtained from the interval be-
tween two neighboring measurements, the recovery time
was below the detection limit of the equipment. The fast re-
sponse and rapid recovery arose from the generation and re-
combination of the electron-hole pairs in ZnS.[36] The UV
light has a photon energy of 4.9 eV above the band gap of
ZnS (3.88 eV). The electron holes are generated by the illu-
mination. Oxygen sensing can be explained by considering a
complex process of electron-hole generation, recombination,
and adsorption on the surface of the microspheres. When
ZnS microspheres are exposed to UV illumination, the carri-
er density increases because of the generation of electron-
hole pairs. This behavior can be explained by simply consid-
ering oxygen ions (O�, O2�, or O2

�) on the surface of the
ZnS microspheres. The oxygen ions capture the photoexcit-
ed holes, which liberates the oxygen species and leads to
both an enhanced carrier density in the spheres and a nar-
rower depletion width.[37] The amount of the surface oxygen
species on the ZnS microspheres at an oxygen concentration
of 50 ppm is much smaller than that for a concentration of
600 ppm. Moreover, without UV illumination, only thermal-
ly excited holes are available to liberate the adsorbed
oxygen from the surface of ZnS microspheres; the low carri-
er concentration in ZnS limits the modulation of conduc-
tance by oxygen.[36] This can explain the slight change of the
current of the ZnS microspheres in the absence of illumina-
tion.

Conclusions

In conclusion, nearly monodisperse ZnS microspheres can
be synthesized by a soft template-assisted solution method.
The diameters of these microspheres can be tuned by con-
trolling the reaction conditions. The uniform crystalline par-
ticles form from the template-directed aggregation of small
particles and subsequent reconstruction. TSA ions act as a
template in the complete process. An approach to realize
room-temperature oxygen sensing was demonstrated by
using synthesized microspheres. The results confirmed that
the modulation of conductance was greatly enhanced by ad-
sorbed oxygen under illumination.

Experimental Section

Tungstosilicate acid [H4SiW12O40, TSA], zinc acetate (Zn(Ac)2), and thio-
acetamide were all A.R. grade and obtained from Shanghai Reagent Co.
All reagents in the experiment were used as received.

In a typical experiment, a 1 mm aqueous solution of Zn(Ac)2 (20 mL)
was added to a 1 mm aqueous solution of TSA (20 mL) under continuous
stirring for 20 min. Thioacetamide (1.2 g) was then introduced. After stir-
ring for 30 min, the mixed solution was transferred into an autoclave
with an inner lining of teflon and maintained at 160 8C for 10 h and then
allowed to cool to room temperature. The obtained precipitates were
centrifuged, washed several times with distilled water and absolute etha-
nol, and dried in a vacuum at 60 8C for 6 h. The process of the corre-
sponding control experiments was similar to above experiments. The
samples for electrical measurement were prepared by depositing a drop
(5 mL) of the ZnS solution onto the surface of comblike gold electrodes.

XPS measurements of a film of the sample were carried out on a VG ES-
CALAB MKII instrument at a pressure greater than 10�6 Pa. The general
scan and C1s, Ag3d, P2p, and N1s core-level spectra were recorded with
non-monochromatized MgKa radiation (photon energy=1253.6 eV). The
core-level binding energies were aligned with respect to the C1s binding
energy of 285 eV. Samples for TEM analysis were prepared by drop-coat-
ing films of the solution on carbon-coated copper TEM grids, allowing
the grid to stand for 2 min, and then removing excess solution with blot-
ting paper. TEM analysis was carried out on a JEM model 100SX elec-
tron microscope (Japan Electron Co.) operated at an accelerating voltage
at 200 kV. SEM measurements were carried out with a Leica Stereoscan-
440 instrument equipped with a Phoenix energy-dispersive analysis of X-
rays (EDAX) attachment. XRD analysis of drop-coated films of the
sample solutions on silicon substrates was carried out on a MAP18AHF
instrument (Japan MAC Science Co.).

Two-terminal two-probe current measurements were made by using a pi-
coammeter/voltage source (Keithley 6487) in the range 0–500 V. The dc
current sensitivity of the system is of the order 10�14 A. Timed data ac-
quisition was performed by using a LabView program, and the current
sampling frequency was set at two samples per second. The bias voltage
was set at V=10 V in all of the experiments.
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