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Hollow ZnS microspheres composed of nanoparticles have been successfully synthesized by a facile poly-
(ethylene glycol) (PEG) mediated hydrothermal route. The size of the hollow ZnS microspheres could be
adjusted easily by controlling the chain length of PEG. The formation of these hollow microspheres is attributed
to the oriented aggregation of ZnS nanorods around a polymer-Zn2+ complex spherical framework structure.
Different Raman and photoluminescence characters have been observed for the hollow ZnS microspheres
with and without PEG. The hollow ZnS microspheres will find potential application in optical and biological
devices.

1. Introduction

In recent years, considerable efforts have been dedicated to
the synthesis of the porous materials, particularly the hollow
structures not only due to their low density, large surface area,
and surface permeability but also due to their potential applica-
tions in the fields, such as the controllable drug-delivery carriers,
lightweight filler, catalyst, photonic crystal, size-selective
adsorbent, surface functionalizing, energy storage, and energy
conversion.1-7 The effective control of the internal volume of
the hollow structures is essential and a great challenge when
used as drug delivery, size-selective adsorbent, and catalysis.8

Different methods have been used to prepare the hollow
structural materials, such as template synthesis,9-14 Ostwald
ripening,15 emulsion synthesis,16 “Kirkendall effect”,17 and self-
assemble method.18

As an important II-VI compound semiconductor, ZnS, with
wide band gap energy of 3.6 eV at room temperature, has
attracted much attention because of their unique properties and
potential applications in ultraviolet light emitting diodes, elec-
troluminescence, photocatalysis, and other optoelectronic de-
vices.19,20 Because of the high index of refraction and high
optical transmission, ZnS is also an attractive candidate for
applications in dye materials devices, IR windows, and novel
photonic devices operating from visible to near-IR region.21,22

ZnS nanostructures with the morphologies of nanowires,23

nanorods,24,25nanoribbons,26 nanobelts,27 nanotubes,28 and nano-
combs29 have been reported in the literature; nevertheless, only
a few reports are about the hollow ZnS spheres. The ZnS
nanospheres with the size of 90-158 nm have been fabricated
by controlling the initial concentration of thioacetamide and the
molar ratio between thioacetamide and Zn(NO3)2.30 The hollow
ZnS nanospheres with the size in nanometer scale have been
synthesized in aqueous solutions of a triblock copolymer31 or
with the aid of thiocarbamide.32 The size of the hollow ZnS
spheres reported up to now is only on the nanometer scale and
can be tuned in a narrow range.

In this paper, we demonstrate a simple one-step hydrothermal
synthesis of hollow ZnS microspheres with aid of PEG and the
size-related optical properties.

2. Experimental Section

All the reagents of analytical grade were used without further
purification. In a typical preparation, 1 g of Zn(NO3)2‚xH2O,
0.6 g of PEG (PEG-4000), and 0.4 g of thioacetamide (TAA)
were dissolved in 50 mL of distilled water in a flask, and then
the mixture was stirred with a magnetic stirrer for 10 min before
being transferred to a Teflon-lined autoclave. The autoclave was
kept at 200°C for 10 h and then cooled to room temperature
naturally. The precipitates were collected, washed with distilled
water and absolute ethanol several times, and dried at 60°C in
vacuum.

Power X-ray diffraction (XRD) analyses were made on the
Philips X’Pert using Cu KR line. An X-ray photoelectron
spectrum (XPS) was recorded on a VG ESCALAB Mark II
X-ray photoelectron spectroscope. Energy dispersive X-ray
(EDX) analysis was obtained on a Sirion 200 scanning electron
microscope. The morphology and microstructure were examined
using field emission scanning electron microscopy (FESEM,
Sirion 200), transmission electron microscopy (TEM, H-800),
and high-resolution transmission electron microscopy (HRTEM,
JEOL-2010). Raman and photoluminescence (PL) spectra were
measured using a LABRAM-HR Micro-Raman spectrometer
(Jobin-Yvon) excited with a 325-nm He-Cd laser.

3. Results and Discussion

The XRD patterns of the as-prepared products with and
without PEG are shown in Figure 1. One can see that all the
diffraction peaks of the products with and without PEG can be
indexed to the blende-structured ZnS (JCPDF card 80-0020),
and the fairly strong peak intensity shows a well crystallization
structure. According to Bragg’s formula, the length of the
crystalline domain along the (111) direction for the as-prepared
productrs with PEG-4000 is evaluated at 0.31 nm. Figure 2
shows the XPS profile of the as-prepared products with PEG-
4000, the S 2p peak, and the shoulder peak is identified as S2-,
and no elemental S was detected.27 The quantitative analysis
shows the atomic content of S in ZnS is about 45.14%,
indicating the excessive Zn atoms in the sample.

Figure 3 shows the typical FESEM images of the as-prepared
products with PEG-4000. A spherelike structure with average
size of 4.5µm can be clearly seen in Figure 3a. The micro-
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spheres have a rough surface and are composed of nanoparticles
with the size of several tens of nanometer in diameter, as shown
in Figure 3b. The hollow structure of the microspheres can be
clearly seen in the inset in Figure 3b, where the partly broken
microsphere clearly shows the hollow feature. The ordered
arrangement of the nanoparticles on the edge of the broken
microsphere also can be seen. The average shell thickness of
the microsphere is about 240 nm. The FESEM image at high
magnification further reveals that the nanoparticles have a
rodlike morphology with about several tens of nanometers in
diameter and 240 nm in length. It is noteworthy that after
ultrasonic dispersion for over 40 min only a few microspheres
are broken demonstrating that the microspheres are very hard
and stable.

Figure 4 shows the TEM images of a broken hollow ZnS
sphere with PEG-4000. The hollow structure cannot be seen
due to the large shell thickness of the hollow microsphere. An

ordered arrangement of the ZnS nanorods at the broken part of
the microsphere can be clearly seen (Figure 4b). The HRTEM
image of the tip region of a single nanorod (Figure 4c) shows
that the fringe spacing is about 0.31 nm, corresponding to the
(11h1) crystal planes of the zinc blende ZnS, which is in
accordance with XRD result. The corresponding selected area
electron diffraction (SAED) pattern suggests that the nanorod
is single crystalline, although there are some additional diffrac-
tion spots due to the large diameter of the electron beam. The
results indicate that the hollow ZnS microspheres with PEG-
4000 are composed of many single crystalline nanorods.

It was found that the size of the hollow ZnS microspheres
strongly depends on the chain length of PEG used. The
microspheres with a size of about 0.2µm were obtained without
PEG reagent, as shown in Figure 5a, in which the nanoparticles
with about several tens of nanometers in size assemble into a
loose hollow nanospherical aggregate. When the PEG-800
reagent was used the microspheres with the average size of about
2 µm were formed. The size of the hollow sphere increases to
about 4µm with PEG-2000 (Figure 5c) and further increases
to 5 µm with PEG-6000 (Figure 5d). The inset in Figure 5d
shows a portion of a broken hollow sphere, in which the hollow
structure can be clearly seen. The ZnS nanorod composed of
the sphere has an average diameter of about 105 nm and length
of about 250 nm. These results demonstrate that the size of the
hollow ZnS microspheres is controllable and tunable by
changing the PEG chain length.

Figure 6 shows the TEM images of the hollow ZnS spheres
without PEG, in which the hollow structure can be clearly seen.
The shell of the hollow ZnS spheres consists of an ordered
arrangement of the nanorods with an average diameter of about
20 nm and the length of about 50 nm.

Without the PEG, the H2S from the decomposition of the
thioacetamide acts as the nucleation center, and ZnS nanopar-
ticles can nucleate around the H2S bubbles and then grow in
size and finally form hollow ZnS microspheres. When the PEG
was added in the Zn(NO3)2 solution, the metal ions can be easily
absorbed on the surface of nonionic surfactant PEG due to strong
interactions between activated oxygen in PEG molecular chains

Figure 1. XRD patterns of the as-prepared products with (1) PEG-
4000, (2) PEG-800, and (3) without PEG and that from the JCPDS
card 80-0020.

Figure 2. (a) XPS survey and (b) S (2p) profile of as-prepared product
with PEG-4000.

Figure 3. FESEM images of hollow ZnS microspheres with PEG-
4000 at different magnifications.

Figure 4. TEM images of (a) a single hollow microsphere with PEG-
4000 and (b) the corresponding broken edge region, (c) HRTEM image
of the tip region of a nanorod, and (d) the corresponding SAED.
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and metal ions. Because of the long chain structure and
flexibility of PEG, the Zn2+-PEG complex can form the
framework structure of polymer-Zn2+ complex spherical ag-
gregates in water due to the hydrogen-bonding effect. The Zn2+

ion-covered complex spherical aggregates are thus formed and
provide nucleation centers for the formation of the ZnS
nanorods. When the concentration of thioacetamide in the above
solution is high enough, more H2S can be decomposed from
the thioacetamide, and many S2- ions are released, the ZnS
nanorods then nucleate, oriented grow up, and mineralize on
the surface of the Zn2+ ion-covered aggregates. Finally, the
hollow ZnS microspheres composed of the ZnS nanorods are
formed. This formation mechanism is schematically illustrated
in Figure 7, which is similar to the formation process of ZnS
and PbS hollow spheres reported previously.33-34 The formation
process of the ZnS nanoparticles could be described by the
follows reactions

Without the PEG reagent, hollow ZnS microspheres are 0.22
µm in size due to a smaller nucleation center around the H2S
bubbles. While with PEG, the longer the chain of the PEG
reagent the bigger the framework structure of polymer-Zn2+

complex spherical aggregates and thus the bigger the hollow
ZnS microspheres. The size of hollow ZnS microspheres formed
oriented around the framework structure of the polymer-Zn2+

complex spherical aggregates gradually increases with increasing
the chain length of the PEG reagent.

The Raman spectra of the microspheres with different PEG
chain length are shown in Figure 8. The laser exciting power
intensity isI0/10, in which the full excitation power intensity
(I0) is about 2 Kw‚cm-2. Six resonant Raman peaks situated at
348.1, 696.5, 1045.1, 1393.2, 1740.3, and 2090.0 cm-1 and
designated as the first-order longitudinal optical (1LO), second-
order (2LO), third-order (3LO), fourth-order (4LO), fifth-order
(5LO), and sixth-order (6LO) optical phonon mode, respec-
tively,35 can be observed for the microspheres with PEG-6000.
The excitation energy is close to the photon-scattering energy
of the third- and the fourth-order LO phonons, and thus the
photon scattering by the third and the fourth order LO phonons
is resonant with the excitons, and intensities of these two LO
peaks are stronger than that of the rest of LO peaks. The other
four abnormal weaker peaks marked SO in the Raman spectra

Figure 5. FESEM images of hollow ZnS microspheres (a) without
PEG and with (b) PEG-800, (c) PEG-2000, and (d) PEG-6000. The
inset in part d is a portion of a broken microsphere.

Figure 6. TEM images of the hollow ZnS spheres without PEG at
different magnifications.

CH3CSNH2 + H2O f CH3CONH2 + H2S (1)

H2S f H+ + HS- f 2 H+ + S2- (2)

Zn2+ + S2- f ZnS (3)

Figure 7. Schematic illustration of the formation mechanism of the
hollow ZnS microspheres with PEG.

Figure 8. Raman spectra of hollow ZnS microspheres (1) without PEG
and with (2) PEG-800, (3) PEG-2000, (4) PEG-4000, and (5) PEG-
6000.
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are considered correlate to the surface optical (SO) phonon
scattering. The energy of the SO phonon mode in multiphonon
scattering equals 332 cm-1, which is between the LO phonon
energy and the TO phonon energy.36 The detailed discussion
about the SO phonon mode can be found elsewhere.37 The
intensities of the basic fluorescence band and the LO and SO
phonon peaks gradually became weak, and some of the SO
phonon peaks finally disappeared with the decrease in the PEG
chain length, which might be due to the size effect of the
nanorods. The existence of the multiple resonant Raman bands
at room temperature indicates that the hollow ZnS microspheres
have a good optical quality,38 while the appearance of the higher-
order surface optical (SO) phonon mode predicts that there are
defects on the surface of the hollow ZnS microspheres.39

The PL properties of the hollow ZnS microspheres synthe-
sized with and without PEG are shown in Figure 9, in which
two PL peaks situated, respectively, at about 3.02 and 2.34 eV
can be clearly seen. No obvious difference of the PL feature
can be observed for the microspheres with different PEG chain
lengths. The sulfur vacancies on the surface of the hollow ZnS
microspheres could be responsible for the weak emission at 3.02
eV,24,40,41which is in agreement with the result of Raman spectra
analysis. The strong emission at 2.34 eV could be assigned to
the recombination of electrons from the energy level of sulfur
vacancies to holes on the energy level of zinc vacancies.42-45

4. Conclusion

The hollow ZnS microspheres have been synthesized by
hydrothermal method with the aid of PEG. The hollow ZnS
microspheres are composed of ZnS nanorods. The formation
of these hollow spheres is attributed to the oriented aggregation
of ZnS nanorods around polymer-Zn2+ complex spherical
framework structure. It was found the size of the hollow ZnS
microspheres could be controlled by the PEG chain length. A
strong resonant Raman scattering spectrum with high-order
longitudinal optical mode and weak high-order surface optical
mode has been observed. There are two PL peaks for the hollow
ZnS microspheres with PEG and without PEG. It is believed
that such hollow ZnS microspheres with tunable size will find
potential applications in sensor, optical and biological devices.
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Figure 9. PL spectra of hollow ZnS microspheres (1) with PEG-800,
(2) with PEG-4000, and (3) without PEG.
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