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Abstract

Self-assembled zinc sulfide nanoballs were prepared in saturated aqueous solutions via a microwave-assisted route.

Zinc acetate and thioacetamide were selected as zinc source and sulfur source, respectively. Powder X-ray diffraction,

transmission electron microscopy, selected area electron diffraction, X-ray photoelectron spectra, Fourier transform

infrared and Thermogravimetric analysis were used to characterize the as-prepared products and the optical properties

was studied by diffuse reflection spectra and photoluminescence spectra. Zinc sulfate and zinc nitrite can also used to

prepare ZnS nanoparticles instead of nanoballs. The mechanism for the assembly of ZnS nanoballs was also discussed.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Nanocrystalline semiconductor particles have
drawn considerable interest in recent years because
of their special properties such as a large surface-
to-volume ratio, increased activity, special electro-
nic properties and unique optical properties as
compared to those of the bulk materials [1,2].
During the past decade, a considerable effort has
been spent in the preparation and investigation of
e front matter r 2004 Elsevier B.V. All rights reserve
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the family of II–VI nano scale semiconductors due
to their fundamental electronic and optical proper-
ties. Various methods for the production of II–VI
nanocrystals with narrow size distributions have
been reported [3–8].
Among all the II–IV compounds, ZnS is a rather

interesting material. It has been used as a pigment
[9], in water purification [10], in electrolumines-
cence [11], in non-linear optical devices [12] and as
an LED when doped [13–16]. The nanoscale ZnS
has a broader energy band gap than its bulk
material (Eg=3.65 eV) [17], which extends its
application range. Therefore, the synthesis of
ZnS nanoparticles and films has been widely
d.
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investigated in previous work. Some methods for
the preparation of nanocrystalline ZnS have been
reported recently such as the sonochemical method
[18], microwave irradiation [19], sol–gel technique
[20], solvothemal method [21], direct element
reaction [22], microemulsion [23,24], thermal
evaporation [25] and template method [26–30], etc.
Microwaves are electromagnetic waves contain-

ing electric and magnetic field components. The
electric field applies a force on charged particles as
a result of which the charged particles start to
migrate or rotate. Due to the movement of
charged particles further polarization of polar
particles takes place. The concerted forces applied
by the electric and magnetic components of
microwaves are rapidly changing in direction,
which creates friction and collisions of the
molecules. Claimed effects of microwave irradia-
tion include thermal and non-thermal effects [31].
Microwave irradiation as a heating method has
found a number of applications in chemistry. The
microwave synthesis, which is generally quite fast,
simple and efficient in energy, has been developed
and is widely used in the fields such as molecular
sieve preparation [32,33], radiopharmaceuticals
[34,35], the preparation of inorganic complexes
and oxide [36–38], organic reactions [39–41],
plasma chemistry [42], analytical chemistry [43],
and catalysis [44]. The applications of microwave
irradiation in the preparation of nanocrystalline
particles have been reported in recent years
[45–52]. Microwave irradiation has shown very
rapid growth in its application to materials science
due to its unique reaction effects such as rapid
volumetric heating and the consequent dramatic
increase in reaction rates, etc. A variety of articles
have also shown how rapid heating rate can be
harnessed to produce binary and tertiary solid-
state compound [53–55]. Compared with conven-
tional methods, microwave synthesis has the
advantages of short reaction time, small particle
size, narrow particle size distribution and high
purity.
Herein, we develop a solution-phase growth

method to fabricate zinc sulfide nanoballs with the
aid of microwave irradiation. Zn(Ac)2 and thioa-
cetamide (TAA) are used as the starting materials
and aqueous solution is chosen as the solvent.
Powder X-ray diffraction (XRD), Transmission
electron microscopy (TEM), Selected area electron
diffraction (SEAD), X-ray photoelectron spectra
(XPS), Fourier transform infrared (FT-IR) and
thermogravimetric analysis (TGA) are used to
characterize the as-prepared products and the
optical properties is studied by DRS and PL
spectra. Zinc sulfate and zinc nitrite can also used
to prepare ZnS nanoparticles instead of nanoballs.
2. Experimental section

Powder XRD pattern was performed on a Philips
X’pert X-ray diffractometer with graphite mono-
chromatized CuKa radiation (l=0.15418 nm) and
nickel filter at a scanning step of 0.031, continue
time 10 s, in the 2y range from 151 to 651. TEM
images and SAED images were recorded on a
JEOL–JEM 200CX transmission electron micro-
scope, using an accelerating voltage of 200 kV. The
samples used for TEM observations were prepared
by dispersing some products in ethanol followed
by ultrasonic vibration for 30min, then placing a
drop of the dispersion onto a copper grid coated
with a layer of amorphous carbon. XPS were
recorded on ESCALAB MKII instrument, using a
non-monochromatized Mg K X-ray as the excita-
tion source, and choosing C1s (284.6 eV) as the
reference line. DRS was carried out on a Shimadzu
UV-240 spectrophotometer. FT-IR spectroscopy
was carried out on a Bruker Ifs66 Fourier trans-
form infrared (FT-IR) spectrometer (Bruker Co.)
in the single-beam mode over the range of
400–4000 cm�1 at room temperature. PL spectra
carried out on a Shimadzu RF-5401PC spectro-
photometer. Thermogravimetric analysis (TGA)
was carried out on a Labsys TG-DSC16 system.
The experiment was conducted in N2 at a heating
rate of 20 1C/min.
In the experiments, 0.05mol Zn(Ac)2 (or ZnSO4,

Zn(NO)3)was mixed with 0.06mmol thioaceta-
mide (TAA) in a 100ml round-bottom bottle. The
amount of the thioacetamide was slightly higher to
ensure the zinc salt reaction completely. 40ml
distilled water was added into the bottle, the
suspension was placed in a microwave refluxing
system irradiating at 280W for 15min. The
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reactions were carried out under ambient air. At
the end of the reaction, the precipitate was
centrifuged, washed with distilled water, ethanol
and acetone, respectively, and then dried under
vacuum. The compounds obtained were stored
under air.
3. Results and discussion

3.1. XRD study

The as-prepared ZnS were characterized by
powder XRD (Fig. 1a–c). The XRD patterns of
ZnS show the presence of broad peaks, corre-
sponding to the zinc blend crystal structure (CCID
File No. 80-0020). The diffraction peaks corre-
spond to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1)
planes of the cubic crystalline ZnS. The domain
size of the particles estimated from the De-
bye–Scherrer formula is about 2.9, 3.9 and
10.5 nm for sample (a), (b) and (c), respectively.
The Bohr radius of ZnS is 2.5 nm [56], which can
be comparative to the particle size in sample (a).

3.2. TEM measurements

The morphology of prepared nanocystals
was studied by TEM. Fig. 2a–c shows the
typical images for ZnS nanoparticles prepared in
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Fig. 1. XRD patterns of ZnS prepared from various zinc salts:

(a) Zn(Ac)2, (b) ZnSO4 and (c) ZnNO3.
microwave irradiation with different zinc salt. The
TEM observations for the ZnS prepared from
Zn(Ac)2 are shown in Fig. 2a. The ZnS particles
are assembled into about 300 nm spherical struc-
ture. A more careful analysis reveals that the
particles are held together by a porous irregular
network. The inserted SEAD pattern (Fig. 2a)
shows that ZnS nanoballs are polycrystalline
structure. In the control experiments, ZnS nano-
particles were also prepared from ZnSO4 and
ZnNO3. It is clear that the ZnS prepared are well-
dispersed nanoparticles when the ZnSO4 was used.
And agglomeration was observed when the
ZnNO3 was used, but it is not very homogenous.

3.3. XPS investigations

The XPS was employed to investigate the
composition and purity of as-prepared ZnS nano-
balls. The photoelectron spectroscopy of the
sample over a wide range, i.e., 0–1100 eV, is shown
in Fig. 3a. It is evident that Zn, S, C, O, N are the
prominent elements present in the sample. Detail
spectra of the C1s, Zn2p and S2p core levels are
shown in Figs. 3b, c and d respectively. It can be
observed that the C1s peak coming from con-
taminated carbon lies at 295.2 eV, which should be
correctly shifted to 284.6 eV. All the other peaks
are corrected accordingly. The two strong peaks at
1032.55 and 172.5 eV correspond to Zn(2p) and
S(2p3/2), respectively. The peak areas of the Zn and
S cores are measured and yield a ratio of Zn to S as
9:7, which shows that the surface of the products
are a little rich in zinc.

3.4. Optical properties

3.4.1. DRS

We have measured the diffuse reflection spec-
trum of as-prepared ZnS powders in order to
resolve the excitonic or interband valence-conduc-
tion band transitions of ZnS, which allows us to
estimate the bandgap. Fig. 4 depict the optical
reflection spectra of the ZnS nanoballs. The
optical refection edge of ZnS is ca. 320 nm. The
absorption edges of ZnS are blue-shifted from
the absorption edge of bulk ZnS. It is estimated
that the bandgap of ZnS is ca. 3.87 eV, which
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Fig. 2. TEM images of the ZnS prepared from various zinc salts: (a) Zn(Ac)2 insert SAED pattern of ZnS nanoballs, (b)ZnSO4 and (c)

ZnNO3.
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Fig. 3. The XPS of as-prepared ZnS nanoballs: (a) survey scan; (b) C 1s core level; (c) Zn 2p core level; (d) S 2p core level.
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Fig. 4. The UV-Vis reflection spectroscopy of the as-prepared

ZnS nanoballs.
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Fig. 5. The PL spectrum of an ethanol solution containing ZnS

nanoballs. The excitation wavelength is 267 nm.
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indicates the presence of quantum size effect in the
as-prepared ZnS nanoballs.

3.4.2. PL spectra

Freshly prepared suspensions of ZnS nanoball
display a luminescence at 363 nm upon photo-
excitation at 267 nm. The emission spectrum
shown in Fig. 5 is similar to that previously
reported for photoluminescence of undoped ZnS
colloidal [57]. The photoexcitation spectrum for
the emission agree well with the band gap
photoabsorption curve, indicating that conduction
band electrons and not local excitation of impu-
rities are involved in the light-emitting mecha-
nism. The emission, centered at 363 nm, lies
in the spectral region associated with lumine-
scence from self-activated centers [57]. These
centers have often been attributed to crystal lattice
vacancies.
We explain the phenomenon of producing ZnS

nanoballs due to the high rate of the reactions
resulting from the microwave irradiation, which
provides higher energy. We also find that the
crystal size of ZnS obtained from various pre-
cursor are different in the same microwave
irradiation time, which shows that microwave
irradiation could influence selectively the nuclea-
tion and growing rates of different compounds.
The reactions occurring during microwave irradia-
tion, which leads to ZnS nanoparticles, are
believed to be the following:

CH3CSNH2 þH2O ! CH3ðNH2ÞCðOHÞ2SH;

(1)

CH3ðNH2ÞCðOHÞSHþH2O

! CH3ðNH2ÞCðOHÞ2 þH2S; (2)

CH3ðNH2ÞCðOHÞ2 ! H2Oþ CH3ðNH2ÞCQO;

(3)

H2Sþ Zn2þ ! ZnS+2Hþ. (4)

Eq. (1) represents that the H2O reacts with
CH3CSNH2 to form CH3(NH2)C(OH)–SH by
microwave heating. Repeating this process would
then result in the formation of CH3(NH2)C(OH)2
and H2S. CH3(NH2)C(OH)2 would immediately
lose water to give CH3(NH2)CQO (as shown in
Eq. (3)). Then further H2S reacts with Zn2+ to
yield ZnS nanoparticles.
We calculate the solubility of the zinc salt and

final ZnS crystal size as shown in Table 1. In the
experiment, the amount of zinc salt used is far
more than saturated in the solution, so the aqueous
solution can be regard to be saturated in the whole
reaction procedure. It is observed that the crystal
size highly depends on the concentration.
Although the concentration affects on the

crystal size, it does not determine the morphology
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Table 1

The relation of the concentration and the crystal size

Zinc source Zn(Ac)2 ZnSO4 ZnNO3

Solubility at 20 1C (g/100g

H2O)

29.4 54.0 206.9

Concentration of saturated

solution (mol/l)

0.146 0.188 0.696

Crystal size by

Debye–Scherrer formula

(nm)

2.9 3.9 10.5
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Fig. 6. TGA analysis curve for the as-prepared ZnS nanoballs.
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Fig. 7. The IR spectra (a) as prepared ZnS and after annealed

at (b) 250 1C; (c) 400 1C; (d) 680 1C.
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of the products at the same time. The dispersion
and assembly conditions of the final products were
affected much by anions in the solution. As it can
be seen in Fig. 2a, ZnS nanoballs can be formed
when Zn(Ac)2 was used as the precursor. We
speculate that the agglomeration of the ZnS
nanopartlces can be attributed to the presence of
the acetate.
To discuss the contribution of zinc acetate, we

analyze the weight loss of as-prepared ZnS nano-
balls. The thermogravimetric analysis result was
shown in Fig. 6. It can be observed in TGA curves
that the mass loss process starts at 52.5 1C, and
comprises three steps. The mass loss in the first
stage end at about 82 1C, which is due to the
evaporation of the water absorbed on the surface
of the products. In the second stage the mass loss is
due to the decomposition zinc acetate, which is
end at about 267 1C. The third stage is end at
about 484 1C. As we investigated, it is also due to
the decomposition of zinc acetate.
FT-IR, XRD were also used to further discuss

the role of zinc acetate. Fig. 7a–d shown the FT-
IR spectra of as-prepared ZnS nanoball and after
annealed at 250 1C, 400 1C and 680 1C, respec-
tively. The vibrations of CQO and C–O are
typically at 1560 and 1420 cm�1, the appearance of
these vibrations is due to the presence of the Zinc
acetate. As the annealing temperature gets higher,
Zinc acetate decomposed and these vibrations gets
weaker. Zinc acetate totally decomposed at 680 1C.
Instead of the vibration of CQO and C–O, a peak
at 480 cm�1 appear, this peak can be attributed to
the vibration of Zn�O, which means ZnO formed
after the decomposition of zinc acetate. The XRD
pattern shown in Fig. 8 also proved this. When
annealed at 250 1C and 400 1C, No obvious change
occurred, and after annealed at 680 1C, the peaks
of ZnO appeared in the XRD pattern (in Fig. 8d.
labelled with asterisks).
Based on all the investigations, we can deduce

that the action of the zinc acetate in the reaction.
When the mixture was microwave irradiated, the
saturated zinc acetate in the solution can act as
the seed to promote the reaction, which enable the
zinc sulfide to precipitate. And after the ZnS
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nanocystal was formed, on one hand, the
CH3COO

� anion bond on the surface of the ZnS
prevents the growth of the particles, and on the
other hand the hydrogen bond between the
CH3COO

� anions made the particles aggregated.
Therefore, the as-assembled ZnS nanoballs
formed. After it was heated to 250 1C, the
CH3COO

� decomposed and the particles become
well dispersed. After heated to 250 1C, the TEM
image of the ZnS shows that the particles lose its
sphere shape and become well-dispersed. After
heated to 680 1C, the ZnS nanocrystals rearrayed
and the zinc acetate seeded in the particles went
out and decomposed. Along with the weight loss
and the occurrence of ZnO, the ZnS crystal size
gets larger in this procedure.
4. Conclusion

In this article, we have successfully prepared
self-assembled zinc sulfide nanoballs and well-
dispersed nanoparticles in saturated aqueous
solutions with the aid of microwave irradiation.
The mechanism for the assembly of ZnS nanoballs
was also discussed. It is found that zinc acetate
plays a key role in the reaction for the formation
the nanballs. This method may be expected to
extend to the fabrication of other II–VI group
assemblies.
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