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A carbothermal method combined with CVD has been deve-
loped to synthesize ZnS nanowires and their self-assemblies
at low temperatures. In this process, active carbon serves as
reductant to react with sulfur, which then goes on to form
ZnS nanowires. X-ray diffraction and X-ray photoelectron
spectroscopy studies indicate that the samples are single-cry-
stal wurtzite ZnS and are rich in sulfur. The nanowires have
diameters ranging from 20 to 60 nm. High-resolution electron

Introduction

Recently, there has been considerable interest in well-ar-
ranged nanostructures prepared by various methods, in-
cluding template synthesis[1] and electrochemical depo-
sition,[2] as they have potential applications in many areas,
such as infrared photo detectors,[2] field emissions,[3] and as
substrates for photocatalysis and photovoltaics.[4] As they
are probably building blocks for well-ordered nanostruc-
tures and nanodevices,[5�7] one-dimensional nanomaterials
have recently attracted much attention.[8�11] ZnS is an im-
portant II-VI semiconductor that possesses unique proper-
ties and has potential applications in numerous areas like
optics,[12] electronics,[13] photocatalysis,[14] etc., and is es-
pecially promising in electric nanodevices. Except for our
previously prepared ordered constructions[15] like flowers
and sheets, only nanocombs[16] and microrods[17] composed
of regularly arranged ZnS nanowires have been reported.
ZnS nanowires and their assemblies have often been pre-
pared by both solution methods[18] and thermal evapor-
ation.[19] For the latter, ZnS powder precursors have gener-
ally been thermally evaporated under at 900�1600 °C. For
example, ZnS-Si-ZnS triaxial nanowires[20] have been pre-
pared by heating a mixture of SiO and ZnS powders to
1300 °C for 1 h and then to 1600 °C for 1.5 h. The obtained
product was a composite material containing cubic Si and
zincblende-structured ZnS. Wang’s group[21] has employed
a silicon wafer and Au films as substrate and catalyst,
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microscopy shows the [100] growth direction for the mono-
dispersed nanowires and the different crystal orientation for
the nanowires constituting the assembly. The photolumines-
cence (PL) peak is located at 490 nm. A vapor-solid (VS) me-
chanism might explain the formation of ZnS nanowires.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

respectively. Wurtzite phase ZnS nanowires were success-
fully prepared by heating ZnS powders to 900 °C for 2 h,.
According to Li and co-workers,[22] Zn/ZnS nanocables can
be fabricated by thermal evaporation of ZnS and a graph-
ite-powder mixture at 1300 °C for 5 h. In spite of these re-
ports it is still a challenge to explore other new and versatile
alternatives for the synthesis of pure ZnS nanowires and
their assemblies at lower temperatures.

Here, we demonstrate that pure, wurtzite-phase ZnS
nanowires can be prepared by a carbothermal, chemical-
vapor-deposition method (CVD) by heating a mixture of
activated carbon, sublimed sulfur and anhydrous ZnCl2
powders to 500 °C. In addition, we have found that some
self-assembled structures composed of ZnS nanowires co-
exist in the samples. Because of its lower temperature and
versatility, this new fabrication method might present a new
and easy way to form various kinds of sulfides. The green-
blue emission of the as-grown ZnS nanowires and their as-
semblies may have potential applications in electronic/op-
tical nanodevices.

Results and Discussion

The X-ray diffraction (XRD) pattern (see Supporting In-
formation) of the as-prepared samples shows that the
samples are well crystallized. All the peaks can be indexed
as (100), (002), (101), (110), (103) and (112) crystal planes
corresponding to JCPDS card 36-1450, which suggests that
the samples are pure, wurtzite-phase, structured ZnS with
lattice parameters a � 3.820 Å and c � 6.257 Å.

The Zn and S content in the ZnS nanowires was obtained
from the X-ray photoelecton spectroscopy (XPS) patterns
(Figure 1). No impurities, such as trace metals and other
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sulfides, are observed in the complete spectrum (see Sup-
porting Information). The binding energy for Zn 2p3 (Fig-
ure 1a) is 1023.25 eV, which is a slight increase compared
with that reported in the database[23] compiled and evalu-
ated by Wagner, thus indicating a small difference in the
chemical state of zinc in our samples. Curve 1 in Figure 1b
shows the pattern of S 2p3 with two shoulders at about 162
and 164 eV. In order to determine the chemical states of
sulfur, curves 2, 3 and 4, centered at 162.40, 163.40 and
164.60 eV, respectively, were fitted accompanied by their
combined curve 5. Curves 2 and 3 represent the sulfur in
ZnS; a small amount of elemental sulfur is responsible for
curve 4. Therefore, the ratio of S to Zn in ZnS is about
1.077:1, which shows the richness of S instead of the sulfur
deficiency generally found in previous papers.[24]

Figure 1. XPS patterns of the ZnS sample: (a) Zn 2p3 (b) S 2p3

Figure 2a displays a typical low-magnification trans-
mission electron microscopy (TEM) image, which shows
that the products consist of nanowires with uniform diam-
eters ranging from 20 to 60 nm. The wires are long, straight
and smooth with few other particles present. The electron
diffraction (ED) pattern (inset) taken from a single
nanowire (Figure 2b) can be indexed as the (100) and (001)
planes of wurtzite-phase ZnS. Figure 2c shows a high-reso-
lution electron microscopy (HREM) image, with a meas-
ured spacing of about 0.626 nm corresponding to the (001)
plane. It can be clearly observed that the growth direction
of the wire is perpendicular to [001], i.e. the [100] direction.
The inset in the HREM image of another wire shows the
two-dimensional lattice spacing, from which the (101) crys-
tal plane, with a measured spacing of 0.293 nm, can clearly
be seen.

Some regularly assembled structures, shown in Figures 3a
and b, have been found in the as-prepared samples. From
the high-magnification TEM image (Figure 3b) the charac-
teristics of the wires can clearly be seen, especially from the
different contrast and the places indicated by the arrows.
These nanowires, with smooth surfaces and diameters in
the range of 10�60 nm, are self-organized in the radial di-
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Figure 2. (a) TEM image of ZnS nanowires; (b) TEM image of a
single ZnS nanowire and its ED pattern (inset); (c) one-dimensional
and (inset) two-dimensional HREM images of a ZnS nanowire

rection and are nearly parallel to each other, while in the
thickness direction the self-organization can’t be comfirmed
from the contrast; this is different to the case of mi-
crorods,[17] where the assembly happens in two dimensions.
The (001) and (002) crystal planes of the wurtzite phase can
be identified in the ED pattern. The HREM image taken
from the frame-labeled area is shown in Figure 3c. There
are two different lattice spacings related to the two neighb-
oring single nanowires. One is 0.313 nm, corresponding to
the (002) plane, and the other is 0.227 nm, corresponding
to the (102) plane. This indicates that not all the nanowires
making up the assembly grow along the same crystal orien-
tation.

The room-temperature photoluminescence (PL) spec-
trum of the as-synthesized ZnS nanowires and assemblies
was measured with excitation and filter wavelengths of
313 nm and 350 nm, respectively. As shown in Figure 4, a
strong emission peak is located at 490 nm, which is similar
to that of the well-known ZnS-related luminescence (at
about 480 nm) produced by zinc vacancies.[25] The ZnS nan-
omaterials reported previously have ultra-violet emission
with bands in the range 400�450 nm[26�27] associated with
the sulfur vacancy. It has been reported in previous work
on ZnS that the vacancy states lie deeper in the gap than
the interstitial states.[28] Therefore, in the case of the sulfur-
rich nanowires containing no impurities reported here, we
reasonably believe that the green-blue luminescence is attri-
buted to zinc vacancies rather than the vacancy and inter-
stitial sites of sulfur.
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Figure 3. (a) and (b) TEM images of self-assembled ZnS nanowires
and (inset) their ED pattern; (c) HREM image taken from the two,
neighboring, frame-labeled single nanowires with two different lat-
tice spacings: one is 0.313 nm corresponding to the (002) crystal
plane, and the other is 0.227 nm corresponding to the (102) crystal
plane: this indicates the different growth direction of the constitu-
ent nanowires

Figure 4. Room-temperature PL spectrum of the as-synthesized
ZnS sample with excitation at 313 nm and a filter at 350 nm; the
green-blue emission peak is located at 490 nm

To the best of our knowledge, the carbothermal re-
duction method is usually used to fabricate oxides,[29] car-
bides[30] and nitrides,[31] in which active carbon or graphite
generally reacts with source chemicals containing O or N
to generate intermediate compounds. It is well known that
active carbon can serve as a reductant and react in a fur-
nace with sulfur to generate CS2, which can act as a sulfur
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source in the fabrication of sulfides.[32] Due to the low boil-
ing point of CS2 (b.p. 46.26 °C) and low melting point of
ZnCl2 (m.p. 318 °C),[33] there is enough vapor to react and
the one-dimensional characteristic of CS2 could contribute
to the formation of ZnS nanowires. According to these
ideas, we designed the above-described experiments and
found that ZnS nanowires were synthesized successfully. In
the absence of active carbon we only obtained nanopart-
icles. This synthesis method can be understood in terms of
carbothermal CVD. The growth of one-dimensional nano-
materials by thermal evaporation is often explained by a
vapor-liquid-solid (VLS)[34] or vapor-solid (VS)[35] growth
mechanism. For example, the silicon nanowires reported by
Yu[36] were synthesized on solid substrates by the VLS
mechanism using Au or Zn nucleation catalysts. In this case,
the presence of a big particle at the tip of the nanowire is
commonly considered to be evidence for the operation of
the VLS mechanism. Jiang’s group has fabricated ZnS
nanoribbons[37] by a VS mechanism through hydrogen-as-
sisted thermal evaporation. Comparing the features of these
two mechanisms, and with no tip-located particles present,
the VS explanation may be operative in the formation pro-
cess of our ZnS nanowires. The experimental conditions
and the anisotropy might provide the external and internal
driving forces for the crystal growth. Once the nucleation
starts, the crystal grow in the preferential orientation of the
ZnS crystal planes.

Conclusion

In summary, ZnS nanowires and their self-assemblies
have been successfully prepared for the first time by a car-
bothermal CVD method at low temperature. The as-pre-
pared samples are wurtzite-phase, single nanocrystals with
uniform morphology. The mono-dispersed nanowires grow
along the [100] direction and those nanowires constituting
the self-assemblies grow in different crystal orientation.
Possibly due to their sulfur-rich nature, the samples show
strong green-blue emission at room temperature, which is
consistent with the luminescence of the zinc vacancy. The
growth of our ZnS nanowires can be explained by a VS
mechanism. Because of its easy operation and versatility,
this carbothermal CVD route may be extended to the syn-
thesis of other kinds of sulfide semiconductor nanowires.
Further improvements of the equipment and studies on the
application of ZnS nanowires and their self-organized
structures are in progress.

Experimental Section

All the employed reactants were commercial and analytical grade
without any further purification. A thoroughly blended powder
mixture of sublimed sulfur (S), active carbon (C), and anhydrous
zinc chloride (ZnCl2) with a molar ratio of 4:1:2 was put into a
porcelain boat which was placed in the bottom of a short quartz
tube (approx. 25 mm diameter and 10 cm length) closed at one end.
The short tube was placed with the open end downstream in the
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center of a long quartz tube (approx. 50 mm diameter and 1 m
length) mounted in a horizontal furnace, which was sealed and
high-purity nitrogen was passed through it for 2 h to purge the air
from the system. After heating to 500 °C for 2 h, the tube furnace
was allowed to cool to room temperature in a constant flow of
nitrogen. White samples were collected from the inner wall of the
short tube, and then washed with distilled water and absolute etha-
nol several times. The purity and phase structure of the products
were obtained by X-ray powder diffraction (XRD) analysis, which
was performed with a D/max-γA X-ray diffractometer (λ �

0.15405 nm). The composition of the samples was determined by
XPS with an ESCALAB MKII electron spectrometer using Mg-Kα

radiation as the source. The morphologies and microstructure were
observed and analyzed by TEM and HREM with a JEOL-2010
transmission electron microscope using an acceleration voltage of
200 kV. The PL measurements were carried out with a HITA-
CHI850-type visible-ultraviolet spectrophotometer with a 313 nm
excitation and a 350 nm filter at room temperature. The XRD pat-
tern and the complete XPS spectrum of our sample are available
as Supporting Information.
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