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Solvothermal Synthesis of NiS 3D Nanostructures
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Highly uniform urchin-like nanostructures (in the structures,
nanoneedles or nanobelts grow radially from the core par-
ticles) of NiS (millerite) were successfully prepared by a sol-
vothermal synthetic route using Ni(Ac)2·6H2O and dithizone
as reagents and ethylenediamine as solvent in the temper-
ature range of 220−240 °C. The prepared nickel sulfides with
urchin-like 3D architectures were characterized by X-ray dif-
fraction (XRD), field emission scanning electron microscopy
(FE-SEM) and high-resolution transmission electron micro-

Introduction

Many properties of crystalline materials depend on the
crystallographic direction, for example, the spontaneous
polarization in ferroelectrics and the magnetic coercivity
and remanence in ferromagnets.[1] Over the past few years,
there has been growing interest in low dimensional nanos-
tructure semiconductors because of their novel electrical
and optical properties, and potential applications in nano-
devices.[2] Recently, research is expanding into the assembly
of nanoparticles in two-dimensional and three-dimensional
ordered superstructures.[3] Much effort has been made to
construct patterns of well-arranged nanocrystallites, es-
pecially arrangements of nanotubes and nanorods due to
their interesting physical properties and potential appli-
cations in many areas.[4] To obtain highly oriented growth
of nanorods, solid templates are usually required, such as
porous alumina, polymer nanotubes, and patterned cata-
lysts, to control the directional growth.[5] However, the in-
troduction of templates and substrates introduces hetero-
geneous impurities, increases the production cost, and thus
leads to the difficulty for scale-up production. The develop-
ment of facile, mild, easily controlled, and template-free
methods to create novel patterns on self-generated homo-
geneous substrates therefore is of great significance.

Nickel monosulfide (NiS) has been the subject of con-
siderable interest because of its properties as a metal insu-
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scopy (HRTEM). The reaction temperature, sulfur sources,
and solvent are of great importance on the final urchin-like
structures. On the basis of the experimental results, a pos-
sible growth mechanism of the urchin-like NiS crystals is
proposed, which is supported by the technical characteriza-
tions.

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

lator, paramagnetic�antiferromagnetic phase-changing ma-
terial, and its use in hydrosulfurization catalysts and solar
storage.[6] In this paper, we present the synthesis of highly
uniform urchin-like 3D nickel sulfide nanostructures by the
reaction between nickel acetate and dithizone (H2DZ,
C13H12N4S) in ethylenediamine without the use of any tem-
plate, polymer, and surfactant. Although Xie’s group syn-
thesized 3D NiS with flowerlike architectures via a polymer
assistant, recently NiS (millerite) nanorods and triangular
nanoprisms were synthesized, and other several geometrical
urchin-like patterns have also been presented.[7] Up to now,
there has not been a report on these kind of urchin-like 3D
nickel sulfides nanostructures (in the structures,
nanoneedles or nanobelts grow radially from the core par-
ticles) synthesized by a simple, efficient method under mild
conditions. As a catalyst, the urchin-like nanostructures,
which have highly specific area on the surface of the par-
ticles, may provide directional catalyst ability and realize
region-dependent surface reactivity.

Results and Discussion

Figure 1 shows the XRD patterns of NiS obtained at 220
°C for 5 h. All the peaks in Figure 1 can be indexed as pure
millerite NiS (space group: R3m) with cell parameters a �
9.63 Å, c � 3.15 Å, which are close to the literature data
(JCPDS file number: 12�0041). Similar XRD patterns
were obtained from other products of the comparison
experiment, all of which exhibited millerite NiS.

The morphology of the product was determined by FR-
SEM and TEM. Figure 2 shows the obtained urchin-like
nanostructures synthesized at 220 °C for 5 h. After careful
observation (Figure 2, b, c), it has been found that the ur-
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Figure 1. XRD pattern of the synthetic millerite NiS at 220 °C
for 5 h

chin-like pattern usually has a diameter of about 30 µm
with acicular crystallites radiating from the center in a uni-
form size distribution. The nanoneedles grown from the
center have almost uniform diameters: the bottom of the
nanoneedles is about 150 nm; the tip of the nanoneedles is
about 50 nm. The nanoneedles were investigated in more
detail by high-resolution transmission electron microscopy
(HRTEM) (Figure 2, d) and by the SAED pattern (inset in
Figure 2, d). The HRTEM image of an individual
nanoneedle in Figure 2 (d) shows that lattice spacing of
about 0.48 nm and 0.29 nm correspond to the (110) and
(011) planes, respectively, of rhombohedral phase NiS. The
obtained ED spots projected along the [1 1̄ 1] zone axis
could be indexed as millerite NiS (110) and (011) planes.

Figure 2. FE-SEM images of the synthesized urchin-like nanostructure at 220 °C for 5 h: (a) the panoramic morphologies; (b) low
magnification image; (c) high magnification image; (d) HRTEM image of the NiS nanoneedles covered on urchin-like nanostructures
(inset shows its corresponding ED pattern)
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The HRTEM and SAED images indicate that the
nanoneedles are single crystals grown in the direction paral-
lel to the (110) lattice planes. With a raised temperature of
240 °C, we obtained nanobelts with high aspect ratios,
grown radially from the core particles. As shown in Figure 3
(a), these nanobelts have widths ranging from 20 nm to
70 nm and lengths of up to 12 µm. We have characterized
these NiS nanobelts by HRTEM and SAED (Figure 3, b).
The nanobelts exhibit lattice planes with a spacing of
0.48 nm parallel to the long axis of the nanobelt, which
corresponds to the d spacing of the (110) planes of NiS
(millerite). HRTEM images reveal that the nanobelts grow
along the direction parallel to the (110) planes of NiS,
which is similar to the nanoneedles. The inset image in Fig-
ure 3 (b) shows a typical SAED of the millerite NiS nanob-
elt, which was obtained by focusing the electron beam along
the [0 2̄ 1] zone axis of this nanobelt. The SAED pattern
further confirms that this nanobelt is a single crystal of
millerite NiS.

It is well known that H2DZ is a good linker ligand, which
can form Ni(HDz)2 with Ni2� under alkaline conditions.[8]

The reaction in the present system is based on the forma-
tion of Ni-dithizone complexes followed by thermal de-
composition of these complexes to obtain the final product.
The whole reaction process may be expressed as follows:

Ni2� � C13H12N4S � Ni(C13H11N4S)2 � NiS

Different sulfur reagents were tested to reveal the dithi-
zone effect, and the results showed that the dithizone was
the optimum. When Na2S was used, the product is a mix-
ture of bulky particles of NiS and Ni3S2. When using thio-
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Figure 3. (a) FE-SEM image of the urchin-like nanostructure radi-
ated with high aspect ratio nanobelts at 240 °C for 5 h, (inset shows
a high-magnification FE-SEM image); (b) HRTEM image of the
NiS nanobelts covered on urchin-like nanostructures (inset shows
its corresponding ED pattern)

urea, podgy rods of NiS (millerite) were obtained. It is ordi-
narily accepted that dithizone metal complexes prevent the
production of large free metal ions and sulfur ions, and thus
are favorable for the oriented growth of the final product.

Generally, the growth process of crystals can be separated
into two steps: an initial nucleating stage and a subsequent
crystal growth process. At the initial nucleating stage, the
crystalline phase of the seeds is critical for directing the in-
trinsic shapes of the crystals due to its characteristic sym-
metry and structure. In the subsequent step, the crystal
growth stage is a kinetically and thermodynamically con-
trolled process that can yield 1D and other more compli-
cated shapes with some degree of shape tenability through
changes in the reaction parameters such as temperature, re-
action time, concentration, and so on.[9] In the present sys-
tem, we find that the reaction temperature is undoubtedly
vital in the formation of the unique urchin-like patterns of
NiS nanoneedles and nanobelts. To investigate the influence
of reaction temperature, the reactions were carried out at
different temperatures, and the results are listed in Table 1.
It is generally believed that temperature can affect crystal
growth in several ways, all of them resulting in a smaller
crystal size at lower temperatures. From our experiments, it

Table 1. The relationship between temperature and different morphology products

Temperature Time Phase Morphology Figures Aspect ratio

160 °C 5 h � � � �
160 °C 96 h NiS podgy rod � low
180 °C 5 h NiS nail-like � lower
220 °C 5 h NiS urchin-like (nanoneedles) 2, a high
240 °C 5 h NiS urchin-like (nanobelts) 3, a higher

.
Figure 4. FE-SEM images of the products obtained by the solvothermal treatment at 220 °C for various times: (a) 30 min, the insets
show the corresponding TEM and ED patterns; (b) 60 min; (c) 90 min; (d) 120 min
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can be clearly seen that a higher temperature is preferable
for the anisotropic growth of crystal and results in the prod-
uct with high aspect ratios (Figure 3, a). Meanwhile, at
lower temperatures of 160 °C and 180 °C, only podgy rods
and nail-like crystals with lower aspect ratios are obtained.
Based on FE-SEM studies, by changing the reaction time a
possible formation mechanism of 3D urchin-like NiS nano-
structure can be obtained and is described as follows: at the
beginning of the reaction, some nuclei are formed. These
nuclei rapidly develope into aggregated particles (Figure 4,
a). ED patterns of the aggregated particles confirm that the
aggregated particles are polycrystal. All the diffraction rings
in the ED patterns can be indexed to millerite NiS (inset in
Figure 4, a). Because the initial growth may be too rapid to
be separated from the nucleation,[10] sheets are formed on
the surface of the aggregated particles (Figure 4, b), and
then at elevated temperature and pressure, the layer struc-
tures directly collapse into nanorods (Figure 4, c).[11] Dur-
ing the following solvothermal process, the shorter nano-
rods may redissolve into the solution phase, and the longer
nanorods grow much longer (Figure 4, d), which is similar
to the formation process of silver nanowires.[12] With the
rapid growth of nanorods, the concentration of the reac-
tants decreases, which does not completely satisfy the
growth of nanorods and finally results in the formation of
needlelike nanocrystals (Figure 2, a). Further studies are
necessary to understand the exact formation mechanism of
3D NiS nanocrystals.

Ethylenediamine also played an important role in the for-
mation of urchin-like NiS. When Ethylenediamine was sub-
stituted by ammonia, ethylamine (65�70%), or 1,6-hexane-
diamine, the results, shown in Table 2, indicated that neither
NiS (millerite) nor urchin-like morphology was obtained.
Therefore, it is believed that the solvent affected the phase
formation in the reaction system. The exact influence of the
solvent undoubtedly needs further investigation.
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Table 2. Results of the reaction of Ni(AC)2·6H2O and dithizone at
220 °C for 5h

Solvent Product Morphology

ammonia/water Ni3S2 irregular
ethylamine (65�70%) Ni3S2, Ni7S6 �
1,6-hexanediamine Ni3S2 spherical

Conclusion

In summary, in this paper we have developed a facile sol-
vothermal method for the preparation of highly uniform
urchin-like 3D nickel sulfide nanostructures by altering the
reaction temperature. A possible mechanism was proposed
to explain their formation. This low-temperature synthetic
route, free of templates, polymer and surfactant, can be eas-
ily adjusted to prepare urchin-like 3D nickel sulfides and
might be expanded to the preparation of other low-dimen-
sion nanomaterials.

Experimental Section

Preparation of Uniform Urchinlike Nanostructures: All the reagents
were analytical grade and purchased from Shanghai Chemical. In
a typical synthesis, equivalent molar amounts of Ni(Ac)2·6H2O and
H2DZ (1.2 mmol) were placed in ethylenediamine (50 mL), and the
mixture was stirred strongly for about 1 hour to form a homo-
geneous solution. The resulting solution was transferred into a
60 mL Teflon-lined autoclave, which was sealed and maintained
between 220�240 °C for 5 h, before being left to cool to room
temperature naturally. The precipitate was filtered off, and washed
with distilled water and absolute ethanol several times, and dried
in vacuo at 60 °C for 4 h.

Sample Characterization: SEM images were obtained on a Hitachi
(X-650) scanning electron microanalyzer and a JSM-6700F field
emission scanning electron microscope (FE-SEM). XRD patterns
of the products were recorded by employing a Philips X’pert X-ray
diffractometer with Cu-Kα radiation (λ � 1.54187 Å). The electron
diffraction (ED) patterns and high-resolution transmission electron
microscopy (HRTEM) images were carried out on a JEOL-2010
TEM at an acceleration voltage of 200 kV.
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