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Phase-controlled synthesis and characterization of nickel
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Abstract

Different one-dimensional nickel sulfides, NiS nanorods and Ni9S8 nanorods were synthesized in the presence (Route 1) and

absence (Route 2) of gas CO2. X-ray powder diffraction patterns, scanning electron microscopy and transmission electron

microscopy images show that the product from Route 1 is NiS nanorods with a diameter of about 50–120 nm, while the product

from Route 2 is Ni9S8 nanords about 70–200 nm in diameter. A molecular-template-like mechanism was proposed for the one-

dimensional structures growth. The products were also investigated by Raman and photoluminescence (PL) spectroscopy.

r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Material scientists are attempting to produce novel
materials. Development of a controlled-synthesis meth-
od is always the most important goal. One-dimensional
structures with nanoscale diameters such as nanowires,
nanorods, and nanotubes are currently the focus of
much attention because of their special properties [1].
Compared to micrometer-diameter whiskers, these
fascinating systems are expected to exhibit remarkable
mechanical properties, as well as electrical, optical, and
magnetical properties that are quite different from those
of their corresponding bulk materials [2]. These new
nanoscale materials have potential applications in both
mesoscopic research and the development of nanode-
vices. Previous work in this field focused on carbon
nanorods and nanotubes, which were the byproducts of
fullerene research [3]. Although morphological control
has recently been demonstrated [4], synthetic control of
nanocrystalline shape remains a daunting task and is a
new challenge to scientists.
In recent years, the nickel sulfides and the phase

relations in the Ni–S system have been the subject of
numerous studies because they can be used as a
hydrogenation catalyst, and as a possible transforma-

tion toughener [5–9]. Traditionally, NiS was prepared by
solid-state reactions at high temperature and vapor
phase reactions [10,11]. Recently, many mild methods
have been developed to prepare NiS [12,13]. Jeong et al.
synthesized nickel sulfides in aqueous solution [14] and
Jiang et al. [15] synthesized NiS layer-rolled structures in
aqueous ammonia solution. The solvothermal reaction
was also used to prepare NiS nanoparticles [16].
However, as far as we know, the synthesis of one-
dimensional NiS nanorods and Ni9S8 nanorods are
seldom reported in the literature.
Herein, we report the synthesis of NiS nanorods and

Ni9S8 nanorods via a simple solvothermal route using
gas CO2 as the phase controlled additive.

2. Experimental

2.1. Preparation of NiS nanorods (Route 1)

In a typical procedure, 35ml hydrazine hydrate was
saturated with CO2 gas, then 0.576 g NiCl2 � 6H2O was
added to it under continuous stirring until the pre-
cipitate was just dissolved. Then slightly excessive
Na2S2O3 was added into the precursor solution. The
mixture was put into a Teflon-lined autoclave of 50ml
capacity. The sealed autoclave was maintained at 1651C
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for 20 h and then cooled to room temperature, naturally.
Black precipitate was collected by filtration and washed
several times with distilled water and absolute ethanol
and then vacuum dried at 651C for 4 h.

2.2. Preparation of Ni9S8 nanorods (Route 2)

In this procedure, 0.576 g NiCl2 � 6H2O was dissolved
in 35ml hydrazine hydrate with continuous stirring
resulting in a transparent solution. After that, slightly
excessive Na2S2O3 was added into the precursor
solution. The mixture was put into a Teflon-lined
autoclave. The sealed autoclave was also maintained at
1651C for 20 h and then cooled to room temperature,
naturally. The obtained product was treated as Route 1.
The samples were characterized by X-ray powder

diffraction (XRD). The XRD analysis was carried out
on a Japan Rigaku D/max gA X-ray diffractometer
equipped with a graphite monochromatized CuKa
radiation (l ¼ 1:54178 Å). The samples were scanned
at a scanning rate of 0.051/s in the 2y range of 10–701.
The microstructure and morphologies of the samples
were analyzed with scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). SEM
images were taken with a KYKY1010B scanning
electron microscope (Beijing, China). TEM images were
taken with a Hitachi H-800 transmission electron
microscope, using an accelerating voltage of 200 kV.
The Raman spectra were produced at room temperature
with an LABRAM-HR Confocal Laser MicroRaman
spectrometer. Photoluminescence (PL) spectra of the
samples were measured in a Hitachi 850 fluorescence
spectrophotometer with an Xe lamp at room tempera-
ture.

3. Results and discussion

Fig. 1a displays the XRD pattern of the sample
produced from Route 1. All the peaks can be indexed as
the hexagonal structure of NiS with lattice parameters
a ¼ 9:592870:006 Å, c ¼ 3:143970:007 Å, which is
consistent with the reported data (a ¼ 9:620 Å,
c ¼ 3:149 Å, JCPDS Card No. 12–0041). No impurities
such as Ni, NiOx or intermediary phase nickel sulfides
are detected in the XRD pattern. The XRD pattern of
the sample from Route 2 (Fig. 1b) exhibits the
orthorhombic structure of Ni9S8 with lattice parameters
a ¼ 9:345470:008 Å, b ¼ 11:238670:028 Å, c ¼ 9:3189
70:010 Å, which is consistent with the reported data
(a ¼ 9:335 Å, b ¼ 11:21 Å, c ¼ 9:430 Å, JCPDS Card.
No. 78–1886).
Fig. 2a and b are the SEM images of as-prepared

samples. It can be seen that both the products mainly
consist of solid rod-like structures.

Fig. 1. XRD patterns of the samples. (a) XRD pattern of NiS; and (b)

XRD pattern of Ni9S8.

Fig. 2. SEM images of the obtained samples. (a) SEM image of NiS;

and (b) SEM image of Ni9S8.
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These results can also be proved by TEM procedure.
According to the TEM observation of the product
from Route 1, lots of nanorods can be observed.
Fig. 3a is a TEM image of a single NiS nanorod with
some aligned nanorods. From a TEM of a single NiS
nanorod (Fig. 3b), one can see that a typical NiS
nanorod has a diameter of about 50 nm and length up
to 5 mm.
As for the sample prepared from Route 2, it can be

seen that the product consists mainly of nanorods. From
Fig. 3c, the Ni9S8 nanorods produced from the present
route typically have diameters of 70–200 nm and lengths
up to several micrometers. TEM image of a single
nanorod of about 200 nm in diameter was shown in
Fig. 3d.
The samples were also characterized by Raman

spectra. Fig. 4 shows the Raman spectra for NiS
nanorods and Ni9S8 nanorods. The vibrational frequen-
cies derived from the spectra are listed in Table 1.
Compared with the reported data, it can be seen that

they are in good accordance [18]. For comparison, the
data of the literature are also listed in the table.
Fig. 5 shows the PL spectrum from the obtained NiS

nanorods at room temperature. In the figure, the
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Fig. 4. Room temperature Raman spectra of the obtained samples.

Fig. 3. (a) TEM image of a single NiS nanorods with many aligned nanorods; (b) TEM image of a single NiS nanorod; (c) TEM image of Ni9S8
nanorods; and (d) TEM image of a single Ni9S8 nanorod.
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excitation wavelength was 250 nm and the filter wave-
length was 310 nm. It is clear that a strong peak centered
at 340nm is observed on the spectrum. From the spectra,
no sharp PL lines, which are attributable to impurity-
bound excitons and their phono replicas, are clearly
seen [15]. The PL spectrum of Ni9S8 has some similarities
with that of NiS and the spectrum was not shown.
Metal hydrazine carboxylates, M(N2H3COO)2 � 2H2O

(M=Mg, Ca, Mn, Fe, Co, Ni, Cu), have been used as
precursors to fine particle oxide materials [17,19,20]. The
novelty of these precursors is due to their low-
temperature (o3001C) autocatalytic exothermic decom-
position with the evolution of large amounts of gases to
yield fine particles having high surface area oxide. And
Dhas extended this method to prepare copper particles
[21]. In our synthetic Route 1, when NiCl2 was added
into the CO2 saturated hydrazine hydrate solution, a
complex formed in this route, and it can be expressed,
according to the above literatures [17], as

Ni
OCON2H3

OCON2H3

N2H5

H3N2OCO
ð1Þ

This complex is expected to decrease with the increase
in temperature. At some relatively high temperature, the
newly formed S2� anion may coordinate to the complex,
producing a one-dimensional NiS nanorod structure to
become dense; the bidentate ligands are gradually lost.
In the liquid phase, the newly formed S2� attacks the
complex, which causes the bonds between Ni2+ and the
ligands to become weaker and the bonds between
the Ni2+ and S2� to form gradually. And finally, Ni2+

and the ligands separate from each other. Ni2+ are
connected by S2�, and in the end they form a one-
dimensional NiS nanorods structure.
In Route 2, the formation of rod-like Ni9S8 crystals

indicated that the nucleation and growth were well
controlled. Solvent hydrazine hydrate plays an impor-
tant role in the growth of as-prepared Ni9S8 nanorods.
Since hydrazine hydrate is a bidentate ligand, it can
react with metal ion to form a relatively stable metal
complex [22–24]. In the reaction, when NiCl2 is added
into hydrazine hydrate solution, a transparent solution
is formed. So it is reasonable to think that Ni2+ complex
(2) depicted below is formed:

Ni
NH2

NH2

NH2

NH2

Ni ð2Þ

The stability of the complexes is expected to decrease
with the increase in temperature. At some relatively high
temperature, for example, above 1601C, the S2� anion
from S2O3

2� may coordinate to the above complex to
form a one-dimensional Ni9S8 nanorod structure and
the volatile coordinated ligands are lost gradually. The
detailed growth mechanism may have a number of
similarities with the formation of one-dimensional NiS
nanorods.
Based on the above mechanism analyses, it can be

concluded that the growth of as-prepared samples has a
similar growth mechanism. In the process of Ni9S8 nano-
rods and NiS nanorods formation, both the mentioned
complexes ((1) and (2)) could serve as a molecular template
in control of the one-dimensional structures growth.
In order to improve our understanding of the

template effect, we replaced hydrazine with benzene,
toluene, and CCl4, which have no coordination ability,
and keeping the other reaction condition constant, only
NiS nanoparticles or no NiS could be obtained. With
regard to the pyridine, which has a relatively weak N-
coordinating ability but a lack of bidentate coordinate,
TEM observations show that only a small fraction of
nanorods was obtained. So we speculate these nanorods
growth mechanism as a molecular-template-like me-
chanism.
In our experiments, it was found that using Na2S2O3

as the sulfur source is also an important factor for the
formation of one-dimensional structures. Using other
sulfur sources, such as thiourea, Na2S, only nickel

Table 1

List of the vibrational frequencies (cm�1) derived from the spectra

shown in Fig. 4

NiS powders [19] Ni9S8 nanorods NiS nanorods

Peak position

(D cm�1)

Peak position

(D cm�1)

Peak position

(D cm�1)

142 144

174

181

222 222

246 244

283 284

301 300

350 344 349

372 372 369

Fig. 5. Photoluminescence spectra for aligned NiS nanorods bundles.
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sulfides nanoparticles could be obtained under the same
conditions.

4. Conclusion

In summary, one-dimensional structures of NiS and
Ni9S8 were successfully synthesized through a simple
solvothermal route in the presence and absence of gas
CO2. Studies found that addition of gas CO2 and use of
Na2S2O3 are the key factors for the formation of one-
dimensional structures. Based on the experiments, a
molecular-template-like growth mechanism was pro-
posed. Although the molecular-template-like mechan-
ism was proposed for the one-dimensional structures
growth, the detailed growth mechanism still needs to be
investigated.
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