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Two-phase synthesis of olive-like NiS particles
and chain-like Bi,S; nanowires
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Highly dispersed olive-like NiS particles were synthesized in a liquid-liquid biphasic system at room temperature, where
nickel xanthate in organic solvents (toluene and benzene) and sodium sulfide in water solution were used as nickel and sulfide
sources, respectively. NiS particles were formed at the stabilized phase interface. The structures, chemical composition and
optical characteristics of the products were investigated by transmission electron microscopy, scanning electron microscopy,
X-ray photoelectron spectroscopy and ultraviolet-visible spectroscopy. The organic solvents obviously influenced the morphol-
ogy of the NiS particles. The olive-like NiS with smooth surface and sharp ends was obtained at benzene/water interface, while
spindle-like NiS particles with rough surface and circle ends were formed when using toluene as a solvent. Analogously, chain-
like Bi S3 nanowires were produced at chloroform/water interface. The effect of the experiment parameters including reaction
time, solvent and concentration of reactants on the size and morphology of the products was discussed in detail and a possible
formation mechanism was suggested.
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1. Introduction phase changing material, hydrogenation catalyst
and solar storage [6]. Nickel sulfide nanocrystals
have been prepared in diverse morphologies, such
as nanorods, triangular nanoprisms [7], hollow
spheres [8], nanotubes and nanoneedles [9, 10].
However, to the best of our knowledge, little work
has been reported about the synthesis of olive-like
NiS nanoparticles via a simple interfacial method.

The controlled fabrication of semiconducting
materials with well-defined shapes, such as nan-
odots, nanorods, sheets and spheres has attracted
much attention in recent years because of their
shape-dependent physical and chemical proper-
ties [1]. Above all, a number of strategies have been
developed to prepare inorganic nanocrystals with
naturally inspired shapes including flower-like,
dendrite-like, sheaf-like, peanut-like (or dumbbell-
like) structures. For instance, olive-like nanostruc-
tures have been synthesized via wet-chemical [2],
solvothermal [3], sonochemical [4], and hydrother-
mal methods [5], etc. However, it still remains a
great challenge to develop simple and template-

Two-phase interface provides a common
boundary, where ions are more prone to react with
the surrounding species, driven by the reduction
in the interfacial energy, which affects the growth
dynamics of nanocrystals [11, 12]. Two-phase
interface methods have successfully been utilized
) ] ] to synthesize metal (Ag, Cu and Au), chalco-
free methods for prepé.lrlr}g nanomaterials with non- genides (CdS, ZnS and CuS) and oxides (Fe,O;
thermpdynamw equilibrium shape. o and ZnO) nanocrystals with controlled shape and

Nleel‘ sulfide, as one Of. transition metal g0 a4 room temperature [13—18]. In our previous
chalcogenlldes, bas caused s.1gn1ﬁcant concern be- work, freestanding Sb,S3 films and nanorings were
cause Of‘ Its unique propertles. and .apphcatlon 45 easily formed at the interface of toluene and water
a metal-insulator, paramagnetic-antiferromagnetic .- temperature using Sb xanthate and NayS

as precursors [19]. Herein, olive-like NiS particles
*E-mail: hangiaofeng @njust.edu.cn and chain-like BiyS3 nanowires were synthesized
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at the interface of toluene or benzene/water, and
chloroform/water, respectively. Unlike previous
reports, in this work solvents played an important
role in the morphologies and structures of the
products.

2. Experimental

2.1. Sample preparation

All reagents used in this work were ana-
lytical grade and used as received without fur-
ther purification. NiCl,-6H,0, Bi(NOs3)3-5H,0,
and C,HsOCS;K were purchased from Sinopharm
Chemical Reagent Co., Ltd. (C;H50CS;),Ni and
(C,Hs0CS;)3Bi were prepared according to our
previous reports [20]. 3 g of Na,S in 20 mL of
distilled water were added dropwise into 40 mL
of toluene containing 0.005 g of (C;HsOCS;),Ni
(0.4 mmol/L). The reaction proceeded without dis-
turbances for different times at room temperature.
The product was formed at the interface and col-
lected by filtration, washing with distilled water
and absolute ethanol several times, and drying at
room temperature. BipS3 particles were prepared in
a similar way.

2.2. Characterization

Transmission electron microscopy and high-
resolution transmission electron microscopy were
carried out on a JEM-2100 (JEOL) transmission
electron microscope (TEM). Scanning electron mi-
croscopy was performed using a JSM-5610LV
scanning electron microscope (SEM). X-ray pho-
toelectron spectra (XPS) were recorded on a PHI
QUANTERA 1II X-ray photoelectron spectrome-
ter, using Al Ko radiation as the exciting source.
The results obtained in the XPS analysis were cor-
rected by referencing the C 1s line to 284.8 eV.
Ultraviolet-visible spectra (UV-Vis) were recorded
on a Shimadzu UV-240 spectrometer and the sam-
ples were dispersed in ethanol.

3. Results and discussion

At the beginning, the organic phase was yellow
due to the dissolution of nickel xanthate, and the

water phase was colorless (Fig. 1a). With the ex-
tension of reaction time, color of the organic layer
became lighter and lighter, and water layer became
yellow, showing that the reaction between nickel
xanthate and Na;S occurred at the interface and
the product C;HsOCS;Na was transferred from or-
ganic to aqueous phase. About half an hour later,
black interface layer was observed, organic phase
became colorless and water phase changed to yel-
low, which indicated that the reaction was com-
pleted (Fig. 1b). The possible chemical reaction
was shown in Fig. 2.

Fig. 1. Digital pictures of toluene/water interface at dif-
ferent reaction times of 0 h (a) and 60 h (b).
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Fig. 2. Reactions for the formation of NiS.

The shape and structures of the as-prepared
nickel sulfur were characterized by TEM. As
shown in Fig. 3a, the products obtained at
toluene/water interface after 60 h of ageing were
olive-like, with an average length of 350 nm and a
diameter in the range of 100 to 200 nm. A high-
magnification TEM image shows that the olive-
like particles with rough surface were assembled
by smaller nanocrystals.

XPS spectra of olive-like NiS particles are
shown in Fig. 4. The peak centered at 168.5 eV
for S 2p indicates that oxidized sulfur species, such
as sulfinate or sulfonate were formed after a few
days of exposure to the atmosphere (Fig. 4a) [21].
Upon Ar' sputtering of the powders, the peak cor-
responding to oxidized sulfur species dramatically



Two-phase synthesis of olive-like NiS particles and chain-like Bi»S3 nanowires 3

decreased, showing that the oxidation must have
occurred on the surface of the NiS particles. The
binding energy at 855.5 and 861.9 eV could be at-
tributed to Ni 2p 2/3 and Ni 2p 1/2, respectively
(Fig. 4b). The ratio of integral area for Ni 2p to S
2p was about 1.1:1, which was close to stoichio-
metric ratio of NiS.

When the reaction was extended to 5 days, short
rod-like structures with about 450 nm in length and
90 nm in width were observed (Fig. 3b). It may be
suggested that the nanorods were obtained by the
continuing growth of nanoparticles.

The concentration of nickel xanthate in toluene
exerted a great influence on the morphology of NiS.
When the concentration was increased to saturation
(0.05 mol/L), NiS films were obtained (Fig. 3c).
The SEM image shows that the sheets are of large
area and thin thickness (Fig. 3d), and the selected-
area electron diffraction (SAED) pattern indicates
that the NiS films are poor-crystalline (inset in
Fig. 3c). Therefore, extremely dilute concentration
of Ni xanthate was important to form olive-like
NiS structures because the nucleation was rela-
tively slow for the growth in dilute solution, thus,
the NiS nuclei grew in preferred direction, forming
olive-like particles.

The solvents also affected morphology of the
NiS particles. When using benzene as a solvent in-
stead of toluene, olive-shaped NiS was also pro-
duced (Fig. 3e). However, it is noteworthy that two
ends of the olive are sharp, with a size of 450 to
850 nm in length and 150 to 250 nm in diame-
ter, and additionally the surface of the olives is
smooth (Fig. 3f). The SAED pattern shows clear
well-aligned diffraction spots, indicating that the
olive-shaped particles are single crystalline in na-
ture (inset in Fig. 3f). All these particles are dif-
ferent from those obtained in the toluene/water
system. Less polarity of benzene than that of
toluene might lead to stronger adsorption of xan-
thate ligands on the surfaces of NiS, thus, the
particles grew orientedly, resulting in the forma-
tion of regular olives [22]. When using chloro-
form as an organic phase, a black thin layer was
formed at the interface of water and air. The thin
layer became white after ageing for several hours,

Fig. 3. (a) and (b) TEM images of NiS obtained at
toluene/water interface after different ageing
times for [Ni(C,Hs0CS;),] = 0.4 mmol/L: (a)
60 hours and (b) 5 days; (c) and (d) TEM
and SEM images of NiS films obtained at
toluene/water interface for [Ni(C,H50CS;),] =
0.05 mol/L, and the inset in (c) showing its
SAED pattern; (e) and (f) TEM images of NiS
obtained at benzene/water interface after 60 h
of ageing for [Ni(C;HsOCS;)>] = 0.4 mmol/L,
and the inset in (f) showing its SAED pattern.

showing that NiS in nanoscale was easily oxidized
in the atmosphere.

The UV-Vis absorption spectra of olive-like NiS
particles and NiS films prepared in toluene are
shown in Fig. 5. The spectra of both NiS particles
(Fig. 5a) and films (Fig. 5b) show one peak cen-
tered at about 260 nm (ca. 4.35 eV) and 215 nm
(ca. 4.50 eV), respectively. As compared with bulk
NiS (ca. 2.10 eV), the absorption spectra are shifted
to higher energy because of the quantum confine-
ment effect [23].
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Fig. 4. XPS spectra of olive-like NiS particles: (a) S
core and (b) Ni core.
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Fig. 5. UV-Vis spectra of (a) olive-like NiS particles
and (b) NiS films obtained at toluene/water in-
terface.

Similarly, Bi,S3 nanoparticles were synthesized
at chloroform/water interface using Bi xanthate and
Na,S as precursors. TEM image (Fig. 6a) indi-
cates that the products obtained within two days
of ageing are chain-like nanowires composed of
tiny particles. The SAED pattern (inset of Fig. 6a)
shows that these particles are poor-crystalline.
When using toluene or benzene instead of chlo-
roform, Bi»S3 spheres aggregated by nanoparticles
are observed (Fig. 6b). The polarity of the solvents
should play an important role in the nucleation and
growth of BirS3 nanoparticles. The effect of sol-
vents is still unclear, and further investigation is
underway.

4. Conclusions

In summary, unique olive-like NiS particles
and chain-like Bi,S3 nanowires were obtained at
the liquid-liquid interface at room temperature.

Fig. 6. (a) TEM images of chain-like Bi;S3; nanowires
prepared at chloroform/water interface and the
inset showing its SAED pattern; (b) spherical
Bi,S;3 particles prepared at toluene/water inter-
face.

Encouraged by the success in producing the novel
morphology of metal chalcogenides using xan-
thate as a precursor, we believe that this two-phase
method can be applicable to synthesize a variety of
other materials.
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