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Phase and Shape Control for Nickel Sulfides by Acrylamide-Assisted Solvothermal Route
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Liaoning Normal University, Dalian, Liaoning 116029, China)

Abstract: A series of single-phase nickel sulfides, such as cubic NiS,, hexagonal a-NiS and rhombohedral 8-NiS,
were synthesized in ethylene glycol through an acrylamide-assisted solvothermal process by using thiourea and
nickel nitrate as the starting materials. The product was characterized by XRD and TEM. The results show that
the surfactant acrylamide plays an important role in controlling the phase composition and morphology of nickel
sulfides. The formation of B-NiS hollow nanospheres with cross-linked structure could be explained by the

heterogeneous crystallization and rolling-up mechanism.
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0 Introduction NiSsne NigSs, NisSe, NigSg and NizS,%. Of the binary
nickel sulfides, NiS exhibits a low-temperature

In recent years nickel sulfide has attracted rhombohedral B-NiS and a high-temperature hexagonal
considerable attention because of its unique attributes a-NiS". NiS, holds a triclinic phase and a cubic
as a metal-insulator, a paramagnetic-antiferromagnetic phase. Here we choose NiS and NiS, as the subject of
transition material, a catalyst for hydrodenitrogenation investigation because of their growing importance in
and  hydrodesulfurization, and a transformation industry. As reported, a variety of techniques have been
toughener in window glass, as well as its potential developed to synthesize nickel sulfide nanocrystals with
application in IR detectors, rechargeable lithium different  morphologies  including  nanoparticles,
battery and solar storage!". Nickel sulfide contains a nanorods, nanoprisms, nanoneedles, hollow spheres,
variety of phases including NiS, NiS,, 8-Ni;S,, a-Ni;,,S,, flower-like architectures, urchin-like nanocrystallines,
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layer-rolled structures, etc . Among them, hydroth-
ermal or solvothermal method is regarded as a very
effective and potential soft-chemistry route to tune the
architectures of nickel sulfides. Qian et al.™ prepared
NiS nanobelts and NiS, microspheres hydrothermally.
Yang et al.!"" fabricated cubic NiS, dodecahedrons and
microspheres via solvothermal synthesis. Li et al ',
obtained NiS  hollow
solvothermal process. Huang et al.'® obtained B-NiS

microspheres  through a
hollow spheres consisting of nanoflakes hydrothermally.
Though great progress has been made in shape and size-
controlled growth of nickel sulfides, the precise
modulation of the phase and morphology by controlling
the reaction process remains a challenge. Herein we
demonstrate an acrylamide-assisted solvothermal route
to continuously synthesize cubic NiS, solid spherical
particles, a-NiS
rhombohedral B-NiS  hollow

formation mechanism of B-NiS hollow spheres with

hexagonal aggregration  and

sphere. A possible

cross-linked structure is also presented.
1 Experimental

In a typical procedure, different molar ratios of
acrylamide to Ni(NO;),4H,0 (acrylamide: Ni**) (the
amount of Ni(NOs), -4H,0 was always 1 mmol) were
dissolved into 25 mL ethylene glycol. After 8 mmol of
thiourea (Tu) was added and completely dissolved into
the above solution, the mixture was transferred into a
45 mL Teflon-lined autoclave, and reacted solvother-
mally at 220 C for 24 h. Then the system was cooled to
room temperature naturally. The resultant black
precipitate was collected by centrifugation, washed with
distilled water and absolute ethanol for several times.
Finally the black product was dried at 80 °C for 5 h
before use.

X-ray diffraction analysis was carried out on a
(German, 40 kV,
40 mA) with graphite monochromatized Cu Ko
radiation (A=0.154 06 nm) at a step size of 0.02° and

a scanning speed of 3°min™ in the range of 26=20°~

Bruker D8 Advance diffractometer

70°. Transmission electron microscopy (TEM) images
were obtained with a JEOL JEM-1200 transmission

electron microscope working at an accelerating voltage

of 100 kV.
2 Results and discussion

Fig.1 shows the XRD patterns for samples
prepared with a typical synthesis procedure with fixed
molar ratio of Tu to Ni**(8:1) and varied molar ratio of
acrylamide to Ni**. When acrylamide was absent, almost
all of the peaks are identified as cubic NiS, with the
lattice constant (a) of 0.570 8 nm, in agreement with the
data in PDF No. 65-3325. Only some negligible peaks
belong to the diffraction of hexagonal a-NiS. Keeping n
(acrylamide):nNi* ratio below 1:1, cubic NiS, is still the
major phase. Increasing acrylamide: Ni** molar ratio up
to 3:1 or 5:1, hexagonal a-NiS occurs as the dominant
phase. When acrylamide: Ni** ratio is raised to 25:1, all
peaks can be readily indexed to (100), (101), (102) and
(110) diffraction a-NiS  with  cell
parameters @ of 0.342 3 nm and ¢ of 0.533 2 nm, in
consistent with the data in PDF No. 02-1280. Upon

increasing acrylamide: Ni** molar ratio up to 50:1, the

of hexagonal

characteristic peaks of rhombohedral B-NiS occur.
With a further increase in acrylamide: Ni* molar ratio,
the diffraction peaks of B-NiS gradually become
stronger while those of a-NiS are weakened. When
acrylamide: Ni** molar ratio is elevated beyond 200:1,
the characteristic peaks of a-NiS completely disappear
and the diffraction peaks obtained are well matched to
the rhombohedral structure of B-NiS (PDF No.12-
0041) with cell constants a of 0.962 8 nm and ¢ of
0.315 2 nm. The above results imply that a suitable

B-Nis(PDF 12-0041) g _ _
S = g = 'TS = o
n = o @ < 3 oo
\ AJ ) T
150:1
£l
8 i) " N . 50:1
2 . s = g o
2 [a-Nis(PDF 02-1280) = 2 = o
g . ) W A 2511
MWMMMM
; A 'J[ ll J A). A A 111
NiS(PDF 653325) = |8 & o ] =985
: LA § 885 o
T T ¥ T T T v T T T T
10 20 30 40 50 60 70
20/ ()

Fig.1 XRD patterns for the samples synthesized in a
typical procedure with different molar ratios of

acrylamide to nickel nitrate
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amount of acrylamide plays a critical role in the
formation of nickel sulfides with different crystalline
structure and compositions.

The morphology of the samples synthesized in a
typical procedure is illustrated by TEM images (Fig.2).
When acrylamide is absent (Fig.2a), the product
consists of uniform spherical particles with a diameter

of about 50 nm. Upon increasing acrylamide: Ni**

molar ratio to above 25:1 (Fig.2b), the product is

100 nm 50 nm

spherical and uneven. The large particles are
composed of the aggregation of nanoparticles with 10~
30 nm in diameter. When acrylamide: Ni** ratio is
further increased beyond 200:1, the product is hollow
sphere with a diameter of 100~150 nm (Fig.2¢c). The
strong contrast between the dark edge and pale center
is evident for the hollow nature of the spheres!'. More
interestingly, the TEM photographs also reveal that

the hollow sphere is cross-linked with each other.

200

Fig.2 TEM images for samples synthesized in a typical procedure with different molar ratios of acrylamide to Ni*

The above results show that the phase and
morphology of nickel sulfides can be tuned from cubic
NiS, solid ball to hexagonal a-NiS aggregation, and
eventually into rhombohedral B-NiS hollow sphere by
modulating acrylamide: Ni** molar ratio.

Fig.3 displays a series of XRD patterns for
intermediates collected after 1.5, 2, 4, 14, 20 and 24 h,
keeping the quantity of acrylamide constant (200
mmol). When the reaction time is 1.5 h, all of the peaks
can be indentified as the hexagonal a-NiS phase. After
reacting for 2 h, the sample obtained is a mixture of a-
NiS and B-NiS with o-NiS as the major phase. As the

Intensity (a.u)

T
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Fig.3 XRD patterns for samples synthesized in a typical

procedure with different reaction times

reaction time is extended from 2 to 20 h, the peaks of
B-NiS become stronger while the peaks of @-NiS are
weakened. When the reactant time is extended to 24 h,
the characteristic peaks of @-NiS are further weakened
and the orthorhombic B-NiS hexahedral phase is
predominant. The strong and sharp diffraction peaks
indicate that the orthorhombic B-NiS obtained is highly
crystalline. The investigations reveal that the reaction
time has a significant effect on the formation and phase
transformation of nickel sulfides.

Fig.4 TEM images of
collected after 1.5, 2, 4, 14, 20 and 24 h, respectively.
The images clearly reveal the transformation process
hollow

nanospheres. When the reaction time is reduced to 1.5

shows intermediates

from solid spherical nanoparticles into
h, only a large irregular product is obtained (Fig.4a).
Fig.4b displays the image for the sample reacting after 2
h, revealing that the intermediate is aggregation of solid
spherical particles with a diameter of about 100 nm.
The sphere-like aggregation slowly melts from inside
until it melts completely to spread up into nanoflakes
after reacting for 4 h (Fig.4c). The nanoflakes have

small thickness and large areas. When the reaction time

is extended to 14 h, the edge of some nanoflakes partly
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Fig.4 TEM images for samples synthesized in a typical procedure with different reaction times

is rolled and some completely rolled nanoflakes take on
spherical particles with an average size of 100 nm (Fig.
4d). With the reaction time up to 20 h, the spherical
particles become more regular and uniform with a
diameter of 100~150 nm (Fig.4e). The obvious contrast
of the light-colored center and the deep-colored sides of
the sphere indicates that the nanosphere is a center-
hollow one. Moreover, the shell is loose and porous with
a thickness of about 20 nm. After the reaction time is
extended beyond 24 h, the hollow spheres become
cross-linked with each other, as shown in Fig.2¢ and
Fig.4f. On the basis of the above results, we reasonably
assume that the formation process of B-NiS with a
hollow sphere involves a heterogeneous crystallization
and rolling-up mechanism. The irregular hexagonal a-
NiS particles are first formed, and then transformed into
the mixture of a-NiS and B-NiS with solid spherical
particles. Subsequently the solid spherical particles
melt and then spread up into thin nanoflakes. The thin
nanoflakes gradually roll up and eventually turn into -
NiS hollow nanospheres. Of course, more systematic
work should be done to obtain a further knowledge on

the formation mechanism.
3 Conclusion

In summary, cubic NiS, solid spherical particles,

hexagonal a-NiS aggregration and rhombohedral 8-NiS
hollow sphere were continuously fabricated via an
acrylamide-assisted solvothermal process. The phase
and morphology of nickel sulfides can be controlled by

modulating acrylamide: Ni** molar ratio.
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