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Abstract

Hierarchical structures of nickel sulfide have been grown by the hydrothermal method.
Nickel nitrate hexahydrate and thiourea were used as precursor materials to synthesize
nickel sulfide. Ethylenediaminetetraaceticacid was used as a capping agent to achieve
monodispersity. The different phases of nickel sulfide and its dependency on the
precursor concentration were analyzed by X-ray diffractometry. Transmission electron
microscopy analysis was used to confirm the phase changes and morphological
behavior of the synthesized material. The morphological evolution of the hierarchical
structure formation was studied systematically by scanning electron microscopy. In
this study, we explore a novel method to control the synthesis of nickel sulfide
hierarchical structures by varying the precursor concentration. The two mixed phases

enhanced the catalytic activity in the 4-nitro phenol reduction reaction.
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1. Introduction

Nanomaterial properties are dependent on size, shape, and dimensionalityl.
Metal sulfide nanomaterials have attracted significant attention because of their
excellent properties and promising applications in electronic and optoelectronic
devices. Nickel sulfide is of importance in the metal sulfide family> because of the
variety in its phases and diversity in applications such as in lithium ion batteries’,
supercapacitors’, and dye-sensitized solar cells®. The relatively complex nickel sulfide
system was first investigated by Kullard and Yard in 1962° . The nickel sulfide system
contains a number of phases including NiS;, Ni3Ss, NizSe, NigSs, a- NizS,, Ni3zS,,
NiS, and NiS,"’. Most of the phases are present at low temperature, which is one of the
major advantages for nickel sulfide as a next generation material. According to the
phase diagram of nickel sulfide, the sulfur-rich part of the system appears to be rather
simple with only a few phases compared with the complex Ni-rich phases. In recent
years, many research groups have attempted to prepare different nickel sulfide phases
for specific applications. Many researchers have reported that the hexagonal nickel
monosulfide (NiS) phase undergoes a metal-to-insulator transition at low temperature
(~265 K)'"™"*. When the Ni3S,; phase was grown on N-doped graphene, it showed a
high electrolytic resistance compared with other nickel sulfide phases "> and was
ferrimagnetic in nature '®. Ohtani et al. investigated the importance of Ni deficiency on

the formation of nickel sulfide which leads to a non-stoichiometric form of Nil_xS”. It
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is challenging to synthesize nickel sulfide by the low-temperature chemical route with
controlled phases from complex source materials.

Apart from the structural focus on nickel sulfide, several nickel sulfide
nanostructure morphologies, such as nanorods, nanotubes, nanowires, nanosheets,
nanoprisms, layered structures'®, flower-like'®, and ball-like hollow spheres have been
reported on. Higher nanostructure (or microstructure) dimensions that compose the
building blocks in hierarchical morphologies have shown potential use in many fields
including gas sensing'’ and catalytic applications. Weiquan cai et.al reported the
structure transformation of Boehmite by mediating the sulfate under hydrothermal
conditions to achieve morphologies from nanoflakes to hollow microspheres®. The
synthesis of nickel sulfide hierarchical structures has been reported previously by
several research groups® % Li et al. discussed the formation of B-NiS flower-like
architectures in the presence of the citrate anion as a capping agent at various growth
temperatures'’. Wang et al. explained the effect of temperature on the formation of
NiS; spherical cuboids'’. Several other researchers have explained the hierarchical
structure formation of nickel sulfide; however structural changes with respect to the
concentration and formation of hierarchical morphologies by the hydrothermal method
have not yet been investigated. Ethylenediaminetetraaceticacid (EDTA) is a
well-known chelating agent and crystal growth modifier. However, nickel sulfide
synthesis using EDTA has not yet been reported on.

In this paper, we report on the synthesis of nickel sulfide hierarchical
structures with EDTA as a capping agent using nickel nitrate hexahydrate
(Ni(NO3),-6H,0) and thiourea (CH4N,S) as precursors in the hydrothermal method.

EDTA was chosen as capping agent because of its good anionic interaction with metal
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sulfides and control of morphology™ *’

. The effect of precursor material concentration
(i.e. Ni(NOs),'6H,0, CH4N,S, and EDTA) on the formation mechanism of nickel

sulfide hierarchical structures and phase control were investigated.

2. Experimental
2.1 Synthesis procedures

All reagents (analytical-grade purity) were purchased from Wako Chemicals,
Japan and were used without further purification. To synthesize the nickel sulfide
hierarchical structures, 1 mol CH4N,S was added to a 5 mol L™ Ni(NO;),-6H,0
solution. EDTA (0.2 mol) was added as a capping agent under vigorous stirring.
Experiments were carried out with and without EDTA addition. EDTA addition
resulted in a solution color change from dark green to a pale-blue with an increased
solution viscosity. The precursor material concentration is abbreviated as A (0.5 mol
Ni(NO3),-6H,0, 1 mol CH4N,S and 0.2 mol EDTA). A mixture of these materials was
stirred continuously for 60 min, and the solution was then transferred to a 0.1 L
Teflon-lined autoclave for hydrothermal reaction at 160°C for 10 h. The nickel sulfide
precipitate was then filtered, washed with distilled water three times and dried at 60°C.
To understand the formation mechanism of the hierarchical structures, low
concentrations of precursor materials, such as A/10 and A/S, were prepared under
identical conditions. These synthesized materials were collected and dried at the same
temperature. All other conditions (100 mL distilled water, 160°C reaction temperature,
and 10 h reaction time) were kept constant. To avoid the possibility of coordination of
the S*" anion with the nickel complex and the formation of more complex phases, the

reaction temperature was fixed at 160°C.
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2.2 Characterization

The product crystal structure was characterized by powder X-ray diffraction
(XRD) with a scan rate of 0.04° s in the 20 range from 10 to 80° using a Rigaku
(Japan) X-ray diffractometer (RINT-2200, CuKa radiation, A =1.54178 A). Field
emission scanning electron microscope (FESEM) images were taken with a JEOL JSM
6320F instrument to observe sample surface morphology. High resolution transmission
electron microscope (HRTEM) images were recorded using a JEOL JEM 2100F
microscope at an accelerating voltage of 200 kV. Quantitative analysis was conducted
by X-ray photoelectron spectroscopy (XPS) using a Shimadzu ESCA 3100

spectrophotometer.

3. Results and discussion
3.1 Effect of EDTA

When the reaction was carried out in water, the sulfur to nickel molar ratio
(S:Ni) was maintained at 2:1 in all experiments. Fig. 1 (a) and (b) show the FESEM
images of samples prepared with the 0.5 mol nickel source and the 1 mol sulfur source
concentrations, where (a) is EDTA-uncapped and (b) is EDTA-capped nickel sulfide.
The EDTA-uncapped nickel sulfide particles consist of improper hierarchical
morphologies hundreds of nanometers to several micrometers in size. The
EDTA-capped sample contains sheets composed of ball-like structures. Addition of the
EDTA anion controlled the reaction between the sulfur and nickel ions, and resulted in
the formation of monodispersed hierarchical structures. The addition of EDTA to the
Ni*" solution produced a Ni** complex and slowed down the effect of CH4N,S during

the reaction?®.
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3.2 Effect of precursor concentrations

To understand the formation mechanism of hierarchical ball-like structures
with respect to the phase changes, further experiments were carried out with different
precursor material concentrations such as A/5 and A/10. Table 1 shows details of the
phases present in the synthesized products with respect to concentration. At the lower
A/10 concentration, the nickel source was fixed at 0.05 mol, the sulfur source at 0.1
mol and the EDTA capping agent at 0.02 mol. A typical XRD pattern of the
as-prepared nickel sulfide samples is shown in Fig. 2. All the diffraction peaks of the
A/10 sample were well matched with the Joint Committee on Powder Diffraction
Standards (JCPDS) card number 01-075-0613 for the NiS, and 03-065-3419 for the
NiS phase.

For the A/5 concentration, a large change was observed in the XRD pattern. A
phase transformation was observed from NiS to Ni;7S;s, which can be seen from a shift
in the dominant peak positions from 30.06°, 34.55°, and 45.73° to 30.16°, 34.62°, and
45.70°, respectively (see Fig. 2). Along with the Ni;7S;s, a NiS; phase also appeared
and matched the JCPDS card number 01-089-3058 closely. A further increase in
concentration (A) resulted in a phase change from NiS, to Ni3S4. The new Ni3S4 phase
matched the JCPDS card number 01-076-1813 closely.

Figures 3 (a)—(f) and 4 (a)~(f) show the FESEM and TEM images,
respectively, of the nickel sulfide samples with different precursor concentrations (a
and b) A/10, (c and d) A/5 and (e and f) A. For the A/10 concentration, the product was
composed of cubic and rod-like structures, which were nanometers to hundreds of
nanometers in size. The TEM images support the observation of mixed morphologies

of cubic and rod-like structures as shown in Fig. 4 (a). The 2.5 A interplanar spacing
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matched the distance between the crystal plane of (210) of the NiS, phase as
mentioned in Fig. 4 (b). The corresponding Fast-Fourier-Transform (FFT) pattern
showed that the synthesized product was crystalline.

When the concentration was increased to A/S, the product was flower-like
with a few cubic structures as shown in Fig. 3 (c). As can be seen from Fig 4 (d),
nanosheet-like structures were arranged in flower-like architectures for the sample with
A/5 concentrations. Figure 4 (e) and (f) are the TEM and HRTEM images, respectively,
of the A/5 sample. The TEM images indicate the presence of cubic- and
hexagonal-shaped nanocrystals and the HRTEM images show that the product is
crystalline. The interplanar spacing of 3.4 A corresponds to the NiS, (111) phase.
These results are in agreement with the XRD results and show that the product
morphology is affected significantly by concentration. The TEM results confirm the
mixed NiS sample phase. At the A concentration, monodispersed hierarchical
morphology was observed as shown in Fig. 3 (e) and (f). The monodispersed
hierarchical structures were composed of nanosheets and the ball —like structures were
composed of cubic nanoparticles. The average sheets composed hierarchical diameter
was 6—8 pm and cube constructed balls diameter was 3—4 pm. Figure 4 (e) and (f)
show the TEM and HRTEM images of the A sample. The interplanar distance of 2.3 A
matched the (400) crystalline plane of cubic NisS, closely. The clear lattice fringes and
FFT pattern confirmed the quality of the prepared materials.

Figure 5 (a) and (b) show the XPS patterns of nickel sulfide prepared from
different precursor concentrations of A/10, A/5, and A. The doublet peaks at 162.5 and
169.2 eV (Fig. 5 (a)) correspond to the S 2p;/; and 2p;,, binding energies, and agree

closely with literature values®’. The doublet peaks of S 2p indicate the presence of
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mono- and polysulfide for all concentrations tested. Two distinct peaks at 853 and 870
eV correspond to the 2p3; and 2py; states of Ni in nickel sulfide, respectivelyg’zg. The
absence of a satellite region of 856 eV at the A concentration supports the fact that
there was no nickel sulfate peak (NiSO4)29.
3.3 Effect of sulfur source concentration

To understand the importance of thiourea as a sulfur source, different
experiments were carried out by fixing the nickel source concentration as 0.50 mol and
capping agent concentration as 0.20 mol. Sulfur source was varied as 0.50, 0.75 and
1.0 mol. Fig. 6 and Fig. 7 show the XRD patterns and FESEM images of samples with
different sulfur source concentrations. When the concentration was fixed as 1:1 ratio of
sulfur to nickel ions, it resulted in the formation of two different phases of nickel
sulfide (NiS; and Ni3S4). When the sulfur concentration was increased to 0.75 mol,
reaction between the nickel-EDTA complex and sulfur was increased. This resulted in
the appearance of new phase of Ni;7S;s. Presence of more sulfur ions was favored to
react with more number of nickel ions, which resulted the formation of Ni;;S;3 phase
with sheet-like morphology as observed in the FESEM images (fig. 7 (b)). Further
increase in the concentration of sulfur with the nickel to sulfur ratio 1:2, stable phases
of nickel sulfide (Ni;7S;gs and Ni3Ss) with thick sheets composed hierarchy
morphologies were formed. Fig.8 (a) and (b) show the HRTEM images of different
sulfur source concentrations. In Fig. 8(a), the interplanar distance of 2.9 A was well
matched with the (311) peak of Ni3S4 phase, similarly, interplanar distance of 2.6 A
from Fig.8 (b) was well matched with the (244) peak of Ni3S4 phase.
Catalytic activity of nickel sulfide catalysts for the reduction of 4-nitrophenol

The catalytic property of the synthesized nickel sulfide architectures was
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3031 .
17", During

evaluated by employing the reduction of 4-nitrophenol into 4-aminopheno
the reaction, active hydrogen species are firstly transferred to the surface of
synthesized products and then the reduction of 4-nitrophenol was taken place by the
reaction of adsorbed 4-nitro phenol molecules. The kinetic process was monitored by
UV-vis spectroscopy measurements. Fig.9 shows the absorbance spectra of 4-nitro
phenol and the catalytic reduction with the nickel sulfide products such as A, A/5 and
A/10. The absorbance peak at 400 nm was directly associated with the concentration of
4-nitrophenolate ions. Absorbance nature of the catalyst was added and the samples
were measured as a function of time. The addition of A/10 and A/5 resulted in a steady
decrease in the concentration of 4-nitrophenolate ions in solution as seen in the
absorbance spectra. The sample A showed complete disappearance of AbSsgonm
compared to the other sample A/10 and A/5 (see Fig.9 inset). In addition, the
appearance of new peak at 293 nm was confirmed the formation of 4-aminophenol. All
the catalytic reaction was observed with 4-NP for the period of 3 min. The above
results clearly demonstrated that the existence of the phases of NizSs and Ni;7S;s
greatly enhanced the catalytic property.

Mechanism of hierarchical structures evolution:

Fig.10 (a) and (b) shows the schematics of reaction mechanism and growth
process of different nickel sulfide architectures. At the A/10 concentration, the limited
availability of nickel and sulfur ions in the precursor solution resulted in simple and
near stoichiometric phases of NiS, and NiS. Further increase in the concentration of
source material in A/5 increased the availability of more molecules for reaction, which
leads to the formation of different sulfur-rich phases as shown in Fig. 2. The rod-like

morphology was changed to sheet-like morphology due to the addition of source
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materials. The add-atoms growth was taken place on the rods and thus the morphology
was changed. Further increase of source material (A), the morphology of the sample
eventually changed to three dimensional hierarchical structures (Fig. 3 (e) and (f)).
This is mainly due to the Oswald ripening mechanism'’. The high concentration of
precursor solution resulted in the formation of different phases of nickel sulfide (Ni;S4
and Ni;7S;g) confirmed by XRD analysis (Fig. 2).

From the catalytic activity of the nickel sulfide catalysts, the reduction ability
of sample A was better than the samples A/5 and A/10. Sample A was consisted of two
different phases of Ni3S,4 and Ni;7S;3. N. Mahmood et.al, demonstrated the importance
of NizS4 as a catalytic material for the application of lithium ion batteries'. Ni7Sis
was a pure metallic phase with the advantage of having two different catalytic phases
in a synthesized product A, therefore the activity was enhanced. The sample A/5 and
A/10 consisted of semiconducting phase of NiS; along with NiS.

From the different sulfur source concentrations, it is well understood that all
different higher concentrations were feasible to form hierarchical architectures.
However, amount of sulfur concentration played significant role in the formation of
building blocks. When the amount of sulfur concentration was very less or equal
ratio of sulfur to nickel ions, reaction between the nickel EDTA complex and sulfur
anion was dominant for the formation of Ni3Ss. A small quantity of NiS, was also
retained with Ni3S4 phases. When the amount of sulfur source was increased to 0.75
mol, thin-sheets composed hierarchical structures (Ni;;S;s) were formed with cube
constructed balls (Ni3S4). Further the ratio of nickel to sulfur ions of 1:2 resulted in the
thick sheets composed balls with cube composed architectures. The experimental

results demonstrate that the precursor concentration plays a significant role in the

10
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formation of hierarchical structures and different nickel sulfide phases.
4. Conclusion

Monodisperse nickel sulfide hierarchical structures were synthesized by the
hydrothermal method. The effect of EDTA capping agent and different concentrations
of source materials on the phase, morphology, and stoichiometric ratio were
investigated. The addition of an EDTA capping agent resulted in uniform size and
morphology. Different precursor material concentrations of A/10, A/5, and A were used
to observe the phase changes in the synthesized products. Morphological phase change
behavior was studied using FESEM and TEM analysis. Flower- and ball-like sheet
architectures were visible. A significant change in the nickel sulfide phases was
observed with respect to source material concentration by XRD analysis. The
sulfur-rich Ni3S4 and Ni;;S;s phases consisted of two different hierarchical structures

which enhanced the catalytic activity.
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Table 1 Phases observed with different experimental conditions.

NiS (03-065-3419)

NiS, (01-075-0613)

NiyS, s (01-089-3058)

NiS, {UL-U/75-Ubisj

(a) (b)
Fig. 1 FESEM images of (a) EDTA-uncapped (b) EDTA-capped nickel sulfide samples.
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Fig. 2 XRD patterns for different stoichiometric precursor material concentrations.
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Fig. 3 FESEM images for (a,b) A/10, (c,d) A/S, and (e,f) A source material

concentrations.
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Fig. 4 TEM and HRTEM images for (a,b) A/10, (c,d) A/5, and (e,f) A source

material concentrations.
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———1.00 mol |

Intensity (a.u)

* (01-076-2306) Ni,;S,q

& (01-076-1813) Ni.S
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Fig. 6 XRD patterns for different sulfur source concentrations a) 0.50 mol b) 0.75
mol and c) 1.00 mol.
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Fig. 8 HRTEM images a) 0.50 mol b) 0.75 mol and c) 1.00 mol of sulfur source

concentrations.
25 =
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Fig. 9 UV-vis spectrum of reduction of 4-NP using nickel sulfide architectures.
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