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Single-Step Synthesis and Catalytic Activity of Structure-Controlled 

Nickel Sulfide Nanoparticles  

 

ABSTRACT 

Nanoparticle single-phase nickel sulfides such as NiS, NiS2, Ni3S4, and Ni7S6 were 

prepared from elemental sulfur and nickel nitrate hexahydrate, using a 

temperature-controlled precursor injection method. The initial ratio of the 

concentrations of the sources was used to control the size and phase of the final product. 

Phase control was confirmed using X-ray diffraction and transmission electron 

microscopy. The synthesized nickel sulfide phases, which had metallic characteristics, 

were used to study the catalytic reduction of 4-nitrophenol. The results showed that the 

catalytic activity of the NiS nanoparticles in the reduction of 4-nitrophenol to 

4-aminophenol was higher than those of the other nickel sulfide phases. In addition, the 

nanocrystals showed good separation ability and reusability for reduction of 

4-nitrophenol.  

 

 

  

Page 2 of 25CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

INTRODUCTION  

Inorganic nanoparticle synthesis has received much attention for optical, 

electrical, and magnetic applications due to its rich physico-chemical properties. 

Environmental friendly transition metal chalcogenide nanoparticle synthesis is the 

current interest in energy applications1–4
. Nickle sulfides have potential applications in 

lithium ion batteries, supercapacitors, and dye-sensitized solar cells5–7. The different 

phases of nickle sulfide has more complex phases such as NiS (α-NiS and β-NiS), Ni3S2, 

NiS2, Ni3S4, Ni9S8, and Ni7S6 make synthesis of single-phase nickel sulfide complicated. 

The phase diagram of nickel sulfide has a large number of sulfur-rich and nickel-rich 

phases at low temperatures. The synthesis of sulfur-rich phases is less complex than that 

of nickel-rich phases. NiS shows two different phase types, depending on the synthesis 

temperature. Kullerud and Yund reported that the phase transformation from α-NiS to 

β-NiS occurs at 282 °C8. 

Nickel sulfides with different phases and morphologies, such as layer-rolled 

NiS9, hexagonal NiS10–13, NiS2 cuboids, NiS nanobelts14, three-dimensional flower-like 

rhombohedral NiS, and dodecahedral NiS2
15 have been synthesized, using different 

methods, for various applications; for example, NiS2 cubic nanoparticles have been used 

for photocatalytic hydrogen production and in supercapacitors16. Several methods for 

the synthesis of selenide1 and sulfide3,17 nanocrystals have been investigated. 

Solvothermal and wet-chemical methods18, which involve high-temperature solid-state 

and vapor-phase reactions, have been used to synthesize nickel sulfides. However, 

controlled-phase nickel sulfide synthesis is difficult using these methods. In 

hydrothermal or solvothermal synthesis, concentration control leads to the formation of 
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other phases within the synthesized product19. The synthesis of nickel sulfide phases 

such as Ni3S4 requires a two-step reduction process20 to control the phase and 

morphology. We have developed a single-step injection process, using oleylamine as 

both the solvent and the reducing agent, to obtain the desired phases in the nickel 

sulfide binary phase diagram. We described the synthesis and evolution of hierarchical 

nickel sulfide architectures in our previous communication19. 

Temperature-controlled injection reactions have several advantages in the 

synthesis of nanoparticles, such as low cost and better productivity21. Shape control of 

sulfur-based nanocrystals by injecting a molecular precursor into high-boiling-point 

solvents was reported by Lee et al22. Recently, many groups have focused on using 

different amines for the size- and structure-controlled synthesis of individual metal 

sulfide phases2,23–25. The use of oleylamine–metal complexes has been well studied by 

Joo et al.; they reported the synthesis of various size-controlled metal sulfides such as 

PbS, ZnS, CdS, and MnS, with particle sizes of 6−13 nm26. Sulfur–oleylamine 

interactions lead to the formation of H2S, which reacts with a metal precursor to form 

metal sulfide nanoparticles24. 

In this paper, we describe the single-step, structure-controlled synthesis of 

nickel sulfide nanoparticles with different phases, using a precursor hot-injection 

method with oleylamine as the sole solvent. The catalytic properties of the different 

phases of nickel sulfide were investigated. 

EXPERIMENTAL 

Materials 
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Ni(NO3)2·6H2O (purity 98%), elemental sulfur, ethanol (99.95%), 4-nitrophenol, 

NaBH4, and acetone (purity 99.9%) were purchased from Wako Pure Chemical 

Industries, Ltd., Japan. Oleylamine (70%) was purchased from Sigma Aldrich. The 

reagents were used without further purification.  

Synthesis of Nickel Sulfide Nanoparticles 

A typical procedure for nickel sulfide particle synthesis was as follows. Ni(NO3)2·6H2O 

(1 mmol) was mixed with oleylamine (10 mL) in a 100 mL three-necked flask (A). The 

solution was heated at 100 °C for 1 h to remove moisture and O2 in the oleylamine. 

Elemental sulfur (1 mmol) and oleylamine (10 mL) were placed in a separate 100 mL 

three-necked flask (B) and heated at 70 °C for 30 min to form a sulfur–amine mixture. 

The transparent yellow sulfur–oleylamine solution (B) was loaded into a glass syringe 

and injected into the nickel–oleylamine solution mixture (A). This mixture of the 

sources in a concentration ratio of 1:1 gave the NiS phase. The temperature was raised 

to 210 °C and the mixture was continually stirred for 1 h under a N2 atmosphere to 

initiate the reaction. After cooling, the particles were collected by centrifugation, 

washed with ethanol, and dried under vacuum for 1 h. The particles were dispersed in 

an organic solvent and stored in a tightly closed container.  

When the temperature was raised to 210 °C, the sulfur–amine mixture released 

H2S, which reacted with the metal–oleylamine complex to form a nickel sulfide 

product21. These procedures were repeated using Ni(NO3)2·6H2O:elemental sulfur 

concentration ratios of 1:2, 3:4, and 3:2 to synthesize nickel sulfide nanoparticles with 

different phases. The oleylamine acted as both a solvent and a capping agent. Table 1 
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shows details of the phases present in the synthesized products with respect to 

concentration. 

Catalytic Study 

The catalytic activities of the synthesized nickel sulfide nanoparticles were investigated 

as follows. Aqueous solutions of 4-nitrophenol (10 mg in 50 mL of distilled water) and 

NaBH4 (750 mg in 200 mL of distilled water) were freshly prepared. 4-Nitrophenol and 

NaBH4 in a concentration ratio of 1:10 were mixed with nickel sulfide nanoparticles 

(4.0 mg). The mixture was placed in a quartz cuvette and the reaction was monitored 

using UV-vis spectroscopy. This step was repeated several times to study the stability of 

the nanoparticles. 

Characterization  

The crystalline phases of the final precipitates were identified by powder X-ray 

diffraction (XRD) performed at a scan rate of 0.04 s−1 in the 2θ range 10° to 80° 

(RINT-2200 diffractometer, Rigaku, Japan, CuKα radiation, λ = 1.54178 Å). The 

particle sizes and morphologies of the final precipitates were determined using 

transmission electron microscopy (TEM) and high-resolution TEM (HRTEM; JEOL 

JEM 2100F) at an accelerating voltage of 200 kV. Binding energies were investigated 

using X-ray photoelectron spectroscopy (XPS; Shimadzu ESCA 3100). 

Fourier-transform infrared spectroscopy (FTIR) was performed using a JEOL 

JIR-WINSPEC 50 spectrometer.   
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RESULTS AND DISCUSSION 

NiS Phase 

A typical XRD pattern of the nickel sulfide particles prepared using the 

temperature-dependent injection method is shown in Figure 1(a). The pattern shows that 

the sample is crystalline. The pattern in Figure 1(a) corresponds to the α-NiS phase. The 

use of a 1:1 concentration ratio of nickel to sulfur in the presence of oleylamine resulted 

in formation of a nickel monosulfide phase. JCPDS reference 01-075-0613, i.e., α-NiS, 

matched the synthesized sample well. Figure 1(b) and (c) show TEM and HRTEM 

images of the NiS nanoparticles. The TEM image shows that the sizes of the spherical 

nanoparticles ranged from 8 to 10 nm. The high-magnification image shows that the 

distance between the atomic layers was 2.94 Å, which matches the d-spacing of the 

(100) plane of the NiS phase (Figure 1a). A single phase with good crystallinity was 

obtained in a single step at 210 °C. Oleylamine helped to make the particle size 

distribution uniform.  

NiS2 Phase 

The XRD pattern shown in Figure 2(a) matched JCPDS reference 00-011-0099, i.e., the 

NiS2 phase. A source material concentration ratio of 1:2 resulted in formation of nickel 

disulfide nanoparticles. Figure 2(b) and (c) show the sample morphology. The TEM 

image shows that the cubic particles were well distributed, and of size 6–8 nm. The 

distance between the atomic layers of the cubic nanoparticles was 2.77 Å (Figure 2c), 

which matches that of the (200) plane of the NiS2 phase.  

Ni3S4 Phase 
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A concentration ratio of 3:4 (nickel source 1.5 mmol, 0.435 g; sulfur source 2 mmol, 

0.064 g) gave the sulfur-rich phase Ni3S4. The XRD pattern, shown in Figure 3(a) 

matched JCPDS reference 00-047-1739 well. The TEM and HRTEM images in Figure 

3(b) and (c) show that the particles had a bulging spherical morphology. The d-spacing 

observed from the HRTEM image, 2.78 Å, was close to that of the (311) plane (see 

Figure 3a). The d-spacing value of 2.33 Å corresponded to the (220) plane of the Ni3S4 

phase. 

Ni7S6 Phase  

The XRD pattern of the material synthesized using a source concentration ratio of 3:2 

matched that of the nickel-rich phase Ni7S6 (Figure 4a; JCPDS reference 00-014-0364). 

Figure 4(b) and (c) show the TEM and HRTEM images of Ni7S6. The TEM image 

shows that the well-distributed particles consisted of spherical and elongated spherical 

particles of size 8–20 nm. The broad particle size distribution is caused by the high 

nickel concentration in the source. The HRTEM image shows that the distances 

between the atomic layers in spherical and elongated spherical nanoparticles were 

different. The spherical nanoparticle d-spacing, 2.85 Å, corresponds to the (121) plane 

and the elongated spherical particle d-spacing, 3.12 Å, corresponds to the (042) plane.  

FTIR Analysis 

Figure 5 shows the FTIR spectra of the synthesized nickel sulfide nanoparticles with 

different phases. The peaks from the C–H stretching modes are observed at 2921 and 

2852 cm−1, 27–30, the broad peak at 3400 cm−1 corresponds to the N–H stretching31 of 

free amines, and the peak at 1653 cm−1 is related to N–H rocking vibrations. The 
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absence of the peaks at 1389 and 3400 cm−1 in the spectrum of the Ni7S6 sample 

indicates lower reactivities of the C–N and N–H bonds in organic ligands31. 

XPS Analysis 

The XP spectra of the different phases of the synthesized nanoparticles are shown in 

Figure 6. Table 2 show the binding energies of the synthesized phases. The binding 

energy of 852.8 eV (Ni 2p 3/2) for the NiS and Ni7S6 samples matched the reported 

values32. The binding energies for NiS2 and Ni3S4, i.e., 852.5 and 853.1 eV, respectively, 

were close to the reported values of 852.85 and 854.3 eV. All the Ni 2p1/2 binding 

energies matched the reported values24,33,34.  The difference between the binding 

energies of Ni 2p1/2 and Ni 2p3/2 is approximately equal to the standard value for nickel 

doublet peaks (17.4)35, but this difference is 18.4 eV in the case of NiO bonds. This 

confirms that the materials are protected from oxidation by oleylamine capping of the 

particles. Doublet peaks of S 2p3/2 and S 2p1/2 for NiS2, i.e., 161.2 and 162.8 eV, 

matched the reported NiS2 data33. These values are similar to those for the nickel-rich 

phase Ni7S6. The other phases such as NiS and Ni3S4 had sulfur doublet peaks 

consistent with the reported values32. 

The different materials obtained using different molar concentrations of the 

source materials (Table 1) show that the availability of the nickel source for reaction 

with the sulfur–amine mixture is very important in synthesizing single-phase nickel 

sulfides. The local nickel concentration increased during the reaction to form the more 

stable Ni3S4 phase. In this case, all the sulfur source molecules reacted with the metal 

precursor. The complex phases in the nickel sulfide phase diagram, such as Ni3S4 and 

Ni7S6, were obtained without sulfur impurities. The results for the NiS and NiS2 phases 
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clearly show that any stable phase of nickel sulfide can be synthesized by single-step 

temperature-controlled synthesis with the help of oleylamine.  

Catalytic Activities of Nickel Sulfide Catalysts 

We investigated the reduction of 4-nitrophenol to 4-aminophenol to help us to 

understand the catalytic activities of the synthesized nickel sulfide phases36,37. No 

reduction was observed without the presence of nickel sulfide catalysts. Figure 7 shows 

photographs of 4-nitropheneol reduction and the chemical equation. Figure 8 shows the 

UV-vis absorbance spectra with respect to time. During the reaction, hydrogen species 

were first transferred to the surface of the synthesized products and then 4-nitrophenol 

was reduced to 4-aminophenol38. In Figure 8, the absorption peak at 400 nm represents 

the 4-nitrophenolate ion and the peak at 293 nm is related to 4-aminophenol. When NiS 

nanoparticles were added to the solution, reduction to 4-aminophenol was complete in 

about 300 s (Figure 8a). The catalytic activities of the sulfur-rich phases were lower 

than that of the NiS phase. The reduction times using NiS2 and Ni3S4 were both 400 s 

(Figure 8b and c). For the Ni7S6 phase, reduction was complete in 500 s. The NiS phase 

had much higher catalytic activity. Figure 9 shows the reduction rates with different 

nickel sulfide phases. The reaction rate increased linearly with respect to time. The 

reduction rate constant (Kobs) was calculated using the absorption vales for the 

4-nitrophenol reduction reaction39,40. 

���� =
ln �	
 − 	�	
 − 	�

�  
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where A0, At, and A∞ are the initial absorbance, absorbance at time t, and absorbance at 

infinite time, respectively. The calculated Kobs values for NiS, NiS2, Ni3S4, and Ni7S6 

are 8.949 × 10−3, 3.030 × 10−3, 3.728 × 10−3, and 2.737 × 10−3 s−1, respectively. Among 

the four synthesized nickel sulfide phases, NiS gave the highest rate of degradation of 

4-nitrphenol because of its higher metallic nature11. To study the structural change after 

its catalytic reduction, nanoparticles of NiS phase were collected by centrifugation and 

investigated the structure by XRD analysis. Fig.10 shows the XRD pattern of NiS phase 

after its catalytic activity. The corresponding JCPDS reference 00-001-1286 was well 

matched with the NiS phase. No phase change was observed even after its catalytic 

reduction but the crystal system was changed from hexagonal to rhombohedral of NiS 

phase. The repeated catalytic activity of NiS phase was well matched with the initial 

experiment of Figure.8 (a) and its reduction time of 4-nitrophenol to 4-aminophenol is 

300 sec.  

CONCLUSIONS 

We successfully synthesized nickel sulfide nanoparticles with different phases via a 

simple temperature-controlled injection method in oleylamine solvent. The products 

were uniform-sized nanocrystals. The injection method enabled the sulfur ions to react 

slowly with the well-dispersed nickel ions in the presence of oleylamine, to form nickel 

sulfide nanoparticles. This enabled formation of the desired phase instead of mixed 

phases. The complications in the synthesis of Ni3S4 were overcome by adjusting the 

source concentrations. XRD and TEM analyses confirmed the presence of single-phase 

nanoparticles of sizes less than 15 nm for all the synthesized products. The presence of 

sulfur and nickel and the peak shifts with respect to phase formation were observed 
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using XPS. The catalytic activities of the synthesized nickel sulfide nanoparticles were 

investigated; the NiS phase had the best activity and the phase was stable even after its 

catalytic reduction experiment.  
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Figure captions 

Figure 1. (a) XRD pattern, and (b) TEM and (c) HRTEM images of NiS phase. 

Figure 2. (a) XRD pattern, and (b) TEM and (c) HRTEM images of NiS2 phase. 

Figure 3. (a) XRD pattern, and (b) TEM and (c) HRTEM images of Ni3S4 phase. 

Figure 4. (a) XRD pattern, and (b) TEM and (c) HRTEM images of Ni7S6 phase. 

Figure 5. FTIR patterns of different nickel sulfide phases. 

Figure 6. (a) Ni 2p and (b) S 2p XP spectra of different nickel sulfide phases. 

Figure 7. Catalytic reduction of 4-nitrophenol to 4-aminophenol. 

Figure 8. UV-vis spectra of 4-nitrophenol reduction with (a) NiS, (b) NiS2, (c) Ni7S6, 

and (d) Ni3S4 phases. 

Figure 9. Effects of different nickel sulfide phases on reduction of 4-nitrophenol. 

Figure. 10 XRD pattern of NiS phase after its catalytic activity 
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Table 1. Different concentration ratios of nickel and sulfur sources and the 

corresponding phases of synthesized materials 

Name Nickel source 

(g) 

Sulfur source 

(g) 

Concentration 

ratio 

Phase 

I – 1 0.290 0.032 1:1 NiS 

I – 2 0.290 0.064 1:2 NiS2 

I – 3 0.435 0.064 3:4 Ni3S4 

I – 4 0.435 0.032 3:2 Ni7S6 

 

Table 2. XPS binding energy values 

Phase Ni 2p3/2 

(eV) 

Ni 2p1/2 

(eV) 

Ni 2p3/2 - Ni 2p1/2 

(eV) 

S 2p3/2 

(eV) 

S 2p1/2 

(eV) 

NiS 852.8 870.4 17.6 161.4 162.8 

NiS2 852.5 870 17.5 161.2 162.8 

Ni3S4 853.1 870.4 17.3 161.6 162.8 

Ni7S6 852.8 870.1 17.3 161.2 162.8 
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Figure 1. (a) XRD pattern, and (b) TEM and (c) HRTEM images of NiS phase.  
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Figure 2. (a) XRD pattern, and (b) TEM and (c) HRTEM images of NiS2 phase. 
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Figure 3. (a) XRD pattern, and (b) TEM and (c) HRTEM images of Ni3S4 phase. 
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Figure 4. (a) XRD pattern, and (b) TEM and (c) HRTEM images of Ni7S6 phase. 
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Figure 5. FTIR patterns of different nickel sulfide phases. 
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Figure 6. (a) Ni 2p and (b) S 2p XP spectra of different nickel sulfide phases. 
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Figure 7. Catalytic reduction of 4-nitrophenol to 4-aminophenol.  

 

Figure 8. UV-vis spectra of 4-nitrophenol reduction with (a) NiS, (b) NiS2, (c) Ni7S6, 

and (d) Ni3S4 phases.  
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Figure 9. Effects of different nickel sulfide phases on reduction of 4-nitrophenol. 

 

 

 

Figure. 10 XRD pattern for NiS phase after its catalytic activity 
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