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Abstract Nickel sulfide nanoparticles were prepared by a
facile chemical procedure with a low cost, low temperature
method without any template. The chemical precipitation
reaction was optimized by Taguchi robust route and anal-
ysis of variance to obtain nickel sulfide nanoparticles with
smallest size and uniform morphology. Analysis of vari-
ance (ANOVA) was utilized for quantitative evaluation of
the parameters contributions on the size of formed NiS
particles. The ANOVA showed that 0.1 mol/L as concen-
tration of nickel reagent, 0.005 mol/L concentration of
sulfide ion, and 40 °C as the temperature of the reactor are
optimal conditions for production of NiS nanoparticles.
The resulted nanoparticles at optimum conditions have an
average size about 20 & 3 nm. The morphology,
microstructure, composition, thermal and optic behaviors
of as-synthesized nickel sulfide nanoparticles were evalu-
ated by various techniques, i.e., field emission-scanning
electron microscopy, transmission electron microscopy,
X-ray diffraction, Fourier transform-infrared spectroscopy,
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and ultraviolet—visible diffuse reflectance spectroscopy.
The prepared nickel sulfide nanoparticles were also used as
a photocatalyst in water treatment and the results show
their potential in the elimination of organic pollution.

1 Introduction

Recently investigations on synthesis and characterization
of inorganic nanomaterials with specific morphology have
received considerable attention, while their applications
have become an active field in science and technology.
This trend is due to the high utility of nanomaterials for
designing new products with the novel or specific proper-
ties in order to application in different fields, i.e., catalysts,
photocatalyst, photonics, nanoscale electronics, ceramics,
pigments and dye industries [1-5]. Nanostructured mate-
rials (i.e., nanowires, nanotubes, nanobelts, and nanorods)
have obtained considerable attention from the scientific
community due to their novel physicochemical properties
and potential applications of nanomaterials in various areas
of science and technology [6-9]. The efforts directed
toward understanding the magnetic, electronic, and optical
properties of these nanostructures have been developed
because of the unique properties of the nanomaterials in
comparison with their bulk counterparts [10—12].

Metal sulfides exhibit interested electronic properties
which these characteristics lead to achieving some tech-
nological applications for this family of materials [13, 14].
Nickel sulfide as a member of this family has been obtained
much attention due to its potentials for application as a
transformation toughening agent for the used materials in
different semiconductors, catalysts, and cathodes of
rechargeable lithium batteries [14, 15]. Furthermore, binary
Ni-S systems such as Nisz ,S,, Ni3S;, NigSz,x, NigSs,
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Ni;Se, NigSg, NiS, Ni3S,, and NiS, are highly interested
because of possessing multi-phases [16]. Nickel sulfide
may be formed as two crystal structures (o and P)
depending on the temperature. The alpha form posesses a
hexagonal phase (P63/mmc) which forms at high temper-
atures, while the beta form has a rhombohedral cell unit
(R3m) that is formed at low temperatures [17, 18].

Up to date different shapes of nickel sulfide nanoparti-
cles i.e., nanospheres, nanorods, nanoprisms, nanoneedles,
hollowspheres, flower-like architectures, urchin-like
nanocrystallines, layer-rolled structures, etc. have been
synthesized by various methods [19]. These forms of nickel
sulfide nanostructures could be obtained by hydrothermal
[20, 21], solvothermal [22-24], molecular procedure [25],
and precipitation routes [26]. However, the influence of
nanoparticles morphlogies on their physicochemical
behavior caused interesting of any further effort for tunable
synthesis of uniform nickle sulfide nanoparticles.

Optimization is a critical step in developing of a
nanomaterials synthesis procedure. Fractional factorial
experiment designs decrease significantly the number of
required trials for optimization of the investigated pro-
cess parameters [27-29]. The other advantage of frac-
tional factorial rather than sequential design is the
possibility for extraction of more information from the
resulted experimental data. The principals, theory, and
methodology of Taguchi experiment design as a statis-
tical optimization method for the evaluation of chemical
procedures have been explained in detail elsewhere [30-
37]. In this study, an orthogonal array was used to
optimize the chemical precipitation of nickel sulfide
nanoparticles by investigation on several experimental
variables, i.e., nickel and sulfide reagent concentrations,
nickel reagent feeding flow rate and temperature of
reactor on the size of related nickel sulfide particles. To
the best our knowledge, synthesis of submicron and
nano-structures of nickel sulfide by several techniques
[19-26] previously has been reported in the literature.
But, there is no report on statistical optimization of the
nickel sulfide nanospheres synthesis by chemical precip-
itation method without use of a catalyst, surfactant or
template.

2 Experimental
2.1 Material and procedure

Analytical-grade nickel nitrate and sodium sulfide as
reagents were used as received from the Merck Company
(Germany). Nickel sulfide particles were prepared by
chemical precipitation reaction in aqueous media by
feeding of Ni** solution directly to the sulfide solution in

the reactor under ultrasound irradiation and vigorous
stirring in the definite temperature. After finishing the
precipitation reaction, the formed nickel sulfide powder
was centrifuged and then washed with distilled water
three times. After completing the chemical precipitation
process, the formed NiS particles were introduced to an
autoclave and treated under hydrothermal conditions
(190 °C temperature for 24 h). Thereafter, the resulted
precipitate was washed with absolute ethanol and dried at
80 °C during 4 h. The experimental parameters of the
precipitation reaction were optimized by the aid of an
experimental design approach (Taguchi robust design) to
the synthesis nickel sulfide nanoparticles. The investi-
gated variables were included NiZt concentration, S
concentration, feeding flow rate of nickel reagent to the
sulfide solution and temperature of reactor as shown in
Table 1.

2.2 Characterization of synthesized nickel sulfide
particles

The synthesized nickel sulfide samples were characterized by
field emission scanning electron microscope (FE-SEM). The
FE-SEM images were recorded on a Hitachi S-4160 series
instrument. Transmission electron microscope (TEM) images
were recorded on a Ziess-EM10C scanning electron micro-
scope. The sample preparation was carried out via coating on
carbon coated grid Cu Mesh 300 prior to the measurement.
X-ray powder diffraction (XRD) analysis was carried out on a
Rigaku D/max 2500 V diffractometer equipped with the
graphite monochromator and Cu target. Fourier transform
infrared (FTIR) spectra of nickel sulfide nanoparticles were
recorded on a Perkin-Elmer (spectrum two) spectropho-
tometer in the wavenumber range of 4000-500 cm ™' by the
use of KBr pellet technique. The UV-Vis diffuse reflectance
spectra were recorded at room temperature using Avantes
Spectrometer Avaspec-2048-TEC. The UV—Vis spectra of the
water pollution treatment were recorded by Perkin-Elmer
Lmbda 25 UV/Vis spectrometer.

2.3 Photocatalytic activities

In this study, a quartz double pipe photocatalytic reactor
was used, while UV irradiation was supplied by a UV lamp
(250 W) inserted inside of the interior pipe of the reactor.
In each experiment, 200 mL aqueous solution of 50 mg/L
methylene blue (MB) was added to the reactor. Then,
40 mg of as-prepared nanoparticles was dispersed in this
solution. Sampling during the illumination was carried out
every 20 min. The UV-Vis absorption spectra of the
resulted samples were obtained.
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Table 1 Applied OA, (3*) matrix for parameter optimization in synthesis of nanoparticles by chemical precipitation

Run number Ni?* concentration (M) $%~ concentration (M)

Ni?* feed flow
rate (mL/min)

Temperature (°C) Average size of nickel

sulfide particles (nm)

1 0.005 0.005
2 0.005 0.01
3 0.005 0.1

4 0.01 0.005
5 0.01 0.01
6 0.01 0.1

7 0.1 0.005
8 0.1 0.01
9 0.1 0.1

2.5 20 37
10.0 40 32
40.0 60 35
10.0 60 26
40.0 20 39

2.5 40 26
40.0 40 20

2.5 60 32
10.0 20 33

3 Results and discussion

3.1 Nickel sulfide synthesis procedure
and optimization strategy

Introducing a cation with an anion in order to their reaction
under ultrasound irradiation and formation of their water
insoluble inorganic salt i.e., nickel sulfide could be con-
sidered as a facile synthesis method for insoluble materials.
However, tuning the morphology of product in such pre-
cipitation reactions is complex. Fortunately, revelation and
tuning the individual effects of different process parame-
ters on product particle size with the aid of statistical
optimization methods could be as a shortcut [38]. There-
fore, the effects of several variables, i.e., concentrations of
Ni** and S*~ in aqueous reagents, the flow rate for Ni*"
reagent feeding to S*~, and temperature of the reactor
during the sonicated precipitation process on the size of
nickel sulfide particles were investigated at triple levels as
reported in Table 1. FESEM images presented in Fig. 1
correspond to some of the nickel sulfide samples produced
in different experimental conditions of Table 1. The ima-
ges confirm that the size of nickel sulfide particles obtained
at various experimental conditions is dissimilar. In other
word, the size of nickel sulfide particles is dependent on the
operating conditions. Meanwhile, in the last column of
Table 1 the average size of synthesized nickel sulfide
particles at each run is presented. By the use of these data
as input, the average size of nickel sulfide particles corre-
spond to the effect of each studied factor at any level was
computed [29, 39] and the obtained results are presented in
Fig. 2 as bar graphs. These graphs show the trend in
variation of nickel sulfide particle size as a function of
studied factor’s level. Figure 2a, b show the effects of Ni**
and S*~ concentrations as the reagents on the size of pre-
cipitated nickel sulfide particles at triple levels (0.005,
0.01, and 0.1 mol/L), respectively. As seen, 0.1 M as the
concentrations of nickel reagent and 0.005 M as the
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concentration of sulfide reagent are the optimum concen-
trations for precipitation of nickel sulfide particles with the
smallest size. The effect of nickel reagent feeding flow rate
(2.5, 10, and 40 mL/min) on the size of nickel sulfide
particles was also studied (Fig. 2c). It was found that
variation of the nickel reagent flow rate leads to the mild
change in the size of precipitated nickel sulfide particles.
Meantime, 40 °C is the optimum temperature for precipi-
tation of nickel sulfide nanoparticles among the triple
studied levels (20, 40 and 60 °C) for this variable (Fig. 2d).

The analysis of variance (ANOVA) was carried out on
the resulted data to evaluate the significance of studied
variables in tuning the size of nickel sulfide particles and
the outcomes are shown in Table 2. ANOVA data (at 90 %
confidence interval) revealed that, except nickel reagent
feeding flow rate, all other studied variables (i.e., nickel ion
concentration, sulfide ion concentration, and temperature)
have significant roles in defining the size of formed nickel
sulfide particles, whereas the probable interactions between
the studied variables were ignored. Meanwhile, these
results proposed that the optimum conditions for prepara-
tion of nickel sulfide particles with less size via studied
precipitation reaction are as follow: 0.1 mol/L concentra-
tion of nickel ion reagent, 0.005 mol/L concentration of
sulfide ion reagent, and 40 °C as the reactor temperature.
As proposed in Taguchi experiment design [40, 41], the
size of nickel sulfide particles at optimum conditions of the
proposed process is predictable via the following
expression:

T T T T
You =+ (Cxi—~ )+ (C— )+ (16—~
v (o) (6w) (o)

In this equation, T/N represents the average size of
nickel sulfide particles obtained during designed experi-
ments; while, T is the summation of all results, N is the
total number of performed experiments, Y, is the nickel
sulfide particle size at optimum conditions, Cy;, Cs, and t;
are the average size of product (Fig. 2) at the optimum
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Fig. 1 FESEM images for nickel sulfide nanoparticles precipitated at different conditions of proposed procedure: a run 1, b run 2, ¢ run 5, and
d run 7

F.lg. 2 Average effect of (@) 3 (b) 34
different levels of investigated
parameters on the size of nickel 327 e 32
sulfide particles E 30 £ 30
Y 8- 5 28
B -
£ % £ 267
E £ 24
S 244 a
a 22
22
20 -
20 -
0,005 0.01 01 0.005 0.01 0.1
: ) . Sulfid tration (M
Nickel concentration (M) ulfide concentration (M)
(c) 34 (d) 34
32 32
T 30 E 30-
5 ~
= 28 5 28
5 26 3 26
< 4
2 24 g 24 -
A a
22 22
20 20 -
2.5 10 40 20 40 60
Flow rate (mol/lit) Temperature (c)

@ Springer



7196 J Mater Sci: Mater Electron (2016) 27:7192-7199

Table 2 Results of ANOVA "

for synthesis of nickel sulfide Factor Code  DOF § v Pooled

nanoparticles by proposed DOF N4 F P

chemical precipitation reaction

using OAy (3*) matrix and Ni?* concentration (mol/L)  Cy; 2 62.89 3144 2 60 21.77 20.48

P?flt(lclle 511;3 of synthesized S~ concentration (mol/L)  Cs 2 66.89 3344 2 64 23.15 2185

nickel sulfide (nm) as responses ) e (mL/min) Fa 2 289 144 - - - -
Temperature (°C) T, 2 160.22  80.11 2 15733 5546  53.72
Error E - - - 2 - - 3.95

# The critical value was at 90 % confidence level; pooled error results from pooling insignificant effect

levels of Ni**+ concentration, S concentration, and tem-
perature, respectively. Thereafter, the value of the confi-
dence interval (CI) corresponds to the size of nickel sulfide
nanoparticles at optimum conditions of synthesis procedure
is obtained as follows [40, 41]:

Ccl = + Foc(flva)'Ve
V ne

In this equation, V, corresponds to the variance of
error, F.(f1, f>) is the critical value for F at the level of
significance a (90 %), f; and f, are degree of freedom
(DOF), while f; = DOF for mean (which always equals 1)
and f>, = DOF for error term. Meanwhile, n, as the
number of effective replications could be obtained as
follows:

_ Number of trials
" DOF of mean (always 1) + DOF of all factors at optimum conditions

ne

Calculations showed that the size of nickel sulfide
particles at optimum conditions of precipitation proce-
dure will be approximately within 20 £ 3 nm. Consid-
eration of Table 1 confirms that seventh trial in this
table is including the proposed optimum conditions of the
process (0.1 mol/L. as concentration of nickel reagent,
0.005 mol/L. concentration of sulfide ion reagent, and
40 °C as the temperature of the reactor). As seen in
Fig. 1d, FESEM image for the synthesized nickel sulfide
nanoparticles during this experiment (run 7) have an
average size about 20 nm which is compatible with the
expected range for the size of nickel sulfide nanoparticles
at the optimum conditions of precipitation (20 £ 3 nm).
Meantime, Fig. 3 shows TEM image of as-synthesized
nanoparticles at the optimum conditions (run 7). As seen,
the obtained result by SEM is confirmed by TEM image.
Thereafter, nickel sulfide nanoparticles obtained at opti-
mum conditions were characterized to confirm their
structure, composition, thermal stability and optical
behavior by different techniques i.e., XRD, FT-IR, TGA/
DSC, and DRS.

@ Springer

Fig. 3 TEM image of nickel sulfide prepared at optimum conditions

3.2 Characterization of nickel sulfide nanoparticles

The nickel sulfide nanoparticles obtained at optimum
conditions of the proposed chemical precipitation process
were characterized at first step by X-ray powder diffraction
(XRD) to evaluate their structure and composition. XRD
pattern of the prepared nickel sulfide nanoparticles is
shown in Fig. 4a. As seen, the as-prepared nanoparticles
have a low crystallinity. To improve the crystallinity and
reduce the presence of impurities, the nanoparticles were
dispersed in distillated water, and then transferred to
50 mL Teflon lined stainless steel autoclave [42] and
heated to 190 °C for 12 and 24 h in an electrical oven.
Then, the resulted particles were rinsed several times and
washed with ethanol and were dried at 80 °C for 2 h
(Sample h). Figure 4b shows the XRD pattern of this
sample. It shows that treatment of the sample at 190 °C for
24 h leads to elimination of impurities from the sample and
makes the product more crystalline. The diffraction peaks
indexed in this pattern is consistent with the nickel sulfide
pattern (a composite of NizS, in JCPDS 44-1418 and NiS
according to JCPDS 12-0041, diffraction software). Also,
the average particle size of the product was estimated by
the Scherrer equation [43, 44]:
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Fig. 4 XRD pattern of nickel sulfide nanoparticles: a prepared at optimum conditions of chemical precipitation method; b Sample h (after

treatment at 190 °C for 24 h)

092
B Cos6

where 0 is the peak position angle, A is wavelength of the
X-ray radiation and B is the width of appeared diffraction
line at its half-maximum intensity. The results show that
the average crystalline size of the obtained nickel sulfide
particles (Sample h) varies between 20-45 nm.

Figure 5 shows UV-Vis absorption spectrum of as-
synthesized NiS nanoparticles dispersed in the distilled
water via sonication. The resulted UV absorption peak
observed around 218 nm confirms the formation of nano-
sized nickel sulfide particles, while their narrow particle
size distribution and uniformity of particles is confirmed
based on the narrow width of this absorption peak [45].

FT-IR spectroscopy was applied to investigate compo-
sition of precipitated nickel sulfide nanoparticles. Figure 6a
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Fig. 5 UV-Vis absorption spectrum of as-synthesized NiS
nanoparticles
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Fig. 6 FT-IR spectrum for nickel sulfide nanoparticles obtained a by
chemical precipitation, b after treatment of as-prepared nanoparticles
at 190 °C for 24 h (Sample h)

shows FT-IR spectrum for the nickel sulfide sample pre-
pared at optimum conditions of chemical precipitation
which it shows some impurities. Figure 6b shows the FT-
IR spectrum of Sample h (the resulted product after
applying hydrothermal conditions). The vibrations
appeared in the spectrum were in accordance with the
previous report on nickel sulfide [42, 43]. However, the
observed peaks at 3476 and 1675 cm™" are responsible for
the absorption of H,O in the sample and the formation of
hydrated nickel sulfide nanoparticles. The peak position at
652 cm™! is allocated to the Ni—S—Ni bending vibration
mode.

Figure 7a shows the UV-Vis diffuse reflectance spec-
troscopy (DRS) of as-prepared nanoparticles. The diffuse
reflectance data was used to measure the optical band gap
energy of nickel sulfide nanoparticles. The optical band gap

@ Springer
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Fig. 7 a UV-Vis diffuse reflectance spectroscopy of as-prepared
nickel sulfide nanoparticles. b Tauc’s plot for as-prepared nickel
sulfide nanoparticles

energy is defined as the minimum photon energy required
exciting an electron from the valence band to conduct band
of a semiconductor. The energy dependence of the semi-
conductors absorption edge is given by Tauc’s equation
[46]:

a-h-v=A-(h-v— E)"

where h, v, o, Eg, and A are the Planck’s constant, fre-
quency of light, absorption coefficient, band gap energy
and a proportional constant, respectively. The value of
exponent 1 is respectively 1/2 and 2 for direct and indirect
transitions. In this study m is equal to 1/2 for nickel sulfide
nanoparticles. Figure 7b shows Tauc’s plot for nickel sul-
fide nanoparticles. As shown the estimated band gap for
this sample is approximately 3.75 eV that revealed an
absorption edge in about the 330 nm.

The results of characterization studies showed that the
properties and behavior of nickel sulfide nanoparticles
synthesized via chemical precipitation, in our study, are
similar to the nano-particles obtained via other methods
[20-24]; while, preparation of nickel sulfide nanoparticles
via the proposed method in this study is simple, and cost
effective without need to use any template, surfactant, or
catalyst.

@ Springer

3.3 Photocatalytic activities

To evaluate the potential of synthesized nickel sulfide
nanoparticles in water treatment, their ability to degrade
methylene blue (MB) as an organic pollution was investi-
gated. In order to study the photocatalytic degradation
kinetic of the MB a pseudo first order kinetic model was
used, which is normally used for photocatalytic degrada-
tion when the initial concentration of the dye is low. The
kinetic model is expressed with the following equation
[46-49]:

dC
- =
where C, k, t and — “;,—f represent the concentration of MB,
reaction rate constant, time of degradation and reaction
rate, respectively. Figure 8a gives UV-Vis absorption
spectra of the studied solutions, while the plot of C/C (the
ratio of MB concentration to the initial concentration)
versus time is shown in Fig. 8b. As the results showed after
160 min maximum degradation (about 98.5 %) of MB was
achieved. This result suggests that nickel sulfide nanopar-
ticles could be utilized as a hopeful and effective photo-
catalyst for removal of organic pollutants, i.e., MB from
water.

kC
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Fig. 8 a UV-Vis absorption spectra of MB solution during degra-
dation in the presence of as-synthesized nanoparticles. b Photocat-
alytic performance of as-synthesized nanoparticles
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4 Conclusion

Nickel sulfide nanoparticles were successfully prepared via
a facile and cost-effective chemical precipitation reaction
at optimum conditions without usage any template, sur-
factant, or catalyst. Produced nickel sulfide samples by the
proposed route were composed of the spherical nanopar-
ticles. The composition and structure of the produced
nickel sulfide powder at optimum conditions were studied
by FESEM, TEM, XRD, FT-IR and DRS analysis. The
results of this study clearly confirmed the formation of
nickel sulfide nanoparticles. Furthermore, photocatalytic
activity of the as-prepared nanoparticles was studied and
the results revealed the potential of the synthesized nickel
sulfide nanoparticles as a photocatalyst in organic pollutant
degradation.
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