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Abstract
Ni-substituted zinc sulfide Zn1−xNixS (x = 0.0–0.8) nanopowders have been purposefully assembled using hydrothermal 
strategy based on inexpensive chloride salts and thiourea as sulfur sources. By X-ray diffraction, a hexagonal wurtzite struc-
ture with preferential orientation along the (0 0 8) plane was recognized at hydrothermal temperature 150 °C for period 24 h 
with nickel ion content. However, binary ZnS/Ni3S4 nanocomposites were identified by enhancing the nickel molar ratio 
up to 0.2–0.3 (20–30%). Whereas, ternary ZnS/Ni3S4/NiS nanocomposites were accomplished by increasing Ni ion molar 
ratio in the range from 0.4 to 0.8. The microstructure of the Ni replaced ZnS particles from 0.0 to 0.6 exhibited microspheres 
like structure and with increasing the Ni2+ ion concentration, the microspheres converted to three-dimensional layers. The 
optical band-gap energy was slightly reduced from 3.39 to 3.32 eV with increasing the Ni ion addition from 0.1 to 0.3. Oth-
erwise, two band-gap energies were existed to be 3.16–1.60 and 2.95–1.45 eV at Ni2+ ion substitution 0.60 and 0.80 molar 
ratios, respectively. Photoluminescence spectra measurements indicated that pure and Ni ion-substituted ZnS (0.1 and 0.2 
molar ratios) were manifested three emission bands in the ranges of strong UV emission peak 350–375 nm with the weakest 
blue UV emission band 375–387 nm and the broadband visible emission at 400–600 nm. Eventually, weak ferromagnetic 
behavior was evidenced for different Ni2+-substituted ZnS. The saturation magnetization was found to be maximum value 
of Ms of 0.33 emu/g as the result of improving the crystallization of cubic polydymite Ni3S4 structure at nickel ratio of 0.3.

1  Introduction

The concentration on the correlation between the magnetic 
and optical properties of diluted magnetic semiconductors 
(DMS) nanopowders has a considerable much scientific and 
technological concern due to the prospective applications in 
spintronics [1–3]. Semiconductor technologies are greatly 
developed since the 1970s using only the charge of the car-
rier. With the intriguing aspect, scientists expect with the 
manifestation of DMS that spintronics devices with monitor-
ing both the charge and the spin of carriers can introduce a 
revolution to the semiconductor industry [4]. Interestingly, 
wide applications are predestined in spintronics biological 
labels, LEDs, lasers, bio-photonics, cellular, and biologi-
cal labels [5–10]. In this context, semiconductor materials 
are doped with external impurity elements to improve the 
optical and the magnetic properties [4]. By doping with 

the external impurity element, fine band-gap tuning can be 
achieved to enhance the magnetic and optical properties.

In particular, the astonishing changes in the nanoscale 
DMS are due to their quantum confinement effects. They 
have high optical and magnetic properties imputed to their 
hybrid nature, and hence, the concept of dilute magnetic 
semiconductors has emerged in the due course. Among these 
semiconductors, zinc sulfide is an imperative semiconduc-
tor compound of the II–VI groups known as quantum dots 
(QDs), with significant enforcement in the electronics and 
the optoelectronics devices on basis the wide direct band-
gap energy of 3.5–3.7 eV at room temperature, excellent 
transport properties, high chemical stability, non-toxicity 
as well as low-energy fundamental phonon modes [11, 12]. 
The unique integration of these features distinguishes ZnS 
as essential candidate for solid-state solar cell windows, 
production of hydrogen, light-emitting applications, blue-
light diodes, electro-luminescent displays, optical coatings, 
antireflection coating for infrared devices, electro-optic 
modulators, photoconductors, optoelectronics, catalysis, 
fluorescence imaging, tumour therapy field effect transis-
tors, transducers, and sensors [13–18].
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It is known that ZnS exists in two different crystal struc-
tures involved stable cubic form recognized as zinc blende 
or sphalerite, whereas the hexagonal framework is renowned 
as wurtzite both of which have the same band-gap energy 
and the direct band structure [17]. Evidently, the structural, 
morphology, the optical, and the magnetic performances are 
ultimately revolved on the synthesis strategies. Accordingly, 
diversified methodologies have been anticipated to synthe-
size ZnS including the single-source molecular precursor 
[14, 15], microemulsion [13], solvothermal and hydrother-
mal route [18, 19], and direct elemental reaction route [20]. 
In comparison, the hydrothermal method has been success-
fully utilized as a perfect route to prepare ZnS NPs with 
good homogeneity and confirm morphologies [21]. Other-
wise, a number of reports dealing with the magnetic and 
the optical properties of ZnS NPs with different transition 
metals including Mn2+, Co2+, Ni, Cu2+, and Cd2+ ions as 
well as rare-earth elements with many inconsistencies are 
available [22–26]. The substitution atomic ratios of TM ions 
are systematically exercised in the range from 1 to 10%.

From the best of our knowledge, the replacement of ZnS 
nanopowders with high ratio of Ni2+ ion from 30 to 80% 
is not mentioned elsewhere in the literature. Therefore, in 
the present article, an efficient and a low-cost hydrothermal 
methodology for the synthesis of Ni-doped ZnS nanopow-
ders at the high atomic ratios (0.0–0.80) was examined on 
basis of cheap-starting materials. Besides, the impact of Ni2+ 
ion doping on the structural, microstructure as well as opti-
cal and magnetic properties was also explored. Overall, such 
work has great potential for industrial applications involving 
electronics and optoelectronics devices.

2 � Experimental

2.1 � Materials and methods

ZnxNi1−xS nanoparticles have been tailored using a facile 
hydrothermal strategy based on low-cost starting materials. 
Inexpensive chloride salts of analytical grade involved zinc 
chloride ZnCl2, nickel chloride NiCl2 as well as thiourea 
(NH2)2CS as sulfur were utilized. Moreover, high-purity 
water with a resistivity of 18.2 MΩ/cm was used for the 
preparation of all aqueous solutions. In a typical procedure, 
0.1–x mole zinc chloride, x mole nickel chloride (x from 0.0 
to 0.80), and 0.1 mol thiourea powders were added into a 
Teflon-lined autoclave with the capacity of 50 ml, which was 
filled with 40 ml de-ionized water. After that, the autoclave 
was sealed and maintained at 150 °C for 24 h. Thus, the 
autoclave was allowed to cool to room temperature naturally. 
The produced yellow precipitates were filtered then washed 
by de-ionized water and absolute alcohol several times. 

Finally, the precipitates were dried at 100 °C overnight to 
form nanoparticles.

2.2 � Physical characterization

X-ray powder data were realized by a Brucker axis D8 dif-
fractometer with crystallographic data software Topas 2 
using Cu–Kα (λ = 1.5406 Å) radiation operating at 40 kV and 
30 mA at a rate of 2°/min. The microstructures of nanocrys-
talline powders were considered using a scanning electron 
microscopy (SEM) (JSM-5400). The UV–Vis absorption 
and diffuse reflectance spectrum were implemented at 
room temperature using UV–Vis–NIR spectrophotometer 
(Jasco-V-570 spectrophotometer, Japan) fitted with inte-
grating sphere reflectance unit (ISN) in the wavelength 
range 200–2000 nm. Photoluminescence (PL) spectra were 
recorded at room temperature with a fluorescence spectro-
photometer equipped with a 50 W xenon lamp (Shimadzu 
RF-5301PC, Kyoto, Japan). The magnetic properties of 
the synthesized samples were proceeded at room tempera-
ture using a VSM (7410-LakeShore, USA) in a maximum 
applied field of 20 kOe. From the obtained hysteresis loops, 
the saturation magnetization Ms, remanence magnetization 
Mr and coercivity Hc were estimated.

3 � Results and discussion

In this article, the ZnxNi1−xS nanoparticle was utilized using 
a facile hydrothermal strategy based on low-cost starting 
materials. The scheme and technique which used the reac-
tion of starting materials with autoclave hydrothermal are 
appeared in Fig. 1. It can be seen that a mixture of zinc 
chloride, nickel chloride, and thiourea was injected to the 
autoclave by one step. Then, a sigma bond of ZnxNi1−xS has 
been collected and the spherical structure wad shaped. These 
spherical particles were consolidated together and the target 
materials were achieved under 150 °C for 24 h.

3.1 � Crystal structure

Figure 2a shows the XRD profile for the precursor formed 
from the treatment of zinc chloride and thiourea hydro-
thermally treated at 150 °C for 24 h. Evidently, the results 
revealed that the undoped ZnS particles (JCPS # 72-0162) 
with peaks’ positions at (1 0 2), (1 0 3), (0 0 10), (1 0 4), (1 
1 0), (2 0 3), and (1 1 10) were recognized as a hexagonal 
wurtzite phase. Meanwhile, Fig. 2b depicts the phases’ 
evolution after subrogated ZnS nanoparticles by differ-
ent concentrations of Ni2+ ions (x = 0.05, 0.10, 0.20, 0.30, 
0.40, 0.60, and 0.80). Obviously, wurtzite ZnS phase was 
disclosed with Ni2+ ion content of 0.05 and 0.10. Remark-
ably, cubic polydymite Ni3S4 (JCPS # 47-1738) structure 
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was demonstrated as a secondary phase with Ni2+ molar 
ratios of 0.2 and 0.3. Furthermore, hexagonal NiS (JCPS # 
50-1791) was matched with ZnS and Ni3S4 phases at high 
Ni content from 0.4 to 0.8 molar ratios. The crystallite size 
was estimated from the most intense peak of each phase 
based on Debye–Scherrer formula [27–29]:

where dRX is the crystallite size, k = 0.9 is a correction factor 
related to the account for particle shapes, β is the full-width 
at half-maximum (FWHM) of the most intense diffraction 
peak plane, λ is the wavelength of Cu target = 1.5406 Å, and 
θ is the Bragg angle.

(1)dRX = k�∕� cos �,

Table 1 records the change in the crystallite size with 
Ni2+ ion content. Clearly, the crystallite size of the obtained 
pure ZnS nanopowders was found to be 21.5 nm for the 
precursor formed from the treatment of zinc chloride and 
thiourea hydrothermally treated at 150 °C for 24 h. However, 
the crystallite size for ZnS phase was seemed to reduce with 
increasing the addition of Ni2+ ion. In this vein, the crystal-
lite size was decreased from 21.5 nm for pure ZnS to 3.0 nm 
with further increasing the Ni2+ ion molar ratio up to 0.8. 
Otherwise, the crystallite sizes of Ni3S4 and NiS phases were 
found to increase with the similar trends with increasing 
the concentration of nickel ion. The lattice parameters (a 

Fig. 1   Possible reaction of ZnxNi1−xS by autoclave hydrothermal under 150 °C for 24 h

Fig. 2   a X-ray diffractions of pure ZnS at 150 °C for 24 h, b X-ray diffraction profiles of Ni2+-substituted ZnS nanoparticles at different Ni2+ 
concentrations from 0.0 to 0.80 hydrothermally treated at temperature 150 °C for time 24 h
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and c) of the samples were calculated using the following 
equations [30–32]:

where a, b, and c were the lattice parameter, d is the inter-
planar distance, and (hkl) are the Miller indices. The unit 
cell volume V of pure and Ni-substituted ZnS nanopowders 
were calculated using the equation [30–33]:

The theoretical density was estimated using the equation 
[33]:

where ρx is the X-ray theoretical density, A is the sum of the 
atomic weights of all the atoms in the unit cell, and NA is the 
Avogadro’s number. Table 1 reports the change in the lattice 
parameters, unit cell volume, and theoretical X-ray density. 
It can be seen that the theoretical density was increased with 
Ni2+ ion content. In particular, it is well known that Ni ionic 
radius (0.078 nm) is smaller than Zn ionic radius (0.082 nm). 
Subsequently, the lattice expansion is weakened if Zn ions 
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are replaced by nickel ions with a smaller radius. The weak-
ening of the lattice expansion results in slight decrease in 
lattice parameter (a) with increasing nickel content.

3.2 � Microstructure

Figure 3 displays the SEM morphologies of pure and Ni-doped 
ZnS samples synthesized at different Ni2+ ion ratios hydrother-
mally treated at 150 °C for 24 h. Apparently, SEM micrograph 
of the pure ZnS sample exhibited microspheres with differ-
ent aggregates because of their large surface-to-volume ratio. 
The average grain sizes of undoped ZnS particles were about 
1–2 μ m. However, the microspheres were constructed of lay-
ers which they formed by the aggregation of Ni-doped ZnS 
nanoparticles in three dimensions. These layers were clearly 
seen at a high concentration of Ni ion, as described in Fig. 3. 
It is known that the application of the materials was highly 
correlated with its morphology and size. Among these fabri-
cation techniques, the hydrothermal route offers an advantage 
in tailoring the product morphology and size [34]. Herein, the 
phases of ZnS nanoparticles doping by different concentrations 
of Ni2+ ions (x = 0.05, 0.10, 0.20, 0.30, 0.40, 0.60, and 0.80) 
have been effect on the morphology and particles’ sizes. There 
has been systematic investigation into how this doping con-
centration affects ZnxNi1−xS crystals, though several different 
morphologies are based on the hydrothermal route. To under-
stand the mechanism of particle growth, the energy is redis-
tributed between a particle and the surrounding media under 
temperature and controlled time. As shown experimentally in 
Fig. 1, it is possible to suppose that the particle heating–melt-
ing evaporation mechanism could be applicable for spherical 

Table 1   Variation of phase 
evolution, crystallite size, 
lattice parameters, cell volume 
and X-ray density of Ni2+ 
substituted ZnS nanoparticles 
at different Ni2+ concentrations 
from 0.0 to 0.80 hydrothermally 
treated at temperature 150 °C 
for time 24 h

Ni doped 
(molar ratio)

Phases Cry. size (nm) a (Å) c (Å) Cell volume (Å3) Theoretical 
density, ρx (g/
cm3)

0.00 ZnS 21.5 3.667 31.598 424.896 3.046
0.05 ZnS 10.7 3.669 31.565 425.058 3.045
0.10 ZnS 8.2 3.670 31.554 424.913 3.046
0.2 ZnS 7.1 3.671 31.598 425.493 3.042

Ni3S4 20.1 9.490 – 854.668 4.730
0.3 ZnS 7.0 3.667 31.598 424.896 3.046

Ni3S4 20.9 9.491 – 854.892 4.729
0.4 ZnS 3.0 3.669 31.565 425.058 3.045

Ni3S4 21.1 9.495 – 855.905 4.723
NiS 27.9 3.414 5.343 62.283 4.839

0.6 ZnS 3.0 3.667 31.565 424.461 3.050
Ni3S4 26.4 9.509 – 859.723 4.702
NiS 29.0 3.431 5.322 62.638 4.812

0.8 ZnS 3.0 3.669 31.576 425.203 3.044
Ni3S4 28.2 9.499 – 857.027 4.717
NiS 33.4 3.425 5.316 62.347 4.834
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nanoparticle formation. Meanwhile, the energy absorbed by a 
particle from the hydrothermal is spent for the particle solidi-
fication processes. It is seen that the sample morphology and 
size are highly dependent on the Ni2+ concentration. When 
adding small amounts of Ni2+ in a range of 0.05–0.20 molar 
ratio, the prepared samples mainly consist of sphere-like struc-
tures without impurities, as shown in Fig. 3. The concentration 
ratio (0.30–0.80) exhibits irregular sphere-like structures, and 
their size increases with the increase in Ni2+ content.

3.3 � Optical properties

3.3.1 � UV absorption characteristics

The optical properties of Zn1 − xNixS (x = 0, 0.1, 0.3, 0.6, 
and 0.8 molar ratio) nanopowders were examined using 
UV–Vis–NIR spectrophotometer using integrating sphere 
unit over the wavelength range 200–1300 nm. Figure 4 shows 
the optical diffuse reflectance and the absorbance spectra of 
pure and Ni ion-substituted ZnS nanopowders with different 
Ni2+ ion molar ratios. Remarkably, pure ZnS exhibited the 
high optical reflectivity of around 75–78% in the infrared and 
visible regions, as presented in Fig. 4a. Further increasing in 
the Ni-substituted ZnS nanopowders resulted in the small-
est reflective with the average reflectivity of around 35–13% 
for Ni-substituted 0.1 and 0.8 molar ratios, respectively. Fig-
ure 4b shows the obvious absorption edge at about 365 nm for 
undoped ZnS nanoparticles, which was not close to the peak 
of bulk ZnS is expected at 337 nm (Eg = 3.68 eV) [11, 12], and 
the maximum absorbance maximum was about 320 nm. This 
large blue shift could be attributed to the combined effect of 
optical transition to the excitonic state (transition from the top 
of the valence band to the bottom of the conduction band) of 
the synthesized nanoparticles. Ni doping shifts the absorption 
onset to blue 375–380 nm (from 3.35 to 3.26 eV) of Ni-doping 
level from 0 to 0.8 molar ratio in addition to the visible light 
absorption band with the onset around 540 nm, indicating a 
decrease in the bandgap. However, the absorbance band of 
Ni-doped ZnS nanoparticles was dominated at the visible 
region by the Ni d–d transitions, which Ni with Td site sym-
metry is allowed by the electric dipole selection rule and is 
very intense. However, the energy transitions levels of Ni2+ 
came from the ground state 3A1(F) to the excited states 3T2(F), 
3A2(F), 3T1(P), and 3T1(G) [35].

In the limiting case of an infinitely powder samples, thick-
ness and sample holder have no influence on the value of 
reflectance (R). In this case, the reflectivity R can be trans-
formed into a value proportional to the absorption using the 
Kubelka–Munk function [36–39]:

F (R∞) is the so-called remission or Kubelka–Munk 
function. In the parabolic band structure, the bandgap Eg, 

(7)F(R∞) = (100 − R)∕(2R).

and the absorption coefficient α, of a direct band-gap semi-
conductor are related through the well-known equation [36]:

where α is the linear absorption coefficient of the material, 
hν is the photon energy, and A is proportionality constant. 
When the material scatters in perfectly diffuse manner (or 
when it is illuminated at 60 ± incidence), the K–M absorp-
tion coefficient K becomes equal to 2α (K = 2α). In this case, 
considering the K–M scattering coefficient S as constant 
with respect to wavelength, and using the remission func-
tion in Eq. (4). we obtain the expression [36]:

Plotting the Tauc plot of [hνF(R∞)]n against hν with 
n = 2 for the direct band-gap material to extract the band-
gap energy of the different samples, as shown in Fig. 5a. 
Meanwhile, Table 2 summarizes the band-gap energy for 
pure ZnS and Ni-substituted NiS. It can be observed from 
the inset that as the increasing molar ratio of Ni2+ ion-doped 
ZnS, the band-gap energy converts to decrease from 3.39 to 
3.32 eV with more increasing Ni2+ ion from 0.10 to 0.30 
molar ratios. This change of the band-gap energy with 
incorporation of Ni ion into ZnS lattice was interpreted as 
mainly due to the sp–d exchange interactions between the 
band electrons and the localized d electrons as the results 
of Ni ion which is also considered as the blossoming of 
magnetic phase [40]. It is believed that the s–d and p–d 
exchange interactions lead to a negative and a positive cor-
rection to the conduction band as well as the valence band 
edges resulting in a band-gap narrowing [41]. Meanwhile, 
in high substitution Ni2+ ion at 0.60–0.80 molar ratios, the 
optical band-gap energy was doubled to be 3.16–1.60 eV 
and 2.95–1.45 for Ni2+ ion 0.6 and 0.8 molar ratios, respec-
tively. The double band-gap energy was imputed to form of 
ZnS/Ni3S4/NiS nanocomposites as the result of low optical 
band-gap energy for bulk Ni3S4 ~ 2.7 eV and slight optical 
band-gap energy for NiS ~ 0.8 eV [42, 43].

3.3.2 � Photoluminescence (PL) spectroscopic characteristics

Figure 5b demonstrates the photoluminescence spectra of 
pure and Ni-substituted ZnS. Clearly, pure and Ni ion-substi-
tuted ZnS (0.1 and 0.2 molar ratios) displayed three emission 
bands in the ranges of strong UV emission peak 350–375 nm 
with the slight UV emission peak 375–387 nm and the broad 
band visible emission at 400–600 nm. The broad visible 
emission bands may be attributed to the recombination of 
electron hole induced by the change of local charge distribu-
tion at the defect sites [44]. Evidently, the intensity of the PL 
spectrum was found to reach the maximum with increasing 
Ni concentration from 0.1 to 0.2. However, the intensity of 

(8)�h� = A
(

h� − Eg

)1∕n
,

(9)(h�F(R∞))n = B(h� − Eg).
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samples was found to slightly decrease with the increasing 
of Ni amount until 0.6 molar ratio. Meanwhile, strong pho-
toluminescence was observed at room temperature for the 
substituted samples suggesting the high efficiency of pho-
ton–electron and/ or the exciton coupling in the nanomateri-
als perhaps. Photoluminescence spectrums in the undoped 
ZnS as well as substituted samples were distinguished due 
to the inherent defects as cationic deficiency present in 
the material. The enhances the PL intensity with substitu-
tion Ni2+ ions substituted ZnS could increase the number 
of trapped electron hole pairs and emit more photons. The 
mechanism of PL emission was explicated on basis of the 
defects distributed- in ZnS nanostructures possessed of two 
parts: (I) the zinc vacancy (VZn) and the interstitial sulfur (IS) 
atom as acceptor state as well as (II) the sulfur vacancy (VS) 
and interstitial zinc (IZn) atoms as the local donor state [45]. 
Interstitial sulfur (IS) states and zinc vacancies (VZn) should 
be located closer to the valence band edge; meanwhile, inter-
stitial zinc (IZn) states and sulfur vacancies (VS) should be 
located closer to the conduction band edge as well as energy 
levels of vacancies are deeper than interstitial states [46].

3.4 � Magnetic properties

The magnetic properties were examined by vibrating sam-
ple magnetometer at room temperature in maximum applied 
magnetic field 20 KOe. M–H hysteresis loops of the pro-
duced pure and Ni-substituted ZnS samples are presented 

in Fig. 6. The change in magnetic properties is summarized 
in Table 3. Plainly, all samples showed diluted magnetic 
semiconductor with weak ferromagnetic characteristics. The 
magnetic characteristics of undoped ZnS sample is imputed 
to sulfur vacancies and the stronger exchange interactions 
between these sulfur vacancies. It can be seen that the coer-
civity was very small, and the loops had very narrow shapes 
similar to ferromagnetic DMSs. The saturation magnetiza-
tion (Ms), remanence magnetization (Mr) and the coercivity 
(Hc) values were found to increase with increasing Ni2+ ions 
content from 0.0 to 0.3. Otherwise, Ms, Mr and Hc values 
were decreased with enhancing the Ni2+ ions content from 
0.4 to 0.8 with Ni concentration from 0.0 to 3.0 with regular 
spherical structure, the local density of states at the Fermi 
level increases and exchange interaction is enhanced leading 
to enhance ferromagnetism. the origin of magnetism in the 
samples is attributed the exchange interaction between local 
spin-polarized electrons from the electrons of Ni2+ ions and 
the conductive electrons. Consequently, such interaction can 
lead to the spin polarization of conductive electrons. Then, 
the spin-polarized conductive electrons undergo an exchange 
interaction with local spin-polarized electrons of other Ni2+ 
ions. Thus, after a successive long-range exchange interac-
tion, almost all Ni2+ ions exhibit the same spin direction, 
resulting in enhancement of the saturation magnetization of 
the samples [47]. Meanwhile, to have a better perspective of 
these changes, the magnetic parameters can be dependence 
on to their difference in nanocomposites of ZnS/Ni3S4/NiS, 
where the different anisotropies, domains, and numbers of 
surfaces within the nanocrystals play an essential role in the 
magnetic properties of the nanocomposites [48]. Firstly, at 
Ni2+ ions content from 0.05 to 0.3 molar ratios, Ms, Mr and 

Fig. 3   SEM images of Ni2+-substituted ZnS nanoparticles at different 
Ni2+ concentrations from 0.0 to 0.80 hydrothermally treated at tem-
perature 150 °C for time 24 h

◂

Fig. 4   a Reflectance (R) and b absorbance (A) of Ni2+-substituted ZnS nanoparticles at different Ni2+ concentrations from 0.0 to 0.80 hydrother-
mally treated at temperature 150 °C for time 24 h
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Hc values were increased due to the formation of the sec-
ondary phase of Ni3S4 nanocrystals. The bulk Ni3S4 is an 
antiferromagnetic, but in the tetrahedral Ni3S4 nanocrystals 
have a ferromagnetic behavior as the previously reported 
[49]. In fact, fine particles of an antiferromagnetic material 
could exhibit magnetic properties such as superparamagnetic 
and weak ferromagnetism, wherein the permanent magnetic 
moment can be attributed to an uncompensated number of 
spins on two sublattices [49, 50]. Secondly, the magnetic 
properties were decreased with raising Ni2+ ions content 
from 0.4 to 0.8 as the result of formation of NiS nanocrystals 
as well as undefined microstructures. Tang et al. reported 

that the magnetic properties of the NiS semiconductor were 
existence of an obvious hysteretic loop further proves the 
paramagnetic response of the microstructures in the applied 
field [46]. Meanwhile, Linganiso et al. [51] indicated that 
NiS containing two magnetic phases paramagnetic and ferro-
magnetic ordering; otherwise, since the sample is predomi-
nantly NiS nanocrystals, paramagnetic states are prevalent 
with narrow hysteresis width as well as the slight shift in 
the loop. This shift has been attributed to a phenomenon 
called “exchange bias” effect which is observed in nanoscale 
materials [47–51].

4 � Conclusion

Ternary ZnS/Ni3S4/NiS nanocomposites have been suc-
cessfully tailored using hydrothermal strategy based on 
low-cost chloride salts at low hydrothermal tempera-
ture 150 °C for time 24 h and Ni2+ ion concentration of 
0.40–0.80. Accordingly, the crystallite size for ZnS phase 
was found to decrease with increasing the Ni2+ ion content. 
Indeed, the crystallite size was decreased from 21.5 nm for 
pure ZnS to 3.0 nm with further increasing the Ni2+ ion 
molar ratio up to 0.8. The microstructures of pure and 
substituted ZnS with Ni ion up to 0.6 molar ratios were 
displayed as microspheres. However, the microspheres 
transformed to the layers in three dimensions with aggre-
gation of Ni ion with further increasing the Ni2+ content 
up to 0.8. The optical reflectivity of pure ZnS was evinced 
to be around 75–78% in the infrared and visible regions, 
whereas it was being around 35–13% for Ni-substituted 
ZnS with 0.1 and 0.8 molar ratios. The band-gap energy 

Fig. 5   a (αhν)2 versus photon energy (hν). b Photoluminescence spectra of Ni2+ substituted ZnS nanoparticles at different Ni2+ concentrations 
from 0.0 to 0.80 hydrothermally treated at temperature 150 °C for time 24 h

Table 2   Variation of the crystallite size and band-gap energy of Ni2+ 
substituted ZnS nanoparticles at different Ni2+ concentrations from 
0.0 to 0.80 hydrothermally treated at temperature 150  °C for time 
24 h

Ni substituted 
(molar ratio)

Phases Cry. size (nm) Optical band-
gap energy 
(eV)

0.00 ZnS 21.5 3.45
0.10 ZnS 8.2 3.39
0.30 ZnS 7.0 3.32

Ni3S4 20.9
0.60 ZnS 3.0 3.16–1.60

Ni3S4 26.4
NiS 29.0

0.80 ZnS 3.0 2.95–1.45
Ni3S4 28.2
NiS 33.4
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was decreased from 3.39 to 3.32 eV with the incorporat-
ing of the Ni content from 0.0 to 0.3. Additionally, the 
optical band-gap energy was doubled to be 3.16–1.60 and 
2.95–1.45 eV for Ni2+ ion 0.6 and 0.8 molar ratios, respec-
tively, owing to produce of ZnS/Ni3S4/NiS nanocompos-
ites. Photoluminescence spectra studies described that 
pure and Ni ion-substituted ZnS (0.1 and 0.2 molar ratios) 
were observed three emission bands in the ranges of strong 
UV emission peak 350–375 nm with the slight UV emis-
sion peak 375–387 nm and the broadband visible emis-
sion at 400–600 nm. Magnetic properties were increased 
with increasing the Ni2+ content up to 0.3 as the result of 

the formation of Ni3S4 phase as well as the spin polariza-
tion, whereas it was decreased with further increasing the 
Ni ion concentration from 0.4 to 0.8 because of creating 
NiS as a third phase and irregular microstructure. Over-
all, these optical and magnetic investigations evidences to 
recommend the nanocomposites as the good candidates for 
the optoelectronics devices applications.
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