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ABSTRACT 
In the present investigation, Nickle and Cobalt (Transition metals) doped ZnS Nanocrystals were synthesized by wet 
chemical route using methanol water binary mixture as a solvent. 1-20% doped percent of dopant were used. The 
synthesized samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), selected 
area electron diffraction (SAED), and photoluminescence (PL) spectroscopy for structural and optical investigations. 
Phase and structural analysis confirmed the formation of cubic ZnS having nearly spherical shaped nanoparticles having 
size ~3 nm. PL spectra showed broad and asymmetric band centered nearly at 435 nm. The intensity of PL peaks showed 
gradual quenching with increasing dope percentage which makes it unsuitable for biological imaging applications.  
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1. INTRODUCTION  

ZnS has been extensively investigated wide band-gap ( 
3.6 eV) semiconductor material because of their size 
dependent optical properties and their wide range of 
applications in sensors, displays, electronic devices, laser 
devices and nonlinear optical devices, etc. [1-5]. ZnS is 
among the oldest and probably the most important 
materials used as phosphor host [6]. In the past decade, 
many research articles [7-15] have been reported on the 
synthesis of nanometer scale semiconductor crystals 
(quantum dots, nano-wires, nano-rods, etc.) because of 
their properties, due to quantum confinement effect [16-
18], dramatic change and in most cases, improvement as 
compared with their bulk counterparts [19-20]. In the 
early 1980s, considerable work on properties of colloidal 
prepared ZnS nano-clusters has been reported [16, 21]. 
The main contributions of these studies have 
demonstrated the size-dependent effect of the basic 
physical and their optical properties of the un-doped 
nano-particles. Doping plays a critical role for 
semiconductors, which would otherwise be electrically 

insulating. For this reason, researchers have started to 
explore how dopants can determine the size and shape-
specific optical and electronic properties of 
semiconductor nano-crystals (NCs) [19]. The use of 
intentional impurities or dopants to control the 
properties of materials lies at the heart of many 
technologies. By doping ZnS with different metals [21-
24], a variety of luminescent properties excited by UV, 
X-rays, cathode rays and electroluminescence have been 
observed. The doping of 3d transition-metal (TM) 
impurities in semiconductors form deep levels within the 
band gaps of the host materials. They are technologically 
important as luminescence centers and charge 
compensations as well as unwanted traps. Since Bhargava 
and his co-workers reported the novel properties in 
nano-sized ZnS doped with Mn2+ ions [21], many studies 
have been published on Ti, V, Cr, Mn, Fe, Co, Ni, Cu 
and rare-earth             metal ions activated II-VI, III-V and 
I-III-VI nanometer scale semiconductor materials [17, 25-
31]. Novel luminescence characteristics such as stable and 
visible-light emissions with different colors were 
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observed from doped ZnS nano-crystals at room 
temperature [17, 27, 32-34].  
In 1998, first report of the application of luminescent 
nano-crystals as biological labels appeared in two 
breakthrough papers [35-36]. Both groups simultaneously 
demonstrated that highly luminescent semiconductor 
nano-crystals could be made water-soluble and 
biocompatible by their suitable surface modification and 
bioconjugation. They also showed the high potential of 
nano-crystals as highly sensitive fluorescent biomarkers 
and (bio) chemical probes. Other key advances enabling 
the emerging practical applications of nano-crystals in 
biochemistry and medicine included the synthesis of high-
quality colloidal nano-crystals in large quantities [37] or 
recent advances on surface chemistry of nano-crystals by 
conjugation with appropriate functional molecules [38]. 
The surface modification of nano-crystals can enhance 
their luminescent quantum yields [38], improve stability 
of the nano-crystals as well as prevent them from 
aggregating [39], and make nano-crystals available for 
interactions with target analytes [40], all of crucial 
interest for chemical sensor or biosensor applications. In 
the past years, the progress in synthesis and optimization 
of nano-crystals for biological environments has opened 
the doors to an expanding variety of biological 
applications, such as serving as specific markers for 
cellular structures and molecules, tracing cell lineage, 
monitoring physiological events in live cells, measuring 
cell motility and tracking cells in vivo etc. 
In this paper, we have demonstrated synthesis of Nickle 
and Cobalt doped ZnS nano-crystals by simple wet 
chemical route using ethanol water mixture (75:25) as 
solvent. The synthesized nano-crystals were characterized 
by X-ray diffraction (XRD), Transmission electron 
microscopy (TEM) and photoluminescence (PL) 
spectroscopy. The effect of dopant on optical properties 
of ZnS nano-crystals has been investigated in view of 
suitable candidate for biomedical investigation. 

 
2. EXPERIMENTAL 
2.1. Material 
Zinc acetate dehydrated [Zn(CH3COO)2.2H2O], 
Manganese(II) acetate tetra hydrate [(CH3COO)2 Mn 
4H2O],Nickel(II) chloride hexahydrate (NiCl2 ·6H2O), 
Chromium(II) chloride (CrCl2), Sodium sulfide (Na2S) 
flakes and methanol were purchased from Merck India 
Limited, Mumbai, India. All the chemicals were of 
analytical grade and were used as purchased without 
further purification. 

2.2. Synthesis of nano-crystals (NCs) 
The nano-crystals were synthesized by simple wet 
chemical route using co-precipitation reaction, which has 
been proven an effective colloidal chemical method for 
preparing compound nano-particles [41-43]. First, the 
NCs were synthesized in varying solvent composition 
from pure double distilled water to pure methanol. By 
comparing the properties of materials obtained from 
these different solvent mixtures, we have optimized the 
75:25 of methanol and water binary mixture as solvent 
which was the best choice for producing efficient 
luminescent nano-phosphors in terms of process 
simplicity, effectiveness in doping and higher yield. 
For preparation of TM doped nano-crystals, 
water/methanol binary solution (with 75% methanol in 
volume ratio) of zinc acetate, nickel (II) acetate and 
sodium sulfide were used as a stock solution. In a typical 
reaction, 50 ml of 0.5 M Zinc acetate solution was added 
with required volume of 0.01 M Nickel (II) acetate 
solution to obtain desired Ni2+ concentration (1-20%) in 
the medium. The solution was stirred well for 30 min on 
a magnetic stirrer at room temperature. 50 ml of 0.5 M 
Sodium sulfide solution was added dropwise under 
vigorous stirring. This mixing was done with flow rate of 
1 ml/min at room temperature. White turbidity 
appeared at the junction of the mixture shows the 
formation of nano-crystals. The precipitate was collected 
by centrifugation at 3000 rpm and washed three times 
with the methanol/water binary solution and followed 
by methanol in order to remove unnecessary impurities. 
The obtained white product was vacuum dried for 
overnight at 50°C to get white powders of ZnS:Ni2+. 
Similar processes was followed to prepare the Co doped 
ZnS nano-crystals. 

 
2.3. Characterizations 
The synthesized TM doped ZnS Nanocrystals were 
characterized by X-ray diffraction (XRD), Transmission 
electron microscopy (TEM), UV-Vis Spectroscopy and 
Photoluminescence spectroscopy (PL) for detailed 
structural and optical investigations. XRD was 
performed on Rigaku D/max-2200 PC diffractometer 

(with CuKα1 radiation with wavelength of 1.54 Å) 
operated at 40 kV/20 mA, in the wide angle region from 

10 to 70 on 2θ scale and the phase identification was 
carried out with the help of standard JCPDS database. 
The crystallite size was calculated from the full width at 
half maximum of the major XRD peak using Scherrer’s 
formula [44]. The size and morphology of prepared 
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nano-crystals were measured using a transmission 
electron microscope (model Technai 30G2 S-Twin 
electron microscope) operated at 300 kV accelerating 
voltage. Sample for TEM was prepared by dissolving the 
as-synthesized powder sample in ethanol and then placing 
a drop of this dilute ethanolic solution on the surface of 
carbon coated 300 mesh copper grid and the grid was 
dried in air. Optical absorption spectra were recorded on 
Perkin Elmer Lambda 35 UV visible spectrophotometer 
using halogen and deuterium lamps as sources for visible 
and UV radiations, respectively, by dispersing TM doped 
nano-crystals in double distilled water and using double 
distilled water as a reference. Photoluminescence (PL) 

studies were performed for λex = 325 nm on a Perkin 
Elmer LS 55 luminescence spectrophotometer using a 
Xenon discharge lamp, equivalent to 20 kW for 8 
microsecond duration as the excitation source at room 
temperature. All the measurements were carried out at 
room temperature. 
 
3. RESULTS AND DISCUSSIONS 
3.1. XRD-Analysis 
Fig.1 shows the wide-angle XRD pattern of as prepared 
ZnS:Co2+(a), and ZnS:Ni2+(b)  nano-crystals with varying 
percentage of doping. The doped mole percent ratios of 
TM2+ were 1.0, 5.0, 10.0, 15.0 and 20.0, respectively. 

XRD spectra show broad peaks at positions of 28.68, 

47.83 and 56.49 corresponding to (111), (220) and 
(311) reflections, which are in good agreement with the 
standard JCPDS file for cubic ZnS (JCPDS 77-2100) for 
all the samples. There is no significant change in the XRD 
pattern as we increase the percentage of the Transition 
metals doping in the nano-crystals, which clearly 
indicates that the cubic structure of ZnS is not tailored by 
the addition of TM into the ZnS crystal system at least up 
to the detection level of XRD. The XRD peaks tend to 
broaden and their widths become larger as the particles 
become smaller due to the finite size of these crystallites. 
From XRD analysis, no characteristic peaks of impurity 
phases have been observed for any of the prepared doped 
samples. All the available reflections of the present XRD 
phases have been fitted with Gaussian distribution. The 
particle size, d, of nano-crystals were estimated by 
Debye-Scherrer’s equation given below 

0.9
d

BCos






 
where, d is the particle size, λ is the wavelength of 

radiation used, θ is the Bragg angle and B is the full width 

at half maxima (FWHM) on 2θ scale. The average 

crystallite size was estimated for the most prominent X-
ray diffraction, corresponding to (111) peak at 28.57°, 
and was found ~2-4 nm. The almost same crystallite 
size, stable cubic zinc-blend structure, and absence of 
impurity phases with increasing concentration of TM 
doping for all the samples could be attributed to the 
similarity of size of Zn and doped ions. This is mainly 
because of the same nucleation and subsequent growth 
rate with increasing TM doping percentage. Ionic radius 
of Co2+ is 0.83 Å, for Ni2+ is 0.80Å it is almost same to 
that of Zn2+ i.e. 0.74 Å(43). 
 

 
 
Fig. 1: X-Ray Diffraction Pattern of TM doped 
ZnS Nano-crystals (a) ZnS:Co2+ (b) ZnS:Ni2+. 
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3.2. TEM Analysis 
Fig.2 shows the representative TEM images of the as-
prepared TM doped ZnS NCs for 10% doping. Fig 2(a) 
and 2 (b) are the TEM and HRTEM of ZNS:Co2+ NCs, 
respectively. Similarly, 2(c), 2(d) are TEM and HRTEM 
ZnS:Ni2+, respectively. It can be seen that the resultant 
ZnS NCs are uniform spherical-shaped particles, 3 nm in 
diameter, and with a very narrow size distribution (the 
particle size distribution histogram is shown in the inset 
of Fig. 2 of respective HRTEM for each of the TM doped 
ZnS NCs. The difference of this value with the particle 
size calculated from Scherrer’s formula may be due to 

the particle size and shape distribution involved and the 
average value obtained from the calculation. The 
HRTEM image of the TM doped ZnS NCs demonstrates 
the high crystallinity of the ZnS NCs, and the distances 
(0.258 nm) between the adjacent lattice fringes are the 
interplanar distances of ZnS (111) plane for every case. 
The selected area electron diffraction (SAED) pattern 
(inset of the respective TEM Figure) indicates that the 
TM doped ZnS NCs possess high crystallinity and a cubic 
structure, in which the three diffraction rings are 
perfectly indexed to the same positions as those from 
ZnS. 

 

 
 
Fig. 2: Representative TEM Micrograph of TM Doped Samples (a) ZnS:Co2+(b) HRTEM of ZnS:Co2+(c) 
ZnS:Ni2+(d) HRTEM of ZnS:Ni2+, insets show the corresponding SEAD pattern and Particle Size 
Distribution. 
 
3.3. Photoluminescence of the Nano-crystals 
Fig.3 shows the room temperature PL spectra of Ni2+ 
and Co2+ doped ZnS sample. Fig. 3a and 3b show the 

PL spectra of Co2+ doped ZnS and Ni2+ doped ZnS 
nano-crystals respectively. The spectra are broad and 
asymmetric, so it should consist of more than one 
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component. Gaussian curve fitting was employed to de-
convolute the PL curves of Co2+ doped and Ni2+ doped 
ZnS (Fig.4 and Fig.5, respectively). 

 

 
 
Fig. 3: Photoluminescence Spectra of TM Doped 
ZnS NCs (a) ZnS:Co2+(b) ZnS:Ni2+. 

 
The PL spectrum of ZnS:Co2+ and ZnS:Ni2+ NCs were 
de-convoluted into three weak peaks, which are 

centered at 413, 451 and 496 nm, respectively. The 
fitting results are listed in Table 1 and Table 2 for Co 
and Ni doped NCs, respectively. The PL peak at 413 
nm is known to be due to the recombination between 
the sulfur vacancy-related donor and valence band [46]. 
The emission peak at about 451 nm is attributed to the 
trap state emission of ZnS, related with native zinc 
vacancy. In ZnS nano-particles [11, 47] and ZnMnS 
nano-belts [48], the similar luminescence around this 
wavelength (450 nm) was also reported. Peak at 520 
nm is due to the recombination between the donor 
vacancies of sulfur and Co and Ni related accepter [46, 
49]. Form the PL spectra, it is clear that with increasing 
the concentration of both the dopants i.e. by doping 
cobalt or nickel, a dramatic quenching of photo--
luminescence intensity was observed. The possible 
reason for the quenching of luminescence by doping of 
cobalt and nickel may be that, the nickel and cobalt are 
doped substitutionally in bulk ZnS [50, 51]. They act as 
electron trapping centers which results into non-
radiative recombination. This means that photo-excited 
electrons are preferentially transferred to nickel and 
cobalt metal ion induced trapping centers compared to 
anion vacancy defect centers. Similar type of quenching 
of PL peak ~425 nm in ZnS colloidal particles by Cd2+ 
ions was investigated by Weller et al. [52]. 
 
Table 1: Photoluminescence Peak Position in 
the ZnS:Co2+ Nano-crystals 

Co2+ 
Concentration 

(mol %) 

PL  Peak Positions 

Peak I 
(nm) 

Peak II 
(nm) 

Peak III 
(nm) 

1 413 451 496 

5 402 448 496 

10 401 445 497 

15 401 449 496 

20 401 447 501 

 
Table 2: Photoluminescence Peak Position in 
the ZnS:Ni2+ Nano-crystals 

Ni2+ 
Concentration 

(mol %) 

PL  Peak Positions 

Peak I 
(nm) 

Peak II 
(nm) 

Peak III 
(nm) 

1 412 449 497 

5 405 447 496 

10 402 443 495 

15 407 452 497 

20 416 473 514 
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Fig. 4: Deconvoluted Photoluminescence Spectra of ZnS:Co2+ (a)1% (b)5% (c)10% (d)15% (e)20%. 
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Fig. 5: Deconvoluted Photoluminescence Spectra of ZnS:Ni2+ (a)1% (b)5% (c)10% (d)15% (e)20%. 
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4. CONCLUSION 
TM doped ZnS NCs were synthesized via wet chemical 
method using water/ethanol binary solution. The XRD 
and SEAD analysis show that the synthesized NCs     
were nearly spherical in shape, mono-dispersed and                
having narrow size distribution of 2-5 nm with no 
impurity phase at higher percentage of doping. 
Photoluminescence results showed that the PL intensity 
can be quenched by Cobalt and nickel doping. Due to 
quenching of PL intensity, the nickel and cobalt doped 
ZnS nano-crystals are unsuitable for the fluorescence-
based application.  
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