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ABSTRACT

Co-doped ZnS (Zn1-xCoxS) nanoparticles were successfully synthesized by the

chemical co-precipitation method. X-ray diffraction (XRD) patterns showed that

nanoparticles were polycrystalline in nature with the cubic crystal structure. A

reduction in the lattice parameter for Co-doped ZnS nanoparticles was

observed, indicating that Co2? ions are incorporated into the ZnS matrix. The

average crystallite size of prepared nanoparticles calculated using Scherrer’s

formula and found to be 2–3 nm. The crystallite size and microstrain of samples

were investigated by the W–H analysis method. EDX spectra of doped samples

confirmed the presence of the elements Zn, S, and Co. The field emission-

scanning electron microscope (FE-SEM) images of nanoparticles are spherical

with agglomeration. UV–visible measurements revealed that the optical band-

gap of Zn1-xCoxS nanoparticles decreased with increasing cobalt concentration.

Magnetic properties showed a paramagnetic-like behavior in all samples pre-

pared at room temperature.

1 Introduction

Semiconductor nanoparticles have attractive materi-

als due to their potential applications in nanospin-

tronic devices [1–3]. Nanoparticles have undergone

significant changes in the structure, optical, and

magnetic properties due to the large surface area to

the volume ratio and quantum confinement of the

material [4–6]. Among the II–VI semiconductors, zinc

sulfide (ZnS) is an important material because of a

wide bandgap of 3.67 eV at 300 K, 40 meV as an

exciton binding energy and good chemical stability

[7]. Moreover, ZnS is also very promising material

used in some applications such as lasers, displays,

and sensors [8–10]. Recently, optical and magnetic

properties of ZnS nanoparticles have changed, when

the transition metals such as Fe, Ni, and Mn doped

[11–13].

Beside these nanoparticles, Co2?-doped ZnS

nanoparticles are of special interest due to their
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attractive unique properties for applications in light-

emitting diodes, lasers, sensors, bio-devices, infrared

windows, flat panel displays, phosphors, etc. [14–17].

Saikia et al. [18] reported ferromagnetism in ZnS

nanocrystals and the effect of Co concentration was

investigated. Pathak et al. [19] studied the optical

properties of cobalt-doped ZnS nanophosphors

through the chemical co-precipitation method and

found a blue shift of the bandgap due to the quantum

confinement effect. Room temperature magnetic

properties has been observed in Co-doped ZnS

samples and magnetization also decreases with

increased concentration of Co which was reported by

Sambasivam et al. [20]. Kumar et al. [21] found room

temperature ferromagnetism in Ni-doped ZnS

nanoparticles. Eryong et al. [22] observed super-

paramagnetism in the Fe-doped ZnS nanoparticles.

According to the reported literature survey, transi-

tion metal-doped ZnS materials are room tempera-

ture magnetism in DMS that is still the subject of

debate. Hence, we have prepared Co-doped ZnS

nanoparticles and investigated the optical and mag-

netic properties.

This paper contains the synthesis of undoped and

Co-doped ZnS nanoparticles by the chemical co-

precipitation technique. This technique is used

because it is a low cost and the dopant concentration

can be easily attained [2]. The structural, composi-

tional, morphological, optical, and magnetic proper-

ties of the prepared nanoparticles were carried out by

X-ray diffraction (XRD), energy-dispersive X-ray

analyser (EDS), field emission-scanning electron

microscope (FE-SEM), UV–Visible spectroscopy (UV–

Vis), and vibrating sample magnetometer (VSM). The

optical and magnetic studies of mentioned nanopar-

ticles are discussed in detail.

2 Experimental

2.1 Synthesis of Zn12xCoxS nanoparticles

Zn1-xCoxS (x = 0.00, 0.02, 0.04, and 0.06) nanoparti-

cles were prepared at room temperature using a co-

precipitation method. Zinc acetate dehydrates

[Zn(CH3COO)2�2H2O], cobalt nitrate [Co(NO3)3-

9H2O], and sodium sulfide [Na2S�H2O] were the

reactants used in the experiment. These reactants are

respectively the source materials for zinc, cobalt, and

sulfur. Double distilled water was used as a solvent.

All the chemicals used in the process of synthesis are

of an analytical reagent grade (Merck chemicals,

INDIA). The synthesis process is as follows: Zinc

acetate dehydrates and cobalt nitrate are weighed

according to the stoichiometric ratio. These two

reactants are then separately dissolved into 100 ml of

water to prepare 1 M of solution. Similarly, a sodium

sulfide solution of 1 M is being prepared. These

solutions are continuously stirred in separate beakers

using a magnetic stirrer for 1 h to obtain a clear

solution. Then, the solution of 1 M cobalt nitrate was

added drop-wise to the solution of 1 M zinc acetate

which was kept on stirring. The mixture is added

drop-wise to 1 M of sodium sulfide with continuous

vigorous stirring. The stirring was continued for 2 h

until the fine precipitates were formed. Precipitate

containing cobalt-doped ZnS nanoparticles have been

filtered out using Whatman paper to extract the

sodium impurities. The wet precipitate is washed

with distilled water several times and remaining

water after washing was removed with several

washings of ethanol. The prepared samples were

dried for 24 h at room temperature, and then kept for

8 h in an oven at 80 �C to remove the moisture.

Finally, using a mortar pester, the dried samples

were crushed to a fine powder. The prepared powder

samples are then used to study their structural,

morphological, compositional, optical, and magnetic

properties. The same process is used in the prepara-

tion of pure ZnS nanoparticles without doping the

material.

2.2 Characterization techniques

The Zn1-xCoxS nanoparticles were characterized

using various techniques. The structural studies were

performed using an X-ray diffractometer (REGACO

ULTIMA-4). Field emission-scanning electron

microscope (FE-SEM) with an energy-dispersive

X-ray analyser (EDS) attachment (Model: CARL

ZEISS Sigma IV) was used to perform chemical

analysis. The optical absorption spectra were

observed by a UV–visible spectrometer (JASCO

V730) for measuring the absorption characteristics. A

vibrating sample magnetometer (VSM) (Lakeshore-

7404) was used to measure the magnetization char-

acteristics of the prepared samples.
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3 Results and discussion

3.1 Structural studies

Figure 1 shows X-ray diffraction patterns of Zn1-x-

CoxS nanoparticles. All peaks correspond to reflec-

tion from the (111), (220), and (311) planes of cubic

ZnS with the polycrystalline nature of all nanoparti-

cles. Diffraction peaks of all the samples are in good

agreement with the standard JCPDS card no. 03-0570.

The Co-doped ZnS nanoparticles are also polycrys-

talline nature and fit well with the cubic ZnS crystal.

It is interesting to note that the cubic crystal structure

of Co-doped samples have been unchanged up to 6%

Co doping concentration. Pathak et al. [23] observed

similar behavior for XRD patterns of Co-doped ZnS

nanoparticles. No impurity peaks corresponding to

cubic ZnS or cobalt compounds were observed,

demonstrating that prepared nanoparticles are single

phase. The broadening of the diffraction peaks,

however, indicates that the particles are in extremely

small nanosizes. Interestingly, the intensity of reflec-

tion planes increases in Co-doped nanoparticles as

compared to ZnS nanoparticles indicated Co doping

concentration to affect.

XRD patterns were analyzed to estimate the

structural parameters such as lattice constant, crys-

tallite size, lattice strain, and dislocation density. The

lattice constant has been calculated using the fol-

lowing relationship:

a ¼ k
2 sin h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

ð1Þ

where k is the X-ray wavelength (0.15406 nm), h is the

diffraction angle, and (h, k, l) is miller indices of the

crystal plane. The value of the lattice constant is cal-

culated and listed in Table 1. It is found that with Co

doping concentration, there is decrease in lattice

constant of ZnS nanoparticles. Similar type of

behavior is also reported by Salem et al. [24] for Co-

doped ZnS nanoparticles. The decrease in the lattice

constant may be attributed to the small ionic radius of

Co?2 (0.072 nm) as compared to the Zn2? (0.074 nm).

Furthermore, the cell volume of the ZnS nanoparti-

cles decreases with an increase in the Co doping

concentration (seen in Table 1). The significant

change in lattice constant and volume of unit cell of

the ZnS host materials further signifies the successful

doping of Co foreign atoms.

The crystallite size (D) is determined using the

Debye–Scherrer equation:

D ¼ Kk
b cos h

ð2Þ

where D is the mean crystallite size, K is particle

shape factor (0.9), k is the wavelength of X-rays used,

h is the angle of diffraction, and b represents the

integral breadth obtained after the instrumental cor-

rection has been applied as

b ¼ ðb2
m � b2

i Þ
1=2 ð3Þ

where bi is the instrumental broadening measured

using the standard silicon sample and bm is the

observed integral breadth of the XRD peaks of sam-

ples [25, 26]. The average crystallite size of the

nanoparticles is found to be in the range of 2–3 nm as

shown in Table 1. The crystallite sizes were varied as

the Co doping was increased, which is in good

agreement with the previous result reported by

Sambasivam et al. [27]. This is attributed to the

replacement of Zn2? ions by Co2? ions during the

formation of the Co-doped ZnS nanoparticles.

Microstrain (e) [28] and dislocation density (d) [29] for

all nanoparticles are calculated using the following

equations:

e ¼ b cos h
4

ð4Þ

d ¼ 1

D2
ð5Þ

Here, D is the average crystallite size (nm). The

microstrain and dislocation density of the prepared
Fig. 1 XRD patterns of Zn1-xCoxS nanoparticles
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nanoparticles are listed in Table 1. It is seen that the

microstrain of nanoparticles increases with an

increasing concentration of Co doping. It may be due

to the doping of the Co. Moreover, the dislocation

density of nanoparticles increases with an increase in

Co doping, while average crystallite size of the

nanoparticles decreases with an increase in Co dop-

ing concentration. It means that the dislocation den-

sity of the prepared nanoparticles is inversely

proportional to size of crystallite. This indicates that

the crystallinity of the ZnS samples with Co doping is

reduced.

3.2 Estimation of crystallite size
and microstrain from Williamson–Hall
plot

The crystallite size and microstrain of the nanopar-

ticles can be calculated by the Williamson–Hall (W–

H) equation [30]:

b cos h ¼ Kk=Dþ 4e sin h ð6Þ

where b is the FWHM in radian, h is the angle of

diffraction, K = 0.9 is a constant shape factor for

spherical nanoparticles, k = 1.5406 Å is the wave-

length of Cu-Ka radiation, D is the average crystallite

size, and e is the microstrain induced. By plotting

bcosh along the y-axis and 4sinh along the x-axis, the

average crystallite size and strain induced in the

lattice were determined. The W–H equation indicates

that factor Kk/D is the intercept and e is the slope of

the line when compared to the general equation of

line y = mx ? c where m is the slope and c is the

intercept. Thus, from the intercept, the value of the

average crystallite size can be obtained, while the

strain induced can be determined from the slope of

the line. Figure 2 shows the W–H plot of Zn1-xCoxS

nanoparticles. For different concentrations of Co in

ZnS, the estimated values of average crystallite size

from W–H plots and the respective strains are given

in Table 1. The average crystallite size obtained from

W–H plots is 2–5 nm and was well compatible with

Scherrer formula values. It is observed that the

average crystallite size and microstrain calculated

from Scherrer’s equation and W–H method in the

doped nanoparticles do not change systematically

with Co doping concentration, which may be due to

the lattice disorder formed in the nanoparticles at

higher doping concentrations due to the small dif-

ference in the ionic radii of Co2? ions and Zn2?ions.

3.3 Morphological studies

Figure 3a–d shows Field emission-scanning electron

microscope (FE-SEM) of Zn1-xCoxS nanoparticles. It

can be seen from Fig. 3a that the grain size around

50 nm is grown with the non-uniform distribution.

As Co doping increased to 6%, more number of

grains is found as compared to the ZnS sample as

shown in Fig. 3b–d. However, it can also notice that

high agglomeration among smaller crystallites to

form grains increases with increasing in Co doping

concentration. The enhanced agglomeration of Co-

doped ZnS nanoparticles is due to the higher relative

surface area along with a higher relative number of

surface atoms, nanoparticles attempt to make bonds

that appear to form between adjacent particles.

Nanoparticles with Co doping concentration are also

shown spherical-like structure due to small grains. It

implies that morphological properties are indepen-

dent of Co doping concentration. Also, no doping-

based morphological features were observed [31].

3.4 Elemental analysis

Elemental dispersive X-ray analysis verified that

cobalt was incorporated into ZnS lattice. Figure 4

shows the EDX spectra of Zn1-xCoxS nanoparticles.

Table 1 Structural parameters of Zn1-xCoxS nanoparticles

Sample Co

doping

Lattice constant

(Å)

Unit cell volume

(Å)3
D (nm) Microstrain

e 9 10–3
Dislocation

density (Line/m2)

DW–H

(nm)

Microstrain

W–H

e 9 10–3

0.00 5.3814 155.84 2.0888 16.72 0.229 2.39 15.91

0.02 5.3718 155.01 2.0806 16.71 0.231 3.09 27.70

0.04 5.3687 154.74 2.0471 16.99 0.238 3.77 32.28

0.06 5.3628 154.23 2.0922 16.61 0.228 4.24 36.07
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The spectra reveal that the Zn and S elements are

present in pure ZnS, while the Zn, S, and Co elements

are present in the doped samples. The observed

amount of Co in 2, 4, and 6% Co-doped samples are

0.12, 1.45, and 2.98%, respectively, and listed in

Table 2. This indicates that the observed amount is

Fig. 2 Williamson–Hall plots

of Zn1-xCoxS nanoparticles

Fig. 3 FE-SEM images of

Zn1-xCoxS nanoparticles
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less as compared to the actual doped amount. It may

be due to excessive washing of samples leading to a

decrease in the observed percentage of doped cobalt.

From the EDX spectra study, it also confirms that the

atomic weight percentage of cobalt increased with

increasing cobalt content. It means that cobalt surely

enters into ZnS lattice.

3.5 Optical studies

Figure 5 shows the UV–vis absorbance spectra of

Zn1-xCoxS nanoparticles at room temperature. From

the figure, it is observed that absorbance increased

with increasing Co doping. According to the reported

literature, the absorbance also depends upon some

factors such as particle size, deficiency, defects in

Fig. 4 EDX spectra of Zn1-xCoxS nanoparticles

Table 2 Elements composition analysis of Co-doped ZnS

samples

Elements Atomic%

0% Co 2% Co 4% Co 6% Co

Zn 69.24 64.82 66.51 64.95

S 30.76 35.06 32.04 32.07

Co 00.00 0.12 1.45 2.98

Total 100 100 100 100

17302 J Mater Sci: Mater Electron (2020) 31:17297–17306



grain structure [32]. In our case, absorbance peak

moves toward larger wavelengths due to increase in

number of structural defects with increasing Co

content.

The relation between the incident photon energy

(hm) and the absorption coefficient (a) is given by

Wood and Tauc’s equation:

ðahmÞ1=n ¼ Aðhm� EgÞ ð7Þ

where A is constant, h is Planck’s constant, m is pho-

ton frequency, and Eg is the energy bandgap of the

material, and exponent n depends on the type of

transition. For direct allowed transition, n = 1/2,

indirect allowed transition, n = 2, direct forbidden,

n = 3/2 and indirect forbidden, n = 3. Figure 6 shows

the Tauc plot of Zn1-xCoxS nanoparticles. The linear

nature of the graph represents the presence of a direct

transition. The bandgap energy of the samples is

calculated by plotting (ahm)2 versus hm. The linear

fitting of the straight portion of the curve on the hm
axis gives the value of energy bandgap. For the

samples x = 0.00, 0.02, 0.04, and 0.06, Zn1-xCoxS

nanoparticles have bandgap values 3.33, 2.92, 2.81,

and 2.71 eV, respectively. The reduction in bandgaps

of prepared nanoparticles can be attributed to

amount of defects (strain) in nanoparticles. This fact

is supported by the values of microstrain that are

calculated from the XRD data. Figure 7 shows

dependence of ln (a) of undoped and Co-doped ZnS

nanoparticles upon the photon energy from which

the Urbach energy can be obtained. The Urbach

energy of the samples x = 0.00, 0.02, 0.04, and 0.06

have values 0.269, 0.274, 0.311, and 0.528 eV, respec-

tively, and represents amount of defects in the

material [33, 34]. Thus it is clear that defects are

responsible for the variation in bandgap value. Fig-

ure 8 shows the variation of bandgap with doping

concentration of cobalt and found the optical band-

gap decrease with increasing Co content. Patel et al.

predicted that the reduction in the bandgap for Co-

doped ZnS nanoparticles might be due to the sp-d

exchange interaction between the band electrons and

the localized d electrons of Co2? ions [35]. Hence, Co-

doped ZnS nanoparticles prepared by the co-precip-

itation method exhibited excellent properties for a

myriad of practical applications.

3.6 Magnetic studies

The magnetic behavior of Co-doped ZnS nanoparti-

cles with varying doping concentrations was

350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

A
bs

or
ba

nc
e 

(a
.u

.)

W avelength (nm )

pure  Z nS
 2%  C o
 4%  C o
 6%  C o

ZnS : Co

Fig. 5 Absorption spectra of Zn1-xCoxS nanoparticles

Fig. 6 Tauc plot of Zn1-xCoxS nanoparticles

Fig. 7 Dependence of ln (a) of undoped and Co-doped ZnS

nanoparticles upon the photon energy from which the Urbach

energy can be obtained

J Mater Sci: Mater Electron (2020) 31:17297–17306 17303



measured at 300 K by VSM using a magnetic field

(H) of 5 kOe. Magnetization versus applied magnetic

field (M–H) curves for undoped and Co-doped ZnS

nanoparticles at room temperature are shown in

Fig. 9a–d, respectively. The undoped ZnS sample

exhibits M-H curve which appears to be linear with a

positive slope and represents paramagnetic behavior,

because of surface vacancies and small crystallite size

of the nanoparticles. Figure 9b–d shows the M–H

curves for 2%, 4%, and 6% Co-doped ZnS nanopar-

ticles at room temperature. However, the M–H

curves for doped samples are also linear with a

positive slope indicate the presence of a paramag-

netic-like behavior at room temperature. Saikia et al.

[36] reported that room temperature ferromagnetism

arises in undoped ZnS due to surface vacancy states.

Kumar et al. [13] revealed that superparamagnetic-

like behavior in pure ZnS and 1% Ni-doped ZnS

nanocrystals could be attributed to the extremely

small particle size * 2.9 nm of prepared nanocrys-

tals. Our result is in good agreement with the studies

by Elsi et al. [37] and predicted smaller nanoparticles

(\ 10 nm) are the root cause of superparamagnetism

in Co-doped ZnS nanoparticles. Furthermore, the M–

H curves of undoped and Co-doped ZnS nanoparti-

cles represent the presence of paramagnetic contri-

butions to the magnetization. It may be due to the

presence of prepared nanoparticles of extremely

small size and Co doping. A paramagnetic contri-

bution was observed in Co-doped ZnO nanoparticles

because some of the nanoparticles may be in the

superparamagnetic regime or that some of the cobalt

ions are weakly coupled or not interagent among

themselves has been reported by Franco Jr et al. [38].

The change in the magnetic properties of Co-doped

ZnS nanoparticles might be attributed to the struc-

tural and morphological changes that occurred due to

the Co doping. A decrease in the crystallite size of the

nanostructure material leads to an increase in mag-

netic performance. The result suggests that the Co-

doped ZnS nanoparticles show good paramagnetic

properties at room temperature. Bi et al. [39] reported

room temperature ferromagnetism in Co-doped ZnS

and found that gradually becomes weak with the

increase of Co doping concentration due to the sulfur

vacancies in the ZnS lattice. Wu et al. [40] observed

that the pure ZnS samples were superparamagnetic,

whereas the doped samples exhibit ferromagnetism

mainly due to the substitution of Ni2? on Zn2? sites

not due to Ni cluster or its metal oxides, proved by

the EDX and XRD studies; no such secondary phases

have been observed. However, the saturation mag-

netization values of the nanoparticles are found to be

30.2698 emu/g, 32.0148 emu/g, 32.0895 emu/g and

32.9764 emu/g for undoped, 2%, 4% and 6% Co-

doped ZnS nanoparticles. The saturation magnetiza-

tion increases with an increase of Co doping con-

centration. This suggests that Co-doped ZnS

nanoparticles are also responsible for observed

paramagnetism. The enhancement in saturation

magnetization of Co-doped samples is due to the

very small size of Co-doped ZnS nanoparticles. It

means that the surface to volume ratio is expected to

be very high which further leads to surface defects

[41, 42]. In the present study, undoped and Co-doped

ZnS nanoparticles exhibited paramagnetism due to

small crystallite size and Co doping concentration.

4 Conclusions

Undoped and Co-doped ZnS nanoparticles were

prepared at room temperature by the co-precipitation

method. XRD studies show that all the nanoparticles

are polycrystalline ZnS with a cubic structure. The

absence of impurity peaks confirms the prepared

nanoparticles are single phase. The reduction in the

volume of the unit cell of Co-doped ZnS nanoparti-

cles was observed, which indicates that Co2? ion is

incorporated into the ZnS lattice. The average crys-

tallite size of prepared samples was found in the

range of 2–3 nm. FE-SEM images of Co-doped

nanoparticles showed high agglomeration among
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smaller crystallites to form grains increases with

increasing in Co doping concentration. The bandgap

of pure ZnS nanoparticles was found to be 3.33 eV,

which was found to be red-shifted with the increased

Co concentrations. Room temperature paramag-

netism arises in undoped and Co-doped ZnS

nanoparticles due to small crystallite size and Co

doping concentration. Based on the results, the pre-

pared nanoparticles are promising materials in the

optoelectronics and spintronics devices.
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