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We have synthesized un-doped and Co-doped ZnO nanoparticles (NPs) by precipitation method at a temperature of 400 oC
for 2 hours. According to the inorganic crystal structure database (ICSD) number #98-005-7478, the XRD pattern of ZnO NPs
(average diameter of 99-144 nm) possess polycrystalline hexagonal wurtzite structure. The crystallite size of un-doped and 1.75
at.%, 3.79 at.%, 4.37 at.% Co-doped ZnO NPs are 20.81 nm, 19.84 nm, 43.85 nm, 37.95 nm, respectively. Meanwhile, the
average micro-strain of the un-doped ZnO NPs and 1.75 at.%, 3.79 at.%, 4.37 at.% Co-doped ZnO NPs are 0.62%, 0.66%,
0.29%, 0.34%. These results confirm the crystallite size and micro-strain changing by Co incorporation. Further investigation,
the Co incorporation into Zn site improve absorbance of ZnO NPs. Meanwhile, photoluminescence (PL) measurement shows
that all ZnO NPs have one broad emission with centered peaks of 385 nm. It is indicating the substitution Zn2+ by Co2+ cause
the distribution defect spread continuously in ZnO NPs structure
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Introduction

As a metal oxide semiconductor, ZnO has broad

potential applications such as photocatalyst [1], water

disinfectant [2], sensor [3], solar cells [4], etc. It’s due

to ZnO has a wide direct band gap energy of 3.37 eV

and high exciton energy of 60 meV at room temperature

[5-7].

ZnO has various different nanostructures and found

in the wurtzite crystal structure [8-10]. A unique form

of ZnO nanostructures such as NPs [1], nanocombs

[11], nanotubes [5], nanorods [9], nanodisk [12], etc

has a different application. Among these nanostructures,

nano-crystallization of ZnO can control the optical and

electrical properties due to quantum confinement [13,

14].

Technically, ZnO NPs can be synthesized by various

methods such as hydrothermal [8], precipitation [15],

laser ablation [13], sol-gel [16], etc. Compared to the

other method, precipitation possesses cost-effective,

scalable, and have been used to synthesized various

different nanostructures [15]. The size of ZnO NPs was

affected strongly by the synthesized method. According

to the literature survey, the size of ZnO NPs can be

obtained in the range of 10-30 nm by precipitation

method [17, 18]. Meanwhile, by proper dopant, the

recombination of electron-hole pairs of ZnO NPs can

be controlled. Vanheusden et al [19] reported that Pb

doping of ZnO powder cause band gap energy narrow

and free-carrier concentration decrease by increasing

Pb content. They also believed that the existence of Pb

in ZnO structure acting as electron traps. Furthermore,

when ZnO NPs doped by transition metal (TM) ions,

energy level, and surface state will change [3]. 

Since the last decade, as TM element, Co-doped ZnO

has been demonstrated as a dilute magnetic semiconductor

(DMS) which potential in spintronic application [17].

Optically, Co-doped ZnO NPs are still become subject

of interest. Pal et al reported that ZnO NPs with Co

dopant indicate Co ions substitute into ZnO lattice [20]

and by photoluminescence (PL) studies, the generation

of the defects due to Co incorporation can be observed.

Most recent, PL studies of Ni-Co doping ZnO NPs as a

function of excitation wavelength shows shifting in

near band edge (NBE) and red band (RB) emissions

[1]. Further study, due to a blue shift in the absorbance

spectrum, Co-doped ZnO NPs can be used as potential

antibacterial rather than photocatalytic [21]. Nair et al

believed that lower photodegradation is caused by faster

recombination electron-hole pair [21, 22]. Nevertheless,

in the last decade, Hong et al. believed that ZnO NPs

has a potential application as a photocatalyst [23].

In this paper, we report the optical properties of un-

doped and variation Co-doped ZnO NPs which

synthesized by precipitation method at a calcination

temperature of 400 oC for 2 hours. The effect of Co

dopant on morphology, structure, and optical properties

of ZnO NPs will be discussed systematically. 

*Corresponding author: 
Tel : +62 21 4894909
Fax: +62 21 4894909
E-mail: isugihar@hotmail.com and iwan-sugihartono@unj.ac.id



Morphological, Structural, and Optical properties of Co-doped ZnO NPs prepared by precipitation method 519

Experimental Methods

Zinc chloride (ZnCl2) and Sodium Hydroxide (NaOH)

were dissolved in de-ionized (DI) water (100 mL) to

obtained 0.4 M and 0.8 M solution, respectively. The

NaOH (0.4 M) solution was added into ZnCl2 (0.4 M)

solution drop by drop under vigorous stirring without

any heat treatment until a white suspension formed. To

have Co-doped ZnO NPs, Zinc chloride (ZnCl2) and

cobalt chloride (CoCl2) (5 wt.%, 10 wt.%, and 15 wt.%)

as solution precursor dissolved into DI water (100 mL)

stirred for 10 minutes until homogenous solution obtained.

Then, to obtain precipitated of Zn(OH)2, each of the

suspension solutions was centrifuged. Finally, to obtain

powder ZnO NPs, the precipitation of Zn(OH)2 was

calcined at the temperature of 400 oC for two hours.

Energy dispersive x-ray (EDS) was performed to

confirm the atomic percentage of 5 wt.%, 10 wt.%, and

15 wt.% cobalt (Co) precursor which used as a dopant

for ZnO NPs. The EDS results of ZnO NPs contain 5

wt.%, 10 wt.%, and 15 wt.% of Co precursor confirmed

that the atomic percentage of Co are 1.75 at.%, 3.79

at.%, and 4.37 at.%, respectively. Hence, in the next

part, we will consider the atomic percentage of Co as a

dopant in ZnO NPs. Furthermore, the morphology,

structure, absorbance, and photoluminescence of powder

ZnO NPs have been observed by scanning electron

microscopy (SEM) JEOL JSM-6510, X-ray diffraction

(XRD) measurement with CuKa radiation (PAN-

analytical), UV-Vis spectrophotometer UH 5300, and

photoluminescence (PL) in the wavelength range of

300-900 nm, respectively.

Results and Discussion

Fig. 1 shows SEM images of un-doped and Co-doped

ZnO NPs. There is the aggregation of ZnO NPs due to

high surface energy during calcination process [10, 23]

and size dependence with Co incorporation. The ZnO

NPs size increased by increasing Co incorporation. It

can be confirmed that the average diameter of un-doped

and 1.75 at.%, 3.79 at.%, 4.37 at.% Co-doped ZnO NPs

is 88.16 nm, 99.62 nm, 140.66 nm, 143.8 nm, respectively.

We predict the average diameter size of ZnO NPs

increases linearly due to Co form oxide cluster which

acts as heterogeneous nucleation sites during precipitation

of the ZnO NPs.

Fig. 2 shows XRD pattern of un-doped and 1.75 at.%,

3.79 at.%, 4.37 at.% Co-doped ZnO NPs. According to

the inorganic crystal structure database (ICSD) number

#98-005-7478, the XRD pattern of ZnO NPs possess

polycrystalline hexagonal wurtzite structure. There is

no other phase from Co as the dopant and no modification

of crystal structure. We predict, the Co2+ could substitute

Zn2+ due to the similarity of the ionic radius. According

to our previous results [10], we focus on (002) plane as

a preferred orientation to investigate the effect of Co

doping. We predict that Co2+ substitute Zn2+ randomly

Fig. 1. SEM images of ZnO NPs: (a) un-doped, (b) 1.75 at.% Co, (c) 3.79 at.% Co, (d) 4.37 at.% Co.
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and cause lattice distortion in the crystal structure. As

results, the full width at half maximum (FWHM) of

ZnO NPs changes non-linearly. As well known, according

to Debye-Scherer’s equation [24, 25], the FWHM can

be used to determine the crystallite size of the structure.

The crystallite size of un-doped and 1.75 at.%, 3.79

at.%, 4.37 at.% Co-doped ZnO NPs is 20.81 nm, 19.84

nm, 43.85 nm, 37.95 nm, respectively (Table 1).

Furthermore, the average micro-strain of the un-doped

ZnO NPs and various Co-doped ZnO NPs can be

determined by the Stokes-Wilson equation [9]. The

micro-strain of un-doped and 1.75 at.%, 3.79 at.%, 4.37

at.% Co-doped ZnO NPs are 0.62%, 0.66%, 0.29%,

0.34%. According to these results, the crystallite size

and micro-strain changing by Co incorporation. It can

be observed that the crystallite size and micro-strain for

1.7 at.% Co-doped ZnO NPs is smaller and larger than

un-doped. We predict the 1.7 at.% Co-doped ZnO NPs

is the proper composition to decrease nucleation and

growth rate of ZnO NPs during the growth process.

Meanwhile, the other compositions have higher

crystallite size compared to un-doped and 1.7 at.% Co-

doped ZnO. As reported by other, we also believed that

the increasing crystallite size by increasing Co2+ ions

due to the less solubility of Co in ZnO matrix [21].

Fig. 3 shows the absorption spectra of un-doped and

variation Co-doped ZnO NPs. All the spectra pattern

has broad absorption in the range UV-Vis wavelength

in the range of 300-600 nm. It can be seen that the un-

doped ZnO NPs has the lowest absorption and

incorporation Co of 1.75 at.% has the strongest broad

absorption at the peak of 325 nm. Furthermore, instead

of cause lattice distortion in the crystal structure, the

incorporation of Co into ZnO site may cause the

interaction between s and p orbitals of ZnO with

localized electrons in d orbital which associated with

the doped Co2+ ions. Therefore, it causes a change in

the band structure of ZnO [20]. As results, the absorbance

of Co-doped ZnO will be stronger than un-doped ZnO.

Meanwhile, the peak of the absorption spectra of Co-

doped ZnO shifted to the lower wavelength (blueshift).

The blueshift indicating that the Co incorporation in

ZnO structure increase band gap energy. As well known,

it is due to the Burstein-Moss effect which explains the

carrier concentration cause the Fermi energy overlap

with the conduction band [25].

In order to detect the presence of the defects in ZnO NPs,

we performed PL measurement at room temperature.

Fig. 4 show a room temperature PL spectrum of un-

doped and variation Co-doped ZnO NPs. Typically, PL

spectra of ZnO NPs has two emissions, i.e. excitonic-

related UV emission and defect-related green band

(GB) emission [5]. Huang et al. reported that the Co

incorporation in the ZnO structure has typical emissions

of ZnO with broad UV and visible emissions [26].

However, our PL measurement shows one broad spectrum

Fig. 2. XRD pattern of un-doped and Co-doped ZnO NPs.
Fig. 3. The absorption spectra of un-doped and variation Co-doped
ZnO NPs.

Table 1. The variation data of full width at half maximum (FWHM), crystallite size, and strain of un-doped and Co-doped ZnO NPs at
(002) plane.

At.% Co 2θ (degree) FWHM a=b (Å) c (Å) Crystallite size (nm) Micro-strain V (Å3)

un-doped 34.408 0.313 3.249 5.204 20.81 0.62 47.597

1.75 34.417 0.318 3.251 5.207 19.84 0.66 47.680

3.79 34.450 0.184 3.251 5.206 43.85 0.29 47.655

4.37 34.423 0.209 3.252 5.207 37.95 0.34 47.692
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for all samples with the centered peaks of 385 nm. It can

be seen from the Fig. 4, the PL spectra intensity decreases

gradually even though the absorption is higher by

presence of Co. It is indicating the substitution Zn2+ by

Co2+ cause the distribution defect spread continuously

in ZnO NPs structure. In our case, beside the defects

such as oxygen vacancy (Vo), interstitial Zn (Zni), zinc

vacancy (Vzn), interstitial oxygen (Oi) lie continuously

in the structure, by increasing Co content (1.75 at.%,

3.79 at.% and 4.37 at.%) will generate complex defect

energy levels between valence and conduction band.

Therefore, the Fermi level will move close to the

conduction band due to the carrier concentration increase.

This phenomenon is called by the Burstein-Moss effect

[26]. As a result, a non-radiative transition of Co-doped

ZnO NPs is more dominant compared to un-doped

ZnO NPs.

Conclusions

In conclusion, ZnO NPs (NPs) synthesized by

precipitation method at a temperature of 400 oC for 2

hours. The ZnO NPs have doped by cobalt (Co) with

atomic percentage 0 at.% (un-doped), 1.75 at.%, 3.79

at.%, and 4.37 at.% have average particle size are 88.16

nm, 99.62 nm, 140.66 nm, 143.8 nm, respectively. The

XRD pattern of ZnO NPs possess polycrystalline

hexagonal wurtzite structure with no other phase.

Optically, ZnO with Co dopant has stronger absorption.

Meanwhile, the peak PL intensity decrease by Co

incorporation.
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