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INTRODUCTION

Zinc oxide nanoparticles with their diverse applications
ranging from metal products to ceramics, ointments and the
medical field, exemplify the potential of nanotechnology in
various sectors [1-3]. Zinc oxide exhibits two main crystalline
structures viz. cubic zinc blende and hexagonal wurtzite. Under
ambient conditions, the wurtzite structure is thermodynami-
cally more stable than zinc blende. ZnO is a II-VI semiconductor
with a direct band gap of approximately 3.37 eV and a binding
energy of 60 meV. These properties make it a highly attractive
candidate for the synthesis of sustainable nanoparticles. Doping
ZnO with transition metal oxides (TMOs) such as Co, Mn, Fe,
Ni and Cr can significantly alter its physical, chemical, optoel-
ectronic and magnetic properties. This has led to remarkable
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advancements in the development of solar cells, sensors,
piezoelectric devices and spintronic devices [4-7].

This study investigates the incorporation of cobalt ions
into the ZnO crystal lattice. The larger ionic radius of Zn2+

(0.74 Å) compared to Co2+ (0.70 Å) allows for potential substi-
tution within the structure. Fabricating magnetic semicon-
ducting materials presents a significant challenge for researchers
developing spintronic devices. These devices require efficient
manipulation of spin-polarized carriers, including injection,
transport and control. Achieving the room-temperature ferro-
magnetism in nanoparticles has proven particularly difficult.
Several methods are available to synthesize the doped materials
such as wet precipitation method [8,9], sol-gel method [10,11],
chemical co-precipitation method [12], combustion method
[13], etc.
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As cobalt doping in zinc oxide nanostructures increases
band gap energy with increasing dopant concentration [14],
therefore, it is possible to fabricate various-sized nanorods [15].
Chanda et al. [16] explored the magnetic properties of cobalt-
doped ZnO nanoparticles. Their findings, based on field depen-
dent magnetization measurements, suggest the coexistence of
diamagnetic, superparamagnetic and ferromagnetic behaviours
at room temperature. Meky et al. [17] observed that enhance-
ment in the lattice strain with Co doping could be attributed to
the size and ionic radius difference between Zn and Co ions.
Cobalt-doped ZnO exhibits enhanced photocatalytic activity
due to its ability to minimize electron-hole pair recombination
and its porous structure [18]. Previous studies have reported
that Co-ZnO nanoparticles exhibit high dielectric properties
and a decreasing band gap trend, suggesting their potential for
low-frequency devices such as optoelectronics, photodetectors
and spintronics [19]. Co-ZnO nanoparticles have also shown
to exhibit superior gas sensing properties for methane comp-
ared to pure ZnO nanoparticles [20,21]. Additionally, Co-doped
ZnO thin films possess excellent non-linear optical properties,
making them promising for optical devices and non-linear
power control applications [22]. With their reduced particle
size and increased surface-to-volume ratio, the unexpected
impacts of specific surface area (SSA) on nanoparticles are
apparent [23]. This study aims to investigate the influence of
cobalt doping on the structural, morphological, optical, magnetic
and luminescent properties of ZnO nanoparticles synthesized
by the co-precipitation method. The findings of this study con-
tributed to the development of ZnO-based nanomaterials with
tailored properties for applications including photocatalysis,
gas sensing, spintronics and optoelectronics.

EXPERIMENTAL

All the chemicals used in this study were of analytical
grade (AR) with 99.99% purity. Zinc nitrate hexahydrate, cobalt
nitrate hexahydrate and sodium hydroxide served as the pre-
cursors for Zn, Co and OH, respectively.

Synthesis: Cobalt-doped zinc oxide nanoparticles (Co-
ZnO) were prepared in a 3:1 ratio using the co-precipitation

method. A 0.75 M solution of Zn(NO3)2·6H2O in 50 mL of
deionized water was stirred at 60 ºC for 6 h. Simultaneously, a
0.25 M solution of Co(NO3)2·6H2O in 50 mL of deionized water
was stirred under the same conditions. Both solutions were
mixed and 0.6 g of cetyltrimethylammonium bromide (CTAB)
was added to prevent agglomeration followed by the addition
of ammonia solution dropwise to adjust the pH to 13, resulting
in the formation of pale pink precipitate. The suspension was
stirred for an additional 2 h. The obtained colloidal precipitate
was filtered, washed repeatedly with ethanol and dried in a silica
crucible at 120 ºC for 3 h. Subsequent annealing at 400 ºC for
2 h in a muffle furnace yielded yellowish-white Co-ZnO nano-
particles. Pure ZnO nanoparticles were synthesized using the
same procedure, substituting zinc nitrate and sodium hydroxide
as precursors.

RESULTS AND DISCUSSION

Structural analysis: The XRD patterns of pure ZnO and
Co-ZnO are shown in Fig. 1. X-ray diffraction was carried out
with a wavelength of λ = 0.15406 nm. The miller indices (hkl)
values of the synthesized pure ZnO nanoparticles were (002),
(101), (102), (110), (103), (112), (201), (004) and (202) at the
position of 2θ (34.23º, 36.05º, 47.40º, 56.37º, 62.69º, 67.69º,
68.71º, 72.38º and 76.84º) for ZnO (JCPDS card no. 89-0510)
[24]. For Co-ZnO NPs, the values are (101), (110), (103) and
(201) at the position of 2θ (31.62º, 36.40º, 56.51º, 63.02º,
(JCPDS card No. 00-001-1149) [25]. The broadened X-ray
diffraction peaks indicate that the crystalline has a small size
with a polycrystalline nature. It could be observed that the
peak intensity of Co-ZnO NPs are lesser when compared to
pure ZnO spectrum. It may be due to the size of ionic radius
of Zn2+ (0.74 Å), which is greater than ionic radius of Co2+

(0.58 Å). Hence after substitution of Co2+ in to the Zn2+ lattice,
resulting an appreciable decrease in its diffraction peak inten-
sities [26]. From Fig. 1, a sharp peak at 36.28 nm confirms the
substitution of cobalt ions into the ZnO lattice. Table-1 gives
the average crystalline size of the nanoparticles at different 2θ
values with their respective FWHW values for both ZnO and
Co-ZnO NPs. Tables 2 and 3 shows various peaks of both ZnO
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Fig. 1. X-ray diffraction (XRD) patterns of pure ZnO and Co-doped ZnO nanoparticles
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and Co-ZnO NPs size, specific surface area, morphology index,
dislocation density and microstrain. The average particle size
of synthesized doped nanoparticles has been estimated using
the Debye-Schererr’s formula [26]. The interplanar spacing
between atoms (d-spacing) was calculated using Bragg’s law
whereas the particle size was calculated from the following
expressions:

2d sin θ = n λ

0.9
D

cos

λ=
β θ

where D is the crystallite diameter size; λ is the wavelength of
X-ray (0.15406 nm); β is the full-width half maximum intensity
of peak (FWHM) and θ is diffracted angle incident X-ray on
the sample. The specific surface area (SSA) was computed using
the following formula [27]:

6000
SSA

D
=

×ρ
where ρ is the density of doped nanoparticles and D is the particle
size.

Tables 2 and 3 show the average specific surface area of
the synthesized ZnO and Co-ZnO nanoparticles to be 1.17 ×
1014 m2/g and 1.65 × 1014 m2/g, respectively. A larger specific
surface area indicates more exposed surface sites, which can
enhance reactivity and adsorption properties. ZnO nano-

particles with such a small specific surface area might be suitable
for applications like UV light absorbers, photocatalysis and
gas sensors. The increase in specific surface area due to cobalt
doping suggests enhanced surface reactivity. The dislocation
density (δ) is the length of dislocation lines per unit volume of
the crystal and the larger dislocation density implies a larger
hardness. The formula used to determine dislocation density
(δ) [27] as

2

1

D
δ =

where δ is dislocation density and D is crystallite size of the
samples, the average dislocation density (δ) of sample to be
using the above expression is also given in Tables 2 and 3. The
ZnO nanoparticles with an average specific surface area of
approximately 1.17 × 1014 m2/g exhibit unique characteristics,
whereas the Co-doped ZnO nanoparticles with an average spec-
ific surface area of approximately 1.65 × 1014 m2/g offers enhan-
ced properties. The morphological index (M.I.) were calculated
obtained by using below equation:

h

h p

FWHM
M.I.

(FWHM FWHM )
=

+
where FWHMh is the highest full-width half-maximum (FWHM)
intensity value among the peaks, while FWHMp is the FWHM
of particular peak for which M.I. was calculated. A higher
M.I. value in Co-doped ZnO indicates improved crystallinity.

TABLE-1 
STRUCTURAL PARAMETERS OF SYNTHESIZED Co-ZnO NANOPARTICLES 

 Lattice parameters Angle Structure Size (nm) 

ZnO a = 3.2530 Å; c = 5.20730 Å α = β = 90°; γ = 120° Hexagonal 9.41 
Co-ZnO a = b = c = 9.72 Å α = β = γ = 90° Cubic 3.38 

TABLE-2 
PARTICLE SIZE (D), SPECIFIC SURFACE AREA (SSA), MORPHOLOGY INDEX (M.I.),  

DISLOCATION DENSITY (δ) AND MICROSTRAIN (ε) OF ZnO 

Position, 2θ (°) FWHM β (rad) D (nm) SSA × 10–14 (m2 g-1) M.I. δ (10–16 m2) ε 
29.10 0.5079 7.77 1.37 0.699 1.66 0.489 
31.59 0.5513 10.00 1.06 0.682 1.00 0.487 
34.24 0.5977 7.11 1.50 0.664 1.98 0.485 
36.05 0.6292 10.76 0.99 0.653 0.86 0.483 
47.38 0.8260 9.29 1.15 0.588 1.16 0.471 
56.32 0.9831 10.87 0.98 0.546 0.85 0.459 
62.63 1.0930 12.17 0.87 0.520 0.67 0.449 
67.84 1.1841 7.31 1.46 0.500 1.87 0.440 

Average  9.41 1.17 0.606 1.25 0.471 

 

TABLE-3 
PARTICLE SIZE (D), SPECIFIC SURFACE AREA (SSA), MORPHOLOGY INDEX (M.I.),  
DISLOCATION DENSITY (δ) AND MICROSTRAIN (ε) OF Co-ZnO NANOPARTICLES 

Position, 2θ (°) FWHM β (rad) D (nm) SSA × 10–14 (m2 g-1) M.I. δ (10–16 m2) ε 
11.53 
30.91 
36.35 
57.86 
64.63 

0.0408 
0.0867 
0.0157 
0.1113 
0.0488 

3.41 
1.66 
9.27 
1.42 
3.36 

1.21 
2.49 
0.45 
2.90 
1.23 

0.990 
0.978 
0.996 
0.972 
0.987 

8.60 
36.34 
1.16 
49.40 
8.85 

0.101 
0.078 
0.012 
0.050 
0.019 

Average  3.28 1.65 0.829 20.87 0.052 
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Micro strain is the degree of distortion of lattice planes that
gives rise to non-uniform changes in the interplanar spacings
present in the crystalline lattice [28] and was calculated using
the following equation:

4 tan

βε =
θ

here β is FWHM (full-width half maximum intensity of peak),
θ is the diffracted angle incident X-ray on the sample. Tables
2 and 3 show that the average particle size of Co-ZnO decreases
from 9.41 nm to 5.60 nm due to the substitution of Co2+ for
Zn2+ in the lattice. This reduction is likely caused by the lattice
surface disorder and induced strain in ZnO (0.471) and Co-
ZnO (0.052). Doping with Co2+ ions hinders the growth of ZnO
grains, resulting in the decreased diffraction peak intensity due
to the internal lattice stress [29].

UV spectral studies: Absorption spectra of both samples
were measured in the wavelength range of 200 nm to 800 nm
to investigate the effect of cobalt doping on ZnO absorption,
as depicted in Fig. 2. The cut-off wavelength for pure ZnO and
Co-ZnO nanoparticles was determined to be 345 nm and 385
nm, respectively. The observed spectrum reveals a small dip
in the absorption peak from 312 nm to 354 nm. Due to the size
distribution of Co-ZnO nanoparticles, smaller particles exhibit
a blue shift in their absorption edge due to the quantum confine-
ment [30,31] indicated that smaller particles absorb at shorter
wavelengths. The interaction between excitons (electron-hole
pairs) and phonons (lattice vibrations) can influence the absor-
ption spectrum, leading to dips or shoulders in the peak. The
introduction of cobalt into the ZnO lattice can modify the elect-
ronic structure, potentially introducing new energy levels or
altering existing ones and thus affecting the absorption spect-
rum. Defects in the crystal structure, such as oxygen vacancies
or zinc interstitials, can create localized energy states within
the bandgap, leading to absorption bands [32]. Particle aggre-
gation can lead to interference effects in the absorption spectrum,
resulting in dips or shoulders. The UV emission band originates
from the radiative recombination of excitons on the surfaces
of ZnO nanoparticles, while the visible emission band is attri-
buted to transitions associated with deep levels caused by the
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Fig. 2. UV-visible absorption spectra of ZnO and Co-ZnO nanoparticles

oxygen vacancies [33]. The optical property of Co-ZnO depends
strongly on the synthesis conditions and type of material used.

The energy band gap structure of Co-ZnO was determined
from the UV-Vis absorption spectra using the following
relations [34]:

I = Ioe–αt

hc
E h= ν =

λ
(αhν)n = A(hν – Eg)

where I is the intensity of transmitted light; Io is the intensity
of incident light; t is the sample thickness; α is the absorption
coefficient; h is Planck’s constant; c is the speed of light; λ is
the wavelength, A is a constant and n = 2 represents a direct
band and n = ½ represents an indirect band gap.

Fig. 3 represents the Tauc plots of the direct band gap for
both synthesized ZnO and Co-ZnO nanoparticles [35]. For
Co-ZnO NPs, the cut-off wavelength is 385 nm, indicating
that it absorbs light in the ultraviolet region, while for ZnO,
the cut-off wavelength is at 345 nm. A larger band gap corres-
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ponds to a wider range of non-absorption (transparent) wave-
lengths. Co-ZnO has a direct energy band gap of 3.2 eV, while
ZnO has a slightly smaller band gap of 4.02 eV and observed
in Table-4. Co-ZnO smaller band gap suggests it can absorb
higher energy photons (shorter wavelengths), making it suitable
for UV applications.

TABLE-4 
DATA’S ON UV-VISIBLE SPECTROSCOPY 

Optical absorption Co-ZnO ZnO 
Cut-off wavelength 368 nm 381 nm 

Energy band gap (Eg) 3.36 eV 3.254 eV 

 
Photoluminescence (PL) studies: The PL spectra of Co-

ZnO nanoparticles in the 350-600 nm range are shown in Fig. 4.
The PL spectra exhibit violet-blue and blue-green emission
peaks at 423 nm and 486 nm, respectively as well as a UV-
NBE emission peak at approximately 371 nm. The emission
peak at 423 nm suggests the presence of zinc vacancies, as the
energy gap between the zinc vacancy level and the conduction
band is nearly 3.0 eV. The emission peak at 486 nm indicates
an electron transition from the ionized oxygen vacancy level
to the valence band. The emission peak at about 371 nm, located
near the 380 nm region reported in [36] is likely attributed to
band-to-band exciton transition [37]. The peak at ~ 371 nm
primarily originates from band-edge emission due to the radia-
tive annihilation of excitons, which can also be attributed to
the recombination of free and shallowly bound electrons [38].
Additionally, the peak at 486 nm may be associated with the
formation of hydroxyl radicals and surface defects. Although
the PL spectra of ZnO and Co-ZnO are quite similar, the incre-
ased intensity in the case of Co-ZnO nanoparticles could be
due to the nanoparticles acting as quenching centers for donor-
acceptor pairs involving Co ions within the ZnO crystal structure
[29]. This suggests that Co-ZnO nanoparticles may effectively
contribute to the photocatalytic degradation of organic pollutants.

In
te

n
si

ty
 (

%
)

300 400 500 600 700

Wavelength (nm)

372 nm 409 nm

ZnO
Co-ZnO

Fig. 4. Photoluminescence (PL) spectra of ZnO and Co-ZnO

Morphological studies: Morphological studies and energy
dispersive X-ray analysis (EDAX) of both ZnO and Co-ZnO
nanoparticles are shown in Figs. 5 and 6, which clearly shows
that both ZnO and Co-ZnO nanoparticles exhibit a hexagonal
shape and are closely packed. This study reported a significant
morphological change from spherical to rod-like nanoparticles
following Co doping as observed through TEM micrographs.
Compared to ZnO nanoparticles, Co doped ZnO nanoparticles
exhibited a more significant tendency for agglomeration because
of interparticle interactions. Specifically, Co-ZnO nanoparticles
formed aggregates in the size range of 10 to 50 nm.

Fig. 7a compares the EDAX spectra of Co-ZnO and ZnO
NPs, while Fig. 7b provides a magnified view of the Co-ZnO
spectrum. The Co-ZnO nanoparticles exhibited more distinct
concentric circles in the SAED pattern compared to ZnO nano-
particles [39]. According to the spectra, both samples contained
Zn, O, Co elements only and no other elements found in either
sample confirming the purity of both materials.

FTIR spectral studies: The FTIR spectrum of pure ZnO
typically exhibits characteristic peaks attributed to Zn-O stret-
ching and bending vibrations as shown in Fig. 8. Peaks at 434,
454, 513 and 593 cm–1 are associated with Zn-O stretching
vibrations [40], whereas at 870 and 1029 cm–1 could be assigned
to Zn-O bending modes or potentially surface-related vibrations
[41]. Peaks at 1386 and 1452 cm–1 might indicate the presence
of carbonate species, possibly adsorbed from the atmosphere
during sample preparation [41,42]. A peak at 1644 cm–1 is often
associated with the bending vibration of adsorbed water mole-
cules [43]. The characteristic C-H stretching vibrations observed
at 2855 and 2914 cm–1 suggest the presence of organic contami-
nants or incomplete precursor removal [44]. A strong peak at
3469 cm–1 is typically attributed to the O-H stretching vibration
of adsorbed water.

The introduction of cobalt into the ZnO lattice can influence
its vibrational properties [45]. The additional peaks in the Co-
doped ZnO spectrum compared to pure ZnO provide insights
into cobalt incorporation and potential structural modifications.
New peaks at 774, 933, 1017, 1098, 1180, 1210, 1245, 1338
and 1438 cm–1 are likely due to the formation of Co-O bonds
or interactions between cobalt and the ZnO lattice [46]. They
might also indicate alterations in the Zn-O vibrational modes
caused by the presence of cobalt. Similar to pure ZnO, peaks
at 1612 and 1693 cm–1 might be related to adsorbed water or
carbonate species [47]. Peaks in the higher frequency region
(1797, 1874, 1916, 1989, 2044 and 2121 cm–1) are less common
in metal oxide spectra [48]. They could be attributed to overtones
or combination bands of existing vibrations, or they might
originate from impurities or residual precursors.

VSM studies: VSM data offers insights into the magnetic
properties of ZnO and Co-ZnO samplesas shown in Fig. 9.
The zinc oxide nanoparticles exhibits a low magnetization (Ms)
of 8.9046 × 10-6 emu indicating weak ferromagnetic behaviour
[49,50]. The high coercivity (Hc) value of 391.88 Oe suggests
significant resistance to magnetization reversal [51], whereas
the low retentivity (Mr) value of 258.53 × 10-6 emu reflected
in low remnant ratio (R) of 0.029, which implies the minimal
residual magnetization after removing the external field [52].

2164  Selvam et al. Asian J. Chem.



Fig. 5. Transmission electron microscopy (TEM) images of ZnO nanoparticles at different magnifications

The magnetic moment (µB) of 0.00012975 Tesla is negligible,
whereas the anisotropy constant (K) of 3.6349 erg g-1 suggests
a low energy barrier for magnetization reversal (Table-5).

Overall, ZnO nanoparticles demonstrate feeble magnetic
properties [52,53], in contrast, Co-ZnO nanoparticles shows a
substantially higher magnetization (Ms) of 11448 × 10-3 emu,

indicative of enhanced ferromagnetic characteristics. The coer-
civity (Hc) of 315.13 Oe is lower than ZnO suggesting easier
magnetization reversal. The retentivity (Mr) of 213.11 × 10-6

emu and remnant ratio (R) of 0.000018 are also lower, implying
less residual magnetization. However, the magnetic moment
(µB) of 0.5198 Tesla is significantly higher signifying a consi-

TABLE-5 
DATA’S ON MAGNETIZATION (Ms), COERCIVITY (Hci), RETENTIVITY (Mr),  

MAGNETIC MOMENT (µB), REMNANT RATIO (R) AND ANISOTROPY CONSTANT (K) 

Sample Ms (emu) Hci (Oe) Mr (emu) µB  (Tesla) R = Mr/Ms K (erg/g) 
ZnO 8.9046 × 10–3 391.88 258.53 × 10–6 0.00012975 0.029000 3.6349 

Co-ZnO 11448 × 10–3 315.13 213.11 × 10–6 0.51980000 0.000018 3757.92 
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Fig. 6. TEM images of Co-ZnO nanoparticles at different magnifications

5.5

4.4

3.3

2.2

1.1

0

2.6

2.1

1.6

1.0

0.5

0

K
C

nt

K
C

n
t

2 4 6 8 10 12  14 2 4 6 8 10 12  14
Energy (keV) Energy (keV)

Zn Zn

OCo
Co

Co

Zn

Zn

O

Zn

Zn

Element

OK
ZnK

Matrix

Wt.%

26.42
73.58

Correction

At.%

58.62
41.38
ZAF

Element

OK
CoL
ZnK

Matrix

Wt.%

25.74
16.85
57.41

Correction

At.%

61.20
05.40
33.40
ZAF

(a) (b)

Fig. 7. Energy-dispersive X-ray spectroscopy (EDAX) analysis of (a) pure ZnO and (b) Co-ZnO nanoparticles

2166  Selvam et al. Asian J. Chem.



130

120

110

100

90

80

70

T
ra

ns
m

itt
an

ce
 (

a.
u.

)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm )
–1

ZnO
Co-ZnO

Fig. 8. Fourier transform infrared (FTIR) spectra of ZnO and Co-ZnO

ZnO
Co-ZnO

0.012

00.01

0.008

0.006

0.004

0.002

0

-0.002

-0.004

-0.006

-0.008

-0.010

M
om

e
nt

 (
m

em
u)

M
om

e
nt (m

em
u

)

0.0015

0.0010

0.0005

0

-0.0005

-0.0010

-0.0015
-15000 -10000  -5000 0  5000 10000 15000

Field (Oe)

Fig. 9. Hysteresis loops of ZnO and Co-ZnO

derable increase in magnetic dipole moment. The anisotropy
constant (K) of 3757.92 erg g-1 is remarkable higher than ZnO
nanoparticles indicating a larger energy barrier for magnetiza-
tion reversal [54]. In summary, the VSM data reveals that the
doping of Co into ZnO nanoparticles significantly enhances
its magnetic properties, particularly in terms of magnetization
and magnetic moment. Nevertheless, the retentivity and coerci-
vity values indicate that there is potential for enhancing magnetic
stability and resistance to demagnetization [55].

Conclusion

The co-precipitation synthesis of pure and cobalt doped
ZnO nanoparticles results in the reduced peak intensities in
XRD patterns, indicating smaller crystallite sizes and increased
lattice strain. The average particle size of Co doped ZnO nano-
particles is reduced to 3.82 nm and the specific surface area
increases significantly, enhancing the reactivity and potential
applications. Morphological studies reveal hexagonal-shaped
nanoparticles with increased aggregation in Co-ZnO and EDX
and FTIR analyses confirmed the successful doping of cobalt
and structural modifications. The introduction of cobalt leads
to a blue shift in the absorption edge, with Co-ZnO nanoparticles

exhibiting an energy band gap of 3.36 eV compared to 3.25
eV for pure ZnO nanoparticles indicating improved UV absor-
ption capabilities beneficial for the UV-related applications.
The Co-ZnO nanoparticles also show enhanced photocatalytic
activity and emit stronger violet-blue and blue-green light in
PL spectra, attributed to the presence of Co2+ ions and defects,
suggesting potential in photocatalysis and light-emitting appli-
cations. Moreover, cobalt incorporation significantly enhances
the magnetic properties of ZnO, with Co-ZnO nanoparticles
exhibiting a high magnetization of 11.448 × 10–3 emu and a
magnetic moment of 0.5198 Tesla, in contrast to weak magnetic
behaviour of pure ZnO making Co-ZnO suitable for spintronic
and magnetic applications. Overall, the study demonstrates that
cobalt doping substantially improves the properties of ZnO
nanoparticles and enhancing their suitability for a range of
technological applications including photocatalysis, gas sensing
and spintronics.
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