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The hydrothermal method was used to create dilute magnetic semiconductor nanoparticles of Zn; ,Co,O
(x = 0, 0.01, 0.05, 0.09). The effect of cobalt doping on the microstructure, morphological and optical
properties of Zn;_,Co,O was also studied and the Co doping to host ZnO was confirmed from XRD and
EDX analysis. The structural analysis showed that doping of cobalt into ZnO decreased the crystallinity,
but the preferred orientation didn't change. SEM analysis revealed that the cobalt dopant did not have
a strong influence on the shape of the synthesized nanoparticles. No defect-related absorption peaks
were observed in the UV-Vis spectra. The crystallinity of the doped samples was improved by high
growth temperature and long growth time. Ferromagnetic behavior above room temperature was
detected in co-doped ZnO nanoparticles. The ferromagnetic behavior increased with increasing Co (up

to x = 0.05) doping. The ferromagnetic behavior declined when the Co content was further increased.
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Accepted 19th April 2022 Related research shows that doped ZnO nanoparticles have better dielectric, electrical conductivity, and
magnetic properties than pure ZnO. This high ferromagnetism is usually a response reported for dilute

DOI: 10.1039/d2ra01210c magnetic semiconductors. These semiconductor nanoparticles were further used to designed spintronic
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1. Introduction

Metal-semiconductor oxide nanoparticles (NPs) are of great
importance due to their novel electrical and magnetic
responses.’ ZnO is a II-VI semiconductor material having
a large exciton binding energy of 60 meV and a wide bandgap
(3.37 eV),? which is used in gas sensors,* photocatalysis,* and
many other fields like spintronics due to its room temperature
ferromagnetism (RTFM).*® The doping of transition metal ions
like cobalt ions into the metal oxide can modify its electronic
structure and hence its physical and chemical properties. This
category of materials is called dilute magnetic semiconductors
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(DMSs).* Among all the transition metal ions cobalt (Co) has
a high solubility in ZnO. Also, its ionic radius is the same as that
of the zinc (Zn) ion, which is favourable for successful doping at
the Zn*" position.” ZnO can be grown into different shapes
depending upon the growth conditions, for example, spherical
and dumbbell, rod-like,"*** nanonails,” hollow nano-
spheres,™ pyramid and lath-like rods,* flowers,'* and nano-
wires.” Shape and size both are important to make DMSs
suitable for industrial applications. Because doping can change
the shape of nanostructures from bottom to top, but it is diffi-
cult to control the shape.*® The doping concentration, heating
time, and growth temperature influence shape, size, structural
and optical properties. Thamir A. A. Hassan, Ali Qassim (2016)
found the change in shape from lettuce leaf to nanotubes to
nanosticks when the growth duration was changed from 24
hours to 48 hours to 72 hours.” While F. A. Taher and E.
Abdeltwab (2018) showed the formation of the flower-like
structure of Co-doped ZnO from a single nanorod when the
growth time was changed for 3-18 hours.?® Z. Yu et al. (2010)
observed an increase in the diameter of nanorods with an
increase in Nickle doping ions.>* Amita et al. (2019) observed
a decrease in bandgap from 3.4 eV to 3.28 eV by doping of Co.*?
While M. Fang, Z.W. Liu (2016) observed a blue shift in bandgap
with doping, doped samples had peaks at 565, 611, and 660 nm
related to d-d transitions.> Santhoshkumar et al. (2016) found
a peak at 606 cm ™" related to ZnO stretching vibrations in FTIR
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spectra.®* The shift in IR peak from 414 cm ' to 446 cm "
related to Zn-O bond stretching vibration upon doping of cobalt
is also reported.>® M Thuy Doan et al. (2014) prepared ZnO with
different concentrations of Co dopant. Strong XRD peak
intensities and narrow width showed the extremely pure nature
of crystallites. Upon doping, a higher concentration of Cobalt
Co30, phase appeared.? S. Shi et al. (2013) produced Co-doped
ZnO nanorods and observed that higher concentrations of
dopant lead to the segregation of Co;0, phase described by
Raman spectra." N. Nishiumi and coworkers (2019) found
a diffraction peak for Co(OH), for a higher doping level.”” But S.
Narasimman successfully doped the Cobalt with cobalt
concentration 5 at% to 20 at%, and XRD pattern showed that
there did not exist any impurity-related peak.”* It was reported
that high growth temperature promoted the doping of transi-
tion metal Cr’* ions to ZnO lattice.”® B. Wang et al. (2009) re-
ported that Co doping had induced some defects and oxygen
vacancy as observed by an increase in luminescence intensity in
the visible region in PL spectra.” The control of defects, along
with the control in shape and size, is essential for the applica-
tion of ZnO as defects can alter the properties. DMS can be
synthesized by different techniques like chemical precipita-
tion,* sol-gel,* chemical bath deposition,* but the hydro-
thermal method is very simple and cost-effective to obtain
nanostructures on a large scale. Advantages of this hydro-
thermal synthesis are that it lowers the activation energy that is
required for the formation of the final product phase; it
enhances the chemical reactivity of the reactants; hence reac-
tions can proceed at low temperatures. The low process
temperature avoids the problems that can create in high
process temperature.

The research on the ZnO nanostructures by the different
parameters like with the change in Co doping concentration,
growth time, and temperature is still under discussion. There-
fore, we have focused on Co doping in ZnO for diluted magnetic
semiconductor response. The best parameters at which
homogenous size, shape, and defects-free doped ZnO nano-
particles are obtained.

2. Experimental method

The ZnO and Co-ZnO nanoparticles were prepared by using the
hydrothermal method. Initially, the Zn(NO;),-6H,0, KOH,
Ethanol, CoCl,-6H,0 were purchased from Sigma Aldrich with
purity >99%. The required amount of distilled water was used as
a solvent for the preparation of all solutions. In the typical
preparation, the first 1 M solution of Zn (NOj),-6H,O was
prepared in 50 ml of distilled water. The required amount of
cobalt dopant was added in 50 ml of distilled water. Then this
solution was added dropwise in the zinc precursor solution. The
PH of the solution was adjusted between 9 to 10 by adding
a base (KOH solution). The color of the mixture solution was
turned to light blue by the addition of KOH. The solution was
stirred for half an hour at 60 °C. The solution mixture was
poured into a Teflon-lined autoclave, heated at 180 °C for 6
hours, and then cooled down to room temperature (300 K)

naturally. The green precipitates were collected by
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centrifugation, washed with ethanol, and then dried at 80 °C in
the oven. To estimate the effect of different growth times on
Zn,;_,Co,O with x = 0.09 were synthesized at time 2 hours, at
650 °C.

The X-ray diffusion (XRD) using Cu Ko radiation (A = 1.5406
A) was fixed to scan the X-ray pattern for the measurement of
structural properties. Further, their lattice parameters and
volumes were calculated by using the High Score Plus software.
The m of the particles were observed by a field emission scan-
ning electron microscope (FE-SEM). Transmission electron
microscopy was used to identify the particles. The UV-Vis
spectrometer was used to analyze the optical spectra of
absorption. The Agilent Impedance analyzers and LCR meter in
the frequency range 40 Hz to 5 MHz were used to measure the
dielectric properties and electrical conductivity. The magnetic
response and their related parameters were calculated by
Superconducting Quantum Interface Device (SQUID) Quantum
Design.

3. Results and discussions

3.1 Structural properties

The XRD patterns at 300 K for the pure and ZnO doped with Co
samples (Fig. 1(b)) acknowledged its structure wurtzite-type,
and their corresponding Rietveld refinement from Fig. 1(a),
(the goodness-of-fit x> = 2.571 and weighted profile factor Ryp
= 9.51%), displayed the lattice parameters of a = 3.2395 A, ¢ =
5.2048 A with the unit cell volume of V = 47.0400 A® for ZnO.
Fig. 1(b) represents the XRD pattern of Co-doped ZnO with Co =
0.0, 0.01, 0.05, and 0.09. The peaks observed at 260 = 31.78°,
34.44°, 36.22°, 47.56°, 56.62°, 62.89°, 66.17°,67.97°,69.10° for
pure ZnO correspond to planes (100), (002), (101), (102), (110),
(103), (200), (112), (201) respectively. All the diffraction peaks
correspond to the hexagonal wurtzite structure of ZnO with
reference data #96-901-1663 with preferred orientation along
(101) plane. Intensity, positions, and width of XRD peaks are
changed with doping of cobalt. With the increase in doping, the
concentration of cobalt peak intensities decreases, which is
evidence of the substitution of Co®" ions into Zn*" lattice sites.*?
This substitution causes the strain and lattice disorder in the
host ZnO crystal structure.®® At a small concentration and
higher doping concentrations (x = 0.05 & 0.09) peaks are shifted
towards the lower angles side as shown in Fig. 1(c).** Shifting of
the peaks represents the contraction and expansion of the
crystal lattice. Crystallite size is calculated by Debye-Scherrer
formula

K
" Bcosb

(1)

where ‘D’ represents the crystallite size, ‘6’ full width at half
maxima and ‘A’ is X-ray wavelength of Cu Ko, is 1.5406 A.** For
pure ZnO, crystallite size is 29.68 nm that decreases for small
doping concentration, and then increases with increasing
concentration of cobalt up to 30.69 nm. These variations in
crystallite size are also observed by Yan Zong and his co-workers
(2019).%*¢ Lattice parameters are calculated by using eqn 2
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Fig. 1 XRD pattern of (a) pure, (b) 1 wt%, (c) 5 wt% and (d) 9 wt% Co doped ZnO NPs.

A
4= 31/2 sin 0100 (2)
A
And c¢= — 3
n ¢ sm 00()2 ( )

where ‘A’ represents the wavelength of X-rays, ‘0’ represents the
diffraction angle, and n = 1.*’

Lattice parameters of a sample depend upon the defects,
external strain, the concentration of dopant, difference between
the ionic radii of host and doping ions,*®*’ and the interaction
(electrostatic i.e. repulsive or attractive) between the ions
present in the crystalline lattice.®® As the Co concentration
increases, lattice parameter ‘a’ first decreases and then
increases with an increase in cobalt concentration. These vari-
ations in lattice parameters were also observed by different
research groups.™® The decrease in lattice parameters for x =
0.01 confirmed the substitution of Co®" ions at tetrahedral Zn**
lattice sites. High spin Co®" substituted at the tetrahedral site
has an ionic size smaller (0.58 A) than the Zn>" (0.60 A). When
Co concentration increases at x = 0.05, and 0.09 lattice
constants increase, this can be due to two reasons: (i) if Co**
ions are present at interstitial positions (ii) incorporation of
Co®" ions with lattice defects. Cobalt ions at interstitial sites
have increased coordination numbers resulting in a large ionic
radius. High spin and low spin cobalt ions have large ionic
radius 0.745 A and 0.65 A, respectively in octahedral coordina-
tion. So, these can be the reasons for lattice expansion.** There
is a relationship between c¢/a and u parameter if ‘c/a’ decreases,
then ‘w’ increases, so the distances remain nearly constant
among the four tetrahedral because of long-range polar inter-
actions.” An ideal wurtzite structure has c¢/a = 1.633, while our
undoped and Co-doped samples have c/a ratio between 1.601-

13458 | RSC Adv,, 2022, 12, 13456-13463

1.606; this variation in ratio can be due to oxygen vacancies or/
and zinc vacancies® or most probably due to strain. Lattice
parameters are changed with cobalt doping, so a change in
bond length can be expected.*

For ZnO hexagonal structure, Zn-O bond length is calculated
by using an equation**

(4)

(5)

The decrease in bond length for the sample with x = 0.09 is
due to a decrease in lattice parameters.*® This change in bond
length causes the lattice strain.** Micro strain ‘¢’ is calculated
using by an equation

. ﬁc:sﬂ ©)

where ‘6’ is FWHM in radian and ‘¢’ angle is also in radians.
Different XRD parameters of Zn, ,Co,O are given in Table 1.

It is noted that with an increase in concentration, micro-
strain first increases and then decreases. This might be due to
the shifting of trapped atoms to the equilibrium position from
the non-equilibrium position. The bond length of synthesized
samples depends upon the number of factors like distribution
of dopant and host ions and vacancies present in the crystal
structure.*' Lattice shrinkage and expansion are evidence of
doping in the crystal.*

The right side panel of Fig. 2(a)-(e) shows the morphology of
synthesized ZnO nanoparticles is not only controlled by Co

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Different parameters calculated by XRD pattern for Co-ZnO with x = 0.0, 0.01, 0.05, 0.09

Micro strain (exp

Zn, _,Co,O sample (20) D (nm) ‘@ (A) ‘< (A) cla L(A) (—3)) (no unit)
x = 0.00 36.27 30.43 3.239 5.204 1.606 1.973 1.1

x = 0.01 36.37 29.32 3.237 5.189 1.603 1.970 1.2

x = 0.05 36.22 28.55 3.251 5.211 1.602 1.978 1.09

x = 0.09 36.22 33.26 3.253 5.211 1.601 1.979 1.05

dopant but also the reducing agent KOH.** When we use KOH
then K" and Zn" ions compete with each other. The K' ions
hinder the zinc ions from absorbing on 0001~'* planes, so
instead of absorption of Zn" on (0001) planes, Zn ions are also
absorbed on other six non-polar planes resulting in the
formation of particles with a larger diameter and shorter
length.*” It is also reported that the size of the cation in the base
influences the shape and size of nanoparticles. If the ionic
radius of the cation is smaller, then the precipitation rate of
ZnO formation will be slow. But the radius of K" is large; also we
have used water as a solvent, so both solvent and KOH have
a high precipitation rate resulting in the rapid formation of
a large number of nuclei, and then growth occurs depending
upon the concentration of the present precursor.*®

The EDX Spectra was measured from the average scanned
region of pure ZnO and Co-doped ZnO nanoparticles respec-
tively, as shown in Fig. 2(a)-(e). The detailed information
(generated from EDX) element composition (weight percentage)
is also shown in Fig. 2. It can be clearly seen that Zn and O are
the only basic elements in ZnO samples. In addition, Zn and Co

peaks are noticed in Co-ZnO samples. In addition, it is found
that the weight percentage of Co-ZnO is close to the nominal
content, which is used for calculation and nanoparticles
synthesis. The EDX elemental analysis and color mapping of
undoped ZnO and Co-doped ZnO samples demonstrate only
elements of Zn and O were present in the ZnO nanoparticles.
The elemental composition ratio of Zn and O is shown in Fig. 2.
The transmission electron microscopy of pure and Co-ZnO is
displayed in Fig. 3 (a)-(c). The pure ZnO is a dominant cubic
shape and has an average grain size of 30.73 nm. A clear change
in shape is observed for sample x = 0.01; at this very small
concentration of Co quasi-spherical nanoparticles are seen
having an average particle size of 27.76 nm.* At x = 0.05, nearly
spherical particles are observed, having an average particle size
of 19.39 nm. Bappatiyal Pal (2014) also observed a spherical
shape for concentration x = 0.05 of cobalt in ZnO.* On further
increase in Co concentration at x = 0.09 spherical particles
having average particle size 12.10 nm. A strong change in shape
is not observed, indicating that cobalt dopant is morphologi-
cally inactive. Rongliang He. Bin Tang and his co-workers (2013)

Fig. 2 SEM images of Co-ZnO, x = 0 (a), x = 0.01 (b), x = 0.05 (c), x = 0.09 (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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found no change in morphology with Co doping till 5%.* Two
factors occur during the synthesis of nanoparticles by hydro-
thermal method, which determines the size of the particles, i.e.,
number of nucleation sites and growth rate of crystal.** Primary
nucleation occurs in a very short time and the growth of
nanocrystals as a result of diffusion, agglomeration, and
precipitation. As the particle size increases by increasing the
concentration of dopant precursor, we can say that the growth
rate has increased by increasing concentration. The Ammer
Azam also observed this increasing trend in nanoparticles, size
et al. (2013), who synthesized the Co-doped ZnO nanorods.*®
There exist polar planes £+ (10171), £ (11701) and £ (01171)
along with £ (0001) in ZnO structure.” The growth velocities
along different planes are given as V (0001) > V (011°17) > V
(01170)> V(0117 1) > V(0001 ).** So ZnO has anisotropic crystal
growth; hence it can be grown into different shapes. But in our
case, we have used a very high molar concentration of Zn
precursor so hydroxylation rate is very high due to high molar
contents of Zn>* ions while dehydration of Zn(OH), can be
delayed, and the preferred growth along with the c-axis changes
to other preferred growth directions like (01170) and (1017 0).**

Fig. 3 shows the TEM images and size distribution of Pure
ZnO and Co-doped ZnO. It can be seen from Fig. 3(a)-(c) that all
the nanoparticles are almost cubic. Fig. 3(a) and (c) show that
ZnO's particle size distribution ranges from 30.39 to 17.29 nm

13460 | RSC Adv, 2022, 12, 13456-13463

14 18 12

(a—d) displays the particle size distribution and its SAED patterns of ZnO and Co-doped ZnO.

with an average particle size of 10.29 + 1.71 nm. Fig. 3 (b) shows
that the particle size distribution of Co-ZnO with Co (0.01)
ranges from 22.58 nm to 19.32 nm with an average particle size
of 19.46 £ 1.19 nm. Similarly, in Fig. 3 (c), the particle size
distribution of Co-ZnO is 16.87 to 14.53 nm, and the average
particle size is 14.81 & 1.12 nm. Fig. 3 (d) shows that the particle
size distribution of Co-ZnO with Co (0.01) ranges from
10.58 nm to 15.32 nm with an average particle size of 12.47 &+
1.09 nm. A reduction in particle size is seen with increasing Co
concentration. This is because Co®" is an alternative to Zn>* and
the ion radius of Co*" is lower (0.06 nm) than Zn** (0.05 nm). As
a result of the small size of Co in the lattice, the particle size
decreases with the increase in the number of Co®* ions.

The specific area electron diffraction (SAED) of pure ZnO and
Co-ZnO is shown in Fig. 3 (a)-(c) right panels. The estimated
values of inter planer distances (d) are 30.435, 29.6116, 2.4654,
2.1976, 1.8765, 1.675 and 1.3987 A corresponding to (kkl) planes
(100), (002), (101), (102), (110), (103), and (200), respectively. All
these (hkl) planes are part of the ZnO with a hexagonal structure
(space group P6zmc). The TEM and XRD data correlate well and
rule out the production of secondary phases and oxides.

3.1.1 Optical properties. Fig. 4 exhibits the UV-Vis absorp-
tion spectra of Zn; _,Co,O. The formula is used for the bandgap
calculation of synthesized samples by using the absorption
spectra.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-Vis spectra of Zn;_,Co,O with different doping concen-
tration x = 0.00, x = 0.01, x = 0.05, and x = 0.09.

(ahv)* = A(hv — Ey) 7)

where ‘@’ shows the absorption coefficient, ‘h»’ is the photon
energy, ‘A’ is a constant, and E, is the optical band gap and.
Bandgap calculated by this function is 3.29, 3.27, 3.25, 3.25 eV
for x = 0.0,0.01,0.05 and 0.09 respectively. The optical band gap
of pure ZnO is less than the bulk ZnO (3.37 eV). With the
increase in the concentration of cobalt till x = 0.05 band gap
decreases after this bandgap does not change. This shift is due
to the sp-d exchange interaction among the band electrons and
‘d’ electrons of cobalt ions that are substituted by Zn ions, and
this redshift in band gap is also observed by research
groups.'?*?>>*»% With the increase in Co concentration,
absorption increases,* while for x = 0.09, peak absorption is
decreased. The increase in absorption can be attributed to the
increase in the concentration of induced charge carriers (elec-
trons) by doping,*** oxygen deficiency, particle size.** The
decrease in the band gap may arise from the formation of
crystal defects like oxygen vacancies in doped ZnO. No other
peaks are observed in the visible region in the absorption
spectra, which shows that the synthesized sample contains pure
ZnO”” and is free of defects. We used the Tauc plot to calculate
the band gap from the UV-Vis spectrum. Further, the oxygen are
created in this sample because there are numbers of defect
inside the ZnO materials. As we are familiar with the pervious
study, the more defect can created more oxygen vacancies.
Therefore, we control our synthesis to create the defect based
ZnO by annealing the sample to create oxygen vacancies.

3.1.2 Magnetic properties. The room temperature
magnetic hysteresis loop (M-H) of Co-doped ZnO nanoparticles
annealed in O, atmospheres as displayed in Fig. 5(a). The M-H
loop of ZnO exhibits a diamagnetic behavior at 300 K, which is
not mentioned here. In comparison, the Co-ZnO (x = 0.01)
nanoparticles show a weak ferromagnetic (FM) behavior.
However, the higher Co-ZnO nanoparticles exhibit a stronger
ferromagnetism behavior as compared to the lower doped
nanoparticles. The enlarged central part M-H loop shows
a coercive field (H) of 55 Oe and a remanent magnetization ()
of 0.19 emu g~ for the Co = 0.05 sample (Fig. 5(b)), whereas, for
the Co = 0.09 doped ZnO sample, the ferromagnetic (FM)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The M (H) loops versus Oe measured at 300 K for Co-ZnO
nanoparticles (b) The inset is the M (H) loops close zero magnetic
fields, (c) The M, and Oe versus doping content, and (d) saturation
magnetization versus doping content for Zn; ,Co,O with different
doping concentration x = 0.00, 0.05, 0.09 and 0.09.

behavior increased, i.e., the M; of 0.2412 emu g~ ' with a H,. of 85
Oe. The lower M, and H, were seen only in the lower Co-content.
The rises in the H. and M; in higher Co content verify that the
FM correlates with the level of oxygen vacancy.”®*® The presence
of FM at low Co concentration has been described Man-
ikandanet et al., in Co-doped ZnO.* The strong FM of the Co-
ZnO (Co = 0.09) sample, and the lower FM of the lower Co =
0.01 sample may be explained qualitatively. In Co-doped ZnO
samples with low doping concentration, the contraction of the
ZnO lattice is due to the doping of the Co®" ions in ZnO with the
Zn>" ions, which reduce the distance between adjacent Zn>*
curves and potentially triggers FM coupling. In the high Co-
doped ZnO sample, a high FM behaviour was observed, but
M, and H, decreased with the low Co-doped ZnO nanoparticles.
In addition, the extra charge carriers due to oxygen annealing
and co-doped ZnO can create more oxygen vacancies due to
RTFM.*¢

4. Conclusions

We successfully synthesized Zn,_,Co,O (x = 0.00, 0.01, 0.05,
0.09) by hydrothermal method with a variation of three different
parameters i.e., doping concentration, growth time, and growth
temperature. To substitute the cobalt to zinc sites, there should
be a balance between the concentration of dopant, growth time,
and temperature. Structural analysis shows that successful
substitution occurs to tetrahedral sites of ZnO for very small
concentration of dopant. But when the doping concentrations
are high, cobalt does not substitute but instead moves to
interstitial sites. Successful doping for higher concentration
was done at a large growth time, which does not occur at a small
growth time. SEM analysis showed that cobalt is morphologi-
cally inactive but has a large influence on the size of nano-
particles. With the doping of cobalt, the bandgap decreases
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because of sp-d exchange interaction among the band electrons
and localized ‘d’ electrons of cobalt ions. With the rise of
temperature band gap first decreases and then increases maybe
because of Burstein-Moss effect. Blue shifting of the bandgap
with a decreased temperature is assigned to both the quantum
confinement effect and Burstein-Moss effect. So, the best
parameters for substitutional doping of cobalt, well-defined
shape, and uniform size distribution of nanoparticles are
a very small concentration of dopant, i.e., x = 0.01, small growth
time, i.e., 6 hours. The ferromagnetic behavior at 300 K was
reported in Co-ZnO samples. They are increasing the Co
content x to 0.05 results in an increase in ferromagnetic
behavior, followed by a drop in ferromagnetic activity.
Comparison research reveals that Co-doped ZnO nanoparticles
have better dielectric, magnetic, and electrical conductivity than
greater Co-doped ZnO, allowing them to be employed as ultra-
high dielectric materials, high-frequency devices, and
spintronics.
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