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Abstract

Dilute magnetic semiconducting (DMS) nanoparticles of Co doped Zng.95Cro.0s0 were synthesized by sol-gel auto-combustion
technique. Crystallographic analysis was made by using X-ray diffraction (XRD) technique. Rietveld refined X-ray diffraction
patterns confirm the single-phase wurtzite type crystal structure with space group p63mc. Replacement of larger Zn?* ions
by smaller Co?* reduces the lattice parameters ‘a’ and ‘c’. Average crystallite estimated from Scherrer equation is found to be
increased from 17.6 to 22.0 nm with the addition of Co?* ions. Scanning electron microscope (SEM) was used to understand
the surface morphology of the samples. Average grain size obtained from SEM analysis is observed in the range of 22.1 ~ 26.5
nm. Enriched ferromagnetism is observed for Co?* doped samples and the saturation magnetization increases from 0.0514
to0 0.1026 emu/g. At lower frequency region both dielectric constant (¢') and dielectric loss tangent (tan 8) have higher values
and decreases with increasing frequency and becomes almost constant at higher frequency region. Energy band gap (Eg) is
decreases from 3.26 to 2.69 eV with the addition of Co?* ions in Zn-Cr oxides. Enriched ferromagnetism and higher dielectric

constant at low frequency make these materials suitable for spintronic devices.
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1. Introduction

Diluted magnetic semiconducting (DMS) materials,
particularly II-IV semiconductors, ME (M: Cd, Zn, Hg; E: S,
Se, Te) have been subject of great interest due to their unusual
properties and potential applications.!'?] Presently, several
semiconductors have been used as an efficient photocatalysts
for heterogeneous photocatalysis. Relatively wide energy
band gap (~3.37 eV), high excitation binding energy (~60
meV) and oxygen vacancies based moderate conducting
properties make zinc oxide (ZnO) nanoparticles suitable for
optoelectronic devices operating within the blue and
ultraviolet (UV) region.’! Undoped ZnO is not suitable for
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some photocatalytic applications due to its weak optical
features and can be improved by substitution of transition
metal ions or rare earth ions. Nowadays, transition metal (TM)
doped ZnO nanoparticles are extensively investigated due to
their wide range of applications in solar cells, light emission
diodes (LED’s), gas sensors, electrodes, and photocatalysts,
etc. Also, the ZnO nanoparticles have been fabricated and used
for field emission as cathode materials.[*#! Selection of proper
substitute and synthesis approach show the better control on
the shape and size of crystallites which in turn design the
electrical, magnetic and optical properties for desired practical
applications. Substitution of TM ions such as Fe, Co, Mn, Ni
and Cu can significantly tailor the electrical and semimagnetic
properties of ZnO nanostructures due to their high electrical
conductivity and magnetic moments.*!?l Literature reports
proved that the doping of Co?" ions in ZnO significantly
changed the physico-chemical properties and enhanced the
anti-bacterial activities.!!31%]

Numerous synthesis approaches have been developed for

Eng. Sci., 2023, 21, 774 1



Research article

Engineered Science

the fabrication of ZnO nanoparticles which include both
physical and chemical methods. Such synthesis methods
include sol-gel auto-combustion, chemical co-precipitation,
hydrothermal, solvochemical, ultra-sonication, ball milling,
laser ablation, which  produces
homogeneous nanoparticles.[>'211 Among these, sol-gel
synthesis approach is more reliable because it produces the
homogeneous nanocrystals even at low temperature and at low
cost. This method requires no expensive equipment and
produces low pollutants as compared to other chemical
synthesis routs.??!

Present paper reports the structural, magnetic, optical and
dielectric properties of Co doped Cr-Zn oxide nanoparticles
synthesized via so-gel auto-combustion route. Co doping in
Cr-Zn oxides modifies the physical properties and make them
suitable for spintronic devices.

microemulsion etc.

2. Materials and methods

DMS nanoparticles of Co doped Zn-Cr oxides with
compositional formula CoxZng.95xCro.0s0 (x= 0.0, 0.02, 0.04,
0.06, 0.08 and 0.1) were synthesized by using sol-gel
technique. Constituent elements were taken with their weight
proportions in the form of AR grade metal nitrates with high
purity (98.5%) in the composition. Co(NO3):.6H>0,
Zn(NO3)2.6H20, CI‘(NO3)3.9H20 and C6H307.H20 were
mixed in sufficient amount of double distilled deionized water.
Table S1 (Supporting information) represents the molar
concentration of the constituent elements in the composition.
Citric acid was added as a chelating agent in the stoichiometric
proportion of 1:3. Liquid ammonia helped to maintain the pH
of the solution at 7. The whole mixture of solid solution was
kept on hot plate with magnetic stirrer for continuous stirring
at constant temperature of 90 °C. It took couple hours to
convert the crystal clear solution into viscous sol and then the
solution was suddenly converted into gel after some time. The
dried gel converted in to burnt ash powders after self-ignition
process with brown flints. In order to obtain the final crystals,
as-prepared burnt powders were crushed and sintered at an
elevated temperature of 850 °C for 6 hours. All the samples
were characterized by X-ray diffraction (XRD) technique in
order to understand the crystallite profile. The goniometer
used to record the XRD patterns was Rigaku Ultima-I'V make
operated with Cu-K, radiations (A = 1.5406 A) in the 20 range
of 20° to 80°. Surface morphology and grain size of the
samples were estimated by using scanning electron
microscope (SEM, JEOL 6390 LA). Magnetic measurements
of the powder samples were performed by using vibrating
sample magnetometer (Lake shore; 7404) with a maximum
applied field of 15,000 Oe. Optical measurements were carried
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out by using UV-visible
spectrometer.

spectra on UV-2102 PCS

3. Results and discussion

Rietveld refinement of all the XRD patterns was performed by
using FullProf software. Fig. 1 shows the refined XRD
patterns of CoxZn.05xCro.0s0 (x= 0.0, 0.02, 0.04, 0.06, 0.08
and 0.1) within the 20 range of 20° to 80°. Sharp and well
indexed intensive Bragg’s lines reveal the high level of
crystallinity of all the samples. All the prominent reflection
lines are indexed for the planes (1 00), (00 2),(101),(102),
(110),(103),(200),(112),(201),(004),and (20 2),
which correspond to the hexagonal wurtzite crystal geometry
of ZnO. All the indexed lines agree well with standard
crystallographic open database card No. 90-901-1663 having
space group p63mc.l?’! There is no any anomalous peak
observed in the XRD patterns due to cobalt oxide, or other
impurities, suggesting that the Co?" ions are successfully
incorporated in the Zn-Cr-O crystal lattice.

A close observation of XRD lines shows that the Bragg’s
positions are slightly shifted towards higher angles which in
turn affect the lattice lengths and cell volumes.** Several
parameters have been taken into consideration such as scale
factor, overall-B factor, instrumental zero correction, full
width at half maxima (FWHM) (u, v, w) parameters, positional
(X, y, z) coordinators, etc. for Rietveld refinement of the XRD
lines. Table 1 represents the structural parameters such as
lattice constants (a, and c), cell volume, various R-factors
(profile residual factor-R,, weighted profile residual error-Ryp,
expected pattern factor-Rexp) and goodness factor (y?)
obtained from Rietveld refinement. Reliable values of
goodness factors (Table 1) reveal the best fitting quality of the
XRD patterns for Co-free and Co-doped Zn-Cr-O samples.?’!
Incorporation of Co*" ions in Zn-Cr oxide crystal lattice
shrinkages the lattice length ‘a’ from 3.2487 to 3.2478 A and
‘¢’ from 5.2043 to 5.2035 A.2¢! This decrease is closely related
to the difference in ionic radii of Co?* and Zn?" ions. Co*" ions
having smaller ionic radii (0.78 A) replace the Zn2* ions
having higher ionic radii (0.83 A), which results in shrinking
of lattice lengths.l'%?”) Unit cell volume for the hexagonal
crystal lattice is estimated by using the relation V =
0.866a%c.28 The decreasing value of cell volume from 47.599
to 47.567 A3 is attributed to the lattice parameters ‘a’ and ‘c’.
The distortion factor ‘v’ is computed by putting the lattice
constants in the following Equation (1):

aZ
u=_—+ 0.25 @)
As suggested by Bindu ez al.,’% the distortion factor describes
the displacement of each atom with respect to the next along
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Fig. 1 Rietveld refined XRD patterns

the ‘c’ axis.'> In the present study, estimated values of
distortion factor are observed very close to standard value
(0.375 A), and slightly decreased from 0.37989 to 0.37984 A
(Table 1). The fractional reduction in distortion factor is
analogues with the variation in lattice parameters.

FWHM values of intensive peaks are considered for the
evaluation of average crystallite size of the particles by using
Debye-Scherrer Equation (2):28]

0.91
BCosbp

2

tavg =

20 (degree)

of CoxZng.95.xCro.0s0 nanoparticles.

where A - is incident X-ray wavelength (1.5406 A), B - is full
width at its half of maxima, 63 - is the Bragg’s position. It can
be seen from Table 1 that the average crystallite size increases
from 17.6 to 22.0 nm with the addition of Co*" ions.

Field emission SEM (FE-SEM) images of typical samples
x =0.02, 0.06 and 0.1 are shown in Figs. 2(a, b, and c¢),
respectively. Average grain size was estimated by using the
software Image J and the size distribution histograms are
depicted in Figs. 2 (d, e, and f) for the typical samples (x =
0.02, 0.06 and 0.1) respectively. The incorporation of Co?**

Table 1. Rietveld refined parameters, lattice parameters (a, c), cell volume (V) and average crystallite size (tayg) of CoxZng.95.xCro.050.

x’ 1> Rp Rwe Rexp i < v v e
(£0.002)  (0.002)  (A) (A) (nm)
0.0 1.71 2.51 3.15 241 3.2487 5.2043 47.599 0.37989 17.6
0.02 2.61 2.19 2.58 1.93 3.2486 5.2042 47.595 0.37988  19.0
0.04 3.35 2.36 2.75 1.96 3.2485 5.2041 47.591 0.37987 19.9
0.06 2.73 2.24 2.57 1.95 3.2483 5.2040 47.586 0.37986  20.4
0.08 2.81 227 2.63 2.05 3.2481 5.2038 47.579 0.37985 213
0.1 2.74 2.26 2.59 2.11 3.2478 5.2035 47.567 0.37984  22.0
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Fig. 2 FESEM images (a) x = 0.02, (b) x = 0.06 and (c) x = 0.1 and histograms (d) x = 0.02, (¢) x = 0.06 and (f) x = 0.1 of CoxZng.9s.

xCro.0sO nanoparticles.

ions in Zn sites influences the homogeneity and morphology
of the samples. As observed in SEM images, at lower doping
of Co*" ions (x = 0.02), distribution of nanoparticles is
relatively uniform as compared to higher doping (x = 0.1). It
is observed that the addition of Co?" ions increases the grain
size from 22.1 to 26.5 nm, which is somehow larger than the
XRD results. This may be because of aggregation of primary
particles which lead to the formation of secondary particles
that increases grain size.!'3!]

Vibrating sample magnetometer was employed to record
the M-H hysteresis loops of Co-free and Co-doped Cr-Zn
oxide nanoparticles. All the measurements were carried out at
room temperature by applying the magnetic field of 15 kOe.
Left panel of Fig. 3 represents the M-H hysteresis loops of Co
doped Cr-Zn oxides, which show the ferromagnetic behaviour
of the samples at room temperature. For undoped sample,
saturation magnetization (Ms) is observed 0.0514 emu/g and
increases up to 0.1026 emu/g with the addition of Co®" ions.

4| Eng. Sci., 2023, 21, 774

The increase in Ms can be explained on the basis of high
crystallinity and decreasing spin disorder on nanoparticles
surface. Number of oxides like Al,O3, In,O3, CeO,, MgO with
nano-size dimension showing magnetic behaviour have the
lower Ms. This magnetic behaviour is expected to originate
from the exchange interactions between localized spin
moments of electrons.*>34 Right panel of Fig. 3 represents the
variation of Ms and coercivity (Hc) with Co doped Zn-Cr
oxides. Following Brown’s relation gives the relationship
between Hc and Ms:1!

2K,
Hr =——
UoMs

3
In the present case, Hc of the samples decreases from 338 to
91 Oe, which is consistent with the relation shown in Equation
(3). The magnetocrystalline anisotropy constant (K;) was
estimated by using the Ms and Hc values in Equation 3. Table
2 shows the values of Ms, Hc, remnant magnetization (M,),

squareness ratio (M:/Ms) and K; for all the samples of
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Fig. 3 (Left panel) Hysteresis loops and (Right panel) variation of saturation magnetization and coercivity for CoxZng.9s5.xCro.0sO

nanoparticles.

CoxZno.95xCro.050. Values of M,/Ms calculated for all the
samples lie within the range 0f 0.0739 ~ 0.0591. The magnetic
hardness of the materials can also be predicted by using the
values of M,/Ms.B% It can be observed in the literature that the
materials having M;/Ms above 0.5 shows the single domain
structure and lower values (<0.5) oriented from the multi-
domain structures.’” In the present case, it can be seen from
Table 2, that all the samples possess multi-domain structure.
The increase in saturation magnetization and decrease in Hc is
desirable for application of these materials in spintronics
devices.*¥! Decrease in Hc restricts the magnetic and electric
losses, whereas increase in Ms can generate higher spin current

output.
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Figure 4 shows the variation of dielectric constant (left
panel) and dielectric loss tangent (right panel) as a function of
frequency at room temperature for nano samples of CoxZng 9s-
xCro0s0. It is clear that, the values of dielectric constant

Table 2. Magnetic and optical parameters of CoxZng.95.xCro.0s0

Ms Hc M: Ki x 103
x’ M:/Ms
(emu/g) (Oe) (emu/g) (HA%/kg)
0.0 0.0514 338 0.0038 0.0739 0.868
0.02 0.0591 288 0.0041 0.0694 0.851
0.04 0.0749 122 0.0046 0.0614 0.457
0.06 0.0889 114 0.0053 0.0596 0.507
0.08 0.0999 102 0.0059 0.0591 0.509
0.1 0.1026 91 0.0065 0.0634 0.467
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Fig. 4 Variation of (left panel) dielectric constant and (right panel) dielectric loss tangent with Log (f) for CoxZng.95.<Cro.0s0

nanoparticles.
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Fig. 5 Optical properties of CoxZng 95.xCro.0sO nanoparticles.

decrease with increase in the frequency. Generally, the
dispersion of electron can be explained on the basis of the
interfacial polarization due to the inhomogeneous dielectric
structure of semiconducting materials as discussed in Koop’s
model, where the high observed values at low frequencies are
due to the accumulation of charge carriers at the boundaries
between the conductive grain regions and the highly resistive
grain boundary regions.’>*! Whereas, at high frequencies,
those charges cannot follow the variation of the field and
therefore their contribution to the polarization ceases. It can be
easily observed that, the dielectric constant values increase for
the samples substituted by Co?" ions. This is because the main
contributor to the dielectric constant is the interfacial
polarization, which is tightly correlated to the conduction
process.[4142]

Figure 5(a) represents the UV-Vis absorption spectra of Co
doped Zn-Cr oxide nanoparticles. As seen in Fig. 5(a), a strong
absorption is observed below 410 nm for all the samples.
Minimum absorption is observed for undoped (x = 0.0) Zn-Cr-
O nanoparticles and shifted towards higher wavelengths with
the addition of Co?" ions and archives maxima for the sample
x = 0.1. The absorption edge observed for all the samples
shows considerable red shift with Co*" addition, which is
attributed to the agglomeration of the samples. Addition of
higher magnetic ions in Zn-Cr-O lattice increases the particle
agglomeration in the samples.[**#4 The increasing grain size
obtained from FE-SEM analysis confirms the increasing
agglomeration of the samples. For the high absorption region,
the data obtained from UV-Vis absorption spectra are used to
evaluate the optical band gap by employing the Tauc, David
and Mott Equation (4):11:43]

(ahv)Y/? = A(hv — Eg) 4)

6| Eng. Sci., 2023, 21, 774

where o, - is absorption coefficient, v - is frequency of light, A
— is proportionality constant and E; - is band gap energy. Fig.
5(b) shows the Tauc plots drawn between (ahv)/? and hv for
all the samples of Co doped Cr-Zn oxides. X-intercepts of
extrapolated straight lines at curved portions give the values
of E, for all the samples. The addition of Co?* ions decreases
the E; from 3.26 to 2.69 eV. This systematic decrease in Eg
may be due to the increasing crystallite size arising from
addition of Co*" ions.*8 Similar results of decreasing E, with
the addition of transition metal ions in ZnO nanoparticles are
observed in the previous studies. 48!

4. Conclusions

Co doped Zn-Cr-O wurtzite nano-crystals have been
successfully fabricated by sol-gel auto combustion route.
Rietveld refined parameters confirms the single phase wurtzite
structure of the samples with
Incorporation of Co?" ions in Cr-Zn-O crystal lattice reduces
the lattice parameters ‘a’ and ‘c’ from 3.2487 to 3.2478 A and

5.2043 to 5.2035 A, respectively. Average crystallite size

space group p63mc.

obtained from Scherrer equation is observed to be increased
from in the range of 17.6 nm to 22.0 nm with the introduction
of Co?" ions. Higher doping of Co?" ions increases the grain
size due to aggregation of the particles. Ms is observed to be
increased from 0.0514 to 0.1026 emu/g with the addition of
Co?" ions. Dielectric constant is found to be high at lower
frequency region and decreased with increase in frequency.
The decrease in E,; from 3.26 to 2.69 eV is attributed to the
increase in crystallite size. The simultaneous increased
ferromagnetic behavior and dielectric constant, at the same
time decrease in Hc makes the Co?" substituted Cr-Zn-O
materials for suitable for spintronics devices.®!
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