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The chemical solgel method was employed for the preparation of barium doped
cobalt ferrite (Co_.BaxFe,04) nanoparticles. Different concentrations of barium
were doped in cobalt ferrites “CoFe,O04 nanoparticles to get Coj_,Ba,Fe;04; x
=0, 0.25, 0.50, 0.75 and 1.0 nanoparticles. X-ray diffraction (XRD) spectroscopy
was employed for the analysis of crystallographic structure and Debye-Scherrer
formula was employed for the determination of average crystallite size. The
morphological study and size calculation of Co,_,Ba.Fe;O4 nanoparticles were
carried out by using scanning electron microscopy (SEM). Energy dispersive X-ray
(EDX) spectroscopy was used for the compositional analysis of these nanoparticles.
The vibrational modes of different atoms present in these nanoparticles were
investigated using Fourier transform infrared (FTIR) spectroscopy. The dielectric
parameters such as capacitance, real and imaginary parts of dielectric constant,
loss tangent and ac-conductivity were inspected using LCR meter. Significant
improvement in charge storage and transport properties were achieved with the
doping of barium in CoFe;O4 nanoparticles.
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INTRODUCTION

errites having ferromagnetic or
ferrimagnetic nature are the sig-
nificant class of nanomaterials
that exhibit a variety of characteristics
and displayed exciting scientific and
industrial applications. The ferrimagnetic
materials confined to nanoscale are con-
sidered as promising choice owed to their
diverse applications that spanned from

magnetic devices like non-volatile mag-
netic storage media to high-frequency
devices. '™ The prominent features that
distinguish ferrites from other metal-
lic counterparts are lower eddy-current
loss, high electrical resistivity, strong
dielectric properties, a strong coercive
field, high-frequency permeability and
high chemical stability.>® Due to these
features, ferrites are widely researched in
electrochemical science and technology,
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solid-state  electronics, magnetics,
magneto-electronics and biotechnol-
ogy. The structural and chemical modi-
fications, such as insertion, doping and
hybridization of ferrites have led to
their increased demands due to highly
tuned physical and chemical proper-
ties.*~!8 Furthermore, the substitution
of other divalent or trivalent metals
with variable electronegativities and
ionic-radii in ferrites gave appreciating
results in tuning and improving their
properties.2'23 In ferrites, CoFe;O4
nanoparticles are considered a viable
contender in the field of memory as
well as energy storage devices due to
their high cubic magneto-crystalline
anisotropy and excellent chemical sta-
bility. In CoFe,Oy4 nanoparticles, Co>"
ions occupy octahedral B-sites in the
spinel structure, whereas Fe?T ions
are distributed evenly between tetra-
hedral A-sites and octahedral B-sites
just like many other ferrites.'>?* The
Gd doped CoFe,04 nanoparticles were
synthesized to investigate the struc-
tural, electrical conduction and dielec-
tric properties using solid-state reac-
tion method. The dielectric analysis
of pure CoFe;O4 nanoparticles indi-
cated that pure CoFe,O4nanoparticles
have two dielectric relaxations in
1-10 kHz frequency range, while
Gd doped CoFe;O4 nanoparticles
have single relaxation at 1 kHz. The
dielectric constant of CoFe;_ Gd,Oy4
ceramics was higher than that of
pure CoFe,Ognanoparticles which
attributed to lattice distortion caused
by Gd inclusion.?* The structural,
dielectric and magnetic properties of
Pr/ Yb doped CoFe;04 and PbZrTiO3
nanoparticles were investigated. The
morphological investigations revealed
homogeneous distribution of parent
phase grains in these composites. The
dielectric measurements indicated dif-
fused phase shift at a specified fre-
quency (100 kHz) which direct fer-
roelectric to paraelectric phase tran-
sition.?> The structural and electrical
properties of nickel and zinc doped
CoFe,04 nanoparticles were inves-

tigated. The existence of interfacial
and dipolar polarization in the pre-
pared nanoparticles ascribed higher
values of dielectric permittivity at
lower frequency regime. The calcu-
lations of activation energy indicated
that similar nature of charge carriers
accounted for the relaxation as well as
conduction processes.?® The influence
of Yttrium substitution on the crystal
structure, optical as well as relaxation
behavior of CoFe,O4 nanoparticles
were investigated using citrate auto-
ignition synthesis route. The study
was conducted to find the non-debye
relaxation behavior through in-depth
relaxation mechanism. The Havriliak-
Negami formalism was employed to
describe the relaxation mechanism in
the dielectric analysis.?’ The incor-
poration of rare-earth ions with spinel
ferrites enhanced the dielectric parame-
ters, resistivity and decreased dielectric
losses, depending on the ionic size
and concentration of inserted element.
Additionally, the differences in ionic
size of dopants and doped materials
can cause lattice distortions that have
significant impact on charge storage
properties.?® Thus, it can be concluded
that the doping of different ferrites
with various other ferrites, ions or
metal is a well-recognized and adapt-
able method of tuning the structure
and physical properties.?>® The cur-
rent research work is focused to inves-
tigate the influence of barium (Ba)
doping on the structural, morpholog-
ical as well as dielectric properties
of CoFe;O4 nanoparticles. The key
objective of this work is to analyze
the dielectric properties of CoFe;O4
nanoparticles that can be tuned with
the doping of barium. The barium dop-
ing in CoFe;04 nanoparticles is pre-
dicted to produce structural disorder
and lattice strain that can have signif-
icant impact on electrical conduction
of Coi_,Ba,Fe;O4; x = 0, 0.25, 0.50,
0.75 and 1.0 nanoparticles.

EXPERIMENTAL SETUP

The chemical solgel technique
was employed for the synthesis of
Co;_Ba,Fe;O4; x = 0, 0.25, 0.50,
0.75 and 1.0 nanoparticles. The synthe-
sis of these nanoparticles was started
by taking two beakers (A and B). The
20mL ethanol was taken in beaker A
and placed on hot plate magnetic stir-
rer with calculated amount of cobalt
nitrate [Co (NOs3),.6H,0], barium
nitrate [Ba (NO3);]and iron nitrate
[Fe (NO3)3] in beaker A for 30 min-
utes. The 20mL distilled water was
taken in beaker B alongwith the calcu-
lated amount of citric acid (C¢HgO7)
having molar mass 192.12 g/mol for
20 minutes. Afterwards, pour attained
homogeneous solutions of beaker B
into beaker A drop by drop. Ammo-
nia “NH3” was added in this solu-
tion dropwise until the achievement
of pH 7. Then the solution was heated
inbetween 80 to 90°C with contin-
uously stirring until gel formation,
and then place this gel in microwave
oven at 100°C for overnight drying.
Later-on, ground the powder using
mortar and pestle, and subsequently
annealed at 650°C for 4 hours in the
tube furnace. Again ground the powder
to obtain ultrafine Co;_,Ba,Fe;Oy;
x = 0, 025 050, 0.75 and 1.0
nanoparticles. The phase confirma-
tion, purity as well as crystal struc-
ture of Co;_,Ba,Fe;O4 nanoparticles
were confirmed using XRD technique
(Model D/Max IIIC Rigaku) with a
CuKa source (wavelength 1.54056 A).
The SEM (Model TESCANVEGA 3)
with LaB6 filaments was used for mor-
phological and chemical EDX anal-
ysis. The existence of metal-oxygen
vibrations was determined using FTIR
investigation with a Perklin Elmer
spectrum FTIR spectrometer within
range of 400 cm~! to 4000 cm~!. LCR
meter (Model Hewlett-Packard 4294A)
was used for dielectric measurements
in the frequency range 1000 Hz to 2 x
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Figure 1. (a) XRD patterns of Coi_xBayFe,O4; x =0, 0.25, 0.50, 0.75 and 1.0 nanoparticles, and (b) 3-dimensional structural
imagining of pure CoFey04, and BaFe,O4 nanoparticles.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) is a technique
that can be used to study the crys-
tal structure and phase of a material.
XRD patterns of Co;_,Ba,Fe;O4; x
=0, 0.25, 0.50, 0.75 and 1.0 nanopar-
ticles are shown in Figure 1(a). For
pure CoFe,O4 nanoparticles, the peaks
at 30.1°, 35.5%, 37.39, 43.19, 49.2°,
55.19, 56.8%, 62.3° and 73.9° corre-
spond to (220), (311), (222), (400),
(311), (422), (511), (440) and (533)
planes, respectively. These peaks
confirmed that CoFe;O4 nanoparti-
cles have cubic spinel structure in
accordance to JCPDS card # 00-001-
11212930, The characteristic peak of
CoFe,04 nanoparticles was observed
at 35.5¢ in the diffraction plane (311) as
shown in Figure 1(a). For pure barium
ferrite (BaFe;O4) nanoparticles, the
obtained peaks were at 28.4°, 32.7°,
38.47,44.3°,46.9°, 56.5°, 59.9°, 68.7°
and 75.5¢ correspond to planes (212),
(020), (420), (802), (214), (822), (630),
(1014) and (634), respectively. These
peaks exactly matched with JCPDS

card # 00-046-0113, and the charac-
teristic peak of BaFe,O4 nanoparticles
was at 28.4°(212)3°. An extra peak
was observed at 24.2°(111) in XRD
spectra of BaFe,O4 nanoparticles that
correspond to BaCO33Y. Addition-
ally, the 3-dimensional structures for
pure CoFe;O4 and BaFe; 04 nanopar-
ticles were visualized from VESTA
software and are displayed in Figure
1(b). For CoFe,04 nanoparticles, the
magnitudes of lattice parameters were
found to be a = 839 A, b = 8.39 A,
¢ = 839 A, and volume of cell was
590.59 x 10° (pm?). On the other
hand, lattice parameters magnitudes
were established to be a = 19.05 A,
b =539 A, ¢ = 8448 A, and vol-
ume of cell was 867.44 x 10% (pm?)
for BaFe,04 nanoparticles. It is evi-
dent from the values of lattice param-
eters and volume of cell that CoFe;Oy4
nanoparticles correspond to cubic
structure while BaFe,O4 nanoparticles
exhibited rhombohedral structure,
as displayed in Figure 1(b). Fur-
thermore, the crystallite size of
Co;_Ba,Fe;,O4; x = 0, 0.25, 0.50,

0.75 and 1.0 nanoparticles was calcu-
lated using Debye-Scherrer formula
{D=0.9A/BcosO}?°. It was observed
that with the substitution of barium
in CoFe,04 nanoparticles, the crystal-
lite size of Co;_,Ba,Fe;O4 nanopar-
ticles was increased. The increase in
crystallite size of Coj_,Ba,Fe;O4
nanoparticles may be due to the
larger atomic radius of barium than
CoFe,04 nanoparticles.

Scanning  electron  microscopy
(SEM) was performed to study
the morphology, shape and size of
Cop_,Ba,Fe,O4 nanoparticles. The
SEM images and corresponding his-
tograms of Co;_,Ba,Fe;O4; x = 0,
0.25, 0.50, and 1.0 nanoparticles were
drawn from the particle size using
Image J software, as shown in Fig-
ure 2 (a-d, a’-d/). The nanoparticles
of uniform grain size and homoge-
neous morphology are evident from
SEM images while minor agglom-
erations were also noticed in these
Co;_,Ba,Fe;O4 nanoparticles. The
average grain size was observed to
be 34nm, 27nm, 24nm and 20nm with
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Figure 3. (a-d): EDX spectra of Coj_yBaFe;O4,; x = 0, 0.25, 0.50, and 1.0 nanoparticles.

increasing doping concentrations of
barium (x = 0, 0.25, 0.50, and 1.0) in
these Coj_,Ba,Fe,04 nanoparticles as
given in Table 1. Energy dispersive
X-rays (EDX) spectroscopy was per-
formed to obtain the elemental com-
position of Coj_,Ba,Fe;O4; x = 0,
0.25, 0.50, and 1.0 nanoparticles to
identify the presence of any unwanted
impurity atoms. The EDX spectra of
Co;_,Ba,Fe;O4; x =0, 0.25, 0.50, and
1.0 nanoparticles is shown in Figure 3
(a-d). It is evident from Figure 3 (a-d),
that only elemental contents of Co, Ba,
Fe, and O are present in the EDX spec-
tra of Co;_,Ba,Fe;O4 nanoparticles.
Furthermore, the absence of impu-
rity peaks in the EDX spectra of
Co;_,BaFe;O4 nanoparticles showed
that there is no impurity atom present
in these nanoparticles which confirmed
the high purity of the synthesized
nanoparticles.

Fourier transformed infrared (FTIR)
spectroscopy is used to reveal the con-
stituent ingredients and nature of a
material by inspection of vibrational
patterns of atoms. Figure 4 shows
the FTIR spectra of the vibrational
modes and the chemical bonds of

Co;_Ba,Fe;04;x=0,0.25,0.50,0.75
and 1.0 nanoparticles. The FTIR spec-
tra of ferrites generally show two sep-
arate spinel structure bands around 400
em~! to 600 cm™! which demonstrate
the vibrational modes of metal-oxygen
bonds at tetrahedral and octahedral lat-
tice sites. The metal oxygen bonds at
tetrahedral site generally gave broader
band as compared to octahedral site
due shorter bond length of the tetra-
hedral cluster. From the FTIR spec-
tra of Coj_,Ba,Fe;04; x = 0, 0.25,
0.50, 0.75 and 1.0 nanoparticles, two
broad characteristic bands are identi-
fied. The first band appeared in the
range between 400 cm™'- 450 cm™!
belongs to stretching of metal-oxygen
at tetrahedral site, while the second
band appeared around 500 cm ™! - 550
cm ™! corresponds stretching at octahe-
dral site. It is evident from Figure 4
that with increasing concentrations of
Barium in Co;_,Ba,Fe,04 nanoparti-
cles result in the suppression of these
vibrational modes which attributed to
the distortions and stresses in the crys-
tal structure originated due to inser-
tion of high ionic radii of Barium in
Co;_,Ba,Fe;O4 nanoparticles.

Capacitance is the ability of the
capacitor to store charge when potential
difference is applied across its plates.
The capacitance of Co;_,Ba,Fe,04; x
=0, 0.25, 0.50, 0.75 and 1.0 nanopar-
ticles were measured by using LCR
meter. The variation in capacitance (C)
with frequency f (Hz) at room tem-
perature is give in Figure 5(a). At
low frequency, the values of capaci-
tance are higher and showed depreci-
ation with increasing frequency. This
maybe due to the fact that when the
frequency increases, the flipping of ac-
field become so rapid that the dipoles
or charge carriers do not have enough
time to flip with applied ac-field
due to which polarization decreases,
as a result charge-storage capability
decreases. This behavior can also be
explained with the help of Koops’
theory which states that at lower
frequencies grains act as conductor,
while grain-boundaries as insulator.
In low frequency regime, charge car-
ries are piled up at grain-boundaries
that enhance the interfacial polariza-
tion as a result the storage capacity of
the dielectric increases. At higher fre-
quency, the charge carriers could not
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tan dando,.of Coy_Ba,Fe,O4; x = 0, 0.25, 0.50,

0.75, and 1.0 nanoparticles.
Co;_,Ba,Fe; 04 Grain size C (1KHz) 8; S: tan o, (2MHz)
nanoparticles (nm) ) (1KHz) (1KHz) (1KHz) (©Qm)~!
x=0 34 5.57x10-12 948 5.7 0.61 5.10x10-5
x =0.25 27 5.77x10-12  9.81 6.8 0.73 5.60x10-5
x=0.50 24 6.40x10-12 109 16.1 1.41 5.81x10-5
x=0.75 7.98x10-12  13.6 253 1.87 7.92x10-5
x=1.0 20 1.11x10-11 19 38.8 2.09 1.35x10-4
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Figure 4. FTIR spectra of Co|_yBa,Fe;O4;, x = 0, 0.25, 0.50, 0.75 and 1.0 nanoparticles.

reach at the grain boundaries due to
lower relaxation time, thus the inter-
facial polarization could not occur
due to which the capacitance of the
dielectric decreased. It is evident that
Co;_Ba,Fe;04; x = 0.25, 0.50, 0.75
and 1.0 nanoparticles have higher val-
ues of capacitance as compared to pure
CoFey04 nanoparticles as shown in
Figure 5(a). The increase in capacitance
with increasing concentrations of bar-
ium was observed as shown in the inset
of Figure 5(a) and Table 1. The increase
in values of capacitance reflected the
increased accumulation of charges on
the grain boundaries with the dop-
ing of barium in CoFe;O4 nanoparti-
cles. This could also be attributed to
the decrease in particle size and lat-
tice distortions produced due to Bar-
ium atoms3!. The decrease in particle
size enhanced the surface area which
galvanized the grain boundaries effects
that resulted in improved capacitance

of Co;_,Ba,Fe, 04 nanoparticles.

When a material is exposed to
external electric field some amount
of energy stored owing to the charge
polarization. This stored energy is rep-
resented by real part of the dielec-

tric constant (8;) which can be cal-
!

culated by standard formula {e, =

-
Cd/Ag,}?. The variation in {e, =
Cd/Ag,} of Coj_BaFe;04; x = 0,
0.25, 0.50, 0.75 and 1.0 nanoparticles
with frequency in the range from 1
kHz to 2 MHz is illustrated in Figure
5(b). It is evident from the graph that
e, exhibited high values in low fre-
quency regime which decreased grad-
ually with increase in frequency. The
decreasing trend of &, with increas-
ing frequency can be explained using
Maxwell-Wagner model and Koops’
theory. According to these theories, fer-
rites are made up of small conduct-
ing grains and the separation between

the grains are termed as grain bound-
aries, an insulating or poorly con-
ducting region. The grains play active
role whereas the grain boundaries are
inactive in low frequency region, so
the charge carriers move towards the
grain boundaries to produce interfacial
polarization which lead to higher val-
ues of 8;. In high frequency regime,
charges could not accumulate at grain
boundaries, thus due to lower relax-
ation time at higher frequency, the val-
ues of 8; decreases. Increasing trend
in the values of 8; was observed with
the substitution of barium in CoFe; 04
nanoparticles as shown in Table 1 and
inset of Figure 6. This may be due to
decrease in particle size, as the sur-
face to volume ratio of nanoparticles
increases which is the clear indica-
tion of enhancement and intensifica-
tion of interfaces!®. The higher distri-
bution of interfaces or grain boundaries
in the material enhanced the interfacial
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0.50, 0.75, and 1.0 nanoparticles.

polarization, as a result, 8; increased
with increasing concentration Barium
in these Co;_,Ba,Fe;O4 nanoparticles.
When a dielectric material is exposed
to an ac-field, apart from charge stor-
age in the form of polarization, some
loosely bound charges start to flow
in the direction of applied field. Such
flow of charges is considered as energy
loss and represented by imaginary part
(8;') of dielectric constant that can be
calculated by standard formula {8: =
Gd/A®e,}?. The variation in € of
Co;_Ba,Fe;04; x = 0, 0.25, 0.50,
0.75 and 1.0 nanoparticles with fre-
quency is shown in Figure 5(c). It was

observed that the 8;’ has higher values
in low frequency region that deceased
with increasing values of frequency,
which is well according to Koops’
and Wagner models. Furthermore, high
energy losses were observed in low fre-
quency region due to higher movement
of charge carriers. The interactions
of charge carriers with resistive grain
boundaries are more frequent in low
frequency. The dipoles reorient them-
selves according to applied ac-field due
to which values of 8;/ are higher in
low frequency region. This may also be
due to fact that the dipoles oppose each
other during flipping, hence, cause loss
in energy. At high frequency, charges

cannot follow the applied ac-field, thus
energy loss decreases due to restricted
movement of charges and their inter-
action with grain boundaries. Table 1
and inset of Figure 5(c) show that pure
CoFe, 04 nanoparticles has lesser value
of 8: in Coj_,Ba,Fe;O4; x = 0.25,
0.50, 0.75 and 1.0 nanoparticles. This
may be due to the fact that barium is
less electronegative element with high
ionic radii than Co, therefore, this could
upsurge some loosely bound charge
carriers. These charge carriers started to
flow and contributed in the energy loss
in Co;_,Ba,Fe,04 nanoparticles with
the provision of external applied ac-
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Tangent loss (tand) is the energy
dissipation arise in any dielectric mate-
rial with external applied ac-field. The
tand can be calculated from ratio
of imaginary part to the real part
of dielectric constant; i.e. {tand =
e /e )2 The variation in tan§ of
Co;_,Ba,Fe;04;x=0,0.25,0.50,0.75
and 1.0 nanoparticles with frequency is
shown in Figure 5(d). In low frequency
regime, the tand exhibited higher val-
ues that decreased with higher values
of frequency. In low frequency region,
the charge carriers and the dipoles fol-
low the external applied ac-field and
started to align themselves according
to applied field. During the frequent
changes in the direction of applied ac-
field, the charge carriers and the dipoles
also have to change their directions
accordingly. Therefore, this process
dissipates large amount of energy that
can contribute in large tand in the low
frequency region. The values of tand
decreases in the high frequency regime
as the applied ac-field do not superim-
pose with frequency of charge carriers
or dipoles. The variation in tand may
also be due to the fact that the heat dis-
sipation and other losses were observed
to be lesser because polarization phe-
nomenon decreased owed to the fail-
ure of dipoles to track down the rapid

changes in the polarity of applied ac-
field. Pure CoFe;O4 nanoparticles got
lower value of tané in Co;_,Ba,Fe;Oy;
x = 0.25, 0.50, 0.75 and 1.0 nanopar-
ticles as shown in the inset of Fig-
ure 8 and Table 1. The variation in
the concentrations of substituent Bar-
ium in Coj_,Ba,Fe,O4 nanoparticles
enhanced the tand due to enhance-
ment in the grain boundaries effects
caused by increased surface to vol-
ume ratio. Ac-conductivity (o,.) of any
dielectric material gives the informa-
tion about facilitation of charges that
can be obtained from formula, ¢, =
we.gytand; where ‘€’ is the permittiv-
ity of free space and ‘®’is the angular
frequency?’. The o, is the migration
of charge carriers from grain bound-
aries instead of accumulation and pro-
ducing polarization. The variation in
o, of Coi_Ba,Fer,Oy4; x = 0, 0.25,
0.50, 0.75 and 1.0 nanoparticles with
frequency is shown in Figure 6. The
o,revealed lower values in the low
frequency region and gave rising val-
ues with increased frequency as dis-
played in Figure 6. The variation in
the values of o, can be justified with
the conduction mechanism in ferrite
nanoparticles owed to the hopping of
charges. At lower frequency regime,
the insulating grain boundaries become

more active which results in decrease
in o,., while the conduction of charge
carriers enhanced due to more active
grains in higher frequency region. Inset
of Figure 6 and Table 1 show that
0, in Coy_,Ba,FerOy4; x = 0.25, 0.50,
0.75 and 1.0 nanoparticles increased
with increasing concentrations of bar-
ium. The increase in the values of
o, with increased contents of bar-
ium is due to the fact that barium
have higher ionic radii than Co. So,
the hopping charge carriers upsurge in
Coj_yBa,Fe;O4 nanoparticles due to
some loosely bound charges as com-
pared to pure CoFe;O4 nanoparticles
that resulted in the enhancement of o,
of the material.

CONCLUSIONS

Barium  doped  CoFe;Oy4 {i.e.
Co;_Ba,Fe;O4; x = 0, 0.25, 0.50,
0.75 and 1.0} nanoparticles were syn-
thesized using chemical solgel method.
XRD analysis confirmed the cubic
spinel structure of CoFe;O4 nanopar-
ticles and orthorhombic spinel struc-
ture of BaFe,O4 nanoparticles. It was
observed that with the substitution
of barium in CoFe;O4 nanoparticles,
the crystallite size of Co;_,Ba,Fe;O4
nanoparticles was increased due to
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the larger atomic radius of barium.
SEM images revealed that most of
the nanoparticles have polygon shaped
or flakes like morphology. The sup-
pression in vibrational modes of
Co;_,Ba,Fe;O4 nanoparticles was
observed which attributed to the dis-
tortions and stresses in the crystal
structure originated due to insertion
of high ionic radii of Barium in these
nanoparticles. The dielectric analysis
showed that capacitance, 8;, 8:, and
tand got maximal values in low fre-
quency regime and decreased with
increasing frequency due to inter-
facial polarization. The o,.showed
lower values in low frequency region
due to more active grain boundaries
and increased with increase in fre-
quency owing to more active conduct-
ing grains in high frequency regime.
Overall, all the dielectric parameters
of Co;_,Ba,Fe,O4 nanoparticles were
enhanced with increased doping con-
tents of barium which can be associ-
ated with number of factors such as,
decrease in particle size, lesser elec-
tronegativity and higher ionic radii.
These measurements and analysis sug-
gest that due to high values of dielectric
constants especially ac-conductivity,
these Co;_,Ba,Fe,Os4 nanoparticles
can be the superlative candidate for
energy storage devices.
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