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l and conductivity properties in
tetragonal BaTi1�xCoxO3 (0# x #0.1)

L. T. H. Phong,a N. T. Dang,bc N. V. Dang,di Van-Quynh Nguyen,e D. H. Manh, a

P. H. Nam,af L. H. Nguyengh and P. T. Phong *gh

This work investigates the structure, optical and electrical conductivity properties of BaTi1�xCoxO3 (0# x

#0.1) ceramics prepared by the hydrothermal method. The X-ray diffraction and Raman scattering

analysis demonstrates that the prepared samples have a single-phase tetragonal structure with P4mm

symmetry. The UV-vis diffuse reflectance spectrum confirms the influence of Co concentration on the

direct optical band gap of BaTi1�xCoxO3 ceramics. The optical band gap shifts from 3.14 eV to 3.44 eV as

the Co concentration increases from 0 to 0.1. The dielectric constant increases with the depletion of

frequency according to the Maxwell–Wagner and Koops model. The AC conductivity versus frequency

curve indicates that the conduction mechanism is determined by using the correlated barrier hopping

(CBH) model. The Cole–Cole plot of the complex impedance was investigated for the prepared samples.

The compounds showed dielectric relaxation of the non-Debye type.
1. Introduction

Barium titanate (BaTiO3) is a common lead-free ferroelectric
material that has excellent insulating, dielectric, and ferro-
electric properties; it is widely utilized to fabricate electronic
components, such as multilayer ceramic capacitors (MLCCs),
positive-temperature coefficient thermistors, piezoelectric
transducers, and electro-optic devices.1–3 BaTiO3 (BTO)
undergoes four successive phase transitions due to distortion of
the TiO6 octahedra with increasing temperature: from rhom-
bohedral to orthorhombic at �90 �C, from orthorhombic to
tetragonal structure at 5 �C, from tetragonal to cubic phase at
130 �C, and from cubic to a hexagonal phase (6H- BTO) at 1460
�C4 These phase transitions are accompanied by the appearance
of large anomalies of the relative permittivity (3r) and the
maximum 3r value of 10 000 at Curie temperature (TC¼ 130 �C).5
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Above the TC temperature, BTO is no longer ferroelectric, and its
3r decreases according to the empirical Curie–Weiss law. The
temperature dependence of 3r is affected by structural phase
transitions. This phenomenon typically is undesirable for most
technological applications, especially for MLCCs.6 To reduce
the temperature dependence of 3r in BTO-based ceramics and
broaden its applications, doping with different ions is one of
the most judicious strategies to approach. Nakayama and
Katayama-Yoshida7 predicted the stability of magnetic struc-
tures of BaTiO3 doped with transition metals (Sc, V, Cr, Mn, Fe,
Co, Ni, Cu) through ab initio total energy calculations. They
showed that although the ground state of actual Co-doped
BaTiO3 was ferromagnetic, the Curie temperature could not
reach as high as expected. In another report, Yang et al.8

observed the paramagnetic behavior of BaTi1�xCoxO3 samples
(0.05# x #0.25). They believed that the system of isolated
paramagnetic centers of Co4+ ions produced a paramagnetic
state in the samples. It was in good agreement with the work
reported by Liu et al.9 Meanwhile, Phan et al.10 observed the co-
existence of paramagnetic and weak ferromagnetic behavior in
BaTi1�xCoxO3 samples (0.0< x #0.1). Using X-ray absorption
spectra data, they explained that the paramagnetic nature was
due to isolated Co2+ and Co3+ centers, in which the Co3+ ions
played a dominant role in enhancing the paramagnetic
behavior. However, these results differ from the ferromagnetic
characteristic reported previously on BaTi0.98Co0.02O3 epitaxial
thin lms11 and Co-doped BaTiO3 thin lms.12 As such, ferro-
magnetism in BaTi1�xCoxO3 materials depends not only on
impurities and doping levels but also on crystal defects and
sample forms and their dimensions (i.e., thin lms, nano-
structures, or single-crystal and polycrystalline bulks). Sample
RSC Adv., 2022, 12, 16119–16130 | 16119
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synthesis and/or processing conditions strongly inuence the
structural and magnetic properties of BaTi1�xCoxO3. It is
similar to circumstances occurring in dilute magnetic semi-
conductors.13 Interestingly, the Co doping at the Ti site may
cause BTO to form a polymorphic phase. Yang et al.8 reported
that BaTi1�xCoxO3 (0.0< x #0.25) samples prepared by the
hydrothermal method exhibit a pure tetragonal structure, but it
has a hexagonal phase as the major phase in other studies.14–19

Li et al.15 observed that the tetragonal structure of BaTi1�xCoxO3

(0.01# x #0.20) samples only exist at x #0.03, and it is trans-
formed gradually to a hexagonal structure when Co content
increases up to the value of 0.05. Phan et al.10 observed that
tetragonal–hexagonal transformation occurs at x ¼ 0.01 in
BaTi1�xCoxO3 (0.0< x #0.1). However, a few works paid atten-
tion investigating the optical, dielectric characteristics, and
conductivity mechanism of Co-doped BTO. In general, study of
electrical conductivity in ferroelectrics is important to obtain in-
depth understanding of related physical properties, such as
piezoelectricity and thermoelectricity. Moreover, polarization
strategies depend on the order and nature of electrical
conductivity in these materials.8

The conventional method for fabrication of transition metal-
doped BaTiO3 ceramic is the solid–state reaction of carbonate
and oxide raw materials at high temperatures, typically around
1100 �C. Aer milling, the particle sizes are 1–2 mm in diameter.
Most actual engineering applications require a development of
material with high density and high dielectric constants; in this
regard, new fabrication methods have been explored. Among
others, chemical approaches to fabricate the transition metal-
doped BaTiO3 powder have more advantages. It has been
chosen by many research groups to prepare materials.15,20,21 The
hydrothermal method is a low-cost, low-temperature, and large-
scale technology that has been used to prepare homogeneous
particles of various shapes and sizes in the nanoscale.22 More-
over, powders produced by this technique have been evidenced
to be highly reactive towards sintering,23 therefore, the phase
structure of powders obtained by hydrothermal method is
stable during sintering at a high temperature. Zhu et al.24 re-
ported that hydrothermally synthesized tetragonal BTO nano-
particles have a better sintering behavior, higher density, and
higher dielectric constant than cubic-phase ones prepared by
other methods.

In this study, the BaTi1�xCoxO3 (0.0< x #0.1) ceramic were
synthesized using hydrothermal method combined with
annealing temperature method. The structure of the products
was characterized in detail. In addition, the effects of the
amount of Co on the optical, dielectric properties and conduc-
tivity of Co-doped BaTiO3 pellets were investigated.

2. Experimental details
2.1 Synthesis of Co-doped BaTiO3 ceramic

BaTi1�xCoxO3 (BTCO) ceramic (with x ¼ 0.00, 0.02, 0.04, 0.06,
0.08 and 0.10) were synthesized by hydrothermal method.
Reagents of TiO2 (�99.9%), Ba(OH)2$8H2O (99.9%), Co(NO3)2-
$6H2O (99.9%), and H2O2 (30%) purchased from Sigma-Aldrich.
Chemicals were used as raw materials. A mixture of TiO2,
16120 | RSC Adv., 2022, 12, 16119–16130
Ba(OH)2$8H2O, and Co(NO3)2$6H2O were prepared with
distilled water. The droplets of NaOH (10 M) were added grad-
ually into the as-prepared mixture to control the pH of 13. The
resulted mixture was then stirred for 60 minutes to obtain
a homogeneous solution. A Teon-lined autoclave with 100 mL
capacity lled by 80% of its volume was used. The solution was
maintained in the autoclave at 180 �C for 20 h. The temperature
was increased at a rate of 5 �Cmin�1. It was subsequently cooled
down to room temperature naturally. Aer the reaction, the
powders were ltered, washed thoroughly in diluted acetic acid
and distilled water aerward until its pH reached neutral. It was
then dried in oven at 80 �C for 10 h. The obtained powder was
pressed into circular pellets of 13 mm in diameter and 1 mm in
thickness under a pressure of 5 tons cm�2. The pellets were
then sintered at 1100 �C for 20 h in air. The pellets were rapidly
cooled to room temperature to keep the structure at the
annealing temperature.25
2.2 Characterization of BaTi1�xCoxO3

2.2.1 X-ray diffraction. The structure and phase of the
samples were identied by powder X-ray diffraction (XRD,
Bruker D8 Advance instrument operating at 35 kV and 30 mA)
using Cu Ka radiation (l ¼ 1.5406 Å). Rietveld renement data
were collected from 20� to 80� (2q) with a step length of 0.02�

and a xed counting time of 7 s per step. The structural
parameters, phase fractions, and tting parameters were
rened using the FullProf program.26

2.2.2 Scanning electron microscopy. The surface
morphology of the samples was characterized by Hitachi S-4800
eld-emission scanning electron microscope (FESEM). The
energy-dispersive X-ray spectroscopy (EDX) was used to evaluate
the powdered samples of various elemental compositions (i.e. x
¼ 0.0, x ¼ 0.04, and x ¼ 0.10) deposited on a Si wafer.

2.2.3 UV-vis-NIR spectroscopy. Optical absorbance of the
prepared powders was recorded using Cary 5000 UV-Vis-NIR
double beam spectrophotometer (Agilent Technologies, Santa
Clara, USA) equipped with an integrating sphere attachment.
BaSO4 was used as the background, and scanning was con-
ducted over the 300–600 nm range of wavelength.

2.2.4 Raman spectroscopy analysis. The Raman spectra of
the sintered BaTi1�xCoxO3 pellets were recorded in backscat-
tering geometry with a Raman spectrometer (Jobin-Yvon Lab
RAM HR800) at room temperature. Laser of 532 nm wavelength
and 17 mW power was used to characterize the samples. Laser
beam of 1.0 mm in radius was focused on the sample's surface
by an objective lens with a magnication of 50�. All spectra
were taken in the wavenumber region from 300 cm�1 to
800 cm�1.

2.2.5 Dielectric analysis. The dielectric properties of the
prepared ceramics at room temperature were evaluated using
broadband dielectric spectrometer (HP 4192A) at amplitude of
0.5 V with frequency of 1 Hz to 0.1 MHz controlled by
a computer. The pellet-shaped samples were polished, and
silver paste was applied to both sides of each plate connected to
the spectrometer with special cables for dielectric measure-
ments. Data were analyzed by ZSimpWin soware.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Structural analysis

Fig. 1 presents the experimental diffractograms and the posi-
tions of Bragg lines of the samples with different Co contents.
The analysis of the Bragg proles in comparison to the Rietveld
renements with possible structural models shows that all the
peaks of the spectrum are perfectly indexed in the tetragonal
P4mm symmetry structure (JCPD 81-2203). No impurity phases
observed from the XRD patterns conrms all characterized
samples have the single tetragonal structure within the detec-
tion limit of the measurement. This observation of tetragonal
phase in our samples is different from previous reports on the
observation of hexagonal phase.16–19 However, it is in good
agreement with the ndings of Yang et al.15 about the existence
of the tetragonal phase in BaTi1�xCoxO3 nanoparticles (0.0# x
#0.25) prepared by the hydrothermal method at temperatures
below 200 �C. Other authors found the tetragonal–hexagonal
phase transformation in BaTi1�xCoxO3 samples.9,10,16,27 The
divergences in the obtained structure of BaTi1�xCoxO3 originate
from impurity type, annealing temperature, and sample pro-
cessing condition, which affect the formation of oxygen vacan-
cies. When the number of oxygen vacancies becomes too high,
the tetragonal structure is distorted and be transformed into the
hexagonal phase.20 In the present study, the samples with no
observation of the hexagonal phase indicate that the distortions
Fig. 1 Refined X-ray diffraction patterns of BaTi1�xCoxO3 samples. The so
represents refined profiles, and the wine line represents different profile

© 2022 The Author(s). Published by the Royal Society of Chemistry
induced by oxygen vacancies are accommodated by the tetrag-
onal structure; this phenomenon is an advantage of hydro-
thermal method over other synthesis methods. The rened
structural parameters of the samples are summarized in Table
1. The experimentally observed and theoretically calculated X-
ray pattern proles display a minor difference shown by
a wine line (YObs � YCalc). The tting parameters (RB and Rp)
suggest that the renement results are very satisfactory. Aer
carefully repeating the renement, the Rp values for all samples
are below 5.0%. The lattice parameter a slight increases with
increasing amount of Co doped and is close to that of bulk T-
BTO (a ¼ 3.998 Å28) for x ¼ 0.10 sample; however, the lattice
parameter c slightly decreases. Moreover, the tetragonality ratio
(c/a) decreases with increasing Co concentration. The opposite
change trends of a and c lattice parameters lead to the linear
increase in the unit cell volume with increasing doping level.29,30

The increase in the unit cell volume can be due to the signi-
cantly larger ionic radius of Co than that of the Ti4+ ion. When
the coordination number is 6, the Co ion can exist in the
samples with different spin and oxidation states with different
ionic radii: Co2+ (low spin, 0.65 Å), Co2+ (high spin, 0.745 Å),
Co3+ (low spin, 0.545 Å), Co3+ (high spin, 0.61 Å), and Co4+ (high
spin, 0.53 Å). The ionic radius of Ti4+ (0.605 Å) is the same as
that of Co3+ (high spin),31 so the substitution of Co3+ (high spin)
for Ti4+ did not affect the change in the unit cell volume. The
substitution of Co2+, which has a larger ionic radius, for Ti4+
lid blue circle represents the observed profiles, the continuous red line
s. The thick green markers correspond to Bragg position.

RSC Adv., 2022, 12, 16119–16130 | 16121
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Table 1 Refined structural parameters, characteristic bond lengths and angles of BaTi1�xCoxO3 compounds. In the tetragonal P4mm structure,
atoms are located at following crystallographic sites Ba 1a (0, 0, 0), Ti/Co 1b (1/2, 1/2, z), O1 1b (1/2, 1/2, z), and O2 2c (1/2, 0, z)

x (Co) 0 0.02 0.04 0.06 0.08 0.10

a ¼ b (Å) 3.9926(2) 3.9948(2) 3.9954(2) 3.9969(2) 3.9972(2) 3.9971(2)
c (Å) 4.0331(3) 4.0287(3) 4.0282(3) 4.0257(3) 4.0252(3) 4.0251(3)
V (Å3) 64.291(7) 64.293(6) 64.304(7) 64.311(7) 64.312(6) 64.307(7)
c/a 1.0101(4) 1.0084(8) 1.0082(1) 1.0072(1) 1.0070(0) 1.0070(0)
Ti/Co: z 0.513(8) 0.529(4) 0.527(4) 0.538(3) 0.538(3) 0.542(3)
O1: z 0.008(47) 0.012(26) 0.011(27) 0.022(19) 0.015(22) 0.016(22)
O2: z 0.461(14) 0.454(10) 0.465(12) 0.460(11) 0.460(11) 0.466(13)
RB (%) 8.52 9.06 8.46 9.22 9.36 10.1
Rp (%) 4.26 4.43 3.92 4.60 4.33 4.85
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increases the lattice parameters, while the substitution of Co3+

(low spin) and Co4+ (high spin), which have smaller ionic radius,
decreases the lattice parameters. The change in the lattice
parameters induced by Co doping can be interpreted in terms of
possible replacement of Co2+ ions rather than Co3+ and Co4+

ions at Ti4+ sites. This ndingmatches with the slight shi of the
diffraction peak at 2q ¼ 31.5� to lower angle with increasing Co
content. However, Padilla-Campos et al.29 believed that Co2+ ions
simultaneously replace Ba2+ and Ti4+ sites, resulting in small
lattice distortion; this phenomenon would explain the shi to
lower 2q values. Contrary to this, Ma et al.32 theoretically pre-
dicted that the Co atoms prefer to occupy the Ti site of BaTiO3 by
formation energy. The occupation of Ti sites by the Co2+ ions can
generate oxygen vacancies to maintain the charge balance. If the
oxygen vacancies are mostly located along the c-axis, then the
decrease in the c lattice parameter would be larger. This char-
acteristic is well-known among perovskite structures with oxygen
vacancies.33 The different ionic radius between Co and Ti can
cause strain in the crystal, which is conrmed by the broadening
diffraction line prole of the host lattice. If this strain is suffi-
ciently large, then the CoO6/TiO6 octahedra tilt and result in
structural phase transition. Therefore, the determining the lattice
strain from the XRD peaks can provide evidence for the tetrag-
onal crystalline phase stabilization in samples. Lattice strain (3)
can be determined using the following expression34

3 ¼ b2q

4 tan q
(1)

where b2q and q are the full width at half maximum (FWHM) of
individual diffraction peaks and Bragg's angle, respectively. The
average 3 value for each sample was obtained by calculation for
all diffraction peaks. Fig. 2 depicts the variation in the mean
lattice strain as a function of Co concentration. The lattice strain
value is within 0.32% to 0.37% with increasing Co concentration.
The slight change in strain implies that they are not sufficiently
high to produce structural phase transitions in the studied
samples.20 In addition, the Raman scattering results show
evidence of the tetragonal phase in BaTi1�xCoxO3 samples.
Fig. 2 Variation in lattice microstrain as a function Co composition.
3.2 Raman analysis

Cubic BaTiO3 inherently has no Raman active modes, whereas
the tetragonal P4mm symmetry is expected to have eight Raman
active modes, namely, 3A1g + B1g + 4Eg.35 Fig. 3 shows the Raman
16122 | RSC Adv., 2022, 12, 16119–16130
spectra of the samples. The Raman spectrum of pure BaTiO3 (x
¼ 0) reveals sharp band at 305 cm�1; an interference dip at
180 cm�1, which appears as a signature of a long-range ferro-
electric phase;36 and three broad bands at 260 cm�1 [A1(TO)],
515 cm�1 [A1(TO)], and 720 cm�1 [A1(LO)]. The Raman scat-
tering bands at 305 and 720 cm�1 are assigned to the charac-
teristic peaks of tetragonal BaTiO3.37 These results are in good
agreement with the published literature for the Raman spec-
trum of tetragonal BaTiO3.38,39 A low concentration of Co has
a dramatic impact on the observable modes. In particular, the
peak at �305 cm�1 has reduced sharpness in the x ¼ 0.02
sample and starts to broaden and overlap with the peak at
�260 cm�1 in the x $0.04 sample. The dip at 180 cm�1 in pure
BaTiO3 is affected by small amounts of Co and disappears at x¼
0.04, indicating the start of the disruption of the long-range
ferroelectric order of the sample.36 The peaks at 260 and
305 cm�1 broadened and collapsed with increasing x; therefore,
the Raman spectra of the x $0.04 samples were deconvoluted
using Lorentzian functions. The result shows four vibration
modes at 260, 305, 515, and 720 cm�1. The peak at 515 did not
shi as the concentration of Co increased, while the Raman
spectral line at 260 and 720 cm�1 showed a red shi and the
Raman spectral line at 305 cm�1 showed a blue shi. The blue
shi of E (TO) mode could be due to an increase in tensile stress
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Room-temperature Raman spectra of BaTi1�xCoxO3 samples
(0# x #0.10) and the evolution of the spectra for x ¼ 0.04, 0.06, 0.08,
and 0.10 samples.
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caused bymechanical activation.37,39 This assumption is not only
in accordance with the higher values of microstrain in the
samples but is also in agreement with the results of other
investigations, in which the shi of the phonon frequencies
toward higher values is explained as a result of the rise of tensile
type of stress.37,39 The red shi of the Raman spectral line at 260
and 720 cm�1 was observed in BaTiO3 nanoparticles only andwas
due to the phonon connement effect of the nanoparticles.40

However, the crystallite size of the BaTi1�xCoxO3 compound from
XRD is far beyond nano regime. Thus, the red shi of these peaks
could be mainly due to the inuence of the tensile/compressive
nature of stress on BaTi1�xCoxO3 ceramics.37

The Raman analyses proved that the BaTi1�xCoxO3 samples
belong to the tetragonal phase with P4mm symmetry. This result
is consistent with the Rietveld renement of the XRD pattern.
3.3 SEM and EDX studies

Fig. 4 illustrates the representative FESEM micrographs of the
samples (x ¼ 0, x ¼ 0.04, and x ¼ 0.1). The grains have almost
uniform polyhedral morphology and are relatively dense with
grain size of �1 mm. The SEM images indicate that all samples
have a narrow size distribution due to agglomeration. As shown
in Fig. 4, the x ¼ 0.04 and x ¼ 0.1 samples show a most dense
microstructure. This can be elucidated by the fact that Co
addition improves the sintering performance, and greatly
supports in densication of the BaTi1�xCoxO3 ceramics. Since
© 2022 The Author(s). Published by the Royal Society of Chemistry
the ionic radii of Ti4+ ion is smaller than that of Co2+ ion, the
substitution of Co2+ for Ti4+ leads to the widening of the lattice
of the BaTi1�xCoxO3 ceramic. Consequently, lattice distortion
improves sintering, and also accelerates the solidication of
ceramics. The elemental compositions of the fabricated
samples were analyzed by EDX (inset of Fig. 4). The spectrum
was used to detect the presence of all chemical elements for x ¼
0, x ¼ 0.04, and x ¼ 0.1 samples. In pure BaTiO3 ceramic, the
quantitative analysis indicates that the atomic ratio of Ba, Ti,
and O is about 1 : 1 : 3. In the Co-doped samples, the measured
atomic percentages of each element detected by EDX analysis
are slightly lower than the theoretical values during synthesis
(inset of Fig. 4). The EDX results overall conrm the successful
Co substitution in BaTi1�xCoxO3 ceramics.

3.4 UV-visible spectroscopic studies

The optical properties of BaTi1�xCoxO3 ceramics were studied
through UV-visible absorption measurement. Fig. 5 shows UV-
Vis spectrum of all samples within 300–600 nm wavelength at
room temperature. The absorption edge shis toward a shorter
wavelength region as the concentration of the Co ion increases.
This shi can be due to the charge transfer from the valence
band to the conduction band. Furthermore, no other absorp-
tion was recorded in the far visible region. The direct band gap
energy of the synthesized BaTi1�xCoxO3 ceramics was deter-
mined from the absorbance spectra and calculated by Tauc's
equation as follows:

(ahn)2 ¼ A(hn � Eg) (2)

where a is the absorption coefficient, hn is the identical energy
of corresponding wavelength, A is a constant, and Eg is the
direct band gap. Fig. 6 plots the value of (ahn)2 versus photon
energy (hn) for different Co concentrations. The absorption edge
is tted by a straight line, and the intercept of the straight line
with the photon energy axis yields the value of the band gap.
The direct band gap of each sample are 3.14, 3.25, 3.27, 3.29,
3.33, and 3.44 eV for 0, 2, 4, 6, 8, and 10 at% Co-doped BaTiO3

ceramics, respectively. The band gap of the pure sample
(BaTiO3) is 3.14 eV, with matches well with the value in the
literature.41,42 Variation in the band gap energy with increasing
doping concentration are presented in Table 2. In the pure
BaTiO3, the energy band gap is determined by the difference
between the conduction band, mainly composed of Ti 3d
orbitals and the valence band, mainly made up of O 2p orbitals.
Therefore, the impurity states due to oxygen vacancies and 3d
Co doping levels play an important role in the formation of the
band structure, with the introduction of localized bands within
the original band gap of BTO crystal. As a result, the optical
band gap in the Co-doped BaTiO3 can be smaller than that of
the pure BaTiO3 crystal.

In our case, the widening in the optical band gap energy is
attributed to the Burstein–Moss effect43 rather than the impact
of the oxygen vacancies on the 4d and 2p states of the nearest
titanium and oxygen ions. In a p-type semiconductor-liked, the
Co doped BaTiO3, the Fermi energy level lies close to the valence
band. As the hole concentration increases, the position of Fermi
RSC Adv., 2022, 12, 16119–16130 | 16123
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Fig. 4 Scanning electronmicroscope (SEM)micrographs of BaTi1�xCoxO3: (a) x¼ 0, (b) x¼ 0.04, (c) x¼ 0.1, with their EDX patterns. Inset: weight
% and atomic % of chemical elements in the samples.
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level gets disturbed and shied within the valence band. Due to
the incorporation of holes or a vacant energy state, the electrons
in the valence band make a transition to occupy the available
states. This transition and the gradual addition of holes make
the Fermi level to shi further below the valence band and thus
the band gap is widened as increasing Co concentration, which
may also explain the appearance of the blue shi in Co doped
BaTiO3.
16124 | RSC Adv., 2022, 12, 16119–16130
3.5 Dielectric constant study

Dielectric constant is calculated using the following equations:

3
0 ¼ Z00

uC0

�
Z02 þ Z002

� (3)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optical absorption spectra of BaTi1�xCoxO3 samples (0# x
#0.10).

Table 2 Calculated values of frequency exponent s, exponent b,
maximum barrier height (WM), and optical band gap (Eoptg ) for
BaTi1�xCoxO3 compounds

Sample s b

WM (eV)
calculated by eqn (10) Eoptg (eV)

x ¼ 0 0.797 0.203 0.76 3.14
x ¼ 0.02 0.806 0.194 0.80 3.25
x ¼ 0.04 0.807 0.193 0.81 3.27
x ¼ 0.06 0.810 0.190 0.82 3.29
x ¼ 0.08 0.812 0.188 0.83 3.33
x ¼ 0.1 0.822 0.178 0.87 3.44
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300 ¼ Z
0

uC0

�
Z02 þ Z002

� (4)

in which u ¼ 2pf is the angular frequency, C0 is the geometrical
capacitance of the empty cell calculated using the following
equation: C0 ¼ 30A/t, where 30 is the permittivity of vacuum
(8.854 � 10�12 F m�1), A is the surface area, t is the thickness of
the sample, and Z0 and Z00 are real and imaginary parts of
complex impedance, respectively.

Fig. 7 shows the variations in the real (30) and imaginary (300)
parts of dielectric constant (3) for BaTi1�xCoxO3 ceramics as
a function of frequency. The 30 and 300 proles of each sample
increase at low frequency and decrease at high frequency. The
considerable drop in the value of the dielectric constant of each
sample at higher frequencies might be due to the interfacial
polarization of the grains.44 This behavior occurs in dielectric
ceramic materials. The phenomenon of dielectric constant in
BaTi1�xCoxO3 ceramics has be known as a dispersion, which
was characterized by the Maxwell–Wagner-type interfacial
polarization governed with Koop's theory.45,46 This behavior is
well explained by theMaxwell–Wagner type relaxation that oen
occurs in heterogeneous systems with different conductivity
types.47 According to this model, polycrystalline ceramics have
© 2022 The Author(s). Published by the Royal Society of Chemistry
a heterogeneous microstructure that consists of perfectly con-
ducting grains separated by insulating grain boundaries. The
AC conductivity measurements further provide evidence of
Maxwell–Wagner relaxation. Moreover, real (30) and imaginary
(300) parts of the dielectric constant decreases with increasing Co
doping level. The large dielectric constant at lower frequencies
of Co-doped BaTiO3 ceramic samples is comparable with the
values in many advanced ferroelectric materials.48,49
3.6 Conductivity mechanism study

The AC conductivity (sac) of Co-doped BaTiO3 ceramics was
analyzed to obtain insights regarding the conductivity mecha-
nism involved in the system. AC conductivity (sac) can be
determined from the dielectric data by the following equation:

sac ¼ 2pf303
00 (5)

where f is the frequency (Hz), 30 is the permittivity of vacuum,
and 300 is the imaginary part of dielectric permittivity.

Fig. 8 displays the frequency dependence of the ac conduc-
tivity for all samples. Three distinct regions appear within the
measured frequency (insert of Fig. 8): (i) plateau region at low
frequencies (f <102 Hz), which indicates that the dc conductivity
consists of the total conductivity of the grain boundary-grain,
(ii) the rst dispersion region at intermediate frequencies (f
�102–104 Hz) due to the trapped charges between grains, and
(iii) the second dispersion region at higher frequencies (f >104

Hz), corresponding to the tremendous increase in the mobility
of charge carriers in the materials.50 In this region, the
conductivity behavior is described by the Jonscher's power law:

sac ¼ sdc + Aus (6)

where sac is the ac conductivity, sdc is the dc conductivity (the
frequency independent conductivity), A is a pre-exponential
constant, u ¼ 2pf is the angular frequency, and s is the power
law exponent, where 0< s <1. A change in conductive charac-
teristic of the material from low frequency to high frequency as
above-mentioned could be attributed the transition from long-
range hopping to short-range ionic motion and can be inter-
preted based on the jump relaxation model (JRM) proposed by
Funke and conduction through grain boundaries.51,52 The
frequency-independent plateau at low frequencies is attributed
to a successful hopping of charged species to the neighboring
available site. The conductivity at high frequencies is a result of
the competition of two relaxation processes: (i) unsuccessful
hopping from the correlated forward and backward motion of
these ions; and (ii) successful hopping aer the ionsmove to the
new site and obtain sufficient time to relax. The higher increase
in the ratio of successful to unsuccessful hoping rate leads to
more dispersive behavior in ac conductivity at high frequencies.
Moreover, the ac conductivity increased with increasing Co
content in the compound. Hence, within the framework of JRM,
the conductivity mechanism in different frequency regions can
be explained using a double power law.51,52

sac ¼ sdc + A1u
s1 + A2u

s2 (7)
RSC Adv., 2022, 12, 16119–16130 | 16125
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Fig. 6 Dependence of (ahn)2 of BaTi1�xCoxO3 ceramics (0# x #0.10) on incident photon energy (hn).
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where A1, A2, s1, and s2 are constants depending on the material
property. The sdc term corresponds to the long-range trans-
lational hopping in the long-term limit, which is contributed by
dc conductivity. The second term A1u

s1 with exponent 0 < s1 <1
corresponds to the low frequency dispersion attributed to the
short-range translational hopping. The third term A2u

s2 with
exponent 0< s2 <2 represents the dispersion at high frequencies
due to localized or re-orientational hopping motion.53 The
values of s1 and s2 were obtained by tting the data in Fig. 8
(solid lines) and found to be less than unity. Similar results of s1
and s2 were reported by Sharma et al.54 for BaTiO3–CoFe1.8-
Zn0.2O4 multiferroic particulate composites. Our result indi-
cates that the conductivity at low frequencies may be attributed
to the short-range transnational hopping and the conductivity
at higher frequencies may be due to localized reorientation
Fig. 7 Frequency dependence of real (30) (a) and imaginary (300) dielectric

16126 | RSC Adv., 2022, 12, 16119–16130
arising to hopping between adjacent lattice sites.55 The charge
carriers (i.e. polarons, electrons, or ions) are responsible for the
conduction mechanism. Therefore, four models can dene the
conduction mechanism:56 (i) the correlated barrier hopping
(CBH), (ii) the non-overlapping small polaron tunneling (NSPT),
(iii) the overlapping large polaron tunneling (OLPT), and (iv) the
quantummechanical tunneling (QMT) models. The CBHmodel
proposed by Elliott57 has been applied to interpret the conduc-
tivity mechanism in semiconductor materials. According to this
model, the charge carries hop over the coulombic barriers that
separate them. The relationship between exponent s and barrier
height (W) is given by:

s ¼ 1� 6kBT

WM þ ½kBT lnðus0Þ� (8)
constants in BaTi1�xCoxO3 samples (0# x #0.10) ceramics.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Plot of AC conductivity against frequency of BaTi1�xCoxO3

ceramics. The double power law fits are shown as continuous lines.
The inset shows the AC conductivity of x ¼ 0 sample with three
different regions.
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where s0 is the characteristic relaxation time, and WM is the
maximum height of the energy band necessary to move a charge
carrier from one site to another.

In the case of WM [ kBT, eqn (8) can be written as:

s ¼ 1� 6kBT

WM

(9)

or

b ¼ 1� s ¼ 6kBT

WM

(10)
Fig. 9 Fitting lines and Cole–Cole plots of real (Z0) and imaginary (Z00) p

© 2022 The Author(s). Published by the Royal Society of Chemistry
WM is related to the optical band gap (Eg) of the material.
When WM is equal to the optical band gap (WM ¼ Eg), the
hopping species are bipolarons.57 When WM is a quarter of the
optical band gap (WM ¼ Eg/4), single-polaron hopping is the
dominant conduction mechanism.58 The calculated values of s,
b, and WM are listed in Table 2. The frequency exponent s
slightly increases with increasing concentration of Co in the
samples, andWM is approximately a quarter of the optical band
gap of BTCO ceramics at room temperature, (i.e. T ¼ 300 K).
Hence, single-polaron hopping is the dominant conduction
mechanism in BTCO ceramics. The polaron hopping conduc-
tion mechanism in 5 at% Co doped h-BaTiO3 was also reported
by Wang et al.59
3.7 Cole–Cole plot studies

Cole–Cole plots are the most relevant tool to investigate the
contribution of microscopic electric properties such as grain,
grain boundaries, and interface, to the electrical behavior of the
material.60 Fig. 9 shows the Cole–Cole plot of the real (Z0) part
versus imaginary (Z00) part of all samples at room temperature.
The plot of the x ¼ 0 sample represents two semicircles, sug-
gesting the existence of bulk and grain boundary effects in the
sample. By contrast, the single semicircle in the doped samples
indicates that the grain or bulk effect is dominant over grain
resistance. The Cole–Cole plots were tted using the commer-
cially available soware ZSimpWin by choosing the appropriate
equivalent circuit. The two semicircles in the x ¼ 0 sample were
modeled by a parallel combination of (i) bulk resistance (Rg)
and a constant phase element (CPE) with a parallel combination
of (ii) grain boundary resistance (Rgb), grain boundary capaci-
tance (Cgb) and a constant phase element (CPE). For the
arts of complex impedance in BaTi1�xCoxO3 ceramics.
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remaining samples, the single semicircular arc was tted using
the equivalent circuit, that is, the parallel combination of (i)
bulk resistance (Rg), bulk capacitance (Cg), and CPE. A close
agreement between the experimental data and tted value was
observed, suggesting the correctness of selecting the equivalent
circuit. The Cole–Cole plots show that the semicircular arcs are
depressed, and the center of the arcs lies below the real (Z0) axis,
suggesting multi-dispersive non-Debye relation. This nding
indicates the presence of distributed relaxation time originating
from various interacting dipoles or inhomogeneity in the
samples.61
4. Conclusion

The structural, optical, impedance, and conductivity properties
of BaTi1�xCoxO3 (0.0# x #0.1) ceramics were analyzed. The
XRD and Raman-based structural analyses demonstrated the
existence of a tetragonal perovskite structure in all prepared
samples. The UV-Vis results conrmed the blue shi corre-
spondingly the increase of Co concentration and the change of
the direct band gap from 3.14 eV to 3.44 eV. According to the
double power law, the frequency response in the conductivity
spectra with three regions in the measurement range was
proved. The low-frequency conductivity is due to long-range
translational hopping, the intermediate-frequency conduc-
tivity is attributed to short-range translational hopping, and the
high-frequency conductivity is a result of localized or re-
orientational hopping motion. The relationship between
barrier height and optical band gap demonstrated the single-
polaron state of the hopping process. The Cole–Cole plots evi-
denced the presence of grain and grain boundary contribution
in pure sample (BaTiO3), whereas the contribution of grain
effect was also demonstrated to be dominant in the doped
samples. A suitable equivalent circuit was proposed to t the
experimental data in order to explain the electrical response of
the materials. The obtained result proved poly-dispersive
relaxation and departure from Debye relaxation process in the
samples.
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