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In this study, polycrystalline BaZr,Ti;_,Oz (x = 0.00, 0.05 0.10, 0.15, and 0.20) ceramics were
synthesized through a solid-state reaction technique. The effect of zirconium doping on the properties
of barium titanate (BaTiOs) was investigated by various characterization tools. The structural and
morphological properties of the synthesized materials were studied by X-ray diffraction (XRD), Raman
spectroscopy, and field emission scanning electron microscopy (FE-SEM). The electrical properties of
the Zr-doped BaTiOs (BZT) materials were examined by impedance spectroscopy and the optical
properties were investigated using UV-Vis-NIR spectroscopy. The XRD analyses of the prepared BZT
materials revealed a single-phase tetragonal structure. The inclusion of Zr** in the BT matrix did not
significantly affect the Raman-active modes, suggesting that the tetragonal crystal structure was
retained in the as-synthesized samples. FE-SEM analyses revealed that the grain size initially increased
from 49.36 nm to 53.24 nm for x = 0.05 wt% and then decreased gradually for higher concentrations

Received 24th September 2024, up to x = 0.15 wt% (26.99 nm). The dielectric constant, dielectric loss, conductivity, and quality factor

Accepted 7th January 2025 determined from the impedance data demonstrated that Zr** addition significantly influenced the
electrical properties of BT. The band gap energy, Eg, of the synthesized samples were found in the range

of 3.19-3.37 eV, which was calculated from the diffuse reflection data. The experimental results suggest
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1. Introduction

Fabrication of lead (Pb)-free ceramic materials has attracted
increasing attention from researchers over the last few decades.
A lot of research is being conducted on lead-based ceramic
materials for energy storage, piezoelectric actuators, ferroelec-
tric random access memory, etc. owing to their outstanding
performances.”” However, Pb-constituted materials are toxic
and harmful to the environment. Barium titanate (BaTiOs, BT)
is an excellent ferroelectric, dielectric, and piezoelectric
material,> which has numerous applications in multilayer
ceramic capacitors (MLCCs), thermistors, transducers, thermal
sensors, medical diagnostic transducers, and electrolumines-
cent panels.” Perovskite-type oxide materials are generally
expressed as ABO;, among which BT has attracted great atten-
tion as a model perovskite material.” BT can be synthesized by
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that the BZT ceramic materials are suitable for energy storage device applications.

various routes, such as sol-gel synthesis,® direct synthesis,’
hydrothermal synthesis,® solid-state synthesis,” and a sono-
chemical process.'® Among other methods, high-energy ball-
milling is a well-known affordable, eco-friendly, and convenient
technique for the preparation of BT powders from low-cost raw
substances. Since BT ceramics are traditionally obtained via
sintering, they does not cover all the requirements for very thin
dielectric layers owing to their irregular grain size and mor-
phology, imperfect homogeneity and dispersion."* Developing
high-quality nano-sized BT materials, which are free of by-
products, is still a challenging task for researchers.” The
electrical properties of BT ceramics can be increased by intro-
ducing rare earth metals, which are actually amphoteric
dopants occupying two sites, A and B, following an A/B ratio,
where oxygen is incorporated in the structure.’? It has been
reported that doping a metal at the A and B sites leads to them
acting as donors and acceptors, respectively, which can
enhance or reduce the reliability of various devices.”* Kim
reported that rare earth metals can dominantly and easily erect
better shell and core-shell structures when they are inserted as
dopants in to BT."* Typically, the A site (Ba>*) of BT is normally
substituted by Sr**, Ca**, Mg*", etc.”>*® while the B site (Ti*") is
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117 The ionic

commonly substituted by zr**, sn**, Nb**, etc
radius of chemically stable Zr** (0.72 A) is comparatively larger
than that of Ti*" (0.605 A), prompting zirconium to easily
expand inside the lattice configuration'® and facilitating the
substitution of Ti*" by Zr**. Our current research was focused
on the solid-state synthesis of BT, the impacts of zirconium
doping on BT, and investigation of the structural, electrical,
and optical properties of the synthesized materials. In ceramics
materials, rare earth elements have been shown to have sig-
nificant stabilizing effects on the temperature dependence of
the relative dielectric constant and lower dissipation capabil-
ities of ceramics.” Since BZT has less dielectric loss along with a
larger dielectric non-linearity than Sr-doped BT, we chose the Z
element to improve the dielectric performance of BT materials.

There are many reports on Zr-doped BaTiO;, and most of these
articles highlighted the dielectric temperature dependence.”>"”
However, frequency-dependent dielectric studies, and the piezo-
electric properties and optical properties of BZT have received less
attention. Consequently, we paid special attention to the analysis
of these properties for our synthesized samples. Our present study
reports the synthesis of BT and Zr-doped BT with different
compositions of Zr and starting constituents, which were pre-
activated by ball-milling to obtain fine and by-product-free BT.
The structural transformation from tetragonal to cubic, ferro-
electric to paraelectric phase transformation, dielectric loss factor,
dielectric constant, and bandgap energy were examined at differ-
ent concentrations of Zr-doped BT ceramics, and the findings
show that they may be suitable for optoelectronic devices.

2. Experimental

2.1. Materials and method

Barium carbonate; BaCO; (CAS no. 513-77-9, 99% purity, China),
titanium oxide; TiO, (CAS no. 13463-67-7, 99% purity, Sigma-
Aldrich, Germany), zirconium oxide; ZrO, (CAS no. 1314-23-4,
99% purity, BDH, UK), and polyvinyl alcohol (CAS no. 9002-89-5,
98% purity, BDH, UK) were utilized without further purification.
Pure and zirconium-doped barium titanate (BaTi;_,Zr,Oz; x =
0.00, 0.05, 0.10, 0.15, and 0.20) BT ceramic materials were
developed through a solid-state reaction method utilizing a
high-energy planetary ball-mill. Initially, three starting materials,
namely barium carbonate, titanium oxide, and zirconium oxide,
were pre-activated by ball-milling for 4 h at 150 rpm and room
temperature. After pre-activation, the raw powders were weighed
in certain proportions in line with the above-mentioned
chemical formula, in which the ball (10 nm diameter) to powder
weight ratio was 2:1. The measured samples were mixed thor-
oughly and ball-milled for 4 h at a fixed 150 rpm, at room
temperature. Then, the powder samples were pre-sintered at
700 °C for 3 h and milled for 30 min by hand. Subsequently, 4%
polyvinyl alcohol aqueous solution was blended with the sam-
ples as a binder to form pellets. Specifically, they were pressed
into disk-like pellets by applying a pressure of 2 + 0.5 MPa for 1
min. Finally, the pellets were sintered at 1300 °C for 3 h in the air
in a programmable muffle furnace (Nabertherm, Germany).
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2.2. Characterization

The synthesized samples BT and Zr-doped BT (BZT) were inves-
tigated by different characterization techniques. For structural
analysis, X-ray diffraction (XRD) (Rigaku Smart Lab, Japan), with
Cu-Ko. radiation (1 = 1.5406 A), a scanning rate of 10° min™*, 40 kv
power at 40 mA, and 0.02° steps, was used to confirm the
crystallinity of the synthesized samples at room temperature.
The optical properties were observed using an ultraviolet-visible-
near-infrared (UV-vis-NIR) spectrophotometer (UV-2600, Shi-
madzu, Japan) with a wavelength range of 220-1400 nm. Field
emission scanning electron microscope (FE-SEM) was performed
on a JSM-7610F system (Japan). Also, energy-dispersive X-ray
spectroscopy (EDX) was utilized to analyze the surface morphol-
ogy and identify the elemental compositions of the BT and Zr-
doped BT materials. The average grain sizes of the synthesized
samples were explored using the linear intercept method. Image]
and Origin Pro software were used to attain the grain-size
distribution. Raman spectroscopy (Macro RAM, Japan) was used
for studying the structural fingerprints. The piezoelectric con-
stant, ds;, was determined using a quasi-static piezoelectric con-
stant testing meter (ZJ-3A, China). Silver paste (D. Leipziger Str. 10,
Germany) was painted as a conductive layer on the surface of the
pellet samples to be used as electrodes for measuring the dielec-
tric properties. Impedance analysis (Agilent 4294A, 40 kHz to 120
MHz) was used to determine the electrical parameters.

3. Results and discussion

3.1. Structural properties

X-Ray diffraction (XRD) analysis was conducted to derive the
crystallinity and phase purity of the zirconium-doped BT
(Bazr,Ti; ,0;) at different doping concentrations, ie., at x =
0.00, 0.05, 0.10, 0.15, and 0.20. The XRD patterns of the pure
and doped barium titanate ceramics obtained between scan
angles of 20° and 80° at room temperature are shown in Fig. 1.
These reveal that all the samples were crystallized into a single-
phase perovskite structure with the tetragonal space group
(P4mm) made by one molecule per unit cell. Moreover, the
pattern of the synthesized samples well-matched JCPDS card
no. # 05-0626 showing they followed a phase structure of the
typical perovskite (ABO;), and indicating Zr*" had diffused
successfully into the lattice of the BaTiO; matrix to form a
stable solid solution. Moreover, Zr-doped BT can have tetra-
gonal, rhombohedral, or an orthorhombic structure at room
temperature dependent on the concentration of Zr, as reported
in earlier studies."*?°

The diffraction peaks observed at 20 = 22.22°, 31.48°, 38.88°,
45.36°/44.88°, 50.97°, 56.25°, and 65.73° corresponding to the
Bragg reflection planes (100), (110), (111), (002)/(200), (210),
(211), (220), respectively, matched with those previously
reported.*®*!

The lattice parameters were calculated using the following
equation:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) XRD patterns of BaZr,Ti;_,Osz (x = 0.00, 0.05, 0.10, 0.15, and
0.20), (b) magnified pattern of the (110) peaks around 20 = 31°, and (c)
(002) (200) peaks illustrating a shift at around 20 = 45° for various x
contents.

where d denotes the interplanar spacing, and #, k, and [ are the
Miller indices noted from the JPDS card and based on a
tetragonal symmetry.

The average crystalline sizes (¢) of the samples were mea-
sured for the (002) and (200) reflections using the Debye-
Scherrer equation,” as follows:

094
" Bcos0

where 1 is the X-ray wavelength (1 = 1.540562 A), 0 denotes the
Bragg’s diffraction angle, and f is the full width at half
maximum. Accordingly, the lattice parameters a, b, ¢, and the
tetragonality, c/a, and crystallite size were determined and are
presented in Table 1. The calculated value of the crystal size at
x = 0.00 was 45.80 nm, while the range of crystal sizes from x =
0.05 to x = 0.20 was 22.68-33.24 nm, and the lattice parameter ¢
was 4.037. Furthermore, according to Fig. 1(a) and the prior
literature,”®>* the data clearly indicated the formation of
tetragonal BZT for each concentration, except for x = 0.15 and
x = 0.20, which demonstrated pseudo-cubic structured without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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any secondary phase. The trend of increased cell volume with
enhancing Zr concentration (x = 0.05 to 0.20), indicates the
incorporation of Zr'" in the core side of lattice structure and
completed the B-site replacement, up to a certain penetration
in BT elements which leads to a slacken tetragonality.*°

The magnified XRD pattern at around 260 = 31° in Fig. 1(b)
shows that the (110) peaks were shifted to lower theta values
with the higher concentration of zirconium doping. In Fig. 1(c),
the splitting of a certain peak into (002) and (200) planes at
around 45° provides strong indication of the tetragonal struc-
ture of pure BT.>* The peaks were shifted to lower angles with
increasing the Zr content and showed the transformation from
the tetragonal phase to the cubic phase.*!

The lattice parameters a and c of tetragonal BT increased
with the Zr doping, owing to the substitution of the smaller Ti**
(radius = 0.605 A) by the larger radius (0.72 A) Zr**. Therefore,
the Zr atom’s ionic and atomic sizes are greater than those of
titanium atoms due to its electronic configuration and electron
cloud density. The interplanar spacing of the crystal may be
increased with the increment in the lattice parameters, so there
would be a rise in the unit cell volume.?? Indeed, the unit cell
volume increased with the rise in the content of Zr because of
the increase in the lattice parameters, and hence 0 (the angle)
decreased. Consequently, a shift towards lower 20 was obtained
for the most intense peak, as illustrated in Fig. 1(b), which also
matched with the findings reported in ref. 22. In Fig. 1(c), it can
be inferred that the (002) peak tended to shrink as the zirco-
nium concentration rose, which increased the tetragonality
since Ti*" has a smaller radius than Zr*'.

Fig. 1(a)-(c) demonstrate that, as the Zr"" concentration
increased, the lattice parameter (@) increased linearly in accordance
with Vegard’s law, while the lattice parameter (c) increased through a
different trend. In addition, the tetragonal symmetry (c/a) was >1
for all the samples, indicating that the elongation of the (TiOg)
octahedron occurred along the Z-axis, where the symmetry remained
the same.">"* The XRD patterns analysis indicated that the splitting
in the (001) and (100) reflection declined with the increase in the
Zr*" ions content, indicating the steady phase transition from the
tetragonal to pseudo-cubic structure. This effect also agreed with the
report of Yao et al, where, beside XRD confirmation, it was also
confirmed from the Raman spectra; whereby the Raman intensity of
BZT decreased gradually and the peaks turned into weak and wider,
revealing that there was a slight structural reordering, like phase
transition from tetragonal to cubic.® Furthermore, it is evident from
Table 1 that the crystallite size showed a decreasing trend with
increasing the Zr*" ions content.

The Williamson-Hall method was utilized to calculate the
crystallite sizes (D) of the samples, also considering the X-ray
diffraction peak widening f;; (FWHM), which can be given by
the following:*

Brit = Bsize + Pstrain

This relation can be modified by

0.94/
g = ———+ dete
Bt Decos0 + 4etan 0
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0.15, and 0.20

Cell

Crystalline size, D (nm) Strain, ¢

Samples Lattice para-  Lattice para- Tetragonality volume V' Debye-Scher- Williamson- Debye-Scherrer ~ Williamson-Hall
BaZr,Ti; ,O; meter “a=b" (A) meter “c” (A) (c/a) (A% rer method  Hall method method (x10™*) method (x1077)
BaTiO; 3.9954 4.0359 1.0101 64.426 56.50 44.27 2.262 0.60
BaZro.osTip.0505 4.0039 4.0224 1.0046 64.484  49.30 12.59 2.589 3.45
BaZro 10Tl 0005 4.0139 4.0241 1.0025 64.834  39.22 68.93 3.263 2.98
BaZro 15Tig 505 4.0224 4.0309 1.0021 65.219  45.39 167.50 2.827 3.12
BaZry 50Tl 5005 4.03838 4.0376 0.9998 65.845 29.43 28.19 4.366 3.25
or, principle:**
0.947 _ (ratro)

ﬁhk/COSG :T+4esm9 \/2(},.}3 +1’0)

or where r,, s, and r represent the ionic radii of A, B, and O oxygen
’

0.944

B cos 0 = ¢(4sin ) +

where / is the wavelength of Cu-Ka radiation, D is the crystallite
size, P is the full width at half maximum, and ¢ denotes the
micro-strain of the synthesized samples. The W-H plots of
Priicos 0 against 4 sin 0 for the BZT samples are demonstrated
in Fig. 2. The average D and e values were calculated based on
the linear line’s slope and y-intercept, and the results are
summarized in Table 1. The crystallite size and micro-strain
of all the synthesized samples followed the same pattern when
compared to the Debye-Scherrer and W-H analyses,** and were
associated with peak broadening. The Goldschmidt tolerance
factor, ¢, is a geometrical factor that has received widespread
acceptance to measure the formation of perovskite structures
and indicates their stability. It extends the range of what is
predicted to be appropriate for A site cations inside cavities.
The Goldschmidt’s tolerance factor of the synthesized sam-
ples was measured conforming to the following general

ions, respectively, of the perovskite structure ABO;. For BT
ceramics, the tolerance factor ¢ = 1.06 revealed a distortion of
the crystal structure, where the ionic radii of r, rg, and ro were
Ba®* = 1.61, Ti*" = 0.605, and 0>~ = 1.4 A, correspondingly. The
introduction to ZrO, (the ionic radius of Zr*" = 0.72 A) into the BT
lattice led to the decrease in the ¢ value. The calculated tolerance
factors of the BaTi,;_,Zr,O; samples are reported in Table 2.
Similar results for ¢ values ranging from 1.073 to 1.063 were
reported in ref. 22. Here, it is expected that the small ions Ti*',
large ions Ba*", and intermediate Zr*" ions would occupy the B
sites, A sites, and both sites, respectively with various partitions
for every ion. However, evaluation among ions occupying different
sites based on tolerance factors is a qualitative parameter.

3.2. Raman analysis

Raman spectroscopy is a potent technique to elucidate the
structural information and chemical fingerprint of a material.
In order to gain clear insights into BT and doped BZT, we
performed Raman analysis. Fig. 3 outlines the Raman spectra
of BaTi; ,Zr,O; (x = 0.00, 0.05, 0.10, 0.15, and 0.20) sintered at

1x10?
Intercept = 3.27048E-4 x=0.00 8x10° Intercept = -0.00115 x=0.05 . 210 Intercept = 0.00021 x=0.10
- e _ X _ - .
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1.2 1.6 2.0 24 0.8 1.2 1.6 2.0 2.4 0.8 1.2 1.6 2.0 24
4 Sin6 4 Sin@ 4 Sin6
1x107 1x102
Intercept = 8.64368E-6 x=0.15 Intercept- 5.13598E-4 x=0.20
Slope = 0.00312 . Slope- 0.00325 5
o 8x10° 8x107 . <
S @ -
4 3 & 6x107 P
Q 5x10° 8. =
4x10° S
3x10° :
0.8 1.2 1.6 2.0 2.4 0.8 1.2 1.6 2.0 2.4
4 Sin6 4Sin6
Fig. 2 Williamson—Hall plots of the BaZr,Ti; Oz ceramics for varied concentrations, x = 0.00, 0.05, 0.10, 0.15, and 0.20.
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Table 2 Molecular weight, cell volume, tolerance factor (t), average grain size, and piezoelectric coefficient, dss, of BaZr,Ti;_,Os (where x = 0.00, 0.05,

0.10, 0.15, and 0.20)

Sample Molecular Cell volume Tolerance Average Piezoelectric Bandgap
BaZr,Ti; ,0;  weight(g)  (cm®) x107**  factor (¢) d-spacing (A)  grain size (nm)  coefficient, d33 (PC N™')  energy, E, (€V)
x =0.00 233.192 6.4426 1.0763 2.8396 383 £ 100 124 3.20

x = 0.05 235.360 6.4484 1.0731 2.8369 367 £ 114 174 3.19

x =0.10 237.528 6.4834 1.0699 2.8477 220 + 35 130 3.33

x=0.15 239.696 6.5219 1.0667 2.8507 109 £ 58 139 3.32

x =0.20 241.864 6.5845 1.0636 2.8587 425 £ 95 136 3.38

1300 °C for 3 h. Three remarkable peaks could be observed at
306 cm ! [By, E (TO + LO)], 517 cm ' [A; (TO), E (TO),] and
716 cm ™' [A1 (LO), E (LO)], indicating the formation of tetra-
gonal BT.>**” BT has one molecule (5 atoms) per unit cell in
both the paraelectric and ferroelectric phases, resulting in
12(3 x 5 — 3) long-wavelength optical modes.

The optical modes changed in tandem with 3Flu + F2u
during the paraelectric phase (Pm3m symmetry). Since the Flu
modes in the paraelectric phase of BT were only infrared (IR)
active and the F2u mode was mute, there was no Raman-active
mode in this phase. Every Flu mode split into an Al mode
(nondegenerate) and an E mode (doubly degenerate) in the
ferroelectric phase with the tetragonal structure (P4mm sym-
metry), while the F2u mode split into E and B1 modes. In
addition, the B1 mode was exclusively Raman active, while the
A1 and E modes were both Raman and infrared active. Further-
more, because of the long-range electrostatic interactions asso-
ciated with lattice ionicity, the A1 and E optical modes further
split into longitudinal (LO) and transverse (TO) modes.>”

It was observed that above 716 cm™?, the intensities of the
peaks gradually declined with the enhancement of x (x > 0.05),
indicating the phase transition from the quadratic to pseudo-
cubic phase.?® The peaks at 716 cm ™" were broadened gradually
and shifted to lower 1 as well. The band intensity at 306 cm™"
was reduced with increasing the doping percentage, and it
was estimated that the replacement of Ti by Zr did not entirely
destroy the long-range order of BT. Again, Raman
shifts towards lower wavelength were observed for higher

No—~—A306) (517)  (716)
B1,E (TO\NJ\_, x = 0.20
=l >—— E(T0),A1(T0)
3 N\ /N Al (LO), E (LO
& ~—" | \\ ‘.A_\J;{i}() e 0.15
g — X=0.19
~N—
‘>
=
e x=0.10
=
= | a1 (o), BN N x = 0.05
(262) N x =0.00
0 200 400 600 800 1000

Raman shift (cm™)

Fig. 3 Raman spectra of BaZr,Ti; _,Os ceramics (x = 0.00, 0.05, 0.10, 0.15,
and 0.20).

© 2025 The Author(s). Published by the Royal Society of Chemistry

concentrations of Zr in BT. The small peak at 262 cm ™" [A
(TO), E (TO)] for x = 0.00 suggested the quadratic phase of BT.>
No remarkable peak was observed at 195 cm™ " for pure BT, but
for x = 0.05 and x = 0.20, sharp and broad peaks were detected,
clearly demonstrating the impact of zirconium. This was also
indicated by the formation of small crystals. Anti-resonance
was observed by the characteristic band at ~306 cm™* of
ferroelectric BT, which suggested that the local structure of
the BOg octahedron departed from a proper cubic symmetry.

3.3. Micro-structural analysis

The FE-SEM images of BZT ceramics with various composi-
tions, x = 0.00, 0.05 0.10 0.15, and 0.20, are displayed in
Fig. 4(a)-(e), respectively. The surface morphology and the
microstructure of all the samples illustrated in the micrographs
showed homogenous morphologies without any chemical con-
trast among the grains. It could also be observed that the grain
boundaries were vibrant, while the full formation of the grain
structure indicated that crystals had formed.

The average grain size of each sample was analyzed by image]
software and the measured sizes are given in Table 2. The average
grain size of BT was ~ 383 nm, with some small pores, as shown in
Fig. 4(a). However, the average grain size was decreased substan-
tially because of doping zirconium ions at a certain function of x.

The aggregation of the grains and migration of the grain
boundary enabled the BZT sample to develop rapidly in the
sintering temperature zone, resulting in greater-sized grains. As
a result, defects in the grain growth process were more likely to
occur.”® Fig. 4(c) shows the formation of tiny pores on the
surface of the crystal grains. As the Zr content increased, the
average grain distribution became more uniform and compact,
and the ceramic sample structure became denser, which might
have been a result of the liquid-phase sintering effect.

Fig. 5 show the grain-size distribution of each composition
for x = 0.00, 0.05, 0.10, 0.15, and 0.20 respectively. After loading
Zr ions, the particle size reduction may be the reason for the
accumulation of Zr*" to approximately the grain edge, which
occurred gradually for the compositions up to x = 0.15. After-
wards, the average grain size increased again for x = 0.20, as
shown in Fig. 4(e), may have been due to the coagulation of Zr
ions and a mass-transfer process, which was partially respon-
sible for the grain growth during the sintering process.*°

3.4. Electrical properties

3.4.1. Dielectric constant and dielectric loss tangent. The
dielectric constant (¢') of the pure BT and Zr-doped ceramics

Mater. Adv,, 2025, 6,1403-1413 | 1407
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Fig. 4 FE-SEM micrographs of the synthesized BZT ceramics with different compositions: (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, and (e) x =
0.20.

varied with frequency, as displayed in Fig. 6(a); where ¢’ was
measured at an operating frequency of 40 Hz to 110 MHz. It was
observed that ¢ showed a general trend of decreasing with
increasing frequency in all the samples. This can be explained
by the lack of dipoles and the high external alternating fre-
quency of the applied electric field. In addition, the permanent
dipoles and the contribution of the charge carriers (ions) of
ceramics materials are responsible for decreasing the dielectric
constant with increasing the frequency.***'

Fig. 6(b) displays the arcs for the frequency-dependent
dielectric loss of the synthesized BZT at room temperature. A
high dielectric constant value could be observed at low fre-
quencies, which decreased as the frequency increased for all
the synthesized samples. This occurred due to polarization in
the dielectric material, which is caused by ionic, dipolar,
electronic, and space charge contributions.?* It is known that
a lower frequencies, all forms of polarization play a role in
polarization, but as the frequency rises, the influence of the
different types of polarization diminishes. At higher frequen-
cies, dipolar and electronic polarization are the main contribu-
tors to polarization. Grain boundaries are the only places where
space charge accumulation is possible at low frequencies.*® In
addition, the dielectric constant falls as the frequency increases
because the space charges are less cable to follow the direction
of the field. Only the inherent characteristics of the material
will be seen when the space charges fail at a specific high
frequency. Thus, it was evident here that the space charge-
induced polarization was not effective above 1 MHz frequency
and that all the space charges were capable of relaxing.

Moreover, there was a non-polar effect at room temperature,
such that ¢’ also decreased with the doping concentration of
zirconium ions (x = 0.05, 0.15, and 0.2), but it showed a
maximum increase at x = 0.10, which may have been because
of the lower Curie temperature.®” In the lower frequency range
in Fig. 6(a), it can be seen that the value of the dielectric

1408 | Mater. Adv,, 2025, 6,1403-1413

constant was a maximum for the x = 0.10 concentration.
However, the dielectric change appeared to be negligible with
the increase in frequency and was reduces by only a very small
amount. The greater ionic radius pf Zr*" substituted by Ti**
could be affected the arrangement of the B-sites in the oxygen
octahedron. This is why, the B-O bond may become weaker,
and as a result the phase-transition temperature would drop.
The dielectric constant is known to be influenced by the
density, tetragonality, and particle size distribution. The differ-
ence in grain-size distribution could account for the modest
change seen in the dielectric constant.>* Fig. 6(b) displays the
dielectric loss of the examined samples at room temperature,
showing that the loss generally decreased at higher frequencies
and there was negligible change. Moreover, the larger ionic
radius of Zr** widened the lattice, caused electronic hopping to
produce oxygen vacancies, and dielectric loss, thus reducing
the conductivity of BZT. It was also observed that the
permittivity gradually rose as the Zr content was increased,
whereas, the tetragonality declined as the higher zirconium
content put more mechanical stress on the structure.’®
This resulted in the formation of oxygen vacancies, porosity,
and an irregular structure, thus reducing the dielectric char-
acteristics and increasing the dielectric loss tangent. As seen in
Fig. 6(b) tano experienced a declining trend with increasing
frequency.

3.4.2. AC conductivity and impedance. Fig. 7(a) shows the
variation of the alternating conductivity (ac) conductivity stu-
died as a function of frequency at room temperature. It was
observed that the ac conductivity of the samples was initially
unaffected by the applied field, but it increased at high fre-
quency. The continuously rising frequency associated with
polarization caused an increase in the electrical conductivity.
It was evident that the ac increased upon doping Zr (x = 0.05 to
0.15); however, it decreased for x = 0.20, attributed to the Zr*"
substitution, which offered greater chemical stability, reduced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Frequency versus (a) conductivity and (b) impedance of the synthesized BZT samples; insets show magnified views of the respective plots.

the disparity in electron jumping between Ti*" and Ti**, and
increased the resistivity of the materials, resulting in a decrease
in the conductivity.>®

The effect of Zr doping on the real component of impedance
varied with the frequency dependency of the BZT samples, as
shown in Fig. 7(b). It was observed that the real part of the
impedance monotonically declined until the value became
constant. The tendency toward merging at higher frequencies,
regardless of temperature, was caused through the discharge of
the space charge or by the continuous decrease in the barrier
characteristics.>>?”

3.4.3. Piezoelectric analysis. The BZT ceramic showed the
piezoelectric effect, meaning if we apply a force to the materi-
als, then charges will be generated on the surface of the
materials, so “pC N~ is used to describe this force to charge
the “piezoelectric effect”. The piezoelectric coefficient ds; is the
charge developed on the surface of a piezoelectric material per
unit force applied on it. Here the applied force taken was
0.025 N. The dj; value was measured for all the synthesized
samples and the results are presented in Table 2. The highest
value found was 174 for the pC N~ * for the x = 0.05 concen-
tration. The value of d;; increased with increasing the Zr
content, and there was an inverse relationship between the
grain size and d;;. Because Zr'" has better chemical stability
than Ti**, doping BaTiO; with Zr** can enhance the dielectric
and piezoelectric characteristics. The piezoelectric properties in
ferroelectric materials arise due to electrostatic coupling with
spontaneous polarization.*® As can be seen in Table 2, there
was an inverse relationship between the grain size and dss,
which was in agreement with ref. 39. The grain size had the
most significant impact on the piezoelectric constant; whereby
the coupling effect between borders was higher when the grain
size increased, producing a drop in domain mobility and
polarization, and ultimately a decrease in ds;.

3.5. Optical properties

Fig. 8 displays the UV-Vis absorbance spectra of the pure and
zirconium-doped BT samples versus the incident photons’
wavelength. The absorption band was observed in the

1410 | Mater. Adv,, 2025, 6,1403-1413
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Fig. 8 UV-Vis absorption spectra of BaTi;_,Zr,Os ceramics versus the
wavelength of incident photons.

wavelength range from 220 nm to ~380 nm. Even though all
the samples exhibited maximum absorption at approximately
330 nm wavelength, the absorbance increased with the increase
in the Zr"" content in the structure, with pure barium titanate
achieving the lowest absorption.

The optical band gap energy (E,) of BT and BZT were
measured from the Tauc plot of the UV-Vis-diffuse reflectance
spectroscopy data, using the Kubelka-Munk (K-M) approach,
which can be denoted by the following formula:*°

(1 — Ra)z
F(R,) = IR,
where R, and F(R,) are the diffuse reflectance and the function
K-M is directly proportional to the absorption coefficient ().
Tauc’s law was used to determine the samples’ optical band gap
energy by permitting an indirect inter band transition between
the valence and conduction bands.*® The optical band gap
energy (E;) of the studied samples was calculated by means of
the following Tauc equation:*!

1
[huF(R&);} o hv — E,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9
reflectance data.

where hv, E,, and n are the photon energy, band gap energy,
and type of band transition, respectively. In this current work,
Tauc’s plots for the samples were drawn and the results are
presented in Table 2.

The band gap energies of BT and BT were evaluated from the
intercept of the photon energy axis achieved through extrapo-
lating the plot on the energy axis [photon energy versus («hv)?]
depicted in Fig. 9. The value of n = 2 and n = 1/2 were used for
the indirect and direct E,. Fig. 9 shows that the increase in Zr
content in the BT structure caused a rise in the band gap
energy, except for x = 0.05, 3.190 eV, whereby a value of 3.20 eV
was attained for pure BaTiO;. The band gap for the x = 0.05
sample was shifted to lower energy, which might be a result of
the stress induced by the introduction of zirconium into the
structure of the barium titanate. The symmetry is broken in the
structure owing to the presence of [ZrOg] clusters.*> However,
for the samples x = 0.10, x = 0.15, and x = 0.20, the E, values
were shifted to higher energies (3.33, 3.32, and 3.38 eV,
respectively) compared to pure BT. Increasing the doping
concentrations led to an increase in E,, which may have been
caused by a variety of reasons, one of which being the con-
tribution of Zr ions’ third orbitals, an increase in interatomic
spacing that coincided with the lattice volume growth, or an
increase in oxygen vacancies, which in turn would produce an
increase in electrons residing in the minimum states near the
edge of the conduction band.*’ It is suggested that different
factors, such as the crystalline size, structural parameter, and
presence of impurities, may responsible for the change in Eg;
however, the increase in Eg here may be ascribed to the smaller
crystallite size with the increase in Zr*" content in BT.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) UV-Visible spectra of BZT powders with different compositions and (b)—-(f) Tauc plots for extraction of the optical bandgap from the

4. Conclusions

In this research, BaZr,Ti, ,O; (x = 0.00, 0.05, 0.10, 0.15, and
0.20) materials were successfully synthesized by a solid-state
reaction method and the effect of Zr** doping on the properties
of BaTiO; was investigated. The substitution of Zr*" into the
B-sites of BaTiOj; resulted in an increase in the lattice para-
meters due to the larger ionic radii of Zr** (0.72 A) compared to
the ionic radii of Ti** (0.6 A). In addition, upon Zr doping, the
peak at 45.5° was shifted to a lower angle of 45°, owing to
tetragonal to cubic structural phase transition. Furthermore,
Raman analysis demonstrated that doping resulted in an
increase in the line width and a decrease in the magnitudes
of the distinctive peaks. The peak at 305 cm ™' associated with
the tetragonal structure declined, owing to the phase transition
from tetragonal to cubic and this was confirmed by the XRD
patterns as well. FE-SEM revealed the grains were uniformly
distributed and that the grain size decreased until the x = 0.20
composition. The dielectric properties were enhanced, and
were found to be a maximum for x = 0.10. The energy band
gap increased with respect to the doping rate. For the sample
BaTiy gZry,03, the greatest absorption was noted and the
band gap energy was improved with increasing the Zr** ion
doping in the prepared perovskite materials, exhibiting an
indirect allowed transition. It was also observed that the loss
tangent values were relatively minimal while the dielectric
constant was rather high. According to the conductivity tests,
the sample was primarily insulating. Studies on impedance
were effectively used to highlight the conduction mechanism in
a sample, and it was determined that the sample was a suitable

Mater. Adv,, 2025, 6,1403-1413 | 1411
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dielectric material that can be used in electronic device appli-
cations for energy-storage applications, or in multilayer cera-
mic capacitors.
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