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In this study, nanoparticles of Ba;_,Sr,TiOz (where x = 0.0, 0.1, 0.2, 0.3, and 0.4) have been prepared
using a chemical method. One of these pure perovskite compositions (x = 0.0) has been then mixed
with Polyvinylidene fluoride (PVDF) polymer in different weight ratios (70% BaTiO3:30% PVDF, 50%
BaTiO3:50% PVDF, and 30% BaTiO3:70% PVDF) to create composites. X-ray diffraction (XRD) analysis and
Fourier-transform infrared spectroscopy (FTIR) have been used to investigate the formation of the
desired nano samples. The findings demonstrate the nanocrystalline nature and high ferroelectric
characteristics of the developed ferroelectric samples. Scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) spectroscopy, and transmission electron microscopy (TEM) have all been used to
learn more about the samples. The samples’ dielectric properties and P—E hysteresis loops have also
been investigated, revealing that samples where x = 0.0, 0.1, and 0.2 have suitable properties for piezo-
electric AC device applications. The ferroelectric and piezoelectric characteristics of BaTiOs have been
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DOI: 10.1039/d3ma00437f found to be diminished when PVDF was introduced. Furthermore, the dielectric properties and P—E hys-

teresis loop investigations can provide insight for researchers and engineers working in the ferroelectric
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1. Introduction

Materials science research is currently focused on developing
multifunctional materials that possess a variety of physical
properties that can be modified simultaneously. One such class
of materials is known as ferroelectrics, which exhibit a wide
range of properties, including superconductivity, ferroelectri-
city, and two-dimensional electron gases." These properties
make ferroelectrics particularly attractive for technological
applications. Ferroelectric materials are characterized by
their electric dipoles, the switching behavior of which can be
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and piezoelectric application fields to explore new possibilities.

controlled by external fields. As a result of this feature, these
materials have found use in many different fields, most notably
energy storage,” micro-electromechanical systems, sensors,’
device applications,” supercapacitors,® actuators, and resistive
switching.

Perovskite oxides, composed of transition metal ions
with an empty d shell, are considered normal ferroelectrics.
Besides, such materials can also exhibit magnetic properties
if their B-site ions have a partially filled d shell. These magnetic
properties may include antiferromagnetic, ferromagnetic, or
ferrimagnetic.”® The presence of both magnetic and ferroelec-
tric phenomena in these materials is called multiferroicity,
making them particularly attractive for magnetoelectric
applications.

Barium titanate (BaTiO;) is the most famous well-studied
ferroelectric material ever. It has a high dielectric constant,
high electrical resistivity, and excellent piezoelectric, ferroelec-
tric, and chemical stability‘7 Additionally, it is a non-toxic,
environmentally-friendly material,® making it a popular choice
for applications such as dielectric capacitors, positive tempera-
ture coefficient (PTC) thermistors, ultrasonic transducers,
optical data storage devices, and thermal energy harvesters.’
Some researchers have been focusing on understanding and
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manipulating the microstructure of perovskites and studying their
electrical properties to produce functional materials.'® Also, con-
trolling the microstructure is critical for improving dielectric and
piezoelectric properties for many practical applications.'* Improved
characteristics, such as a high dielectric constant, low loss tangent,
and high Curie temperature, have been the focus of recent research
on BaTiO;-based ceramics.™

Strontium titanate (SrTiO;) is another significant perovskite
material, owing to its high chemical stability, thermal stability,
carbon and sulfur tolerance, and mixed electronic-ionic con-
duction behavior."® Sr** doping at the Ba>* site may reduce the
Curie temperature, making it beneficial in dynamic random-access
memory (DRAM), for example.” Moreover, recent research on
SrTiO; has been focused on the study of its electronic properties
and the effects of different types of dopants on their properties.
Moreover, it has been found that it has many potential applications
in electronics and optoelectronics.”

Ba,_,Sr,TiO; is another class of ferroelectric materials that
have been found to be easily changeable with regard to dielec-
tric permittivity and loss, tuneability, and Curie temperature
depending on the Ba/Sr molar ratio.’* These materials may be
utilized in a variety of contexts, including as parts of microwave
and other device capacitors.'> More recent research on
Ba; ,Sr,TiO; synthesized by the sol-gel method has also
revealed that the Sr content affects the crystalline structure,
grain size, densification, thermal conductivity, and compres-
sive strength."®

Polyvinylidene fluoride, also known as PVDF, is a widely
studied electroactive polymer due to its versatility in a variety of
applications, including energy generation, bio-materials, sen-
sors, and actuators.'” PVDF is known to exhibit at least
four different crystalline phases, characterized by distinct
chain conformations; these are B, , 8, and y-phases,'® of which
the B and a-phases are considered the most significant for
practical uses. Research in the field of PVDF has been geared
towards discovering new methods of synthesis processing
techniques and investigating the relationship between the
crystalline phases and the material’s properties for various
applications.™ The current area of study in ferroelectric mate-
rials includes the development of ferroelectric composites. It
includes understanding how the microstructure may influence
the properties and how to use these materials in real-world
applications.

2. Experimental

2.1. Ferroelectric materials (Ba, ,Sr,TiO3) preparation

Ba, ,Sr,TiO; nanoparticles (with varying x values of 0.0, 0.1,
0.2, 0.3, and 0.4) have been synthesized using the tartaric
precursor method which is a very effective method in prepara-
tion with various advantages compared with other methods, as
mentioned in literature.”°* A combination of reagents, includ-
ing Ba(NO3), (98.5% purity, sourced from Qualikems), Sr(NO3),
(=99.0% purity, sourced from Techno PharmChem), TiO,
(=99.0% purity, sourced from Techno PharmChem), and
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C4HeO¢ (=99.0% purity, sourced from Techno PharmChem),
have been weighed and mixed in specific ratios, with a molar
ratio of 3:1:1 of tartaric acid to (Ba; _,Sr,) nitrate to Ti dioxide.
After dissolving the powders in distilled water and homogeniz-
ing the mixture by stirring for 30 minutes at room temperature,
the mixture was heated at 80 °C for 2 hours to evaporate most of
the water. Around 120 °C, the combination turns into a viscous
gel that spontaneously burns to create the nanoparticles as a
fine powder. The powder was then ground and pre-sintered for
24 hours at 300 °C, followed by sintering for 4 hours at 1100 °C.
The powder has been compressed into disc-shaped pellets for
further characterization and measurement.

2.2. Preparation of ferroelectric/PVDF composites

The sample with x = 0.0 (BaTiO;) has been selected as the
primary material for creating composites with PVDF polymer
(CH,CF,),, with a molecular weight of approximately 534 000,
sourced from Sigma Aldrich. The reason for selecting this ratio
(x = 0.0) is presented in detail in the next discussion. Compo-
sites with varying contents of BaTiO; have been then created by
mixing the desired ratios of BaTiO; and PVDF in the following
proportions: 70 wt% BaTiO;:30 wt% PVDF (Sample B;), 50 wt%
BaTiO;:50 wt% PVDF (Sample B,), and 30 wt% BaTiO5:70 wt%
PVDF (Sample B;). The samples were weighed and mixed using
an agate mortar and pressed into disc-shaped pellets for
characterization and measurements.

2.3. Characterization

Several analytical methods have been used to analyze the
ferroelectric samples; one of these methods is the XRD PANA-
LYTICAL Co. Xpert Pro system was used at 1.54 A, 54 kv, and
40 mA on a Cu-K, (target). The FTIR measurements were taken
using a JASCO FT/IR4100 Series instrument, which measured
from 400 cm ™' to 4000 cm ‘. Ba,_,Sr,TiO; particles (where
x = 0.0, 0.1, 0.2, 0.3, and 0.4) have been analyzed for their
surface microstructure using SEM (Zeiss EVO 10, Oberkochen,
Germany). Nanoparticles of Ba; ,Sr,TiO; have also been
analyzed for their chemical makeup using the EDX and
an AZtecLive Advanced Ultim Max 40 detector (Oxford Instru-
ments, Bognor Regis, UK). The TEM: JEM-2100 apparatus was
used to measure the average particle size of the BaTiO; sample
(used to create the composites). The LCR meter (HIOKI 3532-50
LCR HITESTER) has been used to investigate the frequency
and temperature dependence of the AC conductivity (a/’m),
dielectric constant (¢'), and loss tangent (tan ¢). The RADIANT
Precision II Multiferroic Ferroelectric Test System was used to
evaluate the ferroelectric characteristics at room temperature,
utilizing a maximum voltage of 10 kV.

3. Results and discussion
3.1. XRD analysis

The XRD patterns for the prepared ferroelectric Ba; ,Sr,TiO3
nanoparticles (with compositions x = 0.0, 0.1, 0.2, 0.3, and 0.4)
are shown in Fig. 1. These plots reveal that the samples possess

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of Ba;_,Sr,TiOs (where x = 0.0, 0.1, 0.2, 0.3, and 0.4).

a perovskite structure with a primary tetragonal phase and a
minor trace of an orthorhombic phase. For the sample x = 0.0,
the most intense peaks found at the angles 260 presenting the
planes (ki) are: 22.13° (100), 31.45° (101), 31.51° (110), 38.79°
(111), 45.19° (002), 45.29° (200), 50.79° (102), 50.91° (201),
56.13° (112), 56.17° (211), 65.85° (202), 65.99° (220), 70.35°
(300), 74.93° (301), 75.03° (310), the standard cards of BaTiO;
(JCPDS number 01-079-6629, P4mm space group; JCPDS num-
ber 01-084-9614, PAmm space group; and JCPDS number 01-
076-8447, PAmm space group) all indicate the production of the
perovskite phase of BaTiO;. For the rest of the samples, the
XRD patterns are also represented in Fig. 1, which shows that
the peaks of the same planes mentioned above confirm that the
samples belong mostly to the tetragonal crystal structure
according to the same mentioned standard cards in addition
to other standard cards of Bay,Sr,33TiO; (JCPDS number
01-089-0274), and of Bay ;ST 33TiO; (JCPDS number 00-044-
0093). For most of the samples, two tiny peaks are observed
around 26 = 28.49° and 26 = 29.05°, which may be attributed to
a minor orthorhombic phase according to the standard cards of
Ba,TiO, (JCPDS number 01-075-0677) with space group: P21nb
and of Baj 9157¢,09TiO4 (JCPDS number 00-013-0522). The char-
acteristic splitting behavior observed in some particular peaks
in all samples confirms the predominant tetragonal crystal
structure,> >’ which is a key factor in the perovskites’ ferro-
electric properties.”® Although the sharp and narrow peaks
indicate the good crystalline nature of the samples, the slight
broadening observed with the substitution of strontium occurs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as a result of increasing the strain, as will be discussed below.
In Fig. 1, a slight shift towards higher 20 angles is observed as
the strontium ratio increases too. This shift is attributed to the
change in d-spacing, related to the lattice parameters, as the
strontium is added.*®

The crystalline size (R) has been calculated by using
Scherrer’s equation:

Ak
~ Bcost’ (1)

where (k= 0.9) is a constant dependent on the crystallite shape,
(2 =1.54 A) is the X-ray wavelength, (f) is the full width at half
maximum (FWHM) of the main peak representing the planes
(110), (0) is Bragg angle.

The following relation has calculated the lattice constants
(@) and (c):

I S
G @trta @)

The planes (110) and (111) are used to calculate the values of (a)
and (c), respectively. The X-ray density (D,) has been calculated
by using the following formula:

J— MZ .
N

v (3)
where (M) is the molecular weight of the sample, (Z = 1) is the
number of molecules per unit cell of the tetragonal structure,
(N,) is Avogadro’s number, and (a’c) is the unit cell volume of
the tetragonal structure. The following equation has also cal-
culated the measured density (D) of the ferroelectric samples:
m
D=——; 4
Vol (4)
where (m) is the mass of the sample and (Vol.) is the volume of
the sample. Moreover, the porosity (P) has been calculated by:

D
P=1-—— 5
D, (5)
The dislocation density, which is represented by the symbol &
and is defined as the number of dislocation lines per unit
volume of a crystal, can be calculated using the following
equation:

1
0= R (6)
Finally, an equation has been utilized to determine the lattice
strain (¢) present in the samples due to crystal imperfections

and distortions:*°>!

B
* = Ftan0 )

Table 1 displays the results of all the preceding calculations for
the various parameters. The samples had crystallite sizes
between 19.08 nm and 34.96 nm, which is well within the
generally acknowledged nano-size range. When the strontium
concentration rises, the unit-cell volume also falls. This is
because there is now more lattice strain than before, and it is
well-known that increasing lattice strain reduces crystallite size.

Mater. Adv., 2023, 4, 5605-5617 | 5607
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Table1 The Lattice constants “a” and “c” (A), Standard Error for lattice parameters (A), crystallite size R (nm), measured density D (kg m™
D, (kg m~3), porosity P (%), tetragonality (c/a), dislocation density (8) (m~2), lattice strain (&) (in=> m
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A %), X-ray density

“2m~*), and unit cell volume V (A%) of Ba;_,Sr,TiO3 samples

R (nm) Average
crystallite size D
from XRD (kg m™—?)

Sample Lattice constants (A)

Dislocation  The lattice
density (§)  strain (¢)
(m2) (lin?>m™*

D.

- P Tetragonality .
(kgm™) (%) (o) V&)

a=4.0217 + 38 x 107>
¢=4.1057 + 31.9 x 10*
a=4.0045 + 1.44 x 10°
€=4.0229 + 18.9 x 1073
a=3.9985 + 6.78 x 10
€=4.0062 + 13.5 x 1073
a=3.9842 + 85.45 x 1073
¢=4.0296 + 32.3 x 10°
a=3.9660 + 1.91 x 10>
c=4.0212 + 21.8 x 10*

BaTiO; 34.96 4598.92

Bay.oST.1TiO; 32.27 4754.95

Bay ST, TiO; 26.23 4679.56

Bay ;S1 3TiO; 24.69 4793.56

Bay 6514 TiO3 19.08 4575.70

One possible explanation is that Ba®>" has a greater ionic radius
(149 pm) than Sr** (132 pm).>* Similarly, the unit-cell para-
meters “a” and ‘“c” decrease with increasing the strontium
ratio, following the trend expected from Vegard’s rule.'® The
dislocation density (d) in eqn (6) is found to have an inverse
behavior of the crystallite size as expected, with an increase in &
causing a decrease in the R values.

All of the processed samples have very low porosity percen-
tages, as indicated in Table 1; this often raises permittivity,
dielectric loss, conductivity, and residual polarization (P,). It is
possible that this will also raise the coercive electric field (E.),
the applied electric field needed to eliminate the remaining
polarization. More densely packed and ordered dipoles in a
ferroelectric material mean a stronger reaction to an applied
electric field, which is why minimal porosity is preferable,**~*
as will be discussed later.

Looking at the tetragonality factor (c/a) calculations, the
sample x = 0.0 gives the highest value due to the tetragonality
effect of barium. The (c/a) is considered an essential factor for
enhancing ferroelectric and piezoelectric properties,*®*” and
this has been the reason for us to choose the ratio x = 0.0 to
prepare the composites with the PVDF polymer.

The XRD plot of pure PVDF polymer is presented in Fig. 2.
According to JCPDS number 42-1650, JCPDS number 38-1638,
and JCPDS number 42-1649, all of the three phases of PVDF
(alpha (o), beta (B), and gamma (y)) are present in the sample.
Although several different crystal structures might display the
same peaks, determining the exact phase composition can be
difficult when dealing with the PVDF phases. The most obvious
diffraction peaks are found around 20 = 18.31°, 19.78°, 26.46°,
32.92°, 35.75°, and 38.54°. Moreover, the XRD peaks found at
the angles 260 presenting the planes (hkl) are: 17.86° (100),
18.31° (020), 19.91° (110), 26.5° (021), 35.70° (200), 38.62°
(131), 41.3° (220) indicate the a-phase, while the peaks at
19.85° (110), 20.54° (200), 35.91° (020), and 41.59° (220) indicate
the B-phase, and finally the peaks at 18.51° (020), 19.91° (110),
36.02° (200), 38.62° (132), and 38.76° (041) indicate the y-phase
of the polymer.?**!

The XRD plots of By, B,, and B; composite samples, along
with the XRD of the pure PVDF polymer, are drawn in Fig. 3.
From this figure, it can be deduced that the tetragonal

5608 | Mater. Adv,, 2023, 4, 5605-5617
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Fig. 2 XRD pattern of the pure PVDF.

crystalline structure of BaTiO; is obviously apparent in the
BaTiO;/PVDF composites, where all the individual peaks of
BaTiO; are visible, indicating that it has retained its original
phase. There is no direct interaction that causes any change in
its phase. On the other hand, the two characteristic peaks
associated with the orthorhombic structure shown above
in the XRD pattern of pure BaTiO; are not apparent at all in
these XRD composite patterns, indicating that it became a
negligible phase in the composites. Moreover, all the PVDF
phases cannot be observed in the XRD of the composites,
especially when increasing the BaTiO; content, due to the large
amount of Ba-TiO; in the composites predominating the plots.
Therefore, we have further investigated the PVDF phases in the
pure PVDF sample, B;, B,, and B; composite samples using
FTIR spectroscopy.

3.2. FTIR analysis

In the current work, FTIR spectroscopy was used to examine the
chemical makeup of the samples. This approach is known to
determine the vibrations of certain chemical bonds inside a
molecule by absorbing electromagnetic radiation at precise

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of By, B,, and Bz composites and the pure PVDF.

frequencies. The FTIR data might give qualitative information
on the surface or bulk chemical composition of the materials.*>
The FTIR spectra of the Ba; ,Sr,TiO; nanoparticles (where
x = 0.0, 0.1, 0.2, 0.3, and 0.4) are shown in Fig. 4. The FTIR
results indicate the formation of the tetragonal structure of
BaTiO; through the observation of specific absorption peaks at
440 ecm ' and 550 cm '. These peaks correspond to the
stretching and bending vibrations of the oxygen and titanium
atoms in the crystal lattice, confirming the perovskite-type
structure of the BaTiO;.

Additionally, these peaks also demonstrate the crystal-
lization of the BaTiO; nanoparticles.'®**™** In addition, the
absorption band at 1071 em™" is formed by the vibration of
C-O-Ti in tetrabutyltitanate.’® The peak at 1637 cm ' is
attributed to the stretching vibration of C=O0, and the peaks
at 1435 ecm %, 860 cm ™', and 2365 cm ™' are identified as the
anti-symmetric stretching and bending vibrations of COj;
groups. These peaks are caused by small, unavoidable traces
of carbonate that have been formed due to tartaric acid reacting
with barium titanate during the preparation process. Despite
the fact that these carbonates are not evident in the XRD study,
they are present in concentrations low enough to be discernible
in the FTIR spectrum. The H-O vibrations of H,0 molecules are
linked to the absorption peak at 3450 cm™".**"*® Strontium ions
introduced at the barium site reduced the elementary unit cell
volume and the bond length of Ti*" and O*, which in turn
caused a minor shift and broadening of the characteristic
absorption bands of BaTiO;.'***° Overall, the FTIR results

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of Ba;_,Sr,TiOz (Where x = 0.0, 0.1, 0.2, 0.3, and 0.4).

support the XRD findings regarding the formation of the
perovskite structure.

The FTIR spectra of pure PVDF polymer are shown in Fig. 5.
These spectra provide structural details and enable the identifi-
cation of the o and B crystalline forms. This is in agreement
with previous research findings.***>* The absorption bands
in the spectrum correspond to the different crystalline phases,

D
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w
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Fig. 5 FTIR spectrum of pure PVDF.
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Fig. 6 FTIR spectra of pure PVDF and By, B,, and Bz prepared composites.

-1 -1

with bands at 614 em™?, 761 cm ™, 879 cm ™', 979 em™*, and
1068 cm™' corresponding to the o-phase, and bands at
840 cm™ ', 1180 cm ™', and 1402 cm ' corresponding to the
B-phase.”*™* 1t is found that the pure PVDF polymer is
composed mainly of o and B-phases. The y-phase is challenging
to identify as it is not associated with unique FTIR bands. It is
usually presented as shoulders, making it difficult to conduct
quantitative classification without baseline correction, which
would always include the other crystalline phases.*’

The pure PVDF polymer and the composites of B;, B,, and B;
are shown in FTIR spectra in Fig. 6. The simultaneous emer-
gence of the bond peaks typical of BaTiO; and PVDF polymer
may verify the creation of the PVDF/BaTiO; composite system.
The XRD findings are corroborated by the FTIR data, which
reveals the same phases seen in PVDF/BaTiO; composite sys-
tems, but only in the o and B-phases of PVDF, with no
discernible movement of the bands due to the presence of
the BaTiO; fillers. Variations in BaTiO; concentration are
responsible for the observed shifts in FTIR intensity from the
pure PVDF polymer over the composition range. Using eqn (8)
proposed by Gregorio & Cestari,>”™” the percentage of the B-
phase inside the crystalline area (Fg) may be quantitatively
estimated from the absorbance values acquired from FTIR
observations.

Fy= ®)
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Table 2 B-Phase fraction of all the samples containing PVDF

Sample B-Fraction (%)
Pure PVDF 44.097
B, 43.872
B, 44.140
By 44.026

Where Ag and A, are the absorbance values of the o and B-
phases at 761 cm ™' and 840 cm ™', respectively, where (K, =
6.1 x 104 cm® mol™ ') and (K = 7.7 x 104 cm”® mol ™) are the
absorption coefficients at the corresponding wavenumbers,
the ratio Kg/K, is constant and equals to 1.3. Table 2 shows the
B-phase fraction (%) of the samples containing PVDF in
this study.

It seems that the B-phase fraction content remains almost
constant in pure PVDF, B, B,, and B; composites, and the
inclusion of BaTiO; fillers to the PVDF polymer has not given
the expected rise of B-phase fraction, as there is no ionic
interaction between the PVDF polymer and the BaTiO; particles
to produce a B-phase of PVDF. In other words, there are no
conformational changes in the PVDF structure.

3.3. TEM micrographs

Fig. 7(a)-(c) show the TEM micrographs of BaTiO; in the
diffraction mode, Fig. 7(d) and (e) show the HRTEM (high-
resolution transmission electron microscopy) images, Fig. 7(f)
shows the SAED (selected area electron diffraction) pattern, and
Fig. 7(g) shows the particle size distribution histogram. The
transmission electron microscope micrographs show fine par-
ticles and a few agglomerations. The interplanar spacing of
BaTiO; is measured as 0.2486 nm, which is the interplanar
spacing of the (110) crystal plane. The average particle size,
determined by interpolating TEM pictures using Image] soft-
ware, is 37.5 nm, which is in reasonable agreement with the
average crystallite size determined by interpolating XRD data
with the Scherrer equation. The average size determined by
XRD and TEM differs somewhat because XRD measures crystal-
lite size while TEM records total particle size. The SAED pattern
exhibits characteristic ring structures, demonstrating that the
barium titanate is, in fact, a crystalline compound. In addition,
the tetragonal phase of the produced BaTiO3; nanoparticles is
verified by the presence of visible lattice fringes in the HRTEM
image, as shown in Fig. 7(d).

3.4. SEM and EDXS

Fig. 8 shows the results of the SEM analysis of the morphology
and surface of Ba; ,Sr,TiO; samples. The SEM images
show that the samples are compact and homogeneous, made
up of tiny, spherical particles that include unevenly oriented
grains in the form of aggregations. Another possible explana-
tion for the sample holes is that the samples are in powder
form. Chemical analysis of the materials has also been per-
formed using EDX spectroscopy. Ba, Sr, Ti, and O are confirmed
by the findings shown in Fig. 8, demonstrating that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a)-(c) TEM micrographs of BaTiOs in the diffraction mode, (d) and
(e) HRTEM images, (f) selected area electron diffraction (SAED) pattern, and
(g) particle size distribution histogram.

samples were effectively manufactured without introducing any
contaminants or unwanted elements. Furthermore, the inten-
sity of strontium in the graphs increases with increasing
strontium content, suggesting that it is fully incorporated into
BaTiO;. However, due to the energy range of the characteristic
peaks of Ti and Ba, it is impossible to observe the intensity
change of these peaks clearly.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Fig. 8 SEM micrographs (left) and corresponding EDX micrographs (right)
of Ba;_,Sr, TiOz (where x = 0.0, 0.1, 0.2, 0.3, and 0.4).

3.5. AC measurements

3.5.1. Dielectric constant (¢) and dielectric loss (tand)
analysis. The data presented in Fig. 9(a)-(i) demonstrates the
relationship between temperature, ¢’, and tan J of Ba; ,Sr, TiO;
(x = 0.0, 0.1, 0.2, 0.3, and 0.4), as well as PVDF, By, B,, and B;
samples, in the range from room temperature to approximately
420 K. The measurements have been taken at different fre-
quencies (1 kHz, 10 kHz, 100 kHz, and 1 MHz). The sample
with x = 0.2 has exhibited the highest values for ¢ and tan .
The data shows that for the sample with x = 0.0, values of ¢’ and
tand increase and reach a peak at a transition temperature
(Curie temperature (7)) of approximately 393 K in agreement
with literature before decreasing as the sample transitions from
tetragonal structure (ferroelectric phase) to cubic structure

Mater. Adv,, 2023, 4, 5605-5617 | 5611
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Fig. 9 (a)-(i) ¢ and tand vs. temperature at different frequencies of
Ba;_,SrTiO3 (where x = 0.0, 0.1, 0.2, 0.3, and 0.4) samples, pure PVDF,
and By, B,, and Bz composites.

(paraelectric phase) with increasing temperature. Additionally,
the samples with x = 0.0, 0.1, and 0.2 exhibit slight phase
transitions from an orthorhombic to a tetragonal phase at
about 307 K, which had been previously reported in the
literature, too0.’®>° The temperature at which a phase transition
occurs in the sample x = 0.1 is roughly 365 K.

In contrast, the sample with x = 0.2 has a phase transition
temperature of around 332 K. The rise in ¢’ up to the transition
temperature is thought to be caused by the separation of
domains into multiple polar nano regions, which can be more
responsive to weak fields than larger polar regions. Then, the
decrease in ¢ after this temperature results from the structural
transition from ferroelectric to paraelectric.>® The samples with
a Sr content ratio of x = 0.3 and x = 0.4 do not display a phase
transition within the temperature range examined, and the &’
decreases as both temperature and frequency increase. Incor-
porating Sr ions into the BaTiO; lattice leads to a shift in the T¢
towards room temperature. This is due to the replacement of
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Ba>" ions by Sr*" ions, which causes a deficiency of Ba>* sites and
increases internal compressive stress as the grain size decreases.®
So, the change in transition temperature with Sr doping can be
explained on the basis that internal stress is changed due to the
change in grain size.®" Also, with Sr substitution, there is a change
in transition temperature because the bond strength between Sr-O
differentiates from the Ti-O bond. This change in bond energy
leads to a variation in the distortion of the octahedron, which also
affects the c/a ratio (as observed in Table 1), resulting in a change in
transition temperature.®

The decrease in the T as Sr content increases may make Sr-
substituted BaTiO; more suitable for some applications. For
example, when Sr is substituted into BaTiO; in a ratio of x = 0.2,
the T¢ is attained at 332 K, which is relatively low and thus
makes it a suitable material for sensor applications that require
temperature variations close to room temperature.®® As the Sr
ratio increases, the ¢’ decreases due to the smaller contribution
of domain walls to ¢’ caused by the addition of Sr. This results
in a less distorted, more centrosymmetric, and less polar
structure. Also, it is obvious that ¢ decreases with increasing
frequency. This decrease in ¢’ agrees with the relaxed nature
of polarization with frequency.®® However, the frequency-
dependent reduction in ¢ is not very noticeable at high
temperatures. The lack of flaws or impurities has been estab-
lished by XRD examination, which is reflected in the low value
of the tan é. Because of their low dielectric loss and dielectric
anomaly, the materials may be candidates for use in a wide
range of devices, including microwaves.>® Both the polymer
backbone and the functional groups connected to it have a role
in determining PVDF’s dielectric characteristics. As shown in
the figure of pure PVDF, the ¢’ of the PVDF sample exhibits a
slight downward trend at the lower frequencies, then upward as
the temperature increases.

Moreover, the ¢’ of PVDF is observed to exhibit a non-linear
behavior as a function of frequency, with decreased values at
lower frequencies and increased values at higher frequencies.
For example, in PVDF, ¢’ is affected not only by frequency but
also by an electric field; the reorientation of polar dipoles may
lead to abnormal polarity changes if the electric field is strong
enough.®® However, at the higher frequencies, the PVDF
sample exhibits an almost typical behavior of ¢, i.e., increases
as the temperature increases and then decreases. Also, a
normal inverse frequency dependence of ¢’ is observed. Com-
posite samples By, B,, and B; have higher ¢’ and tand values
than the pure PVDF sample, and these values rise as the BaTiO;
percentage rises. This is due to the interfacial polarization
present in the composite materials, which has a major impact
on the permittivity.®>®¢

Moreover, the behavior of ¢ and tand in BaTiO;/PVDF
composites is affected by the ratio of BaTiO; to PVDF. The
Curie temperature peak, characteristic in ferroelectric materi-
als, is observed in samples with the highest BaTiO; content and
gradually disappears with increasing PVDF content due to the
predominance of PVDF over the BaTiO; phase. Also, ¢’ and tan ¢
behavior reflects a combination of the attitude of the individual
constituents.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.5.2. AC Conductivity (c,) analysis. The conductivity of
Ba, ,Sr,TiO; (x = 0.0, 0.1, 0.2, 0.3, and 0.4) samples has been
recorded at the same frequencies (1 kHz, 10 kHz, 100 kHz, and
1 MHz) while heating the samples from room temperature to
almost 420 K. Fig. 10(a)-(i) show the temperature dependence
of gy for the Ba-Sr titanate samples, as well as for the PVDF,
By, B,, and B; samples. For all samples, it is believed that the
amount and mobility of the oxygen vacancies may be factors
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Fig. 10 (a)-(i) oAc vs. temperature at different frequencies of Baj_,Sr,.

TiOs (where x = 0.0, 0.1, 0.2, 0.3, and 0.4) samples, pure PVDF, and By, B,,
and Bz composites, the inset figure represents gAc vs. temperature at
different frequencies of Ba;_,Sr,TiO3z (where x = 0.0, 0.1, 0.2, 0.3, and 0.4)
samples at 1 KHz and 10 KHz.
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responsible for the conductivity, along with other possible
changes related to the microstructural and compositional
properties of the present samples.®”*® Moreover, for the sam-
ples with x = 0.0, 0.1, and 0.2, it is observed that O';xc increases
and reaches a maximum value at a similar transition tempera-
ture of ¢’ for the same samples, then decreases again as the
sample changes from tetragonal to a cubic structure by further
increasing temperature. This is expected since, in these three
samples, the Sr content is still low. Furthermore, it is observed
that increasing Sr content shifts the 7 towards room tempera-
ture. The temperature peak behavior in these samples indicates
a semiconductor-like conductivity at low temperatures, where
certain surplus electrons are confined but can be thermally
activated. A possible explanation is the multi-phase nature of
the samples. Whereas, when the temperature exceeds the
transition temperature, a;\C begins to decrease because the
electron concentration has become temperature independent
where all excess electrons are already being excited, and the
behavior becomes a metal-like behavior due to the scattering of
the conduction electrons by phonons.®® For the samples with
ratios x = 0.3 and x = 0.4, no phase transition temperature is
observed within the measured temperature range. Still, lec of
these samples follows the temperature dependence of metal-
like behavior for the same reasons mentioned above. A model
based on the Maxwell-Wagner effect, which considers charge
buildup at two-material interfaces, may explain the frequency
dependence of o for all samples. In such a model, multi-
phase materials are visualized as a network of capacitors and
resistors representing well-conducting crystalline regions and
poorly conducting disordered regions, respectively. At low
frequencies, the conduction through the regions represented
by resistors dominates.

In contrast, at high frequencies, the conduction through the
regions represented by capacitors dominates, resulting in that
observed frequency dependence of conductivity.”” While the
greatest o, value is found in the sample with x = 0.2, this is an
exception rather than the norm. Instead, conductivity values
decrease with increasing Sr content. This can be explained by
the fact that smaller grains (the well-conducting regions) mean
larger grain boundaries (the poorly conducting regions) and
less efficient transfer of electrons from grain to grain, all of
which contribute to lower o), values.”!

Fig. 10(f) displays the PVDF conductivity behavior with the
temperature at four different frequencies. The O';\C values
increase with frequency in agreement with the mentioned
Maxwell-Wagner-based models for multi-phase materials. The
free-volume model can also understand the conductivity’s
temperature dependence, which assumes that as temperature
increases, the polymer expands and creates more free volume,
allowing ions to move more easily and consequently increasing
conductivity.”> In the composites, B;, B,, and B, the presence
of BaTiO; filler in the PVDF matrix form more conductive
paths. Consequently, it increases the conductivity compared
to that of the pure PVDF. Also, the temperature-independent
behavior of PVDF composites is a consequence of their
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molecular structure, stable dielectric constant, high thermal
stability, and specific polymer morphology, which together
result in a consistent and stable response over a varied tem-
perature range. These intrinsic properties make PVDF an ideal
material for applications requiring stability and reliability
under fluctuating environmental conditions, such as in sensors

and transducers.”? 7%

3.6. Ferroelectric properties

Ferroelectric materials, such as BaTiO;, possess domain struc-
tures that an applied electric field can influence. The move-
ment of domain walls can result in simultaneous changes in
polarization and strain, leading to a complicated non-linear
and hysteretic behavior with a unique strain-electric field loop
with a butter-fly-like shape.”® Under triangle waveforms with an
amplitude of 30 kV em™ " and a frequency of 1 Hz, the P-E loops
of Ba, ,Sr,TiO; (where x = 0.0, 0.1, 0.2, 0.3, and 0.4) at room
temperature are shown in Fig. 11. The shape of the P-E loops is
consistent with previous literature reports.”””** The Sr doping
significantly impacts the ferroelectric properties of Ba;_,Sr,.
TiO; ceramics, as evidenced by the changes in the shape and
slope of the P-E loop. The parameters of the P-E loops, such as
remnant polarization (P,), saturation polarization (Ps), and
coercive field (E.), are recorded in Table 3. A well-defined
hysteresis loop is seen for samples with x = 0.0, 0.1, and 0.2,
but the values of P,, P, and E. decrease with increasing S,
content. This is likely due to a suppression of the structure
polarity in the absence of an applied electric field, as evidenced
by the decreasing Curie temp observed in the dielectric mea-
surements. Another explanation for decreasing E. with higher
S, content is that the stress from domain switching is lessened
with a smaller c¢/a ratio, making domain change easier with a
smaller electric field. If a hysteresis loop is seen, it means that
ferroelectric domains are present. The P-E loops are quite thin,
with a closed linear relation for x = 0.3 and 0.4, suggesting a
cubic or paraelectric phase. The small P,, P, and E, values close
to zero for these samples are likely due to poor ferroelectricity

Ba, Sr TiO,

x=0.0
x=0.1
x=0.2
x=0.3
x=0.4

E (kV/cm)

T
-60

Fig. 11 P-E hysteresis loops of Ba;_,Sr,TiOs (where x = 0.0, 0.1, 0.2, 0.3,
and 0.4).
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Table 3 Parameters obtained from P—E hysteresis loop, remnant polar-

ization (P,), saturation polarization (Ps), and coercive field (E.) of Baj_,Sr,.
TiOs (where x = 0.0, 0.1, 0.2, 0.3, and 0.4), PVDF, B4, B, and Bz

Composition P, (0C em™?) P, (LC cm ™ ?) E. (kVem™)
x=0.0 2.17 11.29 3.95
x=0.1 2.31 9.46 3.66
x=0.2 1.32 9.43 2.42
x=0.3 0.63 7.18 2.26
x=0.4 0.14 3.9 1.18

PVDF 0.02 0.12 13.05

B, 0.53 1.08 38.39

B, 0.09 0.32 24.35

B3 0.07 0.18 18.9

(in sample x = 0.3) or the absence of ferroelectric dipoles (in
sample x = 0.4). The small P; at room temperature and narrow
P-E loop make samples x = 0.3 and 0.4 suitable for photovoltaic
applications.5*

However, it’s important to remember that the electrical
energy lost during the storage process is proportional to the
area under the P-E loop.”” As a result of polarization relaxation
between electric field cycles owing to the existence of an
internal field that decreases P,,*® all the P-E loops exhibit a
polarization gap corresponding to the negative Pr. Moreover,
for samples with x = 0.0, the gap between P,,,x and P, reaches its
greatest, which might be useful in achieving desirable energy-
storage characteristics.®” Additionally, as shown in Fig. 12, the
P-E loops of PVDF, B,, B,, and B; samples cannot be saturated;
this is because of the presence of a larger quantity of a-phase in
the PVDF polymer, which necessitates an electric field as high
as 2 MV cm™ ' to pole PVDF-containing materials at room
temperature.®® High values of E. suggest that the ferroelectric
domains are stable, requiring a larger electric field to flip the
domains, providing more evidence for this conclusion. The
ferroelectricity and piezoelectric properties may be dampened,
thus, by the addition of PVDF to BaTiO;.

PVDF and BaTiO,/PVDF composites

1
™

Fig. 12 P-E hysteresis loops samples, pure PVDF, B;, B, and Bs
composites.
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Fig. 13 S—E hysteresis loops of Ba;_,Sr,TiOz (where x = 0.0, 0.1, 0.2, 0.3,
and 0.4).

The graph in Fig. 13 displays the relationship between the
strain and electric field ((S-E) curves) at room temperature for
Ba, ,Sr,TiO; (where x = 0.0, 0.1, 0.2, 0.3, and 0.4). All the
samples have shown a common butterfly-shaped hysteresis
loop for strain. The non-existence of negative strain is a
characteristic of a biaxial field piezoelectric system, suggesting
minimal movement of ferroelectric domains.®”> The field-
induced strain is found to decrease with increasing Sr content,
as can be inferred from the dielectric behavior and the decrease
in remnant polarization (P;) and coercive field (E.). As the Sr
content increases, the piezoelectric properties decrease until
they are entirely suppressed for samples with x = 0.4. Sample
x = 0.1, however, shows a relatively high strain level of around
0.06% (in the form of a sprout shape rather than the

Ba, Sr TiO;

= x=0.0 g
° x=0.1 o 14a=
a x=0.2 o
v x=0.3 A
* x=0.4 0,
0.0
-60 -40 20 40 60
5 E (kV/cm)
\
i
-1
Y
-1.5
Fig. 14 [-E hysteresis loops of Ba;_,Sr,TiOs (where x = 0.0, 0.1, 0.2, 0.3,

and 0.4).
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conventional butterfly loop) and consistently reduced hyster-
esis loop area, making it an ideal option for piezoelectric AC
devices.**

Fig. 14 is a graph depicting the fluctuating electric field and
current in Ba; ,Sr,TiO; samples at different Sr contents. A
coercive field (E.) is required for domain switching in a satu-
rated loop, and the data demonstrate that this field peaks when
the electric field is both positive and negative. In addition to
displaying symmetric behavior in both positive and negative
electric field cycles, the samples with x = 0.0, 0.1, and 0.2 also
fail to imprint the polarization state. As a result, they are well-
suited for use in piezoelectric AC devices thanks to their
characteristics. Although having other qualities typical of ferro-
electrics, the samples with x = 0.3 and 0.4 do not display the
saturated I-E loops that would be predicted based on their
other properties.

4. Conclusions

In the present study, Ba, ,Sr,TiO; (where x = 0.0, 0.1, 0.2, 0.3,
and 0.4) nanoparticles have been successfully prepared using
the tartaric precursor method. The XRD shows that all samples
have a perovskite structure consisting mostly of the tetragonal
phase with some orthorhombic traces. As the strontium con-
tent is increased, the crystallite size and unit-cell volume are
decreased. The sample with the highest tetragonality factor
c/a ~1.0208 (x = 0.0) has the most heightened polarization, so
it has been chosen to make composites with PVDF polymer.
The FTIR spectroscopy has confirmed the formation of the
PVDF/BaTiO; composite system and that including BaTiOj
fillers hasn’t affected the fraction of the beta phase of PVDF.
The SEM images show that the Ba,; ,Sr,TiO; samples are
homogeneously distributed without contamination. The dielec-
tric properties have also been investigated, and it has been
found that the sample with x = 0.2 has a T temperature of 332
K, which is suitable for sensor applications. The ferroelectric
properties of the samples have been influenced by Sr doping,
and the sample with x = 0.0 shows the best energy storage
properties. On the other hand, the samples with x = 0.3 and
0.4 show small saturation polarization and a narrow P-E loop,
making them suitable for photovoltaic and piezoelectric AC
devices. Moreover, the sample with x = 0.1 shows a reasonably
high strain level of approximately 0.06%-in the form of a sprout
shape-and, consequently, a small hysteresis loop area, confirm-
ing its suitability for use in piezoelectric devices.
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