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Barium titanate (BaTiOs) is a perovskite material with remarkable dielectric, ferroelectric, and piezoelectric
properties, making it valuable in biomedical and functional devices. Its performance depends on the crystal
structure, phase purity, and particle size. Conventional synthesis methods are energy-intensive and less scal-
able. Microwave-assisted solvothermal synthesis provides a more efficient and scalable alternative, enabling
better control over particle characteristics. In this work, BaTiOs nanoparticles (BTNPs) were prepared using
the microwave-assisted solvothermal approach to examine how the reaction time affects their structural and
functional behaviour. Detailed characterization revealed that the sample synthesized within 30 minutes
achieved the highest crystallinity and the lowest defect density. This sample also exhibited fewer surface-
bound organic residues, mainly oxygen-bound metal precursors, compared to other samples. Morphological
analysis revealed that the 30 minute synthesis yielded smaller, well-crystallized particles, whereas extending
the reaction time led to agglomeration. These observations were further supported by surface potential
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measurements, which indicated improved colloidal stability. Overall, 30 minutes was identified as the optimal
synthesis time, producing BTNPs with superior crystallinity, phase purity, and functional properties. This study
underscores the microwave-assisted solvothermal approach as a rapid, energy-efficient, and scalable method
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Introduction

BaTiO;, a perovskite material, has emerged as an important
material in multilayer ceramic capacitors due to its dielectric
properties.”> The increasing demand for miniaturized elec-
tronic devices with improved performance has paved the way
for the utilization of BTNPs. The variation in the crystal struc-
ture leads to diverse properties such as ferromagnetic, piezo-
electric, pyroelectric and paramagnetic behaviour. BaTiO; is
well known for its temperature-dependent phase transitions,
which significantly influence its crystal structure. Additionally,
it is well established that the physical properties such as elec-
trical, mechanical, and dielectric characteristics of polycrystal-
line materials are intrinsically linked to their grain size. Grain
size-dependent phase transitions introduce intriguing material
properties, making BaTiO; one of the most extensively studied
and utilized ferroelectric materials.>* Notably, it has been
observed that reducing the grain size of polycrystalline BaTiO;
to the micron scale results in a substantial increase in its
dielectric constant at room temperature. The dielectric pro-
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to produce high-quality BTNPs for applications in the dielectric, optoelectronic, and biomedical fields.

perties of BaTiO; enable it to serve as an efficient electrical insu-
lator, minimizing charge leakage and preventing dielectric
breakdown. This characteristic is crucial for power transmission
systems, high-voltage insulation, and the protection of elec-
tronic circuits. BaTiO; further significantly improves the dielec-
tric properties of electronic devices via various nanostructured
forms of BaTiO;, including nanoparticles, nanowires, and
hollow nanostructures. Additionally, the nanoscale dimensions
enable better control over the material’s phase transitions and
polarization behavior, further enhancing its dielectric perform-
ance in advanced electronic and optoelectronic devices.’

BaTiO; belongs to the perovskite family, exhibiting a perovs-
kite crystal structure at temperatures below 1460 °C and transi-
tioning to a non-perovskite hexagonal polymorph at higher
temperatures. The crystal structure of BaTiO; is characterized by
a primitive cubic unit cell, where the larger A-site cation (typi-
cally a monovalent, divalent (Ba>"), or trivalent metal) occupies
the corners of the cube, while the smaller B-site cation (such as
a pentavalent, tetravalent (Ti*"), or trivalent element) resides at
the center of the cube. The oxygen anion typically occupies the
center of each face. The perovskite structure can be conceptual-
ized as a three-dimensional framework of TiOg octahedra, with
Ba®* having a coordination number of 12.° The perovskite struc-
ture of BTNPs enables it to generate charges when subjected to
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mechanical deformation, a phenomenon that arises due to the
asymmetric displacement of dipoles within its crystal lattice. This
deformation-induced shift in dipoles generates piezoelectricity,”
making BaTiO; an appealing material in science and engineering
applications. Recent research has increasingly explored the poten-
tial of BaTiO; for applications in the biological and medical
fields. Studies have demonstrated its suitability for various bio-
medical applications, including in vitro imaging,®® cell target-
ing,'® drug delivery,"* and its use as a nanotransducer within bio-
logical systems.">'? Furthermore, its inherent piezoelectric pro-
perties enable the generation of electromechanical stimulation,
which plays a crucial role in modulating cellular behavior under
pathological conditions. This unique characteristic has been
extensively leveraged in tissue engineering and regenerative medi-
cine, where BaTiOs-based materials are employed at a significant
scale to enhance cellular responses and promote tissue regener-
ation," and promote osteogenesis and accelerate bone tissue
repair in response to mechanical stimuli."?

Beyond their well-established dielectric and ferroelectric pro-
perties, BTNPs have also exhibited promising electrocatalytic pro-
perties, making them potential candidates for electroanalytical
applications. For instance, Balamurugan Arumugam et al
employed BaTiO; for electrochemical quantification of quinol, an
oncogenic pollutant. The fabricated sensor exhibited a lower limit
of detection (LOD) of 0.009 pM due to superior electrical conduc-
tivity of BaTiO;.'® In another study, BaTiO; nanocubes were
employed as an electroactive interface for the detection of aceta-
minophen and dopamine. The BaTiO; modified graphitic carbon
electrode (GCE) demonstrated a broad linear range of 10-100 pM
with a LOD of 0.35 pM for dopamine and 0.23 pM for acetamino-
phen." It is imperative to note that the enhanced electrochemical
properties of BTNP-based sensors are primarily attributed to the
physio-chemical properties of BTNPs that include a high surface
area to volume ratio, low aggregation, high catalytical activity and
ferroelectricity. Notably, all these properties heavily rely on the
structure and morphology of BTNPs which indeed are influenced
by the synthesis route. Hence, choosing an optimal synthesis
route is crucial for enabling optoelectronic and electroanalytical
applications of BTNPs.

The conventional methods for synthesizing BaTiOj3 typically
involve solid-state reactions at high temperature annealing to
attain specific phase formation and -crystallization. For
instance, BaTiO; powders can be produced through a high-
energy ball milling process, where mixtures of BaCO; and TiO,
powders are mechanically ground to reduce the particle size
and enhance homogeneity before undergoing high-tempera-
ture annealing to induce the formation of the desired perovs-
kite phase.'® Alternatively, when BaO and TiO, are used as
starting materials, a mechanochemical reaction initiated by
the intense energy input during ball milling can directly yield
BaTiO;."® However, these solid-state methods are often limited
by drawbacks such as contamination from milling media and
inhomogeneous particle size distribution, which directly
impact the functional properties of the resulting BTNPs.

To address these limitations, several chemical synthesis
methods have been developed, including solvothermal,*
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and co-precipi-
and catecholates,®’ which
have been employed to prepare BaTiO; powders from various
barium and titanium cation precursor solutions. These
methods enhance control over critical parameters such as par-
ticle size, morphology, and chemical homogeneity - factors
that are essential for tuning the crystal structure, phase purity,
and dielectric properties of BTNPs.*> Among these, the micro-
wave-assisted solvothermal method stands out due to its
ability to rapidly induce nucleation and crystallization,
offering finer control over nanoparticle growth Kkinetics.
Moreover, the method improves the stability of nanoparticle
synthesis, shortens processing times, and reduces energy con-
sumption, owing to the efficient dielectric heating mechanism
of microwaves that accelerates reaction rates and enhances
thermal uniformity.”*?

In this study, we assessed the structural and morphological
characteristics of BTNPs synthesized via microwave-assisted
solvothermal methods at different time intervals—10, 20, 30,
and 40 minutes—under constant temperature conditions. The
resulting BTNPs were analysed for their size distribution, crys-
tallinity, and phase purity, all of which are critical for optimiz-
ing their dielectric performance. This rapid and energy-
efficient synthesis method offers a promising approach for
producing high-quality BTNPs with enhanced uniformity and
functional properties, making them suitable for use in
advanced electronic devices and energy storage applications.

Materials and methods

Materials

Titanium butoxide (Ti(C4Hy0)4, 99% purity) and poly(vinyli-
dene fluoride) (PVDF, average M,, ~ 534 000 daltons by GPC)
were purchased from Sigma-Aldrich. Analytical grade barium
hydroxide octahydrate (Ba(OH),-8H,0) and potassium hydrox-
ide (KOH) were purchased from SRL. Anhydrous ethanol
(CH3CH,OH, 99.9% purity, Merck), deionized water (dH,O),
and nitric acid (HNOj, 65%, Merck) were used for the syn-
thesis. The indium tin oxide coated glass substrate (ITO) was
purchased from Shilpent Enterprises, India. Sodium chloride
(NaCl), potassium chloride (KCl), potassium ferricyanide
(K3[Fe(CN)g]), sodium diphosphate anhydrous [Na,HPO,], pot-
assium phosphate monobasic [NaH,PO,], and N-methyl-2-pyr-
rolidone (NMP) were sourced from SRL, India.

Synthesis of titanium dioxide sol

Titanium dioxide (TiO,) sol was prepared through the hydro-
lysis method. The sol preparation was carried out at a molar
ratio of 1:15:0.3:4 of Ti(C4Ho0);, CH;CH,OH, HNOj;, and
dH,0, respectively. Briefly, 2.62 mL of Ti(C4Hs0), was mixed
with 6.73 mL of CH;CH,OH under continuous stirring at 0 °C
using an ice bath to form solution A. Solution B was prepared
by mixing 1 mL of ethanol with 0.56 ml of dH,O, along with
0.146 mL of HNO;.

This journal is © The Royal Society of Chemistry 2025
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Subsequently, solution B was added dropwise to solution A
while maintaining the reaction mixture at 0 °C to control the
reaction rate and prevent hydrolysis exothermicity for a dur-
ation of 5 minutes. The formation of an opaque sol indicated
the successful hydrolysis and formation of TiO, sol. The
experiments were repeated in triplicate to ensure the reprodu-
cibility of the TiO, sol.

Earlier reports indicate that the impact of precursor concen-
tration on the rate of hydrolysis and condensation reaction is
amplified with an increase in mass fraction of Ti(C4HgO),,
resulting in a shorter time to generate TiO,, and decreases the
precursor utilization efficiency. Also, a higher mass fraction of
the precursor is more sensitive to water, leading to a more
violent reaction that can make the reaction less complete.**

Synthesis of BTNPs

To synthesize BTNPs, 5 ml of the prepared TiO, sol was mixed
with 0.152 M of Ba(OH),-8H,0 (i.e., 1.104 g of Ba(OH),-8H,0,
dissolved in 23 ml of dH,0). This mixture resulted in the for-
mation of a white precipitate, which was stirred until a homo-
geneous suspension was achieved. The pH of the solution was
then adjusted to 13 using a 5 M KOH solution. The resulting
solution was then transferred to a silicon carbide reaction tube
and subjected to microwave synthesis at 180 °C for 30 minutes
using a microwave reactor (Monowave 450 from Anton Paar).
The overall synthesis procedure is shown in Fig. 1. After syn-
thesis, the suspension was centrifuged at 6000 RPM for
20 minutes to separate nanoparticles from the liquid. The
supernatant was discarded, and the pellet was washed 2-3
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times with deionized water and ethanol to remove any residual
salts and unreacted chemicals. The final product was then
dried in a hot air oven at 50 °C for 24 hours to obtain BTNPs.

Characterization of BaTiO;

The formation of BTNPs was confirmed with the help of mul-
tiple characterization techniques. The crystal structure of
BTNPs was analysed using a Malvern Panalytical X-ray diffract-
ometer (XRD) (Aeris, UK), with 20 measurements taken
between 10° and 90° with a step size of 0.01087 and at a speed
of 29.07 times per step using the Cu Ka radiation source. The
baseline correction and peaks were identified using X'Pert
HighScore Plus. Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy (ATR-FTIR) was performed
with a Spectrum II spectrometer (PerkinElmer, USA) with the
spectra recorded over the wavenumber range of 400 to
2000 cm™". Thermal stability of the BTNPs was assessed via
thermogravimetric ~ analysis (TGA) using a Hitachi
STA200 Japan thermal analysis system, with measurements
conducted from 30 °C to 900 °C at a heating rate of 10 °C
min~". The analysis was performed with nitrogen as the pro-
tective gas to avoid oxidation with a flow rate of 100 ml min™".
A Scanning Electron Microscope (SEM) (Zeiss, Germany)
equipped with an Energy Dispersive X-ray (EDX) detector was
employed to analyse the particle morphology and structural
uniformity of BTNPs along with elemental composition with
an accelerating voltage of 15.00 kV. All samples were coated
with a thin layer of gold by sputtering for 60 seconds at a rate
of 30 mA before performing the imaging. The hydrodynamic
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Fig. 1 Schematic representation of BaTiO3 synthesis. (a) TiO, sol formation. (b) BaTiO3 synthesis.
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particle size and surface potential were measured using
Dynamic Light Scattering (DLS) at 25 °C with a Litesizer 500
(Anton Paar, Austria). For the particle size analysis, the
samples were dispersed in ethanol. The bandgap of the nano-
particles was determined from UV/Visible-Near Infrared
(UV-NIR) absorbance spectra using a Shimadzu instrument.
Raman spectroscopy was utilized to analyze the vibrational
modes and structural properties of the synthesized BTNPs.
Spectra were recorded over a range of 50 cm™ to 1000 cm™*
using a LabRAM HR Evolution Raman spectrometer. High-
Resolution Transmission Electron Microscopy (HR-TEM) ana-
lysis was performed using a JEM-2100Plus instrument (JEOL,
Japan) with an accelerating voltage of 200 kV. X-ray photo-
electron spectroscopy (XPS), also referred to as electron spec-
troscopy for chemical analysis (ESCA), was performed using a
PHI 5000 VersaProbe III system (Physical Electronics, Japan) to
investigate the elemental composition and oxidation states of
the material. The spectra were recorded with Al Ka radiation
(1486.6 €V, 24.92 W) as the excitation source at a 45° incident
angle. Data processing, including background subtraction and
peak deconvolution, was carried out using OriginPro software.
The electrochemical measurements were conducted using a
CHI-760E electrochemical workstation (CH Instruments, USA).
Cyclic voltammetry (CV) was employed to assess the electro-
chemical properties of BTNPs. BTNPs were deposited onto ITO
through drop casting, as reported elsewhere.*® Briefly, 50 mg
of BTNPs was dispersed in 200 pL of NMP followed by addition
of the PVDF binder (5 mg). The mixture was subjected to bath
sonication for 30 minutes to obtain uniform dispersion.
Subsequently 50 pL of the resulting mixture was drop casted
onto the ITO electrode and air dried at 80 °C for 12 hours. CV
experiments were carried out by ramping/sweeping the poten-
tial from —0.8 to +0.8 V at a scan rate of 0.05 V s " All
measurements were carried out in a conventional three-elec-
trode electrochemical cell with indium tin oxide (ITO) as the
working electrode, Ag/AgCl (3 M KCl) as the reference elec-
trode and a platinum wire as the counter electrode. Potassium
ferricyanide (K;[Fe(CN)e]) prepared in PBS (1%, pH 7) was used
as the redox probe and supporting electrolyte for CV studies.

Results
Crystal structure elucidation through XRD

Fig. 2 presents the XRD patterns of BTNPs synthesized via the
microwave solvothermal method at 180 °C for different reac-
tion times.

The characteristic diffraction peaks corresponding to the
cubic and tetragonal phases of BaTiO; are typically dis-
tinguishable by peak splitting at 20 = 45°, where the tetragonal
phase exhibits a split in the (200) reflection, serving as a key
marker of the phase transition.?”°

In this study, no such peak splitting was observed at 20 =
45°, indicating the absence of the tetragonal phase. Instead, a
single sharp reflection corresponding to the (200) plane
suggests that the synthesised BTNPs predominantly crystallize
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Fig. 2 XRD patterns of the BaTiOs samples synthesized using the
microwave solvothermal method at 180 °C for (a) 10 minutes, (b)
20 minutes, (c) 30 minutes, and (d) 40 minutes.

in the cubic phase. Notably, the diffraction pattern of the
sample synthesized for 30 minutes shows increased peak
intensity, indicative of enhanced crystallinity, likely due to
improved atomic ordering and reduced defect density because
of the prolonged synthesis time. Furthermore, the increased
intensity could also indicate a reduction in secondary phases
or impurities, which might have been present in samples with
shorter reaction times. Longer reaction times may allow for
stress relaxation within the crystal lattice, leading to sharper
peaks and improved crystallinity.

The XRD pattern of the synthesized BTNPs exhibits charac-
teristic peaks at 26 values of 22.1°, 31.4°, 38.7°, 45.1°, 50.7°,
55.9°, and 65.5°, corresponding to the (100), (110), (111), (200),
(210), (211), and (220) crystallographic planes, which are,
respectively, in accordance with the standard diffraction
pattern of cubic BaTiO;. Additional diffraction peaks observed
in the BTNPs at 24°, 34°, and 42° could be indexed to barium
carbonate (BaCO;), a commonly reported impurity in the
hydrothermal synthesis of BaTiO,;.*°** The emergence of
BaCO; is from the remarkable surface reactivity of BTNPs
with atmospheric CO, on BaO-terminated surfaces.”> In
addition, the peak at 47° may arise from secondary TiO,
phases, which are predominantly associated with the anatase
phase.*®*”

The crystallite size (D) of BTNPs synthesized at various reac-
tion times was estimated using Schetrer’s equation.*®*°

ke
" Pcosd

where D is the crystallite size, 4 is the X-ray wavelength, f is the
full width at half maximum (FWHM) of the diffraction peak, 6
is the Bragg angle, and & is the shape factor, taken as approxi-
mately 0.91. The crystallite sizes calculated from individual
diffraction peaks were averaged for each sample. The mean
crystallite sizes for BTNPs synthesized at 10, 20, 30, and

This journal is © The Royal Society of Chemistry 2025
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40 minutes were approximately 22 nm, 21 nm, 20 nm, and
23 nm, respectively. Among these, the sample synthesized at
30 minutes exhibited the highest degree of crystallinity,
suggesting that this condition favoured improved crystal
formation.

Analysis of chemical bond vibrations and composition

The ATR-FTIR spectrum of BTNPs is presented in Fig. 3.
Infrared spectra were recorded for all samples synthesized at
different time intervals, with prominent peaks observed across
all four samples.

The characteristic peaks observed between 510-550 cm™
and 415-440 cm™" correspond to the stretching and bending
of Ti-O bonds.’”' The precise position of Ti-O vibrational
modes is known to be sensitive to the crystallographic phase
of BaTiO;, exhibiting characteristic shifts depending on
whether the material adopts a cubic or tetragonal structure. In
the present study, all synthesized BTNPs exhibited features
consistent with the cubic phase, as evidenced by the absence
of phase-splitting and the symmetry of the peaks in the XRD
patterns. These peaks are consistent with the vibrational
modes of titanium-oxygen octahedra within the BaTiO; crystal
lattice. A broad absorption band observed in the range of
1620-1650 cm™ " is assigned to O-H bending vibrations H-O-
H, typically associated with adsorbed water molecules. This
feature likely arises from the interaction of metal oxides with
atmospheric moisture. Additionally, the presence of this band
may be attributed to the formation of water of crystallization
in the BTNPs, potentially resulting from the use of hydrates
during synthesis.>

Additional peaks in the range of 1055-1065 cm = are
indicative of Ti-O linkages or C-O stretching vibrations, poss-
ibly resulting from residual TiO,.”* In the sample synthesized
for 10 minutes, additional peaks were observed: the peak at
1115 cm™" suggests the C-O groups attached to Ti particles,>*
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Fig. 3 FTIR spectra of BaTiOs synthesized at (a) 10 minutes, (b)
20 minutes, (c) 30 minutes, and (d) 40 minutes.
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while the peak at 1180 cm™" is attributed to C-O stretching
vibrations, possibly from alcohols.

Determination of the optical band gap and absorption
characteristics

The UV-NIR absorbance spectra of BTNPs synthesized at
varying time intervals are shown in Fig. 4. All samples showed
maximum absorbance within the range of 200-400 nm.

The absorbance data were used to determine the optical
bandgap energy (E,) using the Tauc relation:

(ahv)""™ = A(hv — Ey)

where o is the absorption coefficient, A is a proportionality
constant, v is the transition frequency, E, is the bandgap
energy, and n in the exponent indicates the nature of the elec-
tronic transition and takes values of 1/2 and 2 for direct and
indirect bandgaps. As shown in Fig. 4, we observed the best fit
for n = 1/2, implying direct electron transitions in the syn-
thesized BTNPs. The optical bandgap of BaTiO; was calculated
by extrapolating the plot of [energy (eV) vs. (ahv)?] to intercept
the energy axis,”* as shown in Fig. 3. The bandgap of BTNPs
synthesized at 10 minutes was found to be 3.209 eV which
decreased to 3.126 eV and 3.127 eV at the synthesis time 20
and 30 minutes followed by an increase to 3.145 eV at
40 minutes. The results indicate that the bandgap energy of
the nanoparticles decreased with increasing synthesis time up
to 30 minutes. The variation in the band gap is due to the crys-
tallinity and defect density in nanomaterials. The prolonged
synthesis time enhances crystallinity and structural ordering,
which contributes to a slight reduction in band gap
energy.>>® Conversely, shorter synthesis durations may intro-
duce a higher density of structural defects or amorphous
phases, thereby widening the band gap. With continued syn-
thesis, the progressive reduction in defect density results in a
further narrowing of the band gap.”>®” However, after
30 minutes of synthesis, the bandgap started to increase
again, likely due to agglomeration or growth of larger particles.

The observed reduction in E, can be explained by consider-
ing oxygen and barium vacancies, which lead to the formation
of midgap defect states and consequently result in a reduction
of the band gap.”® The further increase of E,, 3.145 €V in
BTNPs synthesized at 40 minutes, can be attributed to the
absence of barium vacancies. However, it still remains lower
than that of BTNPs at 10 minutes, likely due to more oxygen
vacancies present at 40 minutes.’® The findings align well with
the XPS findings, indicating a significant effect of oxygen and
barium vacancies on the optical properties of BaTiO;.

Additionally, the presence of such vacancies results in an
absorption tail just below the band gap edge, which is called
the Urbach tail. The energy associated with the Urbach tail is
termed the Urbach energy, which represents the structural dis-
order in any crystal lattice. It can be quantified by using the
following equation:

a = ag exp(hv/Ey)
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Fig. 4 UV-NIR absorbance spectra of BTNPs synthesized at (a) 10 minutes, (b) 20 minutes, (c) 30 minutes, and (d) 40 minutes.
where a, is a constant of proportionality and E,, is the Urbach
energy. The Urbach energy can be determined by finding the 100 | ;g 2:::
inverse of the slope of the linear regression in the plot of In (a) i : ——30 mins
against photon energy, which determines the Urbach plot. The i i ——40 mins
Urbach plot for all the BTNPs is shown in Fig. S1. The E, for 981 ! I 518.-860°C I
. . . - i : :
BTNPs synthesized at 10 minutes was determined to be I i
109 meV which increased to 117 meV at 20 minutes, most @ 96 ! !
. . . . ! ! i
likely due to point defects induced by barium and oxygen 2 i i !
. . 58,60 = i ; !
vacancies.”®*” The E, decreased to 100 meV for the BTNPs at S 94 : ! i 6.10%
. . . o ! i 0
30 minutes as both the barium and oxygen vacancies = i i : 6.39%
decreased, enhancing the structural order. The further 92 : ! i T44%
increase to 163 meV at 40 minutes can be attributed to reintro- i i :
duction of oxygen vacancies that causes broadening of the l' : i 9619
Urbach tail.®® The Urbach analysis corroborates well with the 90 : : ! :
T

XPS findings. Altogether, varying the microwave processing
time influences barium and oxygen vacancies and conse-
quently the optical properties of BTNPs.

Evaluation of thermal stability and decomposition behavior

Fig. 5 presents the TGA curves of the synthesized BTNPs, with
thermal stability assessed over the temperature range of 30 °C
to 900 °C. The TGA curves for all samples exhibit two distinct

28038 | Nanoscale, 2025, 17, 28033-28051
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Fig. 5 TGA curves of BaTiOs at different synthesis times.

stages of weight loss. The first weight loss, occurring between
room temperature and 260 °C, is attributed to the release of
adsorbed moisture and the breakdown of organic compounds

This journal is © The Royal Society of Chemistry 2025
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unstable at elevated temperatures.®’ This implies that the
surface of the BTNPs contains a considerable amount of moist-
ure, which aligns with ATR-FTIR and could play a role in influ-
encing the nanoparticle’s surface chemistry, especially in
applications such as catalysis or dielectric materials where
surface properties are critical. The lower weight loss in the
30 minute sample suggests a more complete crystallization
process, potentially leading to a reduced number of surface
defects or hydroxyl groups.

The second stage of weight loss, observed between 630 °C
and 860 °C, is associated with the decomposition of the OH
groups chemically linked to Ba-O and Ti-O within the BaTiO;
lattice. Specifically, the dehydroxylation of Ba-O bonds occurs
at lower temperatures, while the removal of Ti-O-bound
hydroxyl groups requires higher temperatures due to the stron-
ger bond dissociation energies.®” The removal of oxygen
vacancies or other lattice defects could contribute to the
observed weight loss in this temperature regime. All samples
remained stable above 900 °C, indicating the complete
removal of residual organic compounds and precursors.
Notably, the sample synthesized for 30 minutes showed the
smallest percentage of weight loss, which suggests improved
crystallinity and higher phase purity. The reduced weight loss
for the sample synthesized for 30 minutes could be an indi-
cator of fewer lattice defects, as the prolonged synthesis time
allows for better densification and crystallization of the nano-
particles. This also suggests improved structural ordering, as
indicated by the lower dehydroxylation rates. This observation
aligns with the XRD results, further supporting the conclusion
that this sample has undergone more complete crystallization
and densification.

Spectral characterization of phonon and lattice vibrations

Raman spectroscopy was employed to identify phase tran-
sitions and quantify impurity phases in the BTNPs. It is well
established that BaTiO; with a tetragonal crystal structure
(space group P4mm) exhibits characteristic Raman-active
vibrational modes, specifically A;(1TO), A,(2TO), E(2TO),
A4(3TO), and A;(3LO)/E(LO).** In contrast, the cubic phase
(space group Pm3m) is Raman-inactive due to the isotropic dis-
tribution of electrostatic forces, attributed to the high-sym-
metry octahedral environment (Oy, symmetry) surrounding the
Ti'" ions within the TiOg octahedra.®*®> However, the presence
of oxygen vacancies and other lattice defects disrupts the local
cubic symmetry, thereby relaxing selection rules and activating
Raman modes even in the cubic phase. Such behaviour is well
established in perovskite oxides, including BaTiO; and related
materials.®®®” In addition, the Raman spectra of these nano-
particles may also indicate the presence of a non-dominant
tetragonal phase or pseudo-cubic structure, which has its own
Raman-active modes. The presence of these modes provides
evidence of the deviation from the pure cubic phase due to the
presence of local structural distortions in the crystal
structure.®®%°

The Raman spectra of the BaTiO; samples were recorded in
the range of 50-1000 cm ™", as presented in Fig. 6.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Raman spectra of BaTiO3 synthesized at different time durations.

Distinct Raman shifts observed at 181, 268, 305, 515, and
713 cm ™" correspond to the characteristic vibrational modes of
BaTiO;. The broad peaks at 270 and 305 cm ™" are attributed to
vibrations within the TiOg octahedral groups, which are funda-
mental structural units in BaTiO;.'' The additional peaks
observed in the 120-150 cm™" range of the Raman spectra do
not correspond to the standard Raman-active modes of cubic
BaTiO;. Such features are commonly attributed to lattice dis-
order, structural defects, or B-site vacancies in perovskite
materials, which induce local symmetry breaking and allow
otherwise inactive modes to appear in the Raman spectra.®”

The Raman peaks observed for BTNPs at 181, 305, 515, and
713 cm™ " were attributed to the following vibrational modes:
A1(TO) and E(LO) at 181 cm™*; B1 and E(TO + LO) at 305 cm ™ ’;
A1(TO) and E(TO) at 515 cm™'; and A1(LO) and E(LO) at
713 em™.7° The peak at 514 cm™" is associated with displace-
ment of oxygen atoms*' within the Ti-O framework, reflecting
the local distortions of the octahedral environment. The
absence of a distinct peak at 305 cm™", which is characteristic
of the tetragonal phase, in Fig. 5 indicates that the tetragonal
phase is not dominant in the synthesized BTNPs. This
suggests that the powders predominantly exhibit a locally sym-
metric (cubic) environment, with only minor structural
distortions.”

Measurement of the hydrodynamic diameter and surface
potential

Fig. S2 illustrates the hydrodynamic diameter and zeta poten-
tial measurement of the synthesized BTNPs. The particle size
distribution for all samples shows monodisperse peaks, with a
polydispersity index below 0.3, indicating a narrow size distri-
bution and uniformity in particle size. The mean hydrodyn-
amic diameters of the nanoparticles synthesized at 10, 20, 30,
and 40 minutes are 314 nm, 266 nm, 250 nm, and 272 nm,
respectively, as shown in Fig. S2a. Notably, the smallest hydro-
dynamic diameter is observed at the 30 minute synthesis time,
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suggesting optimal conditions for particle size reduction
during this time interval. However, the slight increase in size
after 30 minutes suggests that, beyond this time, agglomera-
tion of the particles occurs, leading to a larger particle size
despite improved stability (with a higher zeta potential of
20.0 mV), as shown in Fig. S2b. This highlights the importance
of fine-tuning synthesis times to achieve the desired nano-
particle size. The reduction in particle size observed for the
30 minute sample also ties into the UV-NIR absorbance
spectra and optical bandgap findings.

The corresponding zeta potential values, depicted in
Fig. S2b, are 5.3 mV, 10.7 mV, 9.6 mV, and 20.0 mV for the
samples synthesized at 10, 20, 30, and 40 minutes, respect-
ively. The zeta potential values above 10 mV for the sample
synthesized at 40 minutes indicate improved colloidal stability,
with the highest zeta potential of 20.0 mV observed, suggesting
enhanced electrostatic repulsion between particles compared
to other samples. However, it is evident that prolonged hydro-
thermal synthesis leads to limitations such as increased par-
ticle size and agglomeration, likely due to enhanced particle-
particle interactions.”” The observed variation in hydrodyn-
amic diameter and zeta potential across the synthesis times
reflects the influence of processing conditions on particle size
and surface charge, both of which are critical parameters in
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Gun Vacuum = 1.20-09 mbar [N
Mag= 100.00K X

View Article Online

Nanoscale

determining the colloidal stability and dispersibility of the
nanoparticles.

Assessment of structural features and size distribution of
particles

The surface morphology of the BTNP samples was investigated
using SEM analysis, as shown in Fig. 7. A clear variation in
morphology is observed with the synthesis time. The samples
prepared at 20 and 30 minutes exhibit uniformly distributed
particles, with the 30 minute sample (Fig. 7c) exhibiting the
most refined and homogeneous structure.

In contrast, the samples synthesized at 10 and 40 minutes
(Fig. 7a and d) show evident particle aggregation. Using
Image] software, the particle sizes were quantitatively ana-
lyzed, and the corresponding size distributions are shown as
histograms in Fig. S3. The average particle sizes observed from
the size distribution chart for the 10, 20, 30, and 40 minute
samples were 89.75 nm, 63.44 nm, 51.55 nm, and 84.42 nm,
respectively. Among these, the 30 minute sample demon-
strated the smallest average size and the most uniform distri-
bution, suggesting that this synthesis duration is optimal for
producing particles with minimal size and high monodisper-
sity. The uniformity in particle size observed under SEM
mirrors the low polydispersity index (PDI) found in DLS
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Fig. 7 SEM images of the fabricated nanomaterials at (a) 10 minutes, (b) 20 minutes, (c) 30 minutes, and (d) 40 minutes.
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measurements, further confirming that 30 minutes is the
optimal synthesis duration for the reduced particle size.
Additionally, the moderately high zeta potential currently
suggests good colloidal stability, preventing aggregation,
which is reflected in the SEM results showing well-separated
particles.

Evaluation of elemental distribution across the surface

Fig. 8 presents the EDX analysis for the BTNPs synthesized at
different time intervals. The EDX spectra confirms the elemen-
tal composition of the samples, showing the presence of
barium (Ba), titanium (Ti), and oxygen (O) across all synthesis
durations, as depicted in Fig. 8(a-d).

The elemental composition varies with the synthesis time,
with the most notable changes observed in the oxygen
content. Specifically, the oxygen composition is notably lower
in the nanoparticles synthesized for 30 minutes, which also
exhibit the highest stability and crystallinity due to oxygen
vacancies. This observation is consistent with the TGA results,
which indicated a lower prevalence of oxygen-bound metal pre-
cursors in the 30 minute sample compared to the other
samples. The lower oxygen content (atomic% = 19.78), as
shown in Fig. 8c, at 30 minutes correlates with the improved
structural order observed in the XRD results, highlighting that
the optimal synthesis time not only achieves better crystallinity
but also minimizes the presence of oxygen-related defects or
residuals.

High-resolution imaging of internal lattice features

The highly refined nanostructure obtained after 30 minutes of
synthesis was further characterized by HR-TEM, as shown in
Fig. 9, to assess its crystallinity and internal lattice structure
with high-resolution detail (Fig. 9a and b).

Element
o
Ti

Ba

Element Atomic % |98
[e) 19.78
Ti 42.28

Ba 37.94
Total:

View Article Online
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Fig. 9d presents the selected area electron diffraction
(SAED) pattern, which reveals concentric polycrystalline diffr-
action rings corresponding to the interaction of the electron
beam with the crystalline domains. The diffraction pattern is
in excellent agreement with the characteristic cubic perovskite
crystal structure of BaTiOj, as corroborated by the XRD ana-
lysis. The first six diffraction rings are indexed to the (100),
(110), (111), (200), (210), and (211) crystallographic planes,
confirming the structural integrity of the material in the cubic
phase.

Additionally, the HR-TEM image of an isolated BaTiO;
nanocrystal, shown in Fig. 9c, provides a detailed view of the
atomic arrangement. The presence of well-defined lattice
fringes with an interplanar spacing of dy;0 = 0.239 nm sub-
stantiates the single-crystalline nature of the nanoparticles,
demonstrating their high degree of crystallinity.

Analysis of surface-bound elements and their elemental states

The XPS survey spectrum confirmed the presence of barium
(Ba), titanium (Ti), oxygen (O), and carbon (C) species
(Fig. 10). To gain further insights into the electronic structure
and oxidation states of the elements, the characteristic peaks
corresponding to Ba 3d, O 1s, and Ti 2p were systematically
deconvoluted and analysed. Baseline correction for all decon-
voluted spectra was performed using OriginPro software, and
the background was subtracted following the Tougaard
method to ensure accurate peak fitting and interpretation.

The XPS spectra of Ba atoms for all the samples synthesized
at varied time intervals are presented in Fig. 11(a-d). As shown
in the figure, all BINP samples exhibit two distinct Ba 3d
spin-orbit states, where the peaks in the binding energy range
of 777.0-780.0 eV correspond to Ba 3ds,,, while those between
793.5 and 795.5 eV correspond to Ba 3d;,,.%°

Element Atomic % |

) 47.19
Ti 26.13
Ba 26.68
100.00

Element Atomic % |
o 35.56 |F
Ti
Ba

100.00 % sigﬁ".

Fig. 8 EDX spectra of BTNPs synthesized at various time intervals: (a) 10 minutes, (b) 20 minutes, (c) 30 minutes, and (d) 40 minutes.
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Fig. 9 TEM images of BaTiOs synthesized at 30 minutes. (a and b) TEM images at different magnifications; (c) HR-TEM image and (d) selected area

electron diffraction (SAED) pattern.
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Fig. 10 XPS survey spectra of BaTiOz fabricated at (a) 10 minutes, (b)
20 minutes, (c) 30 minutes, and (d) 40 minutes.

From Fig. 11(a and d), the binding energy separation
between Ba 3ds,, and Ba 3dj;, is found to be 15.3 eV,”* which
is consistent with the findings reported by Hudson et al.”* In
contrast, Fig. 11(b and c) reveal a splitting in both spin states,
which implies that the peaks with higher intensities at the

28042 | Nanoscale, 2025, 17, 28033-28051

binding energies (778.2, 778.6 eV for Ba 3ds,, and 793.5, 794.0
eV for Ba 3d;),) are designated as Ba I, while the peaks with
lower intensities at the binding energies (779.4, 780.0 eV for
Ba 3ds, and 794.8, 795.5 eV for Ba 3ds.,) are labelled as Ba
IL.°” The peaks at 778.6 and 794.0 eV can be attributed to point
defects arising from barium vacancies.”> The fitting para-
meters corresponding to all the peaks in Fig. 11 are summar-
ized in Table 1.

Additionally, the binding energy difference between Ba I
(Ba 3ds/,) and Ba I (Ba 3ds/,) is measured as 15.3 eV in Fig. 11b
and 15.4 eV in Fig. 11c. These values correspond to BaTiOs,
confirming the formation of the perovskite phase. The Ba I
and Ba II species are attributed to BaO and BaO,, respectively,
both of which exist in the Ba** oxidation state.”®”® The oxi-
dation state of oxygen (O) is —2 in BaO and —1 in Ba0,.”® In
the BaO phase, barium typically exhibits a six-coordinate
environment, forming an octahedral arrangement with six
oxygen atoms. In the BaO, phase, barium is seven-coordinate,
adopting a distorted pentagonal bipyramidal geometry with
oxygen atoms. Additionally, the oxygen in BaO, exists as O,
dumbbells, rather than individual oxygen atoms as in BaO.*°
Surface oxidation of BaTiOj;, resulting in the formation of
BaO, like species, can substantially modify its surface chem-
istry, thereby influencing its electrical, optical, and catalytic

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Deconvoluted spectra of Ba 3d of BaTiOs fabricated at (a) 10 minutes, (b) 20 minutes, (c) 30 minutes, and (d) 40 minutes.

Table 1 Fitting parameters of Ba 3d XPS spectra for the BTNPs syn-
thesized under varying reaction time conditions

Samples fabricated at Binding FWHM
different time intervals Ba 3d energy (eV)  Area (eV)
10 min 3d5/2 — 779.2 3847.99 2.27
3d3/2 — 794.5 2691.06 2.35
20 min 3d5/2 BaO 778.2 6704.32 1.38
BaO, 779.5 5440.79 1.65
3d3/2 BaO 793.5 4582.49 1.46
BaO, 794.8 4257.07 1.83
30 min 3d5/2 BaO 778.6 10523.02 1.83
BaO, 780.0 3084.90 1.41
3d3/2 BaO 794.0 8586.27 2.15
BaO, 795.5 1162.83 1.30
40 min 3d5/2 — 779.5 11520.04 2.01
3d3/2 — 794.8 8101.78 2.11

properties. This transformation is frequently observed at the
surface due to the thermodynamic instability of BaTiO; under
specific environmental conditions, which promotes the leach-
ing of Ba>* ions and the development of a titanium-enriched
surface layer.?' %

This journal is © The Royal Society of Chemistry 2025

The deconvoluted XPS spectra of oxygen atoms in the BTNP
samples corresponding to various reaction times are presented
in Fig. 12(a-d). The O 1s XPS spectra of all the samples are
shown in Fig. 12, which exhibit multiple peaks corresponding
to different oxygen species. A literature survey suggests that the
binding energy of oxygen varies depending on its chemical
environment. Specifically, the peaks observed in the binding
energy range of 528.8-530.0 eV correspond to lattice oxygen
(0*7), which is associated with the Ti-O bonds in BaTiOj;. The
peaks appearing between 530.0 and 531.5 eV are attributed to
ionized oxygen vacancies or defects, while those in the range of
531.5-532.5 eV correspond to adsorbed oxygen species, includ-
ing carbonates, hydroxyl groups, or water molecules.®*"*®

A comparative analysis of the spectra in Fig. 12(a-d) indicates
that BTNPs synthesized at 30 minutes (Fig. 12¢) exhibit enhanced
crystallinity, with the supporting area values presented in Table 2,
which are characterized by an increased proportion of lattice
oxygen and a reduction in adsorbed oxygen and oxygen defects.
This observation aligns with the EDX analysis, which shows a
relative decrease in the oxygen content at this synthesis duration.
The fitting parameters for Fig. 12(a-d) are provided in Table 2.
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Fig. 12 Deconvoluted XPS spectra of O 1s of BaTiO3 fabricated at (a) 10 minutes, (b) 20 minutes, (c) 30 minutes, and (d) 40 minutes.

Table 2 Fitting parameters of O 1s XPS spectra for BaTiOs; formed at
distinct time intervals

Samples

fabricated Binding

at different time energy FWHM

intervals O1s (eV) Area (eV)

10 min Lattice oxygen 529.7 3925.37 2.38
Oxygen defect 531.2 699.81 1.24
Adsorbed oxygen 532.1 2965.76  2.07

20 min Lattice oxygen 529.2 3556.66 1.23
Oxygen defect 530.0 3480.22 2.75
Adsorbed oxygen 532.2 1556.07 2.69

30 min Lattice oxygen 529.4 6664.86 1.58
Oxygen defect 531.0 858.94 1.21
Adsorbed oxygen 531.9 1363.57 2.47

40 min Lattice oxygen 529.8 6317.09 1.56
Oxygen defect 531.3 1208.36 1.23
Adsorbed oxygen 532.0 1628.43 1.97

Furthermore, the presence of a higher concentration of lattice
oxygen in BTNPs synthesized at 30 minutes is corroborated by
the area under the curve in Table 2, which shows a significant
increase compared to other synthesis durations.

28044 | Nanoscale, 2025,17, 28033-28051

The high-resolution XPS spectra of the Ti 2p region, after
deconvolution, are presented in Fig. 13(a-d). All samples
exhibit two primary peaks, which correspond to the spin-orbit
splitting of Ti 2p3,, and Ti 2p4,,, appearing within the binding
energy ranges of 457.7-458.1 eV and 463.4-463.7 ¢V,
respectively.

These binding energy values agree with previously reported
XPS data for Ti*", confirming the oxidation state of titanium in
the samples.’”°° The fitting parameters for all peaks observed
in Fig. 13 are detailed in Table 3. Together, the high-resolution
XPS analysis of Ba, O, and Ti confirms the formation of a
phase-pure BaTiO; perovskite structure at 30 minutes of syn-
thesis, with reduced surface defects and enhanced lattice
oxygen incorporation which together signify improved crystalli-
nity and chemical homogeneity.

Probing interfacial electron transfer kinetics through cyclic
voltammetry

Fig. 14a presents the CV curves of bare ITO and ITO modified

BTNPs-20 minutes and BTNPs-30 minutes, each exhibiting a
duck-shaped CV curve with varying redox peak currents. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Deconvoluted XPS spectra of Ti 2p of BaTiO5 fabricated at (a) 10 minutes, (b) 20 minutes, (c) 30 minutes, and (d) 40 minutes.

Table 3 Fitting parameter of Ti 2p XPS spectra for the BaTiO3 synthesis
conducted for different time durations

Samples fabricated at Binding FWHM

different time intervals  Ti 2p energy (eV)  Area (eV)

10 min 2p3/2 457.8 1826.38 1.60
2p1/2 463.4 829.23 2.28

20 min 2p3/2 457.7 4432.26 1.26
2p1/2 463.4 2339.65 2.29

30 min 2p3/2 457.9 5000.12 1.34
2p1/2 463.5 2615.71 2.47

40 min 2p3/2 458.1 5135.30 1.45
2p1/2 463.7 2679.43 2.50

modification of ITO with BTNPs-20 and BTNPs-30 demon-
strated higher peak current, highlighting enhanced interfacial
electron transfer kinetics. Specifically, BTNPs-30/ITO revealed
a higher anodic peak current (I,,) of 587 pA, compared to
BTNPs-20/ITO which exhibited an I,, of 534 pA, indicating
higher conductivity and electrocatalytic properties of BTNPs-
30.°" Such enhancement can be ascribed to improved crystalli-
nity, smaller particle size and homogeneous morphology

This journal is © The Royal Society of Chemistry 2025

which enables rapid electron transfer at the interface.'® In con-
trast, the partial aggregation of BTNPs, as seen in Fig. 7b
(BTNPs-20), restricts electron transfer, leading to a reduced I,,,.

We further conducted CV at distinct scan rates to examine
the electron transfer kinetics at the BTNPs-30/ITO-electrolyte
interface. As depicted in Fig. 14b, increasing the potential
scan rate from 0.01 to 0.1 V s™" resulted in an increase in
redox peak currents (I, and I,.), consistent with the Randle-
Sevcik equation given below.

I, = (2.69 x 10°)n3/2AD">Cv /2

where n refers to the number of electrons involved in the redox
process (for Fe(CN)s>~*~, n = 1), D is the diffusion coefficient
of the electroactive species in cm® s™", C is the concentration
of the electroactive species in mol cm™ (5 mM of ferricyanide),
v is the scan rate in V s™, and A is the electroactive surface
area in cm” (here A = 1 cm?). As illustrated in Fig. 14c, linear
dependence of Iy, and cathodic peak current (I,;) on the
square root of the scan rate with a linear regression equation
of Ip, = 0.00255v" + 1.83 x 107° (I,, in A, v in Vs7'; R* =
0.994) and I,. = —0.00188v""* — 1.49 x 10™* (I in A, v in V s77;
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(a) CV curves of bare ITO, BTNPs-20/ITO and BTNPs-30/ITO. (b) CV curves of BTNPs-30/ITO at different scan rates. (c) Anodic and cathodic

peak current dependence on the square root of the scan rate. (d) Variation of peak-to-peak separation potential with respect to the square root of

the scan rate.

R* = 0.990) affirms diffusion controlled reaction kinetics at the
interface.”” The peak-peak separation potential (AE,) also
exhibited linear dependence on the v*/?, as shown in Fig. 14d,
with a linear regression equation of AE,, = 0.54v"> + 0.065 (AE,
in V, vin V s™'; R* = 0.997), indicating quasi-reversible charac-
teristics of BTNPS-30/ITO. The anodic to cathodic peak current
ratio (Ia/Ipc) of 1.01 marginally higher than unity further vali-
dates the quasi-reversibility of electron transfer kinetics at the
BTNPs-30/ITO-electrolyte interface.”

Discussion

The systematic characterization of BTNPs synthesized via the
microwave solvothermal method at various time intervals pro-
vides valuable insights into the effects of the synthesis time on
their structural, optical, surface, and compositional attributes.
XRD analysis confirms that the synthesized BTNPs predomi-
nantly crystallize in the cubic phase, with no evidence of the
tetragonal phase, as indicated by the absence of peak splitting
at 260 = 45°. The increased peak intensity and sharpness for the
sample synthesized for 30 minutes point to improved crystalli-
nity, reduced defect density and larger coherent scattering
domains. This finding is corroborated by the TGA results,

28046 | Nanoscale, 2025, 17, 28033-28051

where the 30 minute sample exhibits the lowest total weight
loss, indicating more complete crystallization and higher
phase purity and fewer residual organics. Together, the XRD
and TGA results together demonstrate that extending the syn-
thesis time to 30 minutes optimizes the crystallinity of the
nanoparticles, which is critical for achieving crystallographi-
cally ordered and thermally stable BTNPs. FTIR spectra con-
firms the perovskite structure of BaTiO; and reveals the pres-
ence of surface-bound functional groups, such as OH™ and car-
boxylate residues, more prominent in shorter-duration
samples. The lower oxygen content observed in the 30 minute
sample, as confirmed by EDX analysis, aligns with the TGA
findings of reduced hydroxyl groups. This reduction in oxygen
content is associated with diminished surface hydroxylation
and improved lattice ordering, supporting the XRD and TGA
observations.

UV-NIR absorption spectroscopy indicates that the optical
bandgap energy decreases with increased synthesis time up to
30 minutes, reflecting a reduction in particle size and
enhanced crystallinity. Beyond 30 minutes, a slight bandgap
widening is observed, possibly due to particle agglomeration
or growth. These findings are consistent with the DLS data,
which show the smallest hydrodynamic diameter for the
30 minute sample, indicating a critical threshold for particle

This journal is © The Royal Society of Chemistry 2025
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size reduction. The observed optical bandgap behavior eluci-
dates the importance of the synthesis time duration on the
electronic properties.

SEM analysis revealed that the BTNPs synthesized at
30 minutes exhibited a well-defined morphology with a
uniform and narrow particle size distribution. This obser-
vation is consistent with DLS measurements, which showed
the smallest hydrodynamic diameter at this time point.
Notably, the particle size remained minimized at 30 minutes
but increased beyond this duration, likely due to the onset of
particle agglomeration or growth. This trend is corroborated
by crystallite size estimations from the XRD data using the
Scherrer equation, which also indicated the smallest crystallite
dimensions at 30 minutes, further supporting the observed
size evolution. In contrast, the samples synthesized at 10 and
40 minutes showed significant particle aggregation in SEM
images, reflecting poorer control over particle dispersion and
size uniformity. These findings are additionally supported by
zeta potential measurements, where the 30 minute sample
exhibited moderate colloidal stability, limiting particle-par-
ticle interactions and thereby preserving uniform dispersion.

Raman spectroscopy provided valuable insights into the
vibrational behavior of the TiOg octahedral units and the
structural characteristics of the BTNPs. The presence of
broad Raman peaks and subtle shifts in the vibrational
modes, particularly those associated with Ti-O bonds, indi-
cates local distortions within the crystal lattice and suggests
partial structural disorder or a coexistence of cubic and tetra-
gonal phases. This interpretation is further supported by
ATR-FTIR spectra, where the Ti-O stretching vibrations
observed in the 510-550 cm™" is a common region that simi-
larly points to both cubic and tetragonal environments.
HR-TEM (Fig. 9b) also revealed particles with sharp edge
corners and curved corners, indicating a mixture of cubic
and tetragonal phases, although the cubic phase remains
predominant. These observations are in good agreement with
XRD analysis, which confirmed the overall dominance of the
cubic perovskite phase based on the absence of peak split-
ting at 20 ~ 45°, while still allowing for the presence of
minor structural distortions.

TEM, supported by selected area electron diffraction
(SAED), offers critical insights into the microstructural features
of BTNPs synthesized under optimized conditions. The
HR-TEM images reveal well-defined nanoscale morphology
with uniform particle shapes and exhibit distinct lattice
fringes, indicative of high crystallinity and well-ordered atomic
arrangements. The corresponding SAED patterns exhibit
sharp, concentric diffraction rings that can be indexed to the
(100), (110), (111), (200), (210), and (211) planes of BaTiO;,
confirming the polycrystalline nature of the material. These
diffraction features are in excellent agreement with the XRD
results, both of which confirm that the synthesized BTNPs pre-
dominantly crystallize in the cubic perovskite phase. The con-
gruence between the SAED and XRD patterns strongly validates
the structural integrity and phase purity of the material under
the 30 minute synthesis conditions.

This journal is © The Royal Society of Chemistry 2025
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Table 4 Comparison of the traditional hydrothermal method and the
microwave-assisted solvothermal method

Traditional Microwave-assisted
Properties hydrothermal synthesis synthesis
Reaction time 24 hours (ref. 94) and 30 minutes

7 hours (ref. 95)
Morphology Cubic (ref. 94 and 95) Cubic
Temperature 180 °C (ref. 94 and 95) 180 °C
Particle size 40 nm (ref. 94) and 51.6 nm

52 nm (ref. 95)

XPS analysis confirms the successful synthesis of BTNPs, as
evidenced by the presence of characteristic binding energy
peaks corresponding to Ba®", Ti*", and various oxygen species.
The observed oxygen states, including lattice oxygen, ionized
oxygen vacancies, and adsorbed oxygen species, indicate vari-
ations in the structural and electronic properties of the syn-
thesized BTNPs. Among the different synthesis durations, the
30 minute synthesized BTNPs exhibit the highest crystallinity,
as reflected in the increased proportion of lattice oxygen (Ti-O
bonds) and reduced adsorbed oxygen and ionized oxygen
vacancies. This finding aligns well with the EDX analysis, which
indicates a reduction in the excess oxygen content, which also
aligns with the TGA results, which suggests improved thermal
stability for the sample synthesized at 30 minutes.

As a result of CV analysis, BTNPs synthesized at 30 minutes
exhibited superior electrocatalytic properties. The enhanced
crystallinity and structural homogeneity reduced the density of
trap states, thereby facilitating an efficient charge transport at
the BTNPs/ITO-electrolyte interface. Such improvements are
crucial and position BTNPs synthesized at 30 minutes as a
promising electroactive interface that can be further explored
for optoelectronic and electroanalytical applications. The com-
bined results further support the optimized synthesis con-
ditions at 30 minutes, leading to more stoichiometric and
structurally stable BTNPs.

A comparison between the conventional hydrothermal
method and the microwave-assisted approach for the synthesis of
BaTiO; using identical precursors demonstrates that the micro-
wave-assisted solvothermal method offers significant advantages
in terms of reaction kinetics, particle uniformity, and agglomera-
tion control. Microwave irradiation enables rapid and homo-
geneous volumetric heating, which accelerates nucleation and
reduces the reaction time from several hours (7-24 h) to just
30 minutes. This rapid heating promotes uniform supersatura-
tion and limits secondary growth, yielding cubic BTNPs with
improved morphological homogeneity and reduced agglomera-
tion compared to those synthesized via conventional hydro-
thermal methods. A detailed comparative analysis of BTNPs syn-
thesized by both methods is presented in Table 4.°%%

Conclusion

The monodisperse nanostructured BaTiO; was synthesized
using a microwave-assisted solvothermal method. Various

Nanoscale, 2025, 17, 28033-28051 | 28047
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techniques were employed to characterize the prepared par-
ticles and determine the optimal reaction time for producing
fine, monodisperse nanoparticles. XRD and SEM analyses
revealed that ultrafine cubic-structured nanoparticles, with a
size of approximately 50 nm, were obtained at 180 °C with a
reaction time of 30 minutes. The particles synthesized under
these conditions exhibited thermal stability and contained
fewer impurities compared to the samples produced at other
time intervals. This time-dependent synthesis of perovskite
BTNPs using microwave-assisted solvothermal techniques pro-
vides valuable insights into the morphological characteristics
of nanomaterials. Additionally, the synthesized BTNPs enabled
tuning of the optical bandgap with respect to the synthesis
time. Electrochemical studies demonstrate enhanced inter-
facial electron transfer kinetics, ascribed to superior structural
and morphological properties achieved at the optimized syn-
thesis time. The tunability of the optical bandgap and electro-
catalytic properties highlights microwave-assisted synthesis as
a reliable strategy to obtain BTNPs tailored for optoelectronic
and electroanalytical applications. Further studies on dielectric
properties were conducted to evaluate the potential for bio-
medical applications.
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