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1. Introduction

Multiferroic materials have garnered significant research interest in recent years due to their
unique coexistence of ferroelectric and magnetic properties [1]. These materials hold immense
potential to revolutionize various technological fields, including electromagnetic wave attenuation,
solar cells, multi-state memory devices, photocatalysis, and spintronics [2] — [6]. While lead-based
materials such as Pb(Zr,Ti)O; (PZT) have been foundational in information and electronic
technologies, their toxicity and environmental impact have been widely documented [5], [7]. This
has driven the pursuit of sustainable lead-free alternatives, with notable progress achieved using
BiFeO; (BFO), a non-toxic multiferroic material that exhibits both G-type antiferromagnetic order
(Néel temperature, Ty ~ 643 K) and ferroelectric order (Curie temperature, Tc ~ 1100 K) [8], [9].
The ferroelectric properties of BFO are primarily attributed to the lone pair electrons in the 6s
orbital of Bi**, while its magnetic properties arise from the electronic occupancy of the d orbitals in
Fe [7], [10]. BFO's remarkable magnetoelectric coupling and high remnant polarization make it a
compelling subject of research [11]. However, its antiferromagnetic order is characterized by weak
magnetism due to the spatial modulation of its spin structure, influenced by antiferromagnetic
superlattices [12]. Additionally, BFO's high oxygen vacancy density and significant leakage
current, resulting from bismuth evaporation and the variable valence of iron (Fe*" to Fe*),
compromise its ferroelectric performance [13]. Furthermore, changes in the Fe-O-Fe bond angle
and the distribution of FeOg octahedra can reduce saturation magnetization [14], [15]. Structural
inhomogeneities and oxygen vacancies can also significantly alter BFO's electromagnetic properties
[16], potentially limiting its practical applications. To address these challenges, strategies such as
reducing crystal grain size, cation substitution, and combining BFO with other perovskites have
been explored [14] — [16]. Among these, the combination of BiFeO; with BaTiO; (BTO) has shown
promising results in enhancing ferromagnetic, ferroelectric, and electromagnetic properties. BFO-
BTO ceramics have emerged as strong candidates to replace PZT, as BFO and BTO exhibit
rhombohedral (R) and tetragonal (T) structures, respectively, at room temperature (RT), with high
phase transition temperatures (Tc ~ 825 °C) [17] —[19]. Venevtsev et al. [20] proposed that BF-BT
forms a continuous solid solution at RT with three crystal structures: R (100-67% BF), C (67-7.5%
BF), and T (7.5-0% BF), a finding later confirmed by Kumar et al. [21]. Leontsevw and Eitel [22]
presented a phase diagram for the BF-BT system based on temperature-dependent permittivity (&)
and differential scanning calorimetry (DSC) measurements, identifying a wide temperature-
independent morphotropic phase boundary (MPB) between the R and C phases (0.25-0.4 BT),
which enhances piezoelectric properties. Lee et al. [23] further reported an R-T-like MPB in rapidly
cooled BF-BT ceramics, achieving a ds; of 402 pC/N and a T¢ of 454 °C.

A clear resemblance exists between PZT and BF-BT, with both systems exhibiting a phase
migration trend from R to T as the concentrations of BT and PT increase. However, a key
distinction lies in the site occupancy: in BF-BT, both A and B sites are occupied by multiple ion
types, whereas PZT involves only the B site. This difference influences the phase composition
transitions between the two systems. In BF-BT, Ba acts as a larger blocking ion, inhibiting the
displacement of isolated Bi, while at the B site, the competition between Fe and Ti induces a
displacement. This competitive shift across both sites drives the formation of pseudo-symmetrical
structures with short-range order, as observed by Leontsevw and Eitel [22].

In this study, the multiferroic material 0.7BiFeO;-0.3BaTiO; (BFO-BTO) was synthesized using
the sol-gel method at sintering temperatures of 800 °C, 850 °C, 900 °C, and 950 °C. The research
aims to investigate the effect of sintering temperature on the material's structure and optical
properties, observe changes in structural phase content and surface morphology as a function of
sintering temperature, and analyze variations in the optical bandgap (Ey) of BFO-BTO. The study
elucidates the influence of sintering temperature on the structural and optical properties of BFO-
BTO, demonstrating its potential for multifunctional devices when sintered at optimal temperatures.
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2. Experimental Details

The 0.7BiFe03-0.3BaTiO; (BFO-BTO) nanomaterials were synthesized using the sol-gel
method. The raw materials consisted of bismuth nitrate pentahydrate (Bi(NOs)s.5H,0, TQ, 98%),
iron nitrate nonahydrate (Fe(NO3)s.9H,0, TQ, 99.9%), barium acetate ((CH;COO),Ba, TQ,
99.9%), and titanium (IV) isopropoxide (Cy,H2504Ti, TQ, 98%). Acetic acid (CH;COOH) and
acetylacetone (CH;COCH,COCHz) were used as solvents in a 1:1 volume ratio. In the first step,
Bi(NO3)3.5H,0, Fe(NO3):.9H,0, and (CHsCOOQ),Ba were dissolved in acetic acid and distilled
water to form a transparent solution. In the second step, acetylacetone was added to the solution,
followed by the introduction of titanium (IV) isopropoxide. The mixture was stirred for
approximately 6 hours at room temperature to obtain a transparent sol. In the third step, the sol was
heated at 100 °C to produce a dry gel. In the final step, the dried gel was crushed and calcined at
400 °C for 2 hours, followed by sintering at temperatures of 800 °C, 850 °C, 900 °C, and 950 °C
for 5 hours. To evaluate the morphology of the samples, scanning electron microscopy (SEM) was
employed. The crystal structure was characterized using X-ray diffraction (XRD), while the optical
properties were investigated through UV-Vis absorption spectroscopy.

Table 1. Structural parameters of BFO-BTO materials obtained by the Rietveld method

800 °C 850 °C 900 °C 950 °C
R3c P4mm R3c P4mm R3c P4mm R3c P4mm
Lattice parameter 5.4759 4.0015 5.4803 4.0023 5.4807 4.0022 5.4840 4.0022

Sanples

(A) 15.0025 3.9999  15.0008 4.0005  14.9920 4.0007 14.9891  4.0010
Proportion (%) 65.82 34.18 65.01 34.99 61.22 38.78 64.13 35.87
Goodness of Fit

(G.0f 1.4 2.0 1.6 1.8
X 1.53 2.94 2.62 2.90
Rexp 25.6 24.2 17.9 20.7
D (nm) 42.1 42.7 54,5 57.3

3. Results and Discussion

The kinetics of the reactions leading to the formation of BFO-BTO oxides were examined
using thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses, as illustrated in
Figure 1. The formation of BFO-BTO, with nitrates serving as precursors and acetic acid,
distilled water, and acetylacetone as solvents, can be broken down into several stages: (1) the
removal of hydrate groups, (2) the formation of hydroxides, (3) the decomposition of hydroxides
into metal carbonates, and finally (4) the nucleation of BFO-BTO phases. The TG analysis
reveals an overall weight loss of approximately 49.3%. At 200 °C, there is a significant weight
reduction of nearly 25% due to the release of water vapor, hydrate ions, and nitrogen compounds.
Between 200 and 275 °C, the weight loss of about 19.5% is associated with the breakdown of
metal hydroxides. A smaller weight loss of approximately 2.2% occurs in the range of 275 to 500
°C, likely due to the evaporation of different carbonates. In the temperature interval of 500 to 800
°C, the sample experiences minimal weight change, remaining around 0.35%. However, above
800 °C, the weight loss begins to increase, reaching about 1.2% at 950 °C, indicating significant
vaporization of Bi** ions at temperatures above 800 °C. The DTG curve shows two discernible
exothermic peaks at around 100 °C and 240 °C, likely corresponding to the decomposition of
bismuth hydroxide and iron hydroxide, respectively. After 300 °C, the nucleation of BFO-BTO
starts, influenced by secondary phases that emerge due to varying energy requirements for the
decomposition of precursor hydroxides. The Differential Thermal Analysis (DTA) curve displays
three identifiable peaks at approximately 496 °C, 710 °C, and 800 °C, linked to the crystallization
of several intermediate phases as well as the main BFO-BTO phase. Importantly, a slight weight
loss of about 0.35% was noted between 500 and 800 °C, which is likely attributed to the growth
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of BFO-BTO crystals and the elimination of surface-adsorbed materials. The outcomes from
DTA, TG, and DTG analyses contributed to identifying the optimal thermal processing and
synthesis temperatures for the materials under investigation.
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Figure 1. TG, DTA, and DTG curves of BFO-BTO samples
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Figure 2. (a) XRD pattern of BFO-BTO samples and (b) XRD pattern in the range of 26 from 28° to 35°

Figure 2 shows the XRD patterns of BFO-BTO samples sintered at different temperatures.
The results reveal that, alongside peaks corresponding to the main perovskite phase of BFO-
BTO, the sample sintered at 700 °C displays several diffraction peaks associated with the
intermediate phase BiFe Oy (marked with an asterisk) around 26 ~ 36° and 50° [24]. The
intensity of these unusual peaks is relatively strong, highlighting a significant presence of
BiFe,Oq. The formation of intermediate phases in the BFO sample may result from: (i) impurities
in the precursors, and (ii) the dominance of thermodynamic reaction kinetics (AG > 0), where AG
represents the Gibbs free energy of the equilibrium reaction between BFO and secondary phases
[25]. It is well known that temperature and holding times during crystallization play critical roles
in controlling chemical reaction kinetics. As the sintering temperature increases, the distinct
diffraction peaks of the intermediate phases diminish significantly. For samples sintered at 900
°C, the contribution from impurity intermediate phase diffraction signals is minimal, indicating
that 900 °C is the optimal crystallization temperature for BFO-BTO materials.

XRD patterns reveal the coexistence of two structural phases in BFO-BTO samples. The
rhombohedral structure of BFO, belonging to the R3c group, shows distinct peaks corresponding to
JCPDS card no. 86-1518. The double peaks (104)/(110) and (006)/(202) are clearly observed
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around diffraction angles of 20 ~ 32° and 39.5°, respectively. Simultaneously, the XRD pattern also
displays peaks characteristic of the tetragonal PAmm phase of BTO, corresponding to JCPDS card
no. 05-0626 [26]. The well-separated double peaks at 20 = 30.4° and 32.7° are attributed to the
(104) and (110) planes of the BFO rhombohedral phase, along with the (110) peak at 31.6° from the
BTO tetragonal phase. The sharp and well-defined peaks indicate that the BFO-BTO samples have
well-crystallized structures. As the sintering temperature increases, the XRD patterns show a
noticeable shift in the intensity of the double peaks. The intensity of the (104) and (110) peaks for
BFO gradually decreases, while the intensity of the (110) peak at 31.6° for BTO increases
significantly. This suggests a phase transition from the distorted rhombohedral structure to the
tetragonal structure. The phase transition from the distorted rhombohedral type to tetragonal or
orthorhombic configurations, or into two-component phases, depends primarily on the fabrication
method, sintering temperature and time, the type of substituting ions, and their concentration [27].
vy O Y % U “(" (s \ “ ok (t; 0::‘ b > ;/ﬁ

Figure 3. SEM images of BFO-BTO samples at at different sintering temperatures:
(a) 800 °C, (b) 850 °C, (c) 900 °C, and (d) 950 °C

To further investigate the structural phase transition of BFO-BTO with respect to sintering
temperature, XRD analysis based on the Rietveld method was conducted using MAUD software.
The crystal lattice parameters are presented in Table 1. From Table 1, it is evident that the lattice
parameters of BFO and BTO in the material samples undergo slight changes. However, the phase
composition ratio of BFO/BTO within the material shows significant variations. The content of the
rhombohedral phase of BFO decreases from 65.82% for the sample sintered at 800 °C to 61.22%
for the sample sintered at 900 °C, while the percentage of the tetragonal phase of BTO increases
from 34.18% for the sample sintered at 800 °C to 38.78% for the sample sintered at 900 °C.

Furthermore, the Scherrer equation is utilized to calculate the average crystalline sizes of BFO-

BTO using the (104)/(110) preferred orientations from the XRD data. The formula is represented as:
KA

- Bcos(0) (1)
In this context, the constants D, K, /, 8, and 6 denote the grain size, Scherrer constant (with a
theoretical value of K being 0.89), wavelength (0.15406 nm), Full Width at Half Maximum
(FWHM), and Bragg angle, respectively. Table 1 shows that the D value significantly rises from
42.1 nm to 57.3 nm as the sintering temperature increases. This finding aligns perfectly with the
results observed in the SEM images presented in Figure 3.
Figure 3 presents the SEM images of BFO-BTO materials as a function of sintering
temperature. The images reveal that the morphology of BFO-BTO particles evolves with
increasing sintering temperature. At lower sintering temperatures, the particles exhibit flake-like
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morphologies with smaller grain sizes. The material appears porous, marked by numerous voids
and poorly defined grain boundaries. As the sintering temperature increases, the particle structure
becomes denser, with more compact and well-defined grain boundaries. To explore changes in
the optical bandgap (E,), the energy band structure of the samples was analyzed using UV-Vis
absorption spectroscopy, with the results depicted in Figure 4. The data show strong absorption
peaks for the BFO-BTO samples within the wavelength range of 250 nm to 580 nm,
corresponding to electronic transitions associated with Fe-O [28]. This suggests that the
synthesized BFO-BTO samples exhibit strong interactions with visible light. The optical bandgap
E, values for the samples were calculated using the Tauc equation: ahy = A(hy - E,)". Based on
prior research, BFO-BTO is characterized by a direct band transition, with n equal to %2 [29].
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Figure 4. Ultraviolet-visible (UV-Vis) absorption spectra of BFO-BTO samples
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Figure 5. Tauc plots of (2h2)° versus the photon energy (hv) for BFO-BTO samples crystallized at:

(@) 800 °C, (b) 850 “C, (c) 900 °C, and (d) 950 °C

Figures 5 depicts the relationship between (ahy)? and hy for the BFO-BTO samples. The
linear segments of these curves, when extrapolated to the x-axis, enable the determination of the
optical bandgap. Figure 5.a shows that the bandgap of the BFO-BTO sample crystallized at 800
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°C is 2.02 eV. This value is consistent with the study by Catalan and colleagues, which reports
that the bandgap energy of BFO is 2.1 eV [17]. However, this value differs significantly from the
bandgap energy of BTO, which is approximately 3.0 eV, according to the publication by Ren and
co-authors [26]. This indicates that the BFO phase plays a crucial role in the optical properties of
the material. The calculated bandgap energies for the BFO-BTO samples exhibit a consistent
decline as the sintering temperature increases, dropping from 2.02 eV at 800 °C to 1.96 ¢V at 950
°C. This reduction in bandgap energy is associated with lattice distortion and the reconfiguration
of molecular orbitals in the octahedral FeOg structure, driven by the increased presence of the
BTO phase. These changes modify the microstrain within the BFO-BTO structure, enhancing its
light absorption spectrum in the visible range. Additionally, this phenomenon may be explained
by the Burstein-Moss effect, where lower energy states in the conduction band are occupied by
electrons, inhibiting further electronic transitions to the bottom of the conduction band in the
presence of defects [30]. Our findings suggest that BFO-BTO has significant potential for use in
optoelectronic devices and infrared detectors.

4. Conclusion

The multiferroic 0.7BiFe05-0.3BaTiO; (BFO-BTO) material was successfully synthesized via
the sol-gel method while varying sintering temperatures from 800 °C to 950 °C. XRD analysis
revealed a transition in the structural composition of BFO-BTO from the rhombohedral R3c
phase to the tetragonal PAmm phase with increasing sintering temperature. The content of the
rhombohedral phase gradually transitioned to the tetragonal phase as the sintering temperature
increased, alongside a corresponding increase in the material's grain size. The Eq value of BFO-
BTO decreased from 2.02 eV for samples sintered at 800 °C to 1.96 eV for those sintered at 950
°C, reflecting the changes in optical properties with sintering temperature. This transformation is
explained by the material's structural transition from rhombohedral R3c symmetry to tetragonal
P4mm symmetry with higher sintering temperatures. This study has illuminated the impact of
sintering temperature on the structure and optical properties of BFO-BTO. The results indicate
that the multiferroic BFO-BTO material with optimal sintering temperature has potential
applications in multifunctional devices.
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