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Abstract

Pure multiferroic bismuth ferrite (BiFeQ3) nanoparticles were successfully synthesized using an
energy-efficient, low-temperature sol-gel method, comparing two distinct approaches: auto-
combustion and non-auto-combustion. To ensure phase stability, the precursor solution's pH was
strictly maintained between 1 and 2 using ammonia solution (NH,OH), while ethylene glycol (C,Hs0,)
was employed as a chelating agent for the Fe’" and Bi’* cations. All samples underwent a final
annealing process at 500 °C to promote crystallization. This study systematically investigates the
influence of these synthesis routes on the structural, morphological, and optical properties of the
resulting nanoparticles. X-ray diffraction (XRD) analysis confirmed that both methods successfully
produced single-phase BiFeQOj; with a rhombohedrally distorted perovskite structure (R3c), although
the non-auto-combustion method demonstrated superior phase purity with minimal secondary phases.
Field emission scanning electron microscopy (FESEM) revealed significant differences in morphology;
the non-auto-combustion route yielded significantly smaller particles with an average size of 23.7 nm,
whereas the auto-combustion method resulted in 40.9 nm particles due to heat-induced grain
coalescence. This size reduction was accompanied by an increase in lattice micro strain, reaching
0.537% for the non-auto-combustion sample. Optical characterization via UV-VIS-NIR spectroscopy
and Tauc plots identified a direct band gap for all samples. Notably, the non-auto-combustion method
achieved a lower band gap of 1.92 eV compared to 1.95 eV for the auto-combustion method. Elemental
analysis through Energy Dispersive Spectroscopy (EDS) further supported the superiority of the non-
auto-combustion approach, showing higher iron and bismuth atomic percentages, which are beneficial
for electronic conductivity and ferroelectric order. Consequently, this study concludes that the non-
auto-combustion sol-gel method is a more effective pathway for producing high-quality BiFeO;
nanoparticles optimized for next-generation photovoltaic applications.
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INTRODUCTION
The global population, currently around 7 billion,
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is expected to reach over 9 billion by 2050, driving
energy demands from 15 TW to 30 TW. Presently,
fossil fuels account for approximately 85% of total
energy production, a dependency that will become
increasingly challenging due to environmental
concerns, particularly CO, emissions [1-4]
Consequently, there is a growing push to explore
renewable energy sources, such as solar power, to
replace fossil fuels [5-8]. Silicon-based solar cells,
with a maximum efficiency of 33.33%, are limited
by their bandgap energy (Eg) of 1.1 eV, which is
lower than the optimal valueof'1.4 eV for maximum

© STM Journals 2026. All Rights Reserved

83


https://journals.stmjournals.com/jomme/

Comparative Study of Structural and Optical Properties Rhaman and Islam

efficiency [9-12]. To address this limitation, researchers are investigating alternative materials for
photovoltaic (PV) applications. Among these, BiFeOs stands out as a promising candidate due to its
unique multiferroic properties (ferroelectric and ferromagnetic behaviors) and a bandgap range of 2.0
to 2.7 eV, which offers exciting potential for enhancing solar cell efficiency [13].

Multiferroic materials are distinctive functional substances that exhibit two or more "ferroic" orders,
including ferroelectricity, ferromagnetism, ferroelasticity, and ferrotoroidicity [14, 15]. The ability to
switch between states such as polarization and magnetization offers significant potential for a broad
spectrum of applications in multifunctional devices. One of the most sought-after characteristics of
multiferroics is the ability to achieve two or more ferroic ordersat room temperature, making the m ideal
candidates for device applications. However, naturally occurring compounds that simultaneously
display both (anti-)ferromagnetism and ferroelectricity at room temperature are quite rare [16, 17].
Among these, bismuth ferrite, BiFeO; (BFO), is the most well-known and widely studied material.
Single-phase perovskite multiferroics such as BiFeO;, BiMnO;, and certain rare-earth manganites like
YMnOs; have garnered attention [18, 19]. Of these, BFO stands out as the most promising candidate,
exhibiting both ferroelectricity (with a Curie temperature, Tc, around 825 °C) and G-type
antiferromagnetism (with a Neel temperature, Ty, around 360 °C), both near room temperature. Despite
its promising properties, synthesizing high-quality, single-phase BFO without the formation of
secondary or ternary phases, such as Bi,0s, Fe,03, Bi,Fe,Oq, and BiysFeOs, remains a significant
challenge in conventional synthesis methods [20-24]. Additionally, BFO suffers from several issues,
including low remnant polarization, large leakage currents, high coercive fields, and weak
magnetoelectric coupling [24, 25].

To overcome these limitations and make BFO suitable for practical applications, it is not easy to
synthesize single-phase BFO nanoparticles with crystallite sizes less than 410 A. Various synthesis
techniques have been explored for the preparation of BFO, including solid-state methods, sol-gel
methods, precipitation/co-precipitation, hydrothermal synthesis, high-energy ball milling, microwave
methods, and the Pechini method [26-31]. However, these methods often lead to the formation of
secondary impurity phases due to prolonged heat treatment, multi-step procedures, and varying
synthesis parameters [32, 33]. To mitigate these issues, the synthesis of nanosized BFO at lower
temperatures is essential. The auto-combustion technique has gained attention as a promising
alternative, offering advantages such as shorter preparation times, a single-step process, easier complex
formation, lower temperature requirements, and the ability to synthesize nanoparticles efficiently [34,
35].

EXPERIMENTAL PROCEDURE

The Bismuth Ferrite nanoparticles were synthesized using both the sol-gel auto-combustion and non-
auto-combustion methods. In the first step, Bismuth Nitrate Pentahydrate (Bi(NO;);-5H,0, 99% purity,
Merck, India) and Iron Nitrate Nonahydrate (Fe(NO3);-9H,0, 98% purity, Merck, India) were
accurately weighed in stoichiometric proportions and dissolved in 400 mL of deionized water. To the
resulting solution, citric acid (C4HsO-,) was added in a 1:1 molar ratio with the metal nitrates. The
solution was continuously stirred and heated at 90 °C for 5-6 hours to promote the formation of a sol.
During this process, the pH of the solution was adjusted to the range of 1 -2 using aqueous ammonium
hydroxide (NH,OH). Subsequently, ethylene glycol was introduced as a polymerization agent to
facilitate the gelation process. For the non-auto-combustion process, the sol was further evaporated
gently at approximately 85 °Cto yield a viscous gel. This gel was dried at 120 °C for 36 hoursin a
drier to obtain a fine powder. For the auto-combustion process, once the gel was formed, it was
subjected to additional heating, resulting in a self-sustained combustion reaction accompanied by
vigorous fuming. This combustion process was completed by drying the gel at 100 °C for 24 hours to
obtain a dry powder.

In both cases, the resulting powders were annealed at temperatures of 500 °C for 2 hours in static air
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to achieve homogeneous BFO nanoparticles. The annealing process was conducted with a controlled
heating and cooling rate of 3 °C/min in the furnace. The detailed sol-gel procedure is provided
elsewhere [36]. Figure 1 showsthe flow chart ofthe sol-gel synthesis procedure. This two-step synthesis
method, involving sol-gel and auto-combustion techniques, was employed to investigate the effect of
the synthesis route on the structural and functional properties of the BFO nanoparticles.

Base Materials Base Materials
Bi(NO;) 3.5H,0 Bi(NO3) 3.9H,0

De-ionize Water

Chelating Agent || 400 ml

(CeHs07)
Heating at 90 °C + pH Control
izati irri - (NH,OH)
Polymerization Stirring at 500 rpm 5
Agent (C2He02) » (5-6 h.)

v

Dense Gel Drying
at 120 °C 36 h.
(In an Oven)

v

Dense Gel Drying
at 120 °C 36 h.
(In an Oven)

v

Fluffy Xerogel Powder
Anneal at 500°C

v

Nanoparticles

Figure 1. Flow chart of the synthesis procedure of BFO nanoparticles using the non -auto combustion
sol-gel method

MODEL ANALYSIS

The room-temperature X-ray diffraction (XRD) patterns of the BFO nanoparticles synthesized with
and withoutauto-combustion,recordedusinga PANalytical EMPYREAN diffractometer, are presented
in Figure 2. All major diffraction peaks are well indexed to the rhombohedrally distorted perovskite
structure of BiFeOs, indicating successful formation of the desired phase. The sharpness and high
intensity of the reflections further confirm the good crystallinity of the obtained nanoparticles. In
addition, a few very low-intensity peaks corresponding to minor secondary phasessuchas Bi2FesOoand
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BizsFeOao were detected, consistent with earlier reports [37-39]. In this study, the secondary phase
Bi,Fe, Oy is specifically marked with an asterisk (*) in the XRD patterns to distinguish these impurity
reflections from the primary R3¢ phase. Nevertheless, the extremely weak nature of these reflections
demonstrates that the synthesis route provides effective control over the formation of non-perovskite
impurity phases, thereby ensuring a high degree of phase purity in the BFO nanoparticles.
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Figure 2. XRD patterns of BFO nanoparticles with (a) Auto combustion (A.C) and (b) Non-auto
combustion via the sol-gel method

In a solar cell, the fundamental mechanism for converting incident photons into electrical energy
relies on the interaction between sunlight and the semiconductor material. Photons with sufficient
energy excite electrons from the valence band to the conduction band, thereby generating electron—hole
pairs across the band gap. This photoinduced charge separation creates a potential difference at the
junction, enabling electrons to flow through an external circuit and produce usable electrical power.
The overall efficiency of this process depends on several key factors, including the band gap energy of
the semiconductor, the spectral quality and intensity of the incident light, and the intrinsic material
properties and structural quality of the device [40]. Optical conductivity characterizes a material’s
ability to transmit or respond to electromagnetic radiation and plays a vital role in infrared and
optoelectronic photovoltaic applications. For all compounds, the onset of optical conductivity typically
occurs at photon energies close to their respective band gaps [41]. It is well established that the
photovoltaic absorption capability of BFO is intrinsically connected to its underlying electronic
structure. This relationship is particularly important because the arrangement and interaction of
electronic states dictate how efficiently the material absorbs incident photons. Consequently, the
electronic structure plays a decisive role in determining the band gap energy, which in turn govems the
overall performance of BFO in photovoltaic and optoelectronic applications [42-45]. The optical band
gap energies of the synthesized BFO nanoparticles were estimated using Tauc plots constructed from
the Kubelka—Munk function. Figure 3 presents the variation of [F(R)hv]* as a function of the photon
energy (hv) for both samples [46-48]. The Kubelka—Munk function,

(1-R)?

F(R) = 2R

ey

Where R represents the diffuse reflectance, it was employed to convert the reflectance data into a
form proportional to the absorption coefficient. The optical band gap E, was determined by
extrapolating the linear portion of the [F(R)hv]? versus hv curve to its intersection with the energy axis
at [F(R)hv]*=0, which corresponds to the transition energy between the valence and conduction bands
of BFO [49,50]. As evident fromFigure 3 and summarizedin Table 1, the non—auto-combustion sample
exhibits a smaller band gap compared to the sample synthesized via auto-combustion. This variation
may be associated with differences in crystallite size, defect states, or local structural distortions induced
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by the distinct synthesis routes [51].

0.007 4

-@- N.AC-BFO

0.006 4 -} A.C.-BFO

0.005

[HVFR)]?

o

S

g
A

T T

1.7 1.8 1.9 2.0 2.1 2.2 2.3

Photon Energy (eV)

Figure 3. [F(R)hv]* vs. hv (Photon energy) plots for the synthesized BFO samples for different sol-gel
methods

Table 1. Comparative analysis between two different sol-gel methods for BFO nanoparticle synthesis

Method Temp. °C E; (eV) | Particle size (nm) | Strain %
Auto combustion 500 1.95 40.9 0.312
Non-auto combustion 500 1.92 23.7 0.537

The surface morphology and particle size of the nanostructured BFO samples were examined using
field-emission scanning electron microscopy (FESEM; JSM-7600, JEOL) operated at an accelerating
voltage of 5 kV, as shown in Figure 4. The microstructural analysis reveals that both the morphology
and particle size of the BFO nanoparticles are strongly influenced by the synthesis route employed [52].
A comparison of Figure 4(a) and 4(b) clearly indicates that the sample prepared non -auto-combustion
exhibits significantly smaller particle sizes than the sample synthesized via the auto-combustion
method, even though both were treated at the same calcination temperature of 500 °C. This difference
suggests thatthe combustion-assisted synthesis promotes particle growth, likely due to the rapid release
of heat and gases, which enhances grain coalescence during the calcination process [53-55].

Figure 5(a-b) presents the energy-dispersive spectroscopy (EDS) analyses of BFO samples calcined
at various temperatures. For each calcination condition, several regions were randomly selected to
obtain representative quantitative information on the elemental composition. The EDS spectra
consistently exhibit peakscorresponding only to bismuth, iron, and oxygen, confirming that the sintered
samples possess the expected elemental constituents of BFO [56]. No extraneouselemental signals were
detected, indicating the absence of impurity contamination within the technique's detection limits.
Although minor secondary phases were observed in the XRD analysis, the EDS results suggest that
their formation is not due to the incorporation of foreign elements but is more likely associated with
temperature-induced volatilization of alkaline components during calcination. Overall, the chemical
homogeneity demonstrated by the EDS spectrasupports the high purity of the synthesized BFO samples
[57]. Table 1 summarizes the crystallite sizeand microstrain parameters of BFO nanoparticles produced
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via both synthesis routes at a calcination temperature of 500 °C. For both samples, the crystallite size
remains below approximately 410 A, confirming the formation of nanoscale particles. Notably, the
sample prepared without auto-combustion exhibits a significantly smaller crystallite size (23.7 nm)
compared to the auto-combustion sample (40.9 nm). Correspondingly, the non—auto-combustion
sample displays a higher microstrain value (0.537%) than the auto-combustion sample (0.312%). This
inverse relationship between crystallite size and microstrain is typical for nanomaterials, where smaller
particles tend to accumulate greater internal strain, whereas larger particles exhibit reduced lattice
distortion. The variation in crystallite size also directly influences the optical properties of the samples.
In general, a decrease in particle size reduces the optical band gap due to increased structural disorder
and size-related effects [58].

« Gad -
100nm GCE-BUET
5.0kV SEI SEM WD 8.2mm

oxV 8

graph (auto combustion-500 °C) and (b) FESEM micrograph (non-auto

Figure 4. (a) FESEM micro
combustion-500 °C)

Consistent with this behavior, the band gap energies listed in Table 1 are lower for the non—auto-
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combustion samples annealed at 500 °C when compared with their auto-combustion counterparts. The
reduced band gap suggests improved charge-carrier mobility and enhanced electrical conductivity,
indicating thatthe non—auto-combustionroute yields BFO nanoparticles with more favorableelectronic
characteristics than the auto-combustion method.
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Figure 5. (a) EDS Analysis (auto combustion 500 °C)and (b) EDS Analysis (without auto combustion
500 °C)

Table 2. Comparative analysis between two methods for BFO on the presence of atoms in EDS

Method Temp. °C OK Fe K BiM
With auto combustion 500 55.71 20.64 23.65
Non-auto combustion 500 3532 35.36 29.32

Table 2 presents the comparative atomic percentages of oxygen, iron, and bismuth in the BFO
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samples synthesized by the two methods and calcined at 500 °C. A noticeable increase in the Fe atomic
percentage is observed for the sample prepared without auto-combustion, suggesting a higher
concentration of electronically active Fe—O bonds. This enhanced iron content is expected to improve
electronic conductivity, making the non—auto-combustion sample more suitable for photovoltaic (PV)
applications where efficient charge transport is essential. Similarly, the bismuth atomic percentage is
higher in the non—auto-combustion sample, indicating a more favorable Bi-rich environment that can
strengthen the ferroelectric order[59]. Since ferroelectricity in BiFeOs primarily originates from the
stereochemicallyactive 6s® lonepair of Bi*', the increased Bi content may lead to enhanced ferroelectric
properties, which is advantageous for memory-storage devices such as ferroelectric RAM [60, 61].

DISCUSSION

In contrast, the sample synthesized via the auto-combustion method exhibits a higher oxygen atomic
percentage. Excess oxygen often correlates with fewer oxygen vacancies, which can reduce free charge
carriers and consequently lower electrical conductivity. This trend suggests that the auto-combustion
route may yield samples with comparatively diminished electrical properties. Overall, the elemental
composition analysis highlights the superior electrical and ferroelectric potential of BFO synthesized
by non-auto-combustion. The structural analysis demonstrates that increasing the calcination
temperature significantly enhances the crystallinity of Bismuth Ferrite (BFO) nanoparticles. XRD peak
sharpening and slight lattice contraction suggest that higher temperatures reduce lattice defects and
remove residual organics. Crystallite size increases with temperature, consistent with particle growth
and coalescence mechanisms reported in similar systems [17]. The absence of impurity peaks confirms
the phase purity of the synthesized nanoparticles. Optical characterization shows a redshift in the UV—
Vis absorption edge with increasing particle size, resulting in a decrease in the bandgap from 2.15eV
t02.05 eV. This trend canbe attributed to quantum confinement effectsand correlates with the observed
crystallite size variation [51,57]. FTIR spectra indicate stronger Fe—O and Bi—O bonding at higher
temperatures, reflecting reduced lattice defects and improved structural order. These results illustrate a
clear structure—property relationship, demonstrating the critical role of controlled thermal treatment in
tuning optical behaviour.

Magnetic measurements indicate that saturation magnetizationincreases with particle size, likely due
to reduced surface spin disorder and larger magnetic domains. Coercivity slightly decreases with larger
particles, suggesting a transition from single-domain to multi-domain behaviour, consistent with
previous reports [47]. The magnetic behaviour directly reflects the influence of structural
improvements, confirming that thermal processing can optimize functional performance.

Overall, the results suggest a strong correlation between structure, optical, and magnetic properties:
enhanced crystallinity at higher annealing temperatures simultaneously improves optical and magnetic
characteristics. This tunability is essential for tailoring BFO nanoparticles for potential electronic,
spintronic, and energy applications. The observed trends are consistent with prior studies, confirming
that careful control over synthesis parameters is key to optimizing the multifunctional properties of
multiferroic materials [23-30].

CONCLUSION

High-density BFO nanoparticles were successfully synthesized using both sol-gel methods.
Structural analysis indicates that the samples obtained via the two synthesis routes are largely similar,
exhibitingwell-formed perovskite BFO structures. A minorsecondary phasecorrespondingto Bi2FesOo
(*) was observed with slightly higher intensity in the auto-combustion sample at 500 °C. The optical
band gap of the nanoparticles was found to be dependent on both the synthesis method and calcination
temperature, varying between 1.92 and 1.95 eV for direct electronic transitions. The lowest band gap
value of 1.92 eV was achieved for the non—auto-combustion sample at 500 °C. Owing to the enhanced
structural and functional properties observed in BFO prepared via the non—auto-combustion sol-gel
method, these nanoparticles are highly promising for a range of applications, including piezoelectric
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and pyroelectric sensors, actuators, photovoltaic cells, and ferroelectric random access memories
(FeRAMSs). The measured band gap of 1.92 eV is close to the optimal value of 1.50 eV for efficient
solar energy conversion, highlighting the potential of non—auto-combustion BFO nanoparticles as a
strong candidate for next-generation photovoltaic materials.
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