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Multiferroic materials, particularly BiFeOs (BFO) and its derivatives, have gained significant interest due to
their potential applications in energy storage and photocatalysis. In this study, we investigate the effect
of the low concentration (2%) of co-substitution with (Zr, Cu) on the structural, vibrational, optical,
dielectric and ferroelectric properties of BFO. Both pristine BFO and BiFeg 9g(Zr1,2Cuy/2)0.0203 (BFCZ02)
were synthesized through the solid-state reaction method. X-ray diffraction analysis revealed the good
crystalline nature of both compositions, with the formation of impurities such as BixsFeOszq. Rietveld
refinement and Raman analysis confirmed a consistent rhombohedral structure with the R3c space
group for all samples. The average crystallite size decreased from 61.08 nm (BFO) to 39.08 nm (BFCZ02),
indicating doping-induced grain refinement. Dielectric permittivity was studied over a wide temperature
range (300-700 K) at various frequencies. An anomaly corresponding to the Néel temperature (Ty) was
observed at 623 K for pure BFO, which decreased significantly to 604 K upon the co-substitution. A
possible explanation for this shift was proposed. UV-visible spectroscopy at room temperature showed
absorption peaks between 400 and 440 nm for both ceramics. The optical bandgap energy was
estimated to be 2.34 eV for BFO and 2.21 eV for BFCZ02, suggesting the importance of the co-
substitution of BFO in visible-light photocatalysis and photovoltaic applications. Possible reasons for the

reduction in bandgap were proposed and discussed. The P-E loop study of the samples shows the
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Accepted 2nd October 2025 modified ferroelectric behavior with Zr and Cu co-substitution. The results demonstrate that co-

substitution with Zr and Cu enhances the optical response, improves dielectric performance, positioning
BFCZ-02 as a promising candidate for multifunctional applications, including photovoltaics,
photocatalysis, energy harvesting, and adaptive dielectric devices.
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1 Introduction

The most well-known multiferroic material, BiFeO; (BFO), has
attracted considerable attention in recent decades due to its
unique coupling of ferroelectric, magnetic, and elastic order
parameters, positioning it as a promising candidate for
multifunctional devices in spintronics, data storage, and
energy conversion systems.”> BFO exhibits an antiferromag-
netic Néel temperature (Ty) of approximately 350-370 °C,* and
a ferroelectric Curie temperature (7¢) exceeding 800 °C.** Such
high transition temperatures make BFO a strong candidate for
exhibiting a magnetoelectric effect even at room temperature
(RT). However, bulk BFO exhibits an incommensurate spin
cycloid (4, = 62 nm), which largely suppresses weak ferro-
magnetism and the linear magnetoelectric (ME) effect. In
addition, synthesizing phase-pure BFO remains a challenge
due to the frequent formation of secondary phases such as
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Bi,Fe Oy and BipsFeOszo, which arise from the volatility of
bismuth at high temperatures, as well as the presence of oxygen
vacancies and mixed valence states of Fe ions (Fe>"/Fe*"). These
issues lead to increased leakage currents and electrical
conductivity, thereby degrading the material's dielectric and
ferroelectric performances and limiting its practical applica-
tions.® Chemical substitution is among the most effective
strategies to address these challenges. For instance,
substituting Fe** with Zr** has been shown to enhance both the
electrical and magnetic properties of BFO.”®* Moreover, several
studies have reported that the substitution of Fe*" sites with
Ti*" and Zr*" improves the multiferroic behavior of BFO.>'
Additionally, doping the Fe site with transition metals such as
Cu** has also been found to enhance the magnetic and elec-
trical properties of BFO." Notably, BFO has demonstrated
significant potential in photovoltaic and photocatalytic appli-
cations, owing to its ability to convert the solar energy into
electrical energy and its intrinsic photocatalytic activity. To
further broaden the light absorption spectrum of BFO and
enhance its solar energy conversion efficiency, reducing its
bandgap energy (E,) is essential. Doping is also a potential
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method to reduce the E, of BFO. Several previous studies have
found that doping with the 4+ ion,** as well as doping with the
2+ ion,* has led to a remarkable reduction in the E, of BFO.
Motivated by these findings, our study focuses on the effect of
co-substituting Cu®* and Zr** ions for Fe*" on the structural,
vibrational, dielectric, optical, and ferroelectric properties of
BFO. Specifically, we investigate two ceramics from the
BiFe; ,(Cuy/,Zry,,),03 system, with x = 0 (BFO) and x = 0.02
(BFZC02), synthesized via the solid-state reaction method.
Structural characterization will be carried out using X-ray
diffraction (XRD) to assess phase purity and determine cell
parameters. Raman spectroscopy measurements will be
employed to elucidate local structural variations as a function
of the substitution rate. The dielectric behavior will be exam-
ined using impedance spectroscopy, providing insights into
the dielectric response. Optical properties will be analyzed
through UV-visible spectroscopy to evaluate the effect of doping
on the band gap energy. Additionally, polarization-electric field
(P-E) hysteresis loop measurements will be performed to
further explore the ferroelectric properties of the materials.

2 Experimental procedure

BFO and BFZCO02 ceramics were successfully prepared using the
solid-state reaction method. In a typical procedure, Bi,O3,
Fe,03, Zr0O,, and CuO powders (each with a purity greater than
99%) were first dried in an oven at 200 °C for 12 h. The dried
powders were then weighed according to the stoichiometric
ratios specified in the following chemical reaction:

1. 1 —x by
§B1203 —+ %F6203 —+ ECUO

X

+%ZI'02 - BiFC],X (Cul/ZZrl/z) 03

Here, a 5 mol% excess of Bi,O; was added to compensate for
bismuth volatilization during the heat treatment. Based on the
selected precursor ratios, the synthesis strongly favors the
substitution of Zr** (0.86 A, CN = 6) and Cu*' (0.87 A, CN = 6)
into the Fe®' site (0.69 A, CN = 6), as both cations adopt octa-
hedral coordination compatible with the B-site environment.**
Moreover, the co-doping of Zr*" and Cu®" establishes a charge
compensation mechanism with Fe*" (Fe*" < zr*'/Cu®"), which
suppresses excess oxygen vacancies and enhances the structural
stability of the perovskite lattice.

Using an agate mortar, the powder was mixed and ground for
2 h to ensure homogeneity. Subsequently, under a uniaxial
pressure of 100 MPa for about 5 min, the milled powder was
pressed into a disc with a diameter of 13 mm and a thickness of
10 mm. The obtained pellet was calcined at 600 °C for 2 h as the
first calcination. Afterward, the calcined pellet was ground once
again during 2 h to homogenize the powder and reduce the
grain size. The powder was then subjected to a second calci-
nation at 700 °C for 2 h to achieve the desired phase. After this
stage, the pellet was ground for 1 h and then pressed under
100 MPa into a disk shape with a thickness of about 1.5 mm and
a diameter of 8 mm. Finally, the compacted pellets were sin-
tered at 900 °C for 3 h.
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The phase purity and crystal structure of BFO and BFZC02
ceramics were anaysed using X-ray diffraction (XRD) at RT. The
XRD data were collected using an X'Pert Panalytical diffrac-
tometer equipped with a cobalt target (A = 1.7889 A) in the 26
range of 15° to 80° with a step size of 0.0167°. The crystalline
phases and cell parameters were examined, and the crystallite
sizes were determined from the full width at half maximum
(FWHM) of the diffraction peaks using the Scherrer equation.
Raman spectra were recorded for all samples using a Horiba
Jobin-Yvon (HR 800UV) micro-Raman spectrometer with
a 532 nm excitation wavelength. All measurements were per-
formed at RT over the wavenumber range of 50-800 cm .
Dielectric measurements were conducted on gold-coated pellets
over a temperature range of 300-700 K and at various
frequencies (100 kHz to 1 MHz), using an automatic impedance
analyzer (HP 4284A). UV-vis absorption spectra were recorded in
the wavelength range 400-800 nm in order to estimate the
bandgap using a UV-3600 Spectrophotometer (SHIMADZU,
Japan) at RT. The ferroelectric hysteresis loops were recorded
using an oscilloscope (Metrix OX 6062-I) in a homemade
Sawyer-Tower circuit connected to a function generator (Metrix
GX 320) and a high voltage amplifier (Matsusada AMS-5b6-L) at
a frequency of 15 Hz at RT.

3 Results and discussion
3.1 X-ray diffraction analysis

Fig. 1(a) and (b) present the experimental XRD patterns of the
BFO and BFZCO02 ceramics (red circles). The diffraction patterns
exhibit sharp and intense peaks, indicating good crystallinity
and phase purity of the synthesized compounds. However,
a minor secondary phase was detected in all ceramics. Based on
previous studies on BFO-based materials,">* this impurity
phase has been identified as Bi,sFeOso, which is commonly
observed in BFO ceramics due to the volatility of bismuth,
especially at high temperatures.

To further investigate the structural properties, Rietveld
refinement was performed using the FullProf software package
with WinPLOTR." This method adjusts the calculated diffrac-
tion pattern to match the experimental one, enabling precise
determination of the crystal structure, cell parameters, inter-
atomic distances (Bi-O), atomic positions (Bi/Ba, Fe/Zr/Cu), and
bond angles (Fe-O-Fe) of the synthesized materials. Addition-
ally, this refinement allowed us to quantify the Bi,sFeOsq
impurity phase present in each composition.

The Rietveld refinement results (Fig. 1) confirm that both
BFO and BFZCO02 ceramics adopt a rhombohedral structure
with an R3c space group. This indicates that the co-substitution
of Fe** by zr** and Cu** at a 2% doping level does not alter the
fundamental structure of BFO. The detailed parameters
extracted from Rietveld refinement for both ceramics are
summarized in Table 1. For example, Fig. 2 illustrates the
crystal structure of BFZCO02, generated using refined ionic
positions obtained from Rietveld refinement with the VESTA
software. The analysis reveals that co-substitution with Zr** and
Cu”" leads to an increase in cell parameters, resulting in an
expansion of the unit cell volume. This expansion is attributed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Recorded and calculated X-ray diffractograms for BFO (a) and BFZC02 (b) ceramics at RT.

Table 1 Rietveld refinement results of the X-ray diffractograms for BFO and BFZC02 ceramics

Space Cell Atomic Interatomic Bond angle
group parameters (A)  positions x y z Occ distances (A) (deg.)
BFO R3¢ (97.49%) a=b=5.5786 Bi (6a) 0.0000 0.0000 0.0000 0.3333 Bi-O = 2.549 Fe-O-Fe 155.82
¢ =13.8678 Fe (6a) 0.0000 0.0000 0.2191 0.3333 Fe-O, = 1.981
V = 373.756 O (18b) 0.4503 0.0227 0.9495 1.0000 Fe-O, = 2.073
BisFeOso 123 (2.51%)
BFZC02 R3¢ (97.82%) a=b=5.5814 Bi (6a) 0.0000 0.0000 0.0000 0.3333 Bi-O = 2.550 Fe-O-Fe 155.80
¢ =13.8778 Fe (6a) 0.0000 0.0000 0.2166 0.3266 Fe-O, = 1.984
V = 374.405 Zr/Cu (6a) 0.0000 0.0000 0.2166 0.0033 Fe-O, = 2.073
O (18b) 0.4550 0.0229 0.9498 1.0000
BiysFeOzo 123 (2.18%)

to the larger ionic radii of Zr** (0.86 A) and Cu®" (0.87 A)
compared to Fe*" (0.69 A). Despite this increase in volume, the
Fe-O-Fe bond angles remain practically unchanged, and the
presence of the Bi,sFeO3, impurity phase is relatively reduced.

The XRD patterns were also employed to estimate the
average crystallite size (D), microstrain (¢), and dislocation
density (0) of the BFO and BFZC02 samples. The crystallite size
(D) was determined using the Debye-Scherrer equation, as
given below:'®

kA

where k is the shape factor which is about 0.89, A denotes the
wavelength of the X-rays (CoKo, A = 1.7889 A), § represents the
full width at half maximum (FWHM) in radians and 6 is the
Bragg's angle in degrees. Moreover, the microstrain ¢ is esti-
mated by using the following equation:*®

R
4tan 6

(2)

In addition, the dislocation density (6), which provides insight
into the crystalline quality of the samples, is calculated using
the following relation:*

(3)

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

Table 2 summarizes the calculated parameters: D, ¢, and ¢ for
both BFO and BFZCO02. For these compositions, the average
crystallite size values confirm the nanocrystalline nature of the
synthesized ceramics. A noticeable decrease in crystallite size is

O Bi
O Fe/Zr/Cu
o 0

Fig. 2 Crystalline structure of BFZC02 generated using Vesta
software.
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Table 2 Microstructural parameters of the BFO and BFZC02

Sample Cristallite size D Microstrain ¢  Dislocation density 6
name (nm) (1073 (107° nm™?)
BFO 61.08 £ 1.95 1.92 + 0.06 0.27 £ 0.02
BFZC02 39.08 £ 3.13 3.22 £0.21 0.65 £ 0.10

observed, from 61.08 nm in BFO to 39.08 nm in BFZCO02,
following a 2% co-substitution of Fe by Cu and Zr. This reduced
in crystallite size is also observed in Cr doped BFO system at Fe
site.”* In the present case, the suppression of oxygen vacancies
likely contributes to this reduction in D. Oxygen vacancy
concentration is known to govern grain growth, as it directly
influences ion diffusion rates during crystallite agglomeration
and grain formation processes.”” Concurrently, the observed
increase in o reflects a decline in crystalline order, while the rise
in ¢ suggests the formation of denser, more compact crystallites
in the doped BFO.

3.2 Raman study

Fig. 3a displays the Raman spectra in the range of 50-800 cm ™"

for BFO and BFZC02 compositions at RT. The spectra suggest
that the substitution of Fe’" by Zr** and Cu®" does not alter the
crystalline structure of the parent BFO, as confirmed by XRD
analysis. Both ceramics retain the rhombohedral R3¢ symmetry,
which is associated with 13 optical phonon-active modes (4A; +
9E).>*** The A; and E modes are Raman and infrared active,
respectively.”® The exact Raman peak positions were obtained by
fitting the measured BFO spectrum followed by deconvolution
of the fitted curve. The different modes identified through this
fitting (E.1, A1.1, A12, A13, E3, E4, Eg, Ay 4 and E ;) are indicated
in Fig. 3b following the assignment by Pani et al.>® In the higher
wave-length range, certain modes such as E5, Eg and E, are
very difficult to distinguish. This is likely owing to the weak
polarizability or the overlapping of narrowly spaced Raman
vibrations.”” According to Hermet et al.,”® Bi atoms contribute
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primarily to low-frequency modes (up to 167 cm '), while
oxygen vibrations dominate above 262 cm™'. Fe atoms
contribute mainly in the 152-262 cm ™' range, with possible
involvement in higher-frequency modes. As shown by the
dashed lines in Fig. 3a, the positions of the A;.1, A;,, and A;;
modes in BFZC02 remain unchanged compared to pure BFO.
This indicates that the substituent elements predominantly
occupy the Fe sites (B-site), leaving the A-site (Bi) environment
unaffected. A similar observation was reported in the BaFe;_,-
Zr,O; system.”

3.3 Dielectric measurements

Fig. 4(a) and (b) depict the temperature-dependent dielectric
constant (¢,) and tangent loss (tan d) (inset) of the BFO and
BFZC02 ceramics, respectively, measured over the frequency
range of 100 kHz to 1 MHz. For both BFO and BFZC02, as the
temperature increases, ¢, gradually rises, reaches an obvious
maximum, and then decreases, regardless of the frequency.
This maximum corresponds to the phase transition from the
antiferromagnetic to the paramagnetic phase, which occurs at
the Néel temperature (Ty). Here, Ty value decreases from 623 K
for pure BFO to 604 K for BFZC02. While several studies
attributed such the reduction T\’?*' in substituted BFO to
a decrease in the Fe-O-Fe bond angle (), linked to Ty via the
relation:**

Tn=JZS(S + 1) cos (4)

(where J is the exchange constant, Z is the coordination
number, and S is the spin of Fe**), XRD analysis reveals that 6
remains almost unchanged in Zr/Cu co-substituted BFO.
Instead, the Ty reduction likely stems from weaker magnetic
interactions caused by substituting Fe*" ions (0.69 A) at the B-
site with larger Cu®" (0.87 A) and Zr** (0.86 A) ions. Conse-
quently, the co-substitution creates a distribution of weaker
exchange constants (Jre-zr, Jre-cu < Jre-re), lowering the overall
magnetic interaction strength J. As a result, the weakening of J

BFO (b)
Raw data
—— Fitted data
by
3
S
2
7
S
3
£
0 200 400 600

Raman shift (cm™)

Fig.3 Raman spectra of BFO and BFZC02 ceramics recorded at RT (a). Spectral deconvolution of BFO with the assignment of the corresponding

vibrational modes (b).
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Fig. 4 e'r = f(T) curves for BFO (a) and BFZC02(b) at different frequencies. The inset illustrates the corresponding tan é = f(T) curves for both

compositions.

leads to the observed reduction in the Néel temperature of
BFZCO02. This interpretation is supported by the work of Durga
et al.*® Furthermore, the substitution not only reduces the Néel
temperature (7Ty) of BFO but also significantly lowers the
tangent loss (tan 6) from approximately 0.080 (BFO, at RT and
100 kHz) to 0.011 for BFZC02, indicating improved dielectric
quality as a result of co-substitution. This enhancement is likely
due to the reduction of oxygen vacancies, as previously di-
scussed in relation to the decrease in crystallite size following
co-substitution. A similar reduction in tand at RT was also
observed when 2% Zr was doped into Bijglay,FeO;.>* The
relative permittivity (¢,) also decreases with substitution, drop-
ping from 175 (BFO) to 155 (BFZC02) at RT and 100 kHz. This
decline is likely due to partial clamping of domain wall motion,
attributed to increased internal strain induced by doping, as
indicated by the XRD study.?*¢

On the other hand and just below Ty, an anomaly is
observed for BFO, which becomes more pronounced and
noticeable for BFZC02 (as highlighted within a rectangle in
Fig. 4). According to Salah et al.,*” this anomaly is due to the
ordering of electric dipoles in the material, influenced by the
electric field associated with the applied frequency. This effect
is more significant following co-substitution with zirconium
and copper.

3.4 Optical properties

The optical properties of the synthesized BFO and BFZC02
ceramics were investigated using UV-vis spectroscopy. Fig. 5
illustrates the absorption spectraof these ceramics in the
wavelength range of 400 to 800 nm. In this region, an absorp-
tion peak is observed in the wavelength range of 400 to 440 nm
for both prepared compounds, indicating that the band gap (E,)
lies within the visible region. To study the optical properties of
BFO and BFZCO02 ceramics, E, was estimated using the classical
Tauc relationship, expressed by the following equation:

ahv = A(hv — E,)" (5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-vis absorption spectra for BFO and BFZCO02. The inset
shows the plot of (h)? as a function of hv for both ceramics.

In this formula, A is a constant, Av represents the photon
energy, « is the absorption coefficient, and n depends on the
type of electronic transition. The exponent n takes the value 1/2
for direct bandgap transitions and 2 for indirect transitions.
According to previous studies,**** BFO is known to exhibit
a direct bandgap, and thus, we used n = 1/2 for our calculations.
Here E, represents the energy difference between the valence
band maximum (O 2p) and the conduction band minimum (Fe
3d).”> The absorption coefficient («) is calculated using the
Kubelka-Munk function:

(1-R)’

a=F(R)= 7R

(6)
where R is the reflectance. From this perspective, we have
plotted the variation of («hv)* as a function of v for BFO and
BFZCO02 in the inset of Fig. 5. The intersection of the extrapo-
lation of the linear fit with the x-axis [(ahv)> = 0] allows us to

RSC Adv, 2025, 15, 38243-38250 | 38247
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Fig. 6 P = f(E) loops for BFO (a) and BFZCO02 (b) in different applied fields and at room temperature.

determine the corresponding band gap value. The found values
for E, are 2.34 eV for BFO and 2.21 eV for BFZC02. This result
demonstrates the significance of substituting Fe** with Zr*" and
Cu*" in reducing the band gap energy of BFO. The reduction in
the band gap leads to enhanced absorption across a larger
portion of the solar spectrum, particularly in the visible range.

In the next step, we attempt to detail some reasons that have
led to the decrease in the energy of the band gap following the
co-substitution with Cu®>" and Zr*". The substitution with Cu**
can result in a reduction of the band gap width. Indeed, Cu**
has a lower conduction band edge energy level (E., = —4.96 eV)
compared to Fe’" (E,, = —4.78 eV),*® which could narrow the
effective optical band gap between the O 2p valence band and
the Fe 3d conduction band. This interpretation is supported by
the work of M. Hasan et al.,** where they demonstrated that the
substitution of Fe** with manganese Mn*" (£, = —5.83 €V)
reduced the band gap width of BFO. On the other hand, unlike
metallic dopants, non-metallic ions such as Zr are less prone to
generating donor levels in the band gap. Zr is capable of shifting
the maximum of the valence band to higher energies. This
deduction is supported by the work of Chen et al.** Similar
reductions in E, have been observed in Zr-doped BFO, as seen in
BFO doped with Co*® and BFO doped with Mn.*” Consequently,
the reduced Eg in the BFZC02 ceramic making it more suitable
for photocatalytic and photovoltaic applications under visible-
light illumination.

3.5 The P-E hysteresis loop study

The polarization hysteresis (P-E) loops of BFO (a) and BFZC02
(b), measured at RT, are presented in Fig. 6. The P-E loops for
each composition are displayed under different applied electric
fields. From these figures, it is evident that both pristine BFO
and BFZCO02 exhibit typical ferroelectric behavior, with well-
defined hysteresis loops. However, the substitution of copper
and zirconium results in more rounded P-E loops. The rounded
shape of these loops suggests significant leakage current in
BFZC02. This enhanced leakage current could arise from
a reduction in the effective potential barrier height due to

38248 | RSC Adv, 2025, 15, 38243-38250

structural distortions caused by the co-substitution. This
interpretation is supported by UV-vis spectrophotometry study,
which reveal a decrease in the band gap of BFO (2.34 eV) with Cu
and Zr substitution, resulting in a narrower band gap for
BFZCO02 (2.21 eV). This finding is consistent with previous work
on Eu-doped BFO.” In the same study, we observe that the
remanent polarization decreases with the co-substitution.
Substituting Fe*" with a small amount (2%) of slightly larger
ions such as Zr"" and Cu®** can enhance charge hopping
between Fe** and Fe®" ions. This mechanism may explain the
reduced ferroelectric character of BFO after co-doping, consis-
tent with the work of S. Divya Lakshmi et al.** Similarly,
a pronounced reduction in remanent polarization has been
observed in the Dy-doped BiFe 95Cug.0,03 system,> where the
polarization dropped from 125 uC cm ™ in undoped BFO to 0.28
uC em ™2 at a doping level of 1%. Despite this reduction, BFZC02
still maintains a significant ferroelectric response, indicating its
potential for use in ferroelectric memory devices and sensors.

4 Conclusion

In this study, our objective is to enhance the optical and
dielectric properties of BFO to make it suitable for advanced
electronic and photovoltaic devices. To achieve this, we co-
substitution the Fe-site with Cu** and Zr*" at a very low
concentration (2%), forming the compound BiFe, og(Zr;,,Cuy,
2)0.0203 (BFCZ02). XRD analysis confirms the successful incor-
poration of Cu®" and Zr** into the Fe-site lattice of BFO. Both
XRD and Raman investigations demonstrate that the co-
substitution does not alter the R3c structure of BFO. More-
over, the XRD study reveals a reduction in the formation of the
secondary phase (selenite Bi,sFeO3o) and a significant decrease
in crystallite size. Dielectric measurements revealed that the
anomaly associated with the Néel temperature (Ty) in pure BFO,
observed at 623 K, decreased significantly to 604 K in BFCZ02.
This shift is attributed not to bond-angle distortions but to
lowering the overall magnetic interaction strength j. In addi-
tion, the co-substitution reduced the optical bandgap from
2.34 eV for pure BFO to 2.21 eV for BFCZ02, enhancing its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption in the visible light range. This narrowing of the
bandgap renders BFCZ02 a highly promising material for pho-
tocatalytic applications and solar energy conversion technolo-
gies. However, the reduction in bandgap energy (E;) was
observed to influence the saturation behavior of the
polarization-electric field (P-E) hysteresis loops in BFCZ02,
suggesting a trade-off between optical tunability and ferroelec-
tric performance.
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