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The environmentally friendly BiFe; ,(Tiy2Cuy/»)xO3z system with various substitution rates, including x =
0 (BFO), x = 0.02 (BFTCO,) and x = 0.04 (BFTCO,), has been synthesized using the solid-state reaction
technique. All compositions exhibited a distorted rhombohedral structure with R3c space, as observed
from the results of XRD and Raman spectroscopy. A significant impurity phase (BixsFeO40) appears in
pure and doped BFO, with a percentage ranging between 6 and 9%. This impurity was also detected
using Mossbauer spectroscopy. UV-vis spectroscopy revealed a decrease in optical band energy with the
substitution, suggesting the potential applications of doped BFO within the visible range of the spectrum,
making it suitable for photocatalytic and solar cell applications. The smallest bandgap was observed for
BFTCO, with E5 = 1.93 eV. The origin of this reduction is discussed from a scientific point of view.
Furthermore, Cu?* and Ti** co-doped BFO display an improvement in dielectric properties due to the
reduction in the value of tan §. Dielectric measurements revealed an anomaly below Ty with diffusive
and dispersive behavior, suggesting a relaxor-like behavior for all compositions. The relaxor character
was quantified by using the Vogel-Fulcher relationship which yielded activation energy of 0.359-

0.614 eV. In our system, the relaxor behavior showed an enhancement with the heterogeneity created
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Accepted 22nd April 2024 by the substitution rate, reaching its maximum for BFTCO,, characterized by the empirical parameters

which are: AT,eax = 96 K and ¥ = 1.96. Finally, co-doped BFO ceramics not only present promising
DOI: 10.1039/d4ra01850h materials for optical applications due to the narrow bandgap, but their relaxor behavior can also be

rsc.li/rsc-advances tailored for promising applications in high-energy storage devices.

a space-modulated spiral structure of an incommensurate
wavelength of 62 nm.* However, this structure is responsible for
the suppression of weak ferromagnetism and the linear
magneto-electric (M-E) effect.® Additionally, synthesizing

1. Introduction

Materials that exhibit the coexistence of ferroic orders,
including ferroelectric and (anti)ferromagnetic properties, are

referred to as multiferroics. These materials hold promise for
diverse device applications like memory, microelectronics and
spintronics.*” In this respect, BiFeO; (BFO), the most well-
known multiferroic, is one of the rare materials that exhibit
the coexistence of antiferromagnetic and ferroelectric orders at
room temperature (RT). BFO boasts a high Curie temperature
(Tc = 1103 K) and a high Néel temperature (Ty = 643 K).>* In its
bulk form, the crystal structure stabilizes in a rhombohedral
configuration with the R3¢ space group. Ferroelectricity arises
from the distortion induced by stereochemically active 6s lone
pair electrons of Bi*", while the indirect magnetic exchange
interaction between Fe** ions through O®~ causes G-type anti-
ferromagnetic ordering. This ordering is superimposed with
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a single-phase BFO is a challenging task due to several factors
such as oxygen vacancies, mixed valence states of Fe ions, and
impurity phases like Bi,sFeO4, which enhance electrical
conductivity, posing a serious drawback for device applica-
tions.” To mitigate these issues and reduce leakage currents,
various attempts have been made, including adopting different
processing techniques,®*® substituting elements at the Bi/Fe
site,'>'* and fabricating composites."

On the other hand, BFO stands out as a promising lead-free
ferroelectric material, owing to its exceptional intrinsic polari-
zation exceeding 100 pC cm™>.** Generally, polarization can
remain stable across various temperatures in relaxors due to
their diffuse phase transition behavior near dielectric maxima.
This behavior holds a significant promise in several applica-
tions such as sensors, capacitors, actuators, piezoelectric
transducers and notably in dielectric energy storage
applications.™™® Doping at site A or B emerges as an effective
strategy to achieve a more diffuse transition phase by modifying

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the short-range ordering nature due to the difference in size and
charge between host and dopant elements."”*®

Furthermore, BFO has recently gained significant attention
for its potential application in photolysis and photocatalytic
activity due to its smaller bandgap (ranging between 1.9 eV and
2.8 eV at RT**?) in comparison to other ferroelectric oxides like
BaTiO;, LiNbO;, and PbZrTiO; (with a bandgap of E, > 3 eV).
Therefore, reducing the bandgap further becomes essential for
enhanced absorption of the larger part of the sunlight spec-
trum, particularly in the visible range. Substitution is a poten-
tial approach to further reduce this gap as observed in Ti-doped
BFO,*?* (Cu, Zr) co-doped BFO* and (Zr, Zn) co-doped BFO.>

Several studies suggest that doping with 4+ ions is antici-
pated to decrease the formation of oxygen vacancies, while the
introduction of 2+ ions is expected to hinder the creation of Fe**
ions.” In this context, various researchers have reported that
the substitution of Fe** sites with Ti*" and Zr** contributes to
enhancing the multiferroic properties of BFO.>*** Conversely,
substituting Fe** with Ti*" has been found to improve the
electrical properties of BFO.>* Moreover, the incorporation of 2+
ions, such as Cu®", into BFO thin films has exhibited a note-
worthy reduction in leakage current and an enhancement in
ferroelectric properties.*

Motivated by these findings, we investigated the effects of co-
substituting Cu®" and Ti** at the Fe*" site in bulk BFO to
enhance various physical properties and tailor its multifunc-
tional performances across multiple application domains.
Thus, we explored the crystal structure, vibrational and optical
properties, as well as the dielectric behavior of the BiFe; ,(Tiy,
2CUy52),03 system (where x = 0, 0.02, and 0.04, referred to
respectively as BFO, BFTCO,, and BFTCO,). This compositional
series was synthesized by the conventional solid-state reaction.
Additionally, *’Fe Mossbauer spectroscopy was employed as
a complementary method to delve deeper into the material's
characteristics.

2. Experimental details

The synthesis of polycrystalline samples derived from the
BiFe; ,(Ti;;»;Cuy5),03 system was carried out using the stan-
dard solid-state reaction method. The substitution rates of
interest in this study are x = 0.00, x = 0.02 and x = 0.04. High-
purity Bi,Os, Fe,O3, CuO and TiO, oxides (Aldrich 99.9%) were
accurately weighed in stoichiometric ratios using the chemical
reaction equation:

1—x

1. X, X
§B1203 + 5 Fe, 05 + ETIOQ + 5 CuO—

BiFe,_(Ti;2Cuy ) Os

x 7

The powder was thoroughly ground in an agate mortar for 2
hours to achieve a homogeneous mixture. Subsequently, the
resulting powder was further mixed and ground for an addi-
tional 2 hours. Following this, the milled powder was pressed
into pellets with a diameter of 13 mm and a thickness of 10 mm
under uniaxial compaction with a load of 100 MPa for 5 minutes
at RT. The pellet underwent an initial calcination at 600 °C for 2
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hours. After this, the calcined pellet was ground again for 2
hours before undergoing a second calcination at 700 °C for 2
hours to achieve the desired phase formation. Following this
stage, the obtained powder was ground for an additional 2
hours and pressed under 100 MPa into disks with a diameter of
8 mm and a thickness of about 1 mm. Finally, the pellets were
sintered in the air using a high heating rate (250 K h~*) at 880 °C
for 2 hours, followed by furnace cooling at a rate of 300 K h™".

The phase purity of the synthesized samples was evaluated
using an EMPYREAN X-ray diffractometer equipped with CuKa
radiation (A = 1.5405 A, 45 kv and 30 mA) in the range of 10° <
26 < 80°. Raman spectra of the sintered samples were obtained
at room temperature using the LabRam HR800 from Horiba
Jobin-Yvon equipped with a diode laser emitting a red line (A =
633 nm). UV-visible diffuse reflectance spectra of the powder
samples were measured using a Thermo Scientific spectrometer
model Evolution 220 (Thermo Scientific Co., Ltd., Waltham,
MA, USA). Impedance measurements were carried out on gold-
coated pellets using a Broadband Dielectric spectrometer. For
Mossbauer spectroscopy, °’Fe spectra were recorded under RT
conditions using a constant acceleration spectrometer and
a *’Co source diffused within a rhodium matrix. Subsequent
examination of the Mossbauer data was conducted through the
MOSFIT software, a specialized Lorentzian line fitting
program.**

3. Results and discussion

3.1. Structural characterization

To investigate the influence of (Ti, Cu) co-doping on the crystal
structure of BFO, X-ray diffraction (XRD) measurements were
performed at RT.

Fig. 1a displays the XRD patterns of BFO, BFTCO,, and
BFTCO, samples. From this figure, the observed high-intensity
peaks suggest the phase purity and good crystalline nature of all
the prepared ceramics. However, traces of a secondary phase
selenite-type Bi,sFeO,, were observed in both undoped and
doped samples, which is a common occurrence during the
solid-state synthesis of BFO-based materials, as reported in
various studies.®**>** Here, the detected diffraction peaks were
identified with the R3¢ space group of a rhombohedral struc-
ture.** Furthermore, a close inspection of the patterns reveals
a displacement of the peak (012) position towards lower 26
values with an increase in Cu** and Ti*" content (Fig. 1b).
Presumably, this displacement can be attributed to the increase
in lattice parameters. To further examine the X-ray diffraction
data, Rietveld refinement of the patterns of BFO, BFTCO,, and
BFTCO, was performed using the FullProf program® to provide
detailed crystal structure parameters. Here, two-phase refine-
ments were employed to identify the amounts of the BFO phase
and the Bi,sFeO,, phase impurity in all prepared samples. The
integrated intensity of the peaks was analyzed as a function of
structural parameters using the Marquardt least-squares
method to minimize differences between simulated and
observed patterns. The background assessment employed the
method of direct inclusion among selected background points
and the minimization was performed based on parameters like

RSC Adv, 2024, 14, 14080-14090 | 14081
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Rypy Rpy Rexp and x2.** The profile fitting technique was adjusted
according to the limit of the x> function.

Fig. 2a-c illustrate the results of refinement, including the
observed, calculated and difference-refined XRD patterns for
BFO, BFTCO,, and BFTCO, respectively. The important struc-
tural parameters, such as atomic positions, lattice parameters,
bond lengths and bond angles derived from the Rietveld anal-
ysis are summarized in Table 1. As an example, we present in
Fig. 2d the crystal structure of BFTCO, generated by refined
ionic positions obtained from Rietveld refinement using Vesta
software.

In comparison to BFO, the co-substitution was found to lead
to an expansion of lattice parameters in the rhombohedral
phase, consequently elevating the unit cell volume as previously
observed. This augmentation can be elucidated by considering
the effective ionic radii of the dopants Ti** (0.745 A) and Cu®"
(0.87 A), which are notably larger than the host ionic radius of
Fe*' (0.69 A). Moreover, the increase in ionic radii of the co-
dopants contributes to an augmentation in the Fe-O-Fe bond
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Fig.1 XRD patterns (a) and magnified view of (012) diffraction peak (b)
of BFO, BFTCO, and BFTCO4 samples.
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Fig. 2 Rietveld refined XRD patterns of BFO (a), BFTCO, (b) and BFTCO, (c) samples. (d) Represents the crystal structure of BFTCO, using Vesta

software, employing typical cell parameters and atomic positions.

angle and induces buckling. The same deduction was observed
in cobalt doping BFO nanoparticles.*” The anticipated impact of
this discovery on the magnetic characteristics of the compound
was significant, as the Fe-O-Fe bond angle plays a crucial role
in both superexchange and Dzyaloshinskii-Moriya (DM)
interactions.***°

XRD patterns are further utilized to determine the average
crystallite size (D) and microstrain (¢) for BFO, BFTCO,, and
BFTCO, samples. D has been calculated using the Debye-
Scherrer equation, described as follows:*°

R
~ Bcosd

(1)

where § denotes the full-width at half-maximum intensity
(expressed in radians), k represents a dimensionless constant
with a typical value of 0.94, A indicates the wavelength of CuKa
radiation with a value of 1.5406 A, and @ is the Bragg angle of the
diffraction peak. The calculation of D is indicated in Table 2.
Here D decreases from 63.1 to 50.2 nm with an increase in
substitution concentration from x = 0.0 to x = 0.04. This
decrease in size may be attributed to the disparate ionic radii of
Cu** (0.87 A), Ti** (0.745 A) and Fe** (0.69 A), resulting in lattice
distortion, particularly in octahedral rotation, causing the

© 2024 The Author(s). Published by the Royal Society of Chemistry

crystal structure to contract. This interpretation finds support
in the work of Rhaman et al.*” Furthermore, the decrease in D
can be explained by the reduction of oxygen vacancies since the
motion of oxygen ions facilitates crystal growth.**

In this work, we aimed at the calculation of microstrain (&)
using the following relationship:**

B
T 4tang )
where @ is the line broadening at FWHM in radians, ¢ is the
Bragg's angle in degrees, half of 26.
The calculated values are displayed in Table 2. Herein, ¢
increases from 2.08 to 2.62 x 10> with the increase of the Co-
doping rate in BFO, suggesting dense and compact crystallites

of doped materials. This finding is further supported by Fig. 1b,

Table2 Average crystalsize, lattice strain and bandgap energy of BFO,
BFTCO, and BFTCO,4 samples

Samples BFO BFTCO, BFTCO,
Crystallite size (nm) 63.1 62.3 50.2
Microstrain ¢ (1072) 2.08 2.11 2.62
Bandgap (eV) 2.03 1.93 2

RSC Adv, 2024, 14, 14080-14090 | 14083
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where the shift in peak positions towards the left with the
substitution rate indicates a decrease in interplanar spacing,
contributing to heightened microstrain and consequently
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resulting in a reduction in crystallite size. A similar trend was
observed in Co-substituted BFO nanoparticles,*® as well as in
BFO nanoparticles with (Cu, Zr) co-substitution.**

3.2. Vibrational analysis

Raman spectroscopy is a discerning approach for identifying
short-range ordered structures and can detect local and static
symmetries. Fig. 3 displays Raman scattering spectra of both
undoped and doped BFO ceramics using an excitation wave-
length of 633 nm performed at RT. According to Group Theory,*
most of the 4; and E active Raman modes for all samples were
observable, closely corresponding to those of the rhombohedral
R3c perovskite BFO. These outcomes were consistent with the
findings of the XRD analysis.

The collective results of the pure and doped BFO ceramics
were derived from the 131" = 44, + 9E Raman active modes. In
this context, the letter A denotes the symmetric transformation
of a molecule during rotation around the principal axis of
symmetry, while the letter E represents a twofold degenerate
vibration. The low-frequency A; modes were primarily associ-
ated with the Bi-O vibration and lattice distortion.*® Conversely,
the high frequency of E modes was predominantly attributed to

(b}

BFO

(F(R)hv)?

16 1.7 1.8 1.9 20 21 22 23 24 25
hy

BFTCO4 (d)

(F(R)hv)?

22 23 24 25
hv

17 18 19 20 21

Fig.4 aUV-visible spectra and the inset illustrates a variation of reflectance (R) as a function of wavelength. The plot of [F(R)hv]? Vs hv of BFO (b),

BFTCO; (c) and BFTCOy, (d) samples.
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the Fe-O vibration.*® For BFO, BFTCO,, and BFTCO,, the higher
magnitude of A; modes compared to E modes was due to
measurements in the unpolarized configuration.”” A; modes,
polarized along the z-axis, were strongly excited and detectable
compared to E modes polarized in the x-y plane. According to
Hermet et al.,*® Bi atoms contribute to low-frequency modes up
to 167 cm ', while oxygen atoms dominate modes beyond
262 cm~'. Moreover, Fe atoms mostly contribute to modes
between 152 and 262 cm ', with potential involvement in
higher frequency modes.

According to Fig. 3 and as indicated by the dashed line, we
observe a slight red shift of the optical mode A, ; with an
increase in substitution rate up to x = 2%, followed by a blue
shift when the substitution rate reached x = 4%. The same
trend was observed in the evolution of the Bi-O bond length
(deduced from the XRD study) as a function of the substitution
rate. The shift bond A,, is attributed to the hybridization
between Bi (6s> 6p*) and O (2s> 2p*), which is in turn related to
the force constant (k) between the Bi-O bond. Therefore, the
mode frequency denoted by w can advantageously explain the
shift of A;_; versus substitution since w is given by the following
equation based on the simple harmonic mode:

k OCdi,
0= \w =\ T ©)

In this case, m* indicates the reduced mass of optical modes.
Then, eqn (3) can explain the red shift (decrease of w) when k
decreases due to the shortened Bi-O bond length, whereas the
blue shift (increase of w) occurs when the bond length
increases.

3.3. Optical properties

To investigate the optical properties of BFO, BFTCO,, and
BFTCO,, UV-vis spectroscopy measurements were carried out.
Fig. 4 displays the results of these measurements taken at RT.
UV-visible diffuse reflectance spectroscopy (DRS) was employed
in the wavelength range of 350-900 nm, as shown in the insert
in Fig. 4a. Subsequently, these UV-visible DRS spectra were
converted to diffuse spectra using the Kubelka-Munk function
to determine the absorption coefficient F(R). Its expression is
given by the following relation:

(1- R}

F(R) = “ (@)

where R represents diffuse reflectance. Here, the F(R) spectra
are illustrated in Fig. 4a for all prepared ceramics. These
illustrations showcase three absorption edges in pristine and
(Ti, Cu) co-doped BFO samples. The 650 nm band stems from
a metal-to-metal transition, while the approximately 760 nm
band results from a crystal field transition.*” Nevertheless, the
notable absorption band observed around 505 nm is attrib-
uted to the electronic transition from the O 2p state to the Fe
3d state.’® Hence, the energy difference between the top of the
valence band (O 2p) and the bottom of the conduction band
(Fe 3d) indicates the magnitude of the optical energy bandgap
(Eg). Consequently, the current materials can effectively

© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorb light within the visible spectrum. Following this, E, is

estimated using Tauc's relation,

51

as given by the following

equation:
F(R)hv = A(hv — Ep)" (5)
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Fig. 5 Mossbauer spectra for BFO, BFTCO, and BFTCO,4 ceramics

taken at RT.
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where A is a constant, sv indicates the photon's energy, and n
characterizes the optical electronic transition process. For
direct and indirect bandgap transitions, n values are 1/2 and 2,
respectively. The estimation of E, for all synthesized samples
was achieved through eqn (5). Considering BFO as a direct
bandgap material,”>** n = 1/2 was employed for E, calculation.
The extrapolation of the linear region in the (F(R) iv)> versus hv
plots, as shown in Fig. 4b-d, allowed us to estimate the values of
E, for all samples, which are tabulated in Table 2. The initial
decrease in E, for Cu and Ti co-doping BFO ceramic up to 2%
can be explained by the fact that the 3d conduction band edge of
Cu** (Eqp = —4.96 eV) is lower than that of Fe*" (Eq, = —4.78
eV)*® leading to the introduction of holes into the d band.”” This
phenomenon may reduce the effective energy gap between the
O 2p valence band and the Fe 3d conduction band, conse-
quently decreasing the optical band gap width of BFO. A similar
discussion was carried out in the work of M. Hasan et al,*®
where they demonstrated that the substitution of Fe*" with
manganese Mn** (E., = —5.83 eV) reduced the band gap width
of BFO. Moreover, the Bi-O hybridization as well as the Fe-O-Fe
super-transfer mechanism may also contribute to the system-
atic variations in the energy band gap by the substitutions, as
both Fe 3d states and A-site cation states appear in the valence
band and conduction band. Compared to BFO, the decrease in
the Bi-O bond length indicates a stronger A-O hybridization,
causing an increased orbital overlap and subsequently inducing
a wider band dispersion and smaller band gap.* Such a reduc-
tion in band gap is consistent with previous findings on other
doped BFO.®*** However, the increase in Bi-O bond length
appears to be the main cause of the rise in E, in the composition
with x = 4% and offsets the effect of the remarkable decrease in
crystallite size. Several studies have reported that the shift in
bandgap in materials occurs below 10 nm due to the quantum
confinement effect.®>* However, the crystallite size in BFTCO,
is much larger and does not fall within the range affected by
quantum confinement effects. Additionally, the reduced band
gap of BFTCO, and BFTCO, compared to BFO makes these
samples suitable candidates for photocatalytic and solar cell
applications.

3.4. Mossbauer spectroscopic study

To investigate of the hyperfine magnetic behavior and oxidation
state of iron atoms, *”Fe Méssbauer spectroscopy was employed
to analyze BFO, BFTCO,, and BFTCO, ceramics. The Mossbauer
spectra for these samples were recorded at RT and are visually
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represented in Fig. 5. The spectra for all samples exhibited
a combination of a sextet (six-line) and a doublet. The sextet is
attributed to the Zeeman splitting of Fe nuclear levels caused by
the hyperfine magnetic field, suggesting magnetic ordering,
possibly a screw or slightly canted antiferromagnetic ordering
with a Néel temperature (Ty) expected to be above RT. Mean-
while, the doublet is associated with the impurity phase
Bi,sFe0,40,** consistent with XRD results. The absence of
a hyperfine field in the doublet indicates that the Bi,sFeO,o
phase does not contribute to the magnetic ordering materials. A
detailed comparison of Mossbauer spectral parameters,
including isomer shift IS (), half width at half maximum (I'),
quadrupole shift/splitting (2¢/QS), magnetic hyperfine field
(Bng), and fractional area, is summarized in Table 3 for BFO,
BFTCO, and BFTCO, samples. Herein, the range of values of IS
(6) for all samples suggests the exclusive presence of the Fe**
state, with no signal indicating the presence of Fe** ions (0 < 6 <
0.5 mm s~ ' for Fe** and 0.6 < 6 < 1.4 mm s~ for Fe*").%
Moreover, compared to the pristine BFO, the slight reduction in
B¢ detected in BFTCO, and BFTCO, is attributed to the local
distortion at Fe sites due to Bi vacancies, consistent with other
reported results.®*®” From Fig. 5, the Mossbauer spectrum of
BFO exhibits evident asymmetry with a notable intensity
disparity between lines 1 and 6, as well as lines 2 and 5. This
asymmetry serves as compelling evidence for the presence of
cycloidal modulation.®®® Interestingly, this asymmetry
becomes slightly more symmetrical with the substitution,
notably in the case of BFTCO,.*® Such a result implies that the
introduction of Cu and Ti doping has the potential to disrupt
the modulated spiral spin structure of BFO. A similar trend has
been observed in other doped BFO compounds, including Pr-
doped BFO,” Y-doped BFO™ and (Zr, Zn) co-doped BFO.*

3.5. Dielectric measurements

To explore the dielectric properties in BFO, BFTCO,, and
BFTCO,, an investigation was carried out on the temperature
and frequency dependencies of the dielectric constant (¢';) and
tangent loss (tan ¢). Fig. 6 illustrates the temperature evolution
of ¢ (within the temperature range 300-675 K) for BFO (a),
BFTCO, (b) and BFTCO, (c) samples at selected frequencies
(ranging from 1 kHz to 1 MHz). Tan 6 versus temperature for all
samples is depicted in the inset of Fig. 6. At RT, the tan ¢ of BFO
is approximately 0.32 when measured at 10 kHz. This value
decreases in BFTCO, to around 0.13, then decreases signifi-
cantly for BFTCO, to reach approximately 0.0092. Here, the

Table 3 Fit parameters obtained from Mdssbauer spectroscopy investigation for BFO, BFTCO, and BFTCO,4 ceramics at RT

IS () T2 2¢/QS Bys Area
Sample Fe site (mm s (mm s (mm s (T) (%) Phase
BFO Sextet 0.245 0.26 0.63 49.6 96 BFO
Doublet 0.136 0.15 0.85 4 Bi,sFeOyo
BFTCO, Sextet 0.247 0.22 0.515 49.2 95 BFO
Doublet 0.316 0.16 0.40 5 Bi,sFeO,o
BFTCO, Sextet 0.207 0.22 0.451 49.5 96 BFO
Doublet 0.215 0.16 0.49 4 Bi,sFeO,q
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Fig. 6 Variation of ¢, with temperature at different frequencies for
BFO (a), BFTCO, (b) and BFTCO,4 (c). The inset shows the corre-
sponding tan ¢ versus T.

decrease in the values of tan ¢ with the levels of Ti*" and Cu®*
substitution rate reduces the conductivity of the BFO sample.
This result reveals that the oxygen vacancies in substituted BFO
were controlled by Cu®* and Ti'** doping, leading to an
enhancement in its resistivity. This finding supports the earlier
discussion in the structural characterization section where the
decrease in average crystallite size was associated with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduction in the amount of oxygen vacancies. Above RT and
especially at elevated temperatures (>450 K), the notable rise in
the value of tan ¢, which decreased as the frequency increased,
suggests that the hopping of electrons is unable to follow the
frequencies of the applied field.

For BFO (Fig. 6a), we observed a pronounced anomaly in the
dielectric constant (e;) across the entire temperature range,
occurring at T,,. For example, its value was 509 K detected at 1
kHz. Since the antiferromagnetic transition temperature for
BFO is around (Ty) ~623-643 K,’* indicating that the presence
of this anomaly rules out magneto-electric coupling. Herein, T},
shifted towards higher temperatures as the measuring
frequency rose. Additionally, the maximum dielectric permit-
tivity (emax) decreased as the frequency increased. All these
observations confirm the relaxor-like dielectric behavior of the
material. Such anomaly was observed in the work of Shama
et al.,”® where they attributed the relaxor behavior occurring
below Ty to the presence of defects like Vg and V'c', in the
material. Upon doping BFO with Cu and Ti, relaxor behavior
was also observed, as illustrated in Fig. 6b and c. Furthermore,
to confirm the relaxor behavior, we applied the Vogel-Fulcher
relationship to all prepared ceramics. This relationship is given
by the following expression:™

f:fO exp[_Ea/KB(Tm — Tyl (6)

where frepresents the applied frequency, f; refers to the attempt
frequency, E, indicates the activation energy, and Tt denotes the
freezing temperature which corresponds to the freezing of the
polar nanoregions (PNRs) dynamics in relaxor materials. The
evolution of the logarithm of the frequency versus the inverse of
T, for pure and doped BFO ceramics is depicted in the Fig. 7
(the symbols represent the experimental data, while the solid
line indicates the typical-fit curve of the Vogel-Fulcher rela-
tion). The successful fitting of the Vogel-Fulcher relation with
the experimental data suggests the relaxor behavior of all
compositions. The value of E, is comparable to that found in the
materials prepared by Zaho et al.”® They demonstrated in its
case, that achieving a long-range polar phase is difficult, which
leads to a weakly coupled polar structure.

The dielectric relaxation characteristics of BFO, BFTCO,, and
BFTCO, ceramics can be described by two empirical parame-
ters: v and AT.ax. Here, v can be calculated using the modified
Curie-Weiss law, which is deduced by the following
relationship:”®

L_L:w (7)

Er € m Cl

where ¢, denotes the dielectric constant maximum at Ty, and
C, is constant. y represents the slope of the graph between

1 1
In <T - = ) and In(T — T,,) (the inset in Fig. 7). AT ey 1S
€r  &mm

determined by the difference between two T, values measured
at two distinct frequencies as indicated by:"”

AT ggar = T (10° Hz) — T\y(10° Hz). (8)
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BFTCOy4 (c) ceramics. The symbols and solid line represent data points

and the fit to Vogel-Fulcher's relation, respectively. The correspond-

) < 1 1

ingln|—— -
&

r Erm

) plotted against In(T — T,,,) at 1 kHz is depicted in the

inset.

As shown in the inset of Fig. 7, the value of the y parameter
rises with increasing x and reaches its maximum for BFTCOy,,
with a value of 1.96. Additionally, AT, increases progressively
with the doping level, from 30 for BFO, reaching 64 for BFTCO,,
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and 96 for BFTCO,. All these observations suggest that the
substitution of Fe’" by Ti*" and Cu®" appears to increase the
random local field due to the disordered distribution created in
the B site, leading to the enhancement of dielectric relaxor
behavior.

For the composition BFTCO,, two dielectric constant peaks
appeared in the dielectric response. Similar dielectric behavior
has been noted in BF-BT-based ceramics’ and is attributed to
the core-shell structure of the grains. In addition, the relaxor
behavior observed in our system is certainly beneficial for
energy storage performance.

4. Conclusion

To explore practical advancements and potential applications of
BiFeO;, especially in the field of photovoltaics and in the
development of energy storage devices, we co-doped it at the Fe-
site with Cu®" and Ti*" to form the system BiFe; ,(Ti;;,Cuy,
2)x03, with x restricted to the range of 0-0.04. These composi-
tions were synthesized using the solid-state reaction method
and the correlation between their structure, vibrational, optical
and dielectric properties was highlighted. The XRD analysis
revealed that substituting Cu®>* and Ti*" at the Fe*" site does not
disrupt the rhombohedral structure of BFO. However, the
substitution resulted in a reduction of crystallite size. On the
other hand, the substitution did not prevent the formation of
a secondary phase (selenite BiysFeO,), as also identified
through Mossbauer spectroscopy analysis. This study provided
that Fe was present in the +3 oxidation state in pure as well as
doped BFO. This is probably caused by the decrease in the
formation of oxygen vacancies, which prevents the formation of
Fe**. Consequently, this leads to a decrease in dielectric losses
with the substitution rate of Cu and Ti as observed from the
dielectric study. Optical band gap reduction due to (Ti, Cu) co-
doping, as shown by the UV-vis spectroscopy results, enhanced
the photocatalytic properties of BFO doping. This enhancement
was facilitated by the competitive effects between the 3d
conduction band edge of Cu®* and the Bi-O bond length. A
broad dielectric peak in the temperature-dependent dielectric
constant with a pronounced frequency dispersion was observed
beyond Ty, indicating relaxor behavior for all the samples.
Furthermore, the degree of relaxor behavior was found to
increase gradually with the doping level, attributed to the
disordered distribution created in the B site. In addition, the
obtained relaxor behavior might be promising for dielectric
materials in various fields of application, especially for high-
energy storage devices.
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