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ABSTRACT: A series of Cd- and Er-doped bismuth ferrites were synthesized using
a simple microemulsion technique. The influence of Cd and Er doping on the
structural, ferroelectric, photocatalytic, and dielectric properties of bismuth ferrite
(BFO) was examined in this research. The prepared materials were examined by X-
ray diffraction, Raman, scanning electron microscopy, and UV—vis techniques. The
XRD patterns reflected the formation of a monophasic rhombohedral structure with
the space group R37c and an average crystallite size calculated to be in the range of
29 to 32 nm. The saturation polarization (P;), coercivity (H_), and retentivity (P,) of
the materials were investigated by a hysteresis loop (P-E), and it was perceived that
increasing the dopant contents improved the P, and P, values, which may be due to
the variation of metal cation valence states. In accordance with the photo-
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recombination and increased charge separation rate (e"—h"), which eventually
contributed to a higher photocatalytic degradation performance of the prepared
NMs. Furthermore, as the frequency and dopant concentration increased, the dielectric loss decreased, which could be due to
different types of polarization. Bi; _,Cd,Fe, _ Er,O; showed well-saturated hysteresis loops (P-E) with enhanced saturation
polarization near 9.7 X 10™* 4C-cm™ The remnant polarization of the BFO and BFOCE NPs was 2.26 X 10™* and 8.11 X 10™* uC-
cm™?, respectively, under a maximum electric field, which may be due to the variation of the metal cation valence states. The
improved ferroelectric and dielectric properties of Bi; _ ,Cd,Fe; _ ,Er,O; NPs are attributed to the reduced concentration of defects,
the different domain behavior, and the valence state of Cd and Er ions. The electrochemical (crystal violet (CV) and I-V) properties
of Bi; _ ,Cd,Fe, _ ,Er,O; were all influenced by the dopant concentrations (Cd and Er). The synergistic effects of Cd and Er on the
substituted material enhanced the specific capacitance in comparison to undoped BiFeO;. The photocatalytic activity to degrade CV
under visible irradiation increased in BFOCE as the dopant (x,y) concentration increased from 0 to 0.25 by showing 84% dye
degradation in comparison to pristine BiFeO; (53% only) within 120 min under visible light. Moreover, the stability of these
prepared nanoparticles was confirmed using recycling experiments, with the results indicating that the synthesized nanomaterials
demonstrated promising stability and reusability.

1. INTRODUCTION

Multiferroic materials are encouraging for design and
fabrication of multi-functional materials. They are notable for
their distinctive and solid connection of structural, electric, and
magnetic order characteristics, which results in simultaneous
ferromagnetism, ferroelectricity, and ferroelasticity. Multi-
ferroics having magnetoelectric (ME) effects may be electri-
cally polarized when a magnetic field is applied, or magnet-
ization can be induced by introducing an external field."” As a
result, multiferroic materials are being investigated for use in a
variety of new electronic devices, i.e., multiple-state memory,
new storage medium, spin valves, microelectronic devices, and
quantum electromagnets.”” Perovskite ABO;-structured
BiFeO; has been one of the most well-known multi-ferroic

materials with sequential ferroelectric (TC ~ 830 °C) and
anti-ferromagnetic (TN & 370 °C) characteristics, making it
one of top possibilities for ME applications over room
temperature. It owns a distorted rhombohedral perovskite
structure. BiFeO; spontaneous polarization in hetero-epitax-
ially restricted thin films has been increased by nearly an order
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Figure 1. Synthesis scheme of Bi;_,Cd,Fe,_,Er,O; nanoparticles (photograph courtesy of Zarish Nazeer. Copyright 2022).

of the magnitude above that of a single crystal. The multi-
functionality of BiFeO; not only allows for fundamental
physics research but also may be employed as a visible-light-
sensitive photocatalyst for water splitting and organic pollutant
degradation owing to its favorable band gap and outstanding
chemical stability.*® Furthermore, studies have shown its
potential applications in opto-electronic devices and solar cells.
The use of tiny band gap ferroelectric materials with high
carrier transport capabilities is a viable way toward innovative
opto-electronic applications, making BiFeO; a potential choice
for commercially accessible devices such as femto-second laser
pulses.”’

Doping bismuth ferrite (BFO) with another atom on any
site (A or B) of the ABOj lattice has recently been revealed to
show an essential part in changing its characteristics, for
instance, replacing Bi** with RE (rare-earth) metal ions, which
caused a significant progress in ferroelectric and ferromagnetic
properties of BiFeO;, which could potentially result in an
improved ME effect.” Kan et al. recently discovered a general
conduct in a variety of the RE-doped BiFeO, materials.” The
structure transition from the ferroelectric rhombohedral to
orthorhombic phase, which shows double hysteresis loop
polarization and improves electro-mechanical characteristics
significantly, is observed to happen independently of RE
dopant species. Because such changes in the functional
properties have been proved to take place as a result of
alterations in the crystallite structure of BFO, it is fair to
conclude that this kind of replacement might also influence
BFO’s photocatalytic property.®

At present, environmental pollution and contamination of
water resources are two major issues, which are due to the
population increase and industrialization, causing a negative
effect on the living organisms. Industries including printing,
textile dying, leather tanning, and paper discharge a large
number of dyes; synthetic dyes being visible even at lowest

concentrations in water are harmful for humans and aquatic
life. In order to ensure the safety of water resources, these
coloring agents must be removed before being discharged into
water bodies.”™"" A large number of dyes are synthesized every
year, of which almost 15% is discharged into the water sources,
which enter the food chain by bioaccumulation processes.
Several techniques are in practice for the remediation of dyes,
but these techniques have limitations, i.e., low efficiency as well
as generation of sludge, which is also toxic to the living
organisms.'~~'® Hence, there is a need to use techniques that
are cost-effective and economical to completely remove the
pollutants. Among treatment approaches, the efficient and
cost-effective approach is photocatalytic treatment. In photo-
catalysis, degradation takes place at the surface of the
photocatalyst through an oxidative process. For efficient and
cost-effective degradation, it is crucial that the photocatalysts
remain active under visible light irradiation.”> Different
catalysts have been studied, which proved efficient for catalytic
applications, ie., metallic oxides, composites, and doped
materials,””’®"” and the BaFe,,0,o doping with different
elements may also show promising photocatalytic activities.
Based on aforementioned facts, a series of Cd- and Er-doped
BiFeO; synthesized via the micro-emulsion approach and
doping influence on ferroelectric, dielectric, electrochemical,
and photocatalytic properties was appraised. The catalytic
potential was appraised for crystal violet (CV) dye removal
with the mechanism of dye degradation.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Bi(NO;),6H,0, Cd-
(NO,),-4H,0, Fe(NO,);-6H,0, Er(NO,),-SH,0, and CTAB
were supplied by Sigma-Aldrich. The ammonia solution
(NH,OH) and CV were obtained from AnalaR.

2.2. Synthesis of BiFeO; and Bi,_,Cd,Fe;_/Er,0;.
Various compositions of Bi; _,Cd,Fe; _ Er,0; NPs (xy =
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Figure 2. (a) XRD patterns of pure BFO and substituted Bi;_,Cd,Fe,_,Er,0;. (b) X-ray density, bulk density, dislocation density, and porosity.

0.0, 0.05, 0.10, 0.15, 0.20, 0.25) were synthesized by a
microemulsion route. For this, stoichiometric amounts of
aqueous solutions of each metal nitrate were prepared, mixed,
and agitated for 30 min at 60 °C before adding CTAB (0.2
molar) as a surfactant to the resulting mixtures. The heating
was switched off once the appropriate temperature was
achieved. Ammonia (32%) solution was appropriately
introduced into stirring solution, and precipitate formation
started at pH = 11. The precipitates were rinsed with distilled
water multiple times before being dried overnight at 150 °C,
which were ground and sintered at 950 °C for 7 h to acquire
the required perovskite structure and subjected to character-
ization. The chemical reactions are shown in eqs 1 and 2'® and
Figure 1.

Bi(NO,), + Fe(NO;); — Fe(OH), + Bi(OH), (1)
Fe(OH); + Bi(OH), + 1/20, — BiFeO, (2)

2.3. Characterization. Several scientific methodologies
were then used to characterize the nanomaterials synthesized
by the micro-emulsion process. For example, the X-ray
diffraction method was used to examine the crystallinity of
nanoparticles by using a Philips X'Pert Pro 3040/60 X-ray
diffractometer. The SEM descriptions were attained by a JEOL
JSM-6490LA SEM instrument. The ferroelectric P-E loop
tracer M-S (Radiant Technologies, United States) equipment
for evaluating ferroelectric properties was finalized. Using
Raman spectroscopy and FTIR, chemical bonds between the
elements were verified (Nexus 470 spectrophotometer).
Photoluminescence spectra were measured by a Shimadzu
RF-5301PC fluorescence spectrophotometer. The measure-
ments of dielectric properties were acquired by a Wayn Kerr
WK-6500B LCR meter in 20 Hz—0.2 GHz. The UV-—vis
spectra for the materials were recorded by a double-beam Cary
60 spectrophotometer.

2.4. Photocatalytic Activity Measurement. When
evaluated in the presence of visible light, BFO and BFOCE
showed to be efficient photocatalysts for CV dye degradation.
During the experiment, 10 mg of the catalyst was introduced to
a 50 mL solution (10 mg/L) of CV dye. To achieve
adsorption—desorption equilibria, the solution was exposed
to a 100 W Xe lamp in the dark while constantly stirred. At
predetermined intervals, dye solution samples were collected
and their absorbance at 665 nm was measured (Cary 60).
Before each set of absorption tests, the solution was
centrifuged for 20 min at 5000 rpm to eliminate particles of
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the catalyst. The concentration of CV was obtained from
absorbance measurements using a standard curve indicating a
linear connection between absorbance and concentration at
665 nm. Equation 3 was used to obtain % degradation (where
A, and A, denote absorbance values at time “0” and zero “t’,
correspondingly).

Ay
dye removal (%) = 1 — — X 100
Ay 3)

3. RESULTS AND DISCUSSION

3.1. Structural Analysis. Figure 2 displays the XRD
spectra of as-prepared pristine BFO and doped BFOCE NPs
by the microemulsion technique. The presence of well-defined
peaks in the XRD pattern verifies the polycrystalline and
monophasic character of the fabricated material. The
characteristic diffraction peaks appeared at 20 = 22.3, 31.7,
39.4, 45.6, 512, 56.3, and 56.8° corresponding to the
crystalline planes (012), (104), (202), (024), (116), (018),
and (214), respectively, providing clear evidence of perovskite
formation. The XRD peaks of BiFeO; were indexed by using
the JCPDS card no. 01-071-2494 and revealed a rhombohedral
phase with an R3c space group, confirming production of
BiFeO; NPs.

The substitution of the dopants in the BFO structure was
shown by a considerable decline in the peak intensities for
substituted samples, as well as a minor shift of diffraction peaks
toward the lower 26 axis, demonstrating the formation of the
perovskite structure. This shifting could be ascribed to a
comparatively small difference in ionic radii of Bi** (1.03A°)
and Cd*" (0.97A°) at the A site compared to Fe*" (0.64A°)
and Er** (0.88A°) at the B site, which causes structural
defects.” The cell volume, crystalline size, bulk density, X-ray
density, and porosity were estimated using relationships
indicated in eqs 4—8. Lattice parameters were calculated by
means of Cell Software (Table 1).

V = a’c. cos 60 4)
. 0.91
Pcos 6 (%)
_ZM
PX= NAv (6)
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Table 1. Cd and Er Doping Impact on the Structural Parameters of Bi,_,Cd Fe, ,Er,0; NPs

doping contents

parameters 0 0.05
cell volume (A)? 374.98 375.46
lattice constant a (A) 5.587 5.589
lattice constant ¢ (A) 13.84 13.86
crystallite size (nm) 29.08 29.73
X-ray density (g cm™) 2.77 2.76
bulk density (g cm™) 1.09 1.28
porosity 60.7 53.7
dislocation density 1.18 1.13
strain 0.496 0.488

0.1 0.15 0.2 0.25
375.66 376.26 376.87 378.01
5.59 5.594 5.596 5.598
13.87 13.88 13.89 13.93
30.62 31.23 31.72 32.98
2.75 2.74 2.73 2.71
1.29 1.31 1.33 1.37
53.1 522 51.3 49.5
1.06 1.02 0.99 091
0.487 0.476 0.474 0.471
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Figure 3. SEM micrographs of pristine and Bi,_,Cd,Fe,_,Er,O; nanoparticles.
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Cell volume (V) was increased from 374.98 A® for the
undoped BFO to 378.01 A® for the highly doped composition.
The perceived increment in V.5 might be ascribed to the
bigger ionic radius cation occupying the space of smaller ionic
radii cations, i.e., Fe* (0.64A°) and Er** (0.88A°) at the B site,
resulting in an increase in lattice parameters and therefore
origination of the lattice strain. The higher ionic radius makes a
major contribution in the improvement of these values. Bulk
density (pm) showed to be low as compared to X-ray density,
which might be associated with the existence of porosity in as-
synthesized materials. The increment in crystallite size was
observed from 29.08 to 32.98 nm with increasing x,y
concentration. The relative increment in crystallite size is
owing to the replacement of Fe** (smaller ionic radii 0.64 A)
by the larger Er’* (larger ionic radii 0.88 A). The inclusion of
large-sized Er** at B-site ions results in the development of a
distorted structure as a result of the creation of a microstrain,
which in turn increases crystal defects. There may be a
correlation between a decrease in porosity values and a
reduction in X-ray densities in materials. Porous materials with
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higher porosity typically exhibit lower X-ray densities due to
the presence of void spaces within the material. This decrease
in porosity and X-ray densities may impact the suitability of the
material for optical and catalytic applications.””

3.2. Surface Morphology and Elemental Analysis. The
morphology of nanomaterials was examined by SEM
investigation, and the achieved micrographs are presented in
Figure 3. The morphology of the fabricated NPs shows that the
shape of the particles is comparatively elongated and spherical,
producing agglomerates with smaller size particles in the
heterogeneous form. The size measured by SEM correlates
with the grain size obtained by XRD study. There was also
more aggregation in Cd- and Er-substituted NPs, which
increased with increasing dopant content. Because particles
had a higher surface energy and a small dimension, they readily
combined with one another. The Cd- and Er-doped material
has a larger size range and a greater surface area, making it a
good material for photocatalytic applications.” EDX analysis of
the prepared samples was also performed, and the results
revealed the formation of the pure final product. EDX also
showed the incorporation of Cd and Er in the prepared sample
since no Er and Cd were detected in BFOCE (pristine). In
BFOCE, the percentages of O, Fe, and Bi were found to be
5.46, 21.40, and 73.15 (%), respectively. Similarly, the O, Fe,
Cd, Er, and Bi percentages were found to be 4.16, 18.03, 8.56,
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Figure 4. EDX analysis of Bi;_,Cd,Fe,_Er,O;; (A) BFO, (B) BFOCE2, and (C) BFOCEA4.

1.76, and 67.49 (%) in BFOCE2 and 5.31, 15.69, 12.14, 3.48,
and 63.37 (%) in BFEOCE4 (Figure 4). The prepared samples
were in pure form since no additional element was observed.

3.3. FTIR Analysis. FTIR was employed as a significant
tool for detecting bond vibration frequencies in the molecule.
Figure S represents the spectra of all the fabricated samples.
The results demonstrate that strong bands emerge at 440, 474,
and 560 cm™ in the perovskite structure. The bands in 700
and 400 (cm™') were primarily ascribed to the metal oxides,
whereas peaks at 560 and 440 (cm™) in Bi, _ ,Cd,Fe, _ ,Er,O;
crystallites were attributed to vibrations (stretching and
bending) of Fe—O, which are features of perovskite
compounds of the octahedral FeO4 group.'” The Bi—O
vibration is assigned to the FTIR absorption peak at about 474
em™'.*° The peak at 1384 cm™" relates to NO;~ left from un-
reacted prelude salts.”’ The existence of Cd is verified by FTIR

spectra, which shows bands in the range between 1270 and
1641 cm™'** A band between 3600 and 3000 cm™' is
consigned to the anti-symmetric and symmetric stretching
vibrations of absorbed molecules of water at the surface of the
material, which could be related to water molecules adsorbed
on the surface.'” These spectra reveal that in the case of
substituted materials, no extra peak occur; instead, bands move
to a lower wavenumber as the Er concentration increases,
indicating that bending of the Fe—O and Bi—O bonds formed
as a result of octahedron deformation with the Er
substitution.”

3.4. Raman Spectroscopic Analysis. Raman spectrosco-
py is considered as one of the most active ways for evaluating
structural variables at the microscopic level. It also contributes
to the understanding of chemical bonding and the chemical
environment by studying molecular vibrations. Raman analysis

https://doi.org/10.1021/acsomega.3c01542
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was used to gain a better understanding of
Bi, _ ,Cd,Fe, _ ,Er,0O; (where xy = 0.0, 0.05, 0.10, 0.15,
0.20, 0.25) NPs (Flgure 6). According to group theory, BiFeO,
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Figure 6. Raman spectra of pristine and Bi,_,Cd.Fe, ,Er,O;
nanoparticles.

with a rhombohedral structure and the R3c space group has
five Raman active modes in the spectrum; ['Raman = 2A1,
3E, modes. *%2 The five main Raman peaks E-1, A;-1, A;-3, E—
3 and E-8 were perceived at 71, 136, 204, 286, and 521 cm_l,
correspondingly. In all of our BFO samples, a peak at 76 cm™
with a symmetric Lorentzian profile can be readily identified
and ascribed to the E mode.”* The high-intensity peaks at 136
and 204 (cm™') correspond to modes A;-1 and A;-3,”°
respectively, while other phonon modes can be seen at 286 and
521, indicating the R37¢ structure of BFO. 25,26 With i increasing
Cd and Er concentrations in BFO, A (1) mode broadening
was found. The replacement of larger host cations by small-
sized doped cations induces a compressive strain in the lattice
at both (octahedral and tetrahedral) sites, resulting in a blue
shift in the A,(1), Ay(3), and E,(8) bands. ¥

3.5. Ferroelectrlc Property To examine the impact of
substitution on the ferroelectric nature of NPs, positive-up—
negative-down (PUND) ferroelectric tests were executed by
ceramic pellets with silver paste covering to serve as electrodes.
Figure 7 depicts traced polarization loops at room temperature
vs electric field (P-E) of undoped and doped

ij _ ,Cd,Fe, _ Er,O; pallets. With polarization curves that

are well-shaped, all loops showed a standard ferroelectric
behavior. Maximum polarization (P,,,,) was recorded for all
the materials, showing the semiconductor nature of the
fabricated material. For varying dopant contents, the ferro-
electric parameter P, exhibited a substantial rise from 2.5 X

2 t0 9.7 X 1072 C/cm? (Table 2). This is due to the fact

Table 2. Ferroelectric Parameters of Bi,_,Cd,Fe,_,Er,O;
(x,y = 0.0—0.25) with Respect to Dopant Content

doping Pr Ec Ps
content  composition (uC-cm® X 107*) (kV/ecm) (uC-cm® x 107%)

0 BFO 2.26 3.62 2.54

0.05 BFOCE1 2.86 4.82 33

0.1 BFOCE2 3.16 4.85 4.12

0.15 BFOCE3 3.61 5.02 4.67

0.2 BFOCE4 4.12 5.23 5.29

0.25 BFOCES 8.11 8.75 9.75

that the dopant has a high electrical sensitivity than the host
(Bi), and structural alterations enhanced the ferroelectric
features of the substituted compositions. The significant
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Figure 7. (a) P-E loops. (b) Ferroelectric properties of pristine and Bi;_,Cd,Fe;_,Er,0; nanoparticles.
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increase in P, and E_ was observed in conjunction with an
increase in dopant content, suggesting a potential association
with structural deformation in the crystal. This deformation
could arise from differences in the ionic radii at the A or B site
of the crystal lattice caused by the dopant.®

3.6. Photoluminescence (PL) Property. The electron
structure, mobility, and recombination of photoinduced
electron—hole pair phenomena are examined by PL analysis.
The rate of charge transfer for light-induced carriers in a
material is directly proportional to the intensity of the PL peak.
The height of the PL peak serves as an indicator of the rate at
which holes and electrons recombine. Figure 8 shows the

= BFO

——BFOCE 1
——BFOCE 2
— BFOCE 3
S FOCE 4

Intensity (a.u)

L) L]
560 580
Wavelength (nm)

Figure 8. Photoluminescence spectra of pristine and
Bi,_,Cd,Fe,_,Er,0; nanoparticles.

induced fluorescence intensity of all Bi, _ ,Cd,Fe, _ ,Er,O; (xy
= 0.0—0.25) structures measured at a wavelength of 565 nm.
As shown in the graph, the intensities of the PL emission peaks
reduced as the doping level in the BFO crystallite structure
increased. This decline in intensity indicates that the inhibitory
nature of substituted elements in recombination of e —h*
results in better charge separation and, as a result, improved
the photocatalytic performance of the doped BFO samples.”
More electronic states are created when host cations are
substituted by Cd*" and Er*" in a perovskite structure, which
suppresses e —h* recombination and efficiently stabilizes
charge carriers in substituted materials.® The

Biy;5CdgasFeq7sErg,sO3 composition has the weakest PL
emission peak intensity of all the fabricated materials. The
decrease in PL intensity was inconsistent with an increase in
the charge separation or suppression of electron—hole
recombination, implying that the Bi,,;sCdg,sFeq75Erg.,503
composition should increase the photocatalytic performance
by effectively employing its higher charge separation and
lowest recombination probability of the photoinduced e™—h*
pair.

3.7. Dielectric Properties. Dielectric is a promising
method for material characterization with possible applications
in electrostrictive transducers, storage capacitors and actuators,
etc. Hence, the dielectric constant (&), tangent loss (tand),
and conductivity of Bi, _ Cd,Fe, _ Er,0; (xy = 0.0, 0.05,
0.10, 0.15, 0.20, 0.25) NPs have been studied in the 20 Hz—
0.04 GHz frequency range at room temperature.

3.7.1. Dielectric Constant. The dielectric constant is
computed using the relation shown in eq 9.

é = Cd/e,A (9)

where C and ¢ indicate the capacitance and dielectric constant,
respectively, & is a specified permittivity (8.85 X 107'* F/m), d
is the pallet thickness, and A is the cross-sectional area.”®
Figure 9a displays the dielectric constant (¢’) in accordance
with frequency. The dielectric constant of a material typically
decreases with increasing frequency and reaches a constant
value at higher frequencies. This behavior can be explained by
the Maxwell-Wagner model, which describes space charge
relaxation.”” and Koops™ theory”® can be employed to
determine the dielectric constant of these samples. In this
relation, periodic changes occur when field is applied.
Therefore, it produces polarization, which consequently
enhances the dielectric constant. Space charges are unable to
keep up with the rapidly changing applied electric field at
higher frequencies, which may decrease the dielectric constant
at higher frequencies.5 The ionic, interfacial, electronic, and
dipolar changes are responsible for polarization at low
frequencies, which enhance the dielectric constant. Moreover,
at high frequencies, multiple polarization contributions pass
through, resulting in a decline in overall polarization. As
depicted in Figure 9b, pristine BiFeO; has relatively small
values of dielectric and, by increasing the dopant content these
values are going to be improved. This is because erbium
doping causes oxygen vacancies in the system, causing
electrons to be released and a proportion of Fe®* ions to be

30 4
= BFO =
(a) o BFOCE1 ?goH;H (b)
25 9 BFOCE2 * &
s > BFOCE3 |~ | T*—2kHz
& o BFOCE4 | & | —v—0.02 MHz
< 204 BFOCES| | & | |—— 1M
8 S| | o
z 2
8 154 8
L Qo
E B
8101 H
g s ®
a 9 a
1 T T T T T T T L} T L) T
2 3 4 5 6 7 0.00 0.05 0.10 0.15 0.20 0.25

Logf (Hz)

Dopant content

Figure 9. (a). Dielectric constant vs log f. (b) Dielectric constant vs dopant content of pristine and Bi,_,Cd,Fe,_,Er,0; nanoparticles.
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Figure 11. (a) Frequency-dependent AC conductivity. (b) Conductivity vs dopant content pristine and Bi,_,Cd,Fe,_,Er,0; nanoparticles.

converted to Fe ions. Consequently, electron hopping
between Fe®* and Fe?' ions occurs, resulting in an increase
in polarization. The increment in dielectric constant could be
associated with an increased level of Fe*" ions. It is also
revealed that there is a substantial relationship between the
dielectric characteristics and the micro-structure of the Cd and
Er replacement in ortho-ferrites.”’ Consequently, variability in
dielectric constant can be connected with variation
crystalline size of the sample by changing the dopant’s content.
This promotes charge carrier hopping, and thus, the dielectric

in
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constant is ascertained to be high when crystallite size grows
with increasing Cd and Er concentrations.

3.7.2. Dielectric Loss and Tangent Loss. Figure 10 shows
the dielectric loss and tangent loss behavior of
Bi; _ ,Cd,Fe, _ Er,O; depending on frequency (a and c).
Tangent and dielectric loss reduced with increasing frequency
and eventually became constant. As the dopant (Cd and Er)
content increased, the dielectric and tangent loss decreased,
which might be owing to few vacancies of oxygen in perovskite
materials, which minimizes the hopping conduction mecha-
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Figure 13. (a) M—H loops. (b) Magnetic behavior of pristine and Bi,_,Cd,Fe,_,Er,0; nanoparticles.

nism and hinders the domain wall. It is evident that increasing
the concentration of Cd and Er doping lowered the dielectric
and tangent loss. Low leakage current is shown by low
dielectric and tangent loss, which may be effective in radio and
other higher-frequency materials.*”

3.7.3. Conductivity. Depending on frequency, AC con-
ductivity is studied at 25 °C and the response is depicted in
Figure 11. Electrical conduction in orthoferrites is connected
with hole conduction from Fe** centers to adjacent Fe’* sites,
which is induced as a result of intrinsic discrepancies in
RFeO;.** The AC of a material has been shown to exhibit
different trends with frequency, which can be attributed to the
hopping of polarons. In materials with small hopping electron
motions, the AC conductivity tends to increase with frequency,
whereas in materials with higher electron hopping, the
conductivity tends to decrease with frequency.’”* According
to this phenomenon, all samples exhibit their typical
characteristics, and increasing frequency results in high AC
conductivity. As per Figure 10, the electrical conduction
behavior of each sample displays a linear trend, indicating that
the low polaron conduction mechanism is dominant across the
entire measurement range. Notably, the charge carriers are
observed to be more prominent near the grain boundaries
compared to the interior of the grains during the conduction
process. At lower frequencies, charge hopping is less prevalent,
but as the frequency increases, the grains become more
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conducive to charge hopping, leading to an increase in
conductivity with frequency. Furthermore, as illustrated in
Figure 10b, the concentration of dopants has a considerable
effect on their conductivity. This can be attributed to a rise in
the number of hopping of charge carriers as the Er
concentration increased, resulting in higher conductivity.”*

3.7.4. Resistivity. The influence of Cd and Er on electrical
resistivity of Bi; _ ,Cd,Fe; _ Er,O; NPs was examined, as
given in Figure 12. The electrical resistivity of
Bi, _,Cd,Fe, _ ,Er,O; NPs was high at lower frequencies,
reduced as the frequency increased, and then stayed constant
at high frequency due to the doping result. This may be
because of the hopping mechanism for substituted materials.
Electron hopping in doped materials was decreased by the
addition of Cd and Er, as well as conforming substitution of Bi
and Fe host cations. The material’s resistivity decreased due to
a decrease in electron hopping from Er** to Er’*, and this
property is useful for such materials in microwave and
electronic devices.”

3.8. Magnetic Properties. Figure 13a depicts the
magnetic hysteresis loops of pristine and Cd*'—Er’’-
substituted BFO recorded in a magnetic field of —5—5 kOe
at 300 K. Magnetic energy loss characteristic of soft magnetic
materials is demonstrated by a smart loop area within M—H
loops. The parameters coercivity (H.), remnant magnetization
(M,), and saturation magnetization (M) were obtained by M—
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Table 3. Variation in Magnetic Parameters of Bi,_,Cd Fe,_Er,0; (x,y = 0.0—0.25) NPs as a Function of Dopant Content

doping content composition M, X 107 (emu/g) H, (Oe) M, X 1073 (emu/g)
0 BFO 2.13 439.1 6
0.0 BFOCE1L 23 470 7
0.1 BFOCE2 2.5 475.5 7.3
0.15 BFOCE3 33 487 79
0.2 BFOCE4 3.9 492 8
0.25 BFOCES S 495 8.4
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Figure 14. CV analysis, (a) BiFeO;, (b) Bi,_,Cd,Fe,_,Er,O; (x,y = 0.10), and (c) Bi,_,Cd,Fe, ,Er,O; (x,y = 0.20).

E loops and are displayed in Table 3. Every sample exhibited
typical and smart and hysteresis loops, demonstrating its soft
ferro-magnetic nature.” The M, for pristine materials was
obtained to be 9.949 emu/g, which increased from 11.98 to
21.80 emu/g with increasing dopant concentration. At the A
site, the replacement of nonmagnetic Cd** (0 4B) for magnetic
Bi** (4.5 uB) cations decreases M, and the doping of high
magnetic Er’* (9.5 uB) for low magnetic Fe** (5 uB) at the
opposite is responsible for magnetization, which is related to
activity at the B site that is responsible for the total
magnetization not changing the doped perovskite. However,
in current findings, the magnetization slowly enhanced with
doping, which might be due to the exchange between both
sites’ cations that are accountable for magnetic parameter
fluctuation.®® Similar to M,, M, and H, also exhibit an upward
trend in doping levels in substituted perovskites, which might
be related to a reduction in spin-canting. M, may also increase
due to cationic dispersion and a disordered surface layer.
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Surface effect became minor as the particle size increased,
potentially leading to an increase in M,.”” Figure 13b depicts
H. values, which follow the same trend as saturation
magnetization; for undoped samples, this value was 0.1087
and gradually enhanced the dopant content, reaching a
maximum 0.5223 kOe value for highly substituted materials.
The rise in coercivity can be linked to variations in crystalline
size in Cd-Er perovskites, which can be explained by the
critical size, interface anisotropy, surface, and crystal structure
domain. So as to minimize enormous magnetization energy, a
crystallite, which is single-domain, will spontaneously break
apart into a huge number of domains. The energy ratio before
or after domain can be changed as \/ D,*® where D signifies
crystallite size. As a result, as D decreases, the energy ratio
decreases, implying that the crystallite chooses to remain in
single-domain form for a relatively small D. Variance in the
coercive field with average crystallite size in only the domain
area is displayed in eq 10.”
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H =o— h/DY? 500
. =g—h/ (10) —a—BiFeO,
.. . A —®— Big sCdy FegoErg10;
where, h, g, and D denote coercivity, constant, and crystalline 400 —A—Bi, (CdlogF e, 4T, 105

size, respectively. According to the aforesaid relationship, H,
increases as D increases. The investigational results are due to
the fact that such high magnetlzatlon materials could have
good photocatalytic property.’ The permeability of these
materials may be enhanced by their high M, which is
advantageous for microwave impedance couphng area
absorption.*’

3.9. Electrochemical Property. The sludge of the
prepared nanoparticles was combined with a Nafion binder
and solvent to make working electrodes. The resulting mixture
was enriched with nickel foam. The embellished electrodes
were dried for 10 h at 60 °C. On the substrate, 0.003 g of the
substance was placed.

The CV technique was used to investigate the as-prepared
working electrodes. All of the working electrodes’ cyclic
voltammograms were recorded using a potential window
ranging from 0 to 0.5 V at different scan rates (10—100
mVs™'). The analysis of electrochemical reaction was carried
out with a KOH (3 M) electrolyte at 25 °C. The CV curves
showed noticeable oxidation and reduction peaks at scan rates
thought to be indicative of both non-faradaic and faradaic
reactions to accumulate charge, conferring the pseudo-
capacitive nature to BFOCE nanoparticles. The dopant’s
content (x,y) of electrode of Bi; _,Cd,Fe; _ Er,0; NPs is
0.20. The sample has a somewhat bigger CV loop area than
BiFeO; and Bi, _,Cd,Fe, _ ,Er,O; NPs with an electrode
composition of x,y = 0.10 (Figure 14a,b) and maintains higher
EC caused by Cd and Er ion doping (Figure 14c). The C,,
(specific capac1tance) of all prepared electrodes was computed

using eq 11.
[1dv
P X AV X m (11)

In eq 11 and v, AV and m are the scan rate, potential
window, and mass of electrode (g), correspondingly. Owing to
the harmonious effect of Cd, Fe, and Er ions (x,y = 0.2), the
electrode with the higher dopant concentration (x,y = 0.2) has
C,p values of 429 F g™! as related to BiFeO; (135 F g™') and
the electrode with the lowest dopants content has specific
capacitance (329 F g™'). Figure 15 depicts the reversal effect of
scan rate on all C, of electrodes considered. In comparison to
higher scan rates, the Cg, values of all the working electrodes
improved at lower scan rates due to favorable interactions
between ions of the electrolyte and electrode material.

3.10. Electrical Property. The electrical characteristics of
Cd**- and Er**-doped BiFeO, ferrites were investigated using
two probes, measuring current—voltage (I—V) in the 302—820
K temperature range. Findings of electrical resistivity (DC) vs
1000/T are shown in Figure 16. It can be seen that the Curie
temperature in this case was calculated from kink as displayed
in (pDC) vs 1000/T graphs, which increases with increasing
Cd** and Er** doping, rising to 353, 443, and 413 K, for x,y =
0.0, 0.1, and 0.25 respectively. It can be seen that the resistivity
declines with increasing temperature in the ferromagnetic
zone; however, it changes to the opposite in the paramagnetic
region. The decrease in resistivity at higher temperature
demonstrates the semiconducting nature of soft ferrites. The
“pDC” at room temperature for all samples are 1.36 X 10°,
3.25 x 10 and 1.62 X 10® Q-cm for x,y = 0.0, 0.1, and 0.25,
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Figure 15. Specific capacitance of electrode vs scan rate of pristine
and Bi,_,Cd,Fe,_,Er,0; nanoparticles.

respectively. The sample with xy = 025 has maximum
resistivity, maklng it ideal to be utilized with high-frequency
electrical devices.* Using the following relation, activation
energy (E) is computed by taking the slope of log p vs 1000/
T (eq 12).

AE = 2303 X ky X 1000 X slope (eV) (12)

where kg is the Boltzmann constant (8.602 X 10~° eV/K). The
behavior of activation energy (AE) and calculated values for
fabricated NPs are displayed in Figure 16b. The activation
energy (AE) decreased with increasing dopant (Cd** and
Er’*) content and has a maximum value for the undoped
BiFeO; sample. The conductivity of ferrites based on
activation energy and non-linearity in AE with introduction
of dopants may be attributed to the impact of spin disordering.
The overall large-resistivity variations obtained in fabricated
samples develop them potentially useful in telecommunication
electronics.** The drift mobility was computed using eq 13.

1
nepp (13)

Ky =

where e is the charge on the electron, pDC is the electrical
resistance, and 7 is the concentration of the charge carrier. 7
can be calculated using eq 14.

_ NA/)bPFe
M (14)

where Pp, is the number of Fe atoms in the composition
formula, N, is the Avogadro number (6.02 X 10** mol™), p, is
the bulk density, and M is the molecular mass of ferrite
nanoparticles. The drift mobility (#d) of samples has values 1.0
X 107" em? VisT! (xy=0), 1.7 x 10—11 cm? Vit (xy =
1.0), and 2.189 X 107 ecm®* V7' s7' (xy = 0.25). This is
obvious that samples of higher electrical resistivity have lower
drift mobility values, and vice versa, as electrlcal resistivity and
drift mobility have a contrasting relationship.*’

3.11. BET Analysis. BiFeO; and Bi,_,Cd,Fe,_,Er,O; NP
surface areas were subjected to BET analysis utilizing nitrogen
(N,) at 78 K with desorption/adsorption isotherms (Figure
17a,b). The mesoporous nature of the structure of BiFeO; and
Bi,_,Cd,Fe,_,Er,0; NPs is demonstrated by the hysteresis
loop (0.4 to’ 1. 0, relative pressure). BiFeO; and
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Figure 18. (a) UV—vis spectra. (b) Tauc plot of pristine and Bi,_,Cd,Fe,_,Er,0; nanoparticles.

Bi,_,Cd,Fe;_,Er,0; NPs have BET surface areas of 9.8 and
12.5 m*/g, respectively. The BET findings show that Cd and
Er doping in BiFeOj; enhanced its surface area, resulting in the
creation of a porous structure. This may have improved the
doped sample’s photocatalytic activity as well as the catalysts’

active sites.

3.12. Optical Property. To evaluate the optical perform-
ance of pristine and substituted BFO compositions, UV—vis
spectra were obtained in the 220—800 nm range (Figure 18a).
The absorption edge of pure BFO was observed to be around
550 nm. Moreover, the absorption tail of the doped BFO
samples was moved to the visible region, showing a red shift
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Figure 19. (a—f) UV—vis spectra of CV using various concentrations of dopant content (x,y = 0.0—0.25).

and indicating strong visible-active absorption of substituted
NPs. The observed red shift in spectra could be owing to the
correlation among the 3d orbitals of Fe** and Er**, which
generates intra-energy bandgap states.* Furthermore, charge
transfer transitions between the valence and conduction bands
of the substituting elements and BiFeO; could be attributed to
this shifting.** The bandgap energy (E,) was measured by
Tauc’s plot,” as shown in eq 15.

(ahv)" = A(hv — E,) (15)
where a, hy, and A signify the absorption coefficient, light
energy in eV, and proportionality constant, respectively. The
E, for pure BFO was determined to be 2.11 eV; however, for
x,y = 0.0—0.25, a decreasing behavior in the bandgap, i.e.,
2.11—1.87 eV, was observed (Figure 18b). This narrowing of
the bandgap could be because of the following factors: the
generation of energy band levels because of doping in the BFO
lattice, which happened in the center of VB and CB, resulting
in a decrease in energy bandgap and charge transfer transition,
such as excitation of 3d orbital es” of Er’* to the BFO
conduction band.

3.13. Photocatalytic Studies. CV was used as a pollutant
to study the photo-degradation activities of BFO and
Bi, _ ,Cd,Fe, _ ,Er,0; nanoparticles and response thus ob-
served, which are depicted in Figure 19. BiFeOj; has low photo-
degradation efficiency; thus, doping with cadmium and erbium
was used to improve it. There are three steps involved in the
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photo-degradation process. The first stage is the photon’s
absorption with higher energy than the photocatalyst’s band-
gap energy. The production and transport of photoactive
species, i.e., electrons/holes, take place on the surface of the
catalyst. The third stage involves redox reactions on the
photocatalyst surface. Because of the capacity of dopant ions to
increase photo-response on the catalyst surface, the
Bi, _,Cd,Fe, _,Er,O; photocatalyst demonstrates a better
reaction to photocatalytic degradation than BFO. This
improved removal efficacy was attributed to more active sites
for maximal adsorption and reduced rate of photo-generated
species recombination (electrons and holes).

3.13.1. Kinetics Study. The photocatalytic reaction was
clearly described by studying kinetics.”” The kinetic analysis
was examined using eq 16.

In[A,/A,] = kt (16)

The kinetic graphs of CV dye by the photocatalysts are
shown in Figure 20. The percentage of CV degradation by the
BFO and Bi, _ ,Cd,Fe, _ ,Er,O; photocatalysts was 53.29 and
84.41%, respectively. The rate constants for the degradation
reaction with BFO and Bi, _ ,Cd,Fe, _ ,Er,O; were deter-
mined. The rate constants of Bi, _ ,Cd,Fe, _ ,Er,O; (xy = 0.0,
0.05, 0.10, 0.15, 0.20, and 0.25) were 0.0057, 0.0067, 0.0079,
0.01, 0.012, and 0.0135 (min~"), respectively. It was observed
that Bi; _ ,Cd,Fe; _ Er,0; (xy = 0.25) degraded CV more
efficiently than other photocatalysts. The elimination of dye is
57.75% by BFO (4.41% adsorption + 53.29% degradation) and
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Figure 20. (a, b) A/A, vs time plot of CV dye degradation. (c) Rate

degradation and adsorption.

constants for photocatalysts. (d) Percentage degradation of CV via

87.36% by BFOCE S (2.95% adsorption + 84.41%
degradation). The efficiency was compared with reported
similar studies, and it was found that Bi, _ ,Cd,Fe, _ Er,0O;
showed promising photocatalytic activity (Table 4).

Table 4. A Comparative Analysis of Photocatalytic Activity-
Related Materials to the Present Study

catalysts dye dye removal (five) reference
Ba,_,Co,Fe,_,Cr,0y Ccv 64 48
Cos0, cv 6 49
TiO,/ZnS Ccv 77 S0
Cd and Er doped cv 70 S1
Bi;_,Cd,Fe,_,Er,0, Ccv 84 present work

3.14. Photocatalytic Recyclability Study. The photo-
stability of the photocatalyst is a very significant quality to
consider in terms of practical applications of photocatalyst.”
Figure 21 displays the results of reusability experiments
performed under the same experimental circumstances used
above to evaluate the photo-stability of the BFOCE photo-
catalyst. BFOCE clearly degraded 84% of the CV dye in the
first cycle run; however, after four cycle runs, just an 8% drop
in photo-degradation of CV was observed due to particle
accumulation, loss of surface area, and photo-catalyst leaching.
This suggests that the BFEOCE photo-catalyst stays stable after
seven consecutive reuse cycles, with just a little decrease in
photocatalytic effectiveness.
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3.15. Stability of Photocatalysts. XRD measurements
taken before and after photo-catalytic tests indicate that the
XRD spectra of doped and un-doped BFO did not change
appreciably (Figure 22a). These results demonstrate that the
doped photo-catalyst is highly photo-stable and resistant to
photo-corrosion. The enhanced photo-activity and reduced
photo-corrosion are the result of the quick transfer of electrons
and efficient segregation of charge carriers over the
heterojunction.” As a result, the BFOCE catalyst for CV
degradation will not result in production of any secondary
pollutants. The morphology of the sample after photo-catalysis
and particle agglomeration condition differs significantly from
the morphology of the material before photo-catalysis, showing
slight aggregation of the material (Figure 22b). Consequently,
we presume that photo-catalysis slightly altered the morphol-
ogy of the sample. The SEM analysis showed slight material
agglomeration. The material, however, persisted in its spherical
form and also aggregate information may affect the catalytic
activity of the material.

3.16. Scavenging Studies. The trapping experiment was
executed to investigate most proficient species linked in the
process of photo-degradation of dye under visible light.
Various sacrificial agents were utilized in a PCA to examine
the function of electrons, hydroxyl radicals, and holes. EDTA,
2-propanol, and AgNO; were used as the trapping agents for
electrons, OH*, and holes, respectively. Figure 23 depicts
kinetic graphs for CV photocatalytic degradation with
scavengers. Scavenging tests showed that 2-propanol, ethyl-
enediaminetetraacetic acid (EDTA), and silver nitrate
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considerably reduced the degradation rate, indicating that
hydroxyl radicals, electrons, and holes are primary photoactive
species associated in CV photo-degradation. In comparison,
°OH radicals are the most important contributors in photo-
degradation, and they are the primary active species in photo-
degradation of CV by Bi, _ ,Cd,Fe, _ ,Er,0;, while electrons
play a minor role. The active species contributing in the photo-
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degradation process were listed in the following order:
electrons < holes < hydroxyl radicals.

3.17. Plausible Mechanism. In light of the research
provided above, a possible photocatalytic mechanism for
Bi,_,Cd,Fe,_,Er,O; is illustrated in Figure 24. From the DFT
study, we can calculate the VB and CB potentials at the point
of zero charge using eqs. 17 and 18.>
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EVB =X - Ee + OSEg (17)
Ecg = Eyy — E; (18)

where Eyp and Ecy are the edge potentials of the VB and CB,
separately. X is the geometric mean of the electronegativity of
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constituent atoms of the semiconducting material, and E, is the
energy bandgap, while E° is the hydrogen scale (4.5 V) value
for free electron energy. When BiFeO; is subjected to light
with enough energy (>2.5 eV), photo-generated electrons (e”)
in the low energy state get excited and jump to a high energy
state, whereas photo-generated holes (h*) remain in the lower
energy state. The electrons stay for a short time and recombine
with photogenerated holes, which affect the efficiency.”® The
electrical interaction between dopants in the BFO structure
introduces a change in CB edge, which in turn decreases the
bandgap of BFOCE from 2.11 to 1.87 eV. This facilitates the
production of excitons at lower energies. As was mentioned
before, substitution leads to the formation of shallow traps in
BFOCE. The dopants make shallow traps that capture the
excited electrons from the VB of BFOCE, leaving h* in the VB.
Since the VB potential of BFOCE is greater than (1.99 eV), h*
on the VB of BFOCE can act as an oxidizer. Furthermore, h*
can directly target CV molecules to compete with the
degradation process due to the proximity of the HOMO
level of CV and NHE.®* Although photogenic electrons are
capable of reducing O, to ~*O,, the CB potential of BFO and
BFOCE semiconductors is less than the conventional oxygen
reduction potential (—0.046 eV); hence, the sufficient
potential cannot be generated on CB to reduce O, to
~*0,.'*** On the other hand, the CB of BFOSG does not
possess a sufficient amount of negative potential for conversion
(—0.046 €V).>> On the contrary, holes created in the valence
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band of BFOCE have a sufficiently positive potential (Eyg =
249 eV) to carry out either direct oxidation of dyes or
conversion of H,0 and "OH to *OH (H,0/ OH = +1.99 eV
versus NHE and “OH/°OH = +2.27 eV versus NHE).**
Consequently, *OH then breaks down the dyes into CO, and
H,O. Hence, it is fair to classify BFOCE as a photocatalyst
with significant oxidation capability.’® The simultaneous
presence of dopants effectively prevents recombination of the
e”/h* couples, extending the lifetime of photoactive
species.””***" The photo-generated species route for CV
degradation is summarized in eqs 19—29.

Bi_,Cd,Fe, _,Er,O; + hv

— Bi,_,Cd Fe,_ ErO; (e cp) + (h"yp) (19)
Bi;_,Cd,Fe,_ Br,0;(h"3) + H,0

— Bij_,Cd,Fe,_Er,0; + H" + OH~ (20)
Bi,_,Cd,Fe,_Br,0;(h"y5) + OH™

— Bi;_,Cd,Fe,_ Er,0;(h"y;) + OH® 1)

Bi,_,Cd,Fe,_ Er,0s(e"cp) + O,

- Bil_xCdxFel_yEryO3(e_CB) + 0,°” (22)
0,” + H* - HO,* (23)
HO,® + HO, —» H,0, + O, (24)
Bi,_,Cd,Fe, Er,0,(e ;) + H,0, » HO® + HO"

(23)
H,0, + 0, - HO* + HO + O, (26)
H,0, + hv —» 2HO' (27)
dye + HO® — intermediates (28)
intermediates — CO, + H,O + inorganic ions (29)

4. CONCLUSIONS

The Cd- and Er-doped BiFeO; NPs were synthesized by the
micro-emulsion approach, and their various properties were
investigated based on doping contents. A distorted rhombohe-
dral crystalline phase with an average crystalline size in the
range of 29—32 nm was observed. With the content of dopants
(Cd and Er), the PL intensity of the substituted NMs was
observed to decline. On raising the doping content, ferro-
electric loops with substituted compositions displayed
improved polarization. Attributable to synergistic effects of
the dopants (Cd and Er), the doped material has a lower
charge transfer resistance and a larger specific capacitance (429
F g7') than pristine BiFeO, (135 F g™'). A narrowing of the
bandgap may be responsible for the increase in AC
conductivity with doping concentration. The
Bi, _ ,Cd,Fe, _ ,Er,O; photocatalyst displayed better efficiency
than bare BFO in degradation of CV dye under visible
irradiation. Recycling experiments revealed that
Bi, _ ,Cd,Fe, _ ,Er,O; are quite reliable, enhancing its
potential for treatment effluents containing dyes under solar
light irradiation.
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