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The growing environmental threat posed by synthetic dye pollution has accelerated the search for effective
semiconductor-based photocatalysts for scalable and sustainable wastewater treatment. This study reports
the greatly enhanced visible-light photocatalytic activity of Bigg7Cag.o3Fer xCriOsz (x = 0.00, 0.01, 0.03,
0.05) nanoparticles synthesized via a modified sol-gel method. Structural analysis confirmed the
formation of a distorted rhombohedral perovskite phase, with doping leading to reduced lattice
parameters and crystallite size. The bandgap narrowed from 2.13 eV in pure BiFeO3z (BFO) to 1.80 eV in
the co-doped sample. Elemental analysis confirmed improved stoichiometric balance and reduced
bismuth volatilization in the co-doped samples. Under xenon lamp illumination, methylene blue
degradation reached 93% for Bigg7Cag.03Fe0.95Cro.0503 at neutral pH, approaching the upper limits of
reported efficiencies for BFO-based systems. The reaction followed pseudo-first-order kinetics, with the

rate constant rising from 0.01358 to 0.03038 min~*. Moreover, the formation of an antiferromagnetic—
Received 21st August 2025 f i —shell struct in th -d d les | dt tably i d
Accepted 8th October 2025 erromagnetic core-shell structure in the co-doped samples is proposed to notably improve dye
degradation by promoting surface charge separation and suppressing recombination. This work

DOI-10.1039/d5ra06225) highlights the potential of Ca and Cr co-substituted BFO nanoparticles as high-performance, visible-
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1 Introduction

Over the past two decades, rapid industrialization has resulted
in the widespread discharge of harmful effluents into natural
water bodies, posing serious risks to both ecosystems and
human health."” Among these contaminants, textile dyes are
particularly concerning due to their high chemical stability and
resistance to biodegradation.® In response, significant research
efforts have focused on developing cost-effective and environ-
mentally sustainable dye removal techniques. However,
conventional methods such as adsorption, coagulation, and
membrane filtration are often limited by high energy
consumption, operational complexity and secondary pollutant
generation.*® As a result, photocatalysis using semiconducting
materials has gained traction as a more sustainable alternative.
Titanium dioxide (TiO,), the most widely studied photocatalyst,
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light-driven photocatalysts for dye remediation under environmentally relevant pH conditions.

is known for its low cost and chemical stability.” ™" Yet, its wide
bandgap (E,) (~3.2 eV) restricts its activity to UV light,
demanding high-energy input. On top of that, rapid electron-
hole recombination and particle agglomeration hinder its
photocatalytic performance, highlighting the need for more
efficient and versatile materials.”*™*

In this context, bismuth ferrite has emerged as a promising
candidate due to its relatively narrow E, (~2.2 eV), which
enables effective absorption of visible light.'®"” Its magnetic
properties, arising from the breakdown of antiferromagnetic
ordering, along with its chemical stability, facilitate easy
recovery and reuse after degradation.'®'® Moreover, due to its
multiferroic nature, the internal electric field promotes charge
separation and reduces recombination, making it ideal for
photocatalytic applications.”***

Despite its potential, the photodegradation efficiency of BFO
remains inconsistent across studies, largely influenced by
synthesis methods, surface chemistry, and pH conditions.
Extensive studies have explored the effect of solution pH on
BFO's photocatalytic activity, with many reporting enhanced
degradation efficiencies under both acidic and basic condi-
tions, deviating from the dye's natural pH.>**” The influence of
pH is particularly relevant for dyes like methylene blue (MB),
a persistent and carcinogenic cationic pollutant that degrades
more efficiently in non-neutral environments.**** In parallel,
other studies have shown that compositional tuning of the
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photocatalyst can improve degradation performance without
the need for pH adjustment.***>' Incorporating suitable
elements into the BFO lattice introduces charge-trapping
centers that enhance carrier mobility and mitigate recombina-
tion losses.*> For instance, Ca>" doping induces structural
distortions, generates oxygen vacancies, and modulates the
band structure. These changes improve charge separation and
photocatalytic activity.**** Similarly, Cr doping introduces trap
states and increases radical generation under visible light,
further boosting degradation efficiency.*® Co-substitution with
both Ca and Cr enhances the magnetic properties of BFO while
inducing the formation of an antiferromagnetic-ferromagnetic
(AFM-FM) core-shell structure. This configuration facilitates
efficient charge transport and allows for magnetic recovery of
the catalyst after treatment.***”*® Investigating this combined
doping approach may provide valuable insights into optimizing
BFO-based systems for visible-light-driven environmental
remediation.

Building on this foundation, this study optimizes the pho-
tocatalytic degradation of methylene blue by tuning BFO's
bandgap through targeted doping, while maintaining the
solution at pH 7 to isolate compositional effects. Pure, Ca-
doped, and Ca-Cr co-substituted BFO nanoparticles (NPs)
with compositions BiFeO; and Biy ;Ca, g3Fe; _,Cr,O3 [(BCFO; x
= 0), (BCFOCr1; x = 0.01), (BCFOCr3; x = 0.03), (BCFOCr5; x =
0.05)] were synthesized via the sol-gel method. Characterization
included X-ray diffraction spectroscopy (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), UV-visible spectroscopy (UV-vis), and photocatalytic
degradation tests using MB dye, were employed to investigate
the structural, morphological, optical, and photocatalytic
properties of the synthesized nanoparticles.

2 Experimental section

2.1 Materials

Analytical grade (AR) bismuth nitrate pentahydrate [Bi(NOj3)z-
-5H,0, =99.0%], iron nitrate nonahydrate [Fe(NOj3);-9H,0,
>98.0%], calcium nitrate tetrahydrate [Ca(NO;),-4H,O0,
=98.0%], and chromium nitrate nonahydrate [Cr(NO;);-9H,0,

4//;4; > -
(2 %
Precursor 10 mL Dark Drying
* Ethylene Brown Gel 110°C,
Citric Acid Glycol 24 hr
+
400 mL 75-85°C,
Water 4hr
90-95°C
30min
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=98.0%] were used as precursors. Citric acid (C¢HgO5), ethylene
glycol (C,Hg0,), and deionized (DI) water were employed as the
chelating agent, stabilizing agent, and solvent, respectively. All
chemicals were supplied by Merck.

2.2 Preparation of BiFeO; nanoparticles

The synthesis of pure and Ca-Cr co-doped BFO nanoparticles
was carried out through sol-gel method, as illustrated in Fig. 1.
Stoichiometric amounts of precursor nitrates and citric acid,
used in a 1:1 molar ratio, were dissolved in deionized water and
stirred at 90-95 °C for 30 minutes. Subsequently, 10 mL of
ethylene glycol was added to the solution, which was then
stirred at 75-85 °C for 4 hours to induce gel formation. The
resulting gel was dried at 110 °C for 24 hours, ground into a fine
powder, and annealed at 550 °C for 2 hours with a heating rate
of 5 °C min~" to obtain crystalline nanoparticles.

2.3 Characterization

X-ray diffraction (XRD) analysis of the powder samples was
performed using an Empyrean PANalytical diffractometer
equipped with a hybrid PIXcel3D detector, utilizing a Cu X-ray
source with wavelengths Ko; = 1.540598 A and Ka, =
1.544426 A, and a scanning speed of 0.041683 s '. The
morphology and microstructure of the nanoparticles were
examined using a field emission scanning electron microscope
(FESEM, JEOL JSM 7600F) equipped with an energy-dispersive
X-ray (EDX) system. Crystallographic data were extracted from
the XRD patterns through Rietveld refinement using the XPert
HighScore Plus software. The microstructure of the samples
were examined via Transmission Electron Microscope using
Talos F200X.

The photocatalytic response of the nanoparticles was evalu-
ated using an in-house-designed photochemical reactor rig. The
bandgap of the samples was investigated using a UV-Vis spec-
trophotometer (LAMBDA 1050, PerkinElmer). Photo-
degradation of methylene blue solution was carried out with the
nanoparticles as the photocatalyst, under illumination from
a concentric 500 watt xenon lamp emitting photons in the 250-
1800 nm range. The temperatures of the source chamber and
the solution were regulated using forced air circulation and

Mortaring

Annealing
110°C,
2hr

Nanoparticles

Fig. 1 Schematic diagram of the synthesis route for BFO and Ca—Cr co-substituted BFO nanoparticles.
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a closed-loop water cooling system, respectively, maintaining
the solution within 23-26 °C. A homogeneous nanoparticle
suspension was ensured by magnetic stirring at 1000 rpm, and
the pH of the solution was maintained at approximately 7. A
total of 100 mg of the nanoparticle catalyst was added to 350 mL
of a 3.2 ppm MB dye solution. The mixture was stirred in the
dark for 30 minutes to establish adsorption-desorption equi-
librium, followed by 90 minutes of illumination. Aliquots of
15 mL were collected at 10 minute intervals, and the absorption
spectra of the centrifuged samples were recorded using a UV-
Vis-NIR spectrometer equipped with three detector modules
(TDM).

3 Result and discussion
3.1 Structural analysis

The room-temperature XRD patterns of the nanoparticles are
shown in Fig. 2. The distinct doublet peaks observed at Bragg
angles of 31.6° and 32°, corresponding to the (104) and (110)
planes, respectively, confirm the presence of the perovskite
structure of BFO with R3¢ space group. As reported in previous
studies, the synthesis of BFO is often accompanied by
secondary phases such as Bi,O; and Bi,Fe,Oy, denoted as o and
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B, respectivel.**"** The o phase appears as a minor peak near 27°
in all samples, while the Fe-rich B phase is observed only in the
BCFO sample. This is likely due to the narrow stability range of
BFO and the tendency for Bi** volatilization at elevated sinter-
ing temperatures.®

Table 1 summarizes the crystallographic parameters of the
synthesized samples, including unit cell dimensions, average
particle size, dislocation density, bond angles, and bond
lengths. As shown in Fig. 2(b), the major diffraction peaks shift
toward higher angles upon doping, indicating structural
distortion. This shift is associated with a reduction in lattice
parameters, unit cell volume, and crystallite size. These changes
can be attributed to the smaller ionic radii of Ca®>" (1.00 A) and
Cr** (0.615 A) compared to Bi** (1.03 A) and Fe** (0.645 A)."%3
This observation is consistent with Vegard's law, which states
that substituting larger ions with smaller ones generally leads to
lattice contraction.** A decrease in the c-axis with smaller crys-
tallite sizes indicates a contraction along that direction. The
merging of the (104) and (110) peaks, as represented by the
decreasing values of Af (6110-6104), may eventually lead to the
formation of a single (200) peak in the cubic phase, suggesting
a progressive structural transformation upon dopant
incorporation.*
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(a) XRD analysis of all compositions showcasing the major peaks (b) narrow 26 region of the major diffraction peak showing broadening

21 24 27 30 33 36 39
Crystallite Size (nm)

BCFOCr3 BCFOCr5

upon dopant incorporation (c) Af and lattice strain vs. crystallite size (d) c/a ratio vs. crystallite size (e) crystal structures of all synthesized

compositions.
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Table 1 Lattice parameters, particle size, dislocation density, bond lengths and bond angles of BFO, BCFO, BCFOCr1, BCFOCr3 and BCFOCr5

Unit cell Avg. particle Dislocation Fe-O bond Fe-O-Fe
Composition parameter (A) size (nm) density x10™* (nm?) length (A) bond angle (°)
BFO a=>b=5.5791, c = 13.868 83 0.068 2.14 151.6
BCFO a=>b=5.5797, c = 13.860 74 0.130 2.05 149.2
BCFOCr1 a=>b=5.5797, c = 13.857 71 0.172 2.05 150.7
BCFOCr3 a=>b=5.5783, c = 13.853 67 0.205 2.04 157
BCFOCr5 a=>b=5.5764, c = 13.852 61 0.214 2.02 153

Fig. 2(c) and (d) illustrate the relationship between micro-
strain, A#, c/a ratio, and crystallite size. The c/a ratios of all
doped samples are lower than that of pure BFO, which supports
the observation of reduced rhombohedral distortion, eventually
leading to the formation of a cubic phase.***® The average
crystallite sizes of the nanoparticles were calculated from XRD
peak broadening using the Debye-Scherrer equation. With
increasing dopant concentration, both lattice microstrain and
dislocation density exhibited an upward trend, reaching their
maximum values in the BCFOCr5 sample. The observed varia-
tions in microstrain and lattice parameters suggest lattice
distortions induced by grain boundaries in nanocrystallites.***’
In contrast, the crystallite size decreased with higher doping
levels, consistent with the average particle size observed in the
SEM analysis.

3.2 Morphological analysis

The FESEM images shown in Fig. 3(a-e) reveal the morpho-
logical features of BFO, BCFO, BCFOCr1, BCFOCr3, and
BCFOCr5 nanoparticles. All samples exhibit grain formation,
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consistent with the micrographs. The Ca and Cr co-substituted
samples exhibit homogeneous grain structures and well-
defined grain boundaries that confirm high phase purity of
the nanoparticles.*® Average particle size decreases with higher
dopant concentrations. Compared to the pure BFO sample, the
BCFO nanoparticles display reduced uniformity, increased
surface porosity, and noticeable particle agglomeration. This
results from the formation of oxygen vacancies resulting from
Ca”" substitution.** The average particle size decreases from
81 nm to 61 nm upon Ca and Cr doping and continues to
decrease with higher Cr concentrations. This can be attributed
to the suppression of oxygen vacancies, which limits the oxygen
ion mobility and inhibits grain growth as a result.”® The smaller
particle size observed in BCFOCr5 suggests a higher surface
area and enhanced adsorption capacity, both of which are ex-
pected to contribute to improved photocatalytic efficiency.* In
the insets of Fig. 3(a-e), representative Energy Dispersive X-ray
spectra (EDS) recorded from a single characteristic point are
shown to illustrate elemental composition. These spectra
confirm the presence of only Bi, Fe, O, Ca, and Cr. EDS spectra
were collected at several points across all samples, consistently

&

bﬁ&l <

= 100 nm (:J

Composition Bi:Fe (Atomic %)

BCFO

BCFOCr1 1.1:1
BCFOCr3 1.1:1
BCFOCr5 1:1

Fig. 3 SEM image of (a) BFO, (b) BCFO, (c) BCFOCr1, (d) BCFOCr3, and (e) BCFOCr5 with their insets showing representive EDS spectra from

a single characteristic point.
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confirming the presence of Ca and Cr and enabling a reliable
determination of the Bi: Fe ratio. The multi-point EDS analysis
for all compositions have been added to the SI (Fig. S1-S5).

Bismuth volatility is a well-documented challenge in
bismuth-based oxide systems, including BFO.*"** In the present
study, the undoped BFO sample was found to be significantly
bismuth-deficient, as indicated by the Bi:Fe ratios in Fig. 3.
However, doping with Ca and Cr notably improved the stoi-
chiometry of the perovskite structure, with BCFOCr5
approaching the ideal stoichiometric ratio. Controlled Cr
incorporation (1-5%) systematically reduced the non-
stoichiometry, as verified by EDS analysis, suggesting that Cr
doping helped suppress bismuth volatilization. This improved
compositional balance, together with the consistent detection
of Ca and Cr in the EDS spectra, supports the successful
incorporation of Ca and Cr into the perovskite lattice and likely
contributed to the enhanced photocatalytic performance
observed in BCFOCr5.

High-resolution TEM (HRTEM) analysis was performed on
the BCFOCr5 sample, the composition with the highest photo-
catalytic activity and most pronounced lattice strain among all
the samples, to effectively capture the evolution of lattice strain.
Fig. 4(a) and (b) shows the HRTEM image of BCFOCr5 nano-
particles along with the Selected Area Electron Diffraction
(SAED) pattern. The polycrystalline nature of the sample,
previously confirmed through XRD analysis, is further sup-
ported by the SAED pattern [Fig. 4(a)], which shows concentric
rings composed of discrete bright spots. The TEM image
[Fig. 4(b)] reveals lattice fringes with varying orientations,
a characteristic feature of polycrystalline materials.

Each diffraction ring in the SAED pattern was indexed
according to their (hkl) planes by comparing their individual d-
spacing values (calculated from ring diameter) against the
Powder Diffraction File (PDF) for BiFeO; (Reference code 96-
100-1091). Performing the Fast Fourier Transform (FFT) algo-
rithm on the high-resolution TEM images provided distortion
free images of the lattice fringes, depicted in Fig. 4(b) insets,
from which inter-planar spacing was calculated. The observed
d-spacing values, d; = 0.28 nm and d, = 0.39 nm, correspond
the (104) and (012) planes of BFO, respectively, using the
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Table 2 Interplanar spacings (dnk) calculated from XRD for BFO and
BCFOCr5, with additional HRTEM values for BCFOCr5

Composition Plane (hki) dsae (nm) dig”" (nm)
BFO (104) 0.2830 —

BFO (012) 0.3962 —
BCFOCr5 (104) 0.2810 0.2800
BCFOCr5 (012) 0.3961 0.3900

aforementioned PDF file as reference. These findings are
coherent with the results obtained from the SAED pattern. The
(012) and (104) planes also provide the highest intensity peaks
in the XRD patterns. This, in conjunction with the TEM images,
suggest that the NPs exhibit preferential orientation along these
crystallographic planes.

Interplanar spacings (dj) for selected reflections were
calculated from the refined lattice parameters using the
hexagonal representation of the rhombohedral R3c structure,
according to the relation:

1 4 (K +hk+k*) P
_:gg_,_ [1)

2 2 2
it a ¢

Table 2 compares the interplanar spacings calculated from
XRD-refined lattice parameters with those measured directly
from HRTEM lattice fringes for BCFOCr5. For BCFOCr5, the
interplanar spacings obtained from HRTEM lattice fringes
agree closely with values calculated from the refined lattice
parameters (0.2810 nm for (104) and 0.3961 nm for (012)). This
agreement between diffraction and imaging evidence confirms
that the dopant ions are incorporated into the perovskite lattice
rather than forming impurity phases. The reduced d-spacings
observed in BCFOCr5 by HRTEM compared to BFO (Table 2) are
consistent with the lattice contraction and increased micro-
strain obtained from XRD analysis.

3.3 Optical properties

The band gap of the NPs was determined using the Kulbelka-
Munk function applied to the UV-Vis diffuse reflectance spectra.
Fig. 5(a—e) shows Tauc's plots of (hv x F(R))"versus (hwv), with n =

Fig. 4

38514 | RSC Adv, 2025, 15, 38510-38521

(a) SAED pattern of BCFOCr5 with indexed planes (b) TEM image and corresponding lattice fringes of BCFOCr5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 for the direct Ey, where F(R) is the Kulbelka-Munk function, #  0.* For pure BFO, E, was 2.13 eV and decreased systematically
is the Plank’s constant, and » is the frequency.*® E, was obtained ~ with increased doping as shown in Fig. 5(f). This band gap
by extrapolating the linear portion of the plot to (hv x F(R))> = arises from the energy difference between the top of the
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Fig.5 Tauc plot showing direct band gap of (a) BFO, (b) BCFO, (c) BCFOCr1, (d) BCFOCr3, (e) BCFOCr5 (f) schematic illustration of the bandgap
narrowing trend.
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hybridized O-2p valence band and the bottom of the Fe-3d
conduction band. Several factors may contribute to E, varia-
tion, including lattice strain, defect band formation, and crys-
tallite size effects. Previous studies have shown that the Fe-O
bond length and Fe-O-Fe bond angle, as listed in Table 1,
significantly influence the orbital overlap between O-2p and Fe-
3d orbitals, thereby affecting the electronic band structure.*

Oxygen vacancy concentration increases upon doping BFO
with Ca. When Ca** substitutes Bi*", a charge imbalance is
introduced, leading to the formation of lattice imperfections.
The Kroger-Vink notation describing this phenomenon is
shown below:

2Ca*" B2 2Cay, + 205 + V5 @)

This reaction aligns with the XPS reports in our previous
work on the same batch of Ca-Cr co-doped BFO samples, which
confirm that the charge imbalance is primarily compensated
through the formation of oxygen vacancies, rather than oxida-
tion of Fe*" to Fe**.*® The resulting lattice imperfections intro-
duce trap states between the conduction and valence bands,
leading to a reduction in the band gap.®® In contrast, Cr**
doping does not induce additional charge imbalances since Cr
and Fe share the same valence state (+3). However, E, continues
to decrease with increasing Cr content. This can be attributed to
the interaction between conduction band electrons and the
localized d-electrons of Cr ions at Fe sites, which leads to band
gap narrowing through sp-d spin exchange interactions.”®
Additionally, Cr doping introduces defect-induced energy levels
near the conduction band, which contribute to further band gap
reduction, particularly in smaller particles where surface defect
densities are higher.*® Structural distortion of the FeOg octa-
hedra caused by doping alters Fe-O-Fe bond angles and
lengths, rearranging molecular orbitals in a way that modifies
the electronic band structure and effectively narrows the band
gap.®® Lastly, the microstrain arising from non-uniform lattice
distortions, dislocations, and grain boundary relaxation plays
a significant role in modifying local energy levels and shifting
the absorption edge.*

3.4 Photocatalytic activity

The photodegradation efficiency of the synthesized samples was
assessed through the degradation of MB dye under illumination
from a 500 watt concentric xenon lamp, emitting photons in the
250 to 850 nm range. As a cationic dye, MB typically exhibits
enhanced degradation efficiency at pH values above the
isoelectric point (IEP) of BFO (5.1-6.7), where surface deproto-
nation generates a negatively charged photocatalyst surface,
thereby strengthening electrostatic attraction to the positively
charged dye molecules.>*” To isolate the effects of composi-
tional tuning, all experiments were conducted at a neutral pH of
7, eliminating pH as a variable.

The concentration of MB in the solution was monitored
before and after photodegradation by extracting aliquots at
fixed time intervals and analyzing them using a UV-Vis spec-
trophotometer. The absorption spectra of the MB dye solution
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at various time points in the presence of suspended nano-
particles are shown in Fig. 6(a—e). Upon exposure to the xenon
lamp, the characteristic blue color of the MB solution gradually
faded, indicating progressive degradation of the dye and a cor-
responding shift in the absorption peaks.

. I . C
Degradation kinetics were evaluated using a plot of lng0
t

versus time, in accordance with the Langmuir-Hinshelwood
model, confirming that the reaction follows pseudo-first-order
kinetics

In— =kt (3)

where, C, is the initial concentration of the dye, C; is the final
concentration of the dye and & is the pseudo first-order reaction
rate constant. Upon addition of the pure and doped BFO
nanoparticles, the MB dye solution underwent noticeable
discoloration, transitioning from deep blue to nearly colorless.
The degradation efficiency was calculated using the following
expression:

-G

Efficiency = COT X
0

100 (4)

After 90 minutes of illumination, the degradation efficien-
cies were found to be 71%, 72%, 76%, 78%, and 93% for BFO,
BCFO, BCFOCr1, BCFOCr3, and BCFOCr5, respectively
[Fig. 6(h)], indicating a significant improvement in the photo-
catalytic performance with increasing dopant concentration. It
is worth noting that the 93% degradation efficiency in BCFOCr5
observed here is among the highest reported for BFO systems
explicitly tested at neutral pH.

The corresponding reaction rate constants (k) were
0.01358, 0.01450, 0.01586, 0.01700, and 0.03038 min ' for
BFO, BCFO, BCFOCr1, BCFOCr3, and BCFOCr5, respectively
[Table 3], reconfirming the critical role of dopant concentra-
tion in modulating photocatalytic activity. The systematically
enhanced rate constants observed here are consistent with
improved charge separation upon Ca-Cr doping. Although
photoluminescence (PL) measurements would directly probe
carrier recombination, our photocatalytic kinetics already
provide clear evidence of suppressed recombination. This
enhancement stems from the combined effects of band gap
narrowing and particle size reduction induced by Ca and Cr
co-doping. A narrower E, enhances visible light absorption
and boosts the generation of electron-hole pairs, while
smaller particle sizes increase surface area, offering more
active sites for redox reactions.***® Doping also creates trap
states that hinder charge carrier recombination, thereby
improving overall efficiency. Additionally, at higher dopant
levels, the formation of a core-shell structure further
strengthens photocatalytic activity by establishing a localized
surface electron cloud that functions as an internal electric
field, promoting effective charge separation, as discussed in
Section 3.6.

Under xenon lamp irradiation, the Bijg;Cag g3Fe;_,Cr,O3
nanoparticles absorb photons with energies equal to or greater

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-Vis absorption spectra of MB dye at regular time intervals for (a) BFO, (b) BCFO, (c) BCFOCrl, (d) BCFOCr3, and (e) BCFOCS5; (f)

corresponding photocatalytic degradation performance, (g) linear fit plots of MB absorption, and (h) degradation efficiency.
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Table 3 Band gap (Ey). dye type, degradation efficiency and rate
constant (k) of BFO, BCFO, BCFOCr1, BCFOCr3, BCFOCr5

Composition Eq (eV) Dye k (min™")
BFO 2.13 MB 0.01358
BCFO 2.07 0.01450
BCFOCr1 2.06 0.01586
BCFOCr3 2.01 0.01700
BCFOCr5 1.80 0.03038

than its E, [eqn (5)], leading to the generation of electron-hole
pairs. These charge carriers migrate to the catalyst surface,
where they participate in redox reactions that produce Reactive
Oxygen Species (ROS), primarily superoxide radicals (O, ") via
oxygen reduction [eqn (6)] and hydroxyl radicals (‘OH) through
water oxidation [eqn (7)]. The resulting ROS actively degrade dye
molecules, as shown in eqn (8) and (9). Additionally, direct
degradation by photogenerated holes is depicted in eqn (10).7%°
These reactive radicals oxidize MB into carbon dioxide (CO,)
and water (H,0), while converting nitrogen (N) and sulfur (S)
heteroatoms into inorganic byproducts like nitrate, ammo-
nium, and sulfate ions, respectively.®® A schematic overview of
this mechanism is presented in Fig. 7.

BCFOCr + hv =€~ + h" (5)

O,+e =0 (6)

H,O + h* = "OH 7)

0, + MB = CO, + H,O + CI” + SO4*~ + NO;3~ (8)
"OH + MB = CO, + H,0 + CI” + SO,*>~ + NO;~ (9)

h* + MB = CO,,+ H,O,+ CI~ + SO.*~ + NO;~ (10)

0;

-OH‘/

H,0

View Article Online
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Table 4 presents a comparative analysis of pure and doped
BFO systems, summarizing their synthesis methods, E,, pH
conditions, and photocatalytic efficiencies. As seen, the co-
doped BCFOCr5 sample exhibits the highest degradation effi-
ciency (93%) under explicitly neutral pH. This performance was
achieved solely through compositional tuning, without any
external pH adjustment. Since MB degradation tends to accel-
erate under alkaline conditions, further optimization of pH
could potentially yield complete dye removal.

3.5 Relationship between magnetic and photocatalytic
properties

Fig. 8(a) displays the magnetic properties of the Ca and Cr co-
substituted BFO nanoparticles. In a previous study, we
demonstrated that co-substitution resulted in the formation of
an antiferromagnetic-ferromagnetic (AFM-FM) core-shell
structure in BFO, resulting in enhanced magnetization.*® This
structural configuration remains highly relevant to the present
work, as the electron-dense, polarized surface of the ferromag-
netic shell promotes enhanced photocatalytic degradation by
facilitating greater electron-hole pair generation while sup-
pressing their recombination through surface trap states.>” The
trapped photogenerated charge carriers subsequently partici-
pate in redox reactions, leading to the formation of ROS that
degrade dye molecules into less harmful byproducts. This
phenomenon, along with the core-shell structure, is illustrated
in Fig. 7 and 8(b). This AFM-FM core-shell structure, previously
demonstrated to enhance magnetization in our earlier work,*®
therefore establishes a direct connection between the modified
magnetic state and improved photocatalytic efficiency.
Furthermore, the increased saturation magnetization
significantly improves the potential for magnetic separation,
which is a key factor in enabling the recovery and reuse of
photocatalysts for cost-effective, sustainable, and scalable
applications.”®*"** Previous studies have already demonstrated
the reusability of BFO catalysts. For example, Soltani et al. re-
ported that pure BFO retained its degradation efficiency in

: 02 A
\ A
f3C\N/</VI\SI:\l\ﬁ/C"3 Degradation PI’OdUCt

CHs

Methylene Blue

o CHy

Fig. 7 Schematic diagram of photocatalytic degradation mechanism of MB dye.
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Table 4 Comparative study of synthesis method, E, dye type, pH, degradation efficiency and k different compositions of BFO nanopaticles

Composition Synthesis method Eq (eV) Dye pH Degradation efficiency Ref.
BFO Sol-gel 2.36 MB 7 69% in 240 min 64
BFO Hydrothermal 2.12 MB 7-8 52% in 180 min 65
BFO Sol-gel 2.02 MB 7 81% in 150 min 24
BFO Sol-gel 2.02 MB 3 99% in 90 min 24
BFO Hydrothermal 2.08 MB 6.8 45% in 90 min 66
BFO Sono-synthesis 2.17 MB 6 10% in 90 min 26
BFO Sono-synthesis 2.17 MB 2.5 100% in 80 min 26
BFO Sol-gel 1.91 MB 6.7 100% in 150 min 23
BFO Sol-gel 1.91 MB 11 100% in 30 min 23
BFO Biotemplate Not reported MB 8-10 96% in 180 min 67
BFO Sol-gel 1.8 MB 8 98.49% in 120 min 68
BFO Solgel 1.8 MB 4.3 96.2% in 180 min 68
BFO Sol-gel 2.38 MB Not reported 58% in 240 min 22
Bij.oGdy.1FeO; Sol-gel 2.32 MB Not reported 94% in 240 min 22
Big.955T0.05F€0.99Cr0.0103 Sol-gel 1.86 MB Not reported 92.9% in 90 min 31
Big.95Smg osFeg sMng ;03 Sol-gel 1.52 MB Not reported 65% in 180 min 28
Big.g5Smg 15F€(.95Cr.0503 Sol-gel 1.96 MB Not reported 99.16% in 90 min 29
Big.90Gdg.05SMg osFeO; Solvo-thermal 1.96 MB 2.24 95% in 40 min 30
Big.05Y0.0sF€03 Biotemplate 2.05 MB 8 94.5% in 180 min 69
Big.0355N0.015Fe03 Sol-gel 1.94 MB Not reported 99% in 120 min 70
Biy.0Gdg 1FeO; Hydrothermal 1.18 MB Not reported 97% in 180 min 71
Co doped BFO Polyol Not reported MB 3.5 35.06% in 120 min 72
BCFOCr5 Sol-gel 1.77 MB 7 93% in 90 min Present work

(a) 6 Ferromagnetic

—— E(F:CF)O (b) Antiferromagnetic electron dense shell

€ 4} ——BCFoCr core
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Fig. 8

(@) RT M—H hysteresis loops of the samples (b) schematic illustration of the AFM—FM core-shell structure of BCFOCr5 with photoex-

citation-induced electron—hole pairs with enhanced degradation upon charge carrier entrapment in the electron dense shell.

rhodamine B dye without any loss of activity across four cycles,*
while Jhansi et al. observed unchanged structural, morpholog-
ical, and dye degradation properties of BFO nanoparticles
across three cycles in MB.*® Based on these findings, it is
reasonable to anticipate that the magnetically recoverable Ca-
Cr co-substituted BFO nanoparticles explored in this study hold
strong potential for practical reuse in wastewater treatment
applications,” even though a detailed recycling study lies
beyond the scope of the present work.

4 Conclusion

In this study, BFO nanoparticles were successfully modified
through Ca and Cr co-doping using a sol-gel synthesis

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

approach, resulting in a marked improvement in the photo-
degradation performance under visible light. Structural and
compositional analysis confirmed successful dopant incorpo-
ration and improved stoichiometry, particularly through the
suppression of bismuth volatilization. Optical characterization
revealed a systematic bandgap narrowing from 2.13 eV to 1.8 eV
in the most heavily doped sample. The optimized composition,
BCFOCr5, exhibited a degradation efficiency of 93 percent for
MB at neutral pH, one of the highest reported for BFO-based
systems under such conditions. Our work also explores the
relationship between magnetism and photocatalytic activity,
which offers deeper insight into charge separation mechanisms
and the material's multifunctional potential. In particular, the
formation of an AFM-FM core-shell structure further enhances
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charge separation and suppresses recombination, thereby
contributing to the observed photocatalytic efficiency. These
findings demonstrate that Ca and Cr co-substitution provides
a promising route to improve BFO's photocatalytic performance
in environmentally realistic settings. From a green-chemistry
standpoint, the Ca-Cr co-doped BFO system reduces corrosive
inputs by operating at neutral pH, improves energy efficiency
through visible-light activation, and offers potential for magnet-
assisted recovery and reuse, thereby lowering secondary waste.**
Future work should assess reusability, long-term stability, and
performance in real wastewater systems to evaluate practical
implementation.
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