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1. Introduction

Strategic advances in defect-engineered Ce-
BizYOg/rGO hybrids for rapid crystal violet
mineralization under visible illumination

Muhammad Shahid,2 M. M. Rashed,” Mohamed Abdel Rafea,®
Mohamed lbrahim Attia,© Mohamed R. El-Aassar,® Abdullah K. Alanazi,® Imran Shakir,f
Muhammad Aadil &2 *9 and Mazen R. Alrahili"

Systemically tailored cerium-doped BizYOg/rGO ceramic nanohybrids were prepared by a sequential
hydrothermal-ultrasonication approach to surmount the innate limitations of binary metal oxides in
visible-light photocatalysis, such as limited spectral absorption and fast electron—hole recombination.
Incorporation of rare earths (Ce>*/Ce™) into the BisYOg lattice introduces defect-assisted carrier
trapping and local band structure reconfiguration, while conductive wrapping with rGO forms an
interconnected network of charge transport, enabling spatial electron migration and thus recombination
suppression. Comprehensive physicochemical characterization by XRD, FTIR, TGA, and SEM; optical
studies (UV-vis, PL); and electrical/electrochemical analyses (/-V, EIS, transient photocurrent) evidenced
crystalline cubic BisYOg with a flake-like morphology, a narrowed bandgap from 2.74 to 2.56 eV,
superior light harvesting capability, and reduced interfacial resistance in the hybrid photocatalyst
compared with its pristine counterpart. Under visible-light irradiation (1 > 420 nm), the optimized Ce-
BizYOe/rGO displayed excellent photocatalytic activity toward crystal violet degradation, yielding 92.04%
removal (k = 0.0800 min~Y), significantly higher than those of Ce—BizYOg (76.28%) and BizYOg (62.37%).
Scavenger experiments confirmed that “OH and O, species dominated the oxidative pathways, further
confirming the proposed radical-driven mechanism facilitated by rGO-directed electron extraction. The
catalyst showed strong reusability, with efficiency retention of >84% after five cycles, thus confirming
outstanding structural robustness and photochemical durability. This work develops a synergistic
approach that involves defect engineering and carbon-framework incorporation to further advance Bi-
based ceramic photocatalysts toward a scalable and high-performance platform for visible-light-driven
wastewater remediation.

facile technique—has been developed for rapidly addressing
global environmental and water pollution issues.» Unlike

Inspired by the process of photosynthesis in nature, solar-light-
mediated photocatalysis—a cost-effective, sustainable, and
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conventional remediation methods, photocatalysis utilizes
a clean and abundant energy source (solar light).>” Despite its
compelling potential, photocatalysis has not yet been recog-
nized for industrial adoption due to several key challenges,
including limited visible-light absorption, photogenerated
hole-electron pair recombination, and photocorrosion of the
photocatalyst.® For instance, the extensively investigated pho-
tocatalyst titanium oxide TiO, exhibits a wide bandgap E, and
responds to ultraviolet light, which contributes to a minor
extent in the solar spectrum.”® The practical implementation of
photocatalysis requires rationally designed photocatalysts with
substantial quantum efficiency.

In the relentless pursuit of photocatalytic materials with
high photocatalytic efficacy, a vast collection of semiconductor
single metal oxides, CuO,” ZnO," WO;," Fe,03,"* Sn0,,"”
In,03,"* Ce0,,"” NiO,* TiO,,” and binary metal oxides,
NiC0,0,4,"® SrFe;,0.4," NiFe, 0,4, NizV,04> has been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigated to remove the obstacles in leveraging photo-
catalysis for practical application, but the intrinsic (pure)
materials suffer from the typical challenges, dropping the
quantum efficiency.” Binary metal oxides, for instance,
bismuth yttrium oxide (BizYOg), have low photoresponse and
sluggish electron-hole transport for the redox reaction, which
notably controls their photocatalytic efficacy.”*** Different
modification strategies, specifically metal doping and
composite designing with a conductive framework like rGO,
have given promising results to extend the visible-light photo-
response, reducing the electron-hole recombination.>**” The
extended T-conjugation, in addition to conductive pathways,
assists the spatial transfer of electrons from the semiconductor
to the rGO, physically separating the electron-hole driving
availability for the redox reaction.”® Despite the significant
development of rGO-based photocatalysts and metal-doped
bismuth oxides, Ce-doped BizYO, remains almost unexplored
in the literature, and no previous report has demonstrated its
visible-light-driven photocatalytic behavior. No study has been
conducted on the construction of a Ce-Bi;YO,/rGO hybrid
heterojunction to date, and the synergistic role of Ce**/Ce**
defect levels with a conductive rGO framework remains unre-
ported. Besides, there has not been any previous report of
Bi3;YOg-based photocatalysts concerning the degradation of
crystal violet, hence a clear application gap. Thus, this work
bridges an important gap by proposing a novel defect-
engineered Bi;YOq system integrated with rGO that overcomes
recombination losses to extend the visible-light activity.

In this work, a rationally engineered cerium-doped BizYOq
material integrated with rGO as an efficient Ce-Bi;YO4/rGO
hybrid has been prepared to address the issues of limited
visible-light activity and fast charge recombination associated
with conventional photocatalysts. Accordingly, Bi;YOs and Ce-
Bi; YO, were synthesized by a simple hydrothermal method and
then treated by ultrasonication to uniformly encapsulate Ce-
Bi;YO, within rGO sheets. The synthesized materials were
examined through a range of structural, optical, electrical, and
electrochemical techniques to gain a clearer picture of their
phase evolution, surface morphology, and charge-transport
characteristics. Photocatalytic activity was studied by
following the breakdown of crystal violet under visible light. The
CV degradation kinetics, scavenging studies, and reusability of
Ce-Bi;YO4/rGO have been explored to systematically quantify
the solar-light-mediated photocatalytic efficacy.

2. Experimental
2.1 Chemicals

The metal precursors, yttrium nitrate hexahydrate (Y(NO3);- 6H,O,
99.99%), bismuth nitrate pentahydrate (Bi(NO3);- 5H,0, =99.99%)
and ceric ammonium nitrate ((NH4),[Ce(NO3)s], =98.5%), and
reduced graphene oxide (rGO, chemically reduced, powder, (k >
600 S m ") were sourced from Sigma-Aldrich, and used for the
synthesis of BizYOs, Ce-BizYOs, and Ce-BizYOq/rGO. For the
photocatalytic test, crystal violet dye (CV, C,5H3,N5Cl, 407.98 g
mol ') was degraded. At the same time, the quenchers, Isopropyl
Alcohol (IPA), p-benzoquinone (p-BQ), silver nitrate (AgNO3), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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disodium salt of ethylenediaminetetraacetic acid (EDTA-2Na), were
used for the scavenging studies. Deionized water (k < 6 uS cm™)
was used for synthesis, washing, and photocatalytic test.

2.2 Fabrication of Bi;YOg, Ce-Biz;YOg, and Ce-BizYOi/rGO

The pure BizYOs and cerium-doped Ce-BizYO, materials were
fabricated from the hydrothermal method. The precursor,
bismuth nitrate and yttrium nitrate, solutions in stoichiometric
(3Bi: 1Y) amounts were dissolved in DI water, and the pH was
shifted to an alkaline level (pH ~ 9-9.5) by the addition of NaOH,
with vigorous stirring until the clear solution appeared. The
reaction mixture was transferred to the Teflon cup sealed in an
autoclave and heated at 200 °C for 12 hours. Once the hydro-
thermal treatment was completed, the autoclave was set to cool
down to room temperature, and the precipitates were collected,
washed multiple times to ensure the removal of unreacted
precursors, and dried in an oven. The precipitate powder was
calcinated to acquire the Bi;YOg phase. A similar procedure was
followed to synthesize Ce-Bi;YOs in a stoichiometric amount
(0.05Ce : 2.95Bi : 1Y). The Ce-Bi;YOs material was encased in rGO
sheets to synthesize the synergistically-modified Ce-Bi;YOs/rGO
material by ultrasonication. Initially, 270 mg of the fabricated
Ce-Bi3YOs were added to 100 mL DI water and 30 mg of rGO
powder in 100 mL DI water in separate beakers and sonicated for
1 hour, followed by their mixing and sonication for 2 hours to
evenly encase the Ce-Biz;YOg in rGO covering.

2.3 Characterization

The phase composition, crystal structure, thermal stability,
morphology and microstructure, optical, electrical, and electro-
chemical response were investigated by powder X-ray Diffraction
(XRD/26 = 20-60°/Cu-Ka. A = 0.154 nm/Shimadzu 6100 AS X-ray
Diffractometer), Fourier Transform Infrared Spectroscopy (FTIR/
wavenumber = 4000-400 cm ‘/Shimadzu IRAffinity 1S spectro-
photometer), Thermogravimetric Analysis (TGA/T = 25-600 °C/
TG8120 Rigaku Thermoplus EVO), Scanning Electron Microscopy
(SEM/FEI S50 scanning electron microscope), Transmission elec-
tron microscopy (TEM, FEI-CM30 transmission electron micro-
scope), Energy dispersive X-ray spectroscopy (EDS, FEI S50 scanning
electron microscope), Photoluminescence spectroscopy (PL/
FLS1000 photoluminescence spectrometer), UV-vis spectroscopy (4
= 200-800 nm/Jenway 6850 double-beam spectrophotometer),
current-voltage analysis (I-V/KEITHLEY/6517B/-15 V to +15 V),
Electrochemical Impedance Spectroscopy (EIS/IVIUM-n-Stat ZRA
Three-electrode potentiostat/1 M Na,SO, Electrolyte), and Transient
Photocurrent response (4 > 420 nm/material pasted ITO substrate).

2.4 Photocatalytic (PC) efficacy studies

The PC efficacy of the Bi;YOg, Ce-BizYOg, and Ce-BizYOs/1GO
was assessed by degrading the CV in aqueous solution under an
Xe lamp (equipped with UV cutoff filter) as a visible light source.
Typically, in the 100 mL (10 mg L") solution of CV, 0.1 g of the
catalyst (BizYO4/Ce-Bi3YO4/Ce-Bi3YO4/rGO) was dispersed by
stirring (30 minutes) in the dark to facilitate the adsorption/
desorption equilibria of CV molecules on the surface of the
catalyst. The samples at the specified time intervals were

RSC Adv, 2025, 15, 50324-50336 | 50325
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collected from the degradation mixture, and the absorbance

was measured. The decrease in CV concentration was measured
. . . A
by applying the relation, degradation% = (1 — A_t> % 100,>°

0
where A, is the initial CV absorbance, and A, is the absorbance
of the sample collected at the specified time interval.

3. Results and discussion
3.1 Structural phase formation and thermal stability

The phase composition and crystal structure phase formation were
investigated by powder XRD and FTIR spectroscopy. The precipi-
tates collected from the hydrothermal process were annealed at
different temperatures to optimize the annealing temperature for
the structural phase appearance of Bi;YO,. The diffraction patterns
of the materials annealed at different temperatures ranging from
550 °C to 700 °C with an increment of 50 °C are displayed in

Fig. 1(a).
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At 700 °C, the BizYO¢ phase appeared and the diffraction
peaks at 26 = 28.20°, 32.54°, 46.70°, 55.37°, and 58.01° indexed
to (111), (200), (220), (311), and (222) planes and aligns with the
standard JCPDS No. 01-079-0390 corresponding to the cubic
system with Fm3m space group.* In Fig. 1(b), the overlaid XRD
patterns of the Bi3YOs, Ce-BizYOs, and Ce-BizYO4/rGO are
presented to distinguish the structural changes after Ce-doping
and encasing Ce-Bi;YOs in rGO covering. No substantial
change in the XRD pattern of Ce-Biz;YOs was observed, but
a slight variation in position and a decrease in intensity of
diffraction peaks. These changes correspond to crystal lattice
alterations by the insertion of cerium ions, but the crystal phase
was not destroyed by Ce-doping. For the Ce-BizYO4/rGO mate-
rial, the intensity of diffraction peaks was significantly reduced
due to rGO covering. The XRD findings indicate Cerium-doping
and covering of Ce-BizYOe material with rGO to synergistically-
modified Ce-BizYOy/rGO material.
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Fig.1 XRD patterns of the samples annealed at different temperatures (temperature optimization for BizYOg phase formation) (a), overlaid XRD
patterns (b) and FTIR spectra (c) of BizYOg, Ce-BizYOg, and Ce—BizYOg/rGO, and TGA profile (d) of Ce-BizYOg/rGO.
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The FTIR analysis, spectra are displayed in Fig. 1(c), was
performed to confirm the structural phase formation of the
synthesized material. The vibrations in the fingerprint region
(<800 cm ") are distinguished as metal-oxygen bond vibrations,
M-O (~526 cm™ ') and M-O-M (~464 cm ™), where M = Bi/Y,
confirming the formation of Bi;YOe materials.*® The addi-
tional signatures, which appear for the Ce-Bi;YO4/rGO, corre-
spond to C-C (~1163 cm ') and C-O (~1451 cm ') vibrations,
ascribing the rGO covering.**** The-OH stretching
(~3445 cm™') and bending (~1636 cm™') are attributed to
adsorbed moisture,*?* while the hump around ~2345 cm ™" was
asymmetric stretching of atmospheric CO,.** The TGA curve of
Ce-BizYO4/rGO (T = 25-600 °C) is presented in Fig. 1(d). The
2.71% mass loss in the lower temperature (<300 °C) describes
the adsorbed moisture removal, while at the high temperature
(T =400-600 °C), the combustion of rGO carbon reduces 8.61%
mass of Ce-Bi;YO4/rGO.*® Based on the TGA analysis, the Ce-
Bi;YOe/rGO exhibits thermal stability <400 °C.

3.2 Morphological investigation

The morphology and microstructure of the BizYOs, Ce-BizYOg,
and Ce-BizYO,/rGO, materials were explored by the SEM anal-
ysis, and the micrographs are presented in Fig. 2. The Ce-

View Article Online
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Bi;YO, exhibits a cluster of 2D-like flakes with irregular
symmetry and size, which is consistent to the BizYOq reflecting
Ce-doping has not significantly affected the microstructure and
morphology and le to the growth of crystallites as for the Bi;YOg.
In the Ce-Bi;YOs/rGO material, the thin rGO sheet encases the
Ce-Bi;YO flakes as shown in Fig. 2(c and d). The rGO covering
will facilitate spatial charge (photoexcited electron) separation
and transport to the conductive 2D conjugated framework of
rGO.”

3.3 Hybrid interface and composition

The hybrid interface between the Ce-Biz;YOs and rGO was
studied by the TEM investigation, and the findings are pre-
sented in Fig. 3(a-c and f). The interface quality significantly
controls the rate of photocatalysis, as it mainly drives charge
separation and prevents the rapid recombination of the
photogenerated charges. The Ce-BizYOs exhibits nanoflakes
covered with rGO sheets (marked in yellow), forming a high-
quality heterojunction that is favorable for charge separation
(photoseparated electron transferring) to the rGO conducting
channels. The EDS spectrum of the cerium-doped Bi3YO6
composition, shown in Fig. 3(d), contains all peaks corre-
sponding to the constituent elements Ce, Bi, Y, and O, ascribing

Fig. 2 SEM images of BizYOg (a), Ce—BizYOg (b), and Ce—-BizYOg/rGO (c and d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of composite Ce-BizYOe/rGO (a—c, and f) and EDS studies with elemental mapping (d, e and g-i).

the purity of the designed composition, while the elemental
mapping is presented in Fig. 3(e and g-i).

3.4 Optical and electrical properties

The solar light-mediated photocatalysis is primarily controlled by
the light absorption, which leads to excitation in the semi-
conductor and separates the charge (h'/e”) species. The optical
response of BizYOg, Ce-Bi;YOg, and Ce-BizYO4/rGO was analyzed
by applying the UV-vis absorption and photoluminescence (PL)
spectroscopy, and the results are presented in Fig. 4(a and b). From
the UV-vis spectra, it is clearly evident that the fabricated materials
show absorption in the visible light region Fig. 4(b), and the
response was extended by modifying the Bi;YOs with Ce-doping
and encasing Ce-BizYOg with rGO covering, which is promising
for solar light (~43% of visible light) mediated photocatalytic
applications.* The bandgap (E,) was estimated from the UV-vis
absorption data by applying the Tauc plot equation,* as shown
in Fig. 4(c). The calculated E, of BizYOg, Ce-Bi;YOs, and Ce-
BizYO,/rGO were correspondingly 2.74 €V, 2.66 eV, and 2.56 eV.
The E, was narrowed by the Ce-doping and encasing Ce-Bi;YOg

50328 | RSC Adv,, 2025, 15, 50324-50336

into rGO due to the red shift in the absorption edge, which reflects
the formation of localized states within the electronic band by
incorporation of Ce ions, and development of additional electronic
states by rGO, promoting the enhanced visible light absorption.*

The impact of synergistic modification, Ce-doping, and rGO
encasing on the charge carrier's dynamics was assessed by PL
spectroscopy, and the PL response is presented in Fig. 4(a). The
unmodified material Bi;YOs shows prominent PL emission in
contrast to the Ce-Bi;YO, and Ce-Bi;YO4/rGO, which character-
istically feature the rapid h'/e” recombination.* The variable
oxidation state of cerium (Ce**/Ce*") traps the electrons and
delays the rapid h*/e” recombination in Ce-BizYOg, as evident
from its PL response.*” The substantially quenched PL emission
of Ce-BizYO,/rGO indicates facilitated charge separation, which
was due to the rGO encasing. The highly conductive pathways in
the rGO framework spatially separate the electrons from the Ce-
BizYOs and increase their availability for the redox reaction,
which directly controls the photocatalytic performance.** The
charge separation and transportation were further validated by
the current-voltage (I-V) analysis, and the I-V profiles of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PL spectra (a), UV-vis absorption spectra (b), Tauc plot fitting (c), and IV profile (d) of BizYOe, Ce-BizYOg, and Ce—BizYOg/rGO.

BizYOs, Ce-Bi;YOg, and Ce-Bi;YOs/rGO are presented in
Fig. 4(d). Against the applied voltage (—15 V to +15 V), the
maximum current response was observed for the synergistically-
modified Ce-Bi;YO¢/rGO material,** which reflects the facilitated
charge separation and is in accordance with the PL results.

3.5 Electrochemical response

Electrochemical impedance spectroscopy (EIS) and transient
photocurrent (TPC) were applied to the fabricated Bi;YOg, Ce-
Bi;YOs, and Ce-BizYO4/rGO materials to analyze the charge
carrier dynamics, and the results are presented in Fig. 5(a and b).

The semicircle in the Nyquist plot, which is directly related to
the electrode/electrolyte interfacial charge transfer resistance
(Ret) and corresponds to the impedance to transfer the photog-
enerated electrons.*** The larger-sized semicircle (in the Nyquist
plot) of BizYOe decreases by Ce-doping and concurrently by rGO
encasing Fig. 5(a), which ascribes to reduced R, by the synergistic
modification.”” The TPC response was recorded by falling visible

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

light (A > 420 nm) on the material-coated electrode. In Fig. 5(b),
the recorded photocurrent density is displayed, which is
considerably high for the Ce-BizYOs/rGO material. The
substantial increase in TPC corresponds to the transfer of
(photogenerated) electrons to the electrode instead of recom-
bining with the positive holes (h*), which indicates suppression
in h*/e” recombination.® The EIS and TPC results, in parallel
with the PL emission, describe the facilitated charge separation
and transportation in the synergistically modified Ce-BizYOg/
rGO material, rendering a promising photocatalytic efficacy.

3.6 CV degradation

The PC efficacy of the as-synthesized BizYOs, Ce-Bi;YOs, and
Ce-BizYO4/rGO catalysts was assessed by degrading CV under
visible-light irradiation. The change in CV concentration at the
specific time intervals was monitored by recording the absorp-
tion spectra, which are presented in Fig. 6. The absorption
intensity decline at An.x expresses the decrease in CV

RSC Adv, 2025, 15, 50324-50336 | 50329
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concentration over time, which is maximum in the presence of
the catalyst Ce-BizYOe/rGO. Notably, the Ce-BizYO4/rGO di-
splayed the highest photocatalytic efficacy as compared to Ce-
Bi;3YOs and Bi;YOs. Mechanistically, the cerium-doping
modifies the BizYOg crystal structure and specifically increases
the optical response by bandgap tuning, facilitating charge
(electron-hole) carrier separation. The encapsulation of Ce-
Bi3YOs in rGO enhances the charge separation by spatial
transfer of the photoseparated electrons to the conductive
channel of the rGO framework.*

The degradation over Ce-Bi;YO4/rGO was investigated by
varying the pH of the working media, the CV concentration, the
catalyst dose, and the coexistence of common ions. As pre-
sented in Fig. 7(a), the maximum extent in CV degradation was
observed in the basic (pH = 8) range, which is due to better
adsorption of the cationic CV dye over the catalyst surface
(PHpzc = 6.59, determined by pH drift method), which was not
substantial under the acidic conditions. The degradation was
monitored as a function of the CV concentration, Fig. 7(b),

View Article Online
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which declines with the increase in its concentration. The
increased concentration prevents the light from reaching the
catalyst surface, in addition to the saturation of active catalytic
sites available for the adsorption. The Ce-Bi;YOq/rGO dosage
was optimized by loading the catalyst from 10-50 mg as di-
splayed in Fig. 7(c), and the maximum degradation was
observed at 40 mg of the catalyst dosage, after which no
significant increase was observed. The coexisting ions include
Sulphate, chloride, carbonate, bicarbonate, and nitrite. The
chloride ions did not alter the rate of the degradation process,
and the sulphate ions contributed to the minimum extent,
while the carbonate, bicarbonate, and nitrite ions significantly
dropped the CV degradation due to scavenging of the radical
species that perform the degradation process.

The 1st-order kinetics model was applied to the experimental
data of CV degradation to determine the photocatalytic kinetics
in the presence of BizYOgs, Ce-BizYOg, and Ce-BizYO4/rGO (Fig.
8(a-d)) The CV degradation follows 1st-order kinetics with
corresponding rate constant values of 0.0315 min~ " (62.37%),

60 60
10 mg/L CV dye (a) 54.91 (b) 10 mg Ce-Bi,YO,/rGO
10 mg Ce-Bi,YO,/rGO (pH=8)
50 4 50 o
44.53
SECE X 401
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Fig. 7 Effect of pH (a), CV concentration (b), catalyst dose (c), and common coexisting ions (d) on the degradation of CV over the Ce-BisYOg/

rGO.
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0.0455 min~ " (76.28%), and 0.0800 min " (92.04%) in the
presence of Biz;YOg, Ce-BizYOg, and Ce-BizYO4/rGO.
Scavenging test was applied to the CV degradation by the
catalyst Ce-Bi;YOs/rGO under visible-light irradiation using
AgNO;, p-BQ, EDTA-2Na, and IPA as specific scavengers for
quenching of photo-generated e”, 0,7, h*, and HO" radicals,
respectively (Fig. 9a).°>** The extreme decline in CV degradation
(33.55%) was observed in the IPA presence, which quenched the
HO' radicals, revealing the substantial contribution of HO" in
CV degradation. The AgNO; presence affected the CV degrada-
tion to a minimal extent (81.72%), which expresses the least
contribution of e in the degradation process. In light of the
scavenging results, the CV degradation was predominantly
controlled by the HO" radicals, and the species contribution
varies in accordance with (33.55%) HO™ > (48.82%) 'O, >
(67.56%) h" > (81.72%) e~ to the overall CV degradation. The
reusability of the photocatalyst is conspicuous, not only for
economic purposes but also for environmental stability. The
Ce-Bi3YO,/rGO was reused for five cycles to probe its stability
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and efficacy (Fig. 9b). The CV degraded to 92.04%, 90.13%,
88.51%, 86.31%, and 84.22%, with minimal decline in degra-
dation extent, which could be due to the recovery loss of the
catalyst. The excellent reusability throws light on the stability of
the catalyst for its substantial potential in sunlight-mediated
photocatalytic wastewater treatment.

The photocatalytic degradation of CV over the Ce-BizYOg/
rGO involves a synergistic mechanism driven by the structural
and electronic framework of the designed composite (Fig. 9c).
In light irradiation, the Ce-Biz;YOg absorbs photons of visible
light, exciting e~ from its valence band (VB) to the conduction
band (CB), generating a positive h* in VB.>? The electrons from
the CB of Ce-Bi3;YOg¢ are transported to the highly conductive
rGO, which inhibits the rapid recombination of the h'-e,
which is substantial to start the redox reaction to generate active
radical species.®® The band potentials, Eyg and Ecp, were
calculated by applying the relations, Evy = X — E. + 1/2(Ey) and
Ecp = E; — Eyp,™ where E, = free electron energy (hydrogen
scale), E, = optical bandgap, and X = electronegativity.>> For
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Fig. 8 Kinetics model fitting (a and b), comparison of CV degradation at specified time intervals (c), and overall CV degradation (%) achieved and
rate constants for the catalysts BizYOg, Ce—BizYOg, and Ce—-BizYOg/rGO (d).
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Ce-Bi;YOs, the potentials were Eyg = +2.75 eV and Ecp =
0.09 eV. Thermodynamically, the Eyg = +2.75 eV can generate
HO’ radicals (HO /HO" = 1.99 eV and H,O/HO" = 2.23 eV vs.
NHE) but Ecg = 0.09 eV is unable for 'O, radicals generation
(0,/'0,” = —0.33 eV vs. NHE).>® The scavenging test demon-
strated the "O,  involvement in CV degradation, which is not
formed directly from the Ecg of the Ce-Biz;YOg but indirectly
from the electrons stored in the rGO component.*”*®* The
encapsulation of Ce-BizYOg with rGO not only reduces the rapid
h*-e™ recombination, but also the generation of radicals for the
CV degradation.*

The improved photocatalytic property of the Ce-Biz;YOq/rGO
hybrid material can be ascribed to the synergetic effect between
Ce-doping and rGO encapsulation. Ce ions incorporated into
the lattice of Bi;YO, create oxygen vacancies, which narrow
bandgap and extend its absorption spectrum to visible light.
Besides that, the role of rGO is also to provide a highly
conductive scaffold for the photogenerated electrons to be

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

transferred at a high rate without undergoing charge recombi-
nation. Such a combined effect enhances the charge separation
efficiency and greatly improves the photocatalytic degradation
efficiency under visible light irradiation.

4. Conclusion

Synergistically modified Ce-Biz;YO4s/rGO material has been
designed to facilitate the charge separation and transportation
to drive the redox reaction for photocatalytic performance
under visible light. Initially, the pure Bi;YO¢ and its Ce-doped
composition, Ce-BizYOq were fabricated by the hydrothermal
route, followed by the encasing of Ce-Bi;YO, flakes in rGO
sheets by ultrasonication. XRD, FTIR, and TGA confirm the
phase composition, crystal structure development, and thermal
stability up to 400 °C. The SEM analysis exposed the 2D-like
flakes of Ce-BizYO4 evenly encased in rGO covering. The PL
and UV-vis spectroscopic studies revealed the extended visible
light response of the modified material. The electrical
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measurements and electrochemical findings demonstrate
delayed recombination of the photogenerated h'-e~ pair. The
Ce-doping decreases the E, and increases the electronic exci-
tation by absorbing photons from the visible light range; these
photoexcited electrons from the CB of Ce-BizYOs spatially
transferred to the conductive framework of the rGO covering.
The Ce-BizYO4/rGO exhibits substantial PC efficacy from the
Ce-Bi;YOg and Biz YO for the CV degradation in aqueous media
with 1st order reaction kinetics. The scavenging studies high-
light the notable contribution of HO' radicals in CV degrada-
tion, and the reusability of Ce-Bi;YO,/rGO describes its stability
and environmental stability. In light of the aforementioned
findings, the designed Ce-Biz;YO,/rGO catalyst features prom-
ising photocatalytic efficacy for wastewater treatment.
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