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1. Introduction

The rapid pace of industrial growth and economic advancement
has led to severe environmental consequences. Among these, water
pollution caused by toxic organic dyes has become a critical concern.
The textile industry generates millions of tons of wastewater annually,
releasing over 100,000 types of synthetic dyes into ecosystems. Recent
studies highlight that toxic azo dyes like Congo red persist in aquatic
environments, disrupting biodiversity and posing carcinogenic risks
to humans through bioaccumulation [1,2,56]. For instance, [56] reports
that 60% to 70% of industrial dye effluents remain untreated globally,
exacerbating groundwater contamination. To address this, innovative
remediation technologies such as advanced photocatalysis have gained
prominence. Traditional methods like adsorption and flocculation
often fail to degrade complex dye molecules completely, generating
secondary sludge [3.,4]. In contrast, semiconductor-based photocatalysts
offer a sustainable alternative by leveraging solar energy to mineralize
pollutants. Recent advances in nanostructured perovskites, particularly
Ce-doped systems, demonstrate exceptional efficiency in degrading
stubborn dyes like methyl orange and rhodamine B under visible light
[57,58]. For example, [57] achieved 95% degradation of methylene
blue using Ce-ZnO nanocomposites, while [58] highlighted the role
of oxygen vacancies in enhancing ROS generation for dye breakdown.
Several methods have been proposed to address these environmental
challenges. These include adsorption, biodegradation, and flocculation
[3], as well as ultra-filtration [4]. Advanced oxidation processes (AOPs)
have also gained attention for their efficiency in contaminant removal.
However, many of these methods generate secondary pollutants or
face cost limitations. For instance, while AOPs are widely used, their
high operational costs restrict large-scale application [5-9].
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LaCoOs3 and cerium (Ce)-doped LaCoO3 catalysts were synthesized via a sol-gel method to degrade
Congo red dye under sunlight. Structural and optical analyses, including X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and UV-visible spectroscopy, revealed that Ce doping reduced the
material’s band gap from 2.5 eV to 2.3 eV, enhancing light absorption. The doped catalyst also shifted
the crystal structure from rhombohedral to cubic while maintaining lattice stability, with smaller crystallite
sizes (9.30 nm vs. 10.59 nm for undoped LaCoO3). Under optimized conditions (60 mg catalyst, pH 5.5,
135 min), Ce-doped LaCoO3 achieved 85% dye degradation, outperforming undoped LaCoOs3 (77%).
Hydroxyl and superoxide radicals were identified as key contributors to the degradation process, following
first-order reaction kinetics. The catalyst retained 79% efficiency after five reuse cycles, demonstrating
robustness. These improvements highlight Ce-doped LaCoOs as a sustainable, solar-driven solution for

To optimize photodegradation processes, light stability testing
is often employed. This involves accelerated aging experiments to
simulate long-term effects of light exposure in shorter durations.
Most studies focus on visible fading of dyes, but understanding the
underlying degradation mechanisms is crucial for improving photo-
catalytic systems [10].

Nanomaterial-based photocatalysis offers a promising alternative.
By harnessing solar energy, photocatalysts can generate electron-hole
pairs that drive pollutant degradation [11,12]. These charge carriers
produce reactive oxygen species (ROS), which break down toxic
organic compounds into harmless byproducts. This approach is both
sustainable and energy-efficient.

Perovskite materials, traditionally lead-based (ABO3), are widely
used in photovoltaics and catalysis. However, lead’s toxicity has
spurred research into safer alternatives [13]. Lead-free perovskites,
such as LaCoO:s, retain structural stability and catalytic activity while
avoiding environmental hazards [14]. Their properties can be tailored
by substituting A-site or B-site cations or adjusting oxygen vacancies
[15]. For example, lanthanide cations at the A-site enhance structural
flexibility, while transition metals like cobalt at the B-site enable redox
activity [16].

LaCoOs has shown potential in photocatalytic applications due to
its optical and catalytic properties [17-23]. Despite advances in photo-
catalytic materials, challenges such as poor visible-light absorption,
rapid charge recombination, and limited reusability persist in perovskite-
based systems [24]. Cerium-doped LaCoOs offers a promising solution
due to Ce’s redox versatility and its ability to modify electronic structures
[25,26]. However, the interplay between Ce doping, structural stability,
and photocatalytic efficiency under solar light remains underexplored.
By synthesizing Ce-doped LaCoOs via a scalable sol-gel method and
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demonstrating 85% dye removal with robust reusability, this work
provides a cost-effective, solar-driven strategy for wastewater
treatment. The findings advance the design of lead-free perovskites
for environmental remediation, bridging the gap between laboratory
innovation and real-world application.

2. Material and synthesis methods
2.1 Precursor and chemicals

All chemicals, including lanthanum nitrate hexahydrate La(NO3)s-
6H20 (Loba Chemie Pvt. Ltd. 99%), cobalt nitrate hexahydrate
Co(NOs)2:6H20 (HiMedia Laboratories Private Limited, 99%), cerium
nitrate hexahydrate Ce(NO3)3-6H20 (HiMedia Laboratories Private
Limited, 99%), and citric acid monohydrate CcHsO7-H20, were of
analytical grade and were used as received without any additional
purification.

2.2 Synthesis of LaCoO3 & cerium doped LaCoOs nano-
structures

LaCoOs perovskite oxides and Ce-doped LaCoO3 were prepared
using the sol-gel technique, utilizing nitrate salts (La, Ce, and Co) as
starting materials. Pure LaCoO3 and Ce-doped LaCoO3 were synthesized
by combining stoichiometric ratios of La and Ce precursorsina 1:1
ratio. The required amounts of precursors were accurately measured
and dissolved in 100 mL of deionized water. Citric acid, added in a 10%
excess by weight, was introduced to act as a chelating agent. The
resulting solution was heated to 80°C with continuous stirring until
the chelation reaction led to the formation of a gel. This gel was dried
in an oven at 100°C, ground manually, and then calcined at 600°C for
6 h. The black powders were collected once the temperature naturally
cooled. Ce-doped LaCoOs3 nanostructures with a Ce concentration of
0.2 wt% were prepared by replacing a calculated amount of Ce(NOs)3
in the LaCoOs matrix. The synthesized nano-structures were stored
in airtight sample tubes and subjected to basic characterization and
photocatalytic analysis [27]. They were denoted as LaCoO3 and Ce
doped LaCoOs.

| Distlicd water Stiered for 15 mins 10wt % oxcessof ©
| T till homogenous mix citric acid added
LaiNUy); 6H,0) - -
| ColNOL), (1.0 —
| CelNOy), 6(H.0) £ = ' =
L J Viscous gel
-

Dry ot 100 owernight
|
N

n Grinded Giridsd
\
| . \

Calcined at 600° for § hours Before calcination

Cerium doped LaCoO;

Scheme 1. Schematic diagram of synthesis of Ce-doped LaCoO;.

J. Met. Mater. Miner. 35(3). 2025

2.3 Characterizations

The crystallinity and phase structure of the prepared samples were
determined by X-ray diffraction (XRD) patterns (X-ray diffractometer-
7000 from Shimadzu) using CuKa monochromatic radiation (10° <
20 < 80°), Cu Ka radiation 1 = 1.54 A, at a scan rate of 2°/min. While
FTIR analysis in the 4000 cm™ to 400 cm™ range was performed using
the IRAFFINTT-2 spectrometer, Field emission scanning electron
microscope (ZEISS SUPRA 55) were used to examine the surface
morphology of the synthesized materials. EDS analysis was used to
determine the chemical composition. The photocatalyst's optical
properties were assessed using a UV-VIS spectrophotometer. Finally,
the samples' electrochemical studies were evaluated using cyclic
voltammetry and XPS (ESCA+ Omicron Nano Technology).

2.4 Photocatalysis studies

To evaluate the photocatalytic performance of synthesized LaCoO3
and Ce-doped LaCoOs nanostructures, a stock solution of Congo red
dye was prepared by dissolving 50 mg of Congo red in 1 L of deionized
water, creating a 50 ppm solution. This stock solution was then diluted
to obtain 1 ppm, 3 ppm, and 5 ppm concentrations for further tests.
In the photocatalytic experiment, 25 mL of the 50 ppm Congo red
solution was used, with varying amounts of LaCoOs and Ce-doped
LaCoOs catalysts (20 mg, 40 mg, 60 mg, and 80 mg) added. The
mixture was stirred in the dark for 30 min with magnetic stirring to
establish adsorption—desorption equilibrium between the dye and
catalyst particles. After equilibrium, the solution was exposed to solar
light to initiate Congo red degradation. Experimental conditions,
including pH, initial dye concentration, catalyst dosage, and stirring time,
were adjusted to enhance photocatalytic efficiency. Dye degradation
was measured by tracking concentration changes at Amax = 498 nm
using a UV-vis spectrophotometer, following sunlight exposure [28].

3. Results and discussion

3.1 Characterization of LaCo0O3 & Ce doped LaCoO3
nanostructures

The crystalline structures of LCO and LCCO nanostructures were
characterized using X-ray diffraction (XRD) in the 20 range of 10° to
80° (Figure 1(a)). Pristine LaCoOs exhibited distinct peaks consistent
with a rhombohedral structure (JCPDS file no. 01-084-0848) [29,30]
with lattice parameters a =b=c =5.3778 A and angles a =B =7y =
60.7980°. After Ce doping, the structure shifted to a cubic phase
(JCPDS file no. 01-075-0279) with lattice constantsa=b=c=23.82 A
and o= =v=90°, maintaining good crystallinity with sharp peaks.
The cubic phase, with its higher symmetry, provides a more uniform
environment that can facilitate faster charge carrier transport and
reduce the recombination rate of photogenerated electron—hole pairs.
This is critical in photocatalysis, as efficient charge separation boosts
the generation of reactive species that degrade the dye [67]. Structural
transitions can influence defect states. A more symmetric cubic
structure generally results in a more controlled defect distribution,
which minimizes trap states that could otherwise serve as recombination
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centers for charge carriers [68].The main perovskite peak at 32.88°
confirmed structural stability post-doping, and the XRD pattern of
Ce-doped LaCoOs retained all peaks of the pristine sample, with a
minor secondary CeOz phase present [31]. The average crystallite sizes
of the samples were determined using the Scherrer equation [32].

ki
D= P cos 6 (1)

The crystallite size D was calculated using the Scherrer equation,
where k is a shape factor (0.89), A is the X-ray wavelength (Cu-Ka),
B is the full width at half maximum (FWHM), and 0 is the peak
diffraction angle. The average crystallite size was found to be 10.59 nm
for LCO and 9.30 nm for LCCO [69].

The FTIR spectrum of LaCoOs3, shown in Figure 1(b), covers a
wide wave number range (4000 cm™ to 500 cm™") and highlights
key vibrational features. A notable absorption peak at ~1360 cm™!
corresponds to O—H stretching, bending, and scissoring modes from
water molecules on the perovskite surface [33]. The La-Ce-Co-O
network’s vibrational modes produce a strong infrared band below
700 cm !, especially visible in the Ce-doped sample. Ce** substitution
slightly shifts the La-O bond to higher frequencies due to Ce-O
bonding. Additional metal-oxygen bond vibrations, particularly Co-O
stretching and bending modes, appear below 1000 cm™!, reinforcing
the distinct crystalline structure of LaCoOs. Overall, the FTIR analysis
confirms a robust perovskite structure with characteristic Co-O bonding
and minimal water contamination. The FTIR spectrum of LaCoOj3 shows
characteristic peaks for metal-oxygen bond vibrations, particularly
Co-O stretching and bending modes within the perovskite lattice.
These distinctive bands confirm the presence of a stable crystalline
structure consistent with LaCoOs3’s stoichiometric composition.
Additionally, a peak around 1360 cn indicates O-H stretching, bending,
and scissoring vibrations from water molecules on the perovskite
surface. Overall, the FTIR analysis confirms a well-defined perovskite
structure in the synthesized LaCoOs, with distinct Co-O bonding and
minimal water contamination [34].
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X-ray photoelectron spectroscopy (XPS) was used to analyze the
valence states of elements in the newly synthesized Ce-doped LaCoOs
perovskite samples. The wide-scan spectrum displayed in Figure 2
confirms the presence of La (3d), Ce (3d), Co (2p), C (1s), and O (1s)
within the perovskite matrix [35,33]. Notably, a peak below 300 eV
is observed, attributed to surface-bound adventitious carbon, which
is commonly detected in XPS studies. Distinct peaks at 842 eV and
863 eV represent the spin-orbit splitting of La** ions at 3d5/2 and
3d3/2, confirming the presence of La in a +3 oxidation state. The
Co 2p3/2 signal, around 792 eV, appears with characteristic shake-up
satellites, suggesting high-spin Co ions consistent with Co** coordination
within LaCoOs structures. Additional peaks at 880 eV and 899 eV
correspond to Ce 3d states, indicating that Ce is present as Ce3*,
confirming its successful incorporation in a +3 oxidation state within
the perovskite.

FE-SEM was employed to analyze the surface morphology and
particle size distribution of the synthesized samples. The high-resolution
FE-SEM images allow detailed examination of the material’s
microstructure, providing precise nanoscale characterization. Figure 3
present FE-SEM micrographs of LaCoOs3 at magnifications of 1 um
and 500 nm respectively. The surface morphology appears larger
irregular plate like or flake or flower like structures, with relatively
compact arrangement and some agglomeration [36,37]. After ‘Ce
‘doping the structure in Figure 4 becomes more porous with smaller
particles and a granular appearance [38]. Doping with cerium appears
to have more porosity or disrupted the compactness of the material,
creating a rougher texture. The introduction of cerium likely increased
the surface roughness and porosity, which is beneficial for catalytic
applications. Increased porosity could enhance active sites availability
and mass transfer during reactions. Doping with cerium might have
introduced the lattice distortion s or structural defects, leading to
these changes in morphology [39]. This is consistent with modifications
seen in perovskites after metal doping.
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Figure 1. (a) XRD patterns, and (b) FTIR spectra of LaCoO; and Ce-doped LaCoOs.
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Figure 3. (a-b) FESEM images, and (c) EDAX and mapping of LaCoOj;.

Figure 5(a) displays the UV-DRS spectra for LaCoOs and Ce-doped
LaCoO:3, showing notable changes in absorbance due to cerium inclusion.
The undoped LaCoOs (black curve) exhibits a strong absorbance peak
at 215 nm, indicating interaction with UV-vis light at that wavelength.
The 2% Ce-doped LaCoOs (red curve), however, shows reduced
absorbance between 215 nm and 225 nm but demonstrates a sustained
increase in absorbance in the higher UV-vis range (240 nm to 300 nm)
compared to the undoped material [40]. The Tauc plot in Figure 5(b)

J. Met. Mater. Miner. 35(3). 2025
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illustrates the optical band gaps of Ce-doped and undoped LaCoOs,
with values estimated by extrapolating the linear regions of each curve.
For undoped LaCoOs (black curve), the band gap is around 2.5 eV
and for 2% doped the band gap reduced to 2.3 eV and the 3% doped
2.4 eV. The reduced band gap upon Ce doping suggests that Ce ions
alter the electronic structure, decreasing the energy gap between the
valence and conduction bands [33,70].



Solar radiation assisted photocatalytic degradation of Congo red using Ce doped LaCoOj; 5

EHT =

v Signal Len: ZEIEK]
Weg = 2500k x Dater 11 Nov 2024 -

s

EHT = 500 kV Signal A = InLens

s Date: 17 Nov 2024

WD = 48mm WD = 48mm Mag = 5000K
Element | Weight | Alomic
% %
0K 28 | 61
0K
CoK | 214 | 166
al [T | 14 L
Col 21 39
Cel

Figure 4. (a-b) FESEM images; and (¢) EDAX and mapping of Ce-LaCoOj;.
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Figure 5. (a) UV-Vis absorbance spectra of LaCoO; and Ce-doped LaCoOs, and (b) Tauc plot for LaCoO; and Ce-doped LaCoOs.

3.2 Photocatalytic experiment

The photocatalytic efficiency of the synthesized samples was
evaluated through the degradation of Congo red dye under visible light
irradiation. The results of this assessment, presented below demonstrate
the photocatalytic performance of LaCoO3 and Ce-doped LaCoO3
samples. The photocatalytic activity of the synthesized perovskite
nanoparticles was assessed by examining their capacity to degrade
Congo red (CR) dye under sunlight.

The photocatalytic activity of Ce-doped LaCoOs on Congo red
dye is examined over duration of 135 min in Figure 6(a). The dye's
initial concentration is shown by the concentration ratio (C/Co), which
is at 1.0. As time goes on, a consistent drop in C/Co is seen, suggesting

ongoing deterioration. After 135 min, the C/Co ratio is almost nil,
indicating almost total dye decomposition. This reduction illustrates
the catalyst's potential for practical photocatalytic applications by
demonstrating how well it degraded Congo red under the specified
light conditions. Various concentrations of Cerium-doped LaCoO3
were added to the 5 ppm CR dye solution in order to find the ideal
amount of the loaded photocatalyst. The photocatalytic activity of
various concentrations of Cerium-doped LaCoO3 photocatalyst
(20 mg- L', 40 mg-L!, 60 mg-L~!, and 80 mg-L") put into a fixed
Congo red solution is displayed in Figure 6(b). According to the photo-
catalytic degradation data, 60 mg of photocatalyst is the ideal level,
and increasing the amount of loaded photocatalyst has a significant
negative impact on the photocatalytic degradation of Congo red.

J. Met. Mater. Miner. 35(3). 2025
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The decrease in light penetration into the dye solution caused by an
excess of Ce-doped LaCoO;3 photocatalyst was the obvious cause of
the sharp decline in the photocatalytic degradation of Congo red [41].

The pH of the dye solution is a critical parameter influencing dye
degradation efficiencys, as it affects electrostatic interactions between
the catalyst, dye molecules, and reactive oxygen species (ROSs) during
the process [42,43]. In this study, the degradation of Congo red dye,
each at a concentration of 5 mg-L™!, was evaluated using 20 mg of
Ce-doped LaCoO3 nanopatrticles across a pH range of 1.5 to 7.5 under
solar irradiation, as illustrated in Figure 6(c). The results demonstrate
that the photodegradation efficiency was optimal at pH 5.5, achieving
maximum degradation within 135 min. Notably, between 80% and
57% of CR were destroyed in acidic conditions, with degradation
efficiency gradually decreasing as pH rose. These nanoparticles are
encircled by positively charged hydrogen ions in acidic environments,
which draw in the anionic Congo red dye and promote photocatalytic
destruction. The importance of acidic conditions in enhancing the
photodegradation capabilities of Ce-doped LaCoOs perovskites for
CR dyes removal [44].

The photocatalytic degradation efficiency of LaCoOs and Ce-doped
LaCoOs; was assessed at different initial concentrations of CR dye
(25 ppm to 100 ppm). The findings in Figure 6(d) show that Ce-doped
LaCoO;s consistently outperformed LaCoOs, particularly at lower dye
concentrations, with the highest degradation observed at 25 ppm. The
decline in efficiency at higher concentrations is likely due to reduced
light penetration and limited active sites. Ce doping enhances photo-
catalytic activity by improving charge separation and reducing electron-
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hole recombination [45]. These results suggest Ce-doped LaCoOs's
potential as a photocatalyst, especially in low- to moderate-concentration
systems, with possible applications in wastewater treatment. To confirm
the photocatalytic mechanism, control experiments were performed:
(1) dye degradation under sunlight without catalyst showed negligible
self-decomposition (<5%), (2) catalyst activity in dark conditions
resulted only in adsorption (~12%) with no further degradation, and
(3) undoped LaCoOs exhibited lower efficiency (77%) compared to
Ce-doped LaCoOs (85%), emphasizing the role of Ce in enhancing
charge separation [45,47]. These controls validate that the degradation
is light-driven and catalyst-dependent.

Figure 7(a-b) illustrate a reduction in the absorbance of 100 mL
of CR dye over time at neutral pH, with 60 mg of catalyst for CR
applied for Ce doped LaCoO3 over a period of 135 min. This decline
in absorbance indicates the degradation of the CR dye. The degradation
kinetics of CR dye (5 mg-L™) under neutral conditions, using 60 mg
of photocatalyst for Ce doped LaCoOs, was assessed through the pseudo-
first-order kinetic model. This model is represented as:

—In (Cﬁo) = kt

Where C and Co are the concentrations of CR after and before the

2

photocatalytic reaction, respectively, ¢ is the irradiation time, and & is
the rate constant [45]. The observed linear correlation between

c . . . . .
In (F) and time, combined with an R? value nearing one, verifies that
0

the dye degradation process follows first-order kinetics [46].
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Figure 6. Photocatalytic degradation of Congo Red (CR) dye:(a) Reduction in absorbance of CR dye using Ce-doped LaCoOs, (b) Effect of catalyst dosage
for LaCoO; and Ce-doped LaCoOs, (c¢) Influence of pH on dye degradation efficiency, and (d) Degradation efficiency of CR dye at different initial

concentrations using LaCoOs and Ce-doped LaCoO; photocatalysts.
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degradation using Ce-doped LaCoOs;, highlighting the roles of active species.

3.3 Mechanism, reusability and scavengers experiment

The durability of Ce-doped LaCoOs nanoparticles in degrading
CR dye in Figure 8(a) was evaluated over four consecutive cycles, with
efficiency levels remaining relatively stable, indicating the material’s
potential for repeated application. After each cycle, the catalyst was
retrieved from the solution via centrifugation, followed by thorough
washing and drying at 70°C. The degradation efficiency was recorded
in a histogram, which illustrated a slight reduction, with effectiveness
decreasing from 83% in the initial cycle to 79% by the fifth. This minor
efficiency loss is likely due to the gradual reduction in catalyst mass
during each recovery step [47]. The durability of Ce-doped LaCoO3
nanoparticles in degrading CR dye in Figure 8(a) was evaluated over
four consecutive cycles, with efficiency levels remaining relatively
stable, indicating the material's potential for repeated application.
After each cycle, the catalyst was retrieved from the solution via
centrifugation, followed by thorough washing and drying at 70°C.
The degradation efficiency was recorded in a histogram, which illustrated
a slight reduction, with effectiveness decreasing from 83% in the
initial cycle to 79% by the fifth. This minor efficiency loss is likely
due to the gradual reduction in catalyst mass during each recovery
step [47]. Nanoparticles, particularly those with smaller crystallite sizes
(9.30 nm for LCCO), may escape during centrifugation or washing
due to incomplete sedimentation, especially if agglomeration occurs
during reuse [38]. Repeated photocatalytic cycles could induce partial
sintering or pore collapse under prolonged irradiation, reducing the

active surface area and accessibility of reactive sites [39,63]. Trace
leaching of Ce** or Co" ions during the reaction (not quantified here)
may alter the electronic structure, diminishing charge separation
efficiency [31,33]. Residual dye fragments or intermediates adsorbed
on the catalyst surface may block active sites, as observed in similar
perovskite systems [44,49].

To mitigate mass loss and enhance recovery efficiency, the following
strategies could be explored Employing ultracentrifugation or membrane
filtration with smaller pore sizes could improve nanoparticle retention
during separation [62]. Coating catalysts with silica or carbon layers
could reduce agglomeration and improve mechanical stability during
recycling [55]. Annealing used catalysts at moderate temperatures
(e.g., 300°C) between cycles may decompose adsorbed contaminants
and restore active sites [47]. Supporting Ce-doped LaCoOs on magnetic
carriers or porous matrices (e.g., Al203) would facilitate easier recovery
and minimize dispersion losses [65].

To investigate the active species involved in the photocatalytic
degradation mechanism, scavenger experiments were conducted using
Ce-doped LaCoOs. A 5 mg-L! dye solution was prepared with 50 mg of
the catalyst, and three different scavengers were introduced individually
to examine their effects. Di sodium ethylenediaminetetraacetic acid
(Na2-EDTA), benzoquinone (BQ), and isopropanol (IPA) were chosen
to selectively inhibit holes (h"), superoxide radicals ("O2"), and hydroxyl
radicals ("OH), respectively. Observations from Figure 8(b) indicate
that Nax-EDTA caused a slight decline in photocatalytic performance,
while both BQ and IPA significantly reduced degradation efficiency

J. Met. Mater. Miner. 35(3). 2025
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[48]. These results suggest that superoxide and hydroxyl radicals are
critical contributors to the dye degradation process, with holes playing
a less prominent role.

Scheme 2 illustrates the proposed mechanism of Degradation
of CR dye with the Ce doped LaCoOs photocatalyst. When Ce-doped
LaCoOs absorbs solar energy, it triggers electron movement from the
valence band (VB) to the conduction band (CB), forming electron-
hole pairs. Ce ions, in both +3 and +4 oxidation states, enhance charge
separation, as Ce*" captures electrons, preventing rapid recombination,
while Ce*" collects holes, improving hole availability in the VB. This
coordination stabilizes electron-hole pairs and drives the generation
of superoxide ("O27) and hydroxyl radicals ("OH), which, along with
photogenerated holes, decompose CR dye into harmless products like
CO2 and H20. This efficient charge transfer highlights Ce-doped
LaCoOs’s potential as an effective photocatalyst for dye degradation.
The photocatalytic degradation of CR dye by Ce-doped LaCoOs involves
several key steps. Under sunlight, Ce-LaCoO3 generates electron-hole
pairs as electrons move to the conduction band (CB) while holes remain
in the valence band (VB). Ce ions aid charge separation: Ce*" traps
electrons, preventing recombination, while Ce** scavenges holes,
enhancing stability. These charges generate reactive species like "0z~
and "OH, which degrade CR into H20 and COz. This mechanism is
reported to enhance photocatalytic efficiency for dye degradation [49].

Ce doped LaCoO3 + hv — ¢"CB + h"VB 3)
e CB + Ce** — Ce?* “)
h*VB + Ce*" — Ce** ®)

Ce* +02 — Ce** + 0y 6)
h*VB + H2O — "OH + H* @)

‘Oz + CR dye — Degraded products ®)

‘OH + CR dye — Degraded products (&)

3.4 Implications and challenges of lead-free perovskites

The transition from lead-based perovskites (e.g., MAPbI3) to lead-
free alternatives (e.g., LaCoO3) is pivotal for sustainable photocatalysis
but introduces critical trade-offs in efficiency, stability, and scalability.
Lead-based perovskites often exhibit superior visible-light absorption
and charge-carrier mobility due to their narrower band gaps (~1.5 eV).
For instance, MAPDI; achieves >90% degradation of methylene blue

Table-1. Comparison table for doped LaCoOs.

within 60 min under visible light [59]. In contrast, 2% Ce-doped
LaCoOs (band gap: 2.3 eV) requires 135 min for 85% CR degradation.
While LaCoOs’s performance is competitive among lead-free systems,
further bandgap engineering (e.g., co-doping, heterojunctions) could
narrow this efficiency gap. Lead-free perovskites face stability issues
under prolonged irradiation and harsh pH conditions. Although Ce-doped
LaCoO; retains 79% efficiency after five cycles, lead-based counterparts
like MAPDI; often degrade rapidly due to moisture sensitivity [60].
However, LaCoOs’s cubic structure post-doping enhances thermal
and chemical resilience, making it suitable for wastewater applications.
Long-term stability (>50 cycles) and mechanistic degradation studies
under real-world conditions (e.g., fluctuating pH, salinity) remain
to be explored. While eliminating lead reduces toxicity risks, LaCoO3
introduces lanthanum and cobalt, which pose ecological concerns if
leached. Inductively coupled plasma (ICP) analyses in prior studies
show minimal La**/Co?* leaching (<0.5 ppm) at pH 5.5 to 7 [61], but
rigorous leaching tests under acidic/alkaline conditions are warranted.
Additionally, the sol-gel synthesis of LaCoQ3 requires high calcination
temperatures (600°C), raising energy consumption concerns. Life-
cycle assessments comparing lead-free and lead-based systems are
critical to evaluate net environmental benefits. Scalable synthesis
of LaCoQ;s is feasible via sol-gel methods, but doping homogeneity
and nanoparticle aggregation during large-scale production need
optimization. Economically, lanthanum and cobalt are costlier than
lead, but their reuse potential (79% retention) offsets long-term costs.
Regulatory incentives for non-toxic materials further favor lead-free
perovskites in commercial adoption. In summary, while Ce-doped
LaCoO3addresses lead toxicity and offers robust performance, ongoing
research must optimize efficiency, validate long-term stability, and
assess environmental trade-offs to position lead-free perovskites as
viable, sustainable alternatives.

===p H,0 +CO,
Degraded products

EXCITATION

CR dye soln + Ce-LaCQ0;

Scheme-2 Proposed mechanism for degradation of CR dye for Ce doped LaCoO;

Photocatalyst Dye % of degradation Time [min] Source Reference
LaCo0O5/In,0; MB ~97 20 Visible light [50]
LaCoOs/H,0, MO &MB 91 & 85 120 Visible light [51]
LaCoOs MO 100 240 UV light [52]
p-LaCoO;/n-ZnO Orange I1 86 N.A Visible light [53]
Sr-Doped LaCoOs MB 88 75 Visible light [54]
LaCoOs/MoS, ARS, RhB 96, 90 40, 80 Visible light [55]
Ce-doped LaCoO; CR ~85 135 UV-visible light This work
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3.5 Impact of synthetic conditions on photocatalytic efficiency
and broader applications

3.5.1 Effect of temperature

Calcination temperature is critical in defining the crystallinity,
phase formation, and dopant incorporation in perovskite photocatalysts.
In our synthesis, a calcination temperature of 600°C was selected to
achieve complete crystallization and uniform Ce incorporation into
the LaCoOs lattice. However, literature shows that increasing calcination
temperature can improve crystallinity but may also induce particle
sintering, leading to larger particle sizes and a reduced surface area
[62]. Conversely, lower temperatures may preserve a higher surface
area but can result in incomplete phase development and a higher
density of surface defects. While such defects sometimes provide
additional active sites, they can also act as recombination centers that
reduce photocatalytic efficiency [63]. Therefore, careful optimization
of the calcination temperature is essential not only for CR degradation
but also for tailoring the material for applications such as water
splitting or the degradation of other organic pollutants.

3.5.2 Effect of catalyst dosage

Catalyst dosage influences both the availability of active sites
and the light penetration within the reaction medium. Our results
indicate that an optimal dosage (60 mg in this work) strikes a balance
between providing sufficient active sites and avoiding excessive
turbidity that limits photon absorption. At low dosages, the reduced
number of active sites slows the degradation process, whereas excessive
dosages may lead to particle agglomeration and diminished light
penetration, thus hampering electron—hole pair generation [64]. This
optimization is critical for achieving efficient degradation of CR and
is equally relevant when applying these catalysts to other environmental
remediation processes or energy conversion applications such as
hydrogen production.

3.5.3 Broader implications for photocatalytic applications

The principles governing the influence of synthesis parameters
are broadly applicable. Adjusting the calcination temperature and
catalyst dosage allows for fine-tuning of physicochemical properties—
such as surface area, defect density, and light absorption efficiency—
which in turn affects charge separation and reactive oxygen species
(ROS) generation. These properties are fundamental for photocatalytic
processes beyond dye degradation. For example, improved charge
separation is essential for advanced oxidation processes in water
treatment [65] and for photocatalytic water splitting [66]. Future
systematic studies that explore a broader range of synthesis conditions
could further enhance the versatility of LaCoOs-based photocatalysts
for various environmental and energy-related applications.

4. Conclusions

According to this study, Ce-doped LaCoOs3 has a high potential
for environmental remediation and is an efficient photocatalyst for
breaking down Congo red dye when exposed to sunlight. Ce doping

improves light absorption and electron-hole pair creation by decreasing
the band gap from 2.5 eV to 2.3 eV. This results in an 85% degradation
rate in 135 min, which is more efficient than undoped LaCoOs's 77%
efficiency. While excess catalyst reduced efficiency by limiting light
penetration, the ideal catalyst dosage (60 mg) and pH (about 5.5) were
essential for optimizing performance. Superoxide and hydroxyl radicals
were the main drivers of photodegradation, while Ce ions helped
stabilize charges and minimize recombination. Tests of reusability
revealed a little reduction in efficiency, demonstrating the endurance of
the catalyst. The stability of the porous, crystalline shape was confirmed
by structural investigations. Overall, Ce-doped LaCoQO3 presents a
sustainable, solar-based solution for dye degradation in wastewater,
supporting its potential for scalable environmental applications.
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