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Sunlight Tempted Photodegradation of Methylene Blue using Cerium Doped La20s Photocatalyst
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In this study, we report the synthesis of pristine and cerium (Ce)-doped lanthanum oxide (La203) nanomaterials via a sol-gel combustion
method and their application as efficient photocatalysts for the degradation of methylene blue (MB) dye under natural sunlight. Structural
characterization by X-ray diffraction (XRD) confirmed the formation of hexagonal LazOs, with slight peak shifts observed upon Ce doping
due to nanoscale lattice strain. Morphological analyses using SEM and TEM revealed that Ce doping induced the formation of a 3D
network-like structure, enhancing surface area and active sites for pollutant adsorption. UV-visible spectroscopy demonstrated a reduction
in the band gap from 5.56 eV for pristine La203 to 5.27 eV for 9% Ce-doped La203, facilitating improved visible-light absorption and
reduced electron—hole recombination. Fourier-transform infrared (FTIR) and energy-dispersive X-ray (EDAX) analyses further confirmed
the successful incorporation of Ce into the La2O3 matrix without impurities. Photocatalytic experiments showed that 7% Ce-doped Laz203
achieved the highest degradation efficiency of ~94% for MB dye within 90 min, outperforming pristine La20s (78%) and lower doped
variants. The enhanced performance is attributed to band gap narrowing, effective charge carrier separation, and the unique network
morphology of the doped nanomaterial. This study highlights the potential of Ce-doped La20O3 as a robust, visible-light-active
photocatalyst for sustainable wastewater treatment applications.
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be further utilized for clampdown of e7/h* recombination and
effective absorption of visible light [13,14]. Conventional
photocatalysts with wide band gap experiences limitations in

INTRODUCTION

The rapid pace of industrialization and urban development

is depleting natural resources and worsening water pollution
across agricultural and domestic sectors. Industrial effluents
rich in organic and inorganic pollutants present a growing
hazard to human well-being [1,2]. The literature clearly suggests
that more than one billion people from developing countries
are in a risk of water contaminant impurity caused due to
several pollutes [3,4]. These pollutants include dyes, organic
byproducts, petroleum/oil wastes being discharged from
several chemical, fertilizer, textile industries, etc. [4,5]. Various
physico-chemical methods viz. filtration, adsorption, reverse
osmosis, coagulation and chemical precipitation are conven-
tionally available for the treatment of wastewater [6].

In recent years, semiconductor based photocatalysis as
one of the promoted oxidation processes has been emerged
as a challenging and effective technique for wastewater treat-
ment which is capable of transforming organic pollutants into
CO,, water and inorganic byproducts [7-12]. Photocatalysis
employ a photocatalysts with tuneable band gap which can

certain cases. To overcome this drawback, non-conventional
photocatalysts modified with carbonaceous support viz.
graphene oxide (GO), nanotubes, graphitic carbon nitride or
MXenes are used which helps to reduce e/h* pair recombi-
nation [15]. Band gap of pristine metal oxide can also be tuned
to visible region by doping with several elements viz. Ag, Pt,
Au, Cu etc. [16,17]. Since, approximately 42% part of solar
spectrum comprises of visible light and a few (~ 4%) comp-
rises of UV light, the improvement of visible light active
photocatalysts is of primary research need.

Nanocomposites (NCs) incorporating metal oxide nano-
particles (NPs) have attracted growing attention across various
scientific fields due to their favourable properties, including
low cost, non-toxicity and sustainability [18,19]. More than,
these metal oxide nanoparticles possess advantageous features
including exceeding surface area, remarkable electrical cond-
uctivity and stout chemical consistency [20].
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Recently, lanthanum oxide (La2Os), has garnered incre-
ased attention as a promising photocatalyst owing to its unique
physical characteristics including tuneable opto-electronic
characteristics and wider bandgap. Since, lanthanum is the
only rare earth element which lacks 4f-electrons and resem-
bles the behaviour of xenon [21]. Rare earth elements have
characters of partially filled 4f-subshell and vacant 5d-subshell
associated with rare earth elements facilitates the effective
charge carrier separation and pave the path towards their use
as a promising photocatalyst. Therefore, La,Os, in its powd-
ered form demonstrates several characteristics such as stability,
good thermal flexibility, robust mechanical properties and light
emitting characteristics [22]. Owing to incomparable character-
istics of Lay0s, it has demonstrated its applications in diverse
fields, including gas sensing [23], protective coating material
[24], thermoelectric devices [25], as a photocatalyst [26], as
an electrode material in solid oxide fuel cells [27], micro-
electronics [28], biomedical applications [29], etc. Moreover,
the special opto-electronic characteristics, tunable bandgap,
ample dielectric constant and the lower-most lattice energy
associated with La,O3 has proved to be favourable for its use
as a photocatalyst for wastewater treatment [30].

In this investigation, we have successfully employed a
sol-gel method for the synthesis of crystalline cerium-doped
La,03; nanomaterial and to explore its application in waste-
water treatment for degradation of methylene blue (MB) dye.
A doping strategy was used to tune the bandgap of La;Os by
using cerium. Successful synthesis of Ce doped La,0s using
sol-gel technique and its application in wastewater treatment
embraces the novelty of current study.

EXPERIMENTAL

All chemicals were purchased from Sigma-Aldrich and
used without further purification. The analytical grade lanth-
anum nitrate hexahydrate (> 99%), cerium nitrate pentahydrate
(99.9%), citric acid and ammonia solution were used as star-
ting materials. Methylene blue was used as a source of model
dye contaminant.

Synthesis of pristine and Ce-doped La.Os photo-
catalysts: For synthesis of pristine and Ce-doped La;O3 nano-
materials a sol-gel combustion method was used. During syn-
thesis, La(N03)3'6H20, CE(N03)3'5H20 and C¢HgO7-H-0 (citric
acid) were used as the precursor material. Typically, in sol-gel
synthesis method, citric acid acts as a reducing agent, while
metal nitrates act as an oxidizing agent. Citric acid also serves
as an organic fuel, providing a platform for redox reactions to
take place between the reactants during combustion [31,32].
Metal nitrates were weighed stoichiometrically and dissolved
in minimal deionized water to obtain clear solutions, which
were then mixed with an aqueous citric acid solution under
stirring for 30 min, maintaining a constant molar ratio. The
mixture was further stirred for 2 h at neutral pH using NH3
solution, followed by hydrothermal treatment in an autoclave
at 20 atm for 12 h to form solid particles. The resulting solids
were collected and calcined to obtain the final nanomaterials.

Material characterization: Structural characterization
of as-synthesized material was done using the Shimadzu XRD-
6100 diffractometer with radiation source CuKa 0.15402 nm in

the range of 20-80°. The morphological characterization was
done using SEM analysis equipped with EDAX (Zeiss Gemini
500 FE-SEM) as well as with TEM techniques. Spectral studies
for functional group identification were done through the
Shimadzu IR Affinity-1S FTIR spectrometer in the range of
4000-400 cm™*. Optical studies were done to record the UV-
Visible spectra using Cary 60 spectrophotometer to study poll-
utant degradation through absorption behaviour.

Photocatalytic experiments: The as-synthesized La,O3
and Ce-doped La,O3 photocatalyst were further tested for their
photocatalytic activities by degrading methylene blue (MB)
dye as a model organic pollutant. During photocatalytic exp-
eriments, approximately 25 mg of photocatalyst was susp-
ended in 100 ppm solution of MB dye and the solution was kept
in dark for 1 h in order to achieve the absorption-desorption
equilibria. After 1 h, the solution was exposed to natural sun-
light under constant agitation using magnetic stirrer. During
photocatalytic experiments, the aliquots of solution were with-
drawn at regulated intervals of 10 min and were subjected to
UV-visible spectrophotometer after centrifugation. The extent
of MB dye photodegradation was monitored by observing the
time dependent UV-visible spectrum of residual MB dye.

Percentage degradation was determined by the following
relation:

Degradation (%) = % %100

o]

where C; is the concentration at time t whereas C, is the initial
concentration.

RESULTS AND DISCUSSION

XRD studies: The as-synthesized nanomaterials i.e.
pristine and Ce-doped La,Os; were examined for their struc-
tural confirmation using powder X-ray diffractometer and the
results are depicted in Fig. la-b. X-ray diffraction (XRD)
analysis in the range of 20-80° has confirmed the structure of
synthesized nanoparticles of pure hexagonal La,O3 with space
group P63/mmc having lattice parameters as a = 3.9373 A, b
=3.9373 A and ¢ = 6.1299 A, which in accordance with the
standard card (JCPDS no. 01-074-2430) [33]. The reflections
appearing at 20 angles of 29.9°, 39.5, 46.0° and 52.1° can be
indexed to (101), (102), (110) and (103) planes as per indexed
with card. Moreover, the diffraction peak at 44.8° corresponds
to the hexagonal La,0,CO3 phase (JCPDS 84-1963), formed
through partial conversion of La,Os during calcination. Rare-
earth doping typically induces peak broadening due to nano-
scale confinement and internal stresses. As evident from Fig.
1b, these tensile or compressive stresses cause a slight shift
in the diffraction peaks [34].

UV-visible studies: The optical characteristics of cerium-
doped La,0O3 samples were further studied by observing their
UV-visible absorption recorded in a wavelength range 200-
800 nm. The spectra were recorded after sonicating the solution
of 0.1 g sample in 50 mL of water. The UV-visible absorption
spectra of as-synthesized Ce-doped La;O3; samples is depicted
in Fig. 2a-b. It is observed that 3%, 5%, 7% and 9% Ce-doped
La,O3 samples exhibit a characteristic absorption peak at 223,
231, 228 and 235 nm, respectively. The calculated band gap
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Fig. 2. (a) UV-visible absorption spectra of as-synthesized Ce doped La203 samples (b) enlarged view of absorption peaks

energies corresponding to these absorptions are 5.56, 5.36,
5.43 and 5.27 eV, respectively for 3%, 5%, 7% and 9% Ce-
doped La,Os samples. The reduction in band gap resulting
from Ce incorporation is consistent with the lattice distortions
and peak shifts identified in the XRD results.

FTIR studies: The as-synthesized pristine and Ce-doped
La,03 samples were further studied for the functionalities and
bond detection using FTIR spectroscopy. The FTIR spectra
were recorded over the wavelength range 4000-400 cm and
the results are depicted in Fig. 3a-b. Broad absorption bands
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appearing at 3500-3400 cm™ (in broad range from 3481 cm™
in La;03 to 3456 cm in 7% Ce-doped La;Os) can be ascribed
to stretching vibrations of O-H due to the presence of water
[35]. The peak appearing at 866, 1075 and 1370 cm™* further
confirmed La—O bond stretching vibrations [36,37].
SEM-EDAX studies: The morphological investigations
of the as-synthesized samples were further done by SEM
analysis equipped with EDAX. The allied results are depicted
in Fig. 4a-m below. The low and high magnification images
of pristine La»O3 are depicted in Fig. 4a-b. SEM results
suggest the fine particle morphology of synthesized sample
which ranges in between 10-50 nm. As can be seen from the
elemental mapping images of undoped La,Os (Fig. 4c-e), the
samples are purely consisting of La and O and are free from
any other impurities which is further evidenced by the corres-
ponding EDAX graph as depicted in Fig. 4f. For morphological
investigation of Ce-doped La>Os; samples, a representative
7% Ce-doped sample was employed and the results are
shown in Fig. 4g-m. As can be seen from the SEM images
shown in Fig. g-h, the doping of La,Oswith Ce has significant
influence on the morphology. Specifically, the particle like
nature has been changed to agglomerated structures with slight
increase in particle size. Further, the elemental mapping
images and the corresponding EDAX graph suggests that the
dopant element Ce is uniformly distributed in the La,Oz matrix
and sample is composed of La, Ce and O elements only. Also,
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there are no any impurity peaks observed in the graph sugges-
ting the successful synthesis of Ce-doped La,O3 sample.
TEM studies: The morphological investigation of as-
synthesized pristine and a representative 7% Ce-doped La;03
samples were done by TEM analysis equipped with SEAD and
the results are depicted in Fig. 4a-h. Low and high magnifi-
cation images of pristine La,0s (Fig. 4a-c) depicts that pristine
La;0s exhibits a distinct rectangular morphology and is unif-
ormly grown. For Ce-doped La.Os sample, it seems to be
formation of a 3D network-like structure with these rectan-
gular particles as a unit building block. These network like
structure has provided any groves which might further be
useful for trapping organic wastewater contaminants from
photodegradation application. Further, the SAED analysis
uncovered discrete rings consistent to several planes, i.e.,
(222), (012), (111) and (112), in case of both the pristine and
Ce-doped La,O3 samples, Fig. 5d&h. The TEM images along
with SEAD analysis further confirms the formation of well-
crystallized pristine as well as Ce-doped La;Os; material,
which is in consistent with the findings from XRD data.
Photocatalytic degradation of methylene blue (MB)
dye: The photocatalytic efficiency of as-synthesized pristine
and Ce-doped La;O3; was further tested by using a MB as a
model dye contaminant. The photocatalytic degradation of
MB dye was performed for a period of 100 min under natural
sunlight. In general, photocatalytic degradation of any organic
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Fig. 3. (a) FTIR spectra of as-synthesized pristine and Ce doped La20s samples (b) High magnification view of absorption peaks
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Fig. 6. (a) Time dependent degradation rates of MB dye over as-synthesized pristine and Ce-doped La203 samples, (b) Time dependent
absorption spectra of MB dye during photodegradation using 7% Ce-La203 photocatalyst

contaminant in presence of a photocatalyst irradiated by a
light source proceeds via three steps, out of which first step
comprises of energy harvesting in the form of photons by the
photocatalyst. In second step, there is a generation of electron
hole pairs and their transition. Third step involves, the series
of redox reactions at the surface of photocatalyst. These redox
reactions are mainly responsible for breakdown of target conta-
minant molecules. As evident from the UV-visible analysis of
as-synthesized photocatalysts, after doping La,Os with cerium,
a gradual decrease in band gap was observed which mainly
be resulted in reduction of charge-carrier recombination level.
Abundant availability of electrons for oxygen reduction at the
active sites eventually retard the electron hole recombination
rate and thus the band gap narrowing occurs [38].

The photocatalytic degradation performance of pristine
and Ce-doped La,0O3 toward MB dye is shown in Fig. 6a. Under
sunlight irradiation, pristine La,O3 achieved ~78% degrad-
ation within 90 min, while 5% Ce-doped La,O3 showed an
enhanced efficiency of ~83%. The blank experiment confirmed
minimal degradation (3-4%) in the absence of a photocatalyst.
The highest efficiency was obtained with 7% Ce-doped La;Os,
which degraded ~94% of MB within the same period. This
enhanced activity is further supported by the time-dependent
absorption spectra as shown in Fig. 6b. Overall, MB degra-
dation increased with Ce content up to 7%, beyond which the
activity declined. The superior performance of the 7% Ce-doped
sample is attributed to reduced electron—hole recombination
due to band-gap narrowing, along with its larger surface area
and network-like morphology. Based on the photocatalytic
experiment results, a possible mechanism for effective photo-
degradation is proposed and is schematically represented in
Fig. 7.

The photocatalytic degradation of MB dye over as-synthe-
sized photocatalyst encompasses a series of complex reactions,
which predominantly includes adsorption-desorption, electron-
hole formation and recombination and further redox reactions.
Initially, upon sunlight irradiation the photocatalyst material
absorbs the energy equal to or more than the bandgap (Eg) of
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Fig. 7. Schematic diagram representing the possible photodegradation of

methylene blue dye degradation over as-synthesized Ce doped
La,03 photocatalyst

photocatalyst material leading to subsequent photoexcitation.
These photons excite valence band (VB) electrons to conduc-
tion band (CB) leaving behind the holes in the VB, resulting
in the establishment of e /h* pairs. The photo-induced electrons
generate superoxide radical 0> by reacting with oxygen, which
further reacting with water generates the oxidizing species
such as hydroxyl radicals. Finally, the oxidation of organic
molecules harvests CO, and H-O.

Conclusion

A cost-effective, facile sol-gel combustion method was
employed for the synthesis of pristine and Ce-doped La;O3
nanoparticles. The XRD spectra confirmed the presence of
hexagonal La;O3 with space group P63/mmc having lattice
parameters as a = 3.9373A, b = 3.9373 A and ¢ = 6.1299A.
The UV-visible absorption spectroscopy reveals the band-
gap narrowing upon Ce doping. TEM revealed the network-
like morphology of Ce doped La;Os synthesized using sol-
gel technique. The photocatalytic degradation of MB dye was
monitored to evaluate the photocatalytic efficiency of Ce
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doped La03, 7% Ce-La,03 demonstrated the best photocata-
Iytic efficiency of 94% photodegradation within 90 min.
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