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ABSTRACT

Carbon-doped cerium oxide (C—CeO,) nanocomposites were synthesised via a simple co-precipitation method using
cerium(IIl) nitrate and biomass-derived carbon from pomegranate peel. The carbon source was prepared through
drying, grinding, and carbonisation, providing an eco-friendly dopant. The nanocomposite was obtained through
controlled precipitation followed by calcination. The synthesised nanoparticles were confirmed by using FT-IR
Spectroscopy, SEM, EDX Spectroscopy, and powder XRD. Results confirmed the formation of crystalline cubic
CeO; and the successful incorporation of carbon. Scanning Electron Microscopy analysis revealed the distribution of
CeO; nanoparticles over a porous carbon matrix. The C—CeO, nanocomposite exhibited enhanced physicochemical
properties due to synergistic interactions, leading to improved photocatalytic dye degradation. This enhancement is
attributed to improved surface area, greater charge separation, and enhanced light absorption. The study
demonstrates a simple and sustainable approach for developing efficient materials for wastewater treatment.
Keywords: Carbon-doped CeOz, Co-Precipitation Synthesis, Biomass-Derived Carbon, Photocatalytic Dye
Degradation, Wastewater Treatment.
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INTRODUCTION
Water pollution caused by organic dyes from textile, pharmaceutical, and chemical industries has become
a major environmental concern owing to their toxicity, persistence, and resistance to conventional
treatment methods.! Many dyes are non-biodegradable and can generate harmful byproducts, posing
serious risks to aquatic ecosystems and human health.* Therefore, the development of efficient,
sustainable, and cost-effective techniques for wastewater treatment is of great importance. Among various
advanced oxidation processes, semiconductor-based photocatalysis has developed as a hopeful approach
due to its ability to degrade organic pollutants into harmless end products under light irradiation.>”’
Because of its superior redox characteristics, large oxygen storage capacity, chemical stability, and non-
toxicity, cerium oxide (CeO;) is a semiconductor material that is extensively researched.®!® Oxygen
vacancies and the Ce*"/Ce?*" redox pair are essential for improving photocatalytic performance.'!
Nevertheless, the efficiency of pure CeO» under visible light irradiation is limited by a number of issues,
including a large band gap (~3.2 e¢V) and fast recombination of photogenerated electron-hole pairs.!? 13
Many modification techniques, including composite creation, metal doping, and non-metal doping, have
been investigated to get around these restrictions.'*'® Among these methods, carbon doping has drawn a
lot of interest since it can increase surface area, improve charge separation, and improve light
absorption.!” ! By serving as electron reservoirs, carbon compounds can promote charge transfer and
lower recombination losses.?’ Additionally, the incorporation of carbon into CeO: can introduce defect
states and narrow the band gap, thereby improving visible-light-driven photocatalytic activity.?!??
Biomass-derived carbon sources are particularly attractive due to their abundance, low cost, and
environmental friendliness.?? In recent years, the utilisation of agricultural waste materials for the
synthesis of carbon-based nanomaterials has received considerable attention as part of green chemistry
approaches.?*?> Pomegranate peel, an abundant agricultural byproduct, is rich in carbon content and
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functional groups, making it an excellent precursor for the preparation of activated carbon.?® The use of
such biomass not only reduces waste but also provides a sustainable route for the synthesis of functional
nanomaterials.?’” The co-precipitation method is a simple, cost-effective, and accessible method
commonly used for synthesizing metal oxide nanoparticles with controlled composition and
morphology.?® This method enables uniform incorporation of dopants and good dispersion of
nanoparticles, which are essential for enhanced catalytic performance.?-*° In this study, carbon-doped
cerium oxide (C—CeO:2) nanocomposites were synthesized using a green and facile co-precipitation
method, employing pomegranate peel-derived carbon as a sustainable dopant. The produced materials'
morphological, structural, and optical characteristics were thoroughly examined. Additionally, the
photocatalytic use of the nanoparticles was evaluated for dye degradation when exposed to visible light.
Better charge separation, more surface area, and the synergistic interaction between carbon and CeQO, are
all responsible for the higher activity. This study shows how to create effective photocatalysts for
wastewater treatment applications in an environmentally responsible manner.

EXPERIMENTAL

Preparation of Carbon Source from Pomegranate Peel

After gathering fresh pomegranate fruits, the skins were removed and carefully cleaned with distilled
water to get rid of dust and contaminants. To remove any remaining moisture, the cleaned peels were
oven-dried at 80 °C for 12 hours after being air-dried for 24 to 48 hours. To achieve a consistent particle
size, the dried peels were ground into a fine powder using a mechanical grinder. After that, the powder
was put into a ceramic crucible and carbonized for two to three hours at 400 to 800 °C in a muffle furnace
with a restricted air supply. During this process, the organic components decomposed, yielding a carbon-
rich material. After carbonisation, the furnace was allowed to cool naturally to room temperature, and the
obtained black carbon was collected, finely powdered, and stored in an airtight container for further use as
a carbon source or dopant in nanomaterial synthesis.

Synthesis of C-Doped CeQO: by Co-precipitation Method

C-doped CeO: nanoparticles were prepared by a simple co-precipitation method. Cerium(IIl) nitrate
hexahydrate was used as the cerium precursor, and an appropriate carbon source such as glucose (or
activated carbon suspension) was employed as the carbon dopant. In a typical synthesis procedure, a
calculated amount of Ce(NO3)3;-6H>O was dissolved in water under constant stirring to obtain a clear
homogeneous solution. Separately, the carbon precursor was dispersed in distilled water using
ultrasonication for 20-30 mins to ensure uniform distribution. The carbon dispersion was then slowly
added to the cerium nitrate solution under vigorous stirring to form a mixed precursor solution.
Subsequently, aqueous ammonia solution (NH4OH) was added dropwise to the above mixture until the
pH reached approximately 9—10. In the presence of the carbon source, a pale-yellow precipitate of cerium
hydroxide was formed by the slow addition of the precipitating agent. For two to three hours at room
temperature, the reaction mixture was continuously agitated to guarantee full precipitation and consistent
carbon incorporation into the cerium hydroxide matrix. After that, the precipitate was aged for 12 to 24
hours in order to enhance its crystallinity and promote improved interaction between carbon and cerium
species. The precipitate was collected by centrifugation, and purified with water and ethanol to eliminate
remaining nitrates and impurities, and then dried in a hot air oven at 80—-100 °C for 12 hrs. The dried
powder was lastly calcined in a furnace at 400-500 °C for 3—4 hrs in an air atmosphere to convert cerium
hydroxide into crystalline CeO: and to achieve effective carbon doping within the ceria lattice. The
resulting C-doped CeO2 nanocomposite powder was cooled to room temperature, ground gently, and
stored for further characterisation and application studies. The photocatalytic application of Reactive Blue
dye (MB) was investigated using C-CeO; nanoparticles under ultraviolet (UV) light treatment. A dye
solution was prepared by dissolving the dye in 100 mL of distilled water to achieve a 0.01 mM
concentration. For the photocatalytic experiment, 100 mL of the dye solution was mixed with 50 mg of
the photocatalyst, and the mixture was agitated for half an hour. After that, the mixture was left in the
dark to allow the adsorption and desorption processes to balance. Afterwards, the mixture was irradiated
with UV light, and the photocatalytic performance was evaluated for every 30 mins. The degradation
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efficacy was observed using UV-Vis spectroscopy once the reaction reached equilibrium. The stability of
the photocatalyst application was tested by recycling the experiment four times.

RESULTS AND DISCUSSION

The FT-IR spectra of pure carbon and C-doped CeO; clearly demonstrate the structural differences and
confirm the successful incorporation of cerium oxide into the carbon matrix. A wide absorption band at
3400-3500 cm™ is seen in the spectrum of pure carbon. This band is indicative of hydroxy stretching
frequency caused by surface -OH groups and adsorbed moisture. A weak band near 2920-2850 cm™! is
attributed to aliphatic C—H stretching vibrations. The prominent band around 1600-1650 cm! is assigned
to C=C stretching of aromatic or graphitic carbon structures, confirming the presence of a conjugated
carbon framework. Additionally, minor bands in the 1000-1200 ¢cm™ region are associated with C-O
stretching vibrations from oxygen-containing surface functionalities. Importantly, no strong absorption
band is observed below 700 cm, indicating the absence of metal-oxygen bonds in pure carbon. In
contrast, the FT-IR spectrum of C-doped CeO> shows significant changes. A strong and distinctive
absorption band emerges in the 500-600 cm™! region, while the broad O—H stretching band at about 3400
cm! and the C=C band near 1600 cm™ remain, indicating the coexistence of carbon in the composite.
This band is attributed to Ce—O stretching vibrations and provides clear evidence for the formation of
cerium oxide nanoparticles. The bands observed in the 1000-1200 c¢m’' region may also include
contributions from Ce—O-C linkages, suggesting interaction between cerium oxide and carbon surface
functional groups. Small shifts in peak positions compared to pure carbon further indicate strong
interfacial interaction between CeO: and the carbon matrix. Overall, the comparative FT-IR analysis
confirms the presence of graphitic carbon, surface oxygen functionalities, and the successful formation
and incorporation of CeO; within the carbon framework, validating the preparation of the C-doped CeO>
nanocomposite (Fig.-1).
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Fig.-1: FT-IR Spectrum of Carbon and C-doped CeO>

Surface Morphology

The SEM images clearly illustrate the morphological differences between pure carbon and the C-doped
CeO; nanocomposite. In the Carbon, the material exhibits an irregular, porous, and loosely packed
structure. The red dotted circles highlight voids and cavities within the carbon matrix, indicating a highly
porous and amorphous nature. Such a structure is typical of biomass-derived carbon and suggests a large
surface area with interconnected pores. However, no distinct crystalline particles are visible, confirming
that the carbon is predominantly amorphous. In contrast, the C-doped CeO shows a significant change in
morphology after the incorporation of cerium oxide. The surface appears more compact and granular,
with the formation of aggregated nanostructures. The bright, clustered regions correspond to CeO-
nanoparticles distributed over the carbon framework. These nanoparticles appear nearly spherical and
densely packed, indicating successful nucleation and growth of CeO: on the carbon surface. The
reduction in visible pores and the formation of nanoparticle clusters suggest that CeO; has partially
occupied or coated the porous carbon matrix. This confirms strong interaction between carbon and cerium
oxide, leading to the formation of a well-integrated nanocomposite. Overall, the SEM analysis
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demonstrates that pure carbon possesses a porous, amorphous morphology, whereas the C-doped CeO-
nanocomposite exhibits a more structured, particle-decorated surface. This structural transformation is
crucial for enhancing photocatalytic performance, as it provides more active sites and increases charge
transfer efficiency. EDX analysis confirms the presence of Ce, O, and C, indicating successful carbon
doping and formation of the C—CeO, nanocomposite. SEM image shows a rough, agglomerated surface
with uniformly distributed nanoparticles, supporting good interaction between CeO» and the carbon
matrix (Fig.-2).
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Fig.-2: SEM and EDX Spectrum of Carbon and C-doped CeO2 Composites

TEM Analysis

The TEM and SAED images (a—d) provide detailed insight into the morphology, particle size, and
crystalline nature of the prepared C-doped CeO nanocomposite. In Fig.-3(a), the low-magnification TEM
image shows aggregated clusters of particles with irregular and quasi-spherical morphology. The particles
appear interconnected, forming chain-like and agglomerated structures. This aggregation is commonly
observed in nanomaterials due to high surface energy and indicates the presence of nanoscale particles
embedded within the carbon matrix. In Fig.-3(b), the HR-TEM images reveals more clearly defined
individual nanoparticles. The particles exhibit nearly spherical shapes with smooth boundaries, and their
sizes are in the nanometer range (typically below 50 nm). The contrast difference suggests the coexistence
of lighter carbon regions and darker CeO» nanoparticles, confirming successful incorporation of cerium
oxide into the carbon framework. In Fig.-3(c), a dense accumulation of fine nanoparticles is observed
over a larger structure, indicating that CeO, nanoparticles are well dispersed and anchored onto the
carbon surface. The distribution appears relatively uniform, which is beneficial for catalytic applications
as it increases the number of active sites. In Fig.-3(d), the Selected Area Electron Diffraction (SAED)
pattern displays distinct concentric rings, confirming the polycrystalline nature of the material. The
indexed diffraction rings correspond to the (111), (200), (220), (311), (222), and (400) planes, which are
characteristic of the cubic fluorite arrangement of CeO.. The measured d-spacing values closely match
standard JCPDS data, confirming phase purity and good crystallinity of the synthesised nanoparticles.
Overall, the TEM and SAED analyses confirm that the C-doped CeO> nanocomposite consists of well-
dispersed, nanosized, crystalline CeO> particles embedded within a carbon matrix. This structural
configuration enhances surface area, facilitates charge transfer, and plays a vital role in improving
photocatalytic performance.

The powder XRD patterns of pure carbon and C—CeO; nanocomposite provide clear evidence for the
structural transformation after incorporation of cerium oxide. In the XRD pattern of pure carbon, a broad
and low-intensity diffraction peak is observed, typically centred around 26 = 20-25°, which corresponds
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to the (002) plane of graphitic carbon. This peak's broad shape suggests that the carbon material is
primarily amorphous or weakly crystalline, with graphene layers stacked in an unorganised manner. The
pure carbon sample's lack of long-range crystalline organization is confirmed by the absence of distinct
diffraction peaks. In contrast, the XRD pattern of the C—CeO, nanocomposite exhibits distinct and
sharper diffraction peaks, confirming the formation of crystalline cerium oxide. The distinctive diffraction
peaks of cubic fluorite-structured CeO, emerge at around 20 = 28.5°, 33°, 47°, 56°, 59°, and 69° to the
(111), (200), (220), (311), (222), and (400) planes.
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Fig.-3: TEM Analyses of C-doped CeO, Composites

These peaks match well with standard JCPDS data for CeO, confirming its crystalline phase. The
increased peak intensity and sharpness indicate good crystallinity of the CeO, nanoparticles. Additionally,
the broad carbon peak may still be present but with reduced intensity due to the dominant diffraction
signals of CeQ». Slight peak broadening in the nanoparticle pattern suggests that the CeO; particles are in
the nanometer range. The absence of extra impurity peaks indicates that the synthesised composite is
phase pure. Overall, the powder XRD analysis confirms that pure carbon is largely amorphous, whereas
the C—CeO: composite contains highly crystalline cubic CeO: nanoparticles well incorporated within the
carbon matrix, demonstrating successful composite formation (Fig.-4).
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Fig.-4: XRD Spectrum of Carbon and C-doped CeO>

Photocatalyst Application

The photocatalytic activity of the synthesised C-doped CeO. nanocomposite was assessed through the
degradation of dye under uv-vis irradiation, and the results are shown in Fig.-(5a—c). The UV-Vis
absorption spectra (Fig.-5a) show a gradual decrease in intensity with increasing irradiation time from 0
to 80 minutes, indicating the continuous degradation of the dye molecules. The significant reduction in
absorbance confirms the effective photocatalytic activity of the C—CeO; nanocomposite. The degradation
efficiency is further illustrated in Fig.-5(b), where the normalised concentration (C/Cy) decreases steadily
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with irradiation time. Initially, the dye concentration is high (C/Co = 1), but it drops significantly over
time, reaching a very low value at 80 minutes, demonstrating efficient removal of the dye from the
solution.
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Fig.-5: Photocatalytic Application of C0304/ZnO/Fe>03; Nano Composite

This trend indicates that the photocatalyst exhibits strong activity and rapid degradation kinetics under
light exposure. Furthermore, the kinetic study shown in Fig.-5(c) confirms that the degradation process
follows pseudo-first-order kinetics by showing a linear connection between In(C/Co) and time. The slope
of the linear plot corresponds to the apparent rate constant, indicating a relatively fast reaction rate.
Overall, the enhanced photocatalytic performance of C-doped CeO; can be attributed to carbon doping,
which improves light absorption and promotes efficient separation of photogenerated electron—hole pairs.
This lowers recombination losses and promotes the production of reactive species that are essential to the
breakdown of dye compounds, such as hydroxyl (*OH) and superoxide radicals (*O2’). The results clearly
demonstrate that the synthesised nanoparticles are a highly effective photocatalysts for wastewater
treatment applications.
CONCLUSION

In this study, carbon-doped CeO, nanocomposites were successfully synthesised via a simple co-
precipitation method using biomass-derived carbon as a sustainable dopant. The characterisation results
(FT-IR, SEM, EDX, TEM, and XRD) confirmed the formation of crystalline cubic CeO, and its effective
incorporation within the carbon matrix, resulting in improved structural and morphological properties.
The nanocomposite exhibited enhanced surface area, better dispersion of nanoparticles, and strong
interfacial interaction between carbon and cerium oxide. Due to improved charge separation, decreased
electron-hole recombination, and increased light absorption as a result of carbon doping, photocatalytic
investigations showed notable dye degradation efficiency under light irradiation, following pseudo-first-
order kinetics. Overall, the developed C—CeO> nanocomposite presents a cost-effective, eco-friendly, and
efficient photocatalyst, showing great potential for environmental remediation and photocatalytic
applications.
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