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Abstract

This study reports the synthesis and comprehensive characterization of a novel 5% cadmium-
doped cerium oxide/reduced graphene oxide (5% Cd-CeO, /rGO) nanocomposite for the
enhanced visible-light-driven photocatalytic degradation of methyl orange (MO). The
nanocomposite was prepared using a simple co-precipitation method followed by thermal
reduction, which integrates the excellent electron-transport properties of reduced graphene
oxide (rGO) with the oxygen-vacancy-rich characteristics of Cd-doped CeO;, resulting
in improved photocatalytic performance. The successful synthesis of the nanocomposite
and the direct interaction between the rGO sheets and ultrafine CeO, nanoparticles were
verified through structural and morphological analyses using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, Transmission Electron Microscopy (TEM), and Scanning Electron
Microscopy (SEM). XPS results indicated an increase in the Ce®* concentration and oxygen
vacancy density after Cd doping and rGO incorporation, both of which play a crucial role
in enhancing photocatalytic activity. Under visible-light irradiation, the 5% Cd-CeO, /rGO
nanocomposite exhibited substantially higher photocatalytic activity and methyl orange
(MO) degradation efficiency than pristine CeO, and reduced graphene oxide (rGO). The
improved photocatalytic performance demonstrates the beneficial role of combining metal-
ion doping with conductive carbon supports to facilitate charge separation and electron
transport in semiconductor photocatalysts. The developed nanocomposite also shows
promising potential for the design of next-generation semiconductor-based materials for
photocatalytic, energy conversion, and optoelectronic applications.

Keywords: cadmium doping; cerium oxide; reduced graphene oxide; photocatalysis;
oXxygen vacancies; nanocomposite
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1. Introduction

The rapid urbanization and industrialization of the 21st century have led to unprece-
dented levels of water pollution, with synthetic organic dyes representing one of the most
hazardous and persistent classes of aquatic contaminants. The paper, global textile, food
processing and leather industries discharge approximately 700,000 tons of synthetic dyes
annually into water bodies, with azo dyes constituting nearly 70% of this total [1-4]. These
include methyl orange (MO) and an anionic azo dye, which is widely used as a colorant
and pH indicator in a different industrial application because of N=N double bond chro-
mophore. Meanwhile, aquatic ecosystems and human health are seriously threatened by
its high chemical stability, refractory nature, and possible toxicity [5,6].

Among the various semiconductor photocatalysts, cerium oxide (CeO,) has attracted
considerable attention because of its unique physicochemical properties, including its re-
versible Ce>" /Ce** redox couple, high chemical stability, excellent oxygen storage capacity,
natural abundance, and low toxicity [7,8]. CeO, crystallizes in a fluorite cubic structure
with a band gap of approximately 3.2 eV, which restricts its intrinsic photocatalytic activ-
ity primarily to the ultraviolet region [9-11]. The photocatalytic performance of CeO, is
strongly influenced by the concentration of oxygen vacancies, as these defects promote
charge carrier separation, facilitate oxygen activation, and provide active sites for the
adsorption and degradation of pollutants [12].

The rapid recombination of photogenerated electron-hole pairs remains a major
limitation to the photocatalytic performance and quantum efficiency of CeO,-based photo-
catalysts [13-16]. Among the different approaches employed to improve the photocatalytic
properties of CeO,, metal-ion doping has emerged as an effective strategy for tailoring
its electronic structure, optical properties, and defect chemistry. Transition metal ions,
including Fe, Cu, Ag, and Cd, have been successfully incorporated into the CeO; lattice,
leading to an increased concentration of oxygen vacancies, improved charge carrier sepa-
ration, and enhanced visible-light absorption [17-19]. Cadmium is considered a suitable
dopant because the ionic radius of Cd** (0.95 A)is comparable to that of Ce** (0.97 A),
allowing Cd?* ions to substitute for Ce** with minimal lattice distortion. In addition, the
substitution of Ce** by Cd?* requires the formation of oxygen vacancies to maintain charge
neutrality, thereby modifying the defect structure and improving the functional properties
of the material [20-23]. Previous studies have further shown that Cd-doped CeO, exhibits
a red-shift in the absorption edge, higher Ce>* concentrations, and improved photocatalytic
activity for dye degradation compared with pristine CeO, [24-27].

Combining metal-ion doping with rGO is an effective way to enhance the photocat-
alytic performance of semiconductor materials. In the CeO, /rGO nanocomposite, CeO,
nanoparticles are in close contact with rGO sheets, allowing efficient transfer of charge carri-
ers. When exposed to light, electrons excited in the conduction band of CeO, are transferred
to the rGO sheets. This rapid electron transfer suppresses electron-hole recombination and
enhances charge separation [28-30]. In addition, rGO serves as a high-surface-area support
that minimizes the agglomeration of CeO, nanoparticles, increases the availability of active
sites, and enhances the adsorption of aromatic dye molecules through 7— interactions.
The improved charge transfer enables CeO, /rGO nanocomposites to degrade organic dyes,
including methylene blue, methyl orange, and rhodamine B, more efficiently than pristine
CeO; [31]. The photocatalytic degradation mechanism in CeO,-based systems has been
extensively investigated through radical trapping and product identification studies. Under
light irradiation, photogenerated holes in the valence band oxidize water molecules or
hydroxide ions to generate hydroxyl radicals (¢OH), whereas electrons in the conduction
band reduce adsorbed molecular oxygen to form superoxide radicals (¢O, ™), both of which
play a key role in the degradation of organic contaminants [32-35].
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The present study addresses the gaps by reporting the synthesis and photocatalytic
evaluation of a novel 5% Cd-doped CeO,/rGO nanocomposite and comprehensive char-
acterization for visible-light-driven methyl orange degradation. The specific objectives
are: (1) to create Cd-doped CeO,/rGO nanocomposites using a simple co-precipitation
technique and use FTIR, XRD, XPS, Raman spectroscopy, TEM and SEM, to describe in de-
tail their structural, morphological, and electrical characteristics; (2) to quantify the effects
of Cd-doped CeO, and rGO incorporation on oxygen vacancy concentration, Ce>* /Ce**
ratio, and optical properties; (3) to investigate the degradation kinetics and elucidate the
photocatalytic mechanism, including charge transfer pathways and reactive species involve-
ment; (4) to evaluate the nanocomposite photocatalytic performance for MO degradation
under visible-light irradiation and compare it with pristine CeO,. The findings of this work
contribute to the understanding of multifunctional photocatalyst design and underscore the
promise of Cd-doped CeO,/rGO nanocomposites as advanced materials for photocatalytic,

optoelectronic, and energy conversion technologies.

2. Results
2.1. XRD Analysis

The crystalline structure, phase purity, and structural alterations brought about by
Cd doping and rGO inclusion were examined using XRD analysis. The XRD patterns of
(a) graphite powder, (b) graphene oxide (GO), (c) pure CeO, nanoparticles, and (d) a 5%
Cd-doped CeO,/rGO nanocomposite are shown in Figure 1. The XRD pattern of graphite
powder shows a strong diffraction and prominent peak at 20 = 26.5°, which corresponds
to the (002) plane with an interlayer spacing of about 0.34 nm and is indicative of highly
structured graphitic carbon (Figure 1a). Because of oxygen-containing functional groups’
intercalation between graphene layers, this peak moves to a lower angle at about 26 = 10.8°
upon oxidation to GO (Figure 1b), indicating an enlarged interlayer gap of ~0.8-0.9 nm [36].

(111)

(220)

—
-—
-
©
—

-
'E (b)
ig (@)

10 20 30 40 50 60 70 80
20 (degq)

Figure 1. XRD patterns of (a) graphite powder, (b) GO, (c¢) CeO; nanoparticles, and (d) 5% Cd-doped
CeO, /rGO nanocomposite.

Intensity (a.u.)

The pristine CeO, nanoparticles’ XRD pattern (Figure 1c) shows distinct diffraction
peaks at 26 values of 28.5°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, and 79.1°. These peaks
correspond to the (111), (200), (220), (311), (222), (400), (331), and (420) crystallographic
planes of CeO, (JCPDS card No. 34-0394, space group Fm3m). The intense and sharp peaks
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indicate high crystallinity and good phase purity of the synthesized CeO, nanoparticles.
No additional peaks corresponding to impurity phases or cerium hydroxide are observed,
confirming complete conversion to the oxide phase during calcination.

The average crystallite size calculated from the (111) diffraction peak using the Scherrer
equation was approximately 12 nm. As shown in Figure 1d, the XRD pattern of the 5% Cd-
doped CeO, /rGO nanocomposite retains all the characteristic diffraction peaks of cubic
fluorite CeO,, indicating that the crystal structure of CeO, remains unchanged after Cd
doping and rGO incorporation. No diffraction peaks corresponding to CdO or other
cadmium-containing phases were observed, suggesting that Cd?* ions were successfully
incorporated into the CeO; lattice instead of forming separate phases. This can be attributed
to the similar ionic radii of Ce** (0.97 A) and Cd?* (0.95 A), which allow Cd?* to substitute
for Ce** with only minor lattice distortion. A slight shift of the diffraction peaks toward
lower 20 values indicates a small expansion of the CeO; lattice [37]. In addition, the
diffraction peaks of the nanocomposite are slightly broader than those of pristine CeO5,
corresponding to a reduced crystallite size of about 9 nm. The presence of rGO likely limits
particle growth and reduces agglomeration during synthesis. The characteristic GO peak
at 20 = 10.8° and the graphite peak at 20 = 26.5° are absent, confirming the successful
reduction of GO to rGO. The absence of a distinct rGO peak also suggests that the rGO
sheets are highly exfoliated or poorly ordered, which is commonly observed in rGO-based
nanocomposites with low carbon content. Overall, the XRD results confirm the successful
synthesis of the Cd-doped CeO, /rGO nanocomposite, with Cd?* ions incorporated into
the CeO, lattice and rGO acting as a conductive support that improves particle dispersion
and controls crystallite growth.

2.2. FTIR Analysis

The FTIR technique is used to identify the functional groups and chemical bonding
in the synthesized materials and formation of interfacial interactions and to confirm the
GO reduction in the nanocomposite. Numerous different absorption bands that represent
different oxygen-containing functional groups generated during the oxidation process
can be seen in the GO FTIR spectrum (Figure 2a). The adsorbed water molecules and
hydroxyl groups of O-H stretching vibrations are responsible for the wide absorption
band that is centered at about 3400 cm~!. The carboxyl and carbonyl groups of C=0O
stretching vibrations at the margins and basal plane of GO sheets are represented by the
peak at about 1730 cm~!. The absorption band at around 1620 cm~! occurs due to the
C=C stretching vibrations of the other sp? hybridized carbon domains in the graphene
structure. The peaks observed at approximately 1400 cm ! and 1050 cm ! are assigned
to the C-O stretching vibration and the C—-OH deformation of epoxy and alkoxy groups,
respectively. The presence of these oxygen-containing functional groups confirms the
successful oxidation of graphite to graphene oxide (GO) and provides active sites for
interaction with metal oxide nanoparticles [38,39]. The FTIR spectrum of the 5% Cd-doped
CeO,/rGO nanocomposite (Figure 2c) shows clear changes, indicating the successful
reduction of GO and the formation of the nanocomposite. A broad absorption band near
3400 cm~! and a weak peak around 1630 cm ™! are attributed to the stretching and bending
vibrations of O-H and H-O-H groups from water molecules adsorbed on the CeO, surface,
which are commonly observed in high-surface-area metal oxide nanoparticles [40].

Additionally, the nanocomposite spectrum shows a significant decrease in the in-
tensities of GO-specific oxygen-containing functional group peaks. During the thermal
reduction process, at 1730 cm ™!, the C=O stretching peak is either absent or greatly dimin-
ished, indicating carbonyl and carboxyl groups’ effective removal. The C-O stretching
peak at 1050 cm~! also shows reduced intensity, suggesting alkoxy and epoxy groups’
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partial removal. However, C=C stretching is still observable, corresponding to a weak
residual peak around 1620 cm ™!, confirming the graphene carbon framework’s presence
in the composite. Since it is difficult to completely remove all oxygen functions even after
thermal reduction, the persistence of a wide band at about 3400 cm ! can be assigned to
residual hydroxyl groups on rGO and adsorbed water. Crucially, some oxygen-containing
groups may still be present at the rGO surface, which could promote interfacial interaction
with CeO; nanoparticles through Ce—O-C connections, based on the decrease in oxygen
functional group intensities without total elimination. Thus, the FTIR data confirm that GO
was effectively reduced to rGO and that a chemically integrated CeO, /rGO nanocomposite
with interfacial contacting surfaces was formed, which ought to enhance charge separation
and photocatalytic activity.
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Figure 2. FTIR spectra of (a) GO, (b) CeO, nanoparticles, and (c) 5% Cd-doped CeO, /rGO nanocomposite.

2.3. Raman Spectroscopy Analysis

The G band (graphitic band) at about 1590 cm~! and D band (disorder band) at around
1350 cm ™! are two significant bands that are characteristic of carbon compounds shown in
the Raman spectrum of GO (Figure 3a). The strong, sharp peak in the Raman spectra of pure
CeO, nanoparticles (Figure 3b) at around 464 cm ! occurs due to the F2g vibrational mode
of the cubic fluorite CeO, structure. Furthermore, defect-induced D modes and second-
order transverse acoustic (2TA), which are linked to oxygen vacancies and structural
defects in CeO,, are responsible for weak peaks or corners that may be seen at 262 cm ™!
and 588 cm !, respectively. For nanocrystalline CeO, with high surface-to-volume ratios,
several defect-related characteristics are common.

The Raman spectrum of the 5% Cd-doped CeO,/rGO nanocomposite (Figure 3c)
contains characteristic peaks of both CeO; and rGO, confirming the successful formation
of the nanocomposite. The F,g Raman peak of CeO, appears at around 465 cm ! but is
slightly broader and less intense than that of pristine CeO,. This peak broadening can
be attributed to several factors, including the increased structural disorder caused by Cd
doping and the formation of oxygen vacancies, interfacial strain between CeO, and rGO,
and the smaller crystallite size resulting from the presence of rGO, which restricts particle
growth. The reduced crystallite size also leads to phonon confinement, contributing to the
broader Raman peak [41]. Previous studies have also reported a slight shift of the Fog peak
toward lower wavenumbers after metal-ion doping. This is explained by lattice expansion
and the weakening of Ce-O bonds as a result of oxygen vacancies” development.
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Figure 3. Raman spectra of (a) GO, (b) CeO, nanoparticles, and (c) 5% Cd-doped CeO,/rGO
nanocomposite. The inset shows the magnified Raman spectra of the nanocomposite in the range
from 1000 to 1500 cm ™.

In the higher wavenumber region, the Raman spectrum of the nanocomposite shows
the characteristic D and G bands of carbon at approximately 1350 cm~! and 1590 cm ™!,
confirming the presence of rGO in the composite. The calculated ID/IG ratio of the
nanocomposite is about 1.05-1.15, which is higher than that of the original GO (0.95-1.0).
The increase in the ID/IG ratio indicates the formation of additional defects during the
preparation of the nanocomposite. During thermal reduction, oxygen-containing functional
groups are removed from GO, and the sp? carbon network is partially restored. At the
same time, new defects and smaller sp2 domains are formed, resulting in a higher defect
density. The attachment of CeO; nanoparticles to the rGO sheets and the formation
of Ce-O-C interfacial bonds further increase the structural disorder by disrupting the
continuous m-conjugated carbon network. Although the nanocomposite contains more
defects, these defects are beneficial because they improve charge transfer between CeO,
and rGO and provide additional active sites for the adsorption of pollutant molecules,
leading to enhanced photocatalytic performance.

2.4. XPS Analysis

The 5% Cd-doped CeO,/rGO nanocomposite and the pure CeO, nanoparticles’ XPS
spectra are shown in Figure 4. The sample elemental composition is confirmed by the
XPS survey spectrum of pristine CeO, (Figure 4a), which shows distinctive peaks corre-
sponding to O 1s, Ce 3d, and C 1s. The survey spectrum of the 5% Cd-doped CeO,/rGO
nanocomposite (Figure 4b) exhibits additional peaks corresponding to Cd 3d, along with
an enhanced C 1s signal due to the presence of rGO, confirming successful incorporation of
both Cd and carbon components in the nanocomposite. The synthesized materials” high
purity is indicated by the lack of additional impurity peaks.

Single elements” high-resolution XPS spectra offer extensive data regarding bonding
sites and chemical changes. The (a) Ce 3d and (b) O 1s areas for pure CeO, nanoparticles’
high-resolution XPS spectra are shown in Figure 5. The Ce 3d XPS spectrum (Figure 5a) is
complex due to spin-orbit coupling and multiple final-state effects, resulting in a series of
peaks that can be identified as Ce** and Ce®* species [42]. The two multiplets of the Ce 3d
spectrum correspond to the Ce 3d5/2 (lower binding energy, labeled as v) and Ce 3d3/2
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(higher binding energy, labeled as u) spin-orbit components. For Ce*, four characteristic
peaks are observed: vq (880.5 eV), v/ (885.0 eV) and ug (898.8 eV), and u’ (903.5 eV). For
Ce**, six characteristic peaks are typically observed: v (882.7 eV), v’ (888.8 eV), and v'"’
(898.3 V) and u (901.0 eV), u” (907.4 eV), and u”’ (916.7 eV). The Ce** and Ce** peaks’
presence in the spectrum confirms the mixed valence nature of CeO,, with Ce>" species

arising from oxygen vacancies and surface defects.
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Figure 4. (a) CeO; nanoparticles and (b) 5% Cd-doped CeO,/rGO nanocomposite XPS sur-

vey spectrum.
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Figure 5. XPS spectrum of (a) Ce 3d and (b) O 1s of CeO, nanoparticles.

In the CeO; fluorite structure (Figure 5b), lattice oxygen (O%>~) bound to Ce* is re-
sponsible for the primary peak at about 529.5 eV. Oxygen in oxygen-deficient areas and
oxygen bound to Ce3* close to oxygen vacancies are represented by the peak at about
531.5 eV. Figure 6 shows the (a) Ce 3d, (b) O 1s, (c) C 1s, and (d) Cd 3d regions for the 5%
Cd-doped CeO, /rGO nanocomposite high-resolution XPS spectra. The presence of mixed
Ce*/Ce3* valence states is confirmed by the nanocomposite Ce 3d spectrum (Figure 6a),
which displays the same distinctive peaks as pristine CeO,.
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Figure 6. XPS spectrum of (a) Ce 3d (b) O 1s, (c) C 1s, and (d) Cd 3d of 5% Cd-doped
CeO, /rGO nanocomposite.

The O 1s spectrum of the nanocomposite (Figure 6b) shows similar components to
pristine CeO,. The C 1s spectrum of the nanocomposite (Figure 6¢) provides information
about the chemical state of carbon in rGO and its interaction with CeO,. The spectrum can
be deconvoluted into several components: a peak at approximately 288.5 eV corresponds to
C=0 bonds from carbonyl and carboxyl groups; the main peak at 284.8 eV corresponds to
sp? hybridized carbon (C=C) in the graphene structure; a peak at approximately 286.5 eV is
attributed to C-O bonds from residual oxygen functionalities; and a peak at approximately
289.5 eV may be assigned to O-C=0 bonds. The dominance of the sp? carbon peak confirms
successful GO to rGO reduction, while the residual oxygen-containing carbon species’
presence indicates incomplete reduction, which is typical for thermally reduced GO.

The nanocomposites’ Cd 3d spectrum (Figure 6d) shows two major peaks that corre-
spond to the spin-orbit components with binding energies of roughly 405.5 eV and 412.3 eV,
for Cd 3d5/2 and Cd 3d3/2. Cd?* species are characterized by a spin—orbit splitting of
about 6.8 eV. Cadmium is mostly present in the +2 oxidation state in the nanocomposite,
according to the binding energy locations. Similarly, with the XRD data, the lack of peaks
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corresponding to metallic Cd or CdO phases suggests that Cd?* ions are integrated into
the CeO; lattice instead of forming distinct phases. As XPS is surface-sensitive, the modest
doping concentration (5 mol %) is reflected in the comparatively low intensity of the Cd 3d
peaks. The XPS results confirm the presence of mixed Ce3*/Ce** states together with Cd
incorporation and rGO in the nanocomposite, which is consistent with the successful for-
mation of the composite. The presence of these defect-related features is known to enhance
the electronic properties of CeO, by promoting efficient charge carrier separation and sup-
pressing electron-hole recombination, thereby contributing significantly to the enhanced
photocatalytic performance. The higher defect density produces active sites for oxygen
activation and pollutant adsorption, electron-trapping sites that inhibit recombination, and
mid-gap states that prolong visible-light absorption [43,44].

2.5. SEM Analysis

SEM images of the 5% Cd-doped CeO;/rGO nanocomposite at different magnifica-
tions are pictured in Figure 7. Chemically reduced graphene oxide is characterized by
the rGO sheets’ typical folded, paper-like shape with wrinkles and folds. When oxygen
functional groups are removed during reduction, the sheets collapse and fold to reduce
surface energy, resulting in this wrinkled form. These wrinkles’ large surface area and
porous structure are advantageous for photocatalysis because they offer plenty of locations
for the adsorption of pollutants and make it easier for reactants and products to move in

large quantities.

Figure 7. SEM images of 5% Cd-doped CeO,/rGO nanocomposite.

A large number of tiny Cd-doped CeO, nanoparticles can be seen as approximately
spherical nanoparticles that are evenly dispersed over the rGO sheets surface. The rGO
sheets successfully prevent particle aggregation during synthesis, as seen by the nanoparti-
cles” apparent uniform dispersion and lack of noticeable agglomeration [45]. The persistent
CeO, nanoparticle design of rGO sheets indicates persistent interfacial contacts between the
two elements, in photocatalytic applications which are essential for effective charge transfer.
In accordance with FTIR and XPS investigations, the Ce-O-C chemical bond formation at
the interface enhances this interaction and establishes efficient paths for electron transfer
from CeO, to rGO.
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2.6. TEM Analysis

Figure 8a,b shows the TEM images of the 5% Cd-doped CeO, /rGO nanocomposite
at different magnifications. The rGO sheets appear transparent to the electron beam,
indicating that they consist of a few graphene layers (approximately 2-5 layers). This
layered structure provides a large surface area for the uniform growth of nanoparticles
while maintaining good electrical conductivity. Dark, nearly spherical Cd-doped CeO,
nanoparticles are evenly distributed over the rGO sheets. The higher electron density
of CeO, produces strong contrast against the lighter carbon background, making the
nanoparticles clearly distinguishable in the TEM images.

Figure 8. TEM images of (a) CeO, /rGO nanocomposite and (b) 5% Cd-doped CeO, / rGO nanocomposite.

In agreement with the XRD and SEM results, empirical research on particle size from
different TEM images shows a very narrow size range with a roughly 8-12 nm average
diameter. The approximately 0.31 nm measured lattice spacing corresponds to the (111)
plane CeO; cubic fluorite, confirming the crystalline structure observed in XRD. The
presence of clear lattice fringes indicates high crystallinity, which is important for efficient
charge transport within the nanoparticles [46]. Some nanoparticles exhibit defects or slight
lattice distortions, which may be due to oxygen vacancy formation and Cd doping.

2.7. Photocatalytic Degradation Performance of Methyl Orange

MO photo degradation data are shown in Figure 9 for the presence of MO, GO,
CeO,/rGO and 5% Cd-doped CeO,/rGO composite. The photocatalytic activity of each
prepared material was assessed by monitoring the methyl orange degradation (MO) after
being photo-irradiated with visible light for a total duration of 120 min. At the conclusion
of this experiment, the degradation efficiencies recorded were 2% for pure MO (no catalyst),
17% for graphene oxide (GO), 56% for CeO,/rGO and 83.5% for Cd-CeO, /rGO. The results
concerning these data are summarized in Table 1.

In the absence of a catalyst, negligible degradation was found for pure MO (2%). This
confirms that the amount of direct photolysis occurring upon MO under the experimental
light conditions is very low, thereby indicating that the amount of degradation occurring
within the systems containing catalysts is, in fact, of a photocatalytic nature. The moderate
photocatalytic activity exhibited by GO (17%) could reflect the reactivity of the oxygen
containing functional groups left on its surface, which could potentially yield low amounts
of reactive radicals when irradiated. However, since GO does not possess a suitable
semiconductor band structure, it limits its ability to effect photo-induced charge separation
under the experimental conditions which would hinder its overall activity.
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Figure 9. Photodegradation of MO, GO, CeO, nanoparticles and 5% Cd-doped CeO, /rGO nanocomposite.

Table 1. Degradation efficiency of the prepared materials at 120 min of visible-light irradiation.

Sample Ct/Cy Degradation Efficiency (%)
MO (no catalyst) 0.980 2.0
GO 0.830 17.0
CeO,/rGO 0.440 56.0
Cd-CeO,/rGO 0.165 83.5

The addition of CeO, to the rGO matrix created a composite that demonstrated a
significant increase in degradation efficiency (56.0%). This enhancement is attributed to
the capacity of CeO; to capture incoming light and produce electron-hole pairs; rGO
acts as a collector of electrons, keeps the electrical charges from recombining, and aids
in transferring photogenerated electrons to dissolved O,. The further increase (83.5%)
through the incorporation of Cd into the CeO,/rGO structure generated even more value
for the Cd modification discussed.

The composite Cd-CeO,/rGO has the highest degradation efficiency (83.5%) com-
pared to all of the other materials tested. This indicates that it relies on the synergistic
interaction of three different components (Cd-CeO,-rGO). The semiconductor CeO; is a
well-known visible-light-active semiconductor that generates electron-hole pairs through
photoexcitation. However, in its purest state (i.e., without Cd incorporation), there is rapid
recombination of the photogenerated charge carriers in CeO, leading to a limited practical
photocatalytic efficiency [47].

When Cd is incorporated into the CeO, lattice, localized energy states are introduced
which promote charge separation by forming heterojunction-like structures at the interface
of Cd-CeO,. The formation of these heterojunction-like structures reduces the recombina-
tion between electrons and holes, which increases the lifetime of photogenerated charge
carriers and thus availability of these carriers to partake in surface-redox reactions. In
addition to this, rGO serves as a two-dimensional electron-transport matrix because of its
excellent electrical conductivity and significant specific surface area. Electrons that migrate
from the photoexcited Cd-CeO, component to the rGO matrix can then react with dissolved
O, to form superoxide radicals (¢O;~), while the leftover holes can generate hydroxyl
radicals (¢OH) through reaction with surface water or hydroxide ions. The formation
of both of these types of reactive oxygen species (ROS) is responsible for the increased
degradation of MO as observed for the composite.
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2.7.1. Error Bar Analysis

The error bars found in Figure 10 show standard deviation, which is a measure
of how much variability there is between the repeated measurements made using the
same experimental conditions. The error bars provide a visual representation of the
reproducibility of the results from the photocatalytic experiments and an assessment of
how consistently the experimental trials produced similar results.
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Figure 10. Degradation efficiency of MO, GO, CeO,/rGO, and Cd-CeO,/rGO as a function of
irradiation time, with error bars representing standard deviation from replicate measurements.

All four materials had relatively small error bars compared to the size of their measured
degradation values, which indicates good reproducibility of the experiments. The small
standard deviations of the uncatalyzed (MO) material are consistent with the stability of
the material under photolysis and show that replicate measurements produced very similar
results while using this material. The greater relative size of the standard deviations of
the catalyst systems (CeO,/rGO and Cd-CeO,/rGO) for longer duration irradiations is
likely due to the larger number of variables affecting the performance of these catalyst
materials and greater sensitivity of the measurement to minute differences in either catalyst
distribution within the reactor or the intensity distribution of light within the reactor.

The relative standard deviations of all four systems meet the acceptable range for
heterogeneous photocatalytic experiments and there is little overlap of error bars at the ma-
jority of time points within the datasets for the catalysts. These results further support the
assertion that the differences in photocatalytic degradation results reflect real differences in
performance among the four materials and arise from reproducible, non-random differ-
ences and not errors in data collection and processing. The consistency of the size of error
bars across replicate experiments indicates that the sample preparation and experimental
procedures were controlled enough to yield reliable and reproducible data [48].
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2.7.2. Kinetic Studies

To accurately quantify the rate of photocatalytic degradation and conduct an exact
comparison of the prepared materials, the concentration data collected at specified times
during each photocatalytic reaction was fitted to the pseudo-first-order kinetic model. This
model is suitable to evaluate reactions with a very low concentration of dye present when
contrasted to the amount of catalyst used in cases of heterogeneous photocatalytic reactions,
which is the assumption being made for this study. The pseudo-first-order model can be
expressed in linear form as follows:

In(Cy/Ct) = kt 1)

where Cy = initial concentration of dye present, Ct = concentration of dye at time t, k =
apparent pseudo-first-order rate constant (min~'), and t = irradiation time (min). If first-
order kinetics hold true during the entire time of irradiation, then an In(Cy /Ct) plot vs. time
will be linear with a slope equal to the rate constant (k). The data set should demonstrate
that the linear model provided an adequate fit to the data set when the coefficient of
determination (R?) approached the same values, indicating the strong conformity of the
proposed model.

Table 2 gives the pseudo-first-order rate constants (k) and coefficients of determination
(R?) for the materials studied, while kinetics plots are included in Figure 11. The four
materials used in this study demonstrated R? values exceeding 0.98, demonstrating that
the pseudo-first-order model can be used to adequately describe the sample materials’
degradation kinetics.

Table 2. Pseudo-first-order rate constants and coefficients of determination for MO degradation.

Sample k (min—1) R?
MO (no catalyst) 1.78 x 107* 0.9978
GO 1.58 x 1073 0.9943
CeO,/1GO 5.75 x 1073 0.9836
Cd—CeO,/rGO 1.50 x 1072 0.9854
e e MO
— MO - Regr
x4 ® GO
GO - Regr 5
e CeO2rGO
—
o 1.5 4 Ce02/rGO - Regr
-~
UO o Cd-CeO2/rGO .
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=
L
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Figure 11. Pseudo-first-order kinetic plots [In(Cy/Ct) vs. irradiation time] for MO, GO, CeO, /rGO,
and Cd-CeO, /rGO.
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The pseudo-first-order reaction constant (k) for MO acting without an added catalyst
was 1.78 x 10~* min~! (R? = 0.9978), indicative of the negligible rate of products produced
under UV irradiation, confirming MO has an inherent stability when exposed to UV irradi-
ation without the use of a photocatalyst. In comparison to the uncatalyzed degradation
of MO, adding GO into the reaction system increased the k value to 1.58 x 1073 min~!
(R? = 0.9943) which is nearly 9 times greater than the rate at which the uncatalyzed MO
reacted, demonstrating the modest but measurable photocatalytic effect of GO. The k value
increased to 5.75 x 1073 min~! (R? = 0.9836) for CeO,/rGO composite material as a cata-
lyst, indicating a 3.57-fold increase over that of GO. The highest rate found occurred with
the Cd-CeO, /rGO composite as a catalyst which yielded a k value of 1.50 x 1072 min~!
(R? = 0.9854), representing a 84-fold increase over that of the reaction rate without the
catalyst and 2.60-times higher than that of the CeO, /rGO catalytic system, demonstrating
the significant effect of the incorporation of Cd into each composite.

2.7.3. Confidence Interval Analysis

Statistical analysis of the calculated k values also determined the 95% confidence
intervals (CIs) for the four catalyst systems studied. The CIs represent the range of values
in which the true population k for each of the catalysts studied would be expected to
fall within a 95% probability of variation in the experimental measurements of all four
catalyst systems.

The CI (1.70-1.86) x 10~*/min for the MO (no catalyst) has a relative CI width of
about 9 times the central estimate. Given that there is no complexity created by the presence
of a catalyst in the MO (no catalyst) system, this indicates a high level of precision. On the
other hand, the CI (1.46-1.70) x 103 /min for GO exhibits a relatively wider CI than that
for MO, indicating a lower level of precision that is a reflection of the greater variability
found to be associated with the GO system. The CI for the composite catalyst (CeO,/rGO)
was (5.00-6.49) x 10~3/min, which was larger than the other catalyst CIs in raw numbers
but agrees with the higher k values present in this composite catalyst and greater degree
of experimental variability expected in composite catalyst testing. The Cd-CeO,/rGO
catalyst had the largest absolute CI (1.32-1.68) x 10~2/min, yet its relative CI size was
comparable to those of the other catalyst systems. Pseudo-first-order rate constants with
95% confidence intervals is tabulated in Table 3.

Table 3. Pseudo-first-order rate constants with 95% confidence intervals.

Sample k (min—1) 95% Confidence Interval (min—1)
MO (no catalyst) 1.78 x 1074 (1.70-1.86) x 10~
GO 1.58 x 1073 (1.46-1.70) x 1073
CeO,/rGO 5.75 x 1073 (5.00-6.49) x 1073
Cd-CeO,/rGO 1.50 x 1072 (1.32-1.68) x 1072

There was no overlap in ClIs for the four catalyst systems studied, indicating that the
differences in the k values observed across the four catalyst systems studied are caused
by real differences in catalyst activity and not simply random variations in experimental
results. The order of the four catalyst systems according to their observed k values also
corresponds with the relative efficiency of each catalyst to degrade, providing additional
confidence in the reliability of the ranking of these four catalysts.
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2.7.4. Half-Life Analysis

The half-life (t; /) of the photocatalytic degradation process indicates the time required
for the initial concentration of methyl orange (MO) to decrease to half of its original value.
It is an important parameter for evaluating the efficiency of the photocatalyst, with a shorter
half-life indicating faster degradation. For a pseudo-first-order reaction, the half-life is
related to the reaction rate constant as follows:

t; > = 0.693/k )

Event sites corresponding to the half-lives derived from the experimentally determined
rate constants can be found in Table 4; for the uncatalyzed MO system, the half-life was
3890 min (approx. 64.8 h), demonstrating that MO would be very resistant to photolysis
under experimental conditions. The half-lives for the GO system dropped significantly to
439 min and again fell to 121 min for the CeO, /rGO composite system, showing that as the
complexity of the composite system increased, the catalytic efficiency also increased.

Table 4. Half-life values calculated from pseudo-first-order rate constants.

Sample k (min—1) Half-Life, t;/, (min)
MO (no catalyst) 1.78 x 107 3890
GO 1.58 x 103 439
CeO,/rGO 5.75 x 1073 121
Cd-Ce0,/rGO 1.50 x 1072 46

The largest drop in the half-life was seen for the Cd-CeO,/rGO system, where
t1 /2= 46 min, giving a molar rate constant approximately 85 times that of the uncatalyzed
system and still 2.6 times the value associated with the CeO,/rGO composite. This com-
posite demonstrates a clear advantage over all other composite materials within this series
relative to the molar rate constant (kinetic activity), and the half-life data is consistent with
the previously reported results for both the rate constant and for degradation efficiency,
thereby providing sufficient data to support that the Cd-CeO, /rGO composite is also the
most kinetically active material in this series.

3. Experimental Section
3.1. Materials

All chemicals used in this study were of analytical grade and were used as received
without further purification. Cadmium nitrate tetrahydrate (Cd(NO3),-4H,O, >99%),
cerium(Ill) nitrate hexahydrate (Ce(NO3)3-6H,O, >99%), graphite powder (<20 pm),
sodium hydroxide (NaOH, >98%), methyl orange (C14H14N3NaO3S, >85%), hydrogen
peroxide (H>0O,), hydrochloric acid (HCl, 37%), sulfuric acid (H,SO4, 98%), and potassium
permanganate (KMnOj, >99%) were purchased from Sigma-Aldrich, Chennai, Tamil Nadu,
India. Deionized water with a resistivity of 18.2 M()-cm was used throughout the study.

3.2. CeO, Nanoparticles” Synthesis

A co-precipitation process was used to produce cerium oxide nanoparticles. To get
a transparent solution, at room temperature, 4.34 g of Ce(NO3)3.6H,0O was dissolved in
100 mL of deionized water while being magnetically agitated. When a 2 M NaOH solution
was steadily added to the cerium nitrate solution until the pH reached about 10-11, a pale-
yellow precipitate of cerium hydroxide was formed. For two hours at 60 °C, the mixture
was constantly agitated to guarantee full precipitation. After collecting the precipitate
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using centrifugation at 8586 x g (RCF) for 10 min, it was carefully cleaned with ethanol
and deionized water many times to get rid of any remaining contaminants and ions. After
that, it was dried in an oven at 80 °C for the entire night. The dry powder was ultimately
calcined in a muffle furnace at 500 °C for three hours at a heating rate of 5 °C/min to
produce crystalline CeO, nanoparticles.

3.3. GO and rGO Preparation

A modified Hummers method was used to create GO from graphite powder. In short,
2 g of graphite powder in an ice bath was mixed with 46 mL of concentrated H,SO, while
being constantly stirred. Then, while maintaining a temperature below 20 °C, 6 g of KMnOy,
was slowly added to the mixture to prevent overheating. After complete addition, for 2h
at 35 °C the mixture was stirred, during which the solution became highly viscous and
dark green. The reaction mixture was then diluted with 92 mL deionized water, causing a
color change to dark brown and vigorous exothermic reaction. After additional heating, the
mixture was maintained at 98 °C for 30 min. An excellent yellow solution was produced by
adding 20 mL of 30% HyO, and 280 mL of deionized water to stop the oxidation reaction.
The GO product was collected by centrifugation and vacuum-dried at 60 °C after being
continuously cleaned with a 5% HCl solution and deionized water until the pH was neutral.
Reduced graphene oxide (rGO) was prepared by heating graphene oxide (GO) at 200 °C
for 2 h under a nitrogen atmosphere. This thermal reduction process removed most of the
oxygen-containing functional groups and restored the conjugated graphene structure.

3.4. Fabrication of 5% Cd-Doped CeO,/rGO Nanocomposite

The 5% Cd-doped CeO,/rGO nanocomposite was synthesized through a combined
co-precipitation and in situ reduction approach. To create a uniform brown suspension,
50 mg of as-prepared GO was first ultrasonically dispersed in 100 mL of deionized water
for an hour. In addition, 50 mL of deionized water was used to dissolve 4.12 g of 0.31 g of
Cd(NO3)2.4H,0 and Ce(NO3)3.6H,0 (equivalent to 5 mol% Cd doping). After that, the GO
suspension was rapidly magnetically stirred while the metal nitrate solution was added
drop wise. A black precipitate was then formed by gradually adding a 2 M NaOH solution
until pH 10-11 was attained. To enable the deposition of Cd-doped cerium hydroxide onto
the GO sheets and the partial reduction of GO to rGO, at 80 °C, the mixture was heated
and continuously agitated for three hours. The precipitate was extracted by centrifugation,
carefully washed with deionized water and ethanol, and then dried at 80 °C for the entire
night. The dried powder was calcined at 400 °C for 2 h under a nitrogen atmosphere
to convert GO into rGO and to crystallize the Cd-doped CeO; nanoparticles. A lower
calcination temperature than that used for pristine CeO, was selected to protect the rGO
from oxidation while ensuring sufficient crystallization of the metal oxide.

3.5. Characterization Technigues

Raman spectroscopy was carried out using a Horiba LabRAM HR Evolution spec-
trometer (Horiba, Kyoto, Japan) connected with a 532 nm laser excitation source. With
a spectral resolution of 1 cm~!, spectra were obtained in the 200-2000 cm~! range. Cu
Ko radiation (A = 1.5406 A) was used to analyze XRD patterns using a Bruker D§ Ad-
vance diffractometer (Bruker, Billerica, MA, USA)) running at 40 kV and 40 mA. FTIR
spectroscopy was performed using the KBr pellet method on a PerkinElmer Spectrum
100 spectrometer (PerkinElmer, Waltham, MA, USA) with a resolution of 4 cm ™! in the
wavenumber range of 400—4000 cm 1. Monochromatic Al K« radiation (hv = 1486.6 eV)
was used for X-ray photoelectron spectroscopy (XPS) studies on a Thermo Scientific K-
Alpha spectrometer (Thermo Fisher Scientific, Waltham, MA USA). A JEOL JEM-2100F
microscope (JEOL, Tokyo, Japan) running at 200 kV was used for the TEM examination.
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SEM pictures were obtained using a HITACHI—54800 field-emission scanning electron
microscope (Hitachi, Tokyo, Japan) operating at an accelerating voltage of 10 kV. Samples
were prepared by dispersing the powder in ethanol; the obtained suspension was sonicated
for 30 min using an ultrasonic probe sonicated operated in pulse mode (5 s ON/5 s OFF) at
40% amplitude. To prevent excessive heating during sonication, the sample container was
maintained in an ice-water bath, and the temperature was kept close to room temperature.
The sonication treatment ensured homogeneous dispersion of the components and reduced
particle agglomeration prior to further processing.

3.6. Photocatalytic Degradation Experiment

The photocatalytic activity of the synthesized materials was evaluated by degrading
methyl orange (MO) under visible-light irradiation. In a typical experiment, 50 mg of
the photocatalyst was dispersed in 100 mL of an aqueous MO solution (20 mg/L) in
a cylindrical glass reactor. Before light irradiation, the suspension was stirred in the
dark for 30 min using a magnetic stirrer to establish adsorption—desorption equilibrium
between the MO molecules and the catalyst surface. This step ensured that any decrease in
MO concentration during light irradiation was mainly due to photocatalytic degradation
rather than dye adsorption. This procedure also promotes the uniform dispersion of
catalyst particles throughout the solution, thereby improving the reliability and accuracy of
photocatalytic measurements. After that, a 300 W xenon lamp with a 420 nm cutoff filter
to block UV rays was placed 15 cm away from the reactor to expose it to visible light. An
approximate measurement of 100 mW /cm? was made of the light intensity at the solution
surface. To provide a consistent light exposure and catalyst dispersion during irradiation,
the suspension was constantly stirred. To separate the catalyst particles, 3 mL samples
were taken out of the reactor and centrifuged at 10,000 rpm for five minutes at predefined
intervals (0, 15, 30, 45, 60, 75, 90, 105, and 120 min).

4. Conclusions

This study reports the successful synthesis and characterization of a novel 5%
cadmium-doped cerium oxide/reduced graphene oxide (5% Cd-CeO,/rGO) nanocom-
posite for the visible-light-driven photocatalytic degradation of methyl orange (MO). The
nanocomposite was prepared using a simple co-precipitation method followed by ther-
mal reduction. Its structure and morphology were examined using XRD, FTIR, Raman
spectroscopy, XPS, SEM, and TEM. XRD results confirmed the successful incorporation of
Cd?* ions into the cubic fluorite CeO, lattice through substitutional doping. FTIR analysis
verified the reduction of GO to rGO and the formation of Ce—-O-C bonds between CeO,
and rGO. Raman spectroscopy showed the characteristic peaks of both CeO, and rGO,
confirming the formation of the nanocomposite. XPS analysis confirmed the presence of all
the expected elements and verified the chemical composition of the material. SEM and TEM
images showed that ultrafine Cd-doped CeO; nanoparticles (8-12 nm) were uniformly
distributed on the wrinkled rGO sheets.

Photocatalytic studies demonstrated that the 5% Cd-CeO,/rGO nanocomposite exhib-
ited significantly higher activity than pristine CeO, and GO for the degradation of methyl
orange under visible-light irradiation. The improved performance is attributed to the com-
bined effect of Cd doping and rGO, which enhances charge separation, promotes electron
transfer, and provides more active sites for the photocatalytic reaction. These findings show
that combining metal-ion doping with conductive carbon materials is an effective method
for improving the performance of semiconductor photocatalysts. Although the experiments
were carried out under laboratory conditions using methyl orange as a model pollutant, the
developed nanocomposite shows good potential for the photocatalytic removal of organic
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contaminants from wastewater. Further studies involving different classes of pollutants,
catalyst stability, recyclability, and testing under more complex conditions will be necessary
to fully evaluate its broader applicability.
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