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Abstract

The creation of a ternary nanocomposite has led to
significant improvements in optoelectronic
characteristics. In this study, individual and combined
nanostructures CeQ:, AgFe:04, CuO, AgFe:04/CeO:,
CuO/CeO: and CuO/AgFe:04/CeO: were synthesized
through a sol-gel method coupled with dispersion in a
polar solvent. Their structural, morphological and
optical behaviors were thoroughly examined using
techniques including X-ray diffraction (XRD),
Scanning electron microscopy (SEM), UV-visible
spectroscopy and Photoluminescence (PL) analysis.
The integration of CeQ: AgFe:0. and CuO in the
ternary nanocomposite resulted in a notable reduction
of the band gap, enhancing its photocatalytic potential.
CeO: contributed to improved light harvesting, while
CuO functioned as an electron sink, collectively
boosting the composite’s optical performance.

Furthermore, the formation of heterojunction
interfaces among CuO, AgFe:O+ and CeO: promoted
efficient separation of photogenerated electron-hole
pairs, thus enhancing the catalytic activity of the
composite in light-driven reactions. Among the tested
samples, the CuO/AgFe:04/CeO: ternary
nanocomposite demonstrated superior photocatalytic
efficiency, achieving up to 98% degradation of
methylene blue dye within 70 minutes.

Keywords: CuO/AgFe.04/CeQ; ternary nanocomposites,
photocatalysis, nanocomposites, methylene blue dye.

Introduction

Semiconductor-based metal oxide photocatalysis has
emerged as a highly efficient, eco-friendly and sustainable
strategy for the removal of hazardous organic pollutants
from wastewater. This approach is cost-effective and
operates by breaking down the molecular structure of
organic compounds, effectively converting toxic dyes into
harmless byproducts with  impressive  degradation
performance?3. Although conventional treatment methods
such as physical, chemical and biological processes have
been employed for dye degradation, they often suffer from
drawbacks like high operational expenses and limited
efficiency. In comparison, photocatalytic treatment offers a
more straightforward and efficient alternative for purifying
water contaminated with organic substances®?3. A wide
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range of semiconductor materials including ferric oxide
(Fe20s), titanium dioxide (Ti0:), cuprous oxide (CuO), zinc
oxide (Zn0O) and cerium oxide (CeO2) have been extensively
investigated for their photocatalytic potential?’. Among
these, CeO:2 nanoparticles have gained considerable attention
due to their broad band gap, which contributes to a lower rate
of electron-hole recombination. Their surface properties are
highly adaptable and they exhibit strong redox
characteristics, both of which are essential for effective
oxidative and reductive degradation of pollutants?®. A
distinctive attribute of CeO: is its outstanding oxygen
storage capability, which significantly boosts its catalytic
performance. Moreover, its ability to alternate between Ce**
and Ce* oxidation states imparts versatile redox
functionality'®.

However, CeO: does have limitations: its large band gap
restricts light absorption mainly to the UV region, which
hampers efficient utilization of solar energy. Additionally,
the tendency of CeO. nanoparticles to aggregate reduces
their surface area, thus negatively affecting photocatalytic
activity?,

Copper oxide nanoparticles (CuO NPs), on the other hand,
are considered promising catalysts for degrading organic
dyes due to several advantageous features, such as a
relatively narrow band gap (1.2-3.5 eV), low toxicity,
natural abundance and economical synthesis methods?.
Their capacity to adsorbed molecular oxygen plays a key
role in suppressing electron-hole recombination, which
enhances photocatalytic performance. Under UV irradiation,
CuO NPs can initiate reactions that contribute to the
breakdown of various pollutants'. When combined with
CeOz, the nanostructured CuO-CeO: composites especially
at lower CuO concentrations exhibit improved synergistic
effects®.

Compared to other systems, the Cu.0-CeO: binary
composites show superior light absorption, faster charge
transport and more efficient electron transfer, particularly
under visible light exposure? to catalyze the conversion of
CO: into ethanol. In these configurations, CeO. enhances
photon absorption, CuO aids in charge carrier trapping and
the heterojunction facilitates effective separation of
photogenerated charges?.

Silver ferrite (AgFe.04), a spinel-structured ferrite
incorporating Ag" ions into an iron oxide matrix, displays
both semiconducting and magnetic properties, making it
suitable for visible light-driven photocatalysis and magnetic
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recovery®!1.2. To enhance its efficiency, AgFe.Os is often
coupled with other semiconductors such as TiO-, g-CsN+ and
ZnO, forming nanocomposites that exhibit superior
photocatalytic behavior. These AgFe.Os-based hybrids are
favored due to their strong visible light absorption (attributed
to the silver component), magnetic separability, low toxicity
and synergistic enhancement when integrated with
functional materials?®. Their primary applications include
the degradation of synthetic dyes like methylene blue,
rhodamine B and methyl orange, as well as pharmaceutical
pollutants such as tetracycline and ibuprofen. They are also
effective in removing environmental contaminants like
phenols and pesticides from wastewater.

Despite their promise, challenges such as photo-corrosion,
silver ion leaching and charge carrier recombination can
hinder their effectiveness, especially when structural
configurations are not adequately optimized!2. To overcome
these limitations and improve the visible light response of
binary composites like CeO2/AgFe.04, incorporating a
narrow band gap semiconductor such as CuO is a promising
strategy. CuO possesses excellent charge transport
capabilities, broad-spectrum light absorption, high chemical
stability and a large surface area, making it an effective
electron mediator for photocatalytic and energy applications.
Additionally, the integration of metal nanoparticles and
carbon-based structures such as graphene derivatives further
enhances photocatalytic behavior by providing extensive
surface area and superior conductivity.

Materials like graphene oxide (GO) promote efficient charge
carrier movement and inhibit recombination, thereby
improving the overall photocatalytic performance. Recent
studies support this direction. Lakshita et al'® synthesized
Nio.sZno.sFe204/CeO/MWCNT ternary nanocomposites and
reported notable degradation of organic dyes like rose
bengal, attributing the improvement to enhanced charge
transport dynamics. Similarly, Mohammad et al'’ fabricated
a Ce02/CuO/Ag:CrOs hybrid photocatalyst through
electrospinning, calcination and chemical precipitation. This
composite demonstrated efficient degradation of dye
mixtures (rhodamine B and methylene blue) under visible
light, which was ascribed to improved charge separation and
transfer through heterojunction formation.

Murugadoss et al'® also developed CeO>~CuO-Cu(OH):
nanocomposites using a straightforward chemical method.
Their material exhibited a reduced band gap of 2.64 eV and
achieved high photocatalytic degradation rates of 96.4% for
fast green and 92.7% for bromophenol blue. Furthermore,
Gomathi and co-workers’ introduced a CeO2/Fe.Os/reduced
graphene oxide (r-GO) ternary hybrid catalyst that achieved
90% and 86% degradation efficiencies for methylene blue
and methyl orange respectively under UV light and retained
its catalytic stability over five reuse cycles.

In the present work, we report the synthesis of CuO/
AgFe.04/CeO2 ternary nanocomposites using a sol-gel and
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hydrothermal approach combined with a polar solvent
dispersion method. The photocatalytic efficiency of this
material was tested against methylene blue dye under solar
light. The enhanced performance was primarily linked to the
effective suppression of photogenerated electron-hole
recombination within the ternary structure.

Material and Methods

Materials: The following chemicals were procured from
Merck India Pvt. Ltd.: silver nitrate (AgNQO3), ferrous sulfate
heptahydrate (FeSOa4:7H20), nickel chloride hexahydrate
(NiClz2:6H20), ammonium ceric nitrate ((NH4)2Ce(NOs)s),
copper sulfate pentahydrate (CuSO4-5SH20) and ammonium
hydroxide (NH+sOH). Double-distilled water was used to
prepare the dye solution for photocatalytic studies. To adjust
the pH of the dye solution, sodium hydroxide (NaOH) and
hydrochloric acid (HCI) were added to simulate basic and
acidic conditions, respectively. Triethanolamine (TEOA)
(N(CH2CH20H)s), benzoquinone (BQ) (CsH40:) and
isopropanol (IPA) (CsHsO) were employed as scavengers to
identify and quantify the active species involved during
photocatalytic activity.

Synthesis of AgFe;Os: AgFe.O. nanoparticles were
synthesized using a precipitation method at ambient
temperature. Initially, 20 mL of a 5% silver nitrate solution
was slowly introduced into 100 mL of double-distilled water
in a beaker, followed by magnetic stirring for 30 minutes to
ensure uniform dispersion of silver ions. Subsequently, 10
mL of a 10% ferrous sulfate heptahydrate solution was
added to the mixture, which was then stirred continuously
for 2 hours. The resulting solution was transferred into a
Teflon-lined autoclave and subjected to hydrothermal
treatment at 180 °C for 24 hours. The obtained solid product
was collected by filtration, washed three times with a water-
ethanol mixture and dried at 60 °C for 8 hours.

Synthesis of CeO; nanoparticles: In a typical synthesis, a
clear sol solution was prepared by controlled dissolving of 5
g of ammonium ceric nitrate under vigorous stirring. For
chemical homogeneity, 10 ml of an aqueous ammonia
solution is added dropwise. The dense gels are filtered and
washed with methanol before being used.The mixture
underwent a 12 hrs drying process at 120°C to eliminate
impurities and water molecules.The powder is heated at
500°C for 4 hours on a Muffle furnace, resulting in the
formation of yellow-colored CeO; nanoparticles.

Synthesis of CuO: To synthesize CuO, 10% copper sulfate
solution was prepared by dissolving the salt in 100 mL of
distilled water. This solution was then converted into copper
hydroxide by the gradual addition of 1M ammonium
hydroxide (NH+«OH) under vigorous stirring. The resulting
precipitate was thoroughly washed with distilled water and
dried in a hot air oven at 100 °C to eliminate residual
moisture. The dried solid was then ground using a mortar
and pestle, followed by calcination at 500 °C for 2 hours to
obtain copper oxide (CuO).
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Formation of CuO/CeO; binary composites: Pure cubic-
phase CeO: was synthesized and used in the fabrication of
CuO/Ce0O: binary composites, incorporating CuO. To
prepare the 2 wt% CuO/CeO: composite, 0.02 g of CuO was
dispersed in 40 mL of ethanol followed by the addition of
0.2750 g of oxalic acid. The mixture was stirred using an
electromagnetic stirrer to achieve a uniform suspension.
Then, 0.98 g of CeO- was introduced into the suspension and
the mixture was stirred continuously for 6 hours. The
resulting suspension was dried and subsequently annealed at
300 °C for 3 hours in a Muffle furnace. The final product
was labeled as 2CuCe. Different ratios of CuO and CeO:
were also used to synthesize a series of binary composites,
all designated with the name 2CuCe, 4CuCe, 6CuCe and
8CuCe.

Preparation of AgFe;O./CeO; binary composites: To
synthesize 4 wt% AgFe.04/CeO- binary composites, 0.024 g
of AgFe>0a was first dispersed in 40 mL of ethanol. This
dispersion was then combined with 0.2750 g of oxalic acid
and stirred using an electromagnetic stirrer to form a uniform
suspension. Next, 0.96 g of CeO- was added to the mixture
and the entire blend was stirred continuously for 6 hours.
The resulting suspension was dried in a hot air oven and
subsequently annealed at 300 °C for 3 hours in a Muffle
furnace. This same method was applied to prepare other
binary composites with varying AgFe.Os« contents
specifically 4 wt%, 8 wt%, 12 wt% and 16 wt% which were
designated as AgFeCed4, AgFeCe8, AgFeCel2 and
AgFeCel6 respectively.

Preparation of CuO/AgFe;04/Ce0; ternary
nanocomposites: To synthesize 4 wt% CuO/AgFe204/CeO2
ternary nanocomposites, 0.04 g of CuO was first dispersed
in 40mL of ethanol. To this dispersion, 0.96g of
AgFe>04/CeO: binary composite and 0.2750 g of oxalic acid
were added. The mixture was stirred using an
electromagnetic stirrer until a uniform suspension was
achieved. This suspension was continuously agitated for 12
hours, then dried and subjected to annealing at 300 °C for 3
hours in a Muffle furnace to obtain the final ternary
nanocomposite. Using the same procedure, ternary
composites containing 8 wt%, 12 wt% and 16 wt% of CuO
were also prepared by adjusting the CuO-to-binary
composite ratio accordingly.

Evaluation of Photocatalytic Activity: A locally fabricated
photocatalytic reactor setup was utilized to evaluate the
degradation performance of organic dyes under natural
sunlight exposure. The solar light intensity, determined
using the ferrioxalate actinometry method, was measured at
1.20 x 10~ Einstein L' s!. The reactor was placed in a
uniformly illuminated area, with its temperature regulated by
circulating water through the outer jacket to maintain
thermal stability. In a standard photocatalytic test, 100 mL
of a dye solution (concentration: 50 mg/L) was mixed with
100mg of the photocatalyst inside the reactor. The
degradation process was initiated and changes in dye
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concentration were tracked using an Elico UV-Vis
spectrophotometer by recording absorbance at the dye’s
maximum wavelength (Amax).

The percentage of degradation was calculated using the
following relations:

Co-C

0

% of Degradation = ( jxlOO

The initial concentration of the dye solution, denoted as Co,
is equal to the remaining concentration of the dye after
degradation.

Characterization: X-ray powder diffraction (XRD) images
of pigments were obtained using a Philips X'pert-MPD
diffractometer with Cu-Ka radiation in the 26 range of 20-
80°. Measurements were conducted with a step size of 0.028
(20) at ambient temperature. The compositional phases of
the materials were determined by contrasting the simulated
X-ray powder patterns with the JCPDS standard. Crystallite
sizes were calculated using the Scherrer equation based on
peak widths. Surface morphologies and particle sizes were
investigated using Scanning electron microscopy (JEOL
JSM-6360LV). Diffuse reflectance spectra in the UV-visible
range were collected using a Perkin-Elmer Lambda 35
spectrometer, with BaSO4 serving as the reflection standard.
The luminescent emission bands of the materials were
determined at room temperature using a Perkin-Elmer LS 55
Luminescence  spectrophotometer.  Fourier-transform
infrared (FT-IR) spectra were acquired using a Bruker
Vector 22 spectrometer.

Results and Discussion

The CuO/AgFe.04/CeO: ternary nanocomposites were
synthesized using a polar solvent dispersion technique while
the individual precursor materials were prepared through
sol-gel and hydrothermal methods. This synthesis approach
is environmentally friendly, cost-effective and facilitates the
formation of crystalline nanostructures with diverse
morphologies.  The  resulting  CuO/AgFe.04/CeO:
composites were thoroughly characterized to examine their
morphology, crystallite size, optical behavior and molecular
structure using various analytical techniques, including X-
ray diffraction (XRD), Scanning electron microscopy
(SEM), UV-Visible diffuse reflectance spectroscopy (DRS),
Photoluminescence (PL) and Fourier-transform infrared
spectroscopy (FTIR).

Crystalline structures analysis: Powder X-ray diffraction
(XRD) was employed to assess the crystallinity and phase
purity of the synthesized photocatalysts. The XRD patterns
of the as-prepared materials including pure photocatalysts
such as CeO2, CuO, AgFe20a, binary composites (AgFe20a/
CeO:2 and CuO/Ce0:) and the ternary CuO/ AgFe>04/CeO2
nanocomposites are presented in figure 1.
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Figure 1: XRD patterns of pure (CeOz, CuO, AgFe.04), binary (AgFe;04/CeO, and CuO/CeO, composites) and
CuO/AgFe204/Ce0; ternary nanocomposites.
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Figure 2: FTIR spectrs of CeO, AgFe204 CuO and CuO/ AgFe,04/CeO- ternary nanocomposites

The diffraction peaks observed for AgFe.Oa correspond well
with those reported in JCPDS card No. 00-032-0369,
confirming its spinel cubic crystalline structure. No
additional peaks were detected, indicating the absence of
impurities. The CeO: nanoparticles exhibited prominent
peaks at 20 values of 28.36°, 33.01°, 47.38°, 56.21° and
59.14° which are in agreement with the cubic fluorite
structure of CeOs, as indexed in JCPDS card No. 75-0076.
Similarly, the diffraction peaks of CuO matched those listed
in JCPDS card No. 45-0937, confirming the successful
synthesis of the monoclinic phase. The presence of NiO was
also identified, characterized by its monoclinic crystalline
phase based on its diffraction profile.

In the 8 wt% CuO/CeO: binary composite, the XRD pattern
closely resembled that of CeO-, though with much weaker
intensity peaks at approximately 20 = 35.74° and 38.79°,
attributed to the lower CuO content. In contrast, the
AgFe;04/CeO: binary composite showed more distinct
reflections corresponding to AgFe>O. along with some CeO2
peaks. In the ternary CuO/AgFe.0./CeO. nanocomposites,
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additional weak peaks appeared at 20 = 35.74°, 38.79°,
35.83° and 39.83°, corresponding to the characteristic planes
of AgFe>04 and CuO, confirming the successful integration
of all three components. The results are explained by the
comparatively modest diffraction intensity brought on by the
little amounts of CuO and AgFe;0.s. The ternary XRD
pattern showed no signs of an impurity phase®. As a result,
the three-phase composition of the ternary hybrid
composites could be verified.

Molecular Interaction Analysis: The FT-IR spectra
recorded in the range of 4004000 cm™ (Figure 2) confirm
the presence of functional groups in CeO2, AgFe.04, CuO
and the CuO/AgFe.04/CeO: ternary nanocomposites. A
broad absorption band observed around 3369 cm™
corresponds to the O-H stretching vibrations, which are
typically attributed to surface hydroxyl groups or adsorbed
water molecules. Strong absorption bands appearing near
1380 and 1520cm™ are associated with the Ce-O-Ce
vibrational modes.
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In the FT-IR spectra of both CeO: and the CuO/AgFe.04/
CeO: ternary nanocomposites, a noticeable band near
663 cm™ is assigned to the stretching vibrations of metal—
oxygen bonds, specifically Cu-O, Ce-O and Ag-O
linkages'®. Moreover, the CuO/AgFe.04/CeO: spectra show
a peak at 1089 cm™ which is attributed to the O-W-O
stretching vibration. These spectral features suggest the
successful ~ formation of ternary  nanocomposites
incorporating multiple metal oxides, particularly those
involving CeO: as a matrix material.

Res. J. Chem. Environ.

Surface properties analysis: The morphology and
dispersion of the photocatalysts were examined using
scanning electron microscopy (SEM). Figures 3 (a, b and c)
present the SEM images of pure CeO:, AgFe.O4 and CuO
which exhibit distinct surface morphologies such as spongy
structures for CeO., irregular granular formations for
AgFe.04 and a shrunken, molten-like surface for CuO. The
SEM images of 8wt% CuO/CeO: and 12wt%

AgFe204/CeO2 binary composites are shown in figure 3 (d
and e).
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Figure 3: SEM images of (a) pure CeO;, (b) AgFe;04, (¢) CuO (d) 8 wt% CuO/CeO,
(e) 12wt% AgFe,04/CeO, composites and (f) 12wt% CuO/ AgFe,04/CeO; ternary nanocomposites.
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These composites consist of bulky structures formed by the
agglomeration of irregularly shaped particles. Each binary
nanocomposite displays a unique surface morphology,
suggesting that the interaction between different
semiconductors and the CeO. matrix leads to distinct
structural features. Figure 3(f) shows the SEM image of the
12wt% CuO/AgFe.04/CeO: ternary nanocomposite.
Compared to the binary composites and pure CeO-, the
ternary system exhibits a noticeably different morphology,
described as a cloud-like surface texture. This suggests that
CuO and AgFe:Os4 are well dispersed within the CeO:
matrix. Although a clearly defined morphology is not
evident in the ternary structure, this type of surface
architecture may still be favorable for photocatalytic
applications, particularly in the degradation of textile dyes.

Crystalline nature Analysis: Transmission electron
microscopy (TEM) was used to examine the size and
distribution of CuO and AgFe:Os particles on the CeO:
matrix (Figure 4). The TEM image of the 12 wt% CuO/
AgFe:04/CeO: ternary nanocomposites showed particles
with a nearly spherical shape, ranging in size from
approximately 50 to 100 nm. The individual nanoparticles of
CuO, AgFe20. and CeO: exhibited an average size of about
50 nm. These results are consistent with the crystallite size
values obtained from XRD analysis and the particle size
distribution of CuO and AgFe.O. appeared to be quite
narrow, centered around 50 nm.

The selected area electron diffraction (SAED) pattern of the
synthesized 12 wt% CuO/AgFe:04/CeO: composite is

Res. J. Chem. Environ.

shown in figure 4(d). The presence of concentric rings
composed of faint, fine spots is indicative of polycrystalline
CeO:, while the intense, well-defined diffraction spots
correspond to the highly crystalline nature of the CuO and
AgFe>04 nanoparticles®®.

Optical Properties analysis: The photocatalytic activity of
a semiconductor material is largely influenced by its
photoresponse, which is determined by its band gap energy.
The optical absorption behavior of the synthesized materials
was analyzed wusing UV-Vis diffuse reflectance
spectroscopy (DRS), as shown in figure 5. CuO
demonstrated strong absorption across both the UV and
visible regions (200-750 nm). In contrast, pure CeO:, being
a wide band gap semiconductor, exhibited significant
absorption in the UV region but minimal response beyond
400 nm in the visible range. The AgFe.O4 sample showed a
primary absorption peak in the UV region along with a
secondary peak around 550 nm, indicating its capability to
absorb light in both the UV and visible regions effectively.

The CuO/AgFe;04/Ce0- ternary nanocomposites largely
shift to in the range of visible light absorption (372 to 752
nm). In comparison with the undoped-CeO, and
AgFe;04/Ce0O, binary composites, CuO/AgFe;04/CeO;
ternary nanocomposites showed a red shift in absorption
edge, indicating the CuO coating on AgFe;04/CeO;
composites, This result is advantageous to broaden the
response  region of CuO/AgFe;04/CeO, ternary
nanocomposites to visible light and to use solar light as light
source in the degradation of dye wastewater>’.

Figure 4: TEM images and SAED pattern of 12wt% CuO/AgFe.04/CeO; ternary hanocomposites
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Figure 5: UV-vis DRS of pure (CeO,, CuO, AgFe,0s4), binary (AgFe,0.4/CeO; and CuO/CeO; composites) and
CuO/AgFe204/Ce0; ternary nanocomposites.
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Figure 6: PL spectra of pure CeO;, 8wt% binary CuO/CeO;, 12wt% AgFe,04/CeO, composites,
12wt% CuO/ AgFe,04/CeO; ternary nanocomposites

Optical Properties analysis: The charge separation
efficiency in the prepared materials was investigated using
photoluminescence (PL). Photoluminescence (PL) emission
typically results from the recombination of photogenerated
electron—hole pairs, releasing the absorbed photoenergy.
Therefore, higher PL intensity is generally indicative of a
greater recombination rate. Figure 6 presents the PL
emission spectra of pure CeO:, 8 wt% CuO/CeO, 12 wt%
AgFe:04/CeO2 binary composites and 12 wt% CuO/
AgFe>04/CeO: ternary nanocomposites. All measurements
were conducted at room temperature with an excitation
wavelength of 380 nm. Each sample displayed an emission
peak at 602nm, corresponding to the radiative
recombination of electrons and holes.

The PL intensity for both 8 wt% CuO/CeO: and 12 wt%
AgFe>04/CeO: composites was lower than that of pure CeOs,
indicating reduced electron—hole recombination. Among all
the samples, the 12wt% CuO/AgFe.0./CeQ: ternary

https://doi.org/10.25303/2911rjce0920103

nanocomposite exhibited the lowest PL intensity, suggesting
a more efficient suppression of charge carrier recombination.
These findings imply that the combined effect of CuO and
AgFe>O4 on the CeO: matrix enhances charge separation and
extends the lifetime of photogenerated carriers. The
decreased PL intensity of the ternary composite supports its
improved photocatalytic performance for dye degradation.

Photocatalytic Studies

Photodegradability of methylene blue dye: Figure 7
illustrates the photocatalytic performance of various
nanocomposites including pure materials (CeO2, CuO,
AgFe>0.), binary systems (AgFe204/CeO2 and CuO/Ce02)
and the CuO/AgFe:0./CeO: ternary nanocomposites, all
tested for the degradation of methylene blue (MB) dye under
solar irradiation. MB dye was chosen for this study due to its
strong absorption in the UV-visible range. According to the
UV-visible absorption spectra, a 30 mg/L. MB dye solution
absorbs approximately 80% of incident light between 550
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and 700nm over lcm path length. Therefore, at
concentrations above 30 mg/L, complete degradation using
a simple photocatalytic method such as with CeO- alone
becomes more challenging and time consuming.

The binary composites, CuO/CeO: and AgFe.0./CeOs,
displayed improved photocatalytic activity compared to the
individual pure components. It was observed that the
photocatalytic degradation of MB dye increased
progressively with the incorporation of CuO and AgFe>Oa
into the CeO: matrix. Interestingly, the highest degradation
efficiencies were achieved with 8 wt% CuO/CeO: and
12 wt% AgFe.04/CeO: composites. However, increasing the
content of CuO or AgFe.Os beyond these optimal levels
resulted in reduced activity, indicating that excess loading
may hinder photocatalytic efficiency.

Further studies have explored enhancing CeO:'s
photocatalytic response by developing ternary systems with
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varying CuO loadings on a 12 wt% AgFe.04/CeO: base
under solar light. The goal was to further boost CeO:’s
activity. After 70 minutes of solar exposure, the degradation
rates for MB dye using 8 wt% CuO/CeO: and 12 wt%
AgFe;04/Ce0: composites reached only 62% and 65%
respectively, reinforcing the importance of optimizing the
component ratios for maximum performance.

Under identical experimental conditions, the
CuO/AgFe.0.4/CeO: ternary nanocomposites demonstrated
superior photocatalytic degradation efficiency, ranging from
87% to 99%. Notably, increasing the CuO content to 12 wt%
significantly enhanced the photocatalytic performance of the
composite, indicating an optimal enhancement in activity at
this concentration. However, when the CuO content was
further increased to 16 wt%, a decline in degradation
efficiency to approximately 83% was observed.
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Figure 7: Photocatalytic degradation plots of MB dye over pure CeO,, CuO, AgFe;Og, binary
(AgFe204/Ce0O; and CuO/CeO; composites) and CuO/AgFe;04/CeO; ternary nanocomposites
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Figure 8: Photocatalytic kinetic plots of MB dye over pure CeO;, CuO, AgFe.O4, binary
(AgFe204/Ce0, and CuO/CeO; composites) and CuO/AgFe204/CeO; ternary hanocomposites
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This reduction suggests that excessive CuO may lead to
aggregation or surface coverage that inhibits active site
accessibility. Therefore, 12 wt% CuO is identified as the
optimal loading for achieving maximum photocatalytic
efficiency in the CuO/AgFe:0./CeO: ternary system.
Figures 8 illustrates the photocatalytic degradation kinetics
of MB dye under the effect of AgFe.0s, CeO,, CuO,
AgFe;04/Ce0,, CuO/CeO; and CuO/AgFe;04/CeO- ternary
nanocomposites. The data obtained from the degradation
studies were analysed with the Langmuir—Hinshelwood
kinetic model:

r_ kKc
* 1+ KC

where rs is the specific degradation reaction rate the dye
(mgl*min?), C the concentration of the dye (mgl?), k the
reaction rate constant (min~1) and K is the dye adsorption
constant. When the concentration (C) is small enough, the
above equation can be simplified in an apparent pseudo first-
order equation:

r,=kKC =K_,C (: —%j

After integration, we will get:

C
-In| — | = Kappt
(&) =k

where Co is the initial concentration (mgl?), C is the
concentration of the dye after (t) minutes of illumination.
The data obtained from the degradation of MB dye fits well
the apparent pseudo first order kinetics. The electrons in the

Energy (V vs NHE)

MB dye ——
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conduction band can be transferred to surface adsorbed
oxygen molecules and form superoxide anions, which can
further transform to OH* and initiate the degradation of dye.

Photocatalytic mechanism: The improved visible light
absorption and effective charge separation and transfer via
many channels, as suggested in figure 9, are two major
variables that contribute to the increased sunlight
photocatalytic efficiency of CuO/AgFe;04/CeQ; ternary
nanocomposites.

To understand the mechanism of electron—hole separation, it
is essential to determine the valence band (VB) and
conduction band (CB) edge potentials of the synthesized
CuO, AgFe:04 and CeO: materials. These values can be
estimated wusing standard theoretical equations for
semiconductor photocatalysts®. A potential charge transfer
pathway is proposed for the CuO/AgFe.0./CeO: ternary
nanocomposites to explain their enhanced photocatalytic
activity (illustrated in figure 10). In this proposed
mechanism, CeO: serves as a mediator between CuO and
AgFe;04 during the photocatalytic process.

As shown in figure 9, the VB of CeO: (2.56 V) is more
positive compared to AgFe204 (2.50 V) and CuO (1.20 V).
Additionally, CeO: exhibits a CB potential of -0.32 V, which
iS more negative than that of AgFe.04 (-0.05V) but less
negative than CuO (-0.58 V). This allows photogenerated
electrons in the CB of CeO: to transfer toward AgFe:Oa,
while electrons from the CB of CuO can migrate into CeOx.
At the same time, photogenerated holes can move from the
VB of CeO: to that of AgFe.O.. This efficient spatial
separation of electrons and holes reduces recombination and
facilitates the generation of reactive oxygen species,
significantly enhancing the photocatalytic degradation of
pollutants.

Degraded
product

"OH+ H* H,0
> MBdye——

Degraded
product

Figure 9: Photoelectron and hole separation mechanism proposed on CuO/AgFe,04/CeQ; ternary nanocomposites

https://doi.org/10.25303/2911rjce0920103

100



Research Journal of Chemistry and Environment

Vol. 29 (11) November (2025)

Radical trapping experiments: The effectiveness of a
photocatalytic process is largely influenced by the
involvement of specific reactive species. To better
understand the degradation mechanism of methylene blue
(MB) dye, radical scavenging experiments were performed
to identify the roles of different active species. The results of
these experiments are shown in figure 10. Triethanolamine
(TEOA), benzoquinone (BQ) and isopropanol (IPA) were
used as scavengers for holes (h*), superoxide radicals (¢O2")
and hydroxyl radicals (*OH) respectively. These scavengers
were selected based on the known significance of these
species in the photocatalytic degradation of organic
pollutants under solar irradiation®>!*. For comparison, a
control experiment was also conducted without any
scavenger (NSC).

As illustrated in figure 10, approximately 98% degradation
of MB dye occurred in the absence of scavengers. When BQ
and IPA were added, the degradation efficiency dropped to
51% and 39% respectively, indicating the essential roles of

Res. J. Chem. Environ.

superoxide and hydroxyl radicals in the photocatalytic
process. The addition of TEOA also led to a reduction in
degradation efficiency, down to around 84%, suggesting that
holes (h*) contribute to the degradation but to a lesser extent
than radicals. These results confirm that both *OH and *O.~
are the primary reactive species responsible for the efficient
breakdown of MB dye.

Stability and Reusability: To evaluate the stability of the
12 wt% CuO/AgFe.04/CeO: ternary nanocomposites during
photocatalytic processes, recycling experiments were
performed by repeatedly degrading methylene blue (MB)
dye under solar irradiation across five consecutive cycles. As
illustrated in figure 11, the photocatalytic performance of the
nanocomposite remained consistently high even after three
cycles. A slight decrease in degradation efficiency was
observed in the later cycles, which may be attributed to
photocatalyst loss or possible catalytic deactivation during
the reuse experiments®.

—=—0°_ . BQ
—e—OH " IPA
—a—h" — = TEOA
—v—NSC

20 40

80 100 120

Time(Min)

Figure 10: Effect of trapping agents on photocatalytic degradation using 12 % CuO/AgFe;04/CeO-
ternary nanocomposites
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Figure 11: Stability test of 12 % CuO/AgFe204/CeO; ternary nanocomposites for five cycles after recycling five times
for MB dye degradation
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Conclusion

In this study, CuO/AgFe.04/CeO2 ternary nanocomposites
were successfully synthesized using a simple ethanol-based
dispersion method followed by annealing at 300 °C for three
hours. The formation of the ternary nanocomposite was
confirmed by PXRD and FT-IR analyses, which showed
distinct peaks corresponding to CuO, AgFe:04 and CeOs.
SEM imaging revealed that the material exhibited a uniform,
fine powder morphology. UV-Vis DRS analysis indicated
strong visible light absorption within the 550-750 nm range
for the CuO/AgFe204/CeO: composite. Furthermore, the PL
spectrum showed a relatively weak emission intensity,
suggesting reduced recombination of photoinduced charge
carriers and efficient electron trapping.

The alignment of the energy band positions among NiO,
AgFe>04 and CeO: further promoted charge separation and
transfer. Under sunlight irradiation, the 12 wt% CuO/
AgFe204/Ce02 nanocomposite demonstrated enhanced
photocatalytic performance, achieving dye degradation
efficiency of up to 99% within 70 minutes, an improvement
from the initial 87%. This enhancement is attributed to the
presence of CuO and AgFe.O., which act as electron traps,
minimizing recombination and generating more holes,
thereby increasing the formation of hydroxyl radicals that
drive the degradation process.

The active species mainly involved in dye degradation were
identified as superoxide (O:"*) and hydroxyl radicals (*OH).
Reusability tests confirmed the excellent stability and
reusability of the CuO/AgFe>0./CeO: photocatalyst. This
work introduces a promising class of solar-responsive
photocatalysts suitable for accelerating the breakdown of
textile dyes.
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