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Abstract

This study focuses on the synthesis and broad characterization of cadmium-doped vanadium pentoxide (Cd-doped V,Os)
nanoparticles via the co-precipitation method, emphasizing the investigation of varying Cd** concentrations in V,0s. The
synthesized nanoparticles were extensively characterized using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and UV—Vis diffuse reflectance spectroscopy (UV-Vis DRS), revealing crystallite sizes ranging from
24 to 29 nm, identifying functional groups, and elucidating bandgap energies from 2.07 to 1.88 eV. Morphological analyses
by field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) confirmed the
presence of rod-like nanostructures without agglomeration. Energy-dispersive X-ray spectroscopy (EDX) confirmed
successful Cd*" integration into the V,Os structure, while further characterization via X-ray photoelectron spectroscopy
(XPS) and photoluminescence spectroscopy provided insights into valency, electron states, and material affinity. The
catalytic activity of Cd-doped V,0s5 nanoparticles in degrading Rhodamine B (Rh-B) dye was investigated under various
conditions. pH variations notably influenced degradation rates, with acidic and alkaline environments demonstrating
enhanced degradation capabilities due to electrostatic interactions and increased catalytic activity, respectively. Optimal
catalytic efficiency was observed at a nanoparticle concentration of 10 mg, with declining efficiency attributed to surface
area saturation at higher concentrations. Increasing dye concentrations inversely correlated with degradation percentages
due to reduced hydroxyl radical formation. Reusability studies indicated consistent degradation efficiency over multiple
cycles, suggesting promising applications of Cd-doped V,0s5 nanoparticles in sustainable wastewater treatment.
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1 Introduction

In recent years, significant strides have been taken to
develop doped nanoparticles, particularly in transition
metal oxides, due to their capacity to enhance various
properties such as optical, luminescent, magnetic, catalytic,
and electrochemical characteristics. These advancements
open up a plethora of potential applications spanning
optoelectronic  devices, photocatalysis, antimicrobial
activities, supercapacitors, and gas sensors (Cleret de
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Langavant et al. 2024; Naeema et al. 2023; Salleh et al.
2024). The pressing concerns of environmental pollution
and the energy crisis have led scientists to explore semi-
conductor photocatalysts as a solution for harvesting solar
energy and mitigating environmental pollution (Salleh
et al. 2024; Javdani-Mallak and Iman Salahshoori 2024).
Rhodamine B, a common textile industry pollutant,
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underscores the urgency to sense and degrade hazardous
chemicals below permissible limits to protect human health
and the environment (Farooque Lanjwani et al. 2024;
Bhakare et al. 2024; Boukoussa et al. 2024; Padervand
et al. 2020; Ren et al. 2024; Dawi et al. 2023; Naderah-
madian et al. 2023). The exploration of semiconductor
materials, particularly transition metal oxides like V,0Os,
has garnered significant attention due to their promising
photocatalytic properties. V,0s, with its unique structural
characteristics and narrow band gap, presents exceptional
performance across various applications (Vinothini et al.
2024a). The crystalline structure of V,0s, characterized by
ordered two-dimensional layers, alongside its specific
atomic arrangement and band alignment, make it highly
promising for photocatalytic applications, particularly in
harnessing solar energy (Bhuvaneswari et al. 2024;
Zolfagharpour et al. 2024). However, early studies utilizing
V,0s derived from raw vanadium ore revealed limited
photocatalytic performance. This spurred advancements in
synthesis methodologies, leading to the exploration of
various fabrication techniques including hydrother-
mal/solvothermal processes, sol-gel methods, electrode-
position, and high-temperature calcination (Zolfagharpour
et al. 2024; Kocisova et al. 2024; Morsy et al. 2024). These
approaches aim to tailor the properties of V,0s, optimizing
its photocatalytic activity and overall performance. Despite
its favourable attributes, such as high oxidation state, ele-
vated decomposition temperature, and chemical stability,
V,05 faces challenges associated with its narrow band gap.
This characteristic, while advantageous for efficient light
absorption, also promotes the recombination of photoex-
cited electrons and holes, limiting the overall efficiency of
the photocatalytic process (Wang et al. 2024; Jia et al.
2024). Addressing this issue has become a central focus of
research efforts, driving the exploration of innovative
strategies to enhance carrier separation and improve the
overall efficacy of V,0s -based photocatalysis. One
promising approach involves doping V,05 with transition
metals, a strategy aimed at modifying its electronic struc-
ture to mitigate the recombination of charge carriers and
thereby enhance its photocatalytic performance. Numerous
transition metals including Ni, Fe, Cu, Mo, Zn and Cd have
been investigated for their potential to enhance the pho-
tocatalytic activity of V,05 (Sammed et al. 2024; Kishan
Chand et al. 2024; Algahtani et al. 2024; Sahoo et al. 2024,
Ghannam et al. 2024; Vinothini et al. 2024b). However,
challenges such as recombination of photoexcited electrons
and holes hinder its photocatalytic efficiency. The intro-
duction of dopants into metal oxides, including transition
metals, induces surface defects which significantly influ-
ence their photoluminescent, catalytic, and antibacterial
properties. Moreover, dopants can alter the optoelectronic
properties, often shifting light absorption towards the
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visible spectrum. Doping V,0s5 with transition metals
offers a promising strategy to enhance its photocatalytic
performance, with recent studies demonstrating significant
improvements in photocatalytic degradation, especially in
visible light-induced degradation of organic dyes. Hetero-
geneous photocatalytic advanced oxidation technologies
(AOT) have emerged as effective methods for non-selec-
tive degradation of harmful chemicals into environmentally
benign products. Textile industry wastewater, enriched
with coloured dye effluents, primarily comprising azo
compounds, poses significant environmental challenges
(Alsharyani and Muruganandam 2024; Kumar et al. 2024;
Gorsi et al. 2024; Chenchen et al. 2022). Semiconductor
photocatalysts play a pivotal role in environmental pro-
tection by decomposing organic pollutants into water, CO,,
and mineral acids. For instance, recent studies have
demonstrated that the co-doping of V,0s5 with metals like
Cd and Cu can lead to significant improvements in pho-
tocatalytic degradation, particularly in the visible light-in-
duced degradation of organic dyes such as Congo red.
Despite these advancements, challenges remain, including
the wide band gap, low surface area, and high electron—
hole pair recombination rate associated with V,05 photo-
catalysts. Addressing these challenges will require contin-
ued innovation and interdisciplinary collaboration to
unlock the full potential of V,05 and other transition metal
oxides for efficient solar-driven photocatalysis. Despite
these advancements, challenges such as wide band gap,
low surface Cadmium (Cd) doping of vanadium pentoxide
(V,05) nanoparticles serves as a versatile strategy in pho-
tocatalytic dye degradation (Qu et al. 2022; Xu et al. 2024).

Cadmium (Cd) doping of vanadium pentoxide (V,0s)
nanoparticles serves as a versatile strategy in photocatalytic
dye degradation. Firstly, it aims to enhance the photocat-
alytic activity of V,0s, thus improving its effectiveness in
degrading organic dyes present in wastewater. Secondly,
by tuning the optical, electronic, and structural properties
of V,0s, Cd doping allows for tailored performance, cru-
cial for optimizing photocatalytic efficiency. Thirdly, the
incorporation of Cd has been found to increase the stability
and durability of V,0s-based photocatalysts, ensuring
sustained performance over multiple reaction cycles.
Despite concerns about cadmium’s toxicity, its controlled
presence within doped materials mitigates risks, especially
considering the benefits it offers in terms of improved
photocatalytic activity. Additionally, Cd doping provides a
means to control the synthesis process of V,05 nanopar-
ticles, influencing factors such as particle size, morphol-
ogy, and surface area, which are crucial for enhancing
photocatalytic performance.
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2 Materials and Methods
2.1 Materials

Chemicals were procured from Sigma Aldrich, India,
including Cadmium acetate (C4H¢CdO4), Ammonium
metavanadate (NH,VOs3), Ammonium solution and Ethy-
lene glycol (C,HgO,), all processed using double-distilled
water during synthesis.

2.2 Synthesis of Cd-Doped V,05 Nanoparticles

Cd-doped V,05 nanoparticles were synthesized using the
co-precipitation method. Ammonium metavanadate (NH,.
VO3) was dissolved in 100 mL of ethylene glycol at a
concentration of 1 M. Various quantities (1 wt%, 5 wt%,
and 10 wt%) of cadmium sources were added, and the
mixture was vigorously stirred for two hours at 100 °C. To
maintain a pH of 2-3, approximately 1 mL of ammonia
solution was added dropwise. After cooling to room tem-
perature, the resulting precipitates were centrifuged and
washed with ethanol and distilled water, repeating the
process five times. The sample was air-dried at room
temperature and calcined at 600 °C for approximately two
hours. The same process was followed for pure V,Os
nanoparticles without cadmium addition. The finely divi-
ded Cd-doped V,0s nanoparticles obtained were utilized
for further material examinations (Remila et al. 2024).

2.3 Materials Characterization

Material structural identification and crystalline phase were
determined using an X-ray diffractometer (26 = 10°-50°,
Cu-Ka radiation). Morphological changes were observed
using HRTEM and FE-SEM with EDX. Functional groups
and electronic transitions were analyzed using FT-IR
spectrometer, UV-DRS, and Photoluminescence (PL)
spectrofluorometer PC1 with an excitation wavelength of
330 nm. The bonding and binding between compounds
were elucidated using XPS spectroscopy.

2.4 Photocatalytic Dye Degradation Activity

Dye degradation was examined using Cd-doped V,Os
catalyst under visible light (Xenon > 400 nm) irradiation
with Rh-B dye. Initially, 10 mg of nano-catalysts were
impregnated in a 100 mL dye solution, followed by equi-
libration in dark conditions for 15 min with continuous
magnetic stirring. The combined solutions were irradiated
with visible light, and samples were taken out at regular
intervals. After centrifugation to eliminate nanoparticles,
dissociated dye molecules were observed using UV-Vis,

and degradation percentage was calculated using the
formula:

Dye degradation (%) = (C0 — Ct)/C0 x 100, (1)

where CO is initial dye solution absorbance and Ct is
irradiated dye solution absorbance (Minisha et al. 2024).

To elucidate the active species involved in the photo-
catalytic degradation of dye, a scavenging analysis was
conducted. This method aimed to identify and confirm the
presence of super oxides, free radicals, and holes that
participate in the photocatalytic process. Specific scav-
engers were employed to target each type of reactive spe-
cies: triethanolamine (TEOA) for holes, p-benzoquinone
(BQ) for superoxide radicals, and isopropyl alcohol (IPA)
for hydroxyl radicals. Each scavenger was used at a con-
centration of 1 mmol/L. during the reaction period. The
decrease in degradation efficiency in the presence of each
scavenger was used to infer the involvement of the corre-
sponding reactive species. The results from the UV
absorbance measurements allowed for the determination of
the efficiency of the reactive species generated during the
photocatalytic process.

3 Results and Discussion
3.1 XRD Analysis

The structural stability and crystallinity were determined
from X-ray diffractometer and their findings were dis-
played from Fig. 1. The pure and different Cd concentra-
tions of V,05 nanoparticles are exposed the Fig. 1. The
V,05 nanoparticles exhibit peaks at 2-theta values of
15.82°, 22.27°, 26.54°, 29.81°, 31.47°, 32.45°, 34.64°,
39.93°, 41.26°, 42.34°, 43.14°, 43.74°, 45.82°, 46.26°, and
47.35°, corresponding to the planes (200), (010), (101),
(310), (400), (011), (301), (311), (120), (220), (112), (510),
(411), (501), and (660), confirming the orthorhombic
structure of V,0s, consistent with the JCPDS card 86-2248.
The Cd>" substitutions over the V,Os nanoparticles,
occupied the V,05 system and their concentrations are
increased the intensities. The occupied intensities of Cd
and their 2 theta peaks are 15.84°, 22.28°, 26.56°, 29.84°,
31.45°, 32.47°, 34.68°, 39.96°, 41.24°, 42.32°, 43.16°,
43.76°, 45.8°, 46.24°and 47.32° which are highly attribute
the planes of (200), (010), (101), (310), (400), (011), (301),
(311), (120), (220), (112), (510), (411), (501) and (660).
The obtained peaks are confirmed the orthorhombic V,05
system with the card of 86-2248 (JCPDS) (Bansal and Jain
2024; Nivetha et al. 2024). The peak modifications of
shifting and intensity increments are emanates Cd*"
occupation and enhancement of the surface area (Nivetha
et al. 2024). The disappeared and shifted peaks are
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Fig. 1 X-ray diffraction 1000
patterns of JCPDS of V,Os, 10 M (%) Cd -V;05 (910)
pure V,0s and Cd (1, 5 and 10 500 (200)

M%) doped V,0s5 nanoparticles
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demonstrating the formation and substitution of the V,0s5
lattice system and their Cd introduction on the V,0Os pro-
vides the peaks in V,0s surfaces and there are no new
peaks are appeared. The crystallite sizes of the synthesized
nanoparticles were estimated using the Debye—Scherrer
formula, resulting in sizes of 35 nm for pure V,Os and 29
nm, 27 nm, and 24 nm for 1%, 5%, and 10% Cd-doped
V,05 nanoparticles, respectively. These size variations are
attributed to differences in ionic radii and various phase
substitutions within the synthesized materials.

3.2 FTIR Analysis

Figure 2 depicts the FTIR spectra of the synthesized pure
and Cd-doped V,Os5 nanoparticles, elucidating their role in
stabilizing functional groups and forming V,0s nanopar-
ticles alongside Cd dopants at varying concentrations. The
pure V,0s nanoparticles exhibited the bands at 449 cm™",
519 cm™!, 606 cm™! and 823 cm™! were identified as
symmetric vibrations of V-O-V. The doping of Cd notably
reduces the intensity of the OH peak across all concen-
trations. The presence of secondary OH vibrations and
secondary C-O stretching of Cd-doped V,05 nanoparticles
is indicated by the narrow peak at 1010 and 1014 cm™'
(Abd EIl-Ghany et al. 2024). Primary and secondary
stretching within a broad spectrum confirm the reduction
and stabilization of the synthesized Cd-doped V,Os5
nanoparticles, with prominent V-O stretching vibrations
observed between 512-643 cm™', signifying metal and
metal-oxygen interactions via chemisorbed molecules
(Odhaib et al. 2024; Singh et al. 2024). The attachment of
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Cd metal to the inner sites of V,0Os nanoparticles is con-
firmed by peaks at 647-871 cm ™', with the peaks shifting
to lower/higher wavelengths at higher Cd concentrations,
indicative of varying interactions between metals and metal
oxide surfaces (Anand Pandarinath et al. 2024; Hussain
et al. 2024). Higher Cd concentrations result in the disap-
pearance of peaks, suggesting a strong interaction between
Cd and V,0Os materials.

The dominance of Cd*" in the V5,05 system reduces OH
peak intensities in correlation with Cd doping, while sec-
ondary peaks from C-O and OH stretching of Cd-doped
V,05 nanoparticles are observed between 1000-1200
cm™ !, Cationic substitution, metal-oxygen interface, and
oxygen stabilization are estimated from peaks at 770-980
cm~'. Higher Cd*" concentrations decrease peak intensi-
ties and shift them, penetrating the V,Os system more
effectively and confirming the absence of other elements at
their interfaces (Hussain et al. 2024; Mishra 2024). The
FTIR spectroscopy thus highlights the significant role of
Cd*" in influencing the functional groups, metal-oxygen
interactions, and overall stabilization of synthesized Cd-
doped V,05 nanoparticles.

3.3 UV-DRS Analysis

The optical properties of the synthesized Cd-doped V,05
nanoparticles were investigated through UV-DRS spectra,
revealing crucial insights elucidated in Fig. 3a and b. The
presence of Cd-doped V,0s nanoparticles was confirmed
by absorption edges ranging from 380 to 590 nm, indi-
cating lower transitions in the visible region and suggestive
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Fig. 2 FTIR spectra of pure (a) and Cd (b—d) (1, 5 and 10 M%) doped V,0Os nanoparticles

of charge transfer on the higher energy side. Cd cations
effectively covered optical defects in the V,0s5 nanoparti-
cles, with valence band charges shifting to the conduction
band upon Cd*" introduction into the V,Os lattice
(Venkatesan et al. 2013; Raja et al. 2018). This transition
resulted in decreased peak intensities and shifted wave-
lengths due to Cd metal integration.

Additionally, the presence of Cd induced optical activity
in the V,05 nanoparticles (Goudarzi and Soleymani 2019;
Habibi and Rahmati 2014). Kubelka—Munk relations esti-
mated bandgap values of 2.07 eV, 1.94 eV, and 1.88 eV
for 1%, 5%, and 10% Cd-doped V,Os nanoparticles,
respectively, confirming decreased bandgaps conducive to

charge carrier separation, visible light absorption, and e-h
pair modification. Conspicuously, the 10 M(%) Cd-doped
V,05 samples exhibited lower intensity and wavelength
transitions compared to other concentrations, with a
bandgap difference of AEg = 0.19 eV. These energy gap
values suggested enhanced light absorption, facilitating
photo charge carrier generation and promoting photocat-
alytic activity. Moreover their findings emphasizing visible
region absorptions indicative of oxygen vacancy and Cd*"
substitution, promoting electron accumulation and metal
trapping (Habibi and Rahmati 2014; Rajalakshmi et al.
2014). Cationic substitution on the V,05 nanoparticles led
to peak shifts and decreased absorbance intensities,

52, €\ Springer
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Fig. 3 a UV-Vis DRS spectra of the Cd (1, 5 and 10 M%) doped V,0s nanoparticles and b bandgap spectrum

attributed to filled cationic vacancies and oxygen vacancy
occupancy. This narrow bandgap and visible region
absorption hold promising implications for wastewater
treatment applications, accentuating the Cd-doped V,0Os
nanoparticles’ potential in catalytic and environmental
remediation contexts.

3.4 Photoluminescence Analysis
In Fig. 4, Photoluminescence (PL) spectroscopy charac-

terizes the luminescence properties of synthesized Cd-
doped V,0s5 nanoparticles, revealing distinct spectra at 510
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Fig. 4 Photoluminescence spectra of the Cd (1, 5 and 10 M%) doped
V,05 nanoparticles
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nm and 660 nm. The primary peak at 510 nm originates
from inter-band transitions, while the emission within the
620-690 nm range signifies transitions influenced by cad-
mium dopants, leading to increased oxygen vacancies and
subsequent material stability alterations (Le et al. 2019;
Wang et al. 2021; Chamarro et al. 1996; Vijayalakshmi and
Venkataraj 2008). As cadmium concentrations escalate,
there’s a concurrent rise in PL intensity, attributed to
structural rearrangements fostering elongated nanostruc-
tures. Notably, the peak within the 510-550 nm range
experiences substantial enhancement, underscoring the
profound impact of cadmium occupation on defects within
V5,05 nanoparticles. The broad band at 680 nm indicates
oxygen vacancies and their association with V** and Cd**.
10M% Cd-V,0s is likely the optimal concentration for
photocatalytic activity due to its balance between PL
intensity and charge separation efficiency, as well as the
potential for enhanced surface properties. This concentra-
tion provides a good compromise between maintaining
enough charge carriers for photocatalysis and minimizing
recombination losses. Cationic transitions over oxygen
positions induce inter-band transitions, driving surface
charge migrations, enhancing material stability, and pro-
moting OH radical formations (Vijayalakshmi and Ven-
kataraj 2008). Variation in Cd*" concentrations alters
oxygen arrangements relative to Cd*" and V*T. The initial
peaks underscore charge carrier dynamics within metal—
oxygen and metal-doped metal oxide nanoparticles. This
luminescence augments our understanding of Cd-doped
V,0s5 nanoparticles’ luminescence properties, paving the
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way for enhanced applications in diverse fields with tai-
lored functionalities.

3.5 FE-SEM with EDX Analysis

In Fig. 5a—f, the FE-SEM images and EDX spectrum dis-
plays the synthesized Cd-doped V,05 nanoparticles struc-
tural characteristics and elemental composition. The
incorporation of Cd into the V,05 nanoparticles results in a
distinct nanorod-like shape, with varying Cd concentra-
tions leading to observable changes in morphology. At
lower Cd concentrations, the nanoparticles exhibit conjoint
rod structures with some agglomeration, while at 5 M%,
elongated rod shapes with attached cubes are evident,
indicating a transition from irregular shapes to more
defined rods. High Cd concentrations yield reformed indi-
vidual nanorod-like structures, indicative of Cd’s influence
on surface modification and area expansion, particularly
evident when compared to lower Cd concentrations (Venu
Gopal and Kamila 2017; Anandan and Rajendran 2011).
Different Cd concentrations exhibit varied nanoparticle
shapes, from semi-spherical to quasi-spherical, and rod and
spherical shapes with sharp edges, indicating electron
accumulation (Anandan and Rajendran 2011). EDX anal-
ysis confirms the presence of Cd, V, and O elements, with
their respective peak values validating nanoparticle for-
mation and revealing variations in peak percentages with
different Cd concentrations. The addition of Cd alters the

EHT = 5004V
Wwo= 58 mm

Signal A = SE2
Mag= 2000KX

presence of V and O, with Cd anchoring onto the surface
and infiltrating the nanoparticles, resulting in size
enlargement, shape reformation, and modified peak distri-
butions. Furthermore, Cd doping contributes to enhanced
formation stability with reduced agglomeration. FE-SEM
elucidates surface orientation, shape, and material distri-
butions, while EDX aids in assessing material purity and
identifying constituent elements. EDX spectroscopy cor-
roborates the presence of Cd, V, and O, with their
respective peaks reflecting their atomic properties and
oxygen association. This integrated analysis provides
valuable insights into the structural and compositional
attributes of Cd-doped V,0Os nanoparticles, facilitating
their potential applications in diverse fields.

3.6 HR-TEM Analysis

Figure 6 showcases TEM images of high concentrations of
Cd** doped V,0s nanoparticles, exhibiting spherical and
rod-like shapes with regular surface distributions, and
particle sizes ranging from 20 to 40 nm. These nano-meter
scale images illustrate the assembly of Cd onto the V,0Os
lattice, resulting in nanospheres and rod-like configura-
tions, indicative of the interface between metal and metal
oxide and subsequent surface modification processes (Jia
et al. 2008; Jana et al. 2001). The dark coloration of the
particles indicates oxygen displacement by cadmium and
vanadium materials, with varying shades representing
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Fig. 5 FE-SEM images a—c of Cd (1, 5 and 10 M%) doped V,0s nanoparticles and d—f EDX spectrum
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Fig. 6 HR-TEM images of Cd
(10 M%) doped V,0s5
nanoparticles

(a)

i
i

different atomic formations and oxygen vacancy regions.
The polycrystalline nature of the synthesized nanoparticles
facilitates a regular and repeating arrangement of atoms,
resulting in even spacing between synthesized materials
and contributing to the observed rod-like and spherical
shapes of high Cd** concentration-doped V,Os nanopar-
ticles. The obtained particle size values of approximately
25 nm are consistent with X-ray crystallite size measure-
ments, affirming the credibility of the observed structural
modifications and their relationship with electron transfer
dynamics between the metal and metal oxide phases (Jana
et al. 2001). This electron transfer process enriches cat-
alytic activity, highlighting the potential applications of
Cd-doped V,0s5 nanoparticles in various catalytic pro-
cesses. This findings suggested that the structural evolution
and potential applications of Cd-doped V,05 nanoparticles
in various fields, from catalysis to materials science.

3.7 XPS Analysis

X-ray photoelectron spectroscopy (XPS) was employed to
analyse the material bond valency and binding energies of
the synthesized Cd-doped V,05 nanoparticles, as depicted
in Fig. 7. The survey spectrum (Fig. 7a) confirms the for-
mation of Cd** doped V,0s nanoparticles, while the deep
scanning of Cd-3d spectrum (Fig. 7b) reveals peak values
at 404.28 eV and 410.98 eV, representing Cds,, and Cds)n
valances associated with lattice oxygen and V material. V
material binding energies at 516.58 eV and 523.88 eV
denote V2ps3, and V2p,, valences (Fig. 7c) (Le et al.
2012; Luo et al. 2010; Jenifer and Sriram 2023; Hota et al.
2007). The association of P orbitals with Cd and O bonds
increases spacing/gap between materials due to their mul-
tivalent properties (Hota et al. 2007). Oxygen material

22, Q) Springer

(b)

1100 nm

valency at 529.38 eV indicates O-1s state, attributing peaks
to Cd-O, V-0, and Cd-V-O interfaces (Fig. 7d). The
material bonds between Cd, V, and O promote better lattice
orientation, facilitating short-range visible light absorption,
low-energy emission, and high reactive sites. Metal-doped
metal oxide nanoparticles with multiple valency materials
hold considerable promise in energy storage and catalytic-
related applications. This integrated analysis enhances our
understanding of Cd-doped V,05 nanoparticles’ structural
and chemical properties, paving the way for their versatile
applications in various fields.

3.8 Photocatalytic Activity

The photocatalytic dye degradation activity of Cd-doped
V,05 nanoparticles against Rh-B dye performed under
visible light irradiation. The degradation details of various
concentration Cd-doped V,05 nanoparticles presented in
Fig. 8. The raw dye absorbance is located at 554 nm, after
that catalyst interaction with the help of light energy dye
molecules breaking and their intensities are decreasing and
peaks are shifted to higher wavelengths. The pure Rh-B
dye degradation with the visible light is 8% in 60 min light
irradiation. At 60 min time intervals high concentration of
Cd-doped V,0s5 nanoparticles demonstrated the 94%
degradation of Rh-B dye and 1% and 5% of Cd-doped
V,0s5 nanoparticles displayed the 85% and 91% degrada-
tion respectively. The Cd penetration on the V,Os5 lattice is
varied and modified the transition energy between the
bands. The Cd** is accumulated the electron migration,
metal trapping and e—h pair lifetime. The low concentration
of Cd degradation is 85%, promoting the electron shrink-
age but their sacrificial surface and defect level was low
compared to 1% and 5% of Cd-doped V,05 nanoparticles.
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Fig. 7 XPS spectra of Cd-doped V,05 (10 M%) nanoparticles: a survey spectrum, b Cd-3d spectrum, ¢ V-2p spectrum and d O-1s spectrum

The Cd*" substitution increased the surface area and
induced the hot electrons which provokes the dissociated
the dye molecules. The morphology, texture, shape and
size of the materials are playing a vital role in the catalytic
processes. V,0s nanoparticles obtained the high work
function material, wide bandgap and low visible light
absorption. These property and shortcomings was over-
come by substation of Cd-dopants. The dye degradation
efficiency and kinetics of the Cd-doped V,05 nanoparticles
demonstrated in Fig. 8b and c. The photocatalytic dye
degradation mechanism of Cd-doped V,Os nanoparticles
are displayed in Fig. 8 and their details are as follows:

Cd/V,05 + hv — Cd/V,0s5(e "CB + h*VB)
e CB + 0> =°0?

h* + OH™ — OH°

OH°/°0~% + Dye — CO, + H,0

The light irradiation over the Cd-doped V,0s nanopar-
ticles against Rh-B dye molecules promotes the band

transition of electrons and holes and generated charge
carriers. The interface between the Cd and V,0s
nanoparticles trapped the electrons and induced the oxygen
defect. These productions are dissolved the oxygen mole-
cules with OH radicals which generates the superoxide and
hydroxide radicals. The discovery of these compounds
neutralize the charge of the dye molecules and breakdown
to the smaller non-toxic molecules (Shang et al. 2016).
The scavenging experiments revealed distinct reductions
in photocatalytic efficiency with the addition of each
scavenger, as shown in Fig. 9. The presence of TEOA, BQ,
and IPA led to significant changes in the degradation rates,
confirming the participation of holes, superoxide radicals,
and hydroxyl radicals, respectively (Parvathiraja and
Shailajha 2023). The Fig. 9 shows the degradation effi-
ciency (%) of a catalyst in the presence of different
quenching agents: BQ (benzoquinone), TEOA (tri-
ethanolamine), and IPA (isopropanol). The degradation
efficiency of the catalyst, without any quenching agents, is
94%, indicating its optimal performance. In the presence of
BQ, a superoxide radical scavenger, the degradation

i @ Springer



Iranian Journal of Science

100 4
80 =
9
=4
2 60+
-
2]
T
g
g 40+
[a]
20
8 ‘
: ‘ {l
1% M Cd-V205 5% M Cd-V205 10% M Cd-V205 Rh-B
304 © )
= 1 M(%) Cd-V,0, A
,sd | ® 5M(%)Cd-v,0q
410 M(%) Cd-V,0,] o
2.0+ A
o -
< -
(8] ]
S 154 .
=
- A
10 L] [ ]
05 = Y=0.03317 min"' R?=0.9565
A Y=0.03794 min"! R*=0.9578
004 & Y=0.04485 min"' R?=0.9684
(') 1'0 2.0 3'0 4'0 5-0 6-0
Time (min)

(b}
1.0 -
= 1 M(%) Cd-V,0;
0.8 ® 5M(%)Cd-V,0,
r A 10 M(%)Cd-V,0
0.6 s
QQ
(&)
04
- L ]
A
0.2 4
- i =
2
0.0+
0 10 20 30 40 50 60
Time (min)
(d} Mechanism
02
Light ‘

Energy

Rh-B dye

' = End products

2 co,: H,0

Fig. 8 Photocatalyst dye degradation of a percentage b C/C and ¢ pseudo- first-order kinetics and d mechanism of Cd-doped V,0s nanoparticles

against Rh-B dye

100

90
82

80 =
70
60
50
40 =
30

20 =

Degradation efficiency (%)

10

0 r
TEOA IPA

Catalyst BQ

Fig. 9 Photocatalytic quenching analysis of Cd-doped V,0Os nanopar-
ticles against Rh-B dye

efficiency drops significantly to 53%. This suggests that
superoxide radicals play a crucial role in the catalytic
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degradation process, as BQ reduces the catalyst’s effec-
tiveness by scavenging these radicals. TEOA, acting as a
hole scavenger, results in a less pronounced reduction in
efficiency, down to 82%, indicating that while holes
(positive charge carriers) are important, they are not as
critical as superoxide radicals. IPA, a hydroxyl radical
scavenger, causes a significant drop in degradation effi-
ciency to 36%, highlighting the importance of hydroxyl
radicals in the catalytic process. The presence of IPA
reduces the availability of hydroxyl radicals, thus
decreasing the efficiency.

The comparison of various metal oxide doping Cd
material is compared with the present work as tabulated in
Table 1. The table offers a complete investigation of var-
ious photocatalysts developed for the degradation of
organic dyes under visible light irradiation, utilizing cad-
mium (Cd) as a support material. The diversity of photo-
catalysts, ranging from metal oxides like Bi,WOg, ZnO,
and CeO, to semiconductor compounds such as CuBiOy,
TiO,, and V,0s, highlights the broad spectrum of materials
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explored to achieve efficient dye degradation (Song et al.
2015; Zhang and Zeng 2012; Gnanam and Rajendran 2018;
Gnanam et al. 2021; Senobari and Nezamzadeh-Ejhieh
2018; Ghoderao et al. 2019; Suganya et al. 2019; Wang
et al. 2015; Khan et al. 2024; Chandrasekar et al. 2023).
Each entry in the table represents a distinct photocatalyst
composition, paired with its corresponding performance in
terms of degradation efficiency. The targeted organic dyes,
including Rh-B, MB, CR, and MO, span a range of
degradation efficiencies from 63 to 90.89%, indicating the
varying effectiveness of the photocatalysts in dye degra-
dation. This variation can be attributed to factors such as
photocatalyst composition, surface area, and bandgap
energy, all of which influence the photocatalytic activity.

Furthermore, the table features variations in reaction
conditions, such as reaction volume and catalyst loading,
suggesting efforts to optimize conditions for maximum
efficiency. The impact of catalyst composition on perfor-
mance is evident, with certain compositions like Bi,WOg/
Cd and CeO,/Cd exhibiting higher degradation efficiencies
compared to others. Variations in catalyst composition,
such as different molar ratios of CuO/Cd and CuBi,0,4/Cd,
result in differing degradation efficiencies, highlighting the
importance of composition optimization. From this
table suggested that the future research directions in pho-
tocatalyst development for wastewater treatment and
environmental remediation, guiding efforts to explore
novel compositions, optimize reaction conditions, and
elucidate underlying mechanisms of photocatalytic dye
degradation to enhance overall efficiency and sustainability
in wastewater treatment technologies.

3.9 pH Variations

The impact of pH on the degradation rate of dyes is a
critical factor in understanding the efficacy of Cd-doped
V,0s5 nanoparticles in degrading Rh-B dye. The results
involved testing the degradation efficiency at different pH
levels: 1, 7, and 11. The results, illustrated in Fig. 10a,
revealed a gradual increase in degradation percentage with
rising pH levels. This phenomenon can be attributed to the
presence of active species within the nanoparticles, which
exhibit enhanced degradation capabilities under acidic and
alkaline conditions. In acidic environments (pH 1), the
degradation rate of Rh-B reached minimum, primarily due
to electrostatic interactions between the positively charged
nanoparticles and the negatively charged dye molecules.
This interaction, modified by the acidic medium, induces
electrostatic repulsion, thereby facilitating degradation, as
depicted in Fig. 10a. Additionally, the presence of low
levels of Cd*" ions further promotes electrostatic repul-
sion, augmenting the degradation process. Conversely, at
neutral pH (pH 7), no significant alterations were observed
in the interaction between the dye molecules and Cd-doped
V,05 nanoparticles, resulting in consistent degradation
outcomes. However, at pH 11, a notable increase in
degradation rate was observed compared to pH 2 and pH 7.
The higher pH environment facilitated -electrostatic
attraction between the dye molecules and Cd**/V*" ions,
significantly enhancing catalytic activity, leading to
enhanced degradation rate of Rh-B. This enhanced activity
can be attributed to the increased surface area resulting
from the decoration of cadmium on V,0Os nanoparticles,
which promotes the generation of hot electrons.

Table 1 Photocatalytic comparison table of Cd-doped various metal oxide nanoparticles

Sl. No  Nanoparticles Dye Dye volume Dosage Degradation (%) References
1 Bi,WO4/Cd Rh-B 200 mL 10 mg 63% Song et al. (2015)
2 ZnO/Cd MB 100 mL 10 mg 80% Zhang and Zeng (2012)
3 Ce0,/Cd RhB 200 mL 10 mg 86.42% Gnanam and Rajendran (2018)
4 Dimanganise/Cd CR 50 mL 5 mg 85% Gnanam et al. (2021)
5 Copper oxide/Cadmium sulfide =~ MB 100 mL 10 mg 83% Senobari and Nezamzadeh-Ejhieh (2018)
6 ZnO/Cd MB 50 mL 20 mg 84%% Ghoderao et al. (2019)
7 ZnS/Cd MO 100 mL 10 mg 78.46% Suganya et al. (2019)
8 CuO/Cd (0.4m.mol) 100 mL 12 mg 89.50% Wang et al. (2015)
CuO/ Cd (1.2m.mol) 90.89%
CuO/ Cd (1.6m.mol) 89.22%
CuO/ Cd (2.0m.mol) 89.17%
9 CuBi,04/Cd(0.05mol) CR 100 mL 10 mg 80% Khan et al. (2024)
CuBi04/Cd(0.15mol) CR 86%
10 TiO,/Cd CR 100 mL 30 mg 73.4% Chandrasekar et al. (2023)
10 Cd/V,05 Rh-B 100 mL 10 mg 85.91 & 94% Present Work
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V,05 nanoparticles against Rh-B dye
3.10 Catalyst Variations

The influence of catalyst concentration on Rh-B dye
degradation was assessed. Figure 10b depicts a gradual
increase in degradation percentage with rising Cd-doped
V5,05 concentration, peaking at 10 mg. Beyond this con-
centration, degradation efficiency decrease, attributed to
surface area saturation. The addition of cadmium enhances
surface area, with 10 mg proving optimal for catalytic
activity. The obtained degradation rate was demonstrated
the catalyst contributions and their surface reactions
between the dye compounds.

3.11 Dye Concentrations

The effect of dye concentration, varying concentrations of
Rh-B dye (ranging from 10 to 50 ppm) were examined in

2
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conjunction with Cd-doped V,0s5 photocatalysts. Fig-
ure 10c illustrates a decrease in degradation percentage
with increasing dye concentration. This degradation of dye
can be attributed to the formation of hydroxyl radicals
(OH.), crucial for photocatalytic degradation, which
diminish as dye concentration rises. At 10 ppm, optimal
conditions for OH- radical formation were observed, while
higher concentrations delayed the light penetration and
occupied active sites, limiting radical generation and
thereby decreasing degradation efficiency.

3.12 Cycle Study

The reusability of Cd-doped V,05 nanoparticles in Rh-B
dye degradation was evaluated over ten cycles (Fig. 10d).
Results demonstrated consistent degradation, with a slight
decrease from 94 to 90% after ten cycles. The stability of
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Cd-doped V,05 nanoparticles suggests their viability for
extended use in wastewater treatment, with minimal
degradation observed due to factors such as surface
washing, pore obstruction, and dye molecule occupation.
These results emphasize the potential of synthesized Cd-
doped V,0s5 nanoparticles as efficient catalysts for
wastewater remediation.

4 Conclusion

The facile co-precipitation method successfully synthe-
sized Cd-doped V,05 nanoparticles, as confirmed by FE-
SEM with EDX and TEM analyses, revealing the effective
incorporation of Cd*" into the V,0s atomic lattice. At 10
M% Cd*", significant enhancements in optical properties
were observed, characterized by optical absorption at 650
nm and a bandgap value of 1.88 eV, demonstrating
promising catalytic applicability across UV and visible
spectra. FTIR and photoluminescence analyses provided
further insights into functional groups, charge dynamics,
and cationic transitions, while XPS analyses validated the
presence of Cd, V, and O compounds, affirming their
multivalency and stabilized particle characteristics. The
catalytic activity of 10 M% Cd-doped V,05 nanoparticles
in Rhodamine B dye degradation showed a remarkable
94% degradation rate within 60 min. This efficiency was
attributed to the Cd dopant’s role in increasing surface
area, inducing photoexcitation, preventing atomic
agglomeration, and promoting electron donation-mediated
radical formation, thereby enhancing photocatalytic per-
formance. The study highlights the critical influence of pH,
catalyst concentration, and dye concentration on Rh-B dye
degradation efficiency using Cd-doped V,0Os nanoparticles
as catalysts. Optimal performance necessitates balancing
pH-dependent electrostatic interactions and avoiding sur-
face area saturation. These findings underscore the poten-
tial of Cd-doped V,0s nanoparticles as highly effective
catalysts, supporting their application in diverse catalytic
processes. The scientific significance lies in their tailored
optical and electronic properties, which enable efficient
utilization in environmental and industrial applications
requiring advanced catalytic materials.
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