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ncy of photocatalytically
synthesised Co3+/Co2+-incorporated CeO2/SnO2

nanocomposite and supercapacitor studies†

R. Silambarasan, Uttej Siva Sai Sundar Perisetti, S. Pavalamalar
and K. Anbalagan *

The photochemical reduction approach, distilled H2O with PriOH as the solvent medium, was used to

create and characterise the conversion of Co3+ to Co2+ integrated on CeO2/SnO2. The PXRD, IR, SEM,

HR-TEM, VSM, and XPS results show that the materials generated have appropriate crystallisation form

and retain the hollow spherical structure of Co–CeO2/SnO2. The performance of several UV-light

energetic photocatalysts and the reaction pathways for inorganic complex degradation are addressed,

emphasising the main elements contributing to their mineralisation. Reaction mechanisms, identification

and quantification of degradation intermediates, and effects of reactive active species were described

and analysed for each modelled target inorganic pollutant category. The ternary (Co3+/Co2+)/CeO2/SnO2

materials were hypothesised to improve the photocatalytic activity by increasing the transport rate of

eCB
− impurities as a result of accelerating the practical separation of electron–hole (e−/h+) pairs. Then, it

exhibits high cycling stability by successfully reducing the pulverisation of Co–CeO2/SnO2 electrode

materials due to volume expansion and a high specific capacity of 827 F g−1(1 A g−1) while maintaining

a high current density of 5 A g−1. GCD and impedance spectroscopy studies were also carried out to

analyse charge–discharge cycles and sample stability. This exceptional electrochemical performance

suggests that Co–CeO2/SnO2 are promising for high-performance energy storage systems.
1. Introduction

Industrialisation's economic growth is accompanied by
signicant environmental deterioration (e.g., water and air
pollution, climate change, loss of natural resources). The
unregulated discharge of numerous hazardous substances,
such as dyes, organic solvents, chemicals, petroleum products,
heavy metals, and solid wastes, pollutes the environment.1 For
example, it can effectively reduce the recombination rate of
photogenerated charge carriers in environmental remediation
and the regenerative optical absorption of photocatalysts.2

Because of their unique electrical and optical features, SnO2

semiconductors have been extensively researched in photo-
catalysis, solar cells, and gas sensors. SnO2-based photo-
catalysts gained the most attention because of their unique
properties of high photo-oxidization, photostability, low cost,
and non-toxicity.3 SnO2 and CeO2 coupling can transfer
specic electrons and holes from SnO2 and CeO2, simplifying
rsity, Pondicherry, 605014, India. E-mail:

on (ESI) available: Co–CeO2/SnO2

le absorption spectra, Tauc plots,
d lifetime analysis. See DOI:

the Royal Society of Chemistry
electron–hole pair separation and increasing the photo-
catalytic activity of hybrid photocatalysts.4 Heavy metal
contamination is the most important environmental issue.
Heavy metals require special attention because of their
tenacity and permanence in the environment.5–7 Recently,
several heavy metal removal techniques have been thoroughly
explored. These technologies include electrochemical
processes, membrane ltration, adsorption, chemical precip-
itation, ion exchange, coagulation and occulation, and
otation.8,9 People's resource demand has increased dramati-
cally as the industry has developed and living standards have
improved, resulting in energy problems and environmental
damage. In recent years, photocatalytic technology has
demonstrated tremendous potential as a low-cost, environ-
mentally friendly, and sustainably developed technology.
Recent photocatalytic technologies, however, cannot satisfy
industrial objectives.10,11 CeO2/SnO2 is the most thoroughly
researched semiconductor material because of its exceptional
chemical and physical properties, including chemical inert-
ness, non-toxicity, long-term stability, affordability, and
enhanced photocatalytic efficacy.12 Mobility is an important
parameter for SnO2, which is being explored intensively as
a feasible transparent oxide n-type semiconductor. At ambient
temperature, the mobility of electrons in bulk SnO2 crystals
varies from 70 to 260 cm2 V −1 s−1.13 The n-type semiconductor
RSC Adv., 2024, 14, 4153–4164 | 4153
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material cerium dioxide (CeO2) has a band gap of around
3.0 eV and a dielectric constant between 23 and 52. While rare
earth elements are usually trivalent (+3), cerium exists in
trivalent (+3) and tetravalent (+4) states. Since the electronic
structure of Ce4+ ([Xe]4f0) is more stable than that of Ce3+ ([Xe]
4f1), the oxidation state of Ce4+ is assumed to be more stable
than that of Ce3+ ([Xe]4f1). Cerium oxide exists in two forms,
with a continuous transformation between the oxygen-rich
CeO2 and the oxygen-decient Ce2O3.14,15 The fundamental
characteristics of these charge transfer processes, such as
charge creation, trapping, recombination, and electron and
hole transport, are principally explored.16 The Co-doped SnO2

sample has the highest adsorption capacity and the smallest
crystallite size dimension among the doped samples, resulting
in the greatest specic surface area.17,18 Since the valence of
Co2+ is lower than that of Sn4+, Co ions are used as doping
agents to compensate for the absence of oxygen in the SnO2

lattice. Consequently, with doping, the oxygen vacancy can be
expected to decrease and SnO2 to rearrange.19 A co-
precipitation process formed CeO2, and it was functionalised
by doping with transition metals, which are considered useful
dopants to modify the properties of CeO2 for catalytic appli-
cation.20 Supercapacitors have attracted much attention as
energy storage devices due to their high specic power, quick
charge–discharge rate, and extended cycle stability. The hunt
for novel electrode materials to improve the specic capaci-
tance of supercapacitors has been a focus of recent research.21

Global demand for energy and associated devices is expand-
ing, with high-efficiency energy storage device requirements
increasing dramatically. As a result, there is much interest in
nding possible answers to the energy dilemma, and much
research has been conducted to that end.22 Supercapacitors
are unique from ordinary batteries in that they provide
extremely efficient charge storage, rapid charge and discharge
rates, ease of maintenance, and safety, making them particu-
larly appealing for portable devices and automobiles. Under
electrolytic circumstances, supercapacitors' performance is
dictated by electrode composition and mechanical and physio-
chemical characteristics. Past research has investigated
various materials and ways to realise high-energy and power
density devices with high stability.23 Due to their equivalent
qualities, supercapacitors, or ultra-capacitors, occupy a posi-
tion between regular capacitors and rechargeable batteries.
Some benets are long cycle life, rapid charge–discharge, and
high power density. Supercapacitors have several advan-
tages.24 The synthesis of a Co–Mn composite using the sol–gel
technique was reported, and it reached a specic 405 F g−1 at 5
mA cm−2, demonstrating that the specic Mn capacitance
increased with doping.25

In the present study, hydrothermally synthesised CeO2/SnO2

material nanocomposites were effectively investigated under UV
illumination and showed a large surface area with potential
functional dispersion for the photocatalytic process with the
metal complex. The result of photosynthesis was (Co3+/Co2+)/
CeO2/SnO2. Cyclic voltammograms, charge–discharge curves,
and electrochemical impedance spectra were used to study
electrochemical characteristics.
4154 | RSC Adv., 2024, 14, 4153–4164
2. Experimental

All the chemicals, including sodium nitrate, isopropyl alcohol,
and ammonium thiocyanate from Hi-media Chemicals, were
utilised without additional purication. A 6 W low-pressure
mercury-vapour lamp from Heber Scientic (UV lamp) was
used. The preparation of each composite was altered.
2.1. Synthesis of (Co3+/Co2+)-incorporated CeO2/SnO2

composites

The photoreactor, a quartz glass reactor, was used to disperse
4.7786 × 10−4 M (25 mg) of the cis-[Co(Phen)2Cl2]Cl complex in
100 mL of plain water and distilled H2O/Pr

iOH (70/30% (v/v))
solvent medium separately. The ionic strength of the solution
was maintained by adding 10 mL of sodium nitrate (1 M) and
100 mg of CeO2/SnO2 catalyst and magnetic stirring. The
dispersion's wavelength was 254 nm when irradiated by a UV
lamp. Themixture was exposed to radiation for 20 minutes aer
being ltered and dried at room temperature. The samples
obtained using plain water and those obtained using H2O/
PriOH (70/30% (v/v)) are referred to in Table 5.
2.2. Sorption experiments

For the adsorption investigations, 100 mL of distilled H2O/
PriOH (70/30% (v/v)) was dissolved in 4.761 × 10−4 M of cis-
[Co(Phen)2Cl2]Cl and adjusted to pH 8 by adding sodium nitrate
(1 M). The adsorbent CeO2/SnO2, CeO2, and SnO2 were diluted
to approximately 100 mg. The resulting mixture was mixed for
around 90 minutes at room temperature in a Technico warming
water bath. At various time intervals, including 0, 5, 10, 15, 30,
45, 60, and 90 min, the adsorption ability of the adsorbent on
Co(III) solution was examined. The adsorbent was spun apart
and linked to the various time intervals to understand the metal
ion's surface affinity. Electronic absorption spectroscopy anal-
ysis was performed on the ltrate.24–28
2.3. Photocatalytic analysis

The catalytic function of the photochemically recoverable
binary composites (CeO2/SnO2, CeO2, and SnO2) from water and
H2O/Pr

iOH (70/30% (v/v)) systems was investigated. In a typical
photocatalytic experiment, 4.761 × 10−4 M of cis-[Co(Phen)2Cl2]
Cl, 100 mg of each catalyst, and organic reagents were tested in
100 mL of distilled water. Aer adding 1 M of sodium nitrate
solution, the pH of 8 was changed, and photodegradation tests
were carried out. Aer around 20 minutes of adsorption–
desorption equilibrium, the catalyst samples were taken at
various time intervals (0, 3, 6, 9, 12, 15, and 20 minutes) aer
irradiating with a 6 W low-pressure mercury lamp (Heber
Scientic). The UV lamp produced 8.50 × 1017 photons per
second of radiation. Following the illumination process, the
catalyst was separated by centrifuging 5 mL of the solution
collected at regular time intervals. Spectral analysis was used to
quantify the concentration of Co(III) in the suspensions, and the
Kitson technique was used to conrm the production of the
Co(II) ion. A Shimadzu UV-2450 double-beam
© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectrophotometer assessed the reduction of Co(III) ion solution
utilising concentration variations and its usual absorption
wavelength of 520 nm. The equation X = [C0 − Ct/C0] × 100 was
used to compute the photoefficiency, where X is the photo-
efficiency, C0 is the complex concentration at the start of the
experiment, and Ct is the complex concentration at each time
point.29,30
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3. Results and discussions
3.1. XRD analysis

X-ray diffractogram analysis (XRD) was used to examine the
crystal structure of the obtained pure CeO2/SnO2, CeO2, and
SnO2 nanocomposites with various (Co3+/Co2+) doping levels.
The usual patterns are depicted in Fig. 1. The identiable peaks
from these diffraction patterns were six (Co3+/Co2+)/CeO2 peaks
(JCPDS no. 48-1548) and eight (Co3+/Co2+)/SnO2 peaks (JCPDS
no. 002-1340).31 The samples had the same diffraction peaks, as
the graph shows. Logically, all the produced (Co3+/Co2+)/CeO2/
SnO2 composites have tetragonal rutile structures, as shown by
the standard (JCPDS no. 41-1445).32,33

Interestingly, all samples showed the same characteristic
peaks, proving that the crystal structure is independent of the
Co doping concentrations of less than 2%; no Co peaks could be
seen. The Scherrer equation D = 0.9/(cos q) was used to obtain
the average mean crystallite size. Using this equation, the
average crystallite size of (Co3+/Co2+)/CeO2/SnO2, (Co

3+/Co2+)/
CeO2, and (Co3+/Co2+)/SnO2 samples was 15.51, 7.05, and
8.89 nm, respectively. Table 1 shows the average crystalline
samples. Smaller particles were distributed more evenly and
uniformly in a solvent mixture than in water.
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3.2. Raman analysis

Photochemically produced samples' Raman spectra of Co–CeO2/
SnO2, Co–CeO2, and Co–SnO2 are shown in Fig. 2. In this section,
the vibration modes of samples taken from systems containing
distilled H2O/Pr

iOH (70/30% v/v) are characterised. Fluorite cubic-
structured nano-CeO2 belongs to the Fm�3m space group with Oh
Fig. 1 X-ray diffraction pattern of Co–CeO2/SnO2, Co–CeO2, and
Co–SnO2 nanospheres. T
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Fig. 2 Raman spectra of Co–CeO2/SnO2, Co–CeO2, and Co–SnO2

nanospheres using an excitation laser source of 784 nm ranging
between 200 and 800 cm−1.

Fig. 3 SEM images of (a) nano-Co–CeO2 magnification at 10 mm; (b)
nano-Co–SnO2 magnification at 10 mm; (c) Co–CeO2/SnO2

composite magnification at 10 mm; and (d) Co–CeO2/SnO2 composite
magnification at 20 mm.
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and exhibited peaks at 464 cm−1. The band is at 464 cm−1 and is
associated with the transverse F2g vibration mode.33–35 Tetragonal
rutile-structured nano-SnO2 belongs to the P42/mm space group
with D4h and exhibits peaks at 478, 633, and 771 cm−1, which are
associated with the transverse A1g, B1g, B2g, and Eg vibration
modes. The peaks at 478 and 634 cm−1 are dened as trans-
lational (Eg) and symmetric (A1g) modes, respectively; the peak at
771 cm−1 is classed as the asymmetric (B2g) mode. Raman
methods allow spectral patterns of nanoscale CeO2, SnO2, and
CeO2/SnO2 nanocomposites with Co3+/Co2+ impurities.36,37
3.3. UV-vis spectral analysis

The UV-vis absorption spectra and Tauc plots were acquired to
explain the optical properties of Co–CeO2/SnO2, Co–CeO2, and
Co–SnO2, as shown in Fig. S2.† The absorption edge was
observed at 340, 330, and 300 nm, and the optical band gap was
3.1, 3.03, and 3.4 eV. The optical absorption curves of all
samples were tted at the absorption edges using the Tauc/
David–Mott model to obtain the bandgap (Eg).38,39 According to
the ndings, interface imperfections in agglomerated
nanoparticles lowered the bandgap energy and improved the
separation and transportation of photogenerated electron–hole
(e−/h+) pairs for photocatalytic activity.40,41
3.4. SEM and TEM analysis

SEM images of 2% Co-doped CeO2/SnO2, CeO2, and SnO2

nanocomposites are shown in Fig. 3. The Co–CeO2/SnO2 parti-
cles have an average diameter of 40 nm and are uniform in size
and shape. A spherical composite measuring 10 mm in length
and 1 to 1.5 mm in diameter results from the hydrothermal
process. When co-doping levels were less than 2%, there were
no discernible forms or sizes.42,43
4156 | RSC Adv., 2024, 14, 4153–4164
The HR-TEM image in Fig. 4a demonstrates an inter-
connected, highly crystalline agglomeration consistent with the
SEM ndings. The magnied HR-TEM image in Fig. 4b exhibits
a clear lattice fringe with an interplanar distance of 0.26 and
0.25 nm, corresponding to the (111) and (110) Co-doped CeO2/
SnO2 planes. The result suggests that the particle size was about
25 nm, close to the XRD analysis value. Further, the selected
area electron diffraction (SAED) pattern in Fig. 4c reveals the
diffracted rings of Co-doped CeO2/SnO2.43,44
3.5. Photoluminescence and lifetime studies

The uorescence spectra of all the samples were taken at an
excitation wavelength of 300 nm. As shown in Fig. S3,† it is
evident that the PL intensity of ternary Co–CeO2/SnO2 nano-
composites is signicantly lower than that of Co–CeO2 and Co–
SnO2. This results in low charge carrier recombination and
a long lifetime of electron–hole pairs, improving the photo-
catalytic activity. Strong emission at 400 nm (12.76 × 103) and
reduced intensity peaks at 468 and 528 nm lessen the possibility
of self-trapped excitons undergoing radiative recombination,
enhancing the charge separation process. The peak at 468 nm
appeared with low intensity and could be attributed to the
characteristic near-band-edge emission. The radiation-induced
transition from oxygen vacancies to the valence band with
a single trap electron of Co–CeO2/SnO2 can be attributed to the
peak at 528 nm.45 The samples' intensities can be arranged in
the following order: Co–CeO2/SnO2 > Co–CeO2 > Co–SnO2.
Compared to an aqueous medium, adding an H2O/Pr

iOH
solvent mixture slightly increases the incorporation of Co3+/
Co2+ions into the mixtures. The Co3+/Co2+ ion provides a new
energy level to lessen the recombination of electron–hole pairs.
Due to the differing Fermi levels and electronic band structures
of Co3+/Co2+-integrated CeO2/SnO2 semiconductors, the
Schottky barrier can signicantly impact the photo-induced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) TEMmicrograph of Co–CeO2/SnO2 nanocomposite and its correspondingmagnification at 20 nm; (b) lattice fringes; (c) SAED pattern;
and (d) particle size distribution histogram.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

20
/2

02
5 

8:
50

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
charge carriers.46 For Co–CeO2/SnO2 composites, the PL inten-
sities substantially decreased; this can be explained by reduced
charge carrier transfer and charge carrier recombination rate
within the heterojunction. The degradation process of the
nanocomposite samples of Co–CeO2/SnO2, Co–CeO2, and Co–
SnO2 made from plain water and H2O/Pr

iOH (70/30% v/v) is
shown in Fig. S4.† The triexponential equation (I= SnAn exp(−t/
sn)), where An denotes the amplitude of the component and sn
represents the component's lifetime, ts all of the data quite
well. The average PL lifespan may be calculated using the
equation savg = (B1s1

2 + B2s2
2 + B3s3

2)/(B1s1 + B2s2 + B3s3).
According to the equation, the decay sample of plain water and
H2O shows no apparent changes: system H2O/Pr

iOH (70/30% v/
v). Using the equation in Table 1, the decay time of the relative
percentage of the three components for Co–CeO2/SnO2, Co–
CeO2, and Co–SnO2 is 30, 29, and 29 ns. As a result, hetero-
junction material maintains lifespan and suppresses electron
and hole recombination, consistent with photocatalytic
performance.
Fig. 5 Room-temperature M–H hysteresis loops recorded for Co–
CeO2/SnO2 nanocomposite, nano-Co–CeO2, and nano-Co–SnO2.
3.6. Magnetic properties

The magnetic characteristics of low amounts of Co3+/Co2+

contained in CeO2/SnO2, CeO2, and SnO2 were investigated by
vibrating the sample magnetometer at room temperature. Fig. 5
shows the magnetisation curves of samples from plain water
© 2024 The Author(s). Published by the Royal Society of Chemistry
and H2O/Pr
iOH (70/30% v/v). All of the samples displayed

ferromagnetic activity. In the samples, oxygen or cation vacan-
cies might be due to the reorientation caused by the spin–spin
connection of Ce–O and Sn–O dipoles.47,48

Table 2 shows the saturation magnetisation of Co–CeO2/
SnO2 at 12.1785 emu g−1, Co–CeO2 at 5.0672 emu g−1, and Co–
SnO2 at 9.6529 emu g−1 in H2O/Pr

iOH (70/30% v/v). The higher
RSC Adv., 2024, 14, 4153–4164 | 4157

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07947c


Table 2 Vibrating sample magnetometer of Co–CeO2/SnO2, Co–
SnO2 nanocomposite, and Co–CeO2 nanoparticles at room
temperature

Sample Hc, Oe MR, cm
3 mol−1 × 10−4 Ms, (emu g−1) × 10−4

Co–CeO2/SnO2 99.72 1.1223 12.1785
Co–CeO2 95.08 0.9313 5.0672
Co–SnO2 71.89 0.5921 9.6529
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the Co addition in ternary compounds, the lower the magnetic
concentration compared to binary components. Furthermore,
the Co ion-doped samples form a new interface to affect the
non-magnetic CeO2 and SnO2 nanoparticles. Nevertheless, Co
ion incorporation into CeO2/SnO2 preserved enoughmagnetism
that an external magnetic eld would still attract them and
readily remove the catalyst.
3.7. FT-IR analysis

FT-IR spectroscopy may disclose the nature of the chemical
interactions of the metal-oxide link in composites, as shown in
Fig. S1,†which was produced from a combination of H2O/Pr

iOH
(70/30% v/v). The hydroxyl group of the adsorbed atmospheric
water molecule in each sample exhibits stretching and bending
vibrations, represented by the various modes at 340 cm−1,
2925 cm−1, and 1622 cm−1, respectively. The 526 cm−1 modes
correspond to the Ce–O–Ce stretching vibrations of Co–CeO2

samples. The peaks at 670 cm−1 are attributed to the Sn–O and
Sn–O–Sn stretching vibrations of the Co–SnO2 binary phases.
Fig. 6 XPS of Co–CeO2/SnO2 nanocomposite. (a) Survey scan; (b) Ce
composition of Co–CeO2/SnO2 composite surface species were studie

4158 | RSC Adv., 2024, 14, 4153–4164
The coexistence of Ce–O–Sn vibrations in the third phase of Co–
CeO2/SnO2 is attributed to a large region spanning from 423 to
750 cm−1.26,27

3.8. XPS analysis

The Co–CeO2/SnO2 sample ternary phase high-resolution XPS
survey spectrum is presented in Fig. 6a, where the components Ce,
Sn, O, and Co can be easily detected. In Fig. 6b, the observed
binding energies at 902.32 eV are compatible with Ce4+ (2p5/2) and
the peaks at 884.14 eV are consistent with Ce4+ (2p3/2).27 Fig. 6c
depicts the Sn 3d scans of the Co–CeO2/SnO2 sample, which
exhibit two peaks associated with Sn4+ (3d5/2) and Sn4+ (3d3/2), with
binding energies of 496.19 and 487.60 eV, respectively. The high-
resolution spectra of the O 1s spectrum were deconvoluted into
two peaks with binding energies of 529.19 and 531.79 eV,
commonly assigned to lattice O2 ions of the CeO2 and SnO2

surfaces, respectively. Furthermore, high-resolution spectra of Co
2p (Fig. 6e) may be obtained from two peaks with binding energies
of 807.3 eV (Co2+, 2p3/2) and 785.00 eV (Co3+, 2p1/2), suggesting the
presence of the reduced form of the Co2+ ion in the sample.49,50

4. Adsorption experiments

Adsorbents such as Co–CeO2/SnO2, Co–CeO2, and Co–SnO2

have 26, 12, and 14% surface interactions, respectively. The rate
constant of the nanocomposites in water and H2O/Pr

iOH (70/
30% v/v) is greater than that of the bare components. The
adsorbent's adsorption capacity did not change at 90 minute
intervals, indicating that the adsorbent surface is saturated with
active sites. At low pH 8, the number of accessible vacant or
3d; (c) Sn 3d; (d) O 1s; (e) Co 2p. The chemical environment and
d using XPS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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binding sites for the adsorption of heavy metal ions increased
due to better surface contact of the ternary nanocomposite. An
ideal concentration of the heavy metal ion was utilised in the
adsorbent to remove it more effectively; when the concentration
of Co(III) was raised, the effectiveness dropped. This might
cause an increased likelihood of a collision between the heavy
metal ion and the adsorbent.30
5. Photocatalytic activity

Size, shape, photogenerated electron species, decay time, and
heterojunction materials' electrical and interfacial charge
transfer affect photocatalytic activity. Aer a 20 min dark
adsorption–desorption process, Co(III) reduction of H2O/Pr

iOH
(70/30% v/v) was used to test the photocatalytic activity of Co–
Table 3 Photoefficiencies of nanomaterials at various IPA–water mixtur

Reaction conditions Catalyst

Photoefficiency (%)

Time (min)

0 3 6 9

Aqueous CeO2/SnO2 0 2 10 1
CeO2 0 3 7 1
SnO2 0 3 9 1

10% PriOH in water CeO2/SnO2 0 4 14 2
CeO2 0 5 10 1
SnO2 0 8 17 2

20% PriOH in water CeO2/SnO2 0 5 10 2
CeO2 0 5 10 2
SnO2 0 9 17 2

30% PriOH in water CeO2/SnO2 0 27 36 5
CeO2 0 10 15 3
SnO2 0 12 25 2

40% PriOH in water CeO2/SnO2 0 6 12 2
CeO2 0 5 9 1
SnO2 0 6 11 1

Fig. 7 Electronic absorption spectra of time-dependent photo-
degradation (254 nm) of cis-[Co(phen)2Cl2]Cl complex in Co–CeO2/
SnO2 in 30% IPA–water mixture.

© 2024 The Author(s). Published by the Royal Society of Chemistry
CeO2/SnO2, Co–CeO2, and SnO2 components and was found to
be 71, 45, and 42%, respectively. A pseudo-rst-order kinetics of
Co(III) to Co(II) decomposition curves was revealed in the pres-
ence of ternary nanocomposite catalysts under 254 nm UV light
irradiation at room temperature (Fig. 7 and Table 3).30,51,52
5.1. Proposed photo-mechanism

Reports show that photo-excited charge carriers pass the
heterogeneously structured interface in the Co–CeO2/SnO2

composite process. For (Co3+/Co2+) migration, understanding
the band gap of coupled CeO2 and SnO2 is crucial; additionally,
the splitting of electron/hole pairs in photocatalysis, with
a focus on the photo-mechanism.

EVB = c − Ee − 1
2
Eg (1)

ECB = ECB − Eg (2)

where ECB and EVB are the CB and VB band edge potential,
respectively, and c is the electronegativity of the semi-
conducting materials. When exposed to light, the photo-
generated electrons in the CeO2 and SnO2 VB levels are excited
to their CB levels, leaving holes in the VB levels of the corre-
sponding catalysts. The intercalated Co3+ ion can transfer and
reduce the excited electrons in the CB of SnO2 by lowering them.
SnO2 has a band potential at the CB level signicantly lower
than the reference potential for Co3+/Co2+ (0.77 eV vs. NHE). An
electron donor and an acceptor are connected via an interca-
lated (Co3+/Co2+) ion in the compound. The generated Co2+

reacting with H2O2 completes the cycle to form cOH radicals
and convert them to Co3+. Upon exposure to light, the excited
electron of SnO2 CB states is transferred to Co(III) and then
reduced to Co(II). SnO2 has a lower CB (0.11 eV) than the typical
O2/cO2 (0.046 eV) oxidation potential. As a result, O2 can be
generated as O2/cO2 by photocatalytic electrons on the surface of
es

Rate constant (k, s−1) R212 15 20

5 17 19 33 0.0182 0.9097
0 13 16 19 0.0135 0.9429
1 15 19 21 0.0236 0.9030
9 33 41 44 0.0313 0.9289
8 28 33 37 0.0306 0.9354
1 27 30 33 0.0213 0.9629
8 40 41 51 0.0406 0.9502
1 33 37 41 0.0358 0.9383
3 28 31 38 0.0236 0.9751
1 56 62 71 0.0625 0.9795
2 37 41 45 0.0355 0.9160
8 33 41 42 0.0313 0.9366
5 34 43 51 0.0383 0.9113
7 32 36 40 0.0342 0.9315
9 26 29 36 0.0236 0.9756
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CeO2. Meanwhile, photo-generated holes can be formed on the
surface of SnO2 (2.86 eV) to convert OH

− to OHc (1.99 eV). Photo-
generated electrons can be excited but ineffectively localised in
the VB states of the CeO2 heterostructured interface in the
absence of electron mediator Co ions.30 The plausible photo-
mechanism is as follows:

CeO2/(Co
3+/Co2+)/SnO2 + hn /

CeO2(e
− + h+)/(Co3+/Co2+)/SnO2 (3)

CeO2(e
− + h+)/(Co3+/Co2+)/SnO2 /

CeO2(h
+)/(Co3+/Co2+)(e−)/SnO2 (4)

CeO2(h
+)/(Co3+/Co2+)(e−)/SnO2 /

CeO2(h
+)/(Co3+/Co2+)/SnO2(e

−) (5)

SnO2(eVB
−) / SnO2(eCB

−) (6)

SnO2(eCB
−) + O2 / cO2

− (7)

CeO2(h
+) + OH− / CeO2 + cOH (8)

CeO2(h
+) + cOH + cO2

− + / CeO2 + O2 + H2O (9)

cO2
− + H2O / cO2H + OH− (10)

cO2H + H+ + eCB
− / H2O2 (11)

eCB
− + H2O2 / cOH + OH− (12)

Co2+ + H2O2 / Co3+ + cOH + OH− (13)

Co3+ + H2O2 / Co2+ + cO2H + H+ (14)

Reactions (3)–(14) imply the possible pathway of the photo-
catalytic process.
6. Electrochemical studies

Nickel foam (20 mm × 10 mm × 1 mm) was sonicated by
washing in ethanol (20 mL), 2 mM HCl aqueous solution (20
mL), and deionised water (20 mL) for a total of 30 min. In the
initial stage of working electrode preparation, activated carbon
black and polyvinylidene uoride (PVDF) were added to the Co–
CeO2/SnO2 composite electrodes in a ratio of 80 : 10 : 10. Aer
30 min of solution, the mixture was triturated with N-methyl-2-
pyrrolidone to form the desired emulsion. Aer that, Ni foam
working electrodes were prepared and dried at 80 °C for 12
hours to provide an emulsion coating with an area of 1 mm × 1
mm. Ag/AgCl and platinum plates were used as the reference
electrode and the counter electrode in a three-electrode
conguration, and the mass difference of all prepared elec-
trodes was 2 mg.53

The prepared Co–CeO2/SnO2 nanocomposite was subjected to
cyclic voltammetry tests using an aqueous electrolyte of 4 M KOH
at a potential range of 0 to 0.5 V. The capacitive characteristics of
the samples were investigated at CV from 3 to 15mV s−1, as shown
in Fig. 8a.54 The Co–CeO2/SnO2 nanocomposite exhibits good
elasticity and stability; 1 A g−1 by the uniform shape of the CV
4160 | RSC Adv., 2024, 14, 4153–4164
curve calculates the maximum specic capacitance values for the
Co–CeO2/SnO2 nanocomposite of 692 F g−1.

The obtained samples were exposed to galvanostatic charge–
discharge experiments in a potential window of 0 to 0.46 V from
1 to 5 A g−1 (Fig. 8b). The specic capacitance decreases with
increasing current density,55 probably due to fewer active sites
in the reaction; its maximum value is observed at 1 A g−1. This
can be caused by ions sticking to the surface of the electrode,
ions diffusing improperly, or insufficient charge transfer within
the electrode. According to GCD curve calculations, the
maximum specic capacitance values for Co–CeO2/SnO2 nano-
composite are 827 F g−1. GCD shows that the discharge time of
the samples is higher than that of the Co–CeO2/SnO2 nano-
composite, proving the material's superior capacitive proper-
ties. Fig. 8d shows the specic capacitance and current density
from 1 to 5 A g−1 determined from GCD and CV. The Ragone
plot in Fig. 8e is similar to the plot of ordinary supercapacitors.
It enables the fabrication of supercapacitor devices because
signicant power and energy density have been achieved.56–58

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at 5 mV in the frequency range from
0.001 Hz to 100 kHz to understand the charge transfer mecha-
nism at the electrode–electrolyte interface. Fig. 8c shows the
Nyquist plot of the Co–CeO2/SnO2 sample with its equivalent
circuit. The components of the comparable circuit are Warburg
resistance W, charge transfer resistance Rc, leakage resistance
Rlk, constant phase element Q, and solution resistance element
Rs. The electrode–electrolyte interface consists of a linear zone
without a semicircle, representing a minimum charge transfer
resistance. A change in low impedance values may result in
specic capacitance observed from the Nyquist plots aer 750
cycles. Although there is a typical reduction in specic capaci-
tance aer a few cycles, Co–CeO2/SnO2 nanoparticles have
a higher specic capacitance than other materials. For the Co–
CeO2/SnO2 samples, the capacity retention was determined to
be 50%.59 Table 4 lists values for specic capacitance, power
density, and ESI.

A three-electrode system measures Mott–Schottky (MS)
layers at the electrode/electrolyte interface; a standard saturated
Ag/AgCl is the reference electrode, and a Pt plate is the counter
electrode. The objective was to determine the conductivity type
and donor concentration of electrochemically deposited Co–
CeO2/SnO2 Ni foam. Using the MS equation, we estimated the
CB of Co–CeO2/SnO2 Ni foam.60

CSC ¼ � 2

q330Nd

�
V � V1 þ kT

q

�

(+ denotes n-type and − denotes p-type), where C is the space-
charge region's capacitance, q is its electron charge (1.602 ×

10−19 C), and 3 is its relative permittivity (3 = 23 Co–CeO2/SnO2

Ni foam); V1 is a semiconductor's at band potential, such as
Co–CeO2/SnO2; 3

0 is the vacuum permittivity; V is the applied
bias at the electrode; and Nd is the carrier density. Fig. 8d
displays the Ragone plots and the as-prepared electrode's
matching linear ts. The electrode made of Co–CeO2/SnO2 has
a measured mass of 2 mg. For Co–CeO2/SnO2 electrodes, Fig. 8f
displays the derived 1/C2−V MS curves. The electrodes are n-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) CV curve of Co–CeO2/SnO2; scan rate: 3 to 15 mV s−1 (b) GCD contrast curves at the current density of 1 to 6 A g−1. (c) ESI contrast curve
of Co–CeO2/SnO2. (d) Specific capacitance vs. current density. (e) Ragone plot of Co–CeO2/SnO2. (f) Mott–Schottky curve of Co–CeO2/SnO2.

Table 4 Comparison of specific capacitance, energy density, power density, and EIS for Co–CeO2/SnO2

CV—specic capacitance GCD—specic capacitance

Power density (W h kg−1)
Energy density
(W kg−1) ESI (U)Scan rate (mV s−1)

Capacitance
(F g−1) Current (A g−1)

Capacitance
(F g−1)

3 692 1 827 813 84 2.19
6 568 2 729 1625 74
9 469 3 634 2425 64
12 407 4 542 3246 55
15 366 5 433 4062 44

Aer cycling
3 321 1 466 840 49 2.32
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type semiconductors with electrons as the predominant
carriers, according to MS plots, which have positive slopes.61

Fig. S4a† shows the aer-cycle CV curve of Co–CeO2/SnO2 at
a scan rate of 3 mV s−1. In Fig. S4b,† the GCD contrast curve at
a current density of 1 A g−1 is plotted. Fig. S4c† shows the ESI
© 2024 The Author(s). Published by the Royal Society of Chemistry
contrast curve of Co–CeO2/SnO2, and Fig. S4d† shows the
capacity retention plot. Aer cycling, there is a slight drop in CV
current and GCD potential compared to the initial values,
indicating good retention of the material.
RSC Adv., 2024, 14, 4153–4164 | 4161
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Table 5 Comparison of the specific capacitance of Ni-foam-based supercapacitor probes

Materials Electrolyte
Current density
(A g−1)

Specic capacitance
(F g−1) Reference

SnO2/graphene 1 M Na2SO4 1 347.3 62
Ni–CeO2 6 M KOH 1 370 63
Ni3S4/CeO2 2 M KOH 2 1364 64
NiSnO3/graphene 3 M KOH 1 570 65
Mn3O4–SnO2 1 M Na2SO4 1 355 66
AC/GO/TiO2–Zn 3 M KOH 2.5 1491.6 67
Cr–CeO2 2 M KOH 1 42.6 61
GP–CoFe 2 M KOH 1 169 68
ZnO/SnO2:rGO 1 M Na2SO4 3 3238 69
Sn/SnO2 1 M H2SO4 1 508 58
Co–CeO2/SnO2 4 M KOH 1 827 Present study
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7. Conclusion

In this work, Co–CeO2/SnO2, Co–CeO2, and Co–SnO2 nano-
composites were prepared in water and H2O/Pr

iOH (70/30% v/
v), and a photochemical reduction technique was used to
successfully characterise the samples. Surface removal and
photocatalytic reduction of Co(III) were investigated using
sacricial reactions with adjusted catalyst dosages and pH
media. Increasing the surface contact between compounds and
impurities increases the reduction properties at a low pH of the
solution. CeO2/SnO2 has a higher rate constant (0.0625 min−1)
for the reduction of Co(III) to Co(II) than the former. The stability
of Co–CeO2/SnO2 ternary compounds was demonstrated by the
XRD pattern and photocatalytic degradation of Co(III) probes,
which can withstand three cycles. It is non-toxic, low-cost, and
has properties evidenced by its electrical conductivity, which
obtained a specic capacitance value of 692 F g−1 at 3 mV s−1

from CV and 827 F g−1 at 1 A g−1 from GCD, which is superior
among metal oxide semiconductors.
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