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In this work, novel CeOy/CoWO, heterostructured nanocomposites (NCs) were
synthesized via a hydrothermal method. X-ray diffraction, high-resolution
transmission electron microscopy, UV-Vis diffuse reflectance spectroscopy
and photoluminescence spectroscopy were carried out to determine the crystal
structure, deep morphology, optical properties, and charge separation of the
obtained photocatalysts (PCs), respectively. In comparison to the pristine
CoWOy, the CeOy and CeOy/CoWO, PCs demonstrated enhanced activity of
methylene blue (MB) aqueous dye photodegradation under visible-light
exposure. The photodegradation efficiency of the as-prepared CeOy/CoWO,
photocatalyst showed the premier decomposition ratio (92.5%) of MB dye in
105 min among all samples, which was notably 1.8-fold and 2.2-fold that of the
pristine CeOy (43%) and CoWO, (60%), respectively. Likewise, the CeQOy/
CoWO, PCs retained satisfactory photo-reactivity even after five sequential
recycling runs, indicating their excellent photocatalytic stability and robust-
ness. Hence the succeeding superior PCs preferred further efficient charge
(e"=h*) separation, excellent visible-light absorption, and worthy interfacial
energy transfer leads between CoWO, and CeO5 nanoparticles. Additionally, a
plausible mechanism for the photodegradation was proposed. The synergistic
antibacterial properties of the CeOo/CoWO, NCs were investigated by a gel
diffusion method. Therefore, this work offers a novel avenue for the prepa-
ration of stable and efficient visible-light-driven PCs for environmental
remediation.

Key words: CeOo/CoWO, nanocomposites, visible light, photodegradation,
methylene blue dye, recyclability

INTRODUCTION

Photocatalysis is considered one of the most
effective ways to resolve the growing environmental
weakening fuel and energy problems. Semiconduc-
tor (SC)-based photocatalysts (PCs) have attracted
much attention in several multidisciplinary fields
including materials, environment, and chemistry,
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and are highly favored for the elimination of
hazardous toxins in polluted water.!? It has been
widely acknowledged that environmental pollution
as a result of rapid industrialization and population
growth is one of the most serious issues facing
society globally. However, none of these semicon-
ductor PCs can certainly fulfill for entire provisions
of real uses, for existence in the excessive exploita-
tion of solar energy great effectiveness, high sta-
bility and low cost.”” For instance, one of the most
important and low-cost dyes, methylene blue (MB),
is commonly used for textile dyeing, photography
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and printing trades, and retains its carcinogenic
and mutagenic effects in wildlife, chronic noxious-
ness and can even bio-accumulate in the food chain
towards humans and animals.*® Accordingly, the
elimination of MB dye from wastewater by visible-
light-driven (VLD) photocatalytic processes repre-
sents a feasible and environmentally friendly
approach to exploit solar energy in order to reduce
environmental pollutants.® The photocatalytic
activity of transition metal oxides (TMO) and lan-
thanides has recently received much attention in
studies investigating the photodegradation of
organic toxins in aqueous solutions under UV or
visible-light treatment.”

Among several lanthanides, CeOg nanostructured
(NS) materials have garnered considerable interest
over the past decade because of their distinctive
properties, with extensive application in catalysis,
gas sensors, antibacterial agents,® ultraviolet ray
detectors, and eco-friendly dyes.”'? CeO, is a chem-
ically stable oxide nanomaterial, with an array of
unique properties including excellent optical trans-
parency in the visible region, stability at high
temperatures, robustness and ability of provided
that oxygen species to easy source or relief oxygen
alteration between Ce®* and Ce** oxidation states of
their lattice oxygen assembly in oxygen vacancies
(V,). Cobalt tungstate (CoWQ,), as a unique tran-
sition metal tungstate photocatalyst, has a narrow-
bandgap as a p-type semiconductor (Ey = ~ 2.8 eV).
Because of its great stability, environmentally
friendly nature and low-cost preparation,'' CoWO,
has been used in sensors, dye essences, supercapac-
itors, photovoltaic electrochemical cells, and photo-
catalyst decomposition.'” However, owing to the
short efficiency of (e —h™) separation, the photocat-
alytic activity of pristine CoWO, nanomaterials
(NMs) is quite low. As is well-recognized by
researchers, the combination of SCs can signifi-
cantly improve the photocatalytic activity of pristine
NMs by enhancing their charge separation capabil-
ity and increasing their light-trapping activity.'®!?
Thus, emerging owing PCs by enhancing properties
over the pairing, co-catalysts accumulation, fash-
ioning right heterojunction and further serious one.
It has instantly preferred to progress the proficient
VLD photocatalyst by moderately great charge-
separation efficacy, also generate photo-carrier
traps and reduce electron—hole (e "—h™) pair recom-
bination. To the best of our knowledge, no studies
have been reported on the combination of CeOy/
CoWO, PCs and the subsequent application for dye
removal in environmental remediation. Hence, the
preparation of CeOy blended in CoWO4 to form
Ce0y/CoWO, NCs was likely to attain high perfor-
mance as a photocatalyst for aqueous-phase MB dye
removal under visible light. Later, too overwhelmed
the forbidden bandwidth, relaxed recombination of
(e"=h") pairs and small consumption of solar energy
to a certain extent, whereas it could captivate better

visible light range, f*reater catalytic activity and
stable performance.’

In the current study, the successful preparation of
novel CeOy/CoWO, NCs via hydrothermal surface
chemistry is described. These hybrid systems
achieved excellent reproducibility and facilitated
the generation of high-purity yields. The as-pre-
pared PCs demonstrated significantly enhanced
photodegradation of MB dye. The structural, mor-
phological and optical properties of the CeOy/
CoWO, PCs were further characterized to investi-
gate the wunderlying mechanism. The distinct
improvement in photocatalytic activity benefited
from the electron (e™) transfer from CoWO, into
CeOy controlled by visible-light frequency. The
rapid electron (e”) promotion from CoWO, into
CeQgy resulted in both a lower recombination rate
and longer lifetime of the photoexcited charges.
Therefore, this novel CeOy/CoWO, NC method
enables more effective solar energy exploitation of
the photo-excited (¢7) in CeOs with an enhanced
photocatalytic performance and antibacterial
performance.

EXPERIMENTAL SECTION
Materials

For this study, cobalt nitrate hexahydrate (Co(IN-
03)36H50; 99%), sodium tungstate dihydrate
(Na;WO42H50, 99%), and ethylene glycol (99%)
were procured from Himedia Ltd. Potassium chlo-
ride (Merck, 99%) and cerium nitrate (Ce(N-
03)3:6H50; 98%) were obtained from SRL Chem.
Limited. Sodium hydroxide (NaOH), isopropanol
(IPA), ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na), benzoquinone (BQ), and absolute
ethanol (CH3;CH,OH) were obtained from SDFCL
Chemical Reagent Co., Pvt. Ltd. Methylene blue
(MB; C16H15CIN3S) dye was obtained from SD Fine
and was used as received. All the chemicals were of
analytical/methodical reagent (AR) grade and were
used without further purification. Deionized (DI)
water was used in all experiments.

Preparation of CeO3/CoWO, Nanomaterials

Briefly, 0.03 mol of Ce(NO3)3:6H50 was ultrason-
ically dissolved in 100 mL of DI water. NH,OH was
added dropwise to the above solution to reach pH ~
12. Lastly, the composed precipitates® were dried at
60°C for 8 h and further calcined at 400°C for 1.5 h
to obtain CeOy NMs. In this research, the CeO5 was
mixed with CoWO, NMs, and then 0.03 mol of
Co(NO3)3:6H,O and 0.03 mol of Na,WO0,.2H,O
solution were added by 50 mL of DI water. Next, 1
mol (50 mL) of NH,OH solution was added to the
pioneer solution, although the pH value reached
~ 11-12. After stirring for 3 h, 0.1 g of the as-
obtained CeOy; NMs was also added to the above
solution and then stirred for 2 h. The reaction
mixture was then transferred to a 250 mL Teflon-
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lined stainless steel autoclave and heated at 160°C
for 24 h. Finally, the CeOo/CoWO, precipitate was
obtained via centrifugation, followed by thorough
washing with DI water and ethanol, and drying at
65°C for 8 h. The CeO5/CoWO4 NCs were similarly
obtained.'® Following this scheme, the pristine
CoWO, NPs were obtained by a similar process
but without accumulation of CeOy NMs.

Characterization of the As-Prepared Samples

The x-ray diffraction (XRD) patterns were
acquired on an x-ray diffractometer (Rigaku Mini-
Flex II; x-ray diffractometer) with CuKo radiation.
FTIR analysis was performed using a PerkinElmer
RX1 FTIR spectrophotometer. The surface mor-
phologies of the as-prepared NMs were investigated
via high-resolution scanning electron microscopy
(HR-SEM; HITACHI S-3000 H). The deep morphol-
ogy, shape and particle size of the sample were
recorded by high-resolution transmission electron
microscopy (HR-TEM) images using JEM-2011
instrument (JEOL, Japan). The optical properties
of the obtained samples were assessed using a UV—
Vis DRS spectrophotometer (UV2550, Shimadzu,
Japan). The optical absorption of dye degradation in
the samples was measured via a UV-Vis spec-
trophotometer (PerkinElmer Lambda 19). The pho-
toelectron transfer of the catalyst was studied by
photoluminescence (PL) spectroscopy using a Perk-
inElmer LS-45 spectrometer at an excitation wave-
length of ~ 321 nm.

Photocatalytic Activity of MB dye
Degradation

The photodegradation performance of the as-
obtained samples (50 mg) was measured by the
degradation of MB dye (20 ppm; 100 mL solution; 10
mg/L) under visible-light exposure (300 W Xe lamp
by /4 > 420 nm cutoff filter in a Pyrex photocatalytic
vessel).’® Prior to exposure, the suspension was
subjected to constant magnetic stirring for around
30 min in the dark to confirm that the dyes might
extend the absorption-desorption equilibrium on the
photocatalyst surface and dyes.!” At specific inter-
vals, 2.5 mL of the suspension was extracted by
centrifugation for 15 min of light irradiation, and
the concentration of the composing solution was
explored by gauging the concentrated absorbance of
the MB dye in the peak at ~ 664 nm. The pho-
todegradation efficiency was expressed as the fol-
lowing formula: Efficiency (%) = (Cy — Cy)/Co*100,
where Cy and C; are the UV-visible absorbance
spectra rate of the dye solution before and after
degradation. In order to detect the reactive species
caused/trapping mechanism throughout the photo-
catalytic process, 1ImM of IPA, BQ, and EDTA-2Na
were added as quenchers of hydroxyl radicals
(OH™), superoxide radical (O ) and holes (h*),
respectively.'®
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Antibacterial Activity

The antibacterial activity of CeOy/CoWO, NCs
against gram-negative [Escherichia coli (E. coli)]
and gram-positive [Staphylococcus aureus (S. aur-
eus)] pathogenic bacterial strains was investigated
using the agar gel diffusion method. The CeOy/
CoWO, NCs were dispersed in DMSO to a final
concentration, and the solutions were filtered by
Millipore filters for sterilization. The gel impreg-
nated with 25 ug/mL, 50 ug/mL and 75 ug/mL of
sample solutions, and standard antibiotics DMSO
(as a negative control) and ampicillin (as a positive
control) were placed and against the yathogenic
bacterial strains on the inoculated agar.'® Antibac-
terial activity was quantified by calculating the
diameter of the clear zone of inhibition (ZOI) on the
impervious contextual of microbial growth after
cultivation at 37°C for 36 h in bacterial strains, and
the average values of both assays were also
calculated.

RESULTS AND DISCUSSION
XRD Analysis

The crystalline structure and phase purity of as-
obtained pristine CoWO,, CeOz and CeOy/CoWO,
NCs were determined by the XRD pattern. As
displayed in Fig. 1, the pristine CoWO, sample
displays the specific XRD diffraction peak of pure
monoclinic system, space group P2/a and the
emerge peak by 20 values of 18.92°, 23.75°, 36.22°,
53.81° corresponding to the (010), (001), (111), (112)
crystal plane of CoWO, (JCPDS file #15-0867).2°
Characteristic peaks at 20 values of 28.55°, 32.97°,
47.54°, 56.26° could be indexed which correspond to
(111), (200), (220), (311) crystallographic planes
intense and well-suited diffraction peaks of cubic
phase CeO, (JCPDS file #81-0792), respectively.?!
The diffraction peak is robust, which indicates that
it has great crystallinity. While the CeOy/CoWO,
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Fig. 1. XRD pattern of as-obtained CeO,, CoWO, and CeO./
CoWO, NCs.
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NCs exposed the survival of diffraction peaks of
together phases of CoWO, and CeOs and the
diffraction peak lifted towards a minor angle,
signifying that CeOg dropped/occurs in lattice oxy-
gen space, indicating that CeO, has active packing
on CoWO, lattice. Peaks interrelated to CeQOy/
CoWO, heterojunction NCs are reliable with resul-
tant separate, and no further any impurity specific
peaks/phases could be observed, indicating the
successful assembly of high-purity NCs/hybrid
NMs. The average crystallite size of pristine
CoWOy, CeOg, and CeOy/CoWO, NCs was designed
for the most intense peak since Debye—Scherrer’s
equation was established to be 23.5-28 nm, 27-30.4
nm and 25.2-19.05 nm, respectively. For now, the
equation is D = 0.94/fcos0, where D represents the
crystallite size, A stands for a wavelength of the
used x-ray radiation (1.5418 A), f is the full width at
half maximum (FWHM) of the diffraction peak and
0 is the scattering angle. Since the decline in
crystallite size might be expressively repressed
owing to the existence of CoWO, has abundant
integration in the CeO,, lattice.?*

FTIR Spectral Analysis

FTIR analysis was conducted to gain a better
understanding of the chemical structures, func-
tional groups information of pristine CeOy, CoWO,
and CeOy/CoWO4 NCs over a frequency range of
4000—400 cm ! as revealed in Fig. 2. The precise
bands at 1045 and 1397 cm ™' were assigned to the
individual peaks related to C=0 and C-O stretching
vibrations, respectivelgf. The characteristic bands
situated at 1544 cm ' and 1625 cm ' were con-
signed to different types of C—H vibration.?® The
notable bands at 574 cm ! were usually recognized
owing to the vibrational kind of Ce—O absorption
bonding. Likewise, the bands observed at 748 cm™?,

(c) CeO,-CoWO,

(b) CoWO,

M\/

Transmittance (%)

T I T I T I ' 1 ' 1 ' I T I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. FTIR spectra of (a) CeO, (b) CoWO, and (c) CeO,/CoWO,
NCs.

793 cm ! and 892 cm ™! were attributed to defor-
mation ways of Ce—O-Ce, Co—O and W-O bonds by
chain stretching vibrations, respectively. The
extreme bands perceived at about 3367 cm™! and
1548 cm ! were owing to O—H stretching vibrations
kind (H-bonded) of inside bonded or surface
adsorbed hints of residual water (H,O), and the
oxygen (O-) functionalities individually.?*

Surface Morphology and Elemental Mapping

The surface morphology of the as-ascribed pris-
tine CeOg, CoWO,, and CeOy/CoWO, NMs samples
was determined by HR-SEM images as shown in
Fig. 3a, b, and c. All the as-obtained sample display
highly agglomerated sphere-like NSs which indicate
the satisfactory foundation of NPs.'25 The elemen-
tal purity of the CeOo/CoWO, NCs was established
via the EDX system. As demonstrated in the EDX
peaks shown in Fig. 3d, the CeOo/CoWO, NCs are
composed of Ce, W, O, and Co elements. Besides, no
further impurity peaks were observed, which indi-
cates positive configuration®® with a high purity
level of as-obtained CeOy/CoWO, NCs, and the
relative element/content weight ratios are indicated
in the table (inset Fig. 3d). Further details of the
Ce0y/CoWO, heterojunction NCs are recognized via
EDX mapping, as depicted in Fig. 4. Figure 4a—e
reveals the sample expanse for EDX mapping,
illuminating the dispersal of Ce, W, O, and Co
elements in Fig. 4b, ¢, d, and e relatively. Besides,
the Ce, W, O, and Co elements have an identical
circulation of the Ce and O reactive species on the
surface/boundary of CoWO, NPs.?’

HRTEM was used to further characterize the
features of deepness morphology, crystalline nature
and particle size of as-obtained NCs. Figure 5a
shows the high-magnification image of CeOo/CoWO,
NCs, and it is observed that quasi-spherical NPs are
well dispersed and adhere to one another.*® The as-
organized CeOy/CoWO, NCs by average sizes in the
range of nearly ~ 25-29 nm in attendance of an
effective hydrothermal heating way. Likewise, the
selected area electron diffraction (SAED) outlines
(inset of Fig. 5b) show that the vibrant lattice
fringes stable mutually, which confirms the good
construction of interfacial assembly among the
CoWO, and CeOy NPs in the composite also spec-
ifying random directions, which is highly consistent
with the XRD outcome, indicating that the photo-
excited charge carrier (e -h") effort between the
Ce0y/CoWO, NCs.%8

UV-Vis DRS Absorption Spectra

As is well recognized, the photocatalytic activity
of a photocatalyst is determined via the light
absorption capability. The optical absorption prop-
erties of pristine CeO,, CoWO, NPs, and CeOo/
CoWO,4 NMs were clarified by UV-DRS spectra as
shown in Fig. 6a. The strong absorption region
observed at 290—-400 nm was characteristic of CeOy
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Fig. 4. Elemental mapping for (a) specified HR-SEM image of CeO,/CoWO, NCs and relative, (b) Ce, (c) W, (d) O, and (e) Co elements
respectively.
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. 5. (a) 20 nm and (b) 2 nm magnification HR-TEM images of as-obtained CeO,/CoWO, NCs.

transition and n = 4 for indirectly allowable transi-
tion). Using the optical absorption data and the
Tauc equation, the energy gap values of pristine
CeOgz, CoWO,, and CeOy/CoWO, NCs are 2.92 eV,
2.83 eV and 2.46 eV, respectively (Fig. 6b). The
bandgap energies decreased in the composite on
mixing of CeOy,/CoWO,, which may reflect the
synergistic influence of the interaction between
CeOy and CoWO, NPs leading to the smaller
bandgap energy similarlgr increasing the visible-

1 It was itemized that the
well-suited overlying band-structure in the compos-
ite could facilitate the separation/charge-transfer of
electron—hole (e —h*) pairs, thus suggesting that
Ce0Oy/CoWO, NCs improve the photocatalytic activ-
ity for the removal of organic impurities under
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Fig. 6. UV-Vis DRS spectra and (inset) Band gap energy of as-
obtained nanomaterials.

and CoWO, NMs. The absorbance edges of pristine
CeOy and CoWO, NMs are situated at about 292 nm
and 295 nm, respectively. By adapting to mixing
with the CeOo/CoWO, NCs at the absorbance edges
(~ 296 nm, 465 nm) consume strong visible-light
absorption further effectively than further as-ob-
tained NMs, though auxiliary red-shifted light
absorption capability with great mediate between
CoWO, and CeO,. These results suggest that the as-
obtained PCs would retain visible-light photocat-
alytic activity.?® The bandgap energy of the PCs can
be calculated via the Tauc equation by the following
formula:®® ahv = A(hv — Eg)“/2, where o stands for
the absorption coefficient, hv stands for photon
energy, E, represents the bandgap, and A is a
proportionality constant, respectively. The value of
n is determined by the type of optical transition of
the semiconductor (i.e., n = 1 for directly allowable

Photoluminescence (PL) Properties

To characterize the trapping, charge migration,
excitation properties, and separation efficiency of
photo-excited charge carriers of the as-attained
samples, they were further investigated by via PL
emission spectra inquiry.>® The room-temperature
PL spectra of the CeOy/CoWO, heterojunction NCs,
pristine CeOy and CoWO,4 NPs are shown in Fig. 7.
In Fig. 7, it can be seen that the PL emission
intensity of CeOy/CoWO, is lower than that of
pristine CeO; and CoWOQO, NPs. Speciously the
outline of CoWO, NPs indicated a strong emission
peak at ~ 428 nm, 446 nm and 478 nm, the CeOy/
CoWO, sample exposed clearly decreased PL inten-
sity, which indicates that the heterojunction
reserved via blending with CeO; and CoWO, NPs
results in a strangely hindered recombination rate
of photoexcited (e —h*) pairs, thus enhancing the
photocatalytic performance.?* The effects also sig-
nify the improved charge separation ability owing to



2896

2000

—(a) CeOy
(b) Cowo,
—(c) CeOz-CoWO4

1500+

1000+

PL intensity (a.u)

500+

a0 450 500
Wavelength (nm)

Fig. 7. Room-temperature PL spectra of as-obtained nanomaterials.

the transfer of photoelectrons (e™) across the bound-
ary of CeO5 and CoWO, pairing materials.

Photocatalytic Performance Under
Visible-Light Treatment

The photocatalytic activity of the as-obtained
samples was estimated via the aqueous MB dye
photodegradation by visible-light exposure. Figure 8
shows that the consistent UV—Vis absorption spec-
trum of MB dye photodegradation with CeOy/
CoWO, PCs was rationally executed. In addition,
on the CeOy/CoWO, PCs, it virtually entirely dis-
appeared after light exposure for 105 min. The
pristine CeO, exhibited the lowest photocatalytic
activity (41%), and CoWO, also showed a low
degradation ratio of around 52.5%. Conversely, the
Ce0y/CoWO, coupled NCs showed outstanding pho-
tocatalytic performance for MB dye photodegrada-
tion, which was superior to the other as-obtained
samples. After 105 min exposure to visible light, the
Ce0y/CoWO, sample demonstrated the highest
photocatalytic activity, with 92.5% of dye degraded
under similar settings.?® The self-degradation/
straight photolysis of the dye have less than 2%
after 105 min of light exposure, later agreeing it to
be ignored. The decomposition efficacy of MB dye is
projected by the following expression: Decomposi-
tion% = Cy — C/Cy x 100, where Cy and C, are the
primary concentration of MB dye and the equilib-
rium concentration through the reaction, respec-
tively.?® The relationship between concentration
ratios (C,/Cy) on light exposure time is displayed
in Fig. 9a. The photodegradation efficiency (Fig. 9b)
of these catalysts was found to be in the following
order: CeOy/CoWO,4 > CoWO, > CeO,. This greater
photocatalytic performance is attributed to the
significantly improved photoactivity, fortunate pho-
toexcited charge transfer, and visible-light
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Fig. 8. UV-Vis absorption spectra of MB dye degradation of CeO,/
CoWO, NCs.

absorption facility for CeOy/CoWO, PCs initiated
via the sensitive influence of environmental reme-
diation. The heterojunction NCs similarly inhibit
the photo-excited (e "—h™) recombination, which may
be ascribed to the developed charge separation
efficiency between the coupled CoWO, and CeO,
catalyst surface, enabling better visible-light
absorption, which hence enhances the visible-light
photocatalytic performance.?”

Additionally, by the resolution of better compare/
defend the photocatalytic activity and photodegra-
dation rate kinetics of MB dye considered over the
as-invented samples surveyed the pseudo-first-
order kinetic model (Fig. 10). Also, In Cy/C; = kt,
where %k represents the first-order rate constant
plotted from a graph, Cy, symbolizes the initial
concentration and C; represents the concentration
of MB dye with exposure time ¢ of visible light.?® It
was observed that CeOs/CoWO, PCs have a maxi-
mum rate constant of 0.04212 min !, nearly 3.1-fold
and 1.23-fold greater than pristine CeO,
(0.0134 min~') and CoWO, (0.0343 min '), respec-
tively. According to the outcomes, the photodegra-
dation rate of MB aqueous dye was significantly
increased owing to the momentous manipulating
statistic that the synergistic upshot of effects of the
combination of CoWO, and CeOy NMs present in
the NCs. Upon exposure of CeOs NPs to visible
light, the separation of photoelectrons (e™) from the
conduction band (CB) facilitated the rapid transport
to the CoWOy,, which helped to prevent/hinder the
foundation of photo-generated (e —h*) pair recom-
bination and causing holes (h*) in the valence band
(VB) of CeO5 NPs, leading to the improved photo-
catalytic performance.??3? Lastly, the photo-excited
e” and h™ could react with HyO to generate OH ™
radicals and oxygen species rather than to degrade
the dye molecules.
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Fig. 10. First-order kinetic plot for the degradation of MB over the as-
obtained PCs.

Reusability Test

The reusability and stability of the photocatalyst
NMs are further essential qualities in real-time appli-
cations. Successive runs of aqueous MB dye over the
Ce0Oo/CoWO, active PCs under visible light were
carried out to evaluate its stability (Fig. 10b). Respec-
tively cyclic runs recuperate well again the photocat-
alyst via centrifugation with further washed numerous
times with DI water and dried, and the recovered PCs
were then used for the successive catalytic runs.*® As
shown in Fig. 11, there is no deceptive reduction of
photodegradation effectiveness during five reusability
cycles, with a slight decrease in efficiency from 92.5% in
the first run to 81% in the fifth run. This decreased
photodegradation efficiency is ascribed to the photo-

1.04

0.8

0.6+
Q°
o
0.4+
0.24
O_f‘ ) I v ) M ) v |} v I
0 100 200 300 400 500
Time (min.)

Fig. 11. Five repetitive recycling processes of CeO,/CoWO, PCs for
photodegradation of MB dye under visible-light exposure.

dissolution and photo-corrosion of the as-obtained
catalyst. In addition, the XRD patterns and FTIR
spectra of the CeOo/CoWO, NC before and after five
repeated runs are displayed in Fig. 12a and b. Hence,
there was no evident variance among the intact PCs,
establishing that the coupling of CoWO, and CeOy NMs
can effectively inhibit the recombination of photoex-
cited (e”—h") charges to a large degree, and confirming
the good stability and robustness of CeOy/CoWO, PCs.
Thus, the results verify that the CeOy/CoWO, photo-
catalyst possesses excellent stability and recyclability,
and is a good candidate for practical photocatalytic
applications.*’™*® The photodegradation and photoac-
tivity of the CeOo/CoWOQ, catalyst were also compared
with several nanocomposite materials,***® and the
results are given in Table 1.
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Fig. 12. (a) XRD pattern and (b) FTIR spectra for CeO,/CoWO, PCs before and after a photocatalytic reaction.

Table I. Comparison of visible-light-assisted MB photodegradation rate (%) with that of previously reported

nanomaterials

S. no. Catalyst

Irradiation time (min)

Degradation efficiency (%) References

CdS/TiO,
Ce0O/ZnO
Zn0O/Sn0Oy
rGO/ZnO
SnOy/ZnO/Ti05
CeOQ-COWO4

310
150
240
90

300
105

SO o=

62 44
97 45
100 46
99 47
27 48
This work

100

|No Scavenger

80
EDTA-2Na

60 -

40

Degradation Effienency (%)

20

0

Scavengers

Fig. 13. Effects of different scavengers on the degradation of MB
dye in the presence of CeO,/CoWQO, PCs.

Detection of Reactive Species and the Photocatalytic
Mechanism

To examine the photocatalytic mechanisms of the
Ce0y/CoWO, heterojunction photocatalyst, differ-
ent scavengers were presented to recognize the

influences of one or further intermediary reactive/
oxidative species (OH™, Oy~ and h*) in a photocat-
alytic manner. As illustrated in Fig. 13, once BQ
was added, the degradation performance of MB
aqueous dye decreased from 88.5% to 23%, signify-
ing that the ‘O~ played a dynamic role in pho-
todegradation.”” Equally, a momentous loss of
photo-decomposition (45%), whereas the addition
of IPA, proving that the -OH" pathway played a
decisive role in the degradation process. Moreover,
when EDTA-2Na was added in a photocatalytic
mode, the degradation efficacy of dye was slightly
depressed, specifying that little holes (h*) were only
involved also it has not a crucial provider in the
photodegradation progression of MB dye subtrac-
tion. As an effect, it might be resolved that O™ and
‘OH™ were central donated roles of reactive species
in the 55%110tocatalytic route in visible-light
exposure.””

Based on the above experimental and the theo-
retical analysis, a projected energy band structure
of the CeO5/CoWO, PCs is illustrated schematically
in Fig. 14. The CB and VB edge potential (versus
NHE)*? of CeOy/CoWO, PCs at the point of zero
charge was determined using Mulliken electroneg-
ativity Egs. 1 and 2:

Evg =X — E, + 0.5E, (1)
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Fig. 14. The plausible mechanism of the MB dye degradation for CeO2/CoWO4 PCs.

Ecg =Evg — E; (2)

wherever y is the absolute electronegativity of the
semiconductor (y is 5.56 eV, 6.32 eV for CeO, and
CoWOy, respectively). E, stands the free electron
energy of the hydrogen scale (4.5 eV) values and E,
is the bandgap of the obtained semiconductor.?® The
intended Ecg and Evg of CeOy were — 0.40 eV and
2.52 eV, and of CoWO, were — 0.405 eV and 3.23 eV,
respectively. According to the UV-DRS results,
when the CeOy/CoWO, PCs system was exposed
under visible light (> 400 nm), together CeOy and
CoWOy could be stimulated since the energy gap of
CeOy and CoWO, observed in this analysis were
2.92 eV and 2.83 eV.

To understand the reason for this enhanced
performance, a plausible photocatalytic mechanism
for the photodegradation of MB dye over the CeOy/
CoWO, PCs is depicted in Fig. 13. From this
analysis, one can easily see that the CeOz not only
plays sustenance but similar activity as the ligands,
which helps to increase the segaration efficacy of
the photoexcited (e —h*) pairs.®* Linking CoWO,
and CeO, with different bandgap to form composite
NMs are further flexible than fixing for extending
the light absorption and fewer thoughtful to the
constituent homogeneity.?>°® As visible light pro-
vided the surface of CeOy/CoWO, PCs with ade-
quate energy, h* and e~ were photoexcited in the VB
and CB hereafter be the boundary part series of
reactions generating reactive radical species. How-
ever, photoexcited h* gathered at the VB, edge
potential of CoWOQ, (3.23 eV versus NHE) reacted by
H,0 to give rise to OH™ radicals, which was the

photo-oxidation progression leading to increased
charge separation. The photo-excited (e”) at the
CB edge potential of CeOy (— 0.40 eV versus NHE)
crystallites are transported to the CB of CoWO,
(— 0.405 eV versus NHE) has less negative than the
typical redox potential of crystallites. Conversely,
the photoexcited (e”) on illumination to the CB of
Ce0y/CoWO, PCs with the adsorbed oxygen soft-
ened in aqueous medium might ease O, to yield Oy~
species.’”® could respond through MB dye and
despoiled it into CO4 and H,O. Moreover, these Oy~
radicals respond with H,O were contributed in the
redox response fashioned which eventually caused
‘OH™ radicals and the VB of h* is apprehended by
H,0 or respond with a generation of OH groups to
form the surface OH™ radicals which oxidized the
dye impurities in visible-light. Thus, the photocat-
alytic reactivity, the CeO9/CoWOQO, composite indi-
cates effective segregation of photoexcited (e"—h*)
charge-carrier, thus developed photosensitization
and photocatalytic reactivity could be successfully
realized.’® The plausible solutions concerning the
above-reference substance are expressed below
(Egs. 3,4, 5, 6, and 7).

CeOy/CoWOy4 + Dye + Light
— Ce03/CoWOy4 + Dye + (e (CB) +h*(VB)) (3)

Dye + OH — OH ™ + DegradationProducts  (4)
Dye + Oy — O + DegradationProducts  (5)

Dye + e (CB) — ReductionProducts (6)
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Dye + h" (VB) — OxidativeProducts (7)

Antibacterial Experiments

Essential oils are capable of use as regular
antimicrobial agents; however, the modest solubil-
ity and infrequent biological situations confine their
use agalnst bacteria in biofilm and dispersed sites
together,®® since here as-organized NCs have been
used for antibacterial agents. Antibacterial activity
of CeOo/CoWO, NCs was measured against gram-
negative E. coli and gram-positive S. aureus patho-
genic bacterial strains by the agar well diffusion
method. Figure 15 clearly shows the zone of inhibi-
tion (ZOI) at different concentrations (25 ug/mlL,
50 ug/mL and 75 pug/mL) of CeOg/CoWO,, CoWO,,
and CeO; for the typlcal control which directed the
antibacterial outcome.®! The antibacterial activity
of as-obtained catalysts against the pathogenic
bacterial strains by different concentrations is
shown in Table II. The superior antibacterial activ-
ity of the as-attained CeOs/CoWO, NCs at a con-
centration of 75 pg/mL consumed a capable
antibacterial influence beside gram-positive of S.

Selvi, Rajendran, Barathi, and Jayamani

aureus bacteria through a ZOI value of ~6.5-9 mm
on equating by the typical drug of DMSO. Moreover,
the combined CoWO,/CeO, indicated that the NCs
collected round the surface membranes, which
might respond with the microbial membranes and
produced internalization of the NCs in the microbe’s
cells.’? The use of efficient gold (Au) NPs has to
contest multi-drug-resisted pathogenic bacteria. For
regulation of the functional pairs on the as-obtained
NPs surface has if gold NPs that were active besides
both gram- positive and gram-negative bacterial
strain, comprlsmg that multi-drug-resistant patho-
gen 51m11ar1y Antibacterial effectiveness of the
fascinatingly triggered LM NPs was measured
besides both the Gram-negative and Gram-positive
microbial biofilms moderately. After 90 min, over
99% of both microbial species suited nonviable, and
the degradatlon of the attained active bloﬁlms was
perceived.®® The mechanism for the bactericidal
motion of NPs appearances substantial efficacy for
the responsive/reactive oxygen species (ROS) and its
bactericidal strains actual part in its metallic NPs
and their complexes 1n the existence of oxygen
species and accordingly®® donate to the superior
mechanical damage for the utilities of microbes, and
enhanced bactericidal effects of hybrid CoWO,/CeO,
nanostructured materials. Moreover, the greater

Fig. 15. Antibacterial ZOlI value by E. coli and S. aureus bacteria of as-prepared CeO,/CoWO, nanomaterials.

Table II. Assessment on the zone of inhibition of antibacterial activity for as-prepared nanoparticles

Zone of inhibition range (mm)

E. Coli S. aureus
S. no. Microorganisms 25 ug 50 ug 75 ug 25 ug 50 ug 75 pg
1. CeOqy 2+ 0.5 25+1 3.5+05 3+1 6+1 7+1
2. CoWO, 2+1 2+05 3+0.3 3.5+1 6.5 + 0.5 8.5+ 0.5
3. Ce0,-CoWO, 3.5+0.5 3.5+05 4+15 6.5+ 0.5 8+ 0.5 11 £ 0.5
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concentration of all these managed NCs materials
are destructive to both the consumers and microor-
ganisms; however, nano-level concentrations of
these NMs are further applications for the destruc-
tion of microbes.%%-¢

SUMMARY AND CONCLUSION

In summary, a novel CeOy/CoWO, heterostruc-
tured NCs photocatalyst was successfully prepared
via a facile hydrothermal-based process. The assem-
bly of effective NCs was characterized via XRD,
HRTEM, UV-DRS, PL spectra, and photocatalytic
analysis. The CeOy/CoWO,4 NCs by agglomeration
virtually spherical fashioned morphology with an
average size of approximately 25-29 nm, likewise
revealed admirable optical properties and energy
bandgap value of 2.46 eV. The photocatalytic
assessment of CeOy/CoWO, PCs indicated clearly
superior photodegradation efficiency against an
aqueous MB dye solution, i.e. 92.5% within 105
min of visible-light treatment, in comparison with
the CoWO, and CeOy NPs. Additionally, the CeOy/
CoWO, PCs confirmed good recyclability and high
stability during five cycles, and thus can be reused.
The improved photoactivity of CeOy/CoWO, PCs
was attributed to the improved light-harvesting
efficiency, actual transfer, and separation of photo-
excited (e —h™) pairs owing to proper energy band
potentials amid the synergistic effects of the inter-
action of CoWO, and CeOy NPs. The O and OH™
were responsible for the effectual reactive species to
removal and mineralization through the degrada-
tion manner. The feasible mechanism behind in the
photodegradation of MB dye in the presence of
Ce0Oo/CoWO, PCs was then defined. Likewise, the
synthesized CeOy/CoWO, NCs expression the
momentous influence on the antibacterial activity
against pathogenic bacterial strains. This work may
offer an efficient new platform for the well-ordered
stable CeOy/CoWO, heterostructured PCs, which
facilitates great efficient solar energy conversion to
resolve key environmental issues with regard to
wastewater effluence remediation.
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