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ABSTRACT: Herein, we have synthesized pristine and g-C;N,-
assisted Ce,(WO,); via a facile hydrothermal method. The
structure was confirmed with the standard JCPDS card. g-C;N,
encapsulated the crystal and reduced the size. The Raman spectra
revealed the presence of Ce—O, W—O stretching and bending
vibrations. Electron hole transfer facilitation and controllable [ jumusGreens
recombination were altered by g-C;N, heterojunction with cerium

tungstate. Ce,(WO,); possessed a larger band gap. As g-C;N, was OH'
assisted, the band gap was reduced which facilitates Ce,(WO,); to ECN, Qi

utilize more visible light. The prepared photocatalysts were used to c H:0

investigate the model pollutant removal with visible light. The pure coltiod

Janus Green B sample showed lesser efficiency, as it does not show

self-degradation under light. As Ce,(WO,); was added, it slightly

improved the efficiency as it possesses lower electron hole transfer

and high recombination. Thus, g-C;N, was composited with Ce,(WO,); to make heterojunctions which will enhance the photo-
excited electron and hole transfer and decrease e”/h* recombination. The rate constant values of the photocatalysts were calculated,
and the system follows the first-order pseudo-kinetic model. Ciprofloxacin, a well-known antibiotic, was also used to degrade under
visible light. The pure sample showed lower efficiency, and the antibiotic was reduced well with the addition of prepared
photocatalysts. The modification of Ce,(WO,); with the optimum-level g-C;N, facilitated electron hole charge transfer, and
numerous adsorbed dye molecules on the photocatalyst surface made 0.1 g g-C;N,—Ce,(WO,); a plausible photocatalyst for the
water remediation process.
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1. INTRODUCTION

Water is the main component of day-to-day life. By the drastic
growth of population and industrialization, a substantial
amount of water has been used and cleared as wastewater.
The ratio of wastewater to fresh water is poor, and the
freshwater was depleted over.' The greater level of water
paucity is due to the overusage of water in industrial,
agricultural, and domestic areas. The outlet from mines, textile
industries, pharmaceuticals, and agricultural areas such as dyes,
fertilizers, hydrocarbons, and heavy metals are the prime
factors of water contaminants.” Textile industries always lead a
prior role in introducing effluents into the environment. There
are numerous stages like desizing, scouring, dyeing, bleaching,
printing, and finishing, and the industries choose among those
functions related to their stipulation.” Over different dyes, azo
dyes are consumed highly throughout the world. This class of
dyes contains azo groups as the chromophores. These dyes are
highly stable as they cannot be degraded easily." Wastewater
from textiles has soaring biological oxygen demand (BOD) and
chemical oxygen demand (COD), high pH, dissolved solids,
dyes, heavy metals, and so forth. To treat this wastewater,
numerous treatment strategies have been found and used in
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practice.” Advanced oxidation processes (AOP) produce active
species like hydroxyl and superoxide radicals and mineralizing
pollutants that form harmless secondary pollutants, which is
the major advantage of the AOPs. Photocatalysis is a
mechanism based on reaction systems in the presence of
light. On irradiation of light, a semiconductor photocatalyst
will absorb light and thus produce electrons and holes. The
created e /h* will take part in reducing the pollutant, and few
e~ and h* will recombine and do not take part in the reaction.
This process is considered to be the competent technology
over traditional methods.®

Tungstate-based composites were considered to be the
creditable materials which are used in diverse fields such as
microwave ceramics, photocatalysis, luminescence applications,
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Table 1. Comparison of Efficiencies Obtained by Different Metal Tungstate g-C;N, Composites To Degrade Pollutants”

photocatalyst pollutant light time (min) efficiency (%) reference
CoWO, brilliant green visible 120 94 11
BaWO, MB sunlight 420 97 12
Bi,WO4/PANI ciprofloxacin visible 90 98 13
CuWO, MB Xe lamp 240 70 14
Bi,WO,/UiO-66 RhB halogen lamp 180 - 15
g-C;N,/Ag@ CoWO, RhB sunlight 120 99 16
CoWO,/g-C3N, norfloxacin tungsten-halogen 80 91 17
WO;/ g-C;N, RhB xenon 120 100 18
g-C;N,/Ag,WO, MO 300 W xenon 150 9§ 19
Ce,(WO,);/g-C3N, MB sunlight 75 97.5 20
Ce,(WO,);/ZnO@GO MB visible light 50 95 21
Ce(Mo0,),/g-C3N, MB visible light 140 78.11 22
Ce,(W04),/0.1 g g-C;N, JG visible light 120 81 present work
“MB, methylene blue; RhB, rhodamine B; MO, methyl orange; JG, Janus Green B.
—_—

Na,Wo, ...
)
Q8 = -

CeN,0, Stirred to attain

homogeneity

-\$ Na,Wo,
N
oo =

CeN,0,
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Figure 1. Synthesis scheme of the prepared photocatalysts.
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and so forth. The band gaps of these materials were higher
than that of TiO,, but due to their smaller ionic radius, they are
highly potent in ingesting solar energy.” Ce,(WO,); contains
active Wo*™ which are greatly useful in scattering applications,
and they possess good thermal and chemical stabilities.” The
peculiar carbon-based product properties have attracted special
interest for utilization in various fields. The carbon materials
hold different superior attributes like low mass-transfer
resistance, good porosity, high surface area, and better thermal
stability. By these preferences, nanocarbon is employed in a
variety of fields such as water treatment, energy storage,
environmental applications, and water-splitting applications.”
Graphitic carbon nitride (g-C;N,) is a newly emerged carbon-
based material constructed of tri-s-triazine with a moderate
band gap and good catalyst under light. The major advantages
are cost efficiency, simple preparation techniques, and
environment-friendliness. Addition of g-C;N, as a composite
will beneficially modulate the band gap and thus produce a
higher absorption of light. As with g-C3N,, it alters the
morphology as well as electronic structure of the host that
gives better results on the photocatalytic degradation of
pollutants.'® Table 1 explores the comparison of efficiencies
obtained by different metal tungstate g-C;N, composites to
degrade pollutants.

Herein, the hydrothermal production of pure Ce,(WO,);
and its composites with g-C;N, was discussed. The produced
photocatalytic materials were examined using standard
characterization techniques. The Ce,(WO,); band gap
engineering was tuned with g-C;N, composites. The photo-
catalytic action of samples was investigated by degrading Janus
Green B dye as the model pollutant. The prepared photo-
catalysts are more active on reducing the pollutant under
visible light, and the activity was greatly improved for the
heterojunction catalyst as compared to pristine Ce,(WOy,);.

2. EXPERIMENTAL SECTION

Cerous nitrate hexahydrate (CeN;0,6H,0) (99.9%, AR),
sodium tungstate dihydrate (Na,WO,2H,0) (99%, AR),
Janus Green B (C;0H;;CINg), and melamine (C;H¢Nj) (extra
pure) were procured from LOBA CHEMIE Pvt., Ltd.

2.1. g-C;N, Preparation. Melamine (5 g) of was annealed
at 600 °C for 6 h in an alumina crucible. After complete
cooling, a fade yellow powder was obtained. The change of the
white color to yellow color indicates depolymerization. The
yellow powder was grinded and used for compositing with
Cey,(WO,);.

2.2. Ce,(WO,); Preparation. Figure 1 shows the synthesis
scheme of the prepared pristine and g-C;N, composites. The
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prime sources of cerium and tungstate were taken in 1:2 ratios
and suspended in 30 mL of DI water. Tungstate was appended
dropwise to the cerium solution and made to stir under a
magnetic stirrer for 30 min to get a homogeneous solution.
The obtained solution was autoclaved, and the solution was
treated for 180 °C for 12 h and allowed to cool completely,
and the white precipitate was filtered with a Whatmann filter
paper and washed with DI water to reduce the impurities. The
precipitates were dried at 80 °C overnight, and the sample was
uniformly ground using a mortar. As with this abovementioned
procedure, 0.05 g g-C;N, and 0.1 g g-C;N, were appended to
composite solutions and treated hydrothermally. Finally, the
pristine and composite were annealed at 700 °C for 6 h. The
obtained pure Ce,(WO,);, 0.05 g g-C;N,—Ce,(WO,);, and
0.1 g g-C;N,—Ce,(WO,); were further denoted as CWI,
CW2, and CW3 in the discussion.

2.3. Photocatalyst Characterization. The XRD analysis
was performed by an X'Pert Pro-PAnalytical system with Cu—
Ka radiation and angles from 20° to 80°. The crystallinity
purity was observed by Raman analysis. The optical study of
the prepared photocatalyst was examined by UV-DRS analysis.
A photoluminescence spectrometer was used to analyze the
semiconductor property of the photocatalysts. The morphol-
ogy of the photocatalysts was investigated by using CAREL
Zeiss EVO 18.

A measure of 0.1 g of the dye was suspended in DI water
and stirred in the dark for 3 h to reach the maximum
adsorption and desorption. The stock solution was stored in
the dark. For the blank experiment, 2 mL stock solution was
suspended in 48 mL of DI water and stirred in the dark. For
photocatalyst-assisted dye solutions, 0.1 g of the photocatalyst
was added to 48 mL of DI water and sonicated for 15 min.
Subsequently, 2 mL of the dye was appended and stirred in the
dark for 30 min. All the solutions were transferred to a 100 mL
glass tube and positioned vertically in an annular photoreactor
with the water circulation tube and a coolant fan inside it. The
300 W tungsten visible lamps were placed vertically inside the
reactor. The light was irradiated, and the liquid sample was
gathered for 20 min. The degradation efficiency was estimated
A‘;Af X 100, where, A, is the initial and A;

i

employing D. E =

is the final absorbance calculated from the absorbance spectra.
The abovementioned procedure was followed for the
ciprofloxacin pollutant degradation.

3. RESULTS AND DISCUSSION

The structure, phase, and crystallite size were analyzed by XRD
(Figure 2). The XRD studies of CW1, CW2, and CW3 well
matched with the standard card # 85-0143. The sample has a
monoclinic crystal structure with a C2/c space group. This
pattern was also confirmed from previous literature.”> The
crystallinity of the samples was not affected, as it can be a
beneficial property. The presence of g-C;N, was identified in
CW2 and CW3 which was denoted in the XRD. This explored
the in-plane network of the tri-s-triazine compound. The
crystallite sizes of CW1, CW2, and CW3 were found by using
the Debye—Scherrer formula. The obtained crystallite sizes
were 57, 51, and 47 nm for CW1, CW2, and CW3. The
crystallite size was reduced as it was due to the proper
confinement of Ce,(WO,); with g-C;N,.**

The vibrational study was investigated by Raman spectros-
copy, and the spectra are depicted in Figure 3. Five distinct
peaks were obtained at 326, 384, 730, 808, and 916 em™! for

JCPDS Card # 85-0143
+-g-CN,
3 g3
& S S 0.1gg-CN,-Ce,(WO),
£
«»
g
= 0.05g g-C,N - Ce,(WO)
Ce,(WO,),
1 J J J J 1
10 20 30 40 50 60 70 80

2 0 (degree)

Figure 2. XRD patterns of Ce,(WO,), 0.05g of g-C;N,—Ce,(WO,)5,
and 0.1 g of g-C;N,—Ce,(WO,);.
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Figure 3. Raman spectra of Ce,(WO,);, 0.05g of g-C3N,—
Ce,(WO,);, and 0.1 g g-C;N,—Ce,(WO,);,

CWI1, CW2, and CW3. The Ce,(WO,); successive peaks at
326 and 384 cm™' correspond to F,(v,) vibrations.”” The
blunt peak at 730 cm™ is because of the W—O asymmetric
stretching in Ce,(WO,);.”® The smaller peak at 808 cm™!
explored E, bending vibration, and the highest 916 cm™! peak
arises as a result of A, symmetric stretching W=0
vibrations.”’

The semiconducting property of the samples CW1, CW2,
and CW3 was analyzed using PL, and the spectra are shown in
Figure 4. The first peak that occurred at 360 nm confirms the
presence of Ce®* in the sample.”® The secondary peak
appeared at 376 nm because of the charge transfer from
oxygen to tungsten present in the sample.”” The emission at
the violet region (411 nm) is idiosyncratic of the Ce,(WO,);
material. The electron from the 4f orbital will be moved to
higher energies by absorbing the light.”” The peak located at
438 nm is as a result of greater photoelectron and hole
recombination. CW2 and CW3 samples show lower intensity
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Figure 4. PL spectra of Ce,(WO,);, 0.05g of g-C;N,—Ce,(WO,)s,
and 0.1 g g-C3N,—Ce,(WO,);.

as g-C;N, hinders the recombination which will create more
electrons and holes to take part in reducing the pollutant.”’
The 489 nm emission corresponds to the emission from the
3T, band to the 'A; ground state of tungstate atoms.”

The morphological analysis of the samples was investigated
by using SEM. Figure 5 shows the SEM images of CW1, CW2,
and CW3 at 1 ym and 200 nm. The pure Ce,(WO,),
photocatalyst shows the growth of nanoparticles with no
agglomeration, as seen from Figure Sa,d. The particles were
grown as clusters with an irregular shape. In CW2 sample, the
morphology was changed because of the incorporation of g-
C;N,. The thicker nanosheets were stacked like layers and
formed the blocks, and the nanoparticles were grown on the
blocks. The growth of nanoparticles on the nanoblocks was
evident from Figure Sb,e. As in 0.1 g g-C;N,—Ce,(WO,);, the
cross-interlinked nanostructure was identified in Figure Sc.
The nanoparticles exhibited a tetragonal shape in Figure 5f,
which shows the better evolution in morphology with the
incremental ratio of g-C;N, into Ce,(WO,); and these
interconnected structures will help in attaining a better
photocatalytic activity.

UV—vis studies of the prepared CW1, CW2, and CW3 were
investigated, and the band gap energy was also calculated,
which is shown in Figure 6a,b. Two absorption spectra from
200 to 400 nm were observed. The absorption from 200 to 300
nm is due to the WO,>” absorption and from 300 to 400,
which arises because of the 4f—5d transition in cerium
molecules.”® The direct band gap of CW1, CW2, and CW3
was calculated from Tauc’s plot. The samples CW1, CW2, and
CW3 achieved 2.84, 2.76, and 2.62 eV correspondingly.
Pristine Ce,(WO,); possesses a slightly larger band gap than
the composite photocatalysts. The band gap values of the
composite were reduced, which revealed an equal interaction
of both Ce,(WO,); and g-C;N,. This reduction purely
depends on g-C;N, which facilitates the host tungstate
material to absorb more visible light that will be a highlighting
advantage of the photocatalyst during the photocatalytic
activity on removing the pollutants.”"

The photocatalytic studies were executed under visible light,
and the absorption spectra of the blank and photocatalyst-
assisted dye solution are shown in Figure 7a—d. From the UV
spectra, the obtained efficiencies were 57, 77, 78, and 81% for
JG, CW1-JG, CW2-JG, and CW3-JG. The absorption spectra
indicated that after every light irradiation, the absorbance
slowly decreased. The efficiency of the blank dye solution was
low, and the dye was stagnant in water, and the pollutant was
not removed. When the Ce,(WO,); photocatalyst was added,
the efficiency was increased, which shows that the photo-
catalyst removed the pollutants by absorbing the light.
However, the efficiency was not appreciable because as in
pure cerium tungstate, electron and hole recombination
becomes faster, and it reduces charge separation. As there is
a low population of electrons and holes, they are not sufficient
to absorb light with a higher efficiency. When a lower amount
of g-C3N, was included into cerium tungstate, it somehow
reduced the recombination that occurred in the host material.
Nevertheless, when the percentage of addition of g-C;N, was
raised, it greatly favors the charge separation and increases the
efficiency.”” The 0.1 g g-C;N,—Ce,(WO,); photocatalyst
reduced the dye with good efficiency.

The C/C, and the kinetics plots are shown in Figure 8a,b.
The blank sample shows a lower activity as the concentration
was not decreased, which indicates the presence of the dye.
The catalyst-assisted dye samples showed a linear decrement in
concentration as it revealed the reduction in concentration of

Figure 5. SEM studies of (a) CW1@1 um, (b) CW2@1 um, (c¢) CW3@2 um, (d) CW1@200 nm, (e¢) CW2@200 nm, and (f) CW3@200 nm.
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Figure 6. (a, b) UV spectra and Tauc’s plots of Ce,(WO,);, 0.05 g g-C;N,—Ce,(WO,);, and 0.1 g g-C;N,—Ce,(WO,),.
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Figure 7. Absorption spectra: (a) JG, (b) CW1-JG, (c) CW2-JG, and (d) CW3-JG.
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Figure 9. (a) C/C, plot. (b) Kinetics plot of the obtained material.

the dye molecules. The data were fit, and the system’s kinetics
was calculated. The system uses the Langmuir—Hinshelwood
kinetic model, and the formula used is —In(C/C,) = kt, where
C is the concentration at 120 min, C, is the initial
concentration, k is the rate constant, and t is time (120).
The obtained “k” is 3.4, 4.5, 8.5, 17, and 20 X 107> min™" for
JG, GCN-JG, CW1-JG, CW2-JG, and CW3-JG. The kinetic
value is smaller, which confesses the poor activity of the pure
dye solution. This would be probably because of the fact that
the light-induced self-degradation rate is trivial.”> The g-C;N,
action was poor when it was added to the dye solution. The
activity of pure g-C;N, was low because of its higher
recombination and wide band gap. The rate constant value
increased for the CW1-JG sample as the photocatalyst has a
better activity under light irradiation. The photocatalyst,
however, improved the degradation, but its activity is not
fair, and the reason behind the lower activity was that the ratio
of recombination is inversely proportional to the charge
transfer. The composite materials exhibit excellent rate
constant values, as this was due to the synergistic interfacial

transfer of excitons in between g-C;N, and the host and will
stifle recombination and escalate the charge transfer of
electrons and holes.”* On comparing both composites, 0.1 g
g-C3N, has increased activity, while 0.05 g g-C;N, has
improved activity but cannot achieve its fullest because of
low g-C3N,. This heterojunction increases the adsorbed dye on
the surface of the photocatalyst, and it will reduce the dye
molecules. When g-C;N, was composited, it will alter the host
material’s band gap engineering, which is the most advanta-
geous of g-C3N, on the composite than using pure g-C3N,
itself.

Along with organic pollutants, the antibiotics were also
observed to degrade with the prepared photocatalysts. The
pharmaceutical wastes are emerging pollutants that have
created an adverse effect in water sources. Ciprofloxacin, a
well-known antibiotic, was used as a model pollutant to
degrade under visible-light irradiation. The efficiencies
calculated were 34, 56, 74, and 79% for Cip, Cip-CW1, Cip-
CW2, and Cip-CW3. The efficiency of the blank shows poor
activity as the antibiotic was not degraded as expected. When
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the CW1 photocatalyst was added, the ROS were generated,
and the antibiotic was degraded in a better way. As CW2 and
CW3 photocatalysts were added, the efficiency was greatly
increased, and the antibiotic was degraded. The C/C; plot and
kinetics plot of the photocatalysts are shown in Figure 9a,b.
The concentration was not degraded for the blank sample. The
CW1-Cip sample showed a low reduction in the concentration
of ciprofloxacin. The CW2 photocatalyst enhanced the activity
as the concentration after 120 min of light irradiation was
reduced. A better activity was exhibited by the CWS3
photocatalyst as the concentration was in a decremental
pattern. The kinetic value was also obtained from the plot. The
system follows a pseudo-first-order kinetic reaction. The
obtained rate constants were 0.0009, 0.0045, 0.006, and
0.009S5 min~" for the Cip, Cip-CW1, Cip-CW2, and Cip-CW3
samples. The higher rate constant value of the CW3
photocatalyst revealed the better activity of reducing the
toxic antibiotic from water through photocatalysis.”* The
samples generated a good number of ROS, and the proper
recombination rate paved the way for good photocatalytic
activity.

The scavenger test was performed to analyze the active
radicals for the degradation of pollutants. Figure 10 shows the
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Figure 10. Bar chart of the scavenger test.

bar chart of the scavenger test. The scavenger agents such as
EDTA (holes), IPA (hydroxyl), benzoquinone (superoxide),
and AgNO; (electrons) were used to perform the scavenger
test. On adding EDTA, there is no decrease in activity of the
photocatalyst, which shows the presence of lesser holes in the
activity. However, on addition of IPA and AgNO;, the
performance of the photocatalyst slightly decreased as there
is a moderate level of hydroxyl and electron species in the
activity of the photocatalyst. On adding benzoquinone, the
activity was completely reduced to half of its efficiency. This
clearly shows that a superoxide radical is accountable for a
better photocatalytic sample activity.

The stability of 0.1 g g-C;N,—Ce,(WO,); was tested with a
reusability test for up to four cycles. Figure 11 shows the
reusability test of the prepared photocatalyst. The sample
showed almost similar efficiency from the first cycle to the
fourth cycle. The sample has good stability which can be used
for practical applications at the industrial level. The binding
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Figure 11. Reusability test of g-C;N,—Ce,(WO,);.

between the heterojunction formed by g-C;N, and Ce,(WO,);
was better, and it has its appropriate composite ratio. This
photocatalyst has good performance on reducing the
pollutants.

Ce,(WO,); formed a heterojunction with g-C;N,, and the
mechanism is illustrated in Figure 12. The plausible

Figure 12. Mechanism of the prepared photocatalyst.

mechanism of this formed heterojunction is that electrons in
the g-C;N, conduction band transferred to Ce,(WO,);, and
holes in the Ce,(WO,); valence band moved to the valence
band of g-C;N,. The produced OH radicals will react with the
dye molecules and generate H,O, and the superoxide radicals
will react with the dye molecules and generate O,. As a result,
the generated ROS will react and reduce the dye molecules to
H,0 and CO,.

Cey(WO,); exhibited good activity because of the fast
electron and hole recombination, which reduced the effective
charge transfer under light. This made the photocatalyst to
absorb light in a low range. When g-C;N, forms a
heterojunction with Ce,(WO,);, g-C;N, facilitated the host
to absorb more dye molecules on the surface. The couplings of
two semiconductors improve the photocatalytic activity. The
better charge transfer and low recombination will help the
photocatalyst to reduce the pollutants with a higher efficiency.
0.1 g of g-C;N,—Ce,(WO,); will be the promising photo-
catalyst to be used in the pollutant removal.
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4. CONCLUSIONS

Pristine and g-C3;N, composite Ce,(WO,); were synthesized
by the hydrothermal route. The samples exhibited good
crystallinity, and g-C;N, directed the growth of crystals. The
samples showed asymmetric and symmetric stretching of the
metal and oxygen, which was confirmed from Raman analysis.
The semiconducting property exhibited a higher recombina-
tion of pristine Ce,(WO,);, and the recombination was
controlled after the inclusion of g-C;N,. The band gap was
obtained using Tauc’s plot, and the prepared photocatalyst's
band gap was reduced with the g-C;N, assistance as it revealed
the uniform interaction of the host and g-C;N,. Janus Green B
dye was used as a model pollutant, and ciprofloxacin was used
as the model antibiotic pollutant. 0.1 g of g-C;N,/Ce,(WO,);
showed pronounced efficiency on reducing model pollutants.
The same photocatalyst showed higher rate constant values of
20 X 107 min. This higher kinetic value of the photocatalyst
proves the better removal of pollutants, improved charge
transfer of photogenerated excitons, and lowered recombina-
tion of electrons and holes from CB and VB. The optimum
level of compositing both semiconductors such as Ce,(WO,),
and g-C;N, facilitated good photocatalytic property on
degrading pollutants. This photocatalyst is a potential one
for the water remediation process.
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