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Abstract

Herein we report the synthesis and photocatalytic evaluation of heterostructure WO3/g-C3N4 (WMCN) and
Ce0,/g-C3N4 (CMCN) materials for RhB degradation and photoelectrochemical studies. These materials were
synthesized by varying the dosages of WO3 and CeO, on g-C3;N4 individually and were characterized with
state-of-the-art techniques like XRD, BET surface area, FT-IR, UV-Vis DRS, TGA, SEM, TEM and XPS. A
collection of combined structural and morphological studies manifested the formation of bare g-C3N4, WOs3,
CeO,, WO3/g-C3N4 and CeO;/g-C3Ny4 materials. From the degradation results, we found that the material
with 10 wt% WO3 and 15 wt% CeO; content on g-C3Ny4 showed the highest visible light activity. The first
order rate constant for the photodegradation performance of WMCN10 and CMCN15 is found to be 5.5 and 2.5
times, respectively, greater than that of g-C;Ny4. Photoelectrochemical studies were also carried out on the above
materials. Interestingly, the photocurrent density of WMCN 10 photoanode achieved 1.45mA cm™2 at 1.23 V
(vs.) RHE and this is much larger than all the prepared materials. This enhanced photoactivity of WMCN10 is
mainly due to the cooperative synergy of WO3 with g-C3N4, which enhanced the visible light absorption and

suppresses the electron—hole recombination.

Keywords. g-C;Ny4; rhodamine B; photocatalysis; heterojunction.

1. Introduction

To alleviate the global energy and environmental issues,
the development of renewable technologies has become
increasingly inevitable and imperative to accomplish a
potential sustainable-energy society. Among the numer-
ous available renewable sources, interestingly, semicon-
ductor photocatalysis has been receiving much attention
because it represents a simple way to exploit the solar
energy which significantly meets the requirements for
the present issues on energy and environment. '* In pho-
tocatalysis, the activity of the material depends mainly
on light absorption capacity, separation, and transporta-
tion of photogenerated electrons and holes. Most of

=
For correspondence

the materials fail to meet these conditions. Therefore,
the design and development of effective photocatalytic
materials have been a demanding task for the last few
years.

In literature, many photoactive materials such as
TiO,, BiVO,, Ag,PO,, ZnO, etc., were discussed in
detail. However, their activity is limited to a certain
extent only. Consequently, researchers have been look-
ing for alternative photocatalysts. Recently, among the
various kinds of active materials, polymeric g-C;Ny
materials seize the attention due to their visible light
response, easy synthesis, good stability, tunable elec-
tronic structure and a band gap around 2.7 eV. Most
importantly, more negative conduction band edge for
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g-C;N, (—1.13eV) provides the possibility to get access
to overall water splitting or lower bias potential input.
Recent citations on the g-C;N, materials have wit-
nessed their promising applications in various fields
such as carbon dioxide reduction, purification of con-
taminated water, energy conversion, etc. Nonetheless, it
suffers from low carrier mobility, and fast electron—hole
recombination, which is a bottleneck that curbs the
practical applications of g-C;N,.**

To prevail these impediments, some significant efforts
have been attempted to increase the photocatalytic
efficiency of g-C;N, such as doping with metals or
non-metals or formation of heterojunction with other
semiconductor materials. In these, the formation of
heterojunction materials has been considered as a
potential way to enhance its performance. Primarily
many composites including, metal oxide/g-C;Ny4, noble
metal/g-C;N,, metal sulfide/g-C;N,, etc., are reported
for H, production, pollutant degradation, etc., and has
led to exciting and attractive developments. There-
fore, for effective utilization of solar energy, fabricating
g-C;N, with other semiconductor materials is strongly
needed.”'? Tungsten oxide (WOs) possess excellent
visible light activity due to its band gap of approximately
2.5-2.8 eV and its high chemical stability, environmen-
tal friendliness, natural abundance, etc. '>'* On the other
hand, cerium oxide (CeQ,) is also an important material
in numerous applications like antioxidants in biological
systems, production of green fuels, and an indispens-
able component of automotive and industrial catalysts,
etc. 57 It can reserve and release oxygen when treated
alternatively under oxidizing and reducing atmospheres.
This oxygen buffer feature renders it as a fascinating
candidate for redox catalysis and its resistance to chem-
ical and photocorrosion, and strong light absorption
in the UV region.'®2° Based on this, both WO; and
CeO, appear to be appealing candidates to construct the
heterojunction with g-C;N, individually. Furthermore,
both the materials have more positive conduction and
valence band edges than those of g-C,N,. Therefore, in
the present study, we focused on the advancement of
g-C;N, materials by fabricating it with the WO; and
CeO, separately by varying the amounts of WO; and
CeO,. The prepared materials were characterized using
various state-of-the-art techniques like X-ray diffraction
(XRD), Fourier transform infrared (FT-IR), Brunauer
Emmett-Teller (BET) surface area, thermogravimetric
analysis (TGA), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), UV-Visible
diffuse reflectance spectroscopy (UV-Vis DRS), and
X-ray photoelectron spectroscopy (XPS). Finally, the
synthesized materials were tested for RhB degradation
and photoelectrochemical (PEC) reactions.
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2. Experimental
2.1 Materials

All chemicals used in this experiment were of the analytical
grade without further purification.

2.1a Synthesis of g-C;N,:  To synthesize g-C;Ny, the
desired amount of melamine powder was taken in an alumina
crucible, which is covered and then heated in a muffle fur-
nace at 550 °C for 4 h. After cooling to room temperature,
the yellow powder (g-C5;N4) was ground and collected for
successive use.

2.1b  Synthesis of WO5: 1In the present study, WO3 was
prepared by dissolving Na,WO4-2H,0 (0.50 g) and NaCl
(0.05 g) in 50 mL distilled water and its pH was adjusted to 2
using 10% HCI and stirred for 30 min. The resulting solution
was transferred into 100 mL Teflon-lined autoclave and heated
at 180 °C for 24 h. The formed material was filtered and
washed with distilled water and ethanol. Finally, the obtained
product was oven dried at 60 °C overnight and calcined at
450 °C for 4 h to get WO3 samples. !

2.1c  Synthesis of CeO,: The required amount of Ce
(NO3)3-6H,O was dissolved in distilled water. To this
6 M NaOH solution was added dropwise to get the milky
slurry and which was stirred for 30 min at room tem-
perature. Subsequently, the solution was transferred into a
100 mL Teflon-lined autoclave and heated at 100 °C for 24 h.
After cooling to room temperature, the solution was filtered
and, washed with distilled water and ethanol several times,
and dried at 80 °C overnight and finally calcined at 500 °C
for 5 h.?? The material is represented with C.

2.1d  Synthesis of WO;/g-C;Ny, (WMCN) and CeO,/
g8-C;Ny (CMCN) composites:  In a typical synthesis of
WO3/g-C53Ny 23 photocatalysts, various amounts of WOj3
with an appropriate amount of g-C;N4 were added into a mor-
tar and then ground for 30 min using a pestle. The resultant
powder was transferred into a crucible, which was covered and
then heated in a muffle furnace at 450 °C for 4 h. The final
WMCN photocatalysts with various WO3 contents (5, 10 and
15 wt%) were obtained. The obtained materials were named
as WMCNS5, WMCN10, and WMCNI15. A similar method
was used to prepare ceria decorated g-C;Ny by varying the
amounts of CeO5 (5, 10, 15, and 20 wt%).%* The obtained
materials were designated as CMCNS5, CMCN10, CMCNI15,
and CMCN20 respectively.

2.2  Materials characterization

The XRD data was acquired in the 20 range of 12°-80° using
a PANalytical X pert Pro Powder X-Ray diffractometer with
Cu-K a radiation with wavelength % = 1.54 A and Ni is
used as a filter. The applied current and accelerating volt-
age are maintained at 30 mA and 40 kV respectively during
the measurement. The BET surface area measurements were
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performed using a Micromeritics ASAP 2020 instrument.
Prior to analysis, the samples were oven dried at 393 K for 12h
and flushed with Argon gas for 2 h. The BET surface area was
measured using nitrogen adsorption—desorption isotherms at
liquid nitrogen temperature. A Fourier transform infrared
(FT-IR) spectrum of samples was recorded using a Bruker
alpha spectrometer at room temperature. The optical proper-
ties of prepared samples were characterized using UV-Visible
diffuse reflectance spectrophotometer (Shimadzu-3600) with
BaSOy as a standard reference. Thermogravimetric analysis
(TGA) was carried out using a Thermal Analyzer (SDT-
Q600) from 300 to 1173K in an air flow of 100 mL/min
at a heating rate of 10 °C/min. The morphology of pre-
pared samples was investigated by FE-SEM (Gemini Supra
40 ZEISS) at 10 kV accelerating voltage. TEM studies were
performed using a JEM-2100 (JEOL) instrument equipped
with a slow-scan CCD camera at an accelerating voltage
of 200 kV. The XPS measurements were performed using
a Shimadzu (ESCA 3400) spectrometer by using Al Ka
(1486.7 eV) radiation as the excitation source. The charg-
ing effects of the catalyst samples were corrected using the
binding energy of adventitious carbon (C Is) at 284.6 eV as
the internal reference. The XPS analysis was done at ambient
temperature and pressures usually in the order of less than
1078 Pa.

2.3 Photocatalytic and photoelectrochemical studies

Photocatalytic activities of synthesized catalysts are tested in
a specially designed reactor using a 250 W halogen lamp.
In a typical run, the 0.05 g catalyst was added to 50 mL of
5 mg L~! RhB solution in a round-bottomed flask at 25 °C.
Before the exposure to visible light, test solutions with photo-
catalyst were placed in the dark in order to achieve equilibrium
conditions. During the light exposure, for every 20 min, small
aliquots were collected, centrifuged at 5000 rpm and the cat-
alyst particles were separated. Thereafter RhB concentration
was estimated using UV-Vis spectrophotometer at 554 nm.

The photocatalytic degradation efficiency (N) of RhB was
obtained by the following formula

N = Cp — C/Cyp x 100%

where, C is the concentration of the RhB solution at the
reaction time t, Cy is the initial concentration of RhB (at reac-
tion time 0).

Current versus potential (I-V) data of photoelectrochem-
ical (PEC) cells were measured using a LOT-Oriel-Autolab,
a 150 W Xenon arc lamp as the light source provided a light
power of 100 mW c¢cm™2 or 1 sun illumination. Electrochem-
ical impedance spectra (EIS) were measured on an Autolab
PGSTAT 302N equipped with a NOVA 1.9 software.

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns of g-C;Ny,
WO; (W), CeO, (C), WMCN, and CMCN composites to
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Figure 1. XRD patterns of all the WMCN, CMCN com-

posites along with the g-C;N4, WO3, and CeO, materials.

identify the crystal phases of materials. The pronounced
peak observed at 27.73° corresponds to (002) plane of
the g-C;N, which is attributed to the long-range inter-
layer stacking of aromatic systems. In WOj;, the peaks
were observed at23.19°,24.47°,33.3°,34.2°,and 41.96°
which could be assigned to the monoclinic phase of WO;
indicated to (002), (200), (022), (202), and (222) plane
respectively. The XRD patterns of CeO, (ceria) were
characterized by peaks at 28.61°, 33.18°, and 47.62°
which belong to (111), (200), and (220) planes and con-
firm the presence of the cubic fluorite structure. From the
diffraction patterns of WMCN and CMCN composites,
it is observed that the peaks attributed to WO;, g-C;Ny,
and CeO, respectively. This clearly indicates that WO;
and CeO, are successfully introduced on to the g-C;Ny
material and the g-C;N, peak position slightly changed
from 27.73°. It indicates that a small shift of interlayer
due to the interaction between metal oxide (WQOs;, and
Ce0,) and g-C;N,. %

The BET surface area of the WMCN10, CMCNI15,
g-C;N,4, WO;, and CeO, samples was measured by
nitrogen adsorption—desorption isotherms and presented
in Table 1. The surface area of WMCN10 and CMCN15
is increased by 1.25 and 1.95 times with respect to bare
g-C;N,. The higher surface area in case of CMCN15
is due to the presence of high surface area CeO, mate-
rial. These composites provide more reaction sites for
photodegradation reactions than pure g-C;Ny.

The FT-IR spectrum of CMCN15, WMCNI10, CeO,,
WO; and g-C,;N, were presented in Figure S1, Supple-
mentary Information. For bare g-C;N,, various bands
were found in the 798-1650 cm™' region. The peak
at 798 cm~! corresponds to the tri s-triazine units and
the peaks observed at 1639 cm™! attributed to the C=N
stretching mode. From 3000 to 3600 cm™' a broad



13 Page4 of 11

J. Chem. Sci. (2019) 131:13

Table 1. Band gap energy, rate constant (k), and surface area of g-C3N4, WO3, CeO,, WMCN10, and CMCNI15 materials.

SI. No. Sample name Band gap (eV) Rate constant (min~") Surface area (m? /g)
1 g-C3Ny 2.78 4x1073 11
2 WO3 (W) 2.66 4.4 %1073 7
3 CeO; (C) 3.01 3x1073 75
4 WMCNI10 2.73 22 x 1073 13
5 CMCNI15 2.80 10 x 1073 22

WMCN10 observed band gap for WMCNI10 is 2.72 eV, which is

CMCN15 shorter than pure g-C,Ny. It reflects that the light absorp-

9-CN, tion of WMCNI10 increases and which improves the

‘(’:V:z) photocatalytic performance than other composites.

° ‘ The WMCNI0 and CMCNI15 samples were

é characterized by TGA in the air along with g-C;N,

-g to measure the content of WO; in WMCNI10 and

2 CeO, in CMCNI15 materials, and the results were pre-

< sented in Figure S2, Supplementary Information. In the

WMCN10, CMCN15, and g-C;N,4 materials, around 2—
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regions, which could be attributed to the presence of

adsorbed water. In bare g-C;Ny, it was found that a rapid
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Figure 2. UV-Vis spectrum of g-C3N4, WO3, CeOg,
WMCNI10, and CMCN15 composites.

absorption band is observed and it is connected to the
residual N—-H components and the O—H bond from the
amino group and absorbed H,O molecules, respectively.
In the case of CMCNI15 and WMCNI10 also observed
similar bands with less intense. %

The optical spectrum of the WMCN10 and CMCN15
along with their individuals is shown in Figure 2. The
band gap of WO3, CeO,, and g-C;N, are 2.78, 3.01 and
2.66 eV respectively, which are calculated from absorp-
tion edges. When the WO; or CeO, were deposited on
the g-C,Ny, the band edge positions were shifted, and
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40000

x

the combustion of g-C;N4. Whereas for CMCNI15 and
WMCN10 composites, it occurred in the temperature
range ~740 to 868 K and ~790 to 890 K, which is lower
than pure g-C;N,. For the CMCN15 and WMCN10
composites up to 740 and 785 K, no considerable weight
loss was observed. In the case of CMCNI15 after reach-
ing 868 K, the pure g-C;N, was completely burnt; the
amounts of CeQ, in this material can be known from
the weight residue after that temperature. Similarly, the
amount of WO; in WMCNI10 can also be calculated.
From the TG analysis, the mass contents of WO; and
CeO, in WMCI10 and CMCNI15 were estimated to be
11.2% and 17.4%, respectively, which is in good accord
with the raw material composition.

Figure 3 illustrates the TEM pictures of the g-C;Ny,
WO; and WMCNI10 materials. As seen in the figure,

st.-mplo u.qnmm..,..m..-
Py WO3 100 nm— | JEM-Z100

Figure 3. TEM images of g-C3N4, WO3 and WMCN10 materials.
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g-C;N, displayed sheet-like structure and WO; showed
the plate-like shape. In the case of WMCNIO, it is
clearly visible that WO; particles covered over the sheets
of g-C;Ny4, which is shown with the red circles and
presented in Figure 3. The average particle size of
WO; measured is around 100-150 nm. Based on the
TEM analyses, it can be concluded that the hetero-
junction is formed in the composite. To identify the
morphology of g-C;N4, WO, and WMCNI10, SEM was
used, and images were presented in Figure S3, Supple-
mentary Information.

To explicate the oxidation state of W and kind of
elements present in the WMCN10 we characterized the
material with XPS and presented in Figure 4. The sur-
vey spectrum of WMCNI10 material was presented in
Figure S4 (Supplementary Information). It reveals that
the material is composed of C, N, O and W. These peaks
were deconvoluted into Gaussian-Lorentzian shapes and
are shown in Figure 4. Figure 4(a) depicts the C 1S
spectrum of WMCN10 exhibiting two peaks at 288 and
284.5 eV. The former one corresponds to the carbon
atoms bonded with nitrogen atoms in the graphitic struc-
ture, and the latter one at 284.5 eV related to the sp?

L] o ¥ . L x L] L L] -,
38
Binding energy (2V)

v
37 36

(a) C 1s, (b) N 1s, (c) O 1s and (d) W 4f XPS of WMCN10 material.

C-C bonds from carbon-containing contaminations. In
the case of N 1S (Figure 4(b)), three peaks were noticed
at 398.5, 400 and 404.5 eV and it is used to know the
types of C-N coordination in the material. The first peak
assigned to triazine ring (C=N-C) in which nitrogen
bonded to two carbon atoms confirming the presence
of sp*-bonded graphitic carbon nitride. The second
one at 400 eV is related to quaternary nitrogen atoms
bonded to three carbon atoms and the binding energy at
404.5 eV is related to C-N—H. The O 1s (Figure 4(c))
peak observed at 531.1 eV and 533.3 eV. The for-
mer one is associated with W—O-H and the second
one related to the C=0 in g-C;N4. In the case of
Figure 4(d), the W 4f spectrum shows two peaks at
36.1 and 38.2 eV representing the existence of W in
+6 states. However, these values are slightly more than
the bare WOj;_ and it is attributed to the interaction with
the g-C,N, material.>"*

From all the characterization techniques it is clear
that the WO; and CeO, successfully deposited on the
g-C;N, and these materials exhibited the high surface
area and suitable band gap than the g-C;N,, which is
important for photocatalytic applications.
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Figure 5. The first order kinetics of WMCN and CMCN materials along with the WO3, g-C3Ny4, and CeO»

for RhB degradation (rate constant = k (min~1)).

3.1 Photocatalytic activity

Rhodamine B (RhB) dye is widely used as a colorant
in textiles and food. It causes environmental problems,
imbalance non-aesthetic pollution and eutrophication
in aquatic life. Hence, the reduction or elimination of
this dye pollutant is important.?>*! Therefore, in the
present study, the activity of materials is assessed by the
degradation of RhB under visible light.

Initially, we performed the reaction in the absence
of a catalyst and in the presence of light and observed
no change in the concentration of dye. However, under
the dark conditions, in the presence of a catalyst a
small change in the concentration is observed due to
its adsorption on the catalyst’s surface. In the presence
of both light and catalyst, the reaction was performed
for 2 h, and activity results were presented in Fig-
ure S5 (Supplementary Information) and the kinetic
plots were given in Figure S6, Supplementary Infor-
mation. Among the prepared materials, WO;/g-C;N,
and CeO,/g-C;N, composites exhibited better per-
formance than their counterparts. The photocatalytic
activity of WO;/g-C,N, was tested by varying the con-
tents of WO; from 0O to 15 wt% and represented them
as WMCNS5, WMCN10 and WMCNI15. Similarly for
the CeO,/g-C;N, the contents CeO, varied from 0
to 20 wt% which are named as CMCN5, CMCN10,
CMCNI15, and CMCN20. In these, WMCN10 showed
excellent performance, nearly 95% of RhB degraded in
120 min and its UV-Vis spectra presented in Figure S7,
Supplementary Information. Whereas approximately
68% of the dye was degraded for CMCN15. In both the
cases, with an increase of WO; and CeO, over 10 and
15 wt% the photocatalytic activity of g-C;N, decreased.
It may be due to the aggregation of WO; or CeO, parti-
cles on the surface of the g-C;N, material.

The photocatalytic reactions follow the pseudo-first
order kinetic equation, which is given below

— In(C/Cy) = kt (1)

where, Cy and C are the dye concentrations at times
0 and t, respectively, and k is the first-order rate
constant.

The first order kinetics of prepared materials for RhB
degradation are given in Figure 5. The rate constants
(k) of g-C;N4, WO; and CeO, are 0.004, 0.0044 and
0.003 min~"' respectively. When WO; or CeO, present
on the g-C;Ny, the k values are abruptly changed, and
it is found more in the case of WO;/g-C;N, (WMCN)
materials. By varying the amount of WOj; the k val-
ues are changed and when the 10 wt% of the WOj; is
present on the g-C;N,, it exhibited high photocatalytic
performance with k value ~ 0.022 min~' which is 5.5
times more than bare g-C;N,. Similar to WMCN mate-
rials, CeO,/g-C;N, materials (5, 10, 15 and 20 wt% of
Ce0,) exhibited better photocatalytic performance than
g-C;N,, and in these, 15wt% CeO,/g-C;N, (CMCNI15)
showed higher photocatalytic activity and rate constant
(k = 0.008 min™"). In these two kinds of composites
WMCNI10 and CMCNI15, WMCN10 exhibited the bet-
ter activity with the highest rate constant. This enhanced
activity could be attributed to a synergistic interaction
between g-C;N, and WO;, whichresults, the low recom-
bination rate of charge carriers, high surface area, and
increased light absorption.

3.2 The effect of catalyst amount and dye
concentration on the photocatalytic activity

The WMCNI10 composite displayed higher activity
among all materials. Therefore, in the current study,
we examined the effect of WMCNI10 catalyst amount
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Figure 6. The effect of catalyst amount (a) and dye concentration (b) on the first order kinetics of the RhB
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from 30 to 70 mg/L on photocatalytic degradation of
dye (Figure S8(a), Supplementary Information). With
an increase in the concentration of catalyst from 30 to
50 mg/L, the rate constant increased and from 50 to
70 mg/L, it decreased (Figure 6(a)). Initially, with an
increase in the catalyst amount, the number of active
sites on the catalyst surface increases, thereby increasing
the number of RhB molecules adsorbed on it. How-
ever, there is no significant increase in RhB degradation
when catalyst concentration reached above 50 mg/L.
The excess amount of catalyst acts as a shield, conse-
quently hindering the light penetration, causing the loss
of surface area for light harvesting, thus reducing the
catalytic activity. Hence, all the experiments were per-
formed with 0.05 g of the catalyst.

By fixing the catalyst amount as 0.05 g, we studied the
effect of dye concentration on the photocatalytic activity
of WMCN10 (Figure S8(b), Supplementary Informa-
tion). The dye concentration was changed from 5 to
20 mg/L. The first order kinetic plots were given in
Figure 6(b). In general, as the concentration of dye
increases, the time for degradation increases. It is due to
the decrease in the number of active sites of the catalyst
with respect to the number of dye molecules, which pre-
vents the visible light to be absorbed by the catalyst. As
a result, the amount of active species formed on the sur-
face of the catalyst decreases, which decreased the activ-
ity.¥>73* In the present case, we observed similar results.
In every case, the amount of the catalyst (WMCN10),
and irradiation time (120 min) were kept constant. All
prepared photocatalysts first-order rate constant (k) val-
ues are in the following order WMCN10 > WMCNS5 >
WMCNI15 > CMCNI15 > CMCN10 > CMCN20 >
CMCNS > WO; > g-C;Ny > CeO,.

3.3 Photoelectrochemical (PEC) studies

The photoelectrochemical performance of as-prepared
photoelectrodes such as g-C;N,, WMCNI10, and
CMCNI15 composites was estimated using linear sweep
voltammetry (LSV) and results were shown in
Figure 7(a). The PEC experiments were employed in
a three-electrode system, where the Ag/AgCl and Pt
electrodes act as the reference electrode and counter
electrodes (CE), respectively. The g-C;N,, WMCN10
and CMCNI15 material acts as the working electrode,
and 0.1 M Na,SO; and 0.1 M Na,S mixed solution used
as the electrolyte. Upon light illumination, the bare
g-C;N, photoelectrode showed low photocurrent den-
sity of 0.045 mA cm ™ at 1.23 V vs. reversible hydrogen
electrode (RHE). After coating with two different semi-
conductors like WO; and CeO,, independently, the
photocurrent improved because of heterojunction for-
mation which could reduce the charge recombination.
The WMCNI10 and CMCNI15 composites exhibited
the photocurrent density of 1.45 and 0.15 mA cm ™
respectively, at 1.23 V vs. RHE. This result clearly
shows that the WO; greatly enhanced g-C,N4 pho-
toelectrochemical performance (PEC) by forming a
WO;/g-C;N, heterojunction. This composite photo-
electrode demonstrated the onset photocurrent at
0.21 V vs. RHE. Itis worth mentioning that at this poten-
tial, other electrodes exhibited negligible current. This
low onset potential is due to enhanced charge carrier
separation and transportation in the photoanode. Com-
monly, in PEC cells, the water splitting performance not
only depends on the photocurrent density but also on the
onset potential, which helps in the charge separation and
transportation of photogenerated charge carriers.



J. Chem. Sci. (2019) 131:13

1000

(b)
CMCHN15
| WMCN10
200 = /
/
f
I
n
E 600 =
s
* . /]
=]
400 =
2 y
N #
"
200 = E
0 - Ll . T b T » Ll b
0 200 400 600 800 1000
2'x 10° (ohm)

(a) LSV plots of g-C3N4, WMCNI10, and CMCN15 in 0.1 M NayS and NaySO3 electrolyte

solution; (b) Electrochemical impedance spectra (EIS) of g-C5N4, WMCN10, and CMCN15 composites.
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Furthermore, electrochemical impedance

spectroscopy (EIS) can explain the interfacial charge
transfer resistance (Rct) at the photoanode/electrolyte
interfaces. Typically, smaller semicircle obtained from
the Nyquist plots suggest the less electron transport
resistance, resulting in faster interfacial charge transfer
and higher separation of charge carriers. EIS Nyquist
plots of the g-C;N,, WMCN10, and CMCN15 compos-
ites were recorded at a frequency range of 1 MHz to
0.1 Hz under dark conditions, and displayed in Fig-
ure 7(b). The EIS plots illustrated that the WMCN10
photoanode exhibited the lowest charge transfer resis-
tance than the bare g-C;N, and CMCN15 composites,
and it reflects the higher photocurrent for water split-
ting. The results reveal that WOj; plays a vital role in the
WO;/g-C;N, material, which significantly improved
the PEC performance of g-C,N,.%

3.4 Possible photocatalytic mechanism

In general, the photoactivity of the material depends on
the electron—hole recombination rate, surface area, band
gap, etc. From the RhB activity studies, itis clear that the
activity of WMCN10 and CMCNI15 are better than all
other materials. In these two, WMCN10 exhibited more
activity. The expected reason for this is the suppres-
sion of electron—hole recombination, which is more in
WMCN10 material than CMCN15 as can be seen from
EIS plots. In addition, generation of electron—hole pairs
is more in WMCN10 in which both the semiconductors
are visible active, unlike CMCN15 material where CeO,
is UV active and whose calculated band gap energy is
about 3 eV. A keen observation of the electrochemi-
cal studies reveals that the electron—hole separation was
increased in the WMCN10 material. Therefore, here

we discussed the possible photocatalytic mechanism of
WMCNI10 for RhB degradation in detail.

To inspect the photocatalytic mechanism of
WMCNI10, trapping experiments were performed. Three
kinds of scavengers IPA (Isopropanol), sodium oxalate,
and benzoquinone (BQ) were used to scavenge hydroxyl
radicals (eOH), holes (h™) and superoxide radicals
(O,*) respectively. From Figure S9, Supplementary
Information, it is apparent that degradation of RhB
decreased by the presence of scavengers compared to
without any scavengers. When BQ is added into the reac-
tion medium the photocatalytic activity of WMCNI10
was decreased more than the presence of IPA and sodium
oxalates, indicating superoxide radicals are the main
active species in the RhB degradation followed by holes
and hydroxyl radicals.

3.4a Band gap structures: The band edge positions
of conduction band (CB) and valance band (VB) of a
photocatalyst is estimated using the following empirical
equation:

Ey = X — E° + 0.5E,
Ep =Ey — Eg

2
3)

Where, X is the electronegativity of a semiconductor
and its value for WO; and g-C;N, are 6.60 and 4.76,
respectively. E° represents the energy of free electrons
on the hydrogen scale (about 4.5 eV), E, corresponds to
band gap energy of the semiconductor.

The calculated band gap of WO; and g-C;N, from
UV-Vis DRS are 2.66 and 2.78 eV. From these, obtained
valance band edge potentials of WO; and g-C;Ny are
3.43 and 1.65 eV and conduction band edge poten-
tials are 0.77 eV and —1.13 eV. Under visible light
irradiation, the electrons of WOs;, and g-C;N, were
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excited from VB to CB, which left holes in the VB of
semiconductors. In photocatalysis, the reactive species
were hydrogen peroxide, hydroxyl radicals, superoxide
radicals, holes, etc. The electrode potentials required
for the formation of these reactive species is given in
the following equations.?” From the scavenger studies,
it is confirmed that these are the main active species in
degradation of RhB.

0,+e — 0;° Eg=-033V 4)
0;° +2H" + e — H,0, E,=0.89V (5)
0, +2H" +2¢~ — H,0, E, =028V (6)
H,O +h" — ¢OH+H' E, =232V (7)

In case of WMCNIO, the conduction band edge
potentials of WO; is unfavorable to form superoxide
radical and hydrogen peroxide due to its high potential,
whereas it is possible in the case of g-C;N, since it has
low potential. The holes of the WO; are favorable to
produce hydroxyl radicals because of its high potential,
and it is not possible in case of g-C; Ny, since the valence
band edge potential of g-C;N, is unfavourable to form
hydroxyl radicals. From the trapping experiments, it is
obvious that ¢OH, h™ and O;* are important for degra-
dation of pollutant.

From the above results, the generation of reac-
tive species in WMCN10 is shown schematically in
Figure 8. A closer observation of the figure states that the
generated electrons in the CB of g-C,N, material reacts
with oxygen and form O, * species. The conduction band
electrons in the WO; will transfer to the valence band

A

Potential (eV) vs.NHE
k.
1

H,O

Figure 8. Schematic illustration of a proposed mechanism
for the RhB degradation under visible light.
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of g-C;N, leaving the holes in the WO; material. These
holes can directly react with pollutant or form hydroxyl
radicals by reacting with the water thereby forming reac-
tive species (05, #OH, and h™), which finally degrade
the pollutant.®

Finally, the activity of the WMCN10 catalyst towards
the RhB degradation is compared with the few literature
reported catalysts namely WO;/Cu,* Ce/Mo-V40,,%
Zn-doped Fe;0,,*! modified carbon nitride,** etc. The
WMCN10 material was found to be more active than
the reported catalysts, which is due to the presence of
strong synergistic interaction between g-C;N, and WO;
compared to all other materials. TOC studies are also
performed on the WMCN10 material using Shimadzu
TOC analyzer for RhB degradation for 2 h, and 50%
mineralization was achieved.

3.5 Reusability studies

To assess the recyclability and photostability of
WMCNI10, recyclability tests are conducted for RhB
degradation and presented in Figure S10, Supplemen-
tary Information. From the 1* cycle to the 5" cycle,
it is apparent that the degradation percentage slightly
changed. It means that it remains relatively stable
throughout the five runs under visible light irradiation.
To know the stability of a catalyst, the spent catalyst
was characterized with XRD and presented in Figure
S11, Supplementary Information. It represents that the
material was structurally stable even after 5 cycles.

4. Conclusions

In summary, a series of WO;/g-C;N, and CeO,/g-C;Ny
composites are successfully synthesized by varying the
amounts of WO; and CeO, and evaluated for the Rho-
damine B degradation and photoelectrochemical stud-
ies. Among the prepared materials, WMCN10 showed
the highest degradation efficiency. 10 wt% of WO; on
g-C;N, increased the first order rate constant by 5.5
times that of the g-C;N, material. The photocurrent den-
sity of WMCN10 photoanode achieved 1.45 mA cm™>
at 1.23 V (vs.) RHE and this is much higher than that of
bare g-C;N, and CMCN materials. The improved activ-
ity of WMCN10 is ascribed to the synergetic interaction
between WO; and g-C;N,4, which results in good sepa-
ration charge carriers and decreased the recombination
rate thereby, enhanced its activity. From the scavenger
studies, it is concluded that O,° species are the major
active species in the WMCNI10 photocatalytic sys-
tems. The present study illustrates that the WO; /g-C;Ny
composites can be effectively utilized as a visible light
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driven photoactive materials than CeO,/g-C;N, for a
variety of applications.

Supplementary Information (SI)

All additional information pertaining to characterization and
activity studies of the materials using FI-IR (Figure S1),
TGA (Figure S2), SEM (Figure S3), XP survey spectrum
(Figure S4), RhB degradation (%) (Figure S5), RhB
degradation (%) with respect to time (Figure S6), Absorption
changes of RhB(5ppm) by WMCN10 (Figure S7), Effect of
catalyst amount (a) and RhB concentration (b) on RhB degra-
dation (%) (Figure S8 (a) and (b)), Effect of scavengers on the
photocatalytic degradation of RhB over WMCN10 material
(Figure S9), Cyclic runs of WMCNI10 material under visi-
ble light irradiation for 2 h (Figure S10) and XRD pattern of
fresh and spent WMCN10 material (Figure S11) are given
in the supporting information. Supplementary Information is
available at www.ias.ac.in/chemsci.
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