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Herein, CaMoOy-based g-C3N4 composites are successfully synthesized by the sonochemistry method. All samples
present photocatalytic activity under UV-light irradiation by employing methylene blue (MB). The structural
analysis is available through X-ray diffraction (XRD), Raman, and FTIR spectroscopies, which verified a scheelite-
type tetragonal structure for CaMoQ4 with slight distortion in [MoO4] clusters between samples and confirmation
of g-C3N4 presence in the powder. FEG-SEM images reveal a higher formation of interfaces between CaMoO4 and

g-C3Ny particles. Photoluminescence spectra are measured to study the photogenerated charge recombination
process. Furthermore, the studies show that increased dosage of g-C3N4 onto the composite provides up to 95.1%
of MB discoloration in 180 min, while CaMoO4 without g-C3N4 only provides 40.2%.

1. Introduction

Composites on a nanometric scale (nanocomposite materials) have
shown multiple advances with the enhancement or creation of new
properties, which in turn provide an opportunity to develop new ap-
plications which were not individually possible for the materials that
compose the nanocomposite. Thus, nanocomposite materials can be
designed for unique properties, such as improved magnetic, microwave,
optical, electrical, and inverse photoconductance performance [1-3].

Studies with materials using graphitic carbon nitride (g-C3N4) have
attracted much attention for research in the field of composites over the
last decade [4-6]. The broad availability of g-C3N4 in the earth
composed only of carbon and nitrogen and can be prepared by a cheap
simple method of heating urea at 500°C [7]. Also, it is a polymeric
metal-free semiconductor, has a favorable gap band of ~2.7 eV, high
physicochemical stability, interesting electronic structure, and unique
optical properties [8,9]. However, bulk g-C3N4 shows some disadvan-
tages such as a fast recombination rate of photogenerated electron-hole
pairs, small specific surface area, and poor absorption of visible light.
Therefore, introducing some functional groups modified with appro-
priate semiconductors, and coupling with the narrow bandgap
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semiconductors are some methods to try solving these mentioned
problems and increase photocatalytic efficiency [10-12].

Thus, one of the focuses of photocatalysis is wastewater treatment
from organic pollutants produced by the textile industries, such as
synthetic dyes because they present complex structures and complicated
discoloration, resulting in problems to human health and the environ-
ment [13]. Photocatalysis is among the most promising of the various
alternatives to remove water pollutants, as it constitutes an efficient
method and has been gaining considerable prominence in the literature
[14,15]. New studies are currently being carried out with materials
already consolidated in the literature to reduce the harmful effects on
society, such as tungstates and molybdates together with g-C3Ny, in
order to synthesize a composite material showing different or
improvement in its properties [16-18]. For example, the ZnWO,/g-C3N4
nanocomposite had 98% tetracycline decomposition in 70 min, while
ZnWO,4 had 21% in the same conditions [19]. In addition, the
BisMo0Og/g-C3Ny4 heterojunction presented a 9.2-fold higher capability
for ammonia generation than BixMoOg in the same conditions [20].
Tetracycline decomposition and capacity for ammonia generation have
improved by photogenerated charge carrier partition and hetero-
structure stabilization [19,20].
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Among these materials, calcium molybdate (CaMoO4) may be cited
due to being a semiconductor which belongs to the scheelite family, has
a tetragonal structure, and a space group I141/a at room temperature
[21]. Likewise, its matrices have two clusters, a [CaOg] deltahedron and
a [MoOy4] tetrahedron, with great polarization and stability properties
associated with easy distortion of its structure (i.e. decreased symme-
tries) [22,23]. This material has potential for many industrial applica-
tions, such as light-emitting diodes (LEDs) [24,25], sensor and detector
[26], and photocatalysis [9]. Furthermore, it has been synthesized by
different synthesis methods such as precipitation [27,28], microwave
hydro-/solvothermal procedures [9,29], polymeric precursor method
[30], spray pyrolysis [22], and sonochemistry [21]. In contrast, the
sonochemistry method stands out because it presents uniform particle
size, a rapid reaction rate, and high purity at the end of the process [31].
Moreover, the bubble formed during the sonochemistry process can
release stored energy through collapse, resulting in a heating and
cooling rate of >1010 K/s, a temperature of ~5000 K, and a pressure of
~1000 bar [32]. Thus, the sonochemistry method may be a promising
synthesis route for nanocomposite material design, in particular
CaMoO4 with g-C3Ny, in which the CaMoO4 particles will grow on the
g-C3Ny particles during the synthesis resulting in a strong interaction
between particles to improve photogenerated charge carriers and het-
erostructure stabilization.

In the present work, CaMoOj4-based xg-C3N4 (x =0, 0.1, 0.2, 0.3, 0.4,
and 0.5) composites were successfully synthesized by the sonochemistry
method. X-ray diffraction (XRD), Fourier Transform Infrared Spectro-
photometer (FTIR), Raman Spectra, FEG-SEM, Photoluminescence, and
Ultraviolet-Visible (UV-vis) techniques were utilized to perform struc-
tural, morphological and spectroscopy characterizations of the samples.
All CaMoO4 based g-C3N4 composites performed photocatalysis activity
under UV-light irradiation by employing methylene blue (MB). Our
finding demonstrates that the CaMo04/0.5g-C3N4 sample is a promising
candidate for photocatalysis application with a remarkable value of
95.1% MB discoloration in 180 min.

2. Experiment details
2.1. The synthesis procedure of CaMo00O4/g-C3N4 composite

Calcium nitrate tetrahydrate [Ca(NO3)y « 4 H30] (Synth, 99% pu-
rity), sodium molybdenum oxide dihydrate [MoNasO4 « 2 H0] (Alfa
Aesar, 99.5%), urea [CH4N50] (Synth, 99.0%), nitric acid [HNOs]
(Synth, 65.0%), and distilled water were used as reagents to prepare the
CaMo04/g-C3Ny4 composite. First, graphitic carbon nitride (g-CsN4) was
prepared by thermal decomposition of 10 g of urea at 550°C in a muffle
furnace for 3 hours at a heating rate of 5°C/min [33]. The
CaMo04/g-C3N4 precursor solution was then prepared by adding 0.5
mmol of Ca(NO3), and x mmol of g-C3Ny in 25 ml of HoO (forming so-
lution A), and 0.5 mmol of NapMoOj4 in 25 ml of H20 (forming solution
B). The values of x were 0, 0.1, 0.2, 0.3, 0.4, and 0.5, where each sample
was defined as CMO, CMO1g, CMO2g, CM0O3g, CMO4g, and CMO5g,
respectively. Solution A was kept in an ultrasonic bath (model 1510
Branson 42 kHz) for 5 min, and solution B was kept under magnetic
stirring for 5 min, both at 25°C. Next, solution B was added dropwise in
solution A and then HNO3 was added into this solution to adjust the pH
to 7. The solution bottle was then taken to an ultrasonic tip (model
Branson 102C, 400W), where it remained for 30 min. After the sono-
chemistry method, the precipitate formed was washed with water four
times and ethanol one time, centrifuged, and dried at 100°C for 12 h.

2.2. Characterization of CaMo04/g-C3N4 composite

Powder XRD patterns of CaMo004/g-C3N4 were collected between the
10° to the 120° angular range with a step speed of 1° min-1 and a step of
0.02° using an XRD 7000 Shimadzu diffractometer and monochromatic
Cu Ka radiation. The Rietveld refinement analysis [34] was performed

Materials Research Bulletin 146 (2022) 111621

using the General Structure Analysis System (GSAS) with graphic
interface EXPGUI [35]. Fourier Transform Infrared Spectrophotometer
(FTIR) was used in the range from 400 to 4000 cm ! with a resolution of
8 cm™! (Shimadzu IRTracer-100). The Raman scattering spectra were
recorded at room temperature in the frequency range from 100 to 1000
em™! with a resolution of 2 cm™! and 64 scans using a LabRam HR
Evolution HORIBA Scientific with a Nd:YAG laser (633 nm) and the
maximum output power was maintained at 100 mW. Field-emission gun
scanning electron microscopy and EDS spectroscopy (FESEM; Carl Zeiss,
Supra 35-VP Model, Germany, operated at 6 kV or 15 kV) were used to
investigate the morphologies and dispersion of atoms of samples. A
Shimadzu spectrophotometer (UV-2600 model) was used to determine
the UV-visible reflectance spectra of the powders.

Room temperature photoluminescence measurements were carried
out using a 355 nm laser (Cobolt/Zouk) as an excitation source focused
on a 10 pm spot, with the luminescence dispersed by a 19.3 cm spec-
trometer with the signal detected by a Si-CCD detector (Andor Kymera/
Idus).

The photocatalytic properties of the samples were evaluated for the
discoloration of Methylene Blue (MB) dye with a molecular formula
[C16H18CIN3S] (99.5% purity, Mallinckrodt) in an aqueous solution
under UV-light illumination. The sample was added in a cylindrical
quartz reactor, having 50 ml of MB dye solution (concentration 1 x 107>
mol L™Y). Then, a cylindrical quartz reactor was placed into a photo-
reactor at a controlled temperature (25°C) and illuminated by six UVC
lamps (TUV Philips, 15 W, with a maximum intensity of 254 nm = 4.9
eV). A 3 mL aliquot of the dye solution was taken in 30-minute intervals
and analyzed for its variations in the maximum absorption band of MB
dye solutions by UV-visible absorbance spectra measurements using a
Shimadzu spectrophotometer (UV-2600 model).

The mechanism acting on the photocatalytic process was determined
using the charge, electron (e”) and hole (h™), and hydroxyl radical
(«OH) scavengers. Isopropyl alcohol [C3HgO] (1 mL alcohol to 100 mL
dye), ethylenediaminetetraacetic acid (EDTA) (7.2 mg EDTA/100 mL
dye) and, silver nitrate [AgNO3] (8.5 mg AgNOs to 100 mL dye) were
used to suppress the action of hydroxyl radicals («OH), positive charges
(h™) and negative charges (e”), respectively.

3. Results and discussion
3.1. X-ray diffraction (XRD)

The XRD patterns of CaMo004/g-C3N4 composites samples are shown
in Fig. 1. CaMoO4/g-C3N4 composites were indexed in a unit cell with a
tetragonal scheelite-type structure with space group I41/a (number 88)
in accordance with JCPDS 29-0351 and the literature [36-38]. The XRD
pattern of the g-C3N4 sample used in this work is exhibited in Fig. S1.
The sample patterns showed great intensity, meaning they are materials
with a long-range crystalline structure. In addition, g-C3Ny4 diffractions
were not observed in the composite. Bhosale et al [39] synthesized
g-C3N4/FeWO4 composite and noted that the diffraction referent to the
(002) plan of g-C3N4 only appeared with clarity when 50/50%wt of each
element was prepared. In our work, the mass ratio of CaM00,/g-C3Ny4
composites had a maximum ratio of 81/19%wt (1:1 in mol, from the
precursor reagents), respectively. Thus, the composites only showed the
tetragonal phase in the XRD because of the low concentration of g-C3N4
regarding CaMoO4.

Fig. S2 and Table 1 show the Rietveld refinement results of XRD
patterns. All CaMo00O4/g-CsN4 XRD patterns were indexed as tetragonal
cells (I41/a) according to ICSD 60552 (CaMoO4). The Obs-Calc lines and
reliability parameters y2, Rp, Rf? indicate that the diffraction patterns of
the samples are admirably adapted, showing superior quality in the
structural refinements and numerical results. The calculated lattice
values are according to values found in the literature. Oliveira et al. [40]
synthesized CaMoO4 by microwave-assisted hydrothermal method, and
found lattice values of a = 5.225 A, ¢ = 11.437 A, and cell volume of
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Fig. 1. XRD patterns of CaM00,/g-C3Ny, (a) CMO, (b) CMO1g, (c) CMO2g, (d)
CMO3g, (e) CMO4g, and (f) CMO5g.

312.25 A%, The x, y, and z positions occupied by the Ca and Mo atoms in
the unit cell of the CaMoO4 present special positions and are unchanged
during structural refinement, where Cal cation positions were settled in
x = 0.000, y = 0.250, and z = 0.625, and the Mol cations were defined
at x = 0.000, y = 0.250 and z = 0.125. However, the O1 anions occupy
general positions, and x, y, and z positions have been modified, as
observable in Table 1. The increase of g-C3N4 in the composite caused
slight alterations in the lattice, such as decreases of unit cell volume and
increases in the c/a ratio of the CaMoO4, while crystallite growth
occurred non-linearly.

Fig. 2 shows unit cells of CaMoO4/g-C3N4 composites modeled using
the VESTA program [41]. The CaMoO4 has a tetragonal scheelite-type
structure formed by [CaOg] and [MoO4] clusters [22], which are high-
ly influenced by the synthesis method conditions. The CaMo0O4/g-C3N4
composites had slight distortions such as a response to the modification
of the synthesis reaction medium with variations of g-C3N4 in the
composite.

3.2. Fourier Transform Infrared (FTIR) and Raman spectroscopies

The formation of the CaMo0O4/g-C3N4 composite was confirmed by
FTIR and Raman spectroscopies, as can be seen in Fig. 3. In FTIR (Fig. 3-
1), the absorption peaks at 765 and 445 cm™! were attributable to the

Materials Research Bulletin 146 (2022) 111621

Table 1
The structural parameters obtained by Rietveld refinement for the CaMoO,/g-
C3N,4 composites.

Sample CMO CMOl1g CMO2g CMO3g CMO4g CMO5g
Lattice Parameter
a (;\) 5.228 5.229 5.227 5.226 5.226 5.225
(€8] [C)] m © m m
c(A) 11.45 11.45 11.45 11.44 11.45 11.44
3 3) 3) (2) 3) 3)
c/a 2.190 2.189 2.190 2.190 2.190 2.189
@ @) 5) 5) ©) “
Cell Volume 312.9 313.1 312.8 312.7 312.8 312.6
A3 @™ ) @D @D @D @D
Crystallite 27(7) 37(3) 29(9) 35(1) 32(5) 25(7)
size (nm)
Microstrain 0.85 0.62(1) 0.79(2) 0.66(2) 0.72(1) 0.92(1)
103 @
P 1.529 1.620 1.461 1.479 1.436 1.430
Rp (%) 15.39 18.39 14.34 14.24 14.64 13.81
Rf? (%) 8.49 13.37 8.49 7.72 8.69 7.71
Atomic position O1
x 0.146 0.157 0.149 0.147 0.149 0.146
[©)] @ 8) ()] 8) @)
y 0.010 -0.010 0.002 0.010 -0.003 0.011
) 8 (6) (6) @) (6)
z 0.210 0.213 0.211 0.210 0.212 0.210
[©)] “ 3) 3) 3) 3)

7y DY vd'
%’.1.8841\ %’1.803 A

®
0
L

%1.759/\
Fig. 2. Tetragonal unit-cell of CaMoO,4, namely (a) CMO, (b) CMO1g, (c)
CMO2g, (d) CMO3g, (e) CMO4g, and (f) CMO5g.
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asymmetric stretching vibration of O-Mo-O vibration in the MoO4*~
tetrahedron and to the bending of Mo-O vibration of the Au mode,
respectively [42,43]. The absorption peak at 1638 cm ™! was assigned to
the C=N stretching vibration mode, while the bands at 1241, 1325,
1407, 1465, and 1568 cm ™! were ascribed to aromatic C-N stretching
vibration modes [44,45]. These absorption peaks increase with the in-
crease of g-C3N4 on the composite. The wideband at 3419 em™! s
attributed to -OH from water or ethanol [46]. In contrast, a band at 2920
cm™! is attributed to the C-H stretching vibration from ethanol [46].

Raman spectroscopy (Fig. 3-II) was utilized to confirm the vibra-
tional properties of CaM004/g-CsN4 composites. The materials with
scheelite structure have internal vibration referent to the oscillations
inside the [MoO4] molecular group, and external vibration referent to
the motion of the cation and the rigid molecular unit [47,48]. CaMoQO4
crystals showed 26 different vibrations according to group theory cal-
culations, as characterized by:
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Fig. 3. FTIR (I) and Raman (II) of CaM00,/g-C3N4 being (a) CMO, (b) CMO1g,
(c) CMO2g, (d) CMO3g, (e) CMO4g, (f) CMO5g, and (g) g-C3N4 pure.

I = 3A, + 54, + 5B, + 3B, + 5E, + 5E, o))

where the Ag, By, and E; are Raman-active vibration modes and the A
and B modes are non-degenerating, while the E modes are doubly
degenerating. In addition, the subscripts (g) and (u) represent the parity
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under inversion in centrosymmetric CaMoOy crystals. Thus, the A, and
E, modes correspond to the zero frequency of acoustic modes, but the
others are optic modes. Moreover, the Ag, By, and E; modes occur from
the same motion of the CaMoOy crystal [38,49]. Consequently, CaMoO4
crystals are estimated by 13 zone-center Raman-active modes, as rep-
resented by:

I Raman = 3A¢ + 5B, + SE, @

Also, Raman spectra of molybdates can be classified into two groups:
external, which corresponds to the lattice phonon, which corresponds to
the motion of [CaOg] clusters and the rigid cell units; and internal,
which relates to the vibration inside [MoOj4] cluster units, considering
the center of mass in the stationary state [38,49].

Several peaks were observed in Fig. 3-II(a-f) referent to the Raman-
active internal modes of tetrahedral MoOg4: v1(Ag), v3(Bg), v3(Eg),
v4(Bg), v2(Ag), R(Eg), and external T (EgEg). Ten modes of the CaMoO4
crystal were identified and their frequencies presented values close to
the values found for the theoretical frequency values [38], as can be seen
in Table S1. The Raman spectrum of g-C3Ny4 is characteristic of several
peaks due to the surface defects and disorders located at the edges of the
graphite platelets [50]. Moreover, the band in 706 cm ™! is assimilated to
the breathing modes of the triazine ring [51]. The peak in 769 cm s
assigned to the out-of-plane bending modes of graphitic domains [51],
as seen in Fig. 3-11(g). The presence of 706 em ! peaks referent to g-CsNy
is observed in CaMoQ4/g-C3N4 composites validating the occupancy of
g-C3Ny jointly with CaMoO.

3.3. Morphological characterization

Fig. 4 shows the micrographs of the CaMo04/g-C3N4 composites.
The CMO particles formed by several nanoparticles form a cauliflower-
like shape (Fig. 4a), while g-C3N4 particles presented a nanosheet-like
structure (Fig. 4g). The CaMoO4 morphology is very dependent on the
pH of the precursor solution and the sonochemistry synthesis time.
Zhang et al. [52] and Wang et al. [53] demonstrated that CaMoO4
particles obtained by sonochemistry have their morphology changed
according to solution pH, time, and the Ca/Mo ratio, with morphology
varying between flower-, elliptical-, cauliflower- and spindle-shapes, for
example. Thus, our samples have similar morphology because they were
synthesized under equal pH, time, and Ca/Mo ratio conditions. How-
ever, the addition of g-C3N4 promoted nucleation points on its surface
for the growth of CaMoO4 particles, in which g-C3N4 particles were
observed among several CaMoO,4 particles, as can be seen by EDS
mapping in Fig. S3. This phenomenon occurs because the energy
required for heterogeneous nucleation is less than the energy needed for
nucleation in free space [54]. Also, the increase in g-C3N4 in the com-
posite can favor observation of this phenomenon, raise interface for-
mation between CaMoO4 and g-C3N4 particles, and improve the
composite properties.

3.4. Optical properties

Fig. 5 depicts the absorbance spectra (5A), estimated values (5B),
and photoluminescence spectra (5C) for the bandgap energy of
CaMo0,4/g-C3N4 composites. Bandgap energy (Egqp) values were esti-
mated using the Kubelka-Munk function [55], followed by the Wood and
Tauc method [56] because this analysis has been successfully used in
many ternary oxides related to CaMoOy4 [57]. Bandgap energy (Egqp)
values were estimated by ahv « (hv—Egap)l/ P [56], where « is the absor-
bance, h is the Planck constant, v is the frequency, and p indicates the
different kinds of transitions. Molybdates with a scheelite-type tetrag-
onal structure have been reported with a permitted direct electronic
transition [58,59], so the results from CaMo0O4/g-C3N4 composites were
analyzed assuming p = 1/2. The bandgap energy values of the CMO and
g-C3Ny samples (Fig. 5B) are in accordance with the literature [60-63].
The remaining samples showed a bandgap value between CMO and
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400 nm
el

Fig. 4. FESEM images of CaMo004/g-C3N4, namely (a) CMO, (b) CMO1g, (c) CMO2g, (d) CMO3g, (e) CMO4g, (f) CMO5g, and (g) g-C3N4 pure.

g-CsN4 samples. Additionally, an increase of g-C3Ny4 in the composite
resulted in a bandgap value reduction and may provide conversion ef-
ficiency improvement of light irradiated in the photocatalytic process of
CaMo004/g-C3N4 composites regarding pure CaMoQOj4.
Photoluminescence spectra were measured to study the photo-
generated charge recombination process of the CaMo004/g-C3N4 sam-
ples, as can be seen in Fig. 5C. The g-C3N4 sample showed the highest PL

intensity with a peak centered around 475 nm, and the CaMoO4 sample
exhibited the lowest PL intensity with broadband centered around 525
nm. The strong PL signal of g-C3Ny is related to the quick recombination
of photoexcited carriers, which can lead to poor performance in pho-
tocatalytic processes [64,65]. However, the PL intensity of the
CaMo04/g-C3N4 composite had a significant decrease with the CMO5g
sample (lowest intensity), which results from a low recombination rate
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Fig. 5. (A) Absorbance spectra, (B) the bandgap values, and (C) Photo-
luminescence spectra of CaMo00O4/g-C3N4, namely (a) CMO, (b) CMO1g, (c)
CMO2g, (d) CMO3g, (e) CMO4g, (f) CMO5g, and (g) pure g-C3Ny.

of the photoexcited carriers. Thus, PL spectra may suggest a strong
interaction and photogenerated carrier transfer between g-CsN4 and
CaMoOyg4.
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3.5. Photocatalytic Activity

The photocatalytic activity of the CaMo0O4/g-C3N4 composites was
examined with methylene blue (MB) under UV-Vis radiation (A > 254
nm) for 180 minutes. As shown in Fig. 6a, the CMO sample shows low
efficiency to MB discoloration in 180 minutes. On the other hand,
discoloration efficiency increases when g-C3N4 was added to CMO. The
CMO5g sample showed 95.1% of MB discoloration in 180 min, while the
CMO sample had only 40.2%. Furthermore, the dye adsorption process
on the photocatalyst particles increased with the insertion of g-C3Ny, as
observable in Fig. 6a. This phenomenon may be related to the greater
surface area observed in nanosheet-like particles of g-C3Ny, resulting in
higher dye-particle interaction. However, the literature presents that
CaMoQy, generally has a low surface area, around 1 to 9 m?/g [66-68],
while g-C3N4 obtained at 550°C have surface area of 64.3 m2/g [33].
Moreover, the composite formation improved photocatalytic activity
performance and confirmed photogenerated carrier transfer between
g-C3N4 and CaMoOs4, as observable in the photoluminescence results
(Fig. 5C). The photocatalytic process can be described by the
pseudo-first-order kinetic model (Equation 3) [69] as shown in Fig. 6b.

In(C,/C) =k .t 3

In which: ki is the kinetic rate constant; C is the original concentra-
tion of MB dye; Ct is the MB dye concentration at time t. It is observable
that the kinetic constant k increases as g-C3Ny increases, showing that
the g-C3N4 concentration increase in the composite promotes higher MB
dye discoloration.

The capacity to produce e /h"' radicals is decisive in the perfor-
mance of photocatalysts due to these radicals reacting with oxygen to
produce oxidizing species such as superoxide radical anion (eOy") and

T
a) 1.0 4 —
1 \.\l\.
0.9 4 ) ) ) T — .
—— Without UV light
0.8 =
0.7 =
o o o
0.6 TT———,
Q
O 0.54
—_—
0.4 - A\A\A\‘\A
0.3 - —_——, 4 |—s—without oMo
‘t\‘\'\v\v —e—CMO
024 s‘kt\ —a—CMO1g
\,\ ———3 [—v—CMmOo2g
01 - : ~ —o—CMO3g
| F———>—_, |—<—CMO4g
00 T T T T T T T T _FCMOSQ
-30 0 30 60 90 120 150 180
Time (min)
b) 0.1
0.0
-0.14
-0.24
-0.3
0.4
-0.54
Q -0.6 4
9 -0.7 4
= -0.8 4
-0.9
-1.0 4—— Without CMO, k = 7.11x10 min”'
1.1 J——CMO, k = 4.10x10* min”’
1.0 J——CMO1g, k = 1.56x10 3 min”!
1‘3 —— CMO2g, k = 2.59x10° min”’
“19——CMO3g, k = 4.18x107 min”’
-1.4 4 CMO4g, >
-1.5 4——CMO5g, k = 6.95x10° min
T T T T T T T
0 30 60 90 120 150 180
Time (min)

Fig. 6. Variation of the MB dye discoloration as a function of the time (a) and
kinetic discoloration evolution of (b) CaM00Q,4/g-C3N,4 composites.
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hydroxyl radicals (¢OH) which are dependent on conduction band (CB)
and valence band (VB) potentials. These potentials are calculated using
the following empirical equations [70]:

ECB =X Ee — 0~5Egap (4)

Evyg = Ecp + Eyqp (5)

In which: Eypg and Ecp are the valence (VB) and conduction (CB)
potentials, respectively, E. is the energy of free electrons vs. hydrogen
(4.5 eV), Egyp is the bandgap energy of the semiconductor, and y is the
electronegativity of semiconductor. In turn, y was calculated by the
following equation [71]:

2= [x(a)'x(B) x(C)] .

In which: a, b, and c are the number of atoms in the compounds. The
y value for CaMoOy is 5.82 eV, and equivalent ECB and Eyp values are
-0.65 eV/NHE and +3.30 eV/NHE, respectively. However, the y value
for g-C3Ny is 4.72 eV [72], and the equivalent Ecp and Eyp values are
-1.33 eV/NHE and +1.77 eV/NHE, respectively. The UV radiation used
may have allowed the excitation and generation of electron-hole pairs in
both CaMoO4 and g-C3Ny, as observable in Fig. 7a. However, the ECB of
g-C3Ny is less than the Ecg of CaMoO4 and may result in an
easily-photoinduced electron transfer from CB of g-C3N4 to CB CaMoOj4.
Thus, the electrons in the CB CaMoOy; are trapped by O3 to form eO2 ™,
because the Ecg value of CaMoOQy is smaller than the E(O3/¢0,7) (-0.33
eV/NHE [73]). On the other hand, the holes formed in the VB of CaMoQ4
can easily migrate to VB of g-C3N4 because the Eyp value of CaMoOy is
larger than the Eyp of g-C3N4. However, the holes localized in the VB
g-C3Ny4 cannot react with OH™ or HyO to form eOH, as the E(eéOH/H50)
value (+2.38 eV/NHE [73]) is superior to Eyp of g-C3N4. Also, the
interaction of OH™ or HyO with holes localized in the VB CaMoO4 can
result in the formation of eOH because the E(eOH/H50) value is less
than the Eyg CaMoQOy4 value.

The EDTA, isopropyl alcohol, and AgNOs were utilized as inhibitors
ofh*, «OH, and e, respectively [13]. The inhibitors were used to verify
the photocatalytic mechanism of the CaMoO4/g-C3N4 composite. As
shown in Fig. 7b-c, the addition of EDTA and isopropyl alcohol reduced
the photocatalytic activity, while the use of silver nitrate increased the
discoloration capacity of CMO and CMO5g samples. Then, the principal
mechanism acting on the photocatalytic activity is of the O, because
EDTA suppresses the h* and raises the number of electrons during the
photocatalytic process. Next, dye oxidation is a secondary acting
mechanism because isopropyl alcohol suppresses the eOH radicals and
reduces the oxidative capacity of the photocatalyst. According to the
results, the photocatalytic process of MB discoloration over
CaMo04/g-C3Ny4 composite is described as:

8C3N,4 + hv—gCsNy(e™) 4 gCsNu(h™) @)
CaMoOy4 + hv—CaMoO,(e”) + CaMoO4(h") (€))
8C3N4(e7)—>CaMoOy(e™) 9
CaMoOy4(e™) + O,— 05 (10)
CaMoO4(h") + OH —=CaMoO, + -OH 11

-0;,h*, -OH + MB—CO, + H,O + other inorganic molecules (12)

Fig. 8 shows the cyclic stability test of the CMO5g sample. As can be
seen, there is little alteration in the photocatalytic capacity of the sample
between the four consecutive cycles, in which the 1%, 2", 3/ and 4™
cycles had 95%, 100%, 99% and 97% of MB discoloration, respectively.
This result indicates that even with the application of consecutive cycles,
the loss in photocatalytic efficiency is small and allows this composite to
be applied in consecutive cycles.
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Fig. 7. (a) Schematic illustration of the charge transfer pathway of the
CaMo0,/g-C3N4 composite catalyst under UV light irradiation and variation of
the MB dye concentration for the (b) CMO and (c) CMO5g samples with and
without charge inhibitors.

4. Conclusion

CaMoOj4-based g-C3N4 composites were successfully synthesized by
the sonochemistry method with 0, 0.1, 0.2, 0.3, 0.4, and 0.5 of g-C3Ny.
The powders were characterized by X-ray diffraction (XRD), FT-IR, and
Raman spectroscopies revealing crystals with a tetragonal scheelite
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Fig. 8. Photocatalytic curves from cyclic stability test of CMO5g sample.

structure and long-range order and confirmed the presence of g-C3Ny4 in
the samples. FEG-SEM micrographs of nanoparticles CaMoO4 exhibited
a cauliflower-like shape, while g-C3N4 particles presented a nanosheet-
like morphology.

Photoluminescence spectra were also measured to study the photo-
generated charge recombination process. In addition, the photocatalysis
results showed that the g-C3Ny4 insertion into the composite favored the
photocatalytic activity performance, in which there was an increase in
photocatalytic activity from 40.2% (CMO) to 95.1% (CMO5g) due to
photogenerated carrier transfer between g-C3N4 and CaMoOj. This
phenomenon occurs by easy photoinduced electron transfer from CB of
g-C3Ny4 to CB CaMoO4 and easy migration of holes formed in the VB of
CaMoOy4 to VB of g-C3N4. Also, the trapping experiment showed that
principal mechanism acting on the photocatalytic activity is O, . Thus, a
CaMo004/0.58-C3N4 composite obtained by the sonochemistry method is
a promising photocatalyst candidate since a value of 95.1% of MB
discoloration in 180 min was observed with maintenance of its photo-
catalytic properties after consecutive use cycles. Finally, this study
presents a new vision for the synthesis of nanocomposite materials with
g-C3Ny4 by the sonochemistry method, enabling the synthesis of different
binary oxides or ternary oxides, whether doped or undoped, together
with g-C3Ny4 in different proportions in a simple way for improving
properties.
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