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Graphitic carbon nitride (g-C3N,), a promising metal-free photocatalyst, shows a high thermal stability, excellent
chemical stability, and great optical absorption of solar light. However, a short life of activated electron-hole
pairs limits g-C3N,4 in practical applications. In this work, AgoMoO,4 nanoparticles encapsulated in g-C3N4
(Ag>Mo00,4/g-C3N,4) was synthesized with a facile in-situ precipitation method. A variety of characterization
techniques were applied for analyzing the compositions, morphologies and optical properties of Ag>MoO,/g-
C3N,. The band structure of Ag>MoO, produces a synergistic effect with g-C3Ny4, which can efficiently increase

solar light absorption and reduce the recombination rate of the photo-induced electron-hole pairs. Therefore,
this hybrid catalyst presents a much higher photocatalytic activity for the degradation of various organic pol-
lutants (bisphenol A, acyclovir, and methyl orange) and strong stability under both artifical and real sunlight,
which is promising for practical application.

1. Introduction

Since the 21°" century, energy crisis and environmental pollution
become more and more serious with the significant growth of popula-
tion. Water pollution has attracted more attention as resources of
drinking water are remarkably reducing. Organic wastes from in-
dustries and our daily living are toxic and harmful, which can con-
taminate water and eventually threaten human health [1]. Some of
organic wastes like dyes [2], phenol [3], phenolic compounds [4,5],
and pharmaceuticals etc. [6,7] cannot be directly bio-degraded [8,9].
Therefore, treatments of these organic wastes in water have been a hot
research topic all over the world. Many methods have been explored,
including photocatalysis [8-11], adsorption [12], electrochemical de-
composition [13], microbial degradation [14], advanced oxidation [15]
and others [16,17]. Photocatalysis is considered as a promising and
environmentally friendly method for using clean solar energy and no
emission of harmful substances (CO, and H,0). Graphitic carbon ni-
tride (g-C3N4) was discovered for water-splitting in 2009, which at-
tracted great attention afterwards from all over the word [18-20].

* Corresponding authors.

Meanwhile, the excellent properties of g-C3Ny4, such as great thermal
and chemical stability, good optical absorption for sunlight, make it one
of the most popular photocatalysts in environmental and energy ap-
plications [21-23]. However, pristine g-C3N4 has not yet reached the
requirements for practical applications due to the short time of the
recombination of photogenerated electron-hole pairs [24,25].
Introduction of Ag or its compounds is considered as an effective
strategy to enhance the photocatalytic activity of g-C3N,4 by hindering
the electron-hole recombination. For example, Ag [26-28], Ag>0O
[29—32], A82CO3 [33], Ag2M0207 [34], Ag3VO4 [35], Ag3PO4 [36,37],
Ag/AgWOs3 [38], and Ag/AgBr [39-43] have been attempted for en-
hancing photocatalytic activity of pristine g-C3N4. Another Ag-based
compound, Ag,MoO,, was also investigated because of its excellent
properties like great electrical conductivity, high antimicrobial activity,
nontoxicity and great photocatalytic activity [44-48] for degradation of
organic dyes. However, it can only be excited under ultraviolet light
irradiation due to a wide bandgap of 3.05eV [49-51]. Recently,
Ag>Mo0,/g-C3N, was reported for degradation of a dye under visible
light irradiation [52], but more research on its synthesis, catalytic
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Fig. 1. (a) Photodegradation of MO with AgoMo00Oj, g-C3Ny4, AgoM00,4/g-C3N4(WRO0.2) and P25-TiO,. (b) The given time UV/Vis spectrum of MO degradation solution by Ag:Mo00O,/g-
C3N4(WRO.2). (¢) Photodegradation rate of MO with different Ag,Mo0,/g-C3N, samples under 20 min reaction. (d) Recycle tests of Ag;M00,4/g-CsN4(WRO0.2) for photodegradation of
MO. The photocatalytic reactions of (a-d) were conducted with simulated sunlight (Xe-light). (e) Photodegradation of MO with g-C3N4 and Ag;M00,4/g-C3N4(WRO0.2) under natural

sunlight irradiation. (f) TOC removal of MO degraded by g-C3N4 and AgMo00,/g-CsN4 (WRO0.2) after photocatalytic reaction under natural sunlight irradiation.

mechanism and wide application for different organic pollutants is still
required.

In this paper, we report a simple synthesis of AgoMo0O4/g-C3N4
hybrids using a facile in-situ precipitation method. The Ag,MoO.,/g-
C3N,4 samples showed much higher photocatalytic activity than pristine
g-C3N, in degradation of organic pollutants including bisphenol A,
acyclovir, and methyl orange (MO) under sunlight irradiation. The
photocatalytic reaction mechanism and enhancement mechanism of
this hybrid catalyst under sunlight were also investigated.
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2. Experiments
2.1. Chemicals

Urea (CO(NH,),, Aladdin Chemistry Reagent Co., Ltd, =99.5%),
sodium molybdate (Na,Mo0O42H,0, Tianjin Chemical Reagent Co., Ltd,
=99.0%), silver nitrate (AgNO3, Guangzhou Jinhua Chemical Reagent
Co., Ltd, =99.8%) were used with no further purification. Ultrapure
water with a resistance of 18.2 MQ-cm was obtained from an instrument
Unique-R20.
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Fig. 2. Photodegradation of acyclovir (a) and bisphenol A (b) with g-C3N4 and Ag>Mo00,4/g-C3N4(WRO0.2) under simulated sunlight irradiation; Photodegradation of acyclovir (¢) and
bisphenol A (d) with g-C3N, and Ag,Mo0,/g-C3N4(WRO.2) under natural sunlight irradiation (b); TOC removal of acyclovir (e) and bisphenol A (f) degraded by g-C3N4 and AgMo0O,4/g-

C3N4 (WRO.2) after photocatalytic reaction under natural sunlight irradiation.

2.2. Preparation of samples

g-C3N, powder was synthesized following the method reported by
Chen et al. [53]. The urea was placed into an alumina crucible with a
cover, and then put into a furnace. The temperature was raised to
550 °C (a ramp rate of 10°C min~') and calcined in static air for 4 h.
After natural cooling to ambient temperature, g-C3N, sample was col-
lected for Ag,Mo0O,4/g-C3N, preparation. Typically, g-CsN, (200 mg)
was put into water (50 mL) with 1h sonication for dispersion. After

that, AgNO3 (36.2mg, 0.21 mmol) was added into the solution with
magnetic stirring under room temperature for 1h. Then, Na,MoO4
aqueous solution (5.2 mL, 0.04 M) was put into this solution with an-
other 1h magnetic stirring. Ag-Mo0O,4/g-C3N4 at a weight ratio of 0.2
was obtained with water washing for 3 times and dried at 60 °C for 12 h,
referring as AgoMo0O,4/g-C3N4 (WRO0.2). In addition, other AgoMoO,/g-
C3N, samples at weight ratios of WR = 0.05, 0.1, 0.5, 1.0 were syn-
thesized with the similar method, and pure Ag,MoO, was also syn-
thesized without using g-C3Na.
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2.3. Photocatalytic test

The photocatalytic reaction was operated with a Xeon lamp (300W,
Microsolar 300) under magnetic stirring with 20mg photocatalyst
(0.25gL™1) in bisphenol A, acyclovir or methyl orange (MO) solution
(80 mL, 10 mg L™ Y). The position of light source was placed 20 cm (the
vertical distance) above the reaction solution. Natural sunlight photo-
catalytic reaction was operated on the roof of the laboratory building
(MO: 10:54 to 11:54 AM on May 27, 2017; acyclovir: 09:47 to 10:27
AM on May 27, 2017; bisphenol A: 14:00 to 16:00 PM on June 06,
2017). The amount of catalyst, concentration and volume of organic
pollutants are all the same as the photocatalytic reaction under the si-
mulated sunlight. At given reaction time, 3 mL of the mixture reaction
solution was collected for determination of pollutant concentration.
The best Ag;M00,/g-C3N,4 sample was applied for the stability tests as
follows: after degradation of MO, the sample was collected after water
washing for 2 times to achieve a pure sample for the next cycle ex-
periment. To analyze the main active species of Ag,M00,4/g-C3N,, three
different scavengers including tert-butyl alcohol (TBA, 10 mM), dis-
odium ethylenediaminetetraacetate (EDTA-2Na, 10 mM) and benzo-
quinone (BQ, 10 mM) have been used for photodegradation of acy-
clovir.

2.4. Catalyst characterizations

The structure of the samples can be analyzed with powder X-ray
diffraction (XRD), which can be operated on a Rigaku D/max-Ultima IV
X-ray diffractometer (a scan rate of 8°/min). A S-4800 II field-emission
scanning electron microscope (FESEM) (acceleration voltage of 15kV)
was applied for analyzing the morphology of the samples. The
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morphology and structures of the samples can be further confirmed
with a transmission electron microscope (TEM) of Tecnai G2 F30 S-
TWIN. X-ray photoelectron spectroscopy (XPS) data were obtained for
the chemical composition of the samples, which was operated on an
ESCALAB 250Xi spectrometer with a C1 s reference peak of 284.6 eV.
The UV-vis absorption of MO and diffuse reflection spectra of samples
were all tested on a spectrophotometer of Agilent Cary 300. A PL-4500
fluorescence spectrophotometer has been used for analyzing the pho-
toluminescence (PL) of the samples. The total organic carbon (TOC)
was measured on a TOC-Vepy Total Organic Carbon Analyzer
(SHIMADZU). The photoelectrochemical test was operated on an elec-
trochemical workstation (CHI650E) with a standard three-electrode
system.

3. Results and discussion
3.1. Photocatalytic activity

Photo-degradation of MO was firstly tested using artificial sunlight.
As shown in Fig. 1a, MO cannot be degraded by pure Ag,MoO,, while
the degradation occurs in the cases of both g-C3N4 and Ag,MoO,/g-
C3N4 (WRO0.2). MO in the solution can be degraded at 97% by
Ag>Mo00,4/g-C3N4 (WR0.2) in 20 min while only 30% MO is degraded
by the pristine g-C3N, within the same time. In addition, the photo-
catalytic degradation activity of Ag,Mo00,/g-C3N, (WRO0.2) is better
than that of commonly used P25-TiO, with degradation efficiency of
73%. The variations of MO absorption spectra during the degradation
by AgoMo0,/g-C3N4 (WRO0.2) are displayed in Fig. 1b, where the peak
intensity at 464 nm decreases with the degradation time. Photocatalytic
degradation activities of different Ag,Mo00Q,/g-C3N, samples are shown
in Fig. 1c. With increasing weight ratio of Ag,MoO,4, Ag>M00,/g-C3Ny
presents the highest MO degradation efficiency at an optimal ratio of
0.2.

The stability of AgoMoO,/g-C3N, (WRO0.2) was also performed
(Fig. 1d). During 100min of 5-cycle photo-degradation reaction,
Ag>Mo0,4/g-C3N4 (WRO.2) has a stable photo-degradation activity, and
after the 4th recycling experiment, about 77% MO solution can still be
degraded within 20 min, which is better than that of pristine g-C3N4
(only degradation of 30% MO). In addition, photo-degradation of MO
under natural sunlight shows (Fig. 1e) 96% MO solution can be de-
graded by AgoMo0,/g-C3N, (WRO0.2) within 60 min, while only 18%
MO solution can be degraded by g-CsN, for the same time interval. In
addition, Ag,Mo00,/g-C3N,4 (WRO.2) also has much better performance
than that of the pristine g-C3N,4 in mineralization of MO under natural
sunlight irradiation (Fig. 1f), while the TOC value of g-C3N, is negative,
which may be caused by the dissolution of g-C3N, in solution.

Ag,Mo00,/g-C3N, was also tested for degradation of other pollutants
including acyclovir (Fig. 2a, ¢, and e) and bisphenol A (Fig. 2b, d and f).

Fig. 4. (a) TEM image and (b) HRTEM image of Ag;MoO,/g-
C3N4(WRO.2).
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Fig. 5. (a) The C XPS high-resolution and (b) the N XPS high-resolution spectra of the g-C3N4 and Ag;Mo00,/g-C3N4(WRO0.2), (c) The Ag XPS high-resolutions and (d) the Mo XPS high-

resolution spectra of Ag;Mo00,/g-C3N4(WRO0.2).

Ag>Mo00,4/g-CsN, (WRO0.2) has demonstrated higher photocatalytic
degradation efficiencies of acyclovir (Fig. 2a) and bisphenol A (Fig. 2b)
than those of pristine g-C3N, under both artificial and natural sunlight
(Fig. 2¢, d). As shown in Table S1, AgoMo0O,/g-C3N4 has higher pho-
todegradation activities for degradation of acyclovir and bisphenol A
compared with other similar composites based on g-C3N4. In addition,
the mineralization of the pollutants (acyclovir or bisphenol A) by
Ag>Mo04/g-C3N4 (WRO.2) is better than pristine g-C3N4 under natural
sunlight irradiation (Fig. 2e and f). Therefore, Ag>Mo0,4/g-C3N4
(WRO0.2) has significantly enhanced photocatalytic activities as com-
pared to pristine g-C3Ny4, and can also degrade different organic pol-
lutants efficiently into CO, and H,O under natural sunlight irradiation.
Moreover, we can find that acyclovir can be most easily degraded by
AgoMo0,4/g-C3N, (WRO0.2) and it can be completely degraded within
6 min. However, among these three pollutants, bisphenol A has the
highest mineralization rate ~80% after being degraded completely.
Therefore, photocatalytic performance of g-C3N, for serval organic
pollutants can be improved significantly with the addition of Ag;MoO,,
and AgoMo0,/g-C3N,4 (WRO0.2) has the best performance for the de-
gradation of MO.

3.2. Morphology and structure

Crystal structures of Ag>Mo0,4/g-C3N4 (WRO.2), pure g-C3N,4 and
Ag>Mo0, are shown in Fig. 3. Two main XRD peaks of g-C3N, can be
found at 27.5°, related to interlayer reflection [54,55], and 13.2° re-
ferring to in-plane structure of g-C3N4 [56,57]. The peak at 27.5° of
Ag>Mo04/g-C3N4 (WRO.2) shows a slight shift to a larger 20 value,
which means that the interlayer of g-C3N, is decreased after Ag;MoO,4
deposition. Meanwhile, the XRD pattern of AgoMoO,/g-C3N, reveals

the presence of Ag,MoO, (JCPDS card no. 08-0473). Therefore,
Ag-oMo00,4/g-C3N, was successfully synthesized, and Ag,MoO, has
strong contact with g-C3N,4 without structural destruction of g-C3Ny.

The morphology of the samples was analyzed by SEM (Fig. S1) and
TEM (Fig. 4). AgoM00,/g-C3N4(WRO.2) has a similar morphology to the
pristine g-C3N4 as shown in Fig. S1, which has a bulk structure as-
sembled by small nanosheets. The TEM image of Ag>MoO,/g-
C3N4(WRO0.2) suggests that AgoMoO, nanoparticles are well in-
corporated with g-C3N4 where Ag;MoO, nanoparticles are formed and
capsulated by g-C3N4 sheets. The size of AgoMoO, nanoparticles is
smaller than 20 nm as indicated in Fig. 4a. HRTEM image of a particle
also reveals the crystalline nature of Ag,MoO,. Its lattice spacing was
confirmed to be 0.236 nm, which is similar to that of (400) plane of
Ag>,MoO, (JCPDS card no. 08-0473). The presence of Ag,MoO, can also
be confirmed with the elemental mapping data (Fig. S2), which also
indicates the uniform distribution of C, N, O, Ag and Mo elements in the
Ag>Mo0,/g-C3N, sample. Meanwhile, the specific surface areas of
Ag>Mo0,4/g-C3N4 (WR0.2) and pristine g-C3N4 have been determined
as shown in Fig. S3. After AgoMoO, addition, the specific surface area of
Ag,Mo00,4/g-CsN, (70.7 m?/g) is slightly lower than pristine g-CsN,
(96.2m?/g), which may be caused by the deposition of capsulated
Ag>Mo0, in the pores of g-C3Ny.

3.3. XPS (X-ray photoelectron spectroscopy) analysis

The chemical compositions of AgoMo00O4/g-C3N4 and pristine g-C3N4
were characterized by XPS analysis. The C and N high resolution
spectra of g-C3N4 and AgoMoO,/g-C3N, are shown in Fig. 5. The C 1s
peak of g-C3N4 at 284.6 eV is related to C—C bond while the peak of
288.3 eV is related to spz-bond carbon (C—C=N) [58,59]. The related
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peaks of C 1s in Ag;Mo0,/g-C3N, did not change. In N 1s spectra of g-
CsN, (Fig. 5b), the peak at 398.8 eV is related to the sp>hybridized
nitrogen in aromatic rings (C—N=C) while the peak at 400.1 eV is re-
garded as the tertiary nitrogen groups (N—(C)3). The weak peak at
401.3 eV is usually taken as amino functions (C—N—H) [18]. There is a
slight peak shift of N 1s at 398.8 eV for Ag,Mo00,/g-C3N,4, which in-
dicates an electron transfer between Ag-MoO, and g-C3N, due to
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heterojunction between Ag>MoO,4 and g-C3N4. The presence of Ag and
Mo elements can also be confirmed by Ag and Mo XPS analysis. As
shown in Fig. 5¢c, two peaks at 368.3 and 374.2 eV are related to the
Ag™ of Ag,MoO, [60], while the two peaks at 232.2 and 235.3 eV are
attributed to the Mo®™ in Ag>MoO, as shown in Fig. 5d [60].
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3.4. Optical analysis

The electronic and optical properties were illustrated in UV-vis
diffuse reflectance spectra and photoluminescence spectra (PL). As
shown in Fig. 6a, AgoMo00,/g-C3N, has a stronger sunlight absorption
region than both Ag,MoO, and g-C3N,4, which induces enhanced pho-
tocatalysis compared to pristine g-C3N4. In addition, the bandgap of
Ag>Mo00,4/g-C3N, has been determined to 2.65eV (Fig. 6b), which is
almost the same as the bandgap of g-C3N4 determined to be 2.64 eV in
the figure. However, from PL spectra (Fig. 6¢), the emission peak of
Ag>Mo0,4/g-C3N4 has a much lower intensity, which indicates that the
AgoMo0,4/g-C3N4 has a much lower electron-hole recombination rate
compared with that of pristine g-C3N4. In addition, the enhanced
photogenerated electron-hole pairs of Ag,Mo0O,/g-C3N, were also
confirmed by the photocurrent test under artificial sunlight irradiation.
From Fig. 6d, a higher photocurrent density can be achieved with
AgoMo00,4/g-C3N, system than that of g-C3N, under the same condi-
tions. Therefore, the improvement of the photocatalytic activity of
Ag>Mo004/g-C3N4 may be mainly contributed by the heterojunction
between Ag,MoO, and g-C3N4, which can hinder the recombination
rate of photogenerated hole-electron pairs.

3.5. Mechanistic analysis

The photocatalytic activation of AgsMo00,/g-C3N4 (WR0.2) was in-
vestigated and the active species were detected by a trapping experi-
ment (Fig. 7a) under artificial sunlight irradiation. In the trapping ex-
periment, tert-butyl alcohol (TBA) was used for trapping hydroxyl
radicals (-OH), disodium ethylenediaminetetraacetate (EDTA-2Na) for
detecting holes (h*) and benzoquinone (BQ) for detecting superoxide
radicals (-O,—) [61,62]. After 6 min photocatalytic reaction of acy-
clovir under simulated sunlight irradiation, 100% acyclovir can be
degraded with TBA addition, while 3.1% and 14.9% acyclovir can be
degraded with addition of EDTA-2Na and BQ, respectively. Therefore,
hydroxyl radicals (-OH) are not the active species of Ag>Mo004/g-C3N4
(WRO.2) for acyclovir degradation under simulated sunlight irradiation,
while holes (h*) and superoxide radicals (-O,—) are the main active
species for photo-degradation of the pollutant. Therefore, the me-
chanism in the enhanced photocatalytic degradation on Ag>MoO,/g-
C3Ny for organic pollutants can be proposed in Fig. 7b. g-C3N4 has a
higher conduction band (CB, —1.12 eV, vs. SHE) compared with that of
Ag>Mo0O4 (—0.125 eV, vs. SHE), while the valence band (VB) of g-C3N4
is lower than that of Ag>MoO, [2,29]. Meanwhile, both g-C3N, and
Ag>Mo0O, can be excited under sunlight irradiation. According to the
theory of Z-scheme [63], the photo-generated electrons excited by
Ag>Mo0O, can be recombined with the holes from VB of g-C3Ny; then
photogenerated electrons from the CB of g-C3N, and holes from VB of
AgoMoO, can be increased. Therefore, the photogenerated electrons
and holes used for degradation can be increased, and the photocatalytic
degradation rate of pollutants on Ag>Mo0,/g-C3N4 can be improved
significantly.

4. Conclusions

Ag>Mo00,/g-C3N, hybrid photocatalysts were successfully obtained
by using a facile in-situ precipitation method and Ag,Mo0,/g-C3N4
showed much better optical properties and lower recombination of
photogenerated electron-hole pairs than pristine g-C3N4 for sunlight
utilization. AgsMo00O,/g-C3N, (WRO0.2) demonstrated highly improved
photocatalytic degradation performance for different organic pollutants
(MO, acyclovir and bisphenol A) under sunlight irradiation, and they
can be degraded into CO, and H,O efficiently. Furthermore, based on
the trapping experiment, the main active species of photo-degradation
of acyclovir catalyzed by Aga;MoO,/g-C3Ny are holes (h™) and super-
oxide radicals (-O2—). Ag:M00,/g-C3N, also presented strong cycling
stability with 77% MO degradation after 5 cycles, demonstrating that it

Catalysis Today 315 (2018) 205-212

is a promising photocatalyst for the treatment of organic wastes under
natural sunlight.
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