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Synthesis and Characterization of WO3-0.33H.0/Ag2Mo00O4 Composites as a
Visible-Light-Driven Photocatalyst for Rhodamine B and Levofloxacin Degradation
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Summary: Visible-light-driven WO;-0.33H,0/Ag,Mo0O, composites have been prepared by using
an in-situ growth of Ag.MoO, nanoparticles on the surfaces of WO3-0.33H,0. The photocatalytic
activities of the samples were studied by degradation of rhodamine B and levofloxacin dilute
solution. The synergistic photocatalytic mechanism was also analyzed. Experimental results reveal
that the as-developed hybrids have higher photocatalytic activity than pure samples. When the
theoretical molar ratio of WO3:0.33H,0 to Na,M00O,-2H,0 is 1:0.15, the as-developed hybrids have
the highest photocatalytic degradation efficiency of 99.0% for rhodamine B in 45 min and 40.9% for
levofloxacin in 120 min. Furthermore, there are chemical bonds between WO;-0.33H,0 and
Ag:Mo0,. In addition, the super oxide radicals play the leading role during the photocatalytic
degradation process of the samples. This work will provide reference for treatment of organic dyes
and antibiotics pollution in water with using solar energy.

Keywords: Semiconductors; Photocatalysis; WOs3-0.33H,0; Ag2Mo0.; Composites.

Introduction

In the past decades, organic dyes and
antibiotics contaminants in water have attracted great
concerns hecause they can persistently deteriorate
human health [1]. In order to deal with this problem,
physical adsorption is often used [2]. However, it can
not mineralize pollutants, which may reoccur due to
their desorption during the environmental changes.
Therefore, it is very necessary to develop a new
treatment way of green, efficient and non-secondary
pollution. In fact, recently, many Advanced Oxidation
Processes (AOPs) have been developed for removal
of contaminants from wastewater. Among AOPs,
semiconductor photocatalysis, which can easily be
driven by the inexhaustible and sustainable sunlight,
is deemed as one the most promising technologies to
deal with organic dyes and antibiotics [3-8].

For semiconductors, silver molybdate
(Ag2M00s), one of high-output molybdates, has been
focused because of its unique structure [9]. However,
it also has some drawbacks as the same as other
noble metal semiconductors, such as costly. Hence, it
is important to improve this disadvantage and further
enhance its photocatalytic performance. In fact, some
effective methods, such as doping metal ions (Eu®*

doped B-Ag:MoOs hybrids [10]) and combining it
with other semiconductor to fabricate composites
(Ag2M004/Ag/AgBr/GO composites [11]) have been
reported. The second method can usually be used to
reduce the cost and increase the photocatalytic
performances of photocatalyst.

WOs3-0.33H;0 is low-cost, stable under the
light illumination and environmentally friendly [12].
It has a small band gap, a large optical absorption
range and excellent macroscopic quantum tunnel
effect [13-17]. Moreover, it can be used to fabricate
composite photocatalyst with other materials, such as
Ag [18], Bi;WO¢ [19], Ag20 [20] and C [21]. In
addition, its energies of conduction band (Eg) and
valence band (E,g) are respectively 0.64 and 3.01
eV [22], which can match well with that of Ag2MoO4
(Ecg=-045eV, E z=286¢eV)[23].

Therefore, in this work,
WO;-0.33H,0/Ag-M00, composites were prepared by
using an in-situ growth of Ag.MoO, nanoparticles on
the surface of WO;-0.33H,0. Two organics, including
rhodamine B (RhB) and levofloxacin (LVFX), were
selected to evaluate the photocatalytic activity of the
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as-obtained composite. The results show that this
method can improve the photocatalytic performance of
the pure samples, and the cooperative photocatalytic
mechanism of the hybrids is also analyzed. This work
has provided a successful sample for the treatment of
organic dyes and antibiotic contamination in water
under visible light irradiation.

Experimental
Preparation of the WOs 0.33H.0 nanoparticle

For WO;:0.33H,0 nanoparticle, it was
fabricated according to a previous report [12]. In a
typical preparation process: 2 mmoL of sodium
tungstate dihydrate (Na2WO4-2H,0) and 0.2 mmoL of
ethylenediamine tetraacetic acid (EDTA) were fully
mixed with 40 mL deionized water for 30 min at room
temperature. The pH value was adjusted to 1.0-1.5 by
using HCI aqueous solution (3 M). The mixture was
then transferred into a 50 mL Teflon-lined stainless steel
autoclave. It was sealed and kept in an electric blast
drying oven at 180 °C for 6 h and then naturally cooled
to the room temperature. The as-obtained WOs-0.33H,0
precipitates were separated by centrifugation, washed by
distilled water and absolute ethanol and dried in vacuum
at 60 °C for 12 h.

Preparation of the WO3 0.33H,0/Ag2MoQ. composites

1 mmoL of the as-developed WOs-0.33H,0
and 0.03 mmoL silver nitrate (AgNOs) were fully mixed
with 20 mL deionized water for 20 min to form solution
A. 0.015 mmoL of sodium molybdate dihydrate
(NazMo0O4-2H,0) was fully mixed with 20 mL
deionized water for 20 min to form solution B. The
solution B was then added into the solution A. And the
mixed solution was continually stirred for another 1 h.
After it was filtered, the  as-obtained
WO0s3-0.33H,0/Ag2M004 (1:0.15) composite (named as
WA-0.15) were washed for 5 times with employing
distilled water and absolute ethanol and then dried in
vacuum at 60 °C for 6 h. The other samples with
theoretically molar ratios of WO3:0.33H,0 to
NazMo04-2H;0, including 1:0.05 (WA-0.05), 1:0.1
(WA-0.1), 1:0.2 (WA-0.2) and 1:0.25 (WA-0.25), were
also prepared with the same route. The pure Ag2MoOs4,
as a control, was also synthesized via the same route
without using any WOs-0.33H,0.

Characterization

The structure of the samples was measured by
X-ray diffraction (XRD, DSADVANCE, Bruker Co.,
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Germany). The UV-vis diffuse reflectance spectroscopy
of the samples was characterized on a UV/VIS/NIR
spectrometer (UV-vis DRS, U-4100, Shimadzu Co.,
Ltd., Japan). The micro-morphology of the samples was
observed by using a field emission scanning electron
microscope (FE-SEM) (Hitachi SU8010, Japan). The
electrochemical ~ impedance  spectroscopy  (EIS)
measurements of the products were carried out on an
electrochemical workstation (CHI660E, Shanghai
Chenhua Co., China). The elements and valence states
of the samples were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher
Scientific Co., USA).

The photocatalytic activity of the samples was
assessed by degradation of RhB and LVFX under the
visible light irradiation (A >420 nm). A Xenon lamp
light source system (CEL-HXF300, Beijing Zhongjiao
Jinyuan Technology co. Ltd., China) was adopted
during the photocatalytic test. For degradation of RhB,
50 mg the as-developed samples and 100 mL 10 mg/L
RhB solution were used. Before the light was opened,
the mixture was stirred in darkness for 1.5 h to achieve
the equilibrium between adsorption and desorption.
During the photocatalytic reaction, 4 mL liquid sample
was taken at every other 15 min and the supernatant
liquid after centrifugation was tested at 554 nm of the
characteristic band on an ultraviolet visible
spectrophotometer (N4, INESA Analytical Instrument
Co., Ltd., China). For degradation of LVFX, similar
process was carried out. The difference was that 4 mL
liquid sample was taken at every other 30 min during
the test and the characteristic band was selected at 288
nm.

Degradation efficiency of the samples was
calculated by using Equation (1) [24]:

1= ®

where C, and C, denote the concentration at the
adsorption-desorption equilibrium and the sample time
t, respectively.

Kinetics of photocatalytic degradation was
determined by using Equation (2) [25]:

In(C%t):Kt 0)

where C, and C, denote the concentration at the
adsorption-desorption equilibrium and the sample time
t, respectively. x denotes the reaction rate constant.
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Results and Discussion

Fig. 1 shows the XRD patterns of the
samples. It can be seen in Fig. 1(a) that some
diffraction peaks are found at 16.5, 27.1, 31.8, 33.3,
38.6, 42.2, 47.8, 50.9, 55.8, 65.7 and 66.6 °, which
can be respectively indexed to (111), (220), (311),
(222), (400), (331), (422), (511), (440), (533) and
(622) planes of cubic b-Ag.MoOs according to
JCPDS card No. 08-0473. Besides, in Fig. 1(g), some
diffraction peaks are found at 23.1, 24.2, 27.1, 28.3,
33.8, 36.8, 49.5, 50.3, 55.3 and 58.1 °. They are
respectively indexed to (002), (200), (131), (220),
(202), (222), (400), (260), (402) and (440) crystal
planes of the orthorhombic WOs3-0.33H,0 according
to JCPDS card No.35-0270. Furthermore, it can be
seen in Fig. 1(b)-(f) that with increasing the usage
amount of Ag-MoOs,, its characteristic peaks in the
as-developed hybrids are gradually increased, while
that of WO3-0.33H,0 are gradually decreased. No
other peaks are discovered. This indicates that the
samples have high purity.

— AgpMoO4  —WA-0.15
WA-0.05 ~—— WADZ
— WA-0.1 —W0,-0.33H,0
— ° —WA02 ¢ @
S ool s ol . > @
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Fig. 1: XRD spectra of the samples: (a)
AgoMoOs,  (b)-(f) the as-prepared

WO0;-0.33H,0/Ag:M00, with differently
theoretical mass ratios of WQ3-0.33H,0
to Na;Mo0,-2H,0 and (9)
WO0Os3-0.33H,0.

In Fig. 2(a), it shows that the
adsorption-desorption equilibrium has been achieved

in about 30 min, which is in line with that of Fig. 2(f).

Moreover, in Fig. 2(b), with gradually increasing the
usage amount of Ag,MoO4, the tendency of
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photocatalytic activity of the samples increases firstly
and then declines. When the theoretical molar ratio of
WO;3-0.33H,0 to Na,Mo00s-2H,0 is 1:0.15, in 45
min, the photocatalytic efficiency of the samples
reach the maximum of 99.0%. This is much higher
than 0.3% of Ag2MoO, and 1.4% of WO3-0.33H,0.
In Fig. 2(c), it shows that all the curves are close to
line. This means they are matching with the
pseudo-first-order kinetics plot. In Fig. 2(d), the
tendency of x wvalue of the samples is firstly
increased and then decreased with increasing the
usage amount of AgoMoO.. It is noticed that the
as-developed WA-0.15 samples has the highest x
value of 0.0968 min, which is 97.7 and 30.3 times
as 9.906x10* of Ag,MoO; and 0.0032 of
WOs3-0.33H0, respectively. This result is similar to
that of Fig. 2 (b). In Fig. 2 (e), it shows the
absorption peak at 554 nm decreases with increasing
the degradation time. This phenomenon indicates the
destruction of the conjugated structure and RhB may
be decomposed into small molecules, e.g., H.O and
CO; [24]. In addition, there is a blue shift for the
peak from 0 to 60 min. This may be caused by
de-ethylation and incomplete mineralization of RhB
[26]. In Fig. 2(g), in 120 min, the photocatalytic
efficiency is 1.0, 2.9 and 40.9% for Ag2Mo0Os,
WO0;3-0.33H,0 and as-developed WA-0.15 samples,
respectively. This means the as-developed composites
can not only enhance the photocatalytic degradation
activity for RhB but also for LVFX in comparison
with pure samples.

In Fig. 3(a), it can be found that Ag2MoO4
are irregular nanoparticles with a size rage of 7-9 um.
WO3:0.33H,0 are 2-3 um spherical particles which
are self-assembled by nanosheets. The WA-0.15
samples are 4-5 ym WQ3-0.33H,0 spherical particles
with coating a layer of Ag2MoQ, nanoparticles. This
structure makes the hybrids more compacted and is in
favor of improving the photocatalytic performances.
In addition, W, O, Ag and Mo elements of the
as-developed WA-0.15 can be seen in Fig.3 (e)-(h).
There is no other impurity, which is consistent with
the result of XRD. In Fig. 4 (a), it can be seen that the
absorption edge of Ag2MoO4 and WQO3-0.33H,0 was
at about 388 nm and 488 nm. Moreover, that of the
as-developed WA-0.15 samples exhibits red-shift,
which indicates it possesses wider light response
range than pure samples. This is also in line with Fig.
2(b) and (9).
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Fig. 2. (a) RhB (100 mL 10 mg/L) adsorption capacity of the samples; (b) The photocatalytic activity for
RhB with using different samples; (c) The reaction kinetics of the samples; (d) The reaction rate
constants of the samples; (e) UV-vis absorption spectral changes of RhB; (f) LVFX (100 mL 10
mg/L )adsorption capacity of the samples; (g) The Photocatalytic activity of the samples for LVFX
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Fig. 3:

FE-SEM images of (a) Ag:MoO4, (b) WO03-0.33H,O and (c) WA-0.15 samples; (d) High

magnification image of WA-0.15 samples; EDS of WA-0.15 samples: (e) W, (f) O, (g) Ag and (h)

Mo.

Generally, Equation (3) can be used to
determine the band gap width of semiconductor [27]:

ahv = Ahv—E, ) ®)

where v, A, a, E, and n are light

g9

frequency, constant, absorption coefficient, band gap
energy and the type of electronic transition of
semiconductors, respectively. According to the
previous report, n = 1 and 4 is for direct and indirect

gap semiconductor, respectively [28]. Moreover, in a

direct optical transition process, the square of the
absorption coefficient is usually linearly proportional
to the energy (h v) of the absorbed edge region
[26]. Basing on the intercept of the tangent to the plot

of (ah V)2 and (ah v)}/2 versus photon energy

(hv), the E; of Ag:MoOs, WO;-0.33H,0 and

WA-0.15 samples can be respectively calculated as
3.19, 2.54 and 2.38 eV, as shown in Fig. 4(b).
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Fig. 4. (a) UV-vis DRS spectra, (b) plots of (ahv)Y? versus hv and (c) EIS spectra of the samples.

In Fig. 4(c), it can be discovered that the arc
radius of WA-0.15 samples is the smallest. This
reveals that WA-0.15 samples have the lowest charge
transfer resistance and the highest electron-hole
separation efficiency. It also indicates that the
as-developed WA-0.15 samples can utilize more
photons than pure samples under the visible light
irradiation.

In Fig. 5 (a), it can be found that there are O,
W, Ag and Mo elements in the as-developed WA-0.15
samples. It is worth noting that the characteristic peak
of C 1s is also found. This is caused by the carbon
species from surface contamination of the samples
[26]. In Fig. 5 (b)-(e), it shows the high-resolution
XPS spectra of O 1s, W 4f, Ag 3d, and Mo 3d,
respectively. In Fig. 5 (b), the characteristic peak of O
1s of WA-0.15 samples is 530.51 eV. This is due to

the oxygen in the crystalline structure of AgzMo0O4
and WO3-0.33H20 [29]. In Fig. 5 (c), the peaks of W
4fs;, and W 4f7, of the as-developed WA-0.15
samples can be detected at 35.71 and 35.86 eV,
respectively. Compared with WO;3-0.33H,0, the
peaks shift to the higher energy region. This is leaded
by W*. In Fig. 5 (d) and (e), it shows that the peaks
of Ag 3ds2, Ag 3dsz, Mo 3ds, and Mo 3ds. of the
as-developed samples are 367.94, 373.97, 231.92 and
235.10 eV, respectively. Compared with pure
Ag2Mo00,, the peaks of the as-developed composites
shift to higher energy region. It is caused by Ag* and
Mo®* ions. The migration of the peaks indicates that
the bonding between WQO3-0.33H,0 and Ag2MoQ; is
chemical rather than physical contact. The electron
migration in the as-developed composites is
beneficial to reduce the interface energy between
these two semiconductors [30].
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Fig. 6: The effects of different quenchers on the

photocatalytic degradation of RhB by
using WA-0.15 (' In this experiment, 100
mL solution was used as the standard,
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t-BuOH was 0.5, 10 and 10 mmoL in
turn.)

In order to analyze the photocatalytic
mechanism of the as-developed hybrids for
degradation contaminants under the visible light,
ethylenediaminetetraacetic acid (EDTA),
p-benzoquinone (p-BQ) and tert-butanol (t-BuOH)
were used as quenchers for photo-generated holes
(h™ ) superoxide radicals (‘O, ) and hydroxyl
radicals ( -OH ) [31-33], respectively. In this
experiment, 100 mL solution was used as the
standard, and the dosage of P-BQ, EDTA and
t-BuOH was 0.5, 10 and 10 mmoL in turn. It can be
discovered in Fig. 6 that the degradation efficiency
decreases from 99.9 to 78.2% when p-BQ is used.
This reveals that that -O, play a leading role during
the degradation reaction. Moreover, it decreases to
94.5% when EDTA is adopted. This means that h”
play a secondary role during the degradation reaction.

Moreover, in order to further discuss the
photocatalytic  degradation mechanism of the
composites, Equation (4) and (5) are used to calculate
the band positions of photocatalyst [5]:

ECB =X Ee _0'5Eg 4)

Evs = Eg +Ee 5)
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where yand E, are the absolute electronegativity
of the semiconductor and the energy of free electrons
on the hydrogen scale (about 4.5 eV vs. NHE),
respectively.

It can be known in Fig. 4 (b) that the E
of Ag2MoO,4 and WO3-0.33H,0 are 3.19 and 2.54 eV,
respectively. Moreover, the E,; of Ag2MoO. and
WO0;3-0.33H,0 in Fig. 7 are 1.49 and 1.92 eV,
respectively. Furthermore, the E.; of Ag2MoO,
and WO3-0.33H,0 can be known as -1.70 and -0.62
eV, respectively.

~
Q
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Binding Energy(eV)

(b) —— WO,-0.33H,0
—
=
<
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=
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c
(5]
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Fig. 7: Valence-band XPS spectra of (a) Ag2MoO,
and (b)WO3'0.33H20.

Under the excitation of visible light,
Ag2Mo04 and WO5-0.33H,0 absorb photon energy
and transfer the electrons of the sample from VB to
CB. According to above dates, it can be known that
the VB and CB of Ag:MoOs: is higher than that of

WO0s3-0.33H,0; therefore the photo-generated
electrons of Ag:MoO, can move to CB of
WO;-0.33H,0, the photo-generated h"  of

WOs3-0.33H,0 can move to VB of Ag2MoO.. In the
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process of photocatalytic degradation contaminants,
the O, , adsorbed on the surfaces of photocatalyst,
reacts with photo-generated electrons to yield -O, .
In addition, the h™ react with H,O to form
OH . With the action of two active groups of -O,
and -OH , RhB and LVFX can be degraded into
small non-polluting molecules, such as CO, and
H,O [34].

Conclusion

To sum up, in this work,
WOs; - 0.33H20/Ag.M004 composite photocatalytic
material was prepared by using an in-situ growth
method. Its microstructure and macroscopic
photocatalytic performance were systematically
characterized, and the mechanism of its cooperative
photocatalytic degradation of organic dye RhB and
antibiotic LVFX solution was also explored. The
following conclusions were obtained:

(1) XRD test results show that the composite
photocatalyst is of high purity, including
WO03-0.33H,0 and Ag:MoO, phase, and the
diffraction peak of Ag:MoOs increases
gradually with the increase of its content in the
composite.

(2) The photocatalytic degradation performance
test results show that the content of Ag2MoO4
in the composite materials significantly affects
its photocatalytic performance. With increasing
the usage content of Ag2MoOQ, it shows the

tendency of first increasing and then decreasing.

When the theoretical molar ratio of
WO3-0.33H,0 and Na;Mo0,-2H,0 is 1:0.15,
the composite photocatalyst have the optimal
photocatalytic activity: that is, 99.0% RhB was
degraded within 45min, which is significantly
higher than 14% of pure WO3-0.33H,0 and 3%
of Ag2MoO4. Moreover, LVFX is degraded
40.9% within 120min, which is also higher than
2.9% of pure WOs-0.33H,0 and 1.0% of
AgzMOO4.

(3) FE-SEM test results show that the diameter of
WA-0.15 was about 4-5 pm, and Ag>MoO;, are
well distributed on the surface of WO3:0.33H,0
spherical particles.

(4) UV-vis DRS test results show that
WOs3-0.33H,0/Ag2M004(WA-0.15) composite
has a band gap energy of about 2.38 eV, which
is enhanced relative to the light response range
and absorption efficiency of Ag2MoOs..
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(5) EIS test results show that compared with
WO; 0.33H20/Ag2M004(WA-0.15),  the
separation of photogenerated electrons and hole
pairs is more efficient, and the charge transfer
between interfaces is faster.

(6) XPS test results show that the binding between
WO; - 0.33H.0 and Ag:MoQO, is chemical
bonding rather than physical contact.

(7) The test results of active species show that:
‘O, and h™ respectively play a leading and
the secondary role during the photocatalytic
degradation pollutions.

This technology provides a good guide to
prepare visible-light-driven photocatalyst and a
success example for treatment of dyes and antibiotics
contaminants in water with using solar energy.
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