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Preparation and Photocatalytic Activity of Ag/Ag,Mo00,/Bi,MoQO, Composite Photocatalyst
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Abstract: A novel Ag/Ag,Mo0,/Bi,MoOy ternary photocatalyst was successfully prepared by hydrothermal, chemi-
cal deposition and in-situ photoreduction process. The as-prepared photocatalysts were characterized by X-ray dif-
fraction (XRD), scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS) and UV -visible dif-
fuse reflection spectroscopy (UV-Vis DRS) to investigate the composition, morphology, optical absorption character-
istics and photoelectrochemical properties. The photocatalytic performance of Ag/Ag,M00,/Bi,MoO; photocatalyst
was evaluated with tetracycline as the target pollutant under visible light. The research results show that, compared
with pure Ag,MoO, and Bi,MoOq, the surface plasmon resonance (SPR) effect of Ag significantly broadens the visi-
ble light absorption capacity and response range of the catalytic system. When the theoretical loading (mass frac-
tion) of Ag,Mo0O, was 24.6%, Ag/Ag,Mo00,/Bi,Mo0O ternary photocatalyst could completely degrade tetracycline

within 20 min, and maintained high catalytic activity after 5 cycles of use, showing good cycle stability.
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0 Introduction

Recently, contamination of pharmaceutical com-
pounds especially the antibiotics in wastewater and its
harm to living ecosystem have attracted wide attention
all over the world". Tetracycline (TC) has been widely
used to prevent human and animal infections because
of its antibacterial, bactericidal effect and low price™”.
However, drug abuse seriously endangers the ecologi-
cal environment, as TC could not be completely decom-
posed in the living, and their residues are detected in
surface water, groundwater, and even treated drinking
water, which causes the potential pressure on the
human health and the safety of entire ecosystem™’. In
order to effectively remove and degrade TC, various
technologies have been developed, such as physical
photocatalysis, microbial

absorption, electrolysis,

decomposition, electrochemical oxidation and mem-

¥ Semiconductor photocatalysis, as

brane separation
an advanced oxidation technology, has become the
research hotspot of TC residue treatment in recent
years”. From the perspective of solar energy utiliza-
tion, visible light accounts for 44% of the total solar
spectrum. Therefore, many people devote themselves to
the development of superior visible-light driven photo-
catalysts.

As a representative member of the Aurivillius fam-
ily, Bi,MO4 with a layered structure containing O,

layered  Bi,0,”*

perovskite - like slabs of M00,”, is considered to be a

sandwiched between units and

promising photocatalyst due to the photostability and

11 However, the

environmentally friendly features
rapid recombination rate of photoinduced charges and
inadequate utilization of visible light are still serious
problems when using pristine Bi,MoOy as a photocata-
lyst"*". Tremendous efforts have thus been made to
solve these problems, including the fabrication of het-
erojunction, doping metal and non-metal ions, and sur-
face modification as well"*'".

Silver - based semiconductors, such as Ag,CO,"",

Ag,PO, AgVO,™, Ag,CrO,”" and AgCl®?! have
been proven to have excellent photocatalytic properties

due to the surface plasmon resonance (SPR) effects of

elemental silver and narrow band gap. Ag,Mo0,, as a
new silver - based semiconductor photocatalyst, has
attracted extensive research interest in recent years
due to its unique physicochemical properties and plas-

24-25

ticity™™!. The surface of Ag,M00, tends to produce
metal Ag when exposed to visible light like other Ag-
based semiconductors. However, due to the high band
gap excitation of Ag,MoO,, simple binary Ag,MoO,
based composite materials cannot meet the needs of
high - efficiency photocatalysis. Therefore, it is reason-
able to construct a ternary Ag/Ag,Mo0,/Bi,MoO; het-
erojunction  photocatalyst which has not been
researched before.

Herein, we have firstly synthesized the ternary Ag/
Ag,M00,/Bi,MoO, heterojunction photocatalyst via
hydrothermal, chemical deposition and in-situ photore-
duction method. The as-prepared Ag/Ag,MoO,/Bi,MoO,
ternary composite exhibited remarkably improved pho-
tocatalytic activities in the degradation of representa-
tive antibiotic TC in comparison with pure Ag,MoO,
and Bi,MoO; under visible light irradiation. Moreover,
the stability of ternary Ag/Ag,Mo0,/Bi,MoO,photocata-
lyst and the mechanism of improving photocatalytic

efficiency under visible light were proposed.
1 Experimental

1.1 Preparation of the samples

Pure Bi,MoO, was prepared via a simple hydro-
thermal process according to our previous work™.
Ag,M00,/Bi,Mo0O, was prepared by chemical deposi-
tion. Typically, 0.152 5 g Bi,MoO, (0.25 mmol) was
ultrasonically dispersed in 50 mL of ultrapure water,
and then a certain amount (2, 4, 6, 8 mL) of AgNO,
solution (0.05 mol-L™") was dropped into the suspen-
sion. The mixture was stirred at a rate of 1 000 r-min’
for 30 min to make Ag" completely adsorbed on the
Bi,MoOy surface. Then a certain amount (1, 2, 3, 4 mL)
of Na,MoO, solution (0.05 mol-L™") was added drop-
wise, and stirred vigorously for 1 h under dark condi-
tions to obtain Ag,M00,/Bi,MoO, (AMO/BMO). Subse-
quently, AMO/BMO sample was irradiated under a 500
W xenon lamp equipped with an ultraviolet filter (>420
nm) for 10 min to change part of the Ag" into Ag to
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obtain Ag/AMO/BMO product. The products were col-
lected, washed several times with deionized water and
alcohol, and dried overnight at 65°C in vacuum. The
theoretical mass fractions of AMO in the series of sam-
ples obtained were 12.3%, 24.6%, 37.0% and 49.2%,
respectively, and the corresponding products were
named as Ag/AMO/BMO-x (x=1, 2, 3, 4, respectively).
For comparison, pure Ag,Mo0O, (AMO), Ag/Ag,Mo0,
(Ag/AMO) and Ag/Bi,MoO, (Ag/BMO) were prepared
by adopting the similar method.
1.2 Characterization of the samples

X-ray diffraction (XRD) data were obtained on an
X-ray diffractometer (SmartLab, Rigaku) operated at 40
kV and 30 mA with Cu Ka X-ray radiation source, a
nickel filter (A =0.154 nm), and 26 range of 20°~70°.
The morphologies and microstructures of the samples
were investigated by field emission scanning electron
microscopy (FE-SEM, SUPRASS, SAPPHIRE, Zeiss)
at the acceleration voltage of 5 kV. UV-Vis spectropho-
tometer (UV-3600, Shimadzu) equipped with an inte-
grating sphere was used to investigate the UV -visible
diffuse-reflectance spectra (UV-Vis DRS). The X-ray
photoelectron spectra (XPS) were carried out on Ther-
mo Scientific Escalab 250Xi, equipped with an Al Ka
monochromatic X -ray source (hv=1 486.7 eV) with a
line width of 0.20 eV in an analysis chamber at a bass
pressure of less than 4.3X10™® Pa. The electrochemical
measurement was performed with an electrochemical
workstation ~ (CHI660B,  Chenhua
Shanghai, China).
1.3 Photocatalytic activity

Instruments,

The photocatalytic activities of the samples were
evaluated by the degradation of TC aqueous solution
under irradiation of a 500 W xenon lamp with a 420
nm cutoff filter. Typically, 10 mg of as-prepared photo-
catalyst was suspended in a 50 mL of TC solution (10
mg- L") and stirred magnetically for 60 min in the dark
to ensure the establishment of the adsorption/desorp-
tion equilibrium between the catalyst and the simulat-
ed pollutant. In the course of the experiment, 1 mL of
the sample was taken out every 5 min and PTFE
syringe filter (0.22 pm) was used to remove the parti-

cles. Then the photodegradation rate (DR) of TC was

tested by the high performance liquid chromatography
(HPLC, Shimadzu LC-20A, Japan).

2 Results and discussion

2.1 Characterization of the samples

The XRD analysis was conducted to determine
the crystalline structures and the corresponding pat-
terns of Ag/AMO/BMO -x samples, and the results are
demonstrated in Fig.1. The intensive diffraction angels
260 at 23.5°, 28.3°, 32.6°, 33.1°, 36.1°, 39.7°, 46.7°,
47.2°, 55.6°, 56.3° and 58.5° can be assigned to (111),
(131), (002), (060), (151), (042), (202), (062), (133), (191)
and (262) crystallographic planes of orthorhombic
Bi,MoO, (PDF No.72-1524). Meanwhile, other peaks at
20=27.1°, 31.8°, 33.3°, 38.7°, 47.8°, 50.9°, 55.8°,
65.6° and 66.5° are assigned to the (220), (311), (222),
(400), (422), (511), (440), (533) and (622) planes of
cubic Ag,MoO, (PDF No.08-0473), respectively. With
the increase of AMO content, the intensity of the cubic
AMO peak gradually increased. Cubic/hexagonal Ag’
peaks were difficult to find, which may be due to the

low metallic Ag content and low crystallinity.

Ag,Mo0, PDF No.08-0473

I‘Il..ll.,.

Ag/AMO/BMO-4
Ag/AMO/BMO-3
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Fig.1 XRD patterns of Ag/AMO/BMO-x (x=1, 2, 3, 4)
samples and standard XRD patterns of Bi,MoO,
(PDF No.72-1524) and Ag,MoO,
(PDF No.08-0473)

The elemental compositions and the surface chem-
ical states of AMO/BMO and Ag/AMO/BMO-2 were
obtained by XPS spectra. As depicted in Fig.2a, the
XPS survey spectra of AMO/BMO and Ag/AMO/BMO -

2 illustrated that the prepared samples were composed
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of Bi, Mo, O and Ag elements. In Fig.2b~2d, no obvi-
ous difference was found about the high-resolution XPS
spectra of Bi4f, Mo3d and Ols over AMO/BMO and Ag/
AMO/BMO-2 samples. The Bi4f spectrum in Fig.2b for
Ag/AMO/BMO-2 composite displayed two characteris-
tic peaks at 159.4 and 164.8 €V attributed to Bi4f,,
and Bi4f,,, revealing that Bi exist as the form of Bi**"*’.
In Fig.2c, the peaks of Mo3ds, and Mo3d,, at 232.8
and 235.8 €V in the Mo3d spectrum can be attributed
to the oxidation states of Mo®™™. Generally, the Ols
peaks in Fig.2d can be divided into two different peaks
at 530.3 and 531.2 eV, which should be attributed to

the presence of Mo—O and surface —OH groups,

respectively™. The Ag3d spectrum shown in Fig. 2e
had two distinct peaks at 374.3 and 368.3 eV, which
are connected to the Ag3d,, and Ag3d,, orbitals. The
curves could be further divided into four peaks. The
strong peaks of 368.3 and 374.3 €V can be attributed
to Ag", which proves that Ag" is the dominant species
of Ag™L As for Ag/AMO/BMO-2, the binding energies
at 369.4 and 375.2 eV can be indexed to Ag NPs
(nanopartides) *", confirming the existence of a small
amount of Ag” in Ag/AMO/BMO-2.

The FE-SEM images of AMO, Ag/AMO, BMO, Ag/
AMO/BMO -2 and AMO/BMO are depicted in Fig. 3.

Pure AMO had an irregular cashew shape with a parti-
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Fig.2  XPS survey spectra (a), high resolution XPS spectra of Bi4f'(b), Mo3d (c), Ols (d) and Ag3d (e)
core level electrons of AMO/BMO and Ag/AMO/BMO-2 samples
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Fig.3 FE-SEM images of AMO (a), Ag/AMO (b), BMO (c), Ag/AMO/BMO-2 (d) and AMO/BMO (e)

cle size of 2~3 wm and a smooth surface (Fig.3a). After
being irradiated with visible light, some particles
believed to be silver were deposited on the surface of
AMO (Fig.3b). As shown in Fig.3¢, BMO sample showed
nanoplate-like morphology with side length of 100~200
nm. As indicated in Fig.3d and 3e, Ag/AMO/BMO -2
and AMO/BMO processed similar morphology. It can
be seen that BMO nanoplates and irregular block AMO
coexisted in the composite material, and most of them
had good contact, which proves that the heterojunction
photocatalyst has been successfully synthesized. Fur-
thermore, we could also observe that the surface of
AMO became rough after forming a heterojunction with
BMO, thus increasing the contact area between each
other.

The optical properties of AMO, BMO, AMO/BMO
and Ag/AMO/BMO-2 were investigated by UV-Vis
DRS and the results are shown in Fig.4. Pure AMO
only has obvious absorption in the ultraviolet region,
and the absorption edge was around 380 nm (band gap:
3.26 V). It was observed that pure BMO had an
adsorption edge at about 460 nm, which corresponds to
the reported optical band gap of about 2.64 V. The for-
mation of the heterojunction between AMO and BMO
broadened and increased the visible light absorption,
and the wavelength thresholds of AMO/BMO sample
was estimated to be about 475 nm, corresponding to
the band gaps of 2.56 eV. Whereas compared with the
absorption spectrum of AMO and BMO, Ag/AMO/BMO-2

sample displayed a more intense absorption ranging
from 300 to 700 nm and exhibited a broad absorption
peak at around 530 nm which can be attributed to the
SPR effect of Ag nanoparticles™. Due to the expansion
of the light absorption range and light intensity of Ag/
AMO/BMO-2 photocatalyst, it is expected to achieve
more effective utilization of the solar spectrum and

show enhanced photocatalytic activity.

0.40
— AMO

—— BMO

—— AMO/BMO
—— Ag/AMO/BMO-2

0.35

0.30

0.25

0.20

Absorbance

0.15

0.10

0.05

0.00 L L L
300 400 500 600 700

Wavelength / nm

Fig.4 UV-Vis absorption spectra of AMO, BMO,
AMO/BMO and Ag/AMO/BMO-2

The edge position can be determined by the fol-
lowing empirical equation™: E\ =X-E+0.5E,, E.=
E,—E,, where E; is the VB edge potential and X is the
absolute electronegativity of the semiconductor; E, is
the energy of free electrons on the hydrogen scale (~4.5
eV) and E, is the band gap energy of the semiconduc-
tor. The X values for AMO and BMO were calculated to
be 5.92 and 5.50 eV, respectively. Therefore, the E\,;
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and E; values of AMO were determined to be 3.05 and
-0.21 eV (vs NHE), and those of BMO were calculated
to be 2.32 and -0.32 eV (vs NHE), respectively.

In order to determine the separation efficiency of
the carrier, the photochemical measurements were per-
formed. Fig. 5a displays the transient photocurrent
responses of AMO, BMO, AMO/BMO and Ag/AMO/
BMO-2 samples in several light on-off cycles. The in-
tensity of photocurrent for AMO and BMO was weak,
indicating pure photocatalyst is faced with the head-
ache that the quantity and migration speed of charge
carriers is low. AMO/BMO composites showed a higher
transient photocurrent intensity compared with pure

AMO and BMO, indicating that the heterojunction of

but also accelerate separation of charges carriers. Obvi-
ously, it can be found that Ag/AMO/BMO-2 significant-
ly enhanced the photocurrent performance compared to
AMO/BMO, which indicates that the introduction of Ag
NPs can further reduce the electron and hole recombi-
nation rate. Moreover, the charge migration rate was
evaluated according to the arc radius in the EIS (elec-
trochemical impedance spectroscopy). Fig. 5b shows
the EIS Nyquist plots of AMO, BMO, AMO/BMO and
Ag/AMO/BMO-2 under the identical experimental con-
ditions. Obviously, Ag/AMO/BMO-2 showed the mini-
mum radius of curvature, indicating its highest electron
-hole pairs separation and electrons transfer efficien-

cy, which agreed well with the results of photocurrent

AMO/BMO composites not only boost the generation response.
50
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Fig.5 Photocurrent response curves (a) and Nyquist plots (b) of AMO, BMO, AMO/BMO and Ag/AMO/BMO-2

2.2 Photocatalytic activity

The performance of degradation of TC by all
synthesized samples under visible light irradiation are
shown in Fig.6a, where ¢, and ¢ are the initial concen-
tration of TC and the concentration remaining in the
solution after the irradiation time (¢), respectively. As
shown in Fig.6a, TC was rarely degraded without photo-
catalysts in the control test, indicating that the self-pho-
tolysis of TC could be ignored. In Fig.6a, the degrada-
tion rates of TC over Ag/AMO/BMO -x (x=1, 2, 3, 4)
samples were higher than that of AMO, BMO, Ag/
AMO, Ag/BMO and AMO/BMO, respectively. The pho-
tocatalytic activity of Ag/AMO/BMO composite first
increased and then decreased with the increase of Ag/
AMO content. Ag/AMO/BMO-2 showed the best photo-

catalytic performance, and the photodegradation rate of

TC reached almost 100% after 20 min of irradiation. In
addition, if the initial TC concentration is within the
millimolar concentration range, photocatalytic degrada-
tion of organic pollutants generally follows pseudo-
first-order kinetics and the kinetic model can be
expressed by equation In(c,'/c)=kt, where ¢,’ is the ini-
tial TC concentration at the beginning of photocatalitic
degradation, and k is the kinetic rate constant”!. As
depicted in Fig. 6b, Ag/AMO/BMO-2 photocatalyst
exhibited the highest rate constant (0.168 2 min™)
among all of the samples for the degradation of TC,
which was 7.2 and 17.7 times higher than those of pure
BMO (0.022 6 min™') and Ag/AMO (0.009 2 min™),
respectively. The enhanced activity of Ag/AMO/BMO -
2 can be attributed to the formation of heterojunctions

that can effectively separate photocarriers, and the
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introduction of Ag NPs in the composite material also
helps to expand the optical response range and realize
more effective electron transfer. Furthermore, Table 1
list the photocatalytic performance of the reported
photocatalysts compared to the as-prepared samples.
As expected, Ag/AMO/BMO-2 photocatalyst toward TC
degradation possessed distinct advantage over the re-
ported Bi,MoOg¢-based catalysts. Although a direct com-
parison is difficult owing to the differences in photocat-
alytic reaction parameters, Ag/AMO/BMO-2 photocata-
lyst indeed displayed excellent visible-light-driven
photocatalytic activity for TC degradation. Consequent-
ly, the results further proved that Ag/AMO/BMO-2 sam-
ple could be acted as a promising photocatalyst to
remove the antibiotic pollutants in the aqueous
solution.

Photocatalytic stability and recyclability are the
main parameters for the practical application of photo-
catalyst. Fig.7 shows the photocatalytic TC degradation
performance of Ag/AMO/BMO -2 sample under visible

light for five runs. It can be seen that after five cycles,
the removal rate of TC remained at 89.8%, indicating
that Ag/AMO/BMO-2 photocatalyst possesses good sta-
bility and can be used for repeated treatment of TC.
The photodecomposition of Ag/AMO/BMO -2 and the
formation of more Ag NPs may be the reason for the
decrease of its photocatalytic activity. A small amount
of Ag NPs can promote the visible light absorption and
photocatalytic activity of the catalyst, while excessive
Ag NPs deposited on the surface of the catalyst will
block the incidence of light and reduce the photocata-
Iytic performance®**. The XRD pattern of the used Ag/
AMO/BMO -2 collected after the cycling runs showed
small peaks at 260=38.1°, 44.2° and 64.4°, correspond-
ing to the (111), (200) and (220) facets of cubic Ag’
(Fig.8), while the fresh Ag/AMO/BMO-2 had no obvi-
ous Ag” peaks.

In order to deeply investigate the active species
involved in photocatalysis, a series of radical captured

experiments were performed. In this study, EDTA-2Na

—/ , 4
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Fig.6  Visible light photocatalytic activities (a) and pseudo-first-order kinetics linear fitting (b) for TC degradation

over the as-prepared samples

Table 1 Comparison of photocatalytic performance of Bi,MoQO.-based photocatalysts for degradation of TC

Photocatalyst Conya ! (8717 eye / (mg-L7) DR, time Light power Ref.
Bi,MoO/Ti,C, 05 15 97%, 60 min 15 W LED [36]
Fe(lll/Bi,MoO, 0.2 10 99%, 60 min 500 W Xe lamp [26]
TNCuPc/Ce0,/Bi,MoO), 15 50 95%, 120 min 800 W Xe lamp [37]
WO,/Bi,Mo0, 1.0 20 77%, 120 min 300 W Xe lamp [38]
N-Ti0,/Bi,MoO, 0.25 20 94%, 150 min 5W LED [39]
CuBi,0,/Bi,Mo0, 0.3 20 73%, 60 min 300 W Xe lamp [40]
Bi,MoO/BiFe0, 1.0 10 93%, 300 min 150 W Xe lamp [41]
Ag/Ag,Mo0,/Bi,MoO, 0.2 10 100%, 20 min 500 W Xe lamp This work
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Fig.8 XRD patterns of Ag/AMO/BMO-2 before and after

five cycling runs

(1 mmol-L™"), p-benzoquinone (1 mmol-L™") and
t-BuOH (1 mmol-L™") were used to scavenge h*, -0,
and +OH, respectively™. As shown in Fig.9, it is obvi-
ous that the degradation rate for TC significantly
reduced after addition of p-benzoquinone and EDTA -
2Na, indicating the -0,  and h" play significant roles
during the degradation process. However, little efficien-
cy reduction with the addition of -BuOH demonstrated
that -OH might not the predominant active species.
These facts confirm that h” is the main active species
and -0, plays a secondary role in the photocatalytic
degradation process.

On the basis of the results described above, we
proposed a possible mechanism of degradation of TC

over Ag/AMO/BMO-2 photocatalyst under visible light
irradiation in Fig. 10. From Fig.4, we know that AMO

has no response to visible light due to its large energy
gap, whereas BMO can be excited to produce photo-
electrons (e7) and holes (h") pairs on its surface due to
the narrow energy gap. The E; values of BMO was cal-
culated to be =0.32 eV (vs NHE), which was lower than

100 |-
« 80+
> N
ié60- 7
< of <7
2 //
20 < /
8 /
. 7

No scavenger t-BuOH EDTA-2Na  p-benzoquinone

Fig.9 Photocatalytic performance of Ag/AMO/BMO-2 in

the presence of different scavengers
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Fig.10 Proposed photocatalytic mechanism of Ag/AMO/BMO-2
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the standard redox potential of O,/-0, (-0.33 eV)™!.
However, in the above free radical trapping experi-
ment, we confirmed that O, is the main active sub-
stance on Ag/AMO/BMO-2 photocatalyst, indicating
that the formation of -0, in the reaction is definite.
The reason can be explained as follows: Ag NPs can
absorb the visible light and generate electron-hole
pairs due to SPR effect'*. With visible light irradia-
tion, photogenerated electron-hole pairs are separated
on the surface of Ag NPs. The energy of hot electrons
waved around its own Fermi level and the range of the
vibration is from 1.0 to 4.0 eV, Therefore, the excited
electrons have enough energy to transfer from Ag NPs
to CB of AMO and BMO. Subsequently, the electrons
accumulated on the surface of AMO and BMO will be
captured by absorbed O, to form +0,", then further oxi-
dized the organic contaminants. Since E, of BMO was
negative than that of AMO, the photogenerated elec-
trons in BMO have a tendency to diffuse to the CB of
AMO via the interface. This causes an efficient separa-
tion of photogenerated electrons and holes and the life-
time of the excited electrons and holes can be pro-
longed in the transfer process. On the other hand,
because the E,; value of BMO (+2.32 eV (vs NHE))
was lower than the standard redox potentials of -OH/
H,0 (+2.68 eV (vs NHE)), indicating that photoin-
duced holes on the VB of BMO cannot react with -OH/
H,O to form -OH, hence h* on the VB of BMO would
be consumed by directly decomposing TC.

3 Conclusions

In summary, the Ag/AMO/BMO composites with
different Ag/AMO mass fractions were synthesized via
hydrothermal, chemical deposition and in-situ photore-
duction method. The as-prepared Ag/AMO/BMO-2 pho-
tocatalyst exhibited significantly enhanced photocata-
lytic activities toward antibiotic TC degradation and
the degradation rate was nearly 7.2 and 17.7 times
higher than that of pure BMO and Ag/AMO, respectively.
The Ag SPR effect that enlarged the optical adsorption
range combining with AMO to efficiently separate pho-
togenerated charge carriers synergistically account for

the enhancement of photocatalytic activity. The optimal

photocatalyst showed reasonable stability during five
successive runs. Part of the catalyst deactivation is due
to the excessive reduction of Ag" to Ag” during expo-
sure to visible light. The main active substances re-
sponsible for photocatalytic degradation are photoin-

duced holes and -0, free radicals.
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