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Abstract

A series of Z-scheme Ag,WO,/Bi,MoO, composites were successfully synthesized by a solvothermal-precipitation method.
The crystallization, optical property, morphology properties were studied by XRD, UV-Vis DRS, PL, PT, EIS, BET, and
SEM, respectively. The photocatalytic properties of Z-scheme Ag,WO,/Bi,MoOg photocatalyst were evaluated by the deg-
radation of methylene blue (MB) under visible-light irradiation. The results have shown that 30%Ag,WO,/Bi,MoO samples
possessed the highest photocatalytic activity and superior adsorption capability for methylene blue (MB) with almost com-
plete degradation within 30 min, which was considerably better than pure Bi,MoOg (70%) and Ag,WO, (32%). The enhanced
photocatalytic activity can be attributed to the synergistic effect in the Ag,WO,/Bi,MoO, composites, lower electron—hole
recombination rate, and higher electron—hole separation efficiency. Radical trapping experiments revealed that the ¢O,™ and
h* were the main active species in catalysis. In addition, the potential photocatalytic mechanism also was discussed based on
experimental and characterization results. This work provides a simple method for synthesizing photocatalysts with excellent
photocatalytic performance, which has a good prospect in the field of water purification.

1 Introduction

In recent years, the rapid development of industrialization
has been accompanied by a series of environmental pollution
problems that have seriously hindered the sustainable devel-
opment of society. The pollution of the water environment
is the most serious, and a large number of organic pollutants
are discharged into the water body [1, 2]. Methylene blue
(MB) as a common organic dye widely used in cosmetic
industries, paper, and textile is hard to be degraded in a low
concentration by traditional methods. Semiconductor pho-
tocatalytic technology has the characteristic of green, non-
toxic, technology simple that draws the scholars’ widespread
attention [3—7]. However, many semiconductors respond
only to ultraviolet light, which accounts for only 4% of sun-
light, limiting the use of catalysts [8, 9]. The development
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of a catalyst that can respond to visible light has a good
prospect in the field of water purification.

Bismuth-based semiconductors have been favored by
many scholars due to their abundant reserves, narrow band-
gap, and catalytic oxidation ability in visible light, including
BiVO, [10-12], BiOX [7, 13-15], Bi,WOq [16, 17], Bi,0;
[12, 18], Bi,MoOg [19, 20], etc. Among them, Bi,MoQO,
as an important typical Aurivillius phase, has a special
perovskite layered structure (Bi,0,) (A,,_;B,05,,,;) and
Bi,MoOg is a direct semiconductor material with an appro-
priate forbidden bandgap (ca. 2.6 eV) [21, 22], which has
good absorption of both ultraviolet light and visible light
[23], stable properties and controllable morphology, attract-
ing the attention of most researchers. However, the photo-
catalytic activity of pure Bi,MoOy is reduced by the rapid
recombination of electron-holes. At present, Bi,MoOy is
modified by the following methods: coupling with carbon
materials, elemental doping, constructing of heterojunction
with various other semiconductors. In the above method,
the configuration of the heterojunction is one of effective
methods for improving the photocatalytic performance.
Such as Ag;PO,/Bi,MoO, [24], Ag/Ag,CO,/Bi,MoO, [25],
Bi,MoO/g-C;N, [26], Bi,MoO/BiOBr [27, 28], Ag/AgCl/
Bi,MoOyg [29]. Constructing heterojunction is a good way to
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improve photocatalytic activity. However, the construction
of traditional heterojunction type reduces the redox ability
of photo-induced electrons—holes. While the Z-scheme not
only inherits the excellent charge separation efficiency of
traditional heterojunction type but also improves the redox
ability of photo-induced carriers.

Recently, a variety of Ag-based semiconductor photocata-
lyst including AgX (X=Cl, Br, I) [29-32], Ag;PO, [24, 33],
Ag,CO; [11], Ag,M0oO, [34], etc., has been widely explored,
due to their perfect activities in the field of photocatalytic
degradation of organic pollutants. Among them, Ag,WO,
has a bandgap about 3.1 eV, which has a certain degradation
effect on organic pollutants under visible-light irradiation
[35, 36]. However, pure Ag,WO, is easy to agglomerate
and has a relatively large volume. Combining with other
semiconductors can effectively reduce agglomeration and
thus enhance photocatalytic activity [36]. The bandgap of
Ag,WO, matches well with Bi,MoOg and there are few
studies on the preparation of heterogeneous photocatalyst
Ag,WO, and Bi,Mo0O.

In this paper, a series of Z-scheme Ag,WO,/Bi,MoOg
composites were successfully synthesized by a solvother-
mal-precipitation method. The crystallization, optical prop-
erty, morphology properties were studied by XRD, UV-Vis
DRS, PL, PT, EIS, BET, and SEM, respectively. The pho-
tocatalytic activities of Ag,WO,/Bi,MoO, composites were
evaluated by the degradation of methylene blue (MB) under
visible-light irradiation. The results show that the Ag, WO,/
Bi,MoO4 composites possess higher photocatalytic activity
than pure Ag,WO, and Bi,Mo0QO. Radical trapping experi-
ments revealed that the e0,~ and h* were the main active
species in the photocatalytic degradation process and the
possible mechanism was explored.

2 Experimental

2.1 Chemical materials

All the chemicals are analytical grade reagents
(purity >99%) and without further purification, sodium
molybdate dihydrate (Na,MoO,-2H,0), bismuth nitrate
pentahydrate (Bi(NO;);-5H,0), sodium tungstate dehydrate
(Na,WO,-2H,0), silver nitrate (AgNO,), ethylene glycol
(EG), ethanol and other chemicals bought from Tianjin Ker-
mel Chemical Reagents Factory.

2.2 Preparation of photocatalysts

2.2.1 Preparation of Bi,MoO,

Microsphere structural Bi,MoO, was successfully syn-
thesized a simple solvothermal method [29]. AgNOs,,
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Bi(NO;);-5H,0, and Na,Mo00O,-2H,0 were used as the silver,
bismuth, and molybdenum precursors, respectively. Briefly,
1.6866 g Bi(NO;);-5H,0 and 0.4210 g Na,M00O,-2H,0 were
dissolved into 5 mL EG solution, respectively, with stirring
to form a transparent solution. Then Na,MoO,-2H,0 solu-
tion was added slowly into the Bi(NO3);-5H,0 solution
under vigorous stirring conditions, and 20 mL of ethanol
was slowly dropped into the mixture, followed by stirring
to form a clear solution. Thereafter, the mixture was trans-
ferred into a 100 mL Teflon-lined stainless steel autoclave,
which was heated at 160 °C for 24 h. Then the obtained
product was centrifuged, washed with deionized water and
ethanol three times, respectively. Finally, dried at 60 °C for
one night, pure Bi,MoOg was obtained, which was named
as BMO.

2.2.2 Preparation of Ag,WO0,/Bi,MoO

0.2 mmol (0.122 g) BMO was dissolved in 50 mL deion-
ized water with stirring for 30 min, which was named A
solution. 0.08 mmol (0.0136 g) AgNO; was dissolved in
5 mL deionized water with stirring until dissolved. The solu-
tion was added dropwise into A solution with stirring for
30 min, which was named B solution. 0.04 mmol (0.0132 g)
Na,WO,-2H,0 was dissolved in 5 mL deionized water; the
solution was added dropwise into B solution with stirring
for 2 h. Then the obtained product was centrifuged, washed
with deionized water and ethanol three times, respectively.
Finally, dried at 60 °C for a night, 20% Ag,WO,/Bi,MoO
was obtained, which was named as 20% AW/BMO. Adjusted
the mole ratio (AW/BMO, 30% wt, 40% wt) with condi-
tions remain unchanged, named as 30% AW/BMO, 40%
AW/BMO, respectively. The pure Ag,WO, was prepared
without BMO precursor under the same method, which was
named as AW.

2.3 Characterization

The X-ray diffraction (XRD) data came from Bruker D8
advanced diffractometer using a Cu Ka radiation to analyze
the crystal phases. The morphologies were investigated by
scanning electron microscopy (SEM). The specific surface
area was characterized by the nitrogen absorption data and
Brunauer-Emmett-Teller (BET) measurement (Micromerit-
ics, ASAP 2420). The UV-Vis DRS was recorded by a spec-
trophotometer (Cary-5000). Photoluminescence (PL) spectra
were measured on the F-4600 fluorescence spectrophotom-
eter with an excitation wavelength at 487 nm. Electrochemi-
cal properties of the as-prepared samples were determined
on a conventional three-electrode, single-compartment
quartz cell on a CHI 660E Electrochemical Workstation.
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2.4 Photocatalytic properties

The photocatalytic activities of the as-prepared samples were
evaluated using a 300 W Xe lamp (1>400 nm), and methyl-
ene blue (MB) was chosen as a model contaminant. During
each photodegradation process, 50 mL of MB (10 mg/L) was
mixed with 30 mg of the as-prepared samples. The suspen-
sion was constantly stirred 20 min in the dark to ensure the
system reach the absorption—desorption equilibrium prior
to irradiation. During the illumination process, 3 mL of
solution was collected and filtered at the same time inter-
val (10 min); then the concentration of MB was tested by
UV-visible spectrophotometer (Shimadzu UV-2450).

The degradation efficiency of SD-Na and residual of
longlived organic intermediates in the solutions were meas-
ured by chemical oxygen demand (COD).

The mineralization of MB was measured by chemi-
cal oxygen demand (COD) [37-39]. The concentration
of COD infiltrate was measured by potassium dichromate
method: a certain amount of filtrate was diluted with water
to 20.00 mL and placed in a 250 mL reflux bottle. 10.00 mL
(0.025 mol/L) potassium dichromate standard solution and
30 mL Silver sulfate catalyst were added to the above solu-
tion, heated to boiling, and refluxed for 2 h. After cooling to
room temperature, three drops of the Ferroin indicator solu-
tion was be added and titrated with ammonium ferric sulfate
standard solution. The blank test was being done under the
same conditions.

In the quenching experiments, 1,4-benzoquinone (BQ),
isopropanol (-BuOH), ammonium oxalate ((NH,),C,0,)
were introduced to the reaction system as scavengers for
oxidative free radicals (O, "), hydroxyl radical (-OH), holes
(h™), respectively.

3 Results and discussion
3.1 Morphology and structure analysis
3.1.1 XRD analysis

The XRD patterns of AW, BMO, and AW/BMO with
the region of 10-90° are shown in Fig. 1. The charac-
teristic peaks at 20=10.9°, 28.3°, 32.5°, 32.6°, 33.1°,
36.0°, 46.7°, 47.0°, 55.5°, 56.2°, 76.0°, and 78.0° are in
good agreement with (020), (131), (200), (002), (060),
(151), (202), (062), (133), (191), (193), and (214) crystal
planes of orthorhombic BMO (JCPDS No. 72-1524). The
peaks of AW at 26 values of 26.93°,31.7°, 33.2°, 47.6°,
50.7°, 55.5°, 65.4°, 76.1°, and 78.5° can be attributed to
(022), (113), (222), (224), (115), (044), (246), and (355)
crystal planes of hexagonal AW (JPCDS No. 33-1197),
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Fig. 1 XRD patterns of AW, BMO, and AW/BMO composites

Table 1 Comparison of average crystallite sizes of AW, BMO and
AW/BMO compounds

Samples B [°1 (FWHM) Mean crystal size
[nm]

AW 0.189 (113) ~43.7

40% AW/BMO 0.426 ~ 19.2

30% AW/BMO 0.438 ~ 18.7

20% AW/BMO 0.464 ~ 17.6

BMO 0.487 (131) ~ 16.8

respectively, that means pure BMO and AW were success-
fully synthesized. As for the diffraction peaks of AW/BMO
composites, all peaks are well-matched to the orthorhom-
bic phase BMO and hexagonal phase AW, no impurity
peaks appeared, indicating that the crystalline phases of
the AW and BMO did not change and AW/BMO hetero-
junction photocatalyst was successfully synthesized. Com-
paratively, the intensities of the corresponding diffraction
peaks of AW enhanced gradually along with the increase
in the AW contents in the AW/BMO composite.

Furthermore, Debye-Scherrer’s formula was used to
calculate the crystallite size (D) of as-samples according
to the XRD pattern [40—43].

_ 094
- pcos@

where /A, B, and 6 are the wavelength of X-ray (=0.154 nm),
the full width at half maximum (FWHM), and the Bragg
angle, respectively. The calculated results are displayed in
Table 1. Obviously, the crystal size is gradually increasing
with the increase in the AW contents, indicating that hetero-
geneous junction is formed between AW and BMO.
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3.1.2 SEM analysis

The morphology of microsphere structural BMO, AW, and
30% AW/BMO have been investigated by SEM. As shown
in Fig. 2a, the morphology of pure BMO is a regular three-
dimensional hierarchical flowerlike hollow spheres archi-
tecture with a diameter of 1-2 pm, which were assembled
by serried nanosheets. The special polyporous structure pro-
vides BMO a large specific surface area and more adsorption
and catalytic sites. It can be seen from Fig. 2b that the size
of the rod-shaped AW is relatively large and the size is not
uniform. However, AW was deposited more uniformly on the
surface of BMO when AW/BMO heterojunction is formed,

Fig.2 SEM images of a BMO,
b AW and ¢, d 30% AW/BMO
composite
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which can be seen clearly from the SEM images of 30% AW/
BMO (Fig. 2c, d). It may be due to the formation of hetero-
geneous junctions between AW and BMO, which reduces
AW reunion and improves AW/BMO photocatalytic activity.

3.1.3 BET analysis

The pore structure and specific surface area of the as-pre-
pared samples were studied by the nitrogen adsorption—des-
orption isotherms. From Fig. 3a, we could see the isotherms
of BMO and 30% AW/BMO can be ascribed as a classical
type IV with an H; hysteresis loop according to [IUPAC clas-
sification, suggesting the formation of mesoporous and the
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Fig.3 a N, adsorption—desorption isotherms and b pore size distribution of BMO and 30% AW/BMO samples
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existence of slit-shaped pores in the structure. As shown
in Fig. 3b, the pore sizes of BMO and 30% AW/BMO are
almost within the range of 2-40 nm within the mesoporous
region. The average pore sizes of BMO and 30% AW/BMO
are 16 nm and 17 nm (Table 2), respectively. The total pore
volume and specific surface area of 30% AW/BMO were
0.13 cm/g and 25 m?/g (Table 2), slightly lower than that of
pure BMO (0.16 cm?/g, 32 m®/g), possibly because a large
amount of AW was deposited on the surface of BMO, result-
ing into the blocking of pores [44].

3.2 Optical properties
3.2.1 UV-Vis analysis

The optical properties of BMO, AW, and AW/BMO com-
posites were studied by UV—Vis DRS. As shown in Fig. 4a,
the absorption edge of pure AW is approximately 422 nm,
indicating that it can absorb light less than 422 nm. Mean-
while, the microspheres BMO had well visible-light absorp-
tion with wavelengths shorter than 620 nm. Compared with
AW and BMO, the absorption edge of AW/BMO composites
(700 nm) shows a red-shifted, indicating that the AW/BMO
composites possess better visible-light response-ability.
This may be one of the reasons for improving photocata-
lytic activity because the formation of AW and BMO het-
erojunction expands the absorption range of visible light.

Table 2 Specific surface area, pore volume, and pore size of BMO
and 30% AW/BMO

Samples Surface area  Pore volume Pore size (nm)
(m*/g) (cm’/g)

BMO 32 0.16 16

30% AW/BMO 25 0.13 17

The bandgap of the photocatalytic semiconductor materials
could be calculated followed by the Kubelka—Munk trans-
formation [45] :
(@xh+n)'/"=A(h=*v-E,) (1
where Eg, h, v, A, and a are the bandgap energy, the Planck’s
constant, the light frequency, a constant, and the absorption
coefficient, respectively. Indirect bandgap semiconductor:
n=2, direct bandgap semiconductor: n=1/2, BMO, AW
are direct bandgap semiconductors, the values of n are 1/2.
Thus, the Eg of AW and BMO can be calculated as 3.1 eV
and 2.6 eV.

3.2.2 PL analysis

The recombination rate of electron—hole pairs was studied by
the PL emission method. Generally, the semiconductor with
lower fluorescence intensity corresponds to the less recombi-
nation of the photo-generated electron—hole pairs, thus lead-
ing to a higher photocatalytic activity. As displayed in Fig. 5,
the PL spectra of BMO, AW, 30% AW/BMO compounds
were excited under a wavelength of 487 nm. The 30% AW/
BMO composite exhibits obviously weaker than pure BMO
and AW. This indicated that the formation of AW/BMO
heterojunction could effectively inhibit the recombination
of electron—hole pairs, possibly because the introduction of
AW provided more electron—hole capture sites, which is one
of the main reasons for enhancing photocatalytic activity.

3.3 Electrochemical property

The separation and transfer efficiency of electron—hole
pairs are the key factors affecting photocatalytic activity.
The photocurrent value indirectly reflects the separation effi-
ciency of the photo-generated charge carriers. The higher
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Fig.4 a UV-Vis spectrum of AW, BMO and AW/BMO composites and b the bandgap of pure AW and BMO
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photocurrent intensity, the more efficient the hole pair sepa-
ration. The photocurrent response of AW, BMO, 30% AW/
BMO is shown in Fig. 6a. The 30% AW/BMO composite
showed a higher photocurrent response than the pure AW
and BMO, suggesting that the 30% AW/BMO possessed a
higher photocatalytic activity. The charge transfer rate on the
electrodes was researched by EIS. Generally, the smaller arc
in the EIS, the smaller charge-transfer resistance. The EIS
changes of AW, BMO, 30% AW/BMO electrodes are shown
in Fig. 6b. Clearly, in comparison with pure AW and BMO,
the radius of the arc in the EIS spectrum of 30% AW/BMO
was smaller, indicating a faster separation and transfer of
photo-generated charge carriers, resulting in higher photo-
catalytic activity.

3.4 Photocatalytic activity

The photocatalytic activity of a series of AW/BMO sam-
ples was investigated for the degradation of MB under
visible-light illumination (1>400 nm). As presented in
Fig. 7a, the suspension was constantly stirred 20 min in the
dark to ensure the system reach the absorption—desorption
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Fig. 6 a photocurrent responses and b the corresponding EIS spectra of AW, BMO and 30% AW/BMO samples
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Fig. 7 a The Photocatalytic curves of MB under visible light; b Absorption spectra of the MB at different degradation times using 30% AW/

BMO; c¢ variation of COD values of MB
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equilibrium prior to irradiation. During the irradiation, the
AW/BMO series compounds display excellent photocata-
lytic activity compared with single BMO and AW for MB
degradation. For pure BMO, the degradation rate was 70%
after 30 min and the degradation rate of AW is about 45%,
while 30% AW/BMO compounds can almost completely
degrade MB within 30 min. Figure 7b shows the absorp-
tion spectrum of MB (10 mg/L) aqueous solution within
30 min of visible-light irradiation with 30% AW/BMO. As
the irradiation progresses, the main absorption peak of MB
decreases gradually at 670 nm. About 95.8% of the MB was
adsorbed in a dark reaction of 20 min, and almost all of the
MB degraded in 40 min. The mineralization of MB was
measured by chemical oxygen demand (COD). As shown in
Fig. 8c, the values of COD decrease from 52 to 9 mg/L. The
COD removal efficiency reached 82.7%, indicating that the
synthesized AW/BMO photocatalyst was promising.

3.5 Photocatalytic mechanism

It is well known that h*, eOH, ¢0,™ are considered as the
most important active groups in the photocatalytic degrada-
tion of organic compounds. To further reveal the photocata-
lytic mechanism in the degradation process of MB on 30%
AW/BMO photocatalyst under visible light, several major
active groups were investigated via adding quenchers. In this
paper, three different quenchers, ammonium oxalate (AO), 1,
4-benzoquinone (BQ), and isopropanol (IPA), were chosen to
quench h*, ¢0,", and eOH, respectively. As shown in Fig. 8,
it can be found that with the addition of AO, IPA, and BQ, the
degradation curves decline compared with the no scavenger,
indicating that h*, €OH and 0, all play a certain role in
the degradation process. The degradation rate of MB slightly
suppressed in the presence of IPA, which explains that ¢OH

1.0
0.8 —=—BQ
: —e—AO
—a—[PA
0.6
- : —v— No scavenger
Q Dark : Light —a—BQ+AO
© 0.4 .
—— i
0.2+
0.0
T T T T T T v T v T M 1
-20 -10 0 10 20 30 40
Time(min)

Fig.8 The trapping experiments of reactive species in the degrada-
tion of MB by 30% AW/BMO

is not the main active component. The degradation rate of MB
significantly decreased in the presence at the same time of AO
and BQ, indicating that h™ and ¢O,~ were the most important
active group.

The value band edge (Ey5) and conduction band edge (Ep)
of AW and BMO could be calculated by the following equa-
tion [46, 47]:

Eyg =X - E. +05E, 2)

Ecg = Eyg — Eg 3)

where X and E, are the absolute electronegativity (the value
of X for AW and BMO was ca. 6.1 and 5.51 eV, respec-
tively [48]) and the energy of free electrons on the hydrogen
scale (ca. 4.5 eV). Hence, the E-5 and Ey values of AW are
0.05 eV and 3.15 eV and BMO are —0.29 eV and 2.31 eV.
Basing on the above analyses, two possible mechanisms
for the photocatalytic degradation of dyes were predicted. As
can be seen in Fig. 9a, the CB of BMO is more negative than
that of AW, and electrons can be transferred from the CB of
BMO to the CB of AW. The VB of AW is more positive than
the BMO, and the holes can be transferred from the VB of
AW to the VB of BMO. However, the potential for CB of AW
(0.05 eV) is more positive than O,/e0,~ (—0.046 eV), which
indicates that the electrons in CB of AW could not reduce O,
to #0,". This is inconsistent with the results in the capture
experiment. Thus, the more reasonable possible mechanism
which named a direct Z-scheme is proposed in Fig. 9b. The
electrons in CB of AW transfer to the VB of BMO, thereby
reducing the internal self-composite of the AW and BMO.
The CB of BMO is more negative with a stronger reduction
capacity and the VB of AW is more positive with a stronger
oxidation capacity, thus has a stronger photocatalytic activity.

Composite + hv — e, +hiy )
ecg + 0, = <03 Q)
h* + H,0/OH- — «OH ©6)
h:“,B + MB — degradation products (major) @)
«O0, + MB — degradation products (major) 8)
*OH + MB — degradation products (slight) 9)
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Fig.9 Possible photocatalytic

processes and charge separation
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4 Conclusions

In summary, a series of Z-scheme AW/BMO composites
were synthesized by a simple method. Compared with pure
AW and BMO, the AW/BMO composites had higher pho-
tocatalytic performance, in which 30% AW/BMO sample
possessed the highest photocatalytic activity and superior
adsorption capability for methylene blue (MB). The deg-
radation rates of pure AW, BMO, 20% AW/BMO, 30%
AW/BMO, and 40% AW/BMO composites were 32%,
70%, 94.3%, 100%, and 96% in 30 min. The enhanced
photocatalytic activity was due to a synergistic effect in
the Ag,WO,/Bi,MoO4 composites, lower electron—hole
recombination, and more electron-hole separation. In
addition, radical trapping experiments revealed that the
0, and h™ were the main active species in the process of
catalytic degradation. The AW/BMO composites provide a
higher photocatalytic activity, which shows that AW/BMO
is a very promising photocatalyst for organic pollutants
remove under visible-light irradiation.
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