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Enhanced photocatalytic activity of a visible-light-
driven ternary WO3z/Ag/AgzPO,4 heterojunction:
a discussion on electron transfer mechanismsf

Shengqi Zhang,® Tao Yu,? Hui Wen,? Rui Guo, {2 *3° Juanjuan Xu,*3¢ Ruixia Zhong,*3°

Xian Li®® and Junhua You®

WO3/AgzPO4 with different weight ratios were prepared by ultrasonic assisted two-step deposition method.
The as-prepared samples were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM),
photocatalytic activities of all samples were evaluated by the degradation of rhodamine B (RhB) under

photoluminescence spectroscopy (PL) and transmission electron microscopy (TEM). The

visible light irradiation. WA-60 shows the highest photocatalytic activity in the WA-x series composite,
while the photocatalytic activity of WAA-60 is the best among all samples. The free radical trapping
experiments show that photogenerated holes (h*) are the main active species. The Ag nanoparticles
produced by the decomposition of AgzPO, are located at the interface of AgzPO4/WOs, which promotes
the separation efficiency of photogenerated electrons and holes. To further explain the photocatalytic
mechanism, electrochemical and physical tests are introduced to explore the flow of electrons inside the

rsc.li/rsc-advances catalyst.

1. Introduction

In recent decades, semiconductor photocatalysis has attracted
widespread attention due to its increasing utilization in the
removal of organic contaminants. TiO,, as the representative of
the most commonly used semiconductor photocatalysts, can
only be excited by ultraviolet light because of its wide bandgap
of 3.2 eV, the shortcoming being the utilization of only 4% of
solar energy at most."* Therefore, the further study of visible-
light-responsive photocatalysts has become one of the hot
topics.>*

Metal oxide semiconductors are considered promising pho-
tocatalysts due to their strong absorption of visible light and
catalytic ability to convert light energy into chemical energy.
Amongst them, WO; has attracted great concern owning to the
suitable bandgap (2.4-2.8 eV), outstanding physicochemical
properties and stability. However, the photocatalytic activity of
pure WO; is limited by its large electron-hole recombination
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rate.® Ag;PO, is also a visible-light-driven photocatalyst with
a high photodegradation rate of organic dyes.® However, Ag;PO,
is so photosensitive that it is slightly soluble in aqueous solu-
tion and some Ag' can be reduced to Ag nanoparticles, located
on the surface. Therefore, photocatalytic activity is gradually
deteriorating, which is the major obstacle of Ag;PO, as a stable
photocatalyst.”

A variety of methods have been used to improve the photo-
catalytic activity of semiconductors. One of these methods is to
build heterogeneous semiconductor composites. Semi-
conductor heterojunctions can extend the spectral range of
light absorption and inhibit the recombination of photoin-
duced electron and hole due to classic type II heterojunction or
Z-scheme mechanism.*® WO; is, therefore, coupled with other
semiconductors, such as AglO;," g-C3N,,"*** CdS,™ C-dots,™ to
form different heterojunction, eftc. Among these semi-
conductors, Ag;PO, is considered as one of the most promising
materials due to its suitable band structure in relation to that of
WO;."* which has been studied in several important litera-
tures.””* For instance, Lu et al."” reported that the enhanced
properties of the WO;/Ag;PO, composites could be attributed to
the synergistic effect of higher surface area, matched band
structure, strong light absorption, and high electron-hole
separation rate. Xu''® et al. reported a series of three-
dimensional ordered macroporous WO; (3DOM WO;)
composited Ag;PO, photocatalysts, and explored the reasons
improving photocatalytic performance. In addition, Bu et al.*®
reported a Z-scheme photocatalyst by introducing Ag in Ag;PO,/
WO;-X, which was achieved by using the weak reducibility of
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WO, ;, and depositing Ag nanoparticles onto the surface of
WO, ,,. The work of Cai et al?** further focused on carriers
transfer in Ag;PO,-WO;/multi-walled carbon nanotubes to
explain the photocatalytic mechanism.

Inspired by the above studies, WO;3/Ag/Ag;PO, ternary het-
erojunctions were prepared.” Subsequently, the effects of Ag
nanoparticles on the performances of the composite photo-
catalysts are discussed by analyzing the electron structures and
the flows of photogenerated carriers.

2. Materials and methods

2.1 Preparation

Preparation of WO;. First, 1 mmol of H,;,N;¢04, Wi, xH,0
and 50 mg of CTAB was added to 500 mL of deionized water,
and the mixture was ultrasonically dispersed for about 60
minutes until the mixture was completely homogeneous. Then,
the nitric acid was gradually added to the previous solution
until the solution completely turned yellow, subsequently,
keeping magnetic stirring for 24 hours. The obtained mixed
solution was suction filtered, washed with deionized water and
ethanol, and then dried at 80 °C overnight. Finally, WO; powder
was obtained by calcining at 500 °C for 12 h.

Preparation of WO;3/Ag;PO,. WO;/AgsPO, (WA) photo-
catalysts with different weight ratios were prepared by a simple
ultrasound-assisted deposition route at room temperature.
Typically, AgNO; and as-prepared WO; powder with different
ratio were added to 500 mL of deionized water, then the mixture
was ultrasonically treated for 30 min. Subsequently, the
Na,HPO, solution was added dropwise to the above solution
under stirring for 2 hours. The collected catalyst was vacuum
dried at 80 °C overnight, labeled as WA-x, where x represents the
Ag;PO, weight percentage.

Preparation of WO;/Ag/Ag;PO,. The above WA-60 sample
was exposed to light for different time. Then, after centrifuged
and washed with deionized water and ethanol, WO5/Ag/Ag;PO,
composite was obtained by dried at 80 °C for 12 h, labeled as
WAA-x, x representing the time of irradiation.

2.2 Characterization

The crystalline structures of the samples were identified by
powder X-ray diffraction (XRD) using a D/Max-RB X-ray
diffractometer equipped with Cu Ka radiation at the scan rate
(26) of 0.08° s from 10 to 90°. The morphologies and micro-
structures characterizations were performed on the SEM (Zeiss
Supra 55) and HRTEM (FEI Tecnai F30) measurements. The
specific surface areas were determined by the nitrogen gas
adsorption method (V-Sorb 2800P). XPS spectrum was recorded
on a PHI 5000C ESCA X-ray photo-electron spectrometer with
a Mg K excitation source was used to surface analysis at 14.0 kV
and 25 mA. The UV-Vis diffuse reflectance spectra (DRS) were
determined on a scan UV-Vis spectrometer (RF 5301) with
BaSO, as the reference sample. FT-IR experiment was carried
out on FT-IR spectrometer (FTIR, 8400S, Shimadzu) in a KBr
pellet, scanning from 400 to 4000 cm™ " at room temperature.
Raman spectra were analyzed using the Raman spectrometer
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(HR-800), scanning from 100 to 1300 cm ™. Photoluminescence
spectra (PL) were measured by using a fluorescence spectro-
photometer (Shimadzu RF-5301 PC) equipped with a Xenon
lamp at an excitation wavelength of 280 nm. Electrochemical
impedance spectroscopy (EIS) and Mott-Schottky (MS) tests of
electrochemical measurements were performed on a electro-
chemical workstation with a three-electrode system (PARSTAT
2273) including a fluorine-doped tin oxide (FTO) glass electrode
(working electrode), a platinum electrode (counter electrode),
and a saturated calomel electrode (SCE, reference electrode).
The work function (@) of samples were tested on KP Technology
(KP020).

2.3 Photocatalytic activities experiments

The photocatalytic performance of as-prepared samples was
assessed by the degradation of 100 mL RhB (20 mg L") aqueous
solution under a visible light irradiation (A = 420 nm) with
a 300 W Xe lamp. 100 mg of powdered sample was dispersed in
the RhB solution under stirring for 30 min to obtain desorp-
tion-adsorption equilibrium in dark. 3 mL of suspension was
periodically taken out from the reactor every 30 min and the
dispersed powder was removed by centrifugation. The clean
transparent solution was analyzed by UV-Vis spectroscopy. The
change of normalized concentration (C/C,) in the photo-
degradation process of RhB solution is obtained by the dye
absorption profile (554 nm).

3. Results and discussions
3.1 Characterizations

The crystal phase and phase purity of the as-prepared samples
were analyzed by XRD patterns. In Fig. 1a, the diffraction peaks
at 23.109°, 23.579°, 24.349°, 26.585°, 28.604°, 28.914°, 33.252°,
33.550° and 34.151° are indexed to (002), (020), (200), (120),
(—112), (112), (022), (—202) and (202) planes of monoclinic
phase WO; (PDF# 72-0677). The diffraction patterns of Ag;PO,
contain seven peaks at 29.7°, 33.3°, 36.5°, 52.7°, 55.1°, and
57.3°, corresponding to (200), (210), (211), (222), (320), and (321)
(PDF# 84-0192), respectively.® After the deposition of Ag;POy,,
the peaks of cubic Ag;PO, can still be detected from the XRD
patterns of WA-x, where the intensity of the WO; related
diffraction peaks (23.109°, 23.579°, and 24.349°) decreases with
the increase of the x.

In the FT-IR spectra of all samples (Fig. 1b), the strong and
wide absorption peak around 3400 cm ™' can be attributed to
the stretching vibration of O-H, while the two sharp regions at
1382 and 1655 cm™" are assigned to the bending vibration of
H-O-H of the water molecules.>® In particular, for WO3;, the
broad absorption peak at 600-900 cm ™' originates from the
tensile vibration W-O-W linkage®” and the peak at 965 cm™ " is
ascribed to the tensile mode of the W=O bond.”® For pure
Ag;PO, and WA-x, the characteristic peak at 550 cm ' is
attributed to O=P-O bending vibration, and the peaks around
862 and 1016 cm ™' are designated as P-O-P symmetric and
asymmetric stretching vibration modes, respectively.” All
characteristic peaks of Ag;PO, and WO; can be observed in the
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Fig.1 XRD patterns of AgzPO,4, WO, and WA-x(a); FTIR spectra of AgzPO4, WO3, and WA-x (b); SEM images of WOz, WA-60, and WAA-60 (c—e);

schematic diagram of formation of WOz/Ag/AgzPOy4 (f).

spectrum of the WA-x sample. Therefore, the above analyses
endorse the coordination environment of W and P did not
change significantly during the coupling process of WO; and
Ag;PO,.

The SEM images of WO;, WA-60, and WAA-60 are shown in
Fig. 1. Fig. 1c exhibits the uniform WO; nanosheets with
a thickness of 10-20 nm and a width of 100-160 nm, which
facilitates the separate and transfer of electrons and holes.*’ It
could be clearly observed that the Ag;PO, were mainly depos-
ited into the gaps between the adjacent WO; nanosheets, as
shown in Fig. 1d. For the WAA-60 composites, as shown in
Fig. 2e, it can be clearly observed that some small spots
appeared on the surface of WAA-60 sample after the irradiation,
which can be ascribed to the generation of Ag particles in the
process of photoreduction. Moreover, the schematic diagram of
the formation of WO3/Ag;PO, is shown in Fig. 1f.

Fig. 2 shows the high-resolution TEM image of WAA-60, the
relatively crystallinity of the photocatalyst was perfect. More
specifically, two different lattice fringes are clearly discerned
(Fig. 2a) with a spacing of about 0.268 nm and 0.365 nm, which
correspond to Ag;PO, (210) and WO; (200), respectively.®* As
shown in Fig. 2b, some black dots can be observed clearly,
whose composition is subsequently determined by the EDX-
mapping. As shown in Fig. 2c—f, the distributions of Ag, P,
and O elements in WAA-60 confirm the appearance of Ag
nanoparticles (in the red circles).

16894 | RSC Adv, 2020, 10, 16892-16903

Fig. 2g is XRD patterns of the WA-60 composite with different
time of irradiation. Different irradiation time does not signifi-
cantly affect the positions of the diffraction peaks, indicating
that the crystal structures of Ag;PO,, WO3, and WA-60 are
retained. So the shape of peaks is still sharp. It is worth noting
that the weak peak at 34.29° is the characteristic peak of Ag,*
whose intensity increases with irradiation time, indicating that
more Ag" is reduced.

High-resolution XPS is used to study the surface chemical
state of the Ag;PO,4, WA-60, and WAA-60. As shown in Fig. 3a,
the XPS survey spectrum suggested that Ag, W, O, and P
elements appear in WAA-x, being coincident with the constit-
uent of the composites. In addition, detailed information of
changes of valence state is studied from high-resolution XPS
spectra in Fig. 3b-e. Fig. 3b shows the Ag 3d XPS spectra of
Ag;PO,4, WO3, WA-60, and WAA-60. The peaks at 368 and 374 eV
are attributed to Ag (3ds/,) and Ag (3d;.,), respectively, which
could be fitted to two independent peaks corresponding to Ag®
and Ag" ions.*® For Ag;PO,, the peaks at 373.9 and 367.8 eV
could be attributed to Ag®.****3* For WA-60 and WAA-60, the
peaks at 374.1 and 368 eV are attributed to Ag’, and the peaks at
375.1 and 369 eV are assigned to Ag' ions.*® The slight peak
shifts are mainly due to the interaction between WO; and
Ag;PO,. For the P 2p XPS spectra shown in Fig. 4c, all phos-
phorous are in the same oxidation state for Ag;PO,4, WA-60, and
WAA-60, having a broad peak at 132.8-133.0 eV for P°* of
PO,>".22 For the WO;, the peaks of binding energy centered at

This journal is © The Royal Society of Chemistry 2020
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Fig.2 HR-TEM images of WAA-60 (a); TEM images of WAA-60 (b), (c);
AgzPO4 and WAA-x (g).

37.193 and 35.055 eV can be assigned to W (4f5/,) and W (4f,),
respectively, which can explain that W ion has a +6 charge.”**®
Notably, the obvious blue shifts (ca. 0.7 eV) is displayed in the W
4f peaks of WA-60 and WAA-60 composites compared to pure
WO3;, which could be related to the electron transferring from
WO; to Ag particles.’” The O 1s XPS spectra of WA-60 and WAA-
60 is different after the combination of Ag;PO, and WO;
(Fig. 3e). For the Ag;PO,, the peak can be deconvoluted into two
bands at 530.68 and 532.58 eV, which can be associated with the
lattice oxygen atoms O®~ and oxygen of weakly adsorbed OH™~
groups, respectively.” For the WOj3, the high-sensitivity XPS O
1s spectra are deconvolved into three peaks: the main peak at
the lowest binding energy (529.88 eV) originated from the W-O
bond in the WOj; lattice;***° the weak intensity band at about
531.68 eV corresponding to the existence of the hydroxyl group,
i.e. the -OH bond, originated from water molecules; the highest
energy band located at 533.08 eV corresponding to the C-O
bonds.*” In addition, it is observed that the O 1s spectrum in the
WA-60 and WAA-60 composite samples are consistent with
Ag;PO,, which may be related to the encapsulation of WO; by
Ag;PO,.

Fig. 4a shows the FT-IR spectrum of Ag;PO,, WO;, WA-60,
and WAA-60. The absorption peaks of W=0 bonds at 994 and

This journal is © The Royal Society of Chemistry 2020

element mapping of Ag (d), P (e) and O (f) in WAA-60; XRD patterns of

954 cm ™' in WAA-x are obviously observed due to the exposure
of WO; after the photoetching of Ag;PO, under irradiation.*
Fig. 5b shows the Raman spectra of Ag;PO,, WO3, WA-60, and
WAA-60. For Ag;PO,, the peak centered at about 911 cm ™" is
attributed to the PO,>~ symmetric stretching vibration.?> For
WO;, five typical peaks can be observed, including a peak at
134 cm ™' designated as lattice vibrations, 269 cm™*, and
332 cm ! due to 3 (O-W-0) bending mode.* In addition, the
peaks at 717 cm ™ and 809 cm ™' are derived from the v (O-W-
O) vibrational stretching mode of W-O-W bridging oxygen in
WOs octahedral unit.**-*¢

3.2 Photocatalytic performance

Fig. 5a shows the degradation curves of RhB (20 mg L") by
Ag;PO,4, WO3, and WA-x. The WA-60 exhibits the highest pho-
tocatalytic activity. In addition, WA-20 has a poor effect for two
reasons: one is that Ag;PO, has a little specific gravity, and the
other is that the interface between Ag;PO, and WO; is not large
enough and the surface area is reduced. However, for WAA-x
series, above 94% of RhB are decomposed over WAA-60 pho-
tocatalyst after radiation for 120 min, as shown in Fig. 5b, while
only 78% are removed within the same time using WA-60. It can

RSC Adv, 2020, 10, 16892-16903 | 16895
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Fig.5 The degradation of RhB of WA-x compared to WOz and AgzPOy4 (a), the degradation of RhB (b) and corresponding kinetics curves (c) over
WAA-x compared to WOs3, AgzPO,4, and WA-60; comparison of the photocatalytic rate constant of bare AgzsPO,4, WA-60, and WAA-x (d); PL
emission spectra of AgzPO,4, WOs3, and WA-60 (e); and BET of AgzPO,4, WOz, WA-60, and WAA-60 (f).

be found that the photodegradation process of RhB is a quasi-
first-order reaction as shown in Fig. 5c. And the photocatalytic
activities of the samples are also be evaluated by the apparent
rate constant k* in Fig. 5d. The value of k of the WAA-60 reaches
2.23 x 1072 min~*, which is about 2.3 times lager than that of
pure Ag;PO, (0.96 10~> min~") and 1.7 times larger than WA-60
(1.29 107> min ). The photocatalytic performance of the WAA-x
sample is further improved by exposing to light, which can be
attributed to the presence of Ag nanoparticles, giving rise to the
enhanced separation efficiency of photogenerated electron-
hole pairs. Besides, the degradation of MB is included in ESI, as
shown in Fig. S1 and S2,7 and the tendency of MB degradation
is consistent with that of RhB.

In order to further investigate the photocatalytic perfor-
mance of WO3/Ag;PO,, PL and BET methods are introduced and
summarized in Fig. 5e¢ and f. As shown in Fig. 5e, a strong
emission peaks of Ag;PO,, WO3, and WA-60 appear at 569 nm.
The intensity of the peak is related to the recombination effi-
ciency of photogenerated electron-hole pairs.”” WO; shows the
greatest PL emission intensity, indicating its high recombina-
tion rate of photogenerated electron-hole pairs. In contrast,
WA-60 shows a significantly lower PL emission intensity due to
a better separation of photogenerated carriers between WO;
and Ag;PO,. Fig. 5f is the N, adsorption-desorption isotherm
and pore size distribution of Ag;PO,, WO3;, WA-60, and WAA-60.
On the base of the IUPAC classification, Ag;PO, exhibits a type
III isotherm distribution, indicating a weak adsorbent-adsor-
bate interaction.”® In addition, WA-60 and WAA-60 have
isotherms of type IV with H3 hysteresis loops and their hyster-
esis deformation confirms the slit-like holes between the
nanosheets. The BET surface areas of Ag;PO,, WO3, WA-60, and
WAA-60 are 5.72, 16.74, 17.13, and 21.41 m”> g ', respectively.
After normalized by surface area, the WAA-60 still has the best

This journal is © The Royal Society of Chemistry 2020

catalytic activity. The enhancement of the BET specific surface
area of WAA-60 can be attributed to the photoetching of Ag;PO,.
Moreover, it can be demonstrated that the increased surface
area of the WAA-60 could play a positive role in enhancing the
photocatalytic efficiency. In addition, WAA-60 samples have
pores in two size ranges, which can be considered that the
smaller mesopores are derived from the cracks within the WO;
nanosheets, while the larger mesopores are produced by slits
between WO; nanosheets,” which is consistent with the
morphology of bare WO; in Fig. 1a.

In order to further study the main active substances directly
involved in the photodegradation process of WO3/Ag;PO,, the
free radical trap tests were carried out. Silver nitrate (AN), iso-
propanol (IPA), disodium edetate (EDTA-2Na) and benzoqui-
none (BQ) were added to the reaction solution as electrons, ‘OH,
hole, and 'O,  radical scavenger, respectively.* As shown in
Fig. 6a, the photocatalytic performance of WO; for the degra-
dation of RhB is very poor. IPA and EDTA-2Na have almost no
effect on the photocatalytic degradation process. However, AN
and BQ obviously accelerate the photocatalytic rate of WO; for
RhB. The mechanism may be that after the consumption of the
photogenerated electrons by AN, the photogenerated electron/
hole recombination rate becomes lowered, the photo-
generated hole concentration increased, and the oxidation rate
of RhB over WOj; is increased. And the comsumption of ‘O,~
also accelerate the photocatalytic activity, which may be due to
that the adsorption of "0, on the surface can become new trap
for h'.

Therefore, h* is the main active species. As shown in Fig. 6b,
the effect of IPA and BQ is negligible. EDTA-2Na significantly
reduces the photocatalytic activity of WA-60, AN also has
a weakly influence, which indicates that the increase of photo-
generated hole concentration by the electrons consumption is

RSC Adv, 2020, 10, 16892-16903 | 16897


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01731k

Open Access Article. Published on 30 April 2020. Downloaded on 1/15/2026 6:25:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

1.0 1 \: 2 2
0.8- T ————,
0.6
S
o) ——WO,
0.4 4 o
—o—AgNO; (e)
—+—EDTA-2Na (b))
024 ——IPA (‘OH)
BQ (0,)
0.0 T T T T L
-30 0 30 60 920
Time (min)
1.0 4 —
0.8 4
0.6 4
=
S 0.4
o= —=—WAA-60
—0—.-\;\‘0J (e)
024 . _EpTANa(H)
—y—IPA (-OH)
0.0 - BQ(0,) ~

T T T T T

-30 0 3‘0 60 90
Time (min)

View Article Online

Paper

b..]

0.8

- 0.6

r

c/C

0.4+
—o—WA-60

—b)—.-\gl\'O3 (e)

~9—BQ (0,)

—a—1IPA (‘OH)
EDTA-2Na(h)

20 0 20 40 60 80
Time (min)

0.2 4

0.0 4

Ll L
100 120

1.04w» [ ] L] 8
d oIt i 2nd i 3rd i dth
084
‘i .
‘i S &
064 @ E L] o n
s L "l., ® o i 9
Q | . n () »
o D [ 3 Y
C 044 A L3 ) )
@ . L3 . o
0.2- %2 e - WA-60
’»_‘ o WAA-60
0.0 r———-+—1—"——"——"———1—1
0 60 120 180 240 300 360 420 480

Time (min)

Fig.6 The degradation of RhB over WO5 (a), WA-60 (b), and WAA-60 (c) in the presence of different scavengers, and stability tests of WA-60 and

WAA-60 (d).

responsible for the increase in photocatalytic activity. Hence, h*
is still the active species. For WAA-60, EDTA-2Na significantly
inhibits the photocatalytic activity, and the other scavengers
basically have no effect, indicating that h" is the main active
substance.

It is well known that the Ag;PO, catalyst can be photo-
corroded during the photoreaction, so the stability is an
important factor for Ag;PO,-related catalyst. Recycling perfor-
mances of RhB degradation over WAA-60 and AW-60 were per-
formed to evaluate their photocatalytic stability. As shown in
Fig. 6d, the degradation rate of RhB over WA-60 decreased from
77% to 48% after four recycling runs. In contrast, the photo-
degradation of RhB over WAA-60 is 92% in the first cycle, and
about 59% of the photodegradation ability is retained after five
cycles, indicating a stability almost equal to WA-60 under visible
light irradiation. Hence, anchoring some Ag nanoparticles
between Ag;PO, and WO; does not effectively prevent the
photocorrosion of Ag;PO,.

3.3 Discussion on the mechanism

As shown in Fig. 7a, the optical properties of pure Ag;PO,, WO3,
WA-x and WAA-x composites were investigated by ultraviolet-

16898 | RSC Adv, 2020, 10, 16892-16903

visible diffuse reflectance spectroscopy (DRS). The absorption
edge wavelengths of silver phosphate and WO, are 525 nm and
461 nm, respectively, showing that both Ag;PO, and WOj; can
absorb visible light. The absorption edges of all composite
catalysts after recombination are located between WO; and
silver phosphate, indicating that the construction of hetero-
junction can change the light absorption of the catalyst. The
band gap energy of pure Ag;PO, and WO; can be estimated by
the following formula:*

ahv = A(hy — Eg)"* (1)

where «, &, v, Eg, and A refer to absorption coefficient, Planck
constant, optical frequency, band gap energy, and constant,
respectively. The value of the index n depends on the transition
characteristics of the semiconductor with the value of 2 for
direct band conversion or 1/2 for indirect band conversion. The
fitting results are shown in Fig. 7b, the band gap (E,) of Ag;PO,
being ca. 2.36 €V and that of WO; being ca. 2.67 eV according to
eqn (1).* The optical absorption edges of pure Ag;PO, and WO,
are approximately 525 nm and 461 nm, respectively. Compared
with pure WO;, WA-x composites exhibit stronger visible light
absorption ability due to the high visible light adsorption of

This journal is © The Royal Society of Chemistry 2020
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Ag;PO, nanoparticles deposited on the surface of WO; sheets.>
It is worth noting that the absorption strength of WO3/Ag;PO,
composites is obviously enhanced in the whole region, indi-
cating that WO3/Ag;PO, composites can enhance the light
absorption under visible light attributing to the narrow band
gap of Ag;PO, and the synergistic effect between WO; and
Ag;PO,.*" In addition, as shown in Fig. 7a, the shoulder peak at
480 nm of Ag;PO, can be attributed to the Ag'/Ag redox peak.
The EIS plots of Ag;PO,4, WO3;, WA-60, and WAA-60 over the
frequency range of 10 mHz to 100 kHz with an amplitude of
5 mV are shown in Fig. 7d. The results show that the R,, of WAA-
60 is much smaller than that of WA-60,%> which indicates that
the formation of Ag nanoparticles significantly enhances the
transfer activities of photogenerated carriers. Next, the flow of
interface electrons between WO; and Ag;PO, will be explained.
The results of the band diagrams of WO, and Ag;PO, are
shown in Fig. 8a, where the work function (@) of WO3, Ag;POy,,
and WAA-60 are 4.99, 5.47, and 5.44 €V, respectively. According
to the information of the work function mapping, the formation
of the opposite interfacial electric field of the WO;/Ag/Ag;PO,
ternary composite structure can be explained and shown in
Fig. 8b. Since Ag is a good conductor, the free electron can
transfer from WO; to Ag, and then from Ag to Ag;PO, until the
Fermi levels of the three components are aligned under thermal
equilibrium. Therefore, the space-charge region formed at
either side of metal Ag is completely inverse in electric field
orientation (accumulation layer at Ag/WO; interface and
depletion layer at the Ag/Ag;PO, interface, respectively). When
the WO3/Ag/Ag;PO, composite is under irradiation, holes in
Ag;PO, will transfer to WO; and electron in WO; will transfer to
Ag;PO, under the influence of the interfacial electric field.>* The
driving force of electron transfer is assigned to the difference in
Fermi levels between WO; and Ag;PO,. When the surface state
is not considered, its energy band structure is shown in Fig. 8a.

This journal is © The Royal Society of Chemistry 2020

When the surface state is considered, the surface band of WO,
is bent to form a hole accumulation layer, and an electron
accumulation layer is formed on the surface of Ag;PO,. There-
fore, after coupling with Ag;PO,, the oxidation capacity of WO,
is remarkably enhanced due to both the rise in the valence band
potential and the decrease in the recombination rate. The
introduction of Ag as a medium further reduces the electron
transport resistance and further reduces the influence of the
interface.

To analyze the flow direction of photogenerated electrons/
holes at the WO3/Ag;PO, interface, the Tafel curves of WO,
and Ag;PO, were tested under visible light irradiation. As shown
in Fig. 8c, the open circuit voltage of WA-60 is 0.41 V (vs. NHE)
(the blue dashed line in Fig. 8c). According to the Tafel curves of
WO; and Ag;POy,, electrons will flow from WO; to Ag;PO,. In
addition, the { potential of WO3;, Ag;PO,, WA-60, and WAA-60
were measured in aqueous solution and RhB solution, respec-
tively, as shown in Fig. 8d. The observed values of { of as-
prepared samples range from —44.5 to —63.6 mV, indicating
that their suspensions are stable because of the electrostatic
repulsion between the same charged species. The negative
charges on the surface of the sample particles are due to the loss
of photogenerated holes by oxidation reaction, again confirm-
ing the conclusion of the free radical trapping experiments. The
¢ potential of WO; rises rapidly in the RhB solution, indicating
the characteristic adsorption of the RhB cation over WO; within
the outer Helmholtz plane (OHP). The composite catalysts have
more negative { potential indicating that the oxidation activity
is further increased after the coupling between WO; and
Ag;PO,, but Ag;PO, component reduces the characteristic
adsorption of the RhB cation. When RhB" is selectively adsor-
bed on the surface of the catalyst, the appearance of the surface
state greatly affects the energy band structure of the catalyst and
causes the band to bend upward, which further improves the

RSC Adv, 2020, 10, 16892-16903 | 16899
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oxidizing ability of the hole of WO; and limits the reducing
ability of Ag;PO,. Therefore, the photocatalytic properties of the
WA-x and WAA-x series are significantly affected by the band
structure and adsorption of the composite catalyst.

4. Conclusion

The WO3/Ag;PO, composite photocatalysts were prepared by
ultrasonic assisted two-step deposition method. Amongst, WA-
60 shows the strongest photocatalytic activity for RhB, which
indicates that the weight ratio of WO;/Ag;PO, plays an impor-
tant role in the catalytic process. And the photocatalytic activity
of the WAA-60 towards the photodegradation of RhB is
enhanced near 2 times compared to WA-60, suggesting that the
introduction of Ag at the interface increases the degradation
activity, which was confirmed by XRD, XPS, SEM, TEM, Raman,
and FTIR. Moreover, the trapping experiment results indicate
that the holes are the active species in the photodegradation
process of RhB over WO3, WA-x, and WAA-x, the electrons flow
from WO; to Ag;PO, have be confirmed by DRS, MS, EIS, work
function, and zeta potential tests. The introduction of Ag
nanoparticles at the interface greatly enhances the mobility of
photogenerated carriers.
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