Open Access Article. Published on 04 January 2017. Downloaded on 1/26/2026 7:43:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: RSC Adv., 2017, 7, 947

nanoparticlesy

Highly enhanced photocatalytic activity of WOz
thin films loaded with Pt—Ag bimetallic alloy

Pengyu Dong,*® Bairen Yang,® Chao Liu,® Fenghua Xu,© Xinguo Xi,® Guihua Hou?

and Rong Shao*¢

WOs thin films loaded with Pt—Ag bimetallic alloy nanoparticles were successfully synthesized by a three-
step method involving the formation of a homogeneous precursor sol, spin coating as well as UV-light

reduction, and calcination. Moreover, a systematic, comparative study of the microstructure, chemical
environment and electrochemical characteristics of the as-prepared Pt/WOs, Ag/WOs, and Pt-Ag/WOs
thin films was carried out. It was found that the Pt—Ag/WOs thin film exhibited a highly enhanced
photocatalytic performance for the degradation of methylene blue solution compared with the pure
WOs3, Pt/WO3z and Ag/WOs thin films. Based on the experimental results and the energy-band diagrams,
the transfer paths of photogenerated charges and the enhanced photocatalytic mechanism were
proposed. It was suggested that the photogenerated electrons from the conduction band of WOs first
transferred to Ag and then to Pt in the Pt—-Ag/WO3 sample during the photocatalytic process, promoting
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the efficient two-electron reduction of O, compared to in the Pt/WO3z and Ag/WOs samples. In addition,

this process prevented the oxidation of Ag in the Pt—-Ag/WOs sample during the photodegradation

DOI: 10.1039/c6ra25272a

www.rsc.org/advances by bimetallic alloy nanoparticles.

1. Introduction

It is well-known that photocatalysis is a promising technology
for the production of hydrogen energy and the purification of
environmental pollutants. In the past decades, TiO,, a tradi-
tional and typical photocatalyst, was widely and deeply inves-
tigated.”> However, the wide band gap (3.2 eV) of TiO,
photocatalyst greatly limits its further application, especially in
applications that utilize visible light.

WO;, a visible light-responsive photocatalyst, absorbs light
at wavelengths up to 480 nm and has intriguing merits such as
low cost, harmlessness, and stability in both acidic and

“Key Laboratory for Advanced Technology in Environmental Protection of Jiangsu
Province, Yancheng Institute of Technology, Yancheng, 224051, P. R. China. E-mail:
dongpy11@gmail.com; Fax: +86-515-8829-8923; Tel: +86-515-8829-8923

School of Environmental Science and Engineering, Yancheng Institute of Technology,
Yancheng 224051, China

‘School of Materials Engineering, Yancheng Institute of Technology, Yancheng,
224051, P. R. China

YJiangsu Collaborative Innovation Center for Ecological Building Materials and
Environmental Protection Equipments, Yancheng Institute of Technology, Yancheng
224051, China. E-mail: sr@ycit.cn

t Electronic  supplementary information (ESI) available: Details of
electrochemical measurement, TEM images of Pt-Ag/WO; sample, the survey
XPS spectra of as-prepared samples, UV-vis absorption spectra of MB solutions.

See DOI: 10.1039/c6ra25272a

This journal is © The Royal Society of Chemistry 2017

process in air. Overall, this study provides a novel approach to design efficient photocatalysts decorated

oxidative conditions,*” leading to extensive application pros-
pects in the field of visible light-driven photocatalysts. However,
researchers have to face the fact that the photocatalytic activity
of pure WO; semiconductor without any suitable optimization
is relatively low,® which can be attributed to the rapid recom-
bination of photogenerated charges and the relatively positive
conduction band (CB) edge (+0.5 V vs. normal hydrogen elec-
trode (NHE) at pH = 0) of WO3.%”

Recently, the deposition of noble metals on the surface of
WO; semiconductor has been proven to be an effective strategy
for improving the photocatalytic activity of WO;. Abe et al
demonstrated that the photocatalytic activity of WO; loaded
with Pt nanoparticles was almost comparable to that of TiO,
under UV light irradiation and much higher than that of N-TiO,
under visible light irradiation for the decomposition of organic
acetic acid.® Subsequently, other research groups supported the
conclusion of Abe et al® using various experimental
approaches.”™ Our research group investigated the effect of
carriers on the photocatalytic activity for purification of NO gas
over Pt/WOj; catalyst and found that Pt/WO;-zeolite molecular
sieves (carrier) exhibited the highest conversion efficiency.*
The Pt/WOj; photocatalyst exhibited high efficiency for both the
decomposition of organic compounds and the purification of
NO,. However, the high cost of Pt should not be ignored in
photocatalytic applications. Apart from the noble metal Pt
nanoparticles, Ag nanoparticles have been used to improve the
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photocatalytic activity of WO;3; because of the low cost and
surface plasmon resonance (SPR) effect of Ag nanoparticles. For
example, Sun et al. found that an as-synthesized Ag/mesoporous
WO; sample exhibited superior photocatalytic activity for the
decomposition of a common air pollutant (i.e., acetaldehyde)
compared to mesoporous WOj3;, Ag/commercial WO; and N-
TiO, under visible-light irradiation.'® Nevertheless, preventing
the oxidation of surface Ag atoms in air atmosphere remains
a great challenge.

It was reported that compared to the corresponding Pt or Ag
monometallic catalysts, their combination resulted in an
obvious synergistic effect and significantly enhanced the cata-
lytic activity in the absence of light irradiation.””*® However, the
utilization of Pt-Ag for enhancing photocatalytic activity has
seldom been investigated. To some extent, a better photo-
catalytic activity might be expected if Pt and Ag were simulta-
neously used to modify WO3, especially WO; thin films. This is
because WO; thin film can be repeatedly used without
a complicated recycling process, which is necessary for
conventional powder photocatalysts, and is hardly lost during
photocatalytic reaction.****

In this work, we fabricated WO; thin-film photocatalysts co-
modified by Pt-Ag bimetallic alloy nanoparticles (Pt-Ag/WOj3)
by simultaneously photo-depositing Pt and Ag precursor ions
on a WO; thin film to address the shortages of monometals Pt
and Ag. Based on a systematic, comparative study of the
microstructure, chemical environment and electrochemical
characteristics of the prepared Pt/WOj;, Ag/WO3;, and Pt-Ag/WO;
thin films, the transfer paths of photo-generated charges and
photocatalytic mechanism were proposed.

2. Experimental section
2.1 Preparation of Pt-Ag/WO; thin film

The entire preparation process can be divided into three steps.
First, the precursor sol was synthesized as follows: 3.45 pmol
polyvinyl alcohol (PVA; average molecular weight: 129 710;
polymerization degree: 1750) was dissolved in deionized water
(60 mL) with stirring at 80 °C for 1 h in a water bath to form
a colloid. Next, 0.6 mmol ammonium metatungstate
((NH4)eH,W;,040, 99%) was added into the above colloid and
stirred for 24 h to form a homogeneous precursor sol, which
could remain stable for seven days. Second, a mixture of 0.5 mL
of 10 mM H,PtCls and 0.5 mL of 10 mM AgNO; in N,N-dime-
thylformamide (DMF) solution was added into the above
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precursor sol (2 mL) and mixed with stirring. Next, 3 mL of the
precursor sol containing the H,PtCls and AgNO; solution was
spin coated onto an indium-tin oxide (ITO) substrate with
dimensions of 3 x 3 cm at a rate of 3000 rpm for 50 s using
a spin coater and then dried at room temperature to form
a precursor gel. Subsequently, the layer was illuminated with UV
light (365 nm, 500 W) for 3 h so that the platinum and silver
salts (H,PtCls and AgNO;) were reduced from Pt** and Ag" to
Pt°-Ag®. Finally, calcination was conducted in a drop-tube
furnace at a heating rate of 1 °C min~" for 5 h at 550 °C in N,
atmosphere. The schematic illustration of the growth process is
shown in Scheme 1.

For comparison purposes, a pure WO; thin film was
prepared under the same conditions without adding H,PtClg
and AgNO; in DMF solution and without the reduction process
under UV light irradiation. A Pt/WO; thin film was prepared
under the same conditions except that 0.5 mL of 10 mM H,PtCl,
in DMF solution was added instead of 0.5 mL of 10 mM H,PtCl,
and 0.5 mL of 10 mM AgNO;. A Ag/WO; thin film was prepared
under the same conditions except that 0.5 mL of 10 mM AgNO;
in DMF solution was added instead of the mixture of H,PtClg
and AgNO;.

2.2 Characterization

Thermogravimetric and differential scanning calorimetric
analyses (TG-DSC) were performed with a NETZSCH DSC 200
F3 instrument under N, flow. Measurements were conducted
from room temperature to 600 °C at a heating rate of 10 °C
min~". X-ray diffraction (XRD) experiments were carried out
with a D/max-2400 diffractometer (Rigaku, Japan) using Cu-Ko.
radiation. The surface morphologies were analyzed by scan-
ning electron microscopy (SEM; FEI Quanta 250). Trans-
mission electron microscopy (TEM) images were collected
with a Philips Tecnai 12 microscope. Atomic force microscopy
(AFM) measurements were performed with a Bruker Dimen-
sion Icon atomic force microscope. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out to investigate
the surface chemical compositions and states with Al Ka X-ray
(hv = 1486.6 eV) radiation (K-Alpha, Thermo Electron, USA).
UV-vis diffuse reflectance spectra were obtained on a UV-vis
spectrophotometer (Shimadzu, UV-2600). The electro-
chemical impedance spectroscopy (EIS) spectra and Mott-
Schottky plots of the as-prepared thin films were measured on
an electrochemical analyzer (CHI660E); the details are
described in the ESL.{

N . Layer

Calcination

Substrate ————> Substrate

Scheme 1 Schematic illustration of the preparation process of Pt—Ag/WOs3 thin films.
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2.3 Photocatalytic tests

According to the test method of photocatalytic materials for the
purification of water solution (GB/T 23762-2009, China), the
visible light photocatalytic activities of the as-prepared samples
were evaluated by the degradation of methylene blue (MB) in
aqueous solution. In a typical photocatalytic experiment, the as-
prepared thin-film sample using ITO glass as a substrate was
fixed in the quartz frame and submerged in MB solution (5 mg
L%, 100 mL). Before irradiation, the solution was magnetically
stirred for 40 min in the dark to ensure the establishment of
adsorption-desorption equilibrium. A 350 W Xe lamp with
a cutoff filter of 420 nm was employed as the visible-light irradi-
ation source and positioned 10 cm away from the reactor. After the
light was turned on, at given time intervals (20 min), approxi-
mately 4 mL of clear MB solution was withdrawn and analyzed by
recording the maximum absorbance at 664 nm in the UV-visible
spectrum of MB. The percentage of degradation was calculated
by C/C,, where C is the concentration of remaining MB solution at
each irradiated time interval, and C, is the initial concentration.

The photocatalytic stability of the Pt-Ag/WO; thin film was
investigated by using the film in multiple cycles of the photo-
catalytic degradation of MB. After one cycle, the photocatalyst
was filtrated and washed thoroughly with deionized water, and
fresh MB solution (5 mg L™ ') was then added to the photo-
catalyst to begin the next cycle. Five consecutive cycles were
completed, and each cycle lasted for 120 min.

Active-species capture experiments were carried out to study
the photocatalytic mechanism. Different radical scavengers
such as ethylene diamine tetraacetic acid disodium salt (EDTA-
2Na, 1 mmol L"), tert-butyl alcohol (¢-BuOH, 1 mmol L™ ") and
1,4-benzoquinone (BQ, 1 mmol L") were added to the MB
aqueous solution. The remaining experimental processes were
similar to the above photocatalytic test.

3. Results and discussion

For sake of the thermal annealing process of the precursor gel,
the TG/DSC curves of the precursor gel of Pt-Ag/WO; were
examined (Fig. 1). Weight loss was observed in four consecutive
steps. The first step of mass loss (7.6%) occurred between 30 °C
and 210 °C with an endothermic peak at 102 °C and was due to
the loss of surface water and dehydration. The second stage of
mass loss (8.1%) occurred between 210 °C and 270 °C with an
exothermic band centered at 237 °C; this may have been due to
the thermal evaporation and decomposition of HCI, NO; ™, and
other species from the raw material. The decomposition process
of the film started from at 270 °C and proceeded until 470 °C in
two consecutive steps, with mass losses of 4.2% and 5.2% cor-
responding to the third and fourth stages, respectively. An
exothermic peak was observed at 446 °C, which can be attrib-
uted to the thermal decomposition of PVA.>® At temperatures
above 470 °C, the residual weight remains constant, and the
final exothermic peak at 515 °C is attributable to the trans-
formation of the amorphous structure to the monoclinic phase
of WO;. This result implies that 550 °C is a proper calcination
temperature for the formation of Pt-Ag/WO;.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 TG/DSC curves of the precursor gel of Pt—Ag/WOs.

Fig. 2 shows the XRD patterns of ITO glass and the as-
prepared samples. It is clear that all of the as-prepared
samples showed polycrystalline structures, and all of the
peaks were attributed to the monoclinic phase of WO; (JCPDS
43-1035), except those attributed to ITO glass. It is noted that
the peaks attributed to ITO glass were observed in the pure
WO;, Pt/WO;, Ag/WO3;, and Pt-Ag/WO; films. This is because
the films were relatively thin. In addition, no diffraction peaks
attributed to Pt, Ag, and Pt-Ag were observed in the Pt/WO3, Ag/
WO3;, and Pt-Ag/WO; samples, respectively, indicating that the
contents of these noble metals in the composite films were
relatively low.

Fig. 3 shows the SEM images of these four samples at low
magnification (8000x). The images illustrate the characteristic
larger-scale microstructures of the samples. Fig. 3a shows that
the pure WO; film is dense and composed of particles with sizes
of around 500 nm. In contrast, Fig. 3b-d show completely
different microstructures for the Pt/WO;, Ag/WO;, and Pt-Ag/
WO; films. The Pt/WO; film is composed of long, flat strips and
isolated islands, while the Ag/WO; film is composed of long, flat
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Fig. 2 XRD patterns of ITO glass and the as-prepared samples.
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Fig. 3 SEM images of pure WOs (a), Pt/WO3 (b), Ag/WOs (c), and Pt—
Ag/WOs (d) thin films.

strips with lengths of several micrometers and widths of 1 um.
In the Pt-Ag/WO; film, the long, flat strips were arranged along
the same direction. Overall, the morphologies of the Pt/WOs3,
Ag/WOj3;, and Pt-Ag/WO; films are similar. In addition, a piece
of the Pt-Ag/WO; thin film was peeled off from the ITO
substrate and treated ultrasonically for TEM imaging. The cor-
responding TEM images of the Pt-Ag/WO; sample are shown in
Fig. S1 in ESI.} It can be seen that uniform Pt-Ag nanoparticles
with sizes less than 5 nm were obtained.

The microstructures of these four samples were further
observed at a more local scale using AFM. The scanned areas of
the AFM images were 5 um x 5 pm. Fig. 4a shows that pure WO;

250.0 nm

() 20 (b)

0.0 Height 5 um|

0.0 Height
-100.0 nm -250.0 nm
(c) 100.0 nm (d) 350.0 nm

0.0 Height Height 5 pm|

-250.0 nm
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-100.0 nm

Fig. 4 AFM images of pure WOs (a), Pt/WOs3 (b), Ag/WOs3 (c), and Pt—
Ag/WOs (d) thin films.
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film exhibits small and uniform particle morphologies. In
contrast, the Pt/WO;, Ag/WO;, and Pt-Ag/WO; films are
composed of long, flat strips, as shown in Fig. 4b-d, which is
consistent with the SEM results in Fig. 3.

To determine the detailed elemental compositions of the
samples, the XPS survey spectra of the as-prepared pure WO3,
Pt/WO3, Ag/WO; and Pt-Ag/WO; thin films were collected and
are displayed in Fig. S2 in ESLT It can be seen that the survey
spectrum of pure WO; is dominated by the signals of W, O, and
C (contaminant). The survey spectrum of the Pt/WO; film
confirms the presence of W, O, C, and slight Pt. In addition, an
obvious Ag signal was observed in the survey spectrum of the
Ag/WO; sample, while slight Pt and Ag signals were found in
that of the Pt-Ag/WO; sample. It is also noted that the signals of
In and Sn were observed, which could be related to the
compositions of the ITO substrates.

Fig. 5a shows the high-resolution W 4f core-level spectra of
the as-prepared pure WO;, Pt/WO;, Ag/WO; and Pt-Ag/WO;
samples. The peaks attributed to W 4f5, and W 4f,,, in the
spectra of the Pt/WO;, Ag/WO; and Pt-Ag/WO; samples clearly
shifted to higher binding energies compared to those in the
spectrum of pure WO;. This may have resulted from the
chemical interaction between Pt, Ag, Pt-Ag and WO; in the
samples of Pt/WO;, Ag/WO; and Pt-Ag/WO;, respectively.
Fig. 5b presents the XPS spectra of Pt 4f for the Pt/WO; and Pt-
Ag/WO; samples; the Pt 4f5,, and Pt 4f;,, peaks were located at
74.6 and 71.4 eV, respectively, indicating that Pt is mainly
present in the metallic state in the Pt/WO; sample.*® The peaks
of Pt 4f;, and Pt 4f;), in the spectrum of the Pt-Ag/WO; sample
were shifted to lower values by approximately 0.6-0.8 eV
compared to in the spectrum of the Pt/WO; sample, suggesting
a change in the electronic environment of Pt and a local
increase in the electron density on Pt’ in the Pt-Ag/WOj; sample.
This might originate from the chemical interaction between Pt
and Ag, which decreases the binding energy when Pt atoms act
as electron acceptors.®® A similar result is shown in the XPS
spectra of Ag 3d for Ag/WO; and Pt-Ag/WO; (Fig. 5¢). The
observation of the Ag 3d;, and Ag 3ds, peaks at 373.5 and
367.6 eV, respectively, indicates that Ag is mainly present in the
metallic state in the Ag/WO; sample.*> Moreover, the Ag 3d
binding energy of the Pt-Ag/WO; sample shifted to a lower
binding energy with respect to that of the Ag/WO; sample. This
is indicative of a change in the electronic structure of Pt upon
the formation of the alloy with Ag.” A similar result was
observed in Pt-Cu bimetallic nanoassemblies.*® Furthermore,
the elemental surface compositions were determined by XPS.
According to the XPS analysis, the contents of Pt and Ag in the
Pt-Ag/WO; thin film are 0.24 and 0.48 atom%, respectively.

The UV-vis absorption spectra of these different photo-
catalysts are compared in Fig. 6a. All samples exhibited strong
peaks below 400 nm, which are assigned to the inter-band
transition of the WO; film."* The Pt/WO; catalyst shows
increased absorbance at 4 > 300 nm due to the scattering of light
by the Pt particles.**** The Ag/WO; sample shows a slightly
broadened peak around 450-650 nm, which is assigned to the
surface plasmon resonance effect of the metallic Ag parti-
cles.**** It is also noted that the plasmon resonance absorbance

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 XPS spectra of (a) W 4f and (b) Pt 4f and (c) Ag 3d high-reso-
lution spectra for the different as-prepared samples.

of Ag particles was not distinct, which might result from the low
content of Ag in the Ag/WO; catalyst. Additionally, the Pt-Ag/
WO; catalysts exhibit similar absorption spectra as the Ag/WO;
catalyst due to the slight surface plasmon resonance effect of
the metallic Ag particles. The band gap energies (E,) of these
samples were calculated from the absorption data using the
following equation:

ahy = A(hv — E,)", (1)

where o is the absorption coefficient, A is the absorption
constant, and r is a constant that depends on the probability of
transition and takes values 1/2 and 2 for direct allowed and

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) UV-vis diffuse reflectance absorption spectra of the as-

prepared samples (the inset shows the region from 400 to 800 nm). (b)
Plots of (ahw)Y/2 versus photon energy hv of these samples.

indirect allowed transitions, respectively. Because WO; has an
indirect band gap, the E, values of the samples were estimated
from the intercept of the tangent in the plots of (akw)"* versus
photon energy hv (Fig. 6b). The results show that the band gap
energies (E,) of pure WO3, Ag-WOj3, Pt-WO; and Pt-Ag/WO; are
2.6, 2.35, 2.13, and 2.28 eV, respectively. The narrowing of the
band gap energies of Ag-WO3;, Pt-WO; and Pt-Ag/WO; might be
related to the modification of the electronic structure of WO;
compared with that of pure WO3;, which needs deeper investi-
gation in the future.

MB was used as a target pollutant to evaluate the photo-
catalytic activity of the as-prepared samples because the self-
degradation of MB is negligible under visible light (see
Fig. 7a). The variation in the absorption intensity of MB dye
solution over pure WOj3;, Pt/WO;, Ag/WO; and Pt-Ag/WO; thin
films at different irradiation times is recorded in Fig. S3 in ESL.}
It can be seen that the maximum absorption of MB dye solution
is at 664 nm, and the intensity of the absorption peak decreased
with increasing irradiation time for each sample. Based on
these changes in absorption intensity, the photocatalytic
degradation ratios of MB solution in the presence of pure WO3,
Pt/WO;, Ag/WO; and Pt-Ag/WO; thin films are expressed in
Fig. 7a. It can be seen that the photocatalytic degradation

RSC Adv., 2017, 7, 947-956 | 951


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25272a

Open Access Article. Published on 04 January 2017. Downloaded on 1/26/2026 7:43:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

(a)

100 -
80
X
g 60
=
= ]
Qo 40 /—®— Pure WO3
) |——Ptiwo,
2047 AgNVO3
|—¢—Pt-AgiWO,
0 —=a— Self-degradation of MB
T T T T T T T T v T 4 T s T
0 20 40 60 80 100 120
Irradiation time (min)
(b)
7 e Pure WO,
gl 4 PYWO,
v Ag/Wo, =0.043 min”'
51 ¢ Pt-AgWO, R=0.96
L 4
= 4 4=0.028 min™
~ 4 RP=0.98
QO 34 )
= £=0.021 min’
2+ * R=0.94
14 * 4=0.008 min™
R'=0.96
0 .

T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Irradiation time (min)

Fig. 7 (a) Photocatalytic degradation ratio of MB solution in the
presence of pure WOs3, Pt/WOs3, Ag/WO3 and Pt—Ag/WOs thin films. (b)
Plots of In(Cy/C) versus irradiation time.

efficiency follows the order: Pt-Ag/WO; > Pt/WO; > Ag/WO; >
pure WO;. It is clear that the Pt-Ag/WO; thin film shows the
best photocatalytic activity. About 98% of the initial MB
decomposed after 120 min in the presence of the Pt-Ag/WO;
thin film, whereas ~60% of the dye molecules were decomposed
over the pure WO; thin film after the same time period. In
addition, about 95% and 90% of the initial MB molecules were
decomposed by Pt/WO; and Ag/WO; thin films after 120 min,
respectively. Although the concentration of MB was low (5 mg
L"), a long irradiation time (nearly 120 min) was needed for the
complete degradation of MB in the presence of the Pt-Ag/WO;
thin film. This is because the thin-film photocatalyst is depos-
ited on a substrate, leading to a significant decrease in the
absorption of light and contact with pollutant molecules.
Therefore, the photocatalytic activities of thin films are often
lower than those of powder photocatalysts. However, thin-film
photocatalysts can be repeatedly used without complicated
recycling processes, which are required for conventional powder
photocatalysts, and are hardly lost during photocatalytic reac-
tions; these are the main advantages of thin-film photocatalysts.

The degradation of dyes was reported to proceed via
a pseudo-first order reaction with a Langmuir-Hinshelwood
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model when the initial concentration (C,) of the dye solution is
small:*

In(Cy/C) = kt, @)

where C, and C are the initial concentration and remaining
concentration of MB solution, respectively, k is the first-order
reaction rate constant, and ¢ is the irradiation time. In our
case, the initial concentration of MB is relatively small (5 mg
L™Y); thus, the Langmuir-Hinshelwood model was applied to
estimate the first-order reaction rate constant. Fig. 7b displays
the plots of In(Cy/C) versus irradiation time. Higher slope indi-
cates a faster degradation rate of MB solution. It is found that
the reaction rate constant of the Pt-Ag/WO; thin film is about
five times greater than that of the pure WO; thin film. In
addition, the correlation coefficient (R*) represents the rele-
vance between practical photocatalytic reaction and linear fit.*
The R® values of the as-prepared samples are above 0.9, sug-
gesting that the data fit the first-order kinetic model well.

To investigate the photocatalytic stability of the Pt-Ag/WO;
thin film, cycling runs for the photocatalytic degradation of MB
was carried out, and the results are displayed in Fig. 8. It is
found that the Pt-Ag/WO; thin film maintains a high photo-
catalytic degradation ratio (above 90%), even after five cycles.
This result clearly indicates that the Pt-Ag/WO; thin film
possesses excellent photocatalytic stability for MB degradation.

EIS analysis is a powerful tool for studying the charge-
transfer processes. The EIS Nyquist plots of the four samples
are shown in Fig. 9a. It is clear that the Pt-Ag/WO; film showed
a smaller semicircle than the pure WOj3;, Pt/WO; and Ag/WO;
electrodes, indicating that the introduction of Pt-Ag alloy
nanoparticles greatly benefited charge transfer; that is, Pt-Ag
alloy nanoparticles were more effective in trapping the electrons
from the CB of WO;. Mott-Schottky experiments were carried
out using the pure WO;, Pt/WO3;, Ag/WOs3, and Pt-Ag/WO; thin-
film electrodes (Fig. 9b). All four samples showed positive
slopes in the Mott-Schottky plots, indicating that the as-
prepared pure WOj3;, Pt/WO;, Ag/WO;, and Pt-Ag/WO; films
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Fig. 8 Recycling experiments towards MB degradation over Pt—Ag/
WOs thin film.
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Fig. 9 EIS Nyquist plots (a) and Mott—Schottky plots (b) of the pure
WOs3, Pt/WO3, Ag/WO3, and Pt—Ag/WOs thin-film electrodes.

are n-type semiconductors. Importantly, the Pt-Ag/WO; film
sample exhibited the smallest slope in the Mott-Schottky plot,
suggesting that the photogenerated electrons had the fastest
charge-transfer rate.”* These results further confirm that
compared with the pure WO3;, Pt/WO3, and Ag/WO; films, the
Pt-Ag/WO; film better promotes charge transfer and thus
significantly enhances the photocatalytic activity.

For a photocatalytic reaction, it is necessary to ensure that
active species are generated during the photo-degradation
process. It is known that the active species can be identified
by free radical- and hole-trapping experiments. In our case, BQ,
EDTA-2Na, and ¢BuOH were used as the superoxide radical
('0,7) scavenger, hole (h") scavenger, and hydroxyl radical
(‘OH) scavenger, respectively.*>** Fig. 10 shows the influence of
the different scavengers on the visible-light photocatalytic
activity of the Pt-Ag/WO; thin film toward MB degradation.
Compared with the Pt-Ag/WO; system without scavenger, the
degradation rate of MB is hardly inhibited after the addition of
BQ (1 mM) in the reaction system. In contrast, in the presence of
EDTA-2Na (1 mM), the degradation rate of MB is obviously
decreased. Moreover, the photocatalytic activity of the Pt-Ag/
WO; film was greatly decreased by the addition of #BuOH.
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Fig. 10 Plots of photogenerated carrier trapping during the photo-
degradation of MB by Pt-Ag/WOs thin film under visible-light
irradiation.

These results indicate that h' is one of the active species, while
"OH is the main active species responsible for the oxidization of
MB under visible-light irradiation. As for "O,™, it is hardly
generated in the Pt-Ag/WO; photocatalytic system.
Investigations on the enhanced photocatalytic mechanism
are necessary to understand the enhanced photocatalytic
activity. Here, we discuss it in detail based on the band structure
and work functions. It was reported that the work functions (@)
of WO; film, metallic Pt, and metallic Ag are 5.7 eV,**
5.65 eV,*® and 4.26 eV,* respectively. In addition, the work
function of the bimetallic alloy can be expressed by the sum of
the work functions of the two metal components,® which
means that the work function of the alloy lies at a level inter-
mediate between monometallic Pt and Ag (4.26 eV < ®p_p, <
5.65 eV). If Pt, Ag or Pt-Ag contacts WO;, the electrons will
migrate from Pt or Ag or Pt-Ag to the CB of WO; to achieve
Fermi level equilibration. As a result, the surface of WO; accu-
mulates excess electrons, while Pt or Ag or Pt-Ag exhibits excess
positive charge, and a deflexed energy band forms at the Pt/
WO3, Ag/WO; or Pt-Ag/WO; interface. As shown in Scheme 2a-
¢, the difference between the work functions of WO; and noble
metal (Pwo,~Pn) at the Pt/WO;, Ag/WO; or Pt-Ag/WO; junction
is determined to be only about 0.05 eV, 1.44 eV, and 0.05-
1.44 eV, respectively. When WO; catalysts are illuminated under
visible light, photo-generated electrons (e~) in the valence band
(VB) of WO; can be excited to the CB; simultaneously, the same
amount of holes (h") are generated in the VB. Moreover, the
deflexed energy band in the space charge region facilitates the
rapid transfer of the as-excited electrons from WO; to Pt or Ag or
Pt-Ag nanoparticles, which decreases the recombination of the
photogenerated electron-hole pairs. In the Pt/WO; and Ag/WO;
samples, since WO; has a low CB level (+0.5 V vs. NHE) that is
more positive than the potential for the single-electron reduc-
tion of oxygen,?® electrons accumulated at Pt or Ag nanoparticles
may be transferred to surface-adsorbed oxygen molecules to
form H,0, via the multi-electron reduction of O,." In the Pt-Ag/
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WO; sample, an electron donation from Ag to Pt could occur
because Pt (2.28) is more electronegative than Ag (1.93), leading
to an increase in the electron density of Pt atoms. That is to say,
the photogenerated electron from the CB of WO; could first
transfer to Ag and then to Pt, promoting the efficient two-
electron reduction of O, in the Pt-Ag/WO; sample compared
to in the Pt/WO; and Ag/WO; samples, as shown in Scheme 2d.
Moreover, this process leads to the two-electron reduction of O,
occurring on the surface of Pt instead of Ag, preventing contact
between Ag and O, and thus avoiding the oxidation of Ag in the
Pt-Ag/WO; sample during photodegradation in air. These
alloying effects result in the increased formation of H,0, on the
Pt-Ag/WO; catalyst, similar to in a Au-Ag/TiO, catalyst.** On the
other hand, the leaving h* with high oxidation potential (+3 V vs.
NHE)** are apt to react with surface-bound H,O or OH™ to
produce 'OH, which is consistent with the results of the pho-
togenerated carrier-trapping experiment (Fig. 10). Additionally,
it was reported that H,O, can degrade dye molecules.® As
aresult, the adsorbed MB molecules can be effectively degraded

954 | RSC Adv., 2017, 7, 947-956

by these reactive oxidative species, including ‘OH and H,O,,
over the Pt-Ag/WO; film photocatalyst under visible-light
irradiation.

4. Conclusions

In this work, Pt/WO;, Ag/WO3;, and Pt-Ag/WOj; thin films were
successfully synthesized by a three-step method involving the
formation of a homogeneous precursor sol, spin coating as well
as UV-light reduction, and calcination. The as-prepared Pt/WOj3,
Ag/WO3;, and Pt-Ag/WO; thin films showed similar morphol-
ogies mainly composed of long, flat strips. The XPS results
suggested a change in the electronic structure of Pt upon
alloying with Ag. Moreover, the EIS and MS plots demonstrated
that the Pt-Ag/WOj; thin film can promote charge transfer and
thus significantly enhance the photocatalytic activity compared
with the Pt/WO; and Ag/WO; thin films. Active species-capture
experiments indicated that "OH was the main active species
responsible for the oxidization of MB. What's more, the
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photogenerated electrons from the CB of WO; could first
transfer to Ag and then to Pt, promoting the efficient two-
electron reduction of O, in the Pt-Ag/WO; sample compared
to in the Pt/WO; and Ag/WO; samples. Additionally, the effects
of Pt-Ag alloy nanoparticles on the photocatalytic activity of
WO; thin film are significant, and corresponding investigations
of this subject are in progress.
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