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TiO, nanowires decorated with Ag and WO; nanoparticles and the schematic diagram of charge
carriers’ separation in Ag-WOs/TiO; photcatalyst.
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Abstract: In this paper, TiO, nanowires decorated with WOj; nanoparticles (WO3-TWS) on
Ti foils were prepared using simple hydrothermal treatment, wet impregnation and
subsequent annealing treatment sequentially. Ag nanoparticles were successfully deposited on
the obtained WO3;-TWS by successive ionic layer adsorption reaction technique.
Ultraviolet-visible absorption spectra showed that the introduction of Ag and WOs particles
on TiO, nanowires surfaces extends the absorption edge to visible light regime. More
importantly, the increase of Ag content greatly enhances the absorption intensity in visible
light regime. The photocatalytic experiment results revealed that TiO, nanowires decorated
with Ag and WO; nanoparticles possess higher photocatalytic activities toward methyl orange
than pure TiO, nanowires. The degradation percentage of 95.6% after 10 cycles indicated that
the as-prepared photocatalyst composites exhibited excellent long-time recyclable ability for

the degradation of contaminants.

Keywords: Hydrothermal; TiO,; Photocatalytic activity
1. Introduction

Titania (titanium dioxide, TiO,) has attracted tremendous attentions as a semiconductor
photocatalyst in the past decades due to its chemical stability, low cost, high reusability and
excellent degradation activity of organic pollutants.'” However, some issues have hampered
its large-scale application. For example, the wide band gap (Eg = 3.2 eV) indicates that it can

only be excited by ultraviolet light. The low electron transfer rate to oxygen and high
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recombination rate between photogenerated electrons and holes greatly limit its catalytic
activity.™™’ Many efforts have been made to address these problems, including semiconductor
multiplicity, nonmetal and metal doping and surface modification.'”"> For example, the
deposition of p-type CdS on TiO, surface was reported to greatly enhance the photocatalytic
activity because the p-n heterojunction formed at the interface of CdS and TiO, effectively
suppresses the recombination of photogenerated electron-hole pairs.'® The doping of carbon
and nitrogen was reported to extend the photoexcitation wavelength to the visible range for
C-N-TiO, composite.'” Surface modification with Pt was shown to enhance photogenerated
charge pairs separation efficiency because metal Pt has a high work function and can easily
trap the photogenerated electrons.'®

Among these approaches, the formation of semiconductor heterostructures with
regulated band gap is an effective way to enhance the efficiency of the photoinduced charges
separation.'” Recently, tungsten trioxide (WOj3) has attracted much attention due to its similar
ionic radius of W (0.740A) to that of Ti*" (0.745 A), its small band gap (2.4eV-2.8¢V),
strong absorption of solar spectrum, and high chemical stability over a wide pH range. In
addition, the W-O-Ti bond formed in WO;3 doped TiO,, i.e., W,Ti; xO,, was proposed to be
responsible for the narrowing of band gap in W, Ti; 052! Over the past few years, the
deposition of WO; on TiO, has been reported to extend the absorption edge to 560 nm and
increase the photocatalytic percentage, which is still far from the visible light absorption
edge.”

Due to surface Plasmon resonance effect, silver nanoparticles have shown great
potentials in photochemical fields due to its highly adjustable absorption. It has been reported
that the introduction of silver particles to TiO, nanostructures could improve the absorbance,
and extended the absorption to almost whole visible light range.>® Moreover, the deposition
of noble metal on the surface of TiO, can serve as a sink for charge carriers, promote
interfacial charge transfer and inhibit recombination of photogenerated electron-hole
pairs.”’?° Despite these achievements, the exploration of photocatalyst with high
photodegradation percentages, low cost, no second pollution and recyclability is still highly
desired.

In this paper, we presented the preparation of TiO, nanowires on Ti foils decorated with
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WOs; and Ag particles via hydrothermal treatment, wet impregnation and successive ionic
layer adsorption reaction (SILAR) technique. The as-prepared composite photocatalysts
(Ag-WOs-TWS) showed greatly improved absorbance even in the infrared regime and
dramatically improved photocatalytic activities toward methyl orange degradation than that
of TiO, nanowires. In addition, the as-prepared Ag-WO;-TWS composite exhibited excellent

recyclability for pollutants degradation.

2. Experimental section
2.1 Synthesis of Ag-WO;-TWS photocatalysts
All chemicals are of analytical grade and used as received. In a typical synthesis: Ti foils
were cut into 12 mmx10 mm in size and ultrasonically cleaned in acetone, alcohol and
distilled water for 5 min, respectively. After polishing in a mixed solution of HF, HNO; and
distilled water (the volume ratio is 1:1:4) for 10 min, 30 mL of 1M NaOH aqueous solution
and the polished Ti foils were transferred into a 50 ml Teflon-lined autoclave, which were
kept at 200 °C for 48 h before cooling to room temperature naturally. The processed foils
were rinsed thoroughly with distilled water and ethanol. WOs-TWS were prepared via wet
impregnation using ammonium paratungstate (APT) as the precursor. The foils containing
TiO, nanowires were dipped into 0.1 M APT aqueous solution for 3 h and then dried with a
stream of N,. Subsequently, the samples were annealed at 500 °C in an argon atmosphere for
3 h. For the preparation of Ag-WO;-TWS photocatalysts, the obtained WOs;-TWS was
immersed in 20 mL AgNOj; aqueous solution (4 mM) for 5 min, and subsequently immersed
in 20 mL NaBH4 aqueous solution (2 mM) for 5 more min. Then, the obtained sample was
dried at room temperature and labeled as Ag(1)-0.1M WO;-TWS. Similar experimental
procedures were performed with other parameters unchanged except the APT concentration
and repetitive times of the immersion process. The samples labeled as Ag(3)-0.05M
WO;5-TWS and Ag(5)-0.05SM WO;-TWS correspond to 3 and 5 times of immersion,
respectively.
2.2 Characterization

The structures and morphologies of the as-obtained samples were characterized by

X-ray powder diffraction (XRD, Bruker D8-ADVANCE) using an 18 kW advanced X-ray
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diffractometer with Cu K, radiation (A=1.54056 A), scanning electron microscopy (FESEM,
FEI Sirion 200) and high resolution transmission electron microscopy (HRTEM, JEOL-2010).
Ultraviolet-visible absorption spectra (UV-vis) were measured using a U-4100 Hitachi
Ultraviolet-Visible-Near-Infrared spectrophotometer in the range of 240 to 800 nm. X-ray
photoelectron spectroscopy (XPS, Thermo, ESCALAB250) was employed to analyze the
surface compositions and chemical state of the samples.
2.3 Photocatalytic experimental details

The photocatalytic degradation experiments toward methyl orange were carried out in a
self-prepared reactor. In the degradation procedure, samples were immersed in a 25 mL
beaker containing 20 mL of methyl orange aqueous solution (15 mg/L). Before irradiation by
a 350 W Xenon lamp (XQ350W, Lansheng electronics co., LTD, Shanghai, China),
adsorption equilibrium of the dye molecules on catalyst surface was established by stirring in
the dark for 30 min and the vertical distance between the solution level and the horizontal
plane of the lamp was fixed at 10 cm (The excitation power density is 160 mW/cm?). Upon
irradiation, 0.5 mL of oxydol solution (30%, m/v) was added to the beaker, and the methyl
orange aqueous solution was kept being stirred. At an interval of 10 min, 3 mL of solution is
taken out from the reactor. The absorbance of the solution was determined on a UV-Vis
absorption photometer (UV-3200S, MAPADA analytic apparatus Ltd. Inc., Shanghai, China)
at 464 nm wavelength. The visible light source was obtained using a 420 nm cutoff filter in

the experiment (The excitation power density is 118 mW/cm?).

3. Results and discussion

XRD patterns of WO3;-TWS samples are shown in Fig. la. For sample 0.01 M
WOs-TWS, all diffraction peaks can be indexed to Ti (JCPDS 44-1294) and anatase TiO,
(JCPDS 21-1272). No peaks of WO; were found. With the increase of APT concentration to
be 0.05M, peaks of WO; turn up vaguely for 0.05M WO;-TWS. When the APT concentration
was increased to be 0.1M, peaks of WO; (JCPDS 43-1035) are detected. Moreover, higher
APT concentration favors the formation of WOj; phase on the surface of TiO,, which reduce
the diffraction of inner anatase TiO, and Ti. Fig. 1b shows the XRD patterns of Ag(i)-0.05M
WOs-TWS (i=1, 3, 5). Due to the low APT concentration, WO3 phase is not found. When the
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immersion process is performed once, peaks of silver are vague. For Ag(2)-0.05M WOs-TWS,
face-centered-cubic (fcc) Ag (JCPDS 4-0783) can be indexed. With the increase of the
immersion times, the relative peak intensity of Ag to TiO, is increased. The crystalline size of
Ag nanoparticles for Ag(3)-0.05M WOs-TWS were estimated to be 20 nm based on the
Scherrer’s equation using (200) reflections.

XPS measurements were conducted for surface analysis of TiO, naowires, 0.05 M
WOs-TWS and Ag(3)-0.05 M WOs-TWS samples (Fig. 2). The detection of W4f and Ag3d
peaks indicates the successful deposition. XPS spectra of Ti element for the selected samples
are presented in Fig. 3a. For pure TiO, naowires, two peaks of Ti 2p located at 458.7 eV and
464.5 eV are assigned to Ti 2p3/2 and Ti 2pl/2, respectively, which agree with previously
reported XPS data and can be assigned to Ti*" in pure TiO, nanowires.*® Compared with pure
TiO, naowires, Ti peaks of both 0.05 M WO;-TWS and Ag(3)-0.05 M WO;-TWS are clearly
blue-shifted to 459.1 eV and 464.8 eV. The Ols peak of TiO, naowires is located at 529.8eV
(Fig. 2b); while the Ols peaks of 0.05 M WO;-TWS and Ag(3)-0.05 M WO;-TWS are
slightly shift to 530.3eV. The positive shift of both Ti 2P and Ols implies the possible
formation of W-O-Ti linkage in the TiO, lattice.”>*° The W 4f5/2 and W 47/2 peaks of both
0.05 M WO;-TWS and Ag(3)-0.05 M WO3-TWS are 36.0 ¢V and 37.9 eV with intensity ratio
of 3:4 (Fig. 2c), consistent with the reported values for WO3.?” The same peaks’ positions for
the two samples indicate that Ag deposition does not affect the chemical state of WO;. The
Ag 3d3/2 and Ag 3d5/2 peaks are located at 368.1 eV and 374.3 eV (Fig.2d), which can be
ascribed to metallic silver.”

Fig. 3 shows the SEM images of pure TiO; nanowires, 0.05 M WO;-TWS, Ag(i)-0.05 M
WO;5-TWS (i=1,3,5) and energy dispersive spectrum (EDS) images of 0.05 M WO;-TWS and
Ag(3)-0.05 M WOs-TWS. The surface of titanium foil was etched and covered with TiO,
nanowires with diameter of ca. 20 nm (Fig. 3a). Moreover, the TiO, nanowires possess
smooth surface (Fig. 3a). After being immersed in APT aqueous solution for 2 h, the
diameters remain unchanged (Fig. 3b), which imply that the deposition dosage is minute. In
fact, the ionic radius of W°' (0.7401&) is slightly smaller than that of Ti*" (0.745 A),
suggesting the possibility of the substitution of Ti*"in TiO, lattice by W ions. After being
immersed in AgNO; and NaBH4 aqueous solution, the size and overall shapes of the samples

5
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are not changed, and the deposited Ag nanoparticles on the surface of the TiO, nanowires can
be observed (Fig. 3¢, d, e). For sample Ag(1)-0.05 M WO;-TWS, Ag nanoparticles with sizes
about 5 nm are sparsely distributed, as shown in Fig. 3c; while for sample Ag(3)-0.05 M
WOs-TWS, a great numbers of Ag nanoparticles with diameters in the range of 10 to 20 nm
are evenly loaded on the surface of the WO;-TWS (Fig. 3d). After immersion cycles for 5
times, Ag nanoparticles became larger, and the sizes are no longer monodispersive (Fig. 3e),
resulting in sample Ag(5)-0.05 M WOs-TWS. The EDS spectra of sample 0.05 M WO5;-TWS
and Ag(3)-0.05 M WO;-TWS are shown in Fig. 3f. The characteristic peaks of Ti, O, W and
Ti, O, W, Ag are detected, suggesting the formation of WO3; and Ag-WOs nanocrystals on the
TiO, nanowires.

To further investigate the microstructure of the composites, HRTEM measurements were
performed on the as-obtained products scrapped off the titanium foils. Fig. 4a shows the
HRTEM image of sample 0.05 M WO;3-TWS. WO; nanoparticles with sizes about 1-2 nm are
distributed on TiO, nanowires surfaces, making the TiO, nanowires surface rough. This can
be further confirmed by the lattice fringes (Fig. 4b) of the circular area marked in Fig. 4a. The
interplanar spacing are 0.35 nm and 0.524 nm (Fig. 4b), consistent with the (101) plane of
anatase TiO; and (110) plane of WO3;. HRTEM image of sample Ag(3)-0.05 M WO;-TWS is
shown in Fig .4c. Clearly, spherical Ag nanoparticles with diameter about 10 nm were
deposited on the surface of TiO; nanowires. Fig. 4d and 4e show the lattice fringes of the
boxed area and circular area marked in Fig. 4c. The spacing of the lattice planes are 0.20 nm,
0.35 nm and 0.524nm, consistent with the (200) plane of face center cubic (fcc) Ag, (101)
plane of anatase TiO, and (110) plane WO; respectively.

Fig. 5 shows the UV-vis diffuse reflection absorption spectra of the as-prepared pure
TiO, naowires, WO;3-TWS and Ag(i)-0.05 M WOs-TWS(i=1,3,5). The absorption edges of
WO;-TWS showed obvious red-shift compared with pure TiO, naowires, which might
originates from the combinational effect of the narrow band gap of WO; and wide band gap
of TiO,. In addition, with the increase of the WOs concentration, the absorbance in visible
light zone is increased (Fig. 5a). All of the samples Ag(i)-0.05 M WO;-TWS(i=1,3,5) (Fig. 5b)
possess an additional strong absorption band ranging from 450 nm to 750 nm, which are
attributed to the surface plasmon resonance effect of Ag nanoparticles deposited on the
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surface of the TiO, nanowires. The introduction of Ag and WOjs particles on TiO, nanowires
surfaces extends the absorption edge to the visible light range. More importantly, the increase
of Ag content greatly enhances the absorption intensity in visible light range. Both factors are
vital to the improvement of the photocatalytic activity of TiO,.2>*®

The photocatalytic activities evaluation of the as-prepared samples were carried out by
the degradation of methylene blue (MB) solution under Xenon lamp irradiation and the
experimental results are shown in Fig. 6. The photodegradation percentages for pure TiO;
nanowires, 0.01M WOs-TWS, 0.05M WO;-TWS and 0.1M WOs-TWS under simulated solar
irradiation are 42.91, 47.04, 78.13 and 72.01%, respectively after 90 min irradiation, as
shown in Fig. 6a. Clearly, the introduction of WOj particles on TiO; nanowires increases the
photodegradation percentages. However, higher WO3 concentration does not necessarily lead
to higher photodegradation percentage. Because higher WO; deposition would cover more
surface area of TiO, nanowires, and hence reduce the photocatalytic activity of TiO,
nanowires in the ultraviolet light range. Fig. 6b shows the photodegradation percentages
curves of pure TiO; nanowires, 0.01M WO;-TWS, 0.05M WO;-TWS and 0.1M WO;-TWS
under visible light irradiation obtained with a 420 nm cutoff filter. In this case, the
percentages are 2.95, 8.57, 34.02, 36.47% after 90 min irradiation, respectively. Under visible
irradiation, the photocatalytic activities are greatly reduced and almost no activity can be
detected for pure TiO, nanowires. Importantly, the differences are much more obvious
between simulated solar irradiation and visible irradiation. The time-dependent
photodegradation percentage of Ag(i)-0.05 M WOs-TWS(i=1,3,5) under simulated solar
irradiation (Fig. 6¢) and visible irradiation (Fig. 6d) were also studied. Under simulated solar
irradiation after 90 min, the degradation rates of methyl orange are 92.06, 95.84 and 99.61%
for Ag(1)-0.05 M WOs-TWS, Ag(3)-0.05 M WO;-TWS, and Ag(5)-0.05 M WO;-TWS,
respectively. Clearly, the deposition of Ag particles further improves the photocatalytic
activity. Similarly, higher Ag loadings do not necessarily result in higher
photodegradation percentages. There is an optimal immersion times for these samples and
Ag(3)-0.05 M WOs-TWS is the best for this case. In fact, there has been related report that
high dosage of Ag nanoparticles deposited on the TiO, surface would serve as trapping centre

for the photogenerated electron and holes and hence reduce the photodegradation activity.>>*
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Fig. 6d shows the time-dependent photodegradation percentage curve under visible irradiation.
After 90 min, the degradation rates of methyl orange are 50.45, 66.75 and 57.64% for
Ag(1)-0.05 M WOs-TWS, Ag(3)-0.05 M WOs-TWS, and Ag(5)-0.05 M WOs-TWS,
respectively. Compared with the simulated solar irradiation, the reduction of photocatalytic
activity is due to the extinction of TiO, nanowires under visible irradiation.

In order to get the accurate kinetic data, the rate constants of photodegradation of MB

were calculated according to the following first-order kinetics®'

In (EJ =—kt
CO

Where Cy is the initial concentration of the MB solution, C is the concentration of the MB
solution, £ is a rate constant and ¢ is the reaction time. After a simple calculation, the values
of k are 0.025, 0.055 and 0.032 min™ for sample Ag(1)-0.05 M WO;-TWS, Ag(3)-0.05 M
WOs-TWS and Ag(5)-0.05 M WO;-TWS under simulated solar irradiation, and 0.0078, 0.012
and 0.009 under visible irradiation, respectively. The results indicate that Ag(3)-0.05 M
WO;5-TWS nanocomposites have better photocatalytic activities. Similarly, the values of k are
0.006, 0.007, 0.017 and 0.014 for pure TiO, nanowires, 0.01M WO3-TWS, 0.05M WO;-TWS
and 0.1M WOs-TWS under simulated solar irradiation, and 0.0003, 0.001, 0.0046 and 0.0049
min” under simulated visible irradiation, respectively. The results indicate that 0.05M
WOs-TWS nanocomposites have better photocatalytic activities under simulated solar
irradiation and 0.1M WO;-TWS nanocomposites have better photocatalytic activities under
simulated visible irradiation.

Fig. 7 shows the schematic diagram of the enhanced photocatalytic activity for the TiO,
nanowires decorated with Ag and WO; nanoparticles. The coupling between a UV excited
semiconductor (TiO;) and a visible light excited semiconductor (WO;3) can effectively
enhance the solar energy utilization efficiency, especially in the visible light range. TiO,
possess higher conduction band and valence band than that of WO;. The band configuration
induces the transfer of photogenerated electrons from TiO, to WO; and photogenerated holes
from WO; to TiO,, which makes charge separation more efficient. In addition, the
photogenerated electrons in TiO, will be transferred to Ag nanoparticles, which play two
important roles. One is to produce the absorption band in the visible light range due to the

8
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surface Plasmon resonance and the other is to serve as an electron sink, leading to the
efficient separation of the photogenerated electrons and holes pairs and the inhibition of their
recombination. Therefore, with the synergetic help of WO; and Ag nanoparticles, more
photogenerated electrons and holes pairs can be produced, participate in the photodegradation
reaction and enhance the photocatalytic activity dramatically. However, excessive Ag
nanoparticles will cover more TiO, surface area, increase the reflection of the incident light,
lead to the reduction of the number of photons absorbed by TiO, and hence decrease the
number of electrons and holes generated by irradiation. Furthermore, excessive Ag
nanoparticles not only hinder the adsorption of the dye molecules onto the surface of the
composites, but also act as recombination centers for photogenerated electrons and holes, all
of which may be responsible for the decrease of the photocatalytic activity for the case of
exceeding Ag loading.** 3% %

The recyclability and ease of collection for the photocatalysts are very important in
practical application.’® Fig. 8 shows the photographs and photodegradation percentage of a
typical sample Ag(3)-0.05 M WO;-TWS for recycled methyl orange reduction. First, a piece
of sample Ag(3)-0.05 M WOs-TWS was dipped into beaker 1 with 25 ml methyl orange
solution (15 mg/1) (Fig. 8a). After 90 min irradiation, the solution in beaker 1 changed from
orange to colorless (Fig. 8b). Then, the photocatalysts were taken away from beaker 1 and put
into beaker 2 for the second photodegradation (Fig. 8c). Similarly, the solution in beaker 2
became transparent after 90 min irradiation (Fig. 8d). On the basis of ICP-AES (inductively
coupled plasma atomic emission spectrometer) analysis, the solution did not contain any
second pollution after the reaction. Fig. 8¢ shows the cycling experiment of the as-prepared
photocatalysts for methyl orange degradation using sample Ag(3)-0.05 M WOs-TWS. The
degradation percentage remained to be 98.7% after 7 cycles, and 95.6% after 10 cycles.
Evidently, the photocatalytic activity toward methyl orange degradation does not change
much after each cycle, revealing the excellent cycling stability of the as-prepared

photocatalyst composites.

4. Conclusions

In summary, WO;-TWS on the Ti foils were prepared using simple hydrothermal
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treatment, wet impregnation and annealing treatment. Ag nanoparticles were deposited on the
obtained WO;3-TWS surfaces by simple SILAR technique. The deposited Ag and WO;
particles on the surface of the TiO, nanowires can efficiently extend the scope of absorption
spectrum and greatly enhance the photocatalytic activity in comparison with that of pure TiO,
nanowires under simulated solar irradiation and visible irradiation. In addition, the
as-prepared photocatalyst composites also exhibited excellent long-time recyclable ability for

the organic pollutants degradation.
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Captions:
Fig. 1. XRD patterns of (a) WO3-TWS samples and (b) Ag(i)-0.05M WO;-TWS (i=1, 3, 5).

Fig. 2. XPS spectra of the (a) Ti2p, (b) Ols, (c) W4f, and (d) Ag3d regions for TiO, nanowires, 0.05 M
WO;-TWS and Ag(3)-0.05 M WO;-TWS.

Fig. 3. SEM images of TiO, nanowires, 0.05 M WO;-TWS, Ag(i)-0.05 M WOs-TWS (i=1,3,5)(a-¢) and

EDS spectra of 0.05 M WO5-TWS, Ag(3)-0.05 M WO;-TWS (f).

Fig.4. TEM and HRTEM images of 0.05 M WO;-TWS(a,b) and Ag(3)-0.05 M WO;3-TWS (c,d,e).

Fig. 5. UV-vis absorption spectra of (a) TiO, nanowires, 0.01 M WO;-TWS, 0.05 M WO;-TWS, 0.1 M
WO;-TWS; (b) Ag(1)-0.05 M WO3-TWS (i=1,3,5).

Fig. 6. Photodegradation percentages of (a) TiO, nanowires, 0.01 M WO;-TWS, 0.05 M WO;-TWS for
methyl orange solution under simulated solar irradiation; (b) TiO, nanowires, 0.01 M WO5-TWS, 0.05 M
WO;5-TWS for methyl orange solution under visible irradiation obtained using a 420 nm cutoff fileter; (c)
Ag(1)-0.05 M WO;-TWS (i=1,3,5) for methyl orange solution under simulated solar irradiation; (d) TiO,
nanowires, 0.01 M WO;3-TWS, 0.05 M WO;-TWS for methyl orange solution under visible irradiation
obtained using a 420 nm cutoff filter.

Fig. 7. Schematic diagram of charge carrier separation in the photoexcited Ag-WO;/TiO,.
Fig. 8. Schematic diagram of separation and reuse of photocatalysts (a-d) and time-dependent

photocatalytic degradation percentage of the cycling experiments for methyl orange solution using sample
Ag(3)-0.05 M WO;-TWS (e).
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Fig. 7.

Energy (eV) Vs NHE

19



Page 21 of 21

Fig. 8.

RSC Advances

Degradation rate (%)

:

g

:

:

[
<
1

€

Ag(3)-0.05 M W03 TWS

—a—1 st
——3nd
—te—5r1d
—v—7th
—4—10th

30
Time (min)

T
60

20

RSC Advances Accepted Manuscript



