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Abstract

The hybrid TiO,/WO; nanoparticles with different doping ratios of tungsten were synthesized from titanium tetra-isopro-
poxide and tungsten hexachloride (WCl,) as precursors via a sol-gel process using poly(e-caprolactone)-b-poly(acrylic acid)
(PCL-b-PAA) diblock copolymer as a template. The morphology, crystal structure, chemical and physical property of the
fabricated TiO,/WO; nanoparticles were characterized by scanning electron microscopy, transmission electron microscopy,
powder X-ray diffraction, X-ray photoelectron spectroscopy and so on. N, adsorption—desorption analysis revealed that
the surface area (40.6 m? g™'), pore volume (0.11 cm® g™') and average pore size (8.56 nm) of such TiO,/WO, nanoparticles.
The resulting hybrid TiO,/WO; nanoparticles (average diameter: ca. 100-200 nm) with proper doping ratio of tungsten
exhibited the enhanced photocatalytic activity than that of the commercial P25 in the degradation of methylene blue.
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1 Introduction

Amphiphilic diblock copolymer is formed by the junction
of covalent bond between one hydrophilic polymer seg-
ment and the other hydrophobic polymer segment, which
can form micelles or aggregates by self-assembly in selec-
tive solvent because of the thermodynamic incompatibil-
ity between two different polymer segments and phase
separation characteristics. Therefore, it can form micron-
or nano-scale micro-reactor in solution with controllable
size by regulating the length and property of polymer seg-
ments [1]. Meanwhile, different shapes of micro-reactor
such as ball, rod and vermicular, etc. can be obtained by
changing the solvent composition, pH, temperature dur-
ing the amphiphilic diblock copolymer’s self-assembly [2,
3].

Poly(e-caprolactone) (PCL) is a kind of semicrystalline
polymer with good biocompatibility, biodegradability
and etc. [4]. In recent years, the polymer self-assembly
technology has received considerable attention, and the
amphiphilic diblock copolymer prepared from hydropho-
bic polycaprolactone and hydrophilic polymer is the focus
of attention. Poly(acrylic acid) (PAA) is a pH sensitive weak
electrolyte, it can unite with nonionic polymers electron
acceptor and cationic polyelectrolyte, and interact with
cations [5]. Therefore, the synthesis of amphiphilic copoly-
mer contains PCL and PAA blocks make great significance,
since it can not only improve the such polymer’s perfor-
mance, but also expand the its application [6].

With the continuous development of nanotechnol-
ogy, multifunctional nanocomposite draws more and
more attention, especially that based on block copoly-
mer templates [7]. The preparation of nanometer mate-
rials was optimized because of the block copolymers’
properties. Several synthetic methodologies have been
widely developed to prepare TiO, material with signifi-
cant properties, such as sol-gel method [8-11], micelle
and inverse micelle methods [12-14], sol method [15, 16],
hydrothermal method [17-21], evaporation-induced self-
assembly method [21], solvo-thermal method [22, 23],
chemical vapor deposition [24], physical vapor deposition
[25], direct oxidation method [26], and so on. The sol-gel
process is one of the most widely used methodology for
preparing nanoparticles due to several advantages, such
as high purity, good uniformity, low processing tempera-
ture, stability and versatility of processing [27, 28]. And the
sol-gel process with diblock copolymer as template has
been applied in the preparation of thin film, ceramic fiber
materials, microporous inorganic membrane, porous aero-
gel material and functional composite [29, 30]. Nanom-
eter TiO, has became one of research hotspots in the field
of material due to its significant physical and chemical
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properties. It has good stability, high catalytic efficiency,
no secondary pollution, non-toxic and low cost as photo-
catalyst, and has special advantages in the degradation of
toxic and refractory organic matter and inorganic matter.
TiO, photocatalysis material has practical application in
many areas, such as the self-cleaning materials, air purifi-
cation, wastewater treatment, super hydrophilic coating,
etc. [31].

While, with the exponential growth of research activi-
ties, modified doping have been widely progressed, such
as nonmetallic doping [32-38], metallic doping [39-42]
and semiconductor doping [43-47]. Among the variety
of methods targeting improve the photocatalytic activi-
ties, the semiconductor doping attracted much attention.
Since the semiconductor of different width forbidden
band compounded with each other, urging the separa-
tion of electronic-hole, reducing electronic restructuring,
widen the range of spectral response, further improve the
photocatalytic efficiency in consequence. Carcel et al. [43]
reported the photodegradation for methyl orange (MO) of
TiO,, WO; and TiO,/WO; films in different pH, and get films
of improved photocatalytic efficiency with the addition
of H,0,. Yang et al. [44] obtained composite that shows
higher acetaldehyde degradation efficiency than mono-
TiO, in the presence of WO;, and studied the effect on
the different ratio of W/Ti compounds on the degradation
efficiency. Ren et al. [45] reported TiO,-SiO, catalyst that
prepared using TiOSO,-2H,0 and SiO, as precursor, and
show fine catalysis activity after calcinations. Fateh et al.
[46] obtained TiO,-SiO, films via dip-coating method on
polycarbonate resin template showing improved photo-
catalytic efficiency after the combination of SiO,.

Herein, we report the synthesis of hybrid TiO,/WO; nan-
oparticles via a sol-gel process by self-assembly amphiphi-
lic diblock copolymer PCL-b-PAA as the template, toluene
as solvent, using titanium tetra-isopropoxide (TTIP) and
tungsten hexachloride (WCly) as precursor. Transmission
electron microscopy (TEM), scanning electron microscope
(SEM), X-ray diffraction analyzer (XRD), X-ray photoelec-
tron spectroscopy analyzer (XPS), UV-Visible spectroscopy
(UV-vis), thermal gravity analysis (TGA), etc. had been
used to characterize the morphology, structure and per-
formance of hybrid TiO,/WO; nanoparticles. The effects
of different doping ratios on photocatalytic performance
of TiO,/WO; nanoparticles were investigated in terms of
degradation of methylene blue (MB).
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2 Experimental
2.1 Chemicals and materials

The amphiphilic diblock copolymer, poly(e-caprolactone)-
block-poly(acrylic acid) (PCL-b-PAA) [M,,/M,=1.18; M,
(PCL)=8600 g mol™'; M, (PAA)=4200 g mol~'] prepared
in a similar procedure reported in our previous work
[6], acted as a template in sol-gel process. Toluene was
refluxed over sodium and distilled under a nitrogen
atmosphere before use. Concentrated hydrochloric acid
(HCI, 37%) and methylene blue (MB) were purchased from
Sinopharm Chemical Reagent Co. Ltd. Titanium tetra-iso-
propoxide (TTIP) and tungsten hexachloride (WCl) were
purchased from Aladdin Chemistry Co. Ltd.

2.2 Preparation of hybrid TiO,/WO; nanospheres

All manipulations involving low moisture conditions were
carried out using Schlenk techniques. In a typical prepa-
ration, 200 mg dried PCL-b-PAA was dissolved in 12 mL
toluene under nitrogen atmosphere in a Schlenk tube with
a magnetic stir bar. Then, 1 mL WCl, solution in toluene
(0.1 g mL™") was injected into the reaction system. The
solution was stirred for 1 h at room temperature. After
that 0.4 mLTTIP was added to the solution and stirred for
2 h.Then, 0.1 mL HCI (37%) was added into the solution.
The mixture was stirred for 2 h and aged for 24 h at room
temperature. The different molar ratio of TTIP and WClg in
Ti:W=95:5,90:10, 85:15, 80:20 and 75:25 were employed
respectively. After that the sample was annealed at 100 °C
for 1 h followed by calcination at 500 °C, 600 °C or 700 °C
for5h.

To obtain the TiO,/WO; precursor nanoparticles for TEM
observation, the mixed precursor solution in the Schlenk
tube was extracted by acetone several times to remove
the polymer residue. The mixture was then added into
30 mL acetone and stirred for 30 min. After centrifuging
the solution, the supernatant was removed by a dropper.
This process was repeated 5 times. A suspension of TiO,/
WO; precursor nanoparticles was obtained and observed
by TEM.

2.3 Instruments and measurements

The as-synthesized TiO,/WO; nanoparticles before and
after calcinations were characterized by SEM (JSM-6390LV,
JEOL Ltd.), TEM (JEM-1400, 120 kV, JEOL Ltd.), powder
X-ray diffraction (XRD) (Cu-Ka radiation (A=1.5418 A),
X'pert PRO, Panalytical Co.) and X-ray photoelectron spec-
troscopy (XPS) (Al-Ka radiation (hv=1486.6 eV), Thermo

ESCALAB 250Xi, USA). The UV-Visible absorption spectra
were recorded with a UNICO UV-2102PC spectrophotom-
eter. Nitrogen adsorption—-desorption isotherms of TiO,/
WO; nanoparticles were measured by Micromeritics ASAP
2020 surface area and porosity analyser. The photocurrent
measurements of TiO,/WO; spin-coated film were carried
out with a CHI 660C workstation. The photoluminescence
(PL) analyses were measured at room temperature by a
Fluorolog-3-P UV-VIS-NIR fluorescence spectrophotom-
eter illuminated with a 360 nm He-Cd laser.

2.4 Photocatalytic activities

The photocatalytic activity of the hybrid TiO,/WO; nan-
oparticles was tested under visible light. A 400 W high-
pressure mercury lamp was placed 10 cm away from the
reaction vessel, which was used to provide a full-spectrum
emission without any filter to simulate the sunlight source.
The illumination intensity was 5 W m~2 The photocata-
lytic activities of TiO,/WO; nanoparticles were evaluated
by photodegradation of MB. The selected photocatalyst
was dispersed in the MB solution (10 mg mL™") to achieve
a concentration of 1 mg mL™". The mixed suspension was
first stirred in the dark for 1 h to reach the adsorption—des-
orption equilibrium of MB. The concentration of residual
MB was determined by recording the decrease in the maxi-
mum absorbance of MB at 654 nm after various reaction
times using UV-vis spectrophotometer every 20 min.

3 Results and discussion

TiO,/WO; precursor nanoparticles were formed inside the
PCL-b-PAA micelles with PCL segment as “shell” and the
PAA segment as “core” [45] which coordinated with WCl,
and TTIP. Although extracted by acetone several times,
TiO,/WO; precursors particles with irregular morphology
were still formed (Fig. 1a). However, spherical nanoparti-
cles of TiO,/WO; could be formed (Fig. 1b) after acetone
extraction followed by calcinations at 600 °C for 5 h.

TEM observation (Fig. 2) showed that TiO,/WO; pre-
cursor after acetone extraction several times appeared as
regular spheres with diameter size from 100 to 200 nm.
Such spherical morphology indicated that the hydrolysis
of TTIP and WCl; happened in the core of the PCL-b-PAA
micelles as templating agent. The effects of the molar ratio
of PCL/PAA segment, the molar ratio of TTIP/WCl,/PAA and
etc. on the morphology and property of the obtained TiO,/
WO, nanoparticles are under investigation.

Energy dispersive spectroscopy (EDS) analysis was
conducted to confirm the composition of the hybrid
TiO,/WO; nanoparticles as shown in Fig. 3. The char-
acteristic peaks of Ti, W, O and C atoms can be clearly
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Fig. 1 SEM images of hybrid
TiO,/WO; nanoparticles
(Ti:W=85:15): a after acetone
extraction without calcination;
b after acetone extraction and
calcination at 600 °C for 5 h

Fig.2 TEM image of hybrid TiO,/WO; precursor nanoparticles
(Ti:W=85:15) after acetone extraction several times

identified. The presence of C atom is probably attrib-
uted to residual C atom produced from the incomplete
removal of PCL-b-PAA even after calcinations [48-50].

Figure 4 shows the typical XRD patterns of the TiO,/
WO, nanoparticles calcinated at various tempera-
tures for 5 h. At 500 °C, the anatase peaks were mainly
observed in the XRD patterns. At 700 °C, the rutile crystal
peaks can be clearly identified, which reveals the tem-
perature has a great impact on the transformation of
crystal structure [51]. Also the peaks of orthorhombic
WO; were observed at 700 °C, compared with the weak
peaks at 500 °C and 600 °C, which may caused by the for-
mation of amorphous WO;. The anatase-to-rutile trans-
formation temperature has been mostly reported from
600 to 900 °C for the initiation and finishing temperature,
respectively [52].
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Fig.3 EDS spectrum of hybrid TiO,/WO;
(Ti:W=85:15) after calcination at 600 °C for 5 h
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Fig.4 The XRD patterns of hybrid TiO,/WO; nanoparticles calci-
nated at 500 °C, 600 °C and 700 °C, respectively. A denotes anatase
phase of TiO,, R denotes rutile phase of TiO, and W denotes
orthorhombic WO;, respectively
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Fig.5 XPS spectra of a Ti2p and b W4f and Ti3p of hybrid TiO,/WO,
nanoparticles (Ti:W=85:15) after calcination at 600 °C. The solid
lines are experimental spectra and the others are fitting ones

XPS spectra of TiO,/WO; nanoparticles displays two
peaks at 459.1 eV and 464.8 eV (Fig. 5a) resulted by the
spin orbit split of Ti2p, indicating the existence of the Ti-O
bonds. Furthermore, the measured binding energy value
is higher than the standard one is attribute to the transfor-
mation of Ti—-O-Ti to Ti-O-W. Figure 5b showed the result
of fitting peak separation curve. The peaks at 35.5 eV and
37.8 eV are attributed to the formation of W®", existing
in the form of WO;. While, the peak at 36.3 eV is corre-
sponded to the Ti3p.

Figure 6 shows the cyclic voltammetry curve of TiO,/
WO, (Ti:W =85:15) spin-coated film after calcinations at
600 °C. The closed circular curve demonstrates the col-
oring-fading process is reversible. There are two obvious
anodic peak, corresponding to the different active points
formed when Li* and H* are injected to the TiO,/WO; film.

Photoluminescence emission spectra (PL) have been
widely used to investigate the efficiency of charge

Current (mA)
o
1

v T . T . v
-4 -2 0 2 4
Potential (V)

Fig.6 Cyclic voltammetry curve of TiO,/WO; (Ti:W=85:15) spin-
coated film after calcination at 600 °C
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Fig.7 PL spectra of TiO,/WO;-600 nanoparticles (Ti:W=85:15, calci-
nated at 600 °C) and P25

trapping, immigration, transfer and to understand the
fate of electron-hole pairs about the semiconductor par-
ticles [53]. Figure 7 shows the PL spectra of TiO,/WO;-600
(Ti:W=85:15, calcinated at 600 °C) and P25. It can be seen
that the PL intensity of TiO,/WOj; is much lower than that
of P25. This indicated that WO; doping can effectively
inhibit the recombination of photo-generated electrons
and holes, in consequence the separation of light carriers
inside TiO,/WO; film is much better, and the absorption of
light intensity degree is higher than that of P25, thus TiO,/
WO; might show stronger photocatalytic activity than P25.

Figure 8 displays the nitrogen adsorption-desorption
isotherms and pore size distribution curve of TiO,/WO,-
600 and P25.The TiO,/WO;-600 in this work exhibits a type
IV isotherm and a type H, hysteresis loop [54]. The pore
diameters of TiO,/WO5-600 and P25 are 8.5 and 9.9 nm,
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Fig. 8 BET curves of TiO,/WO;-600 nanoparticles (Ti:W=85:15, cal-
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Fig.9 UV-vis absorption spectra of TiO,/WO;-600 nanoparticles
(Ti:w=85:15, calcinated at 600 °C) and P25

respectively, indicating the formation of mesoporous
structure. The smaller pore size reflects the inhibition of
grain growth and aggregation of residual carbon due to
polymer carbonization [54].

Figure 9 shows the UV-vis absorption spectra of TiO,/
WO;-600 and P25.The enhanced absorption of TiO,/WO;-
600 in the visible region can be attributed to the effect
of WO; doping. The fundamental absorption band edge
of P25 stopped at around 400 nm and did not show any
visible light absorption, however, TiO,/WO;-600 showed
an absorption extending beyond 400 nm. The difference
in absorption characteristics of P25 and TiO,/WO5-600
proves that WO; was successfully doped into TiO, nano-
structures. The visible light absorbance of TiO,/WO;-600
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Fig. 10 Photodegradation curves of MB catalyzed by a TiO,/WO;-
600 nanoparticles (Ti:W=95:5, 90:10, 85:15, 80:20 and 75:25 respec-
tively, calcinated at 600 °C) and P25; b TiO,/WO; nanoparticles
(Ti:W=85:15) calcianted at 500 °C, 600 °C and 700 °C, respectively

is attributed to the existence of tungsten species such as
Ti—-O-W bonds.

In order to investigate the photo catalytic behaviour of
the as-synthesized TiO,/WO; nanopartilces, the photodeg-
radation of MB as a model pollutant was carried out. Firstly,
the MB solution (1073 g L™") was scanned at 200-800 nm.
It found that the maximum intensity of the characteris-
tic peak of MB at 665 nm decreased with increasing the
irradiation time. So the variation of absorbance at 665 nm
was used to show the photodegradation curve of MB.The
photodegradation of MB by TiO,/WO;-600 with different
doping ratios and P25 are shown in Fig. 10a. When the
molar ratio of Ti/W is 85:15, the sample shows the best
photocatalytic activity as MB can be completely photo-
degradation in shorter time. Besides all the doping act
better photocatalytic activity compared with P25 under

the same condition, this is due to the semiconductor of
different width forbidden band compounded with each
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other, urging the separation of electronic- hole, reduc-
ing electronic restructuring, widen the range of spectral
response, further improve the photocatalytic efficiency
[55]. Figure 10b shows the photodegradation curve of MB
by TiO,/WO;-600 in doping ratio of Ti:W=85:15 at differ-
ent calcination temperature. It has been well understood
that a higher activity can be achieved by improving many
aspects of TiO,-based photocatalysts, including surface
area, crystallinity, absorption ability, non-mental doping
and water dispersity [56, 57]. From a photocatalytic point
of view, anatase is generally considered to be the more
active phase due to its higher reduction potential and low
re-combination rate of electron-hole pairs compared to
rutile [58]. Therefore, the photocatalytic activity of TiO,/
WO,;-500 is better than TiO,/WO;-700. While, due to the
special electronic states, the two crystal structures allow
for a semiconductor-semiconductor junction [59]. TiO,/
WO,-600 exhibits a higher photocatalytic activity than
other photocatalysts. The TiO,/WO-600 with the doping
ratio of Ti:W=85:15 can nearly completely degrade the MB
solution (1073 g L") within 100 min.

4 Conclusions

Visible-light active hybrid TiO,/WO; spherical nanoparti-
cles were successfully fabricated via a sol-gel process using
an amphiphilic PCL-b-PAA diblock copolymer as template
followed by calcination. In comparison with commercial
catalyst P25, the hybrid TiO,/WO; exhibited better catalytic
behaviour in the photodegradation of MB. Doping ratio of
Ti:W and calcination temperature, in our case, have a great
significance on the catalytic activity of such hybrid TiO,/
WO; nanoparticles. The best degradation activity was pre-
sent by using the hybrid TiO,/WO; nanoparticles with a
doping ratio of Ti:W=85:15 calcinated at 600 °C.
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