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Photocatalytic Efficiency of Potassium Doped TiO2 Nanowire-nanoparticle
Hetero-structured Films Coated on Glass Substrate Under
Visible Light Irradiation
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Abstract

TiO2 nanowire-nanoparticle hetero-structured films were prepared via sol-gel method, and
coated on the glass substrates by the dipping method for the photocatalytic activity. The one-
dimensional TiO, nanowires (NWSs) were prepared by hydrothermal treatment with TiO, nanoparticles
(NPs) commercially available. Different methods were used to characterize prepared nanowire-
nanoparticle hetero-structured films including XRD, FESEM, XPS, and UV-Vis spectroscopy. The
PWKT films were the highest photocatalytic activity on the degradation of methylene blue (MB). The
PWKT films had about 4.5 fold degradation rate relative to undoped TiO,. Factors that affected the
photoactivity of PWKT films were high crystallinity (NPs), small crystallite size (KT), narrow the
energy band gap (WKT) and thickness of the films.
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Introduction

In materials science, recent progress is
mainly devoted to developing innovative
strategies to prepare nanomaterials with desired
properties, which are a coupling of both its
intrinsic and extrinsic properties. Among the
strategies reported for extrinsic material
properties control, nanoparticles agglomeration
appears to be a promising approach to obtaining
materials with controlled architectures and
desired properties for targeted applications [1].

Titanium dioxide (TiOy) is one of the most
popular oxide materials due to their superior
characteristics in various applications including
photoelectron chemistry. Titanium dioxide could
display photocatalytic activities under UV light in
1972, A number of studies related to the
photocatalytic performance of oxide semiconductor
have been carried out. Being a star semiconductor
photocatalyst, TiO, has many outstanding
advantages, such as long term stability, non-toxicity,
low cost, and environmentally benign nature [2].
Particularly, nanostructured TiO, have recently been
of great interest because nanostructures often

improve photocatalytic performance and/or exhibit
properties different from bulk counterparts [3].
In fact, combining a mixture of nanoparticles with
different physical and chemical properties offers a
large number of possibilities to tailor the properties
of agglomerated materials. In addition to the
properties of individual nanoparticles, their
assembly gives rise to collective properties due to
nanoparticles interaction. Compared with bulk
material, this new configuration is more flexible
for material preparation and extrinsic properties
control [1]. However, the speed of electron diffusion
across nanoparticles junctions is several orders of
magnitude smaller than that of bulk crystalline TiO,
due to frequent electron trapping at the junctions
of nanoparticles. In this case, separated charges
are recombined before they reach electrodes.
One-dimensional TiO; nanostructures such as
nanowires and nanotubes have been suggested
to eliminate such problems. Nanowires can be
grown from electrodes, providing a pathway of
transporting charges without grain boundaries
and junctions. Once electrons are injected to
the conduction band of TiO,, recombination can
be minimized due to their relatively wide
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band gap. Another advantage of one-dimensional
nanostructures is the ability to capture scattered light
in the cell, which is possible to augment light
harvesting. Nevertheless, the surface is required for
dye absorption in one-dimensional structures not as
large as that of porous nanoparticle films. In this
regard, nanoparticle-nanowire hetero-structure may
be able to maximize both dye absorption and charge
transport. In addition, similar methodologies for
enlarging surface areas of nanostructured metal
oxides could be utilized for other applications
including sensors and water splitting [3].

Many authors have reported that alkalis
(x = Na, K, Rb) [4, 5] doped titanium dioxide is
attracting attracted a continuously increasing
attention because of its potential as material for
environmental photocatalysis. Although some
authors claimed that the band gap of the solid is
reduced due to a rigid valence band shift upon
doping, others attribute the observed absorption of
visible light by alkalis doped TiO; to the excitation
of electrons from localized impurity states in the
band gap. Interestingly, it appears that the alkalis
doping induced modifications of the electronic
structure may be due to that the alkali ions
penetrated into TiO; lattice, or they probably are
bonded with oxygen onto TiO, surface to form
alkalis oxides, both of the two factors restricted the
growth of TiO, nanocrystal [6].

The aim of this work was to assess the
degradation of methylene blue solution by
photocatalytic treatments, using TiO. nanowire-
nanoparticle hetero-structured films prepared via
sol-gel method, and coated on a glass substrate by
the dipping method for the photocatalytic activity.
The nanowire powders (NWSs) were synthesized by
a hydrothermal method and mixed with TiO- sol.
The films were also characterized for their
morphology, anatase crystallinity, and energy band
gap and considered fundamental explanatory
characteristics affecting photocatalytic activity.

Materials and Methods

Preparation of K doped TiO sol

In the present study, the undoped TiO; and K
doped TiO; (labeled as T and KT) were prepared by
sol-gel method. In a typical preparation procedure,
titanium (1V) isopropoxide (TTIP, 99.95%, Fluka
Sigma-Aldrich) was added drop-wise under
vigorous stirring to the mixture solution containing
ethanol (99.9%; Merck Germany), 10 mL glacial
acetic acid and potassium oxalate ((COOK) 2H,0)
was fixed at 3 mol% (From our previous study the
potassium of 3 mol% was selected to dope into the
TiO; sol since it exhibits the higher photoactivity

compared to other concentrations) [6]. The mixture
was stirred at room temperature at a speed of 800
rpm for 60 min to achieve the mole ratio of TTIP:
CoHsOH =1:82 [7].

Preparation of NW powders

Nanowire powders (NWSs) were synthesized
by a hydrothermal method. Commercially available
Degussa P25 (P25 TiO, nanopowders purchased
from Degussa Co, Germany (TiO,, Degussa, Rutile:
Anatase 85:15, 99.9%, 20 nm, 50 m? g%)) were
dissolved in 10 M NaOH solution [8]. In the
preparation of NW powder, 1.000 g of the as-
prepared TiO2 P25 nanoparticles mixed with 10
mL of 10 mol L NaOH aqueous solution was
added to the above mixture with a continuous
sonication for 1 h, followed by hydrothermal post-
treatment of the mixture in a 100 mL Teflon-lined
autoclave at 160 °C for 16 h. After this treatment,
the obtained products were filtered, and then
washed with 0.1 mol L™t HNOs solution, distilled
water and ethanol, respectively, followed by
drying in an oven at 80 °C for 4 h [9].

Preparation of TiO, nanowire-nanoparticle
hetero-structured films

TiO2 nanowire-nanoparticle hetero-structured
films were prepared via sol-gel method, and coated
on glass substrates by the dipping method. A dip-
coating apparatus was used to coat a glass
substrate (2.54 x 2.54 x 0.30 cm?®). Before coating,
substrates were cleaned consecutively by a high
power sonic probe in distilled water, ethanol and
acetone, and dried at 80 °C for 15 min. First, 1.000
g of TiO2 P25 nanoparticles (NPs) and 1.000 g of
NWs (labeled as PKT and WKT) were mixed with
50 mL of K doped TiO, sol was added to the
above mixture with a continuous sonication for
15 min. The TiO; nanowire-nanoparticle hetero-
structured films as-prepared by NWs were mixed
with commercial TiO, P25 NPs and were mixed
with 50 mL of K doped TiO; sol and added to the
above mixture with a continuous sonication for
15 min. The mixing ratio of NPs and NWSs were
prepared with 50 wt% NWs and NPs in the
mixture (labeled as PWKT). Then, the sol mixed
was homogeneously coated on the substrates at the
dipping speed of 0.1 mms™. The coated substrates
were dried at 80 °C for 30 min and then heated at
the temperature of 400 °C for 1 h with a heating
rate of 10 °C min™! [6].

Material Characterizations

The surface morphology was investigated by
field emission scanning electron microscopy

(FESEM, JEOL, JSM). The chemical composition
of sample surface was investigated by X-ray
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photoelectron spectrometer (XPS; AXIS ULTRAPLP,
Kratos analytical, Manchester UK.) Spectrums
were processed on software “VISION II” by
Kratos analytical, Manchester UK. The base
pressure in the XPS analysis chamber was about
5 x 107 torr. The samples were excited with X-ray
hybrid mode 700 x 300 pm spot area with a
monochromatic Al K, i, radiation at 1.4 keV.
X-ray anode was run at 15 kV 10 mA 150 W. The
photoelectrons were detected with a hemispherical
analyzer positioned at an angle of 45° with respect
to the normal to the sample surface. Crystallinity
composition was characterized by using an X-ray
diffractometer (XRD) (Phillips E’pert MPD,
Cu-Ka). The crystallite size was determined from
XRD peaks using the Scherer equation [10],

D= 0.9/1/ preosd Q)

where D is crystallite size, A is the wavelength
of X-ray radiation (Cu-Ka = 0.15406 nm), £ is
the angle width at half maximum height, and 6 is
the half diffraction angle of the centroid of the
peak in degrees. The band gap energies of TiO;
and TiO; hetero-structured films, in film form,
were measured by UV-Vis spectroscopy.

Photodegradation of MB

The photocatalytic activity of TiO,, K doped
TiO2 and TiO; hetero-structured films were tested
by means of photodegradation of MB solution
5 mL having an initial concentration of 1 x 107
M as an indicator under the fluorescence light of
50 W The distance between a testing substrate
and a light source is 32 cm. The photocatalytic
reaction test was done in a dark chamber under
visible light irradiation at various times up to 4 h.
The remaining concentration of MB was
determined by UV-Vis spectroscopy.

Results and Discussion

XRD of TiO2 Thin Films

The XRD patterns of TiO,, K doped TiO,, and
TiO, hetero-structured films, after calcination of
the thin films at 400 °C for 1 h, are shown in
Figure 1. Comparisons of the JCPDS 21-1272
anatase card of ASTM (American Society for
Testing and Materials), and the JCPDS 21-1276
rutile ASTM card, suggest that the TiO,, K doped
TiO;, and TiO, hetero-structured films have
anatase crystallinity with no obvious differences

between them in the three types of thin films. The
very broad diffraction peak at (1 0 1) plane
(26 = 25.3%) was due to small crystallite size of TiO..
The crystallite sizes calculated from Scherrer’s
equation are shown in Table 1. The KT film
calcined at 400 °C had the smallest 13.1 nm
crystallite size. This may be due to the penetration
of K ions into TiO; lattice, or they probably are
bonded with oxygen onto TiO; surface to form K
oxides, both of the two factors restricted the
growth of TiO2 nanocrystal [6]. The crystallite size
increased from this with further mixed NPs-NWs
because of the large crystallites of P25 (Table 1).

A Anatase

(€)

M (d)

Intensity (Counts)
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Fig. 1 XRD patterns of prepared films: (a) T, (b)
TK, (c) PKT, (d) WKT, (e) PWKT.

Morphology of Thin Film Surface

The surface morphology of the coating on
glass substrate was observed by FESEM as
illustrated in Figure 2. It can be seen that the
anatase crystallinity nucleated is homogeneous
and the film surface was smooth in Figure 2a.
FESEM micrograph of the PKT films exhibits
nanoscale textures and is indicative of a much
rougher surface in comparison with other samples
(Figure 2b). FESEM results of PKT films also
show that the P25 TiO- particles in the nanometer
size range. From FESEM image of the as-made
TiO2 NWs (Figure 2c), it is clear that the TiO;
NWs are abundant in quantity and pretty tidy
with the smooth surface and have woven
together, as can be seen from Figure 2d, a small
and nanoparticles with the sizes of ~20 nm were
mixed with NWs on the surface of K doped TiO;
prepared films. Figure 2a-2c (small figure) shows
a cross-section of the TK, PKT, WKT and PWKT
films of 285, 827, 1005 and 1248 nm thickness,
respectively. NPs and NWs mixing displayed a
significant effect on increases film in thickness.
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smaller than that of pure TiO2. As a result, K

Fig. 2 FESEM images of (a) TK, (b) PKT, (c) WKT and (d) PWKT films.

Energy gap determination

The UV-vis spectra of TiO,, K doped TiO>
and TiO hetero-structured films are shown in
Figure 3. The absorption edge of the samples was
determined by the following equation,

E, = 1239.8/A @

where Eq is the band gap energy (eV) of the
sample and A (nm) is the wavelength of the onset
of the spectrum. It is known that the band gap of
TiO2 can be calculated by extrapolation of the
straight line from the absorption curve to the
abscissa from UV-Vis absorbance spectra. The
undoped TiO, (T) and K doped TiO, (KT)
catalyst exhibited absorption only in the UV
region with the absorption edge at about 343 and
344 nm, respectively. When K ions were
incorporated into the lattice of TiO,, the growth
of the particle size for as-prepared photocatalysts
decreased and thus resulting in the broadening of
the energy gap of TiO.. As listed in Table 1, the
particle size of K doped TiO, samples was much

doped TiO; nanoparticle energy gap widened
with the decrease of particle size and therefore
led to a blue shift of optical absorption edge [11].
The band gap energy of WKT was shifted by
1.10 eV relative to 3.61 eV for pure TiO,. The
band gap energy of WKT was 2.51 eV. The band
gap energy of TiO, tend to decrease with mixing
NW powders. The absorbance intensity decreased
with increase in the thickness of the film surface.
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Fig. 3 UV-Vis diffuse reflectance spectra of TK,
PKT, WKT and PWKT films.
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Table 1 Crystallite sizes and energy band gaps of
the calcined thin films prepared.

Crystallite Energy band
Samples size (nm) gap (eV)
T 29.7 3.61
KT 13.1 3.60
PKT 39.3 3.17
WKT 17.2 2.51
PWKT 22.1 3.11
XPS analysis

The electronic valence state of PWKT film
was examined by XPS. The high-resolution XPS
spectra of K 2p regions are shown in Figure 4. In
addition to assessing the state of potassium atoms
in the PWKT film, high-resolution XPS spectra
of K 2p region were generated. The XPS spectra
in K 2p region of PWKT film was de convoluted
and four peaks at 292.9 eV (K 2p3/2), 293.8 eV
(K 2p3/2), 295.5 eV (K 2pl/2), and 296.4 eV
(K 2p1/2) were obtained. In this work, the main
peaks at binding energy of 292.9, 293.8 and
295.5 eV were attributed to the potassium atoms,
whereas the peak at 296.4 eV was assigned to the
potassium carbon [6]. The peaks at 292.9 eV
(K 2p3/2) and 295.5 eV (K 2p1/2) were assigned
to K-O groups [12].

293.8 K 2p
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_?:’i 296.4
=
£
— 295/5

290 292 294 296 298 300

Binding energy (eV)

Fig. 4 The high-resolution XPS spectra of K 2p
on the surface of PWKT film.

Photocatalytic Degradation of MB

The photocatalytic activities of the films on
glass substrates were determined for degradation
of MB, with an initial concentration of 10~ M,
under visible light for various irradiation times.
The apparent degradation rate constant (k) was
chosen as the basic kinetic parameter to compare
the photocatalysts, assuming the first order
kinetics [13],

In(C,/C) =kt 3)

where C is the concentration of MB remaining in
the solution at irradiation time t, and Co is the initial
concentration at t = 0. The observed In (Co/C) vs.
irradiation time is plotted in Figure 6, indicating that
first order kinetics fit the data well. The fitted k
values are in Table 2. The rate constant k was
enhanced by doping, and the 0.512 h! rate constant
for the PWKT film was about 4.5 folds relative to
pure T film. The PWKT film had near optimal
photoactivity across the range of compositions
tested (Figure 6). According to prior reports, many
factors affect the photoactivity of TiO;
photocatalysts, including crystallinity, grain size,
specific surface area, surface morphology and
surface state (surface OH radicals), and these factors
are not independent but closely related to each other
[14, 15]. Mixing NWs in KT film shifted light
absorption wavelength to the visible region and
narrowed the energy band gap to 2.51 eV. Well-
crystallized anatase crystallinity facilitates the
transfer of photo-induced vacancies from bulk to the
surface for degradation of organic composites, and
effectively inhibits the recombination between
photo generated electrons and holes. The KT film
had the smallest crystallite size, the WKT film had
the narrowest the energy band gap, and the PKT
film had high crystallinity. It was found that the
photocatalytic activities of transparent prepared
films increase with increasing the film thickness.
The higher photocatalytic activities for the thicker
TiO; films originated from the greater amount of
photogenerated electron and hole pairs, which were
transferred from the inside to the surface of TiO>
films. The thicker film had the larger surface area
because the surface roughness increased in general
with the increase of film thickness. Thus, it is
expected that the number of active sites on the TiO-
surface would increase [16]. Factors that affected
the photoactivity of PWKT film were high
crystallinity (NPs), small crystallite size (KT) and
narrow the energy band gap (WKT).

1.00
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O | AKT
Y | xpxT
+ WKT
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Visible light irradiation time (h)

Fig. 5 Photocatalytic degradation of MB by the
prepared films coated on glass substrates are well
approximated by first order kinetics.
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Table 2 The identified kinetics of photocatalytic degradation of MB

Samples Rate Equation Rate constant (k), ! R?
T C/Cp = g 0113 0.113 £ 0.001 0.997
KT C/Co=g02™1t 0.277 £0.004 0.987
PKT C/Cq = g 033U 0.331 +0.001 0.966
WKT C/Co= g 0423t 0.423 £ 0.003 0.984
PWKT C/Co= g 0512 0.512 + 0.002 0.994
Conclusion [2] X. Zhang, Q. Liu, Preparation and

TiO2 nanowire-nanoparticle hetero-structured
films were prepared via sol-gel method, and coated
on the glass substrate by the dipping method. The
prepared films were calcined at 400 °C for 1 h at a
heating rate of 10 °C min! in order to form
crystalline anatase crystallinity of TiO,. K doping
of TiO, films affected the crystallite size. The
PWKT film was near optimal across the
compositions tested, having the narrow band gap
energy (NWs), high crystallinity of anatase
crystallinity (NPs) and small crystallite size (K
doped), and the highest photocatalytic activity on
the degradation of MB. The PWKT film had about
4.5 fold degradation rate relative to undoped TiO,,
The results suggest that PWKT film is
advantageous for applications in sensors and water
splitting.
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