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Nb-doped TiO, thin films deposited by spray pyrolysis

method
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Undoped TiO, and Nb-doped TiO; thin films have been deposited by spray pyrolysis method on ITO/glass substrates. All
the as-deposited films are amorphous, as shown by X-Ray Diffraction. Under certain conditions of heat-treatment in air, the
films deposited by pyrolysis became pure anatase. The hydrophilic properties of all the films were investigated, and a
comparison was made as a function of the heat treatment, and as a function of Nb doping. Contact angles lower then 3 deg.

have been obtained, after irradiation times specific for each film
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1. Introduction

Since the humanity confronts with global problems
such as: green house effect, ozon depletion, etc.,
phenomena that have increased in intensity in the last few
years, an important responsibility is attributed nowadays to
the environmental protection. In this respect, concern for
the development of less polluting alternative technologies
has increased all over the world. It is necessary to develop
new applications based on the oxidation process because
many pollutants are organic compounds which resist to
chemical or biological treatments [1,2]. One of the most
promising method that can be used in the degradation of
different polluting organic compounds existing in water or
air, is photocatalysis. The discovery made in 1972 by
Fujishima and Honda of the photodecomposition of water
on a titanium dioxide electrode (without the use of
electricity) marked the beginning a new era in
photocatalysis [3,4]. Titanium dioxide is considered by
some researchers that it is, it was, and it will be the best
photocatalyst, due to its low cost, non-toxicity, high
oxidation potential, transparency in the visible domain,
excellent chemical and mechanical stability in unfriendly
environment, or in a large number of solvents, etc. [3-7].
In 1995 Fuyjishima and his group of researchers have
discovered that TiO, thin films surface exposed to sunlight
became superhydrophilic (contact angles lower then 10
deg.). This property led to the development of
technologies for self-cleaning and anti-fog materials.
However, one of the drawbacks would be that TiO, does
not absorb the visible sunlight, due to the large optical
band gap of these materials (about 3.2eV for anatase) that
requires the activation with near-UV light radiation
(A < 388 nm); this makes the process less efficient, since

only about 3 % of solar energy spectrum is near-UV. In
the mean time, it was reported [8] that the electron-hole
lifetime values (responsible in the redox processes) are
directly proportional to the bandgap values. Many groups
of researchers are working to remedy this problem,
managing the expansion of TiO, absorption from near-UV
light to the visible light [9-11].

A rapid evaluation of the films photocatalytic activity,
can be indirectly done via hydrophilicity measurements, as
long as the surface hydrophilicity is intimately associated
with  their oxidizing capacity, despite different
mechanisms that rule these two features [4].

In this paper we have studied the structural and
hydrophilic properties of the undoped TiO, and Nb-doped
TiO, thin films, deposited by spray pyrolysis.

2. Experimental part

Undoped and Nb-doped titanium oxide thin films
were obtained by spraying an appropriate solution from a
sprayer, placed at 18 c¢cm in front of a heated substrate
holder (inclined at 55° with respect with the horizontal
plane). The deposition was made on glass covered by 150
nm transparent indium tin oxide (ITO) (from Merck
Balzers), heated at 100 °C, and it was performed by
repeating three identical procedures, with a 10 min break
between them (for each substrate in part). A procedure
involved three steps, each consisting of 10 s spraying,
followed by 20 s pause.

The solution used to obtain the undoped thin films
consists in a mixture of 6 mL ethyl alcohol (95%), 0.5 mL
Ti(OC4Hg)s and 0.5 mL HCl (used as stabilizer),
vigorously stirred for 10 hours in N, atmosphere. The
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solutions with the increasing Nb content were obtained by
adding to the previous mixture, increasing amounts of
Nb(OC,Hs)s.

To obtain polycrystalline structures, the as-deposited
thin films were thermally treated. Heat treatment was
performed using a furnace tube Barnstead F21130-33 and
consisted of: heating the obtained films with 2 °C/min
temperature rate, followed by the annealing (120 min at
400 °C) and a cooling down to room temperature. We
denote the thermal untreated samples by Son, Sin, S,n,
and those heat treated, by Set, Sit, Syt. Sy notation refers to
the undoped samples, while S;, S, refer to Nb-doped
samples with increasing Nb content, 0.2wt.% and 0.6wt.%
respectively.

Thin films structure was investigated by X-ray
diffractometry (XRD), in standard 6-26 configuration with
a SHIMADZU 6000 diffractometer (CuK, radiation,
40kV, 30mA).

The average crystallite size value, D, of the heat-
treated films, calculated with the Debye-Scherrer formula
[12]:

_ 0.9
4 B, ,,cos0

(1)

where By, is the width measured at half height of the
diffraction peak (in radians), 6 is the Bragg angle, and A is
the wavelength of X radiation (here, A = 1.54A).

Scanning electron microscopy (SEM) analysis was
performed for the investigation of the films surface
morphology, by using a SEM VEGA 11 LSH scanning
electron microscope manufactured by the TESCAN Co.,
the Czech Republic, coupled with an EDX QUANTAX
QX2 detector manufactured by the BRUKER/ROENTEC
Co., Germany.

To determine if the studied surface area is hydrophilic
or hydrophobic, contact angle measurements between
films surface and de-ionized water have been performed,
by using a home-built goniometer allowing advancing-
and receding-angle measurements in the sessile drop
arrangement. The motorized syringe (Hamilton, 10 pL) of
the set-up, operated by a computer, allowed controlling
drop volume with 500 nL accuracy. The drop image was
acquired by a CCD camera (752 pixels x 582 pixels)
attached to the microscope, then transferred to the
computer for processing with an image analysis software.
Measurements were made at a room temperature (20°C)
under 65 % environment humidity conditions. We have
chosen drop volumes of 500 nL, thus avoiding accidental
drop shape alteration due to the gravitational force and to
diminish the evaporation effects.

The photoactivation of the films surface was
performed by irradiating the samples with UV light, from
a high-pressure mercury lamp (150W) ensuring a flux of
ImW/cm?® at samples surface, until the saturation of the
photoactivation was reached (contact angle decreased
below 3 degrees). The measurements were made at 5 min
intervals of irradiation, and each final value of the contact
angle was obtained by averaging three contact angle
values measured at different locations on the films surface.
Then, by keeping the samples in darkness, the contact
angles were monitored during the back-reaction time,
every 12 hours, until they approached to the value of
contact angle taken before irradiation with UV light.

3. Results and discussion

X-ray diffraction (XRD) measurements indicate that
the initially deposited samples are amorphous. After heat
treatment they become pure anatase (Fig. 1). An anatase
surface is desired in photocatalysis because is more open
than the surface of significantly denser rutile, and it has a
higher oxidizing power and a higher density of oxygen
bridging sites [13].
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Fig. 1. XRD patterns for the heat treated samples:

undoped (Spt) film and Nb-doped films (S;t, S»t). The

peaks of the anatase phase: A(101) and A(004), as well

as the peaks of the ITO substrate can be observed in the
XRD patterns.

The average crystallite size of the anatase phase,
calculated with the relation (1), are under 10nm, and a
slight decrease was observed with the increase of the Nb
content, from about 8.2 nm (Syt), till 7.0 nm (S;t) and 5.8
nm (S,t).

From the SEM images presented in figure 2 (a,b) for
the Syt film (0.6 wt.% Nb, annealed at 400°C), a compact
structure can be observed.
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Fig. 2. SEM images of the sample St at different scales.

The elemental composition at the film surface,
obtained from EDX analysis, is given in Table 1 for the
sample S,t. It can be seen the presence of the Nb atoms in
the TiO, matrix.

Table 1. Elemental composition at the surface of S>t sample

Element Weight | Atomic Error
[%] [%] [%]
Silicon 28.94 24.46 1.44
Calcium 3.98 2.36 1.01
Sodium 4.34 4.48 0.38
Magnesium | 1.16 1.13 0.12
Aluminium | 0.78 0.69 0.08
Potassium 0.01 0.01 0.03
Titanium 0.66 0.33 0.06
Indium 7.53 1.56 0.97
Tin 7.44 1.49 1.02
Niobium 2.84 0.73 0.26
Oxygen 42.32 62.78 58.84
100.00 100.00

The contact angle dependence on the time of
irradiation with UV light for the untreated and heat-treated
samples is presented in figure 3. One can see that the
superhydrophilicity state is reached by all the studied
samples.
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Fig. 3. Contact angle as a function of the irradiation time.

Initially, the samples were hydrophobic, with contact
angles varying from 92 deg. to 111 deg. After less than 20
minutes of UV irradiation, they reached contact angles
lower then 3 degrees, so, they become very rapidly
superhydrophilic. Achieving superhydrophilicity states
occurs different for heat treated and untreated samples.
Thus, the decrease of the contact angle is more
pronounced in the first case, and this is certainly due to the
presence of the anatase phase in the heat treated samples.
A special remark can be made on the S,t sample (0.6 wt.%
Nb-doped heat-treated film), that has reached
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superhydrophilicity after only 10 minutes of UV
irradiation. This behavior could be related to its smaller
crystallites, which in turn lead to more active surfaces in
terms of hydrophilicity [14,15].

Contact angle dependence on the recovery time, after
irradiation with UV light (by keeping the films in a dark
place), is represented in Fig. 4. One can see that the
contact angle slowly returned to near baseline, which is an
advantage for these samples obtained by the spray
pyrolysis technique. Remarkable are not only the obtaining
of contact angles less than 3 degrees in very short times,
but also the long recovery time (more than 6 days for the
heat treated samples).
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Fig. 4. Contact angle versus time dependences,
as monitored during the back-reaction regime.

4. Conclusions

We have obtained amorphous thin films of undoped
and Nb-doped TiO, with different concentrations of Nb,
using the spray pyrolysis method. By heat treatment, the
films become polycrystalline, having anatase crystallites
which slowly decrease by Nb doping. The heat-treated
samples are superior as concern the hydrophilic properties,
then their as-deposited counterparts. Remarkable are not
only the obtaining of contact angles less than 3 degrees in
very short times, but also the long recovery time (more
than 6 days for the heat treated samples).
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