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Photocatalytic properties of Ti—V oxides thin films
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In this work, the photocatalytic properties of Ti—V oxides thin films with 19 and 23 at.% of
vanadium addition have been outlined. The films were deposited by the high energy reactive
magnetron sputtering method. X-ray photoelectron spectroscopy measurements were done in order
to determine the chemical composition and binding energy of the elements on the samples surface.
Additionally, based on wettability measurements, the water contact angles were evaluated and
were equal to ca. 94° and 55° for thin films with 19 and 23 at.% of V, respectively. This testifies
about hydrophilic and hydrophobic properties, respectively. Photoactivity of thin films was
determined by percent decomposition of phenol for 5 hours during UV—vis radiation exposure.
The highest photocatalytic activity of 6.2%/cm? was obtained for thin films with 19 at.% of V.
It has been found that an increase in V amount in Ti—V oxides thin films to 23 at.% results in
lowered to 3%/cm? photocatalytic activity.
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1. Introduction

One of the most often used materials with high photocatalytic activity is titanium
dioxide (TiO,) [1]. TiO, has many advantages, like excellent chemical, thermal and
mechanical stability. It is also known as a low-cost and non-toxic material [2—4].
TiO, can be applied in various applications [1]. TiO, exhibits excellent optical
transparency in a wide wavelength range and high refractive index [5]. Due to its wide
band gap (3.2 eV [1]), it can use only a small portion of UV radiation that can be
absorbed and as a result, the efficiency of photocatalytic process is limited [6]. To shift
the absorption edge of TiO, from UV to the visible spectral range and simultaneously
to reduce the recombination rate of excited electrons and holes, doping of TiO, with
metal ions has been applied [7, 8]. Transition elements like Cr, Mo, W or V have
been frequently used as dopants to TiO, matrix, because of their high absorption in
the visible region, which in turn can improve photocatalytic activity [9-11]. As it is
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concluded from the reports [12, 13], among the transition metal ions, the vanadium
element is the most often used as a dopant, because it can increase carrier lifetime and
also extend the absorption range of TiO,. In addition, vanadium doping may reduce
the TiO, band gap even to 2.5-2.7 eV [14] and promote the crystal growth and phase
transformation of TiO, [15]. CHoI ef al. showed that only elements like V and Fe can
raise the TiO, activity, because they posses unoccupied energy levels in the conduction
band [7]. Therefore, many research groups have prepared V-doped TiO, and studied
its photocatalytic properties. KLOSEK and RAFTERY reported that the V-doped TiO, can
photodegrade ethanol under the illumination of visible light [11]. WANG and DOREN
found that some spin-polarized gap states, also formed in the gap after V-doping,
besides the broadening of the conduction band, narrow its band gap [16].

The aim of the present study is to evaluate the effects of vanadium addition to TiO,
matrix on structure, wettability and photocatalytic activity of thin films prepared by
the reactive magnetron sputtering method. On the basis of previous works [17, 18],
the amount of V dopant was selected in order to compare photocatalytic activity of
two thin films with different structural properties.

2. Experimental procedure

Mixed Ti-V oxides thin films were deposited on Corning (7059) glass and silica
substrates with different concentration of V dopant using the high energy reactive
magnetron sputtering (HERMS) method [19, 20]. Mosaic target consisting of V me-
tallic foils located on Ti target was used to obtain Ti—V thin oxide films. The original
part of the conducted work is that the sputtering was carried out applying oxygen as
the only reactive and working gas instead of typical oxygen—argon mixture. Plasma
pressure was kept below 0.1 Pa. Furthermore, the magnetron source was powered in
a unipolar mode with 165 kHz sinusoidal pulses.

The content of V amount was analyzed using an energy dispersive spectrometer
(Noran Vantage) and the concentration in two sets of prepared samples was 19 and
23 at.%. To determine the thickness of prepared films, a Taylor Hobson TalySurf CCI
Lite optical profilometer was used, and it was equal to 334 and 360 nm for thin films
with 19 and 23 at.% of V, respectively.

Crystal structure of prepared thin films was characterized by X-ray diffraction (XRD)
method with the aid of DRON-2 powder diffractometer with Fe-filtered Co Ko source.

The optical properties of the Ti—V oxides were measured at room temperature by
Ocean Optics spectrophotometer. The transmission spectra were recorded in the range
of 300-1000 nm.

Chemical states of the elements on the surface were studied by X-ray photoelectron
spectroscopy (XPS). Experiments were performed with the aid of Specs Phoibos 100
MCD-5 (5 single channel electron multiplier) hemispherical analyzer in ultra-high
vacuum conditions using Specs XR-50 X-ray source with Mg Ko (1253.6 eV) beam.

The surface wettability of the thin films was evaluated by contact angle measurement
of deionized water under room temperature and daylight illumination. The measure-
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ment was carried out with a computer controlled CAM 200 goniometer system
manufactured by KSV Ltd. The experiment was repeated five times and the average
value was presented.

The photocatalytic behaviour of the films was investigated through photodegradation
of phenol. The photocatalytic setup consisted of a UV—vis light source (6x20 W
Phillips lamps with the following intensity of UV and vis radiation: 183 W/m? and
167 W/m?, respectively), cylindrical reservoir, which contained 100 ml of solution
with the phenol concentration of 10 mg/l. Solution was prepared by dissolving
the appropriate quantity of pure phenol in distilled water. To avoid the heating
of the solution, the reaction temperature was controlled by circulation of water through
the jacket at constant temperature (ca. 15 °C). All experiments were done under
agitation with a magnetic stirrer operating at 500 rpm in order to provide a good mixing
of the suspension. No external oxygen supply was used. The phenol concentration was
calculated from the absorption peak at 270 nm by means of a calibration curve. After
30 minutes of premixing at constant temperature, lights were switched on to initiate
the reaction. To determine the change in phenol concentration, samples of phenol
solutions were withdrawn regularly every 60 minutes for 5 hours from the reactor.
The radiation exposure and photocatalytic reaction lasted for 5 hours. The final
transparent solution was poured into a quartz cuvette and analyzed by UV-vis
spectrophotometer.

3. Results and discussion

The XRD patterns (Figs. 1-3) show that the crystal structure of prepared Ti—V oxide
thin films depends on the vanadium amount incorporated into the films. In case of
19 at.% of V, no characteristic peaks of titanium dioxide or vanadium oxides were
detected (Fig. 1). This indicates on amorphous behaviour. When the amount of
vanadium increases to 23 at.%, the nanocrystalline structure of V,05 with crystallites
size of 32.4 nm, calculated according to the Scherrer’s formula, has been observed
(Fig. 2a). AFM images of studied Ti—V oxide thin films have been shown in Figs. 2a
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Fig. 1. XRD measurements of Ti—V oxides according to the standard pattern for V,0O5 phase [21].
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a

Fig. 2. AFM images of Ti—V oxides with 19 at.% of V (a) and 23 at.% of V (b).
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Fig. 3. The height distribution of grain size in Z direction.

and 2b. The investigation has revealed densely packed structure and homogenous
surface in both cases. Grains visible in the images might be composed of several
smaller crystallites. The analysis of AFM images has shown that RMS surface
roughness is ca. 3.6 and 14.4 nm for Ti—V oxides with 19 and 23 at.% of V,
respectively. Height distribution of grain size in Z direction has shown that in case of
Ti—V oxide with 23 at.% of V the film is more diversified (Fig. 3).

To determine the distribution and chemical states of the V at the Ti—V oxide surface,
XPS characterization has been performed. In Figures 4-6 the XPS Ti2p, V2p and
Ols core level spectra of the fabricated thin films have been presented. The position
of Ti2p doublet and separation of 5.5 eV and 5.9 eV for Ti-V (19 at.% of V) and
Ti-V (23 at.% of V) thin films, respectively, between the Ti2p;,, and Ti2p,,, peaks
indicate the Ti*' oxidation state (Figs. 4a and 4b). This testifies about TiO, forma-
tion [22]. The V2p;,, photoelectron peaks appear at 517.2 eV and 517.1 eV for
the Ti—V (19 at.% of V) and Ti—V (23 at.% of V) films, respectively. This indicates
on the appearance of V> species in the thin film and testifies about V,05 presence.
Furthermore, in obtained V2p XPS spectra (Figs. 5a and 5b), except V2p,,, and
V2ps,, two additional satellites can be observed at 519.5 eV, 521.6 eV for Ti-V
(19 at.% of V) and at 519.2 eV, 521.6 eV for Ti-V (23 at.% of V).
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Fig. 6. XPS spectra of Ols core levels for Ti—V (19 at.% of V) (a) and Ti—V (23 at.% of V) (b) thin films.

In case of Ols oxidation state, the received results show the presence of hydroxyl
radicals (*OH) and water molecules (H,0O) on the thin films surface (Fig. 6). Hydroxyl
radicals are formed on the surface of Ti—V oxides by reaction of holes in the valence
band with adsorbed H,O, hydroxide or surface titanol groups (> TiOH) [23]. The pres-
ence of TiOH groups indicates hydrophilicity [24], which decreases with an increase
in V ion components on the surface.

Table 1. Contact angle and critical surface tension of Ti—V with different amount of vanadium.

Thin oxide Vanadium amount Contact angle Critical surface tension
film [at.%] [deg] [mN/m]
Ti-V 19 93.942.8 10.2

23 55.0£3.6 19.5

In Table 1 the values of a contact angle of Ti—V oxide thin films have been
presented. This higher contact angle was obtained for Ti—V oxide thin film with 19 at.%
of vanadium, which reveals hydrophobic properties. In case of Ti—V oxide thin film
with 23 at.% of V, the contact angle has much lower than 90° and the thin films were
hydrophilic. Such results can be connected with smaller roughness of Ti—V oxide thin
film with 19 at.% of V in comparison to 23 at.% of V. Critical surface tension increased
for a thin film with an increase in vanadium amount to 23 at.% and it was equal to
19.5 mN/m in comparison to 19 at.% with 10.2 mN/m. This indicates that Ti—V oxide
thin films with 19 at.% of V have about two times less wettable surface than
Ti—V oxide thin films with 23 at.% of V. It is likely that the critical surface tension
also depends on roughness of measured samples surface. The lower value was obtained
for an amorphous thin film with RMS of 3.6 nm.

The optical transparency of Ti—V oxide thin films deposited on SiO, substrates
was determined on the basis of transmission spectra presented in Fig. 7a. In comparison
to undoped TiO,, which transmission coefficient (7};) reaches ca. 80% in the visible
spectral range [25], the addition of vanadium decreases the transparency level only for
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Fig. 7. Optical transmission (a) and absorption spectra (b) of TiO, and Ti—V oxide thin films with different
amount of vanadium compared to the spectrum intensity of UV—vis lamp.

several percents. However, the measured films still reveal high transparency in consid-
ered spectral range and the average 7; was ca. 73% for Ti—V oxide thin films.
Additionally, based on optical transmission spectra, the cut-off wavelength has been
estimated. It is equal to 380 and 430 nm for the Ti—V (19 at.% of V) and Ti—V (23 at.%
of V) oxide thin films, respectively. In Figure 7b absorption spectra for TiO, and
Ti—V oxides thin films have been presented in comparison to the UV—vis lamp
spectrum, which was used during photocatalysis investigation. Absorption edge for
Ti—V oxides is shifted towards longer wavelengths as compared to TiO,. Thin films
compounds of Tiand V oxides can absorb more light in near UV and short wavelength
part of visible light, what should result in their better photocatalytic activity than TiO,.

The photocatalytic activity of deposited thin films was determined based on phenol
decomposition results. Photocatalytic reactions were conducted for 5 hours under
UV-vis light. Figure 8 shows the influence of V amount on the photocatalytic activity
of the Ti—V oxide thin films, defined as percentage phenol losses in a time function.
By the reason of a small sample size of approximately 1 cm?, the phenol decomposition
was estimated as %/cm?. According to the results of phenol decomposition, thin films
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Fig. 8. Phenol decomposition of Ti—V oxide thin films with different amount in time.
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with 19 at.% of V have higher photocatalytic activity than thin films with 23 at.%
of V. It can be found that the photoactivity of Ti—V (19 at.% of V) is ca. 6%/cm?,
while for Ti—V (23 at.% of V) is equal to ca. 3%/cm?. Obtained results are unique,
because usually more efficient catalytic process proceeds for samples with crystalline
structure, as described by EUFINGER et al. [26], while Ti—V (19 at.% of V) thin film
reveals an amorphous phase according to XRD measurements. In comparison to
powders, which have active surface area of about 50-200 m?, the decomposition of
phenol in case of Ti—V oxides thin film is high.

Based on XPS results, we assume that the sample with 19 at.% of vanadium has
a better photocatalytic activity, due to the presence of larger amount of TiO, on
the surface of the thin film. In the sample consisting of 23 at.% of vanadium, the sur-
face was mostly covered by V,05 particles what justify the lower photoactivity in
comparison to Ti—V oxide (19 at.% of V). Moreover, the surface of Ti—V oxides thin
film with 19 at.% of vanadium reveals higher quantity of OH radicals and H,O
molecules, which can also be connected with the higher photoactivity. We assume that
Ti—V oxides thin films exhibit better photocatalytic activity in comparison to TiO,,
because such coatings can absorb more UV and also part of visible light and therefore
photocatalysis is more effective.

4. Conclusions

Ti—V oxide thin films with different amount of vanadium have been prepared by
the HERMS method. The XRD patterns exhibited the amorphous nature for Ti—V oxide
with 19 at.% of V and nanocrystalline V,05 phase for Ti-V oxide thin film with
23 at.% of V. Ti—V thin films have the absorption edge shifted into visible range as
compared to undoped TiO,. The XPS results showed more OH groups and H,O mol-
ecules adsorbed for the sample with 19 at.% of vanadium. This is also confirmed by
the photoactivity measurements. The contact angle investigation reveals hydrophobic
behaviour for Ti—V oxide with 19 at.% of V and hydrophilic behaviour for Ti—V oxide
with 23 at.% of V. The better photocatalytic activity has been obtained for amorphous
thin film.
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