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The simple and fast route of the synthesis of platinum ions doped titania thin films is designed where
platinum(ll) acetylacetonate is used as a perspective doping agent due to the possibility of platinum
incorporation in the form of the different valence states. Additionally, the multilayered films showing the
varied properties are obtained. The increase in Pt content as well as the number of layers leads to the
higher absorbance and the band edge shift to the red part of the spectrum. The indirect electronic
transition is suggested and the calculated band gap values are depended on the film compositions as well
as the number of layers. The significant decrease in the band gap value of titania is noted for 0.5 %
Pt/TiO; films. Pure titania and doped titania films contain anatase phase only with the average crystallite
size near 14 nm. The conversion percentage of photocatalytic dichromate ions reduction is increased in
the presence of three-layered 0.5 % Pt/TiO; films under both UV and visible light. The activity of three-
layered films is higher compare to the single layered samples. The film contained 0.1 % Pt exhibited the
similar activity to titania one.
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INTRODUCTION investigations of the noble metal doped titania
active only under UV light are extensively
carried out whereas the platinum ions doped
semiconductors exhibit the low activity under
UV irradiation but are prospective photocatalysts
under visible light [8-11].

There are numerous publications reported
about the high activity of the pollutants
conversion by TiO, under UV light, but efficient
recovery of fine TiO. powder from treated liquid
phase is still a challenge. Therefore, our
investigation is focused on the fabrication of
semiconductive films, that are more suitable in
their practical application, and leads to the cost
reduction in the environment treatment process.
Thus, the scope of this investigation is to
synthesize the platinum ions doped titania films
and to investigate their optical, structural as well
as photocatalytic properties in the dichromate
ions reduction under both UV and visible light.
Here, we firstly proposed the simplest and fast
route of the synthesis of platinum ions doped
titania in the form of the thin nanocrystalline
films. It is firstly reported the application of

Titania is extensively studied as a
photocatalyst owing to its low-cost, non-toxicity,
chemical and Diological inertness, and
photostability. However, the low quantum yields
of visible light absorption hinder its practical
application. There are some main strategies to
improve the photocatalytic activity under UV
and visible light utilization of TiO2: i) coupling
with different semiconductors (TiOx/Fe;0s,
TiO,/CdS, TiO./RuO,, iron titanates), ii)
combining with noble metals TiOx/Au, TiOJ/Ag,
TiO/Pt), and iii) doping with metal ions and/or
non-metals (TiO2/N, TiOJ/Fe**/N, TiO,/Zr*/N
etc.) [1-7].

Noble metals such as Au, Ag and Pt are
frequently used to modify the TiO; surfaces in
the form of reduced nanoparticles [5]. There are
various approaches to obtain the noble metal
nanoparticles, among them photo- and thermal
treatment as well as the use of the reducing
agents. The photocatalytic activity of the
semiconductive materials is strongly dependent
on the metal-support properties. Commonly, the
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platinum(l1) acetylacetonate as a platinum source
in the films synthesis owing to some reasons: i)
divalent platinum can be reduced or oxidized
depending on the goal of the investigation; ii) the
presence of divalent platinum in the structure of
the semiconductor can act as the active trapping
sites for a photogenerated charge; iii)
acetylacetonate as a counter ion can be easily
involved in the organic network of titania sol
causing the sufficient incorporation the doping
agent ions into titania lattice and iv) exclude the
influence of chloride ions in photocatalytic
reactions [3] contrary to the chloroplatinic acid
use. Additionally, the creation of multilayered
films induced by the gradual crystallization of
every layer at 300 °C results in the change of
optical, structural and photocatalytic properties
of nanomaterials [7].

EXPERIMENTAL PART

The non-porous platinum doped titania films
were synthesized by sol-gel method [3,7]. To
the preliminary cold and acidified (concentrated
perchloric acid) ethanol solution, Pt(ll)
acetylacetonate dissolved in acetone was added.
After mixing for 15min, 5ml of titanium
isopropoxide (TTIP) was drop-wisely added
under continuous stirring. The sol was ready for
the dip-coating procedure after 15 min stirring.
The molar ratio of the component in the resulting
sol ratis to TTIP:Pt(acac),:(CHs),CO:C;HsOH:HCIO4
corresponded to 1:0.001:0.8:24.1:0.06 and
1:0.005:3.2:21.3:0.06 for 0.1 % Pt/TiO, and
0.5 % Pt/TiO, respectively. The one- and three-
layered films were deposited by dip-coating
procedure at a withdrawal rate 1.5 mm/s
allowing the uniform covering of the film onto
the glass substrate with a certain thickness. The
first two layers for the multi-layered films were
dried to 300 °C for 20 min and at 300 °C for
10 min. The films after hydrolysis in air for
10-60 min were treated in air at 450 °C for 1 h
with the heating rate of 3 °C/min. The absorption
spectra of the films were recorded by a
Lambda 35 UV-vis spectrophotometer (Perkin
Elmer) in the wavelength range from 200 to
700 nm.

XRD patterns were performed on a
DRON-4-07 using CuK, irradiation
(A=15418 A). The anatase crystal size for
undoped or platinum ions doped titania films is
estimated from the most intensive peak at
20 = 25.2° peak applying the Scherrer equation.
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For XRD measurements, the film was scratched
off.

Photocatalytic activity of the films was
assessed via Cr(VI) ions reduction reaction. The
film was immersed in 40 ml of an aqueous
solution of potassium dichromate (in all
experiments, the concentration of dichromate
ions was 5x10°M) and the reducing agent
(disodium salt of ethylenediaminetetraacetic
acid, Na;EDTA) in the molar ratio 2:1 adjusted
to pH>2 by perchloric acid. The reaction
temperature was kept constant (20 °C) during the
experimental procedure. The change of Cr(VI)
ions concentration was monitored with a UV-vis
spectrophotometer every 20 min at A = 348 nm.
An irradiation source of UV light was 1000 W
middle-pressure mercury lamp. The distance
between the lamp and the reactor was set at
124 cm. For testing the visible light sensitivity, a
filter transmitting light with A >350 nm was
introduced in the photocatalytic setup.

RESULTS AND DISSUSSION

The sol-gel method is the fast and low cost
synthesis process and can be more potential for
practical application in comparison with the
traditional techniques. The non-porous platinum
doped titania films were synthesized using
platinum(ll) acetylacetonate as the divalent
platinum ions can be the trapping sites through
the consecutive reduction/oxidation  ways
consuming considerable amounts of
photogenerated electrons and holes (reaction 1-3):

TiO + hv (< 380 nm) — e + h*p

UV light absorption (D)
Pt“ + €ch — Ptl + €ch — PtO

the electrons trapping by Pt species 2
the holes trapping by Pt species 3

It should be noted that the transformation of
Pt to Pt° (and vice versa) is a reversible and
cycled process under certain reaction conditions
[12] and the oxidation state of Pt species is the
most important parameter in determining the
photocatalytic activity of Pt/TiO, samples [8].
Therefore, to avoid any other trapping species in
the structure of the films (for example CI™ ions
[3]), acetylacetonate as the counter ions was
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chosen in the synthesis procedure of Pt/TiO;
films.

To investigate the influence of platinum
content and the thickness of the film on the
optical properties, the absorption spectra and
band-gap values were obtained. The optical
absorbance of the films was determined by
UV-vis spectroscopy and the band gap energies
(Eg) were calculated from the dependence of
ahv? vs E for indirect and a-hv? vs E for direct
electronic transitions. As clearly seen (Fig. 1),
the introduction of platinum ions in the
concentration of 0.1 and 0.5 mol. % to titania sol
leads to the change in the optical properties. No
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Fig. 1.
1-TiOz 2-0.1% Pt/TiO,, 3-0.5% PH/TIO,

The indirect electronic transition is
predominant over the direct one as the best
extrapolation of the straight line is noted for the
dependence of o'hv*? vs E (eV) and their
calculated band gap values are approached to the
found value for anatase 3.2 eV (Fig.1c,d and
Table). The increased Eg4 values for titania films
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significant change in the position of the band
edge is observed in the case of 0.1% PU/TiO;
comparing to TiO- for both one- (1L) and three-
layered (3L) films. On the other hand, the
increase in Pt content as well as the number of
layer led to the higher absorbance and the band
edge shift to the red part of the spectrum. It has
to be emphasized that the absorption efficiency
in the long-wavelength region is raised for three-
layered films for both platinum-containing films.
It points on the increase of platinum ions in the
film structure and the possibility to absorb the
light with lower energy.
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Absorption spectra (a, b) and ahv? vs E (c, d) of one- (a, c) and three- (b, d) layered films treated at 450 °C:

by 0.2eV can be explained by the anatase
particle size decrease [13]. No change in the Eq4
values is observed for TiO, and 0.1 % Pt/TiO>
films suggesting the extremely low content of
platinum ions and their homogeneous
distribution over titania lattice. However, the
increase in Pt content to 0.5 % leads to the band



D.V. Ihnatiuk, N.P. Smirnova, O.P. Linnik

gap narrowing: Eg values are 3.2 and 3.0 eV for
1L and 3L films, respectively. It is obviously that
the presence of 0.5 % platinum ions leads to the
decrease in the band gap value of titania as a
result of their incorporation into titania lattice
and this value depends on the number of film
layers due to the increase in the platinum
loading.

XRD analysis is used to investigate the
changes in the phase structure and crystallite size
of the bare titania and Pt doped one (Fig. 2). Pure
titania films contain anatase phase characterizing
by the diffraction peaks at about 25.4° (101),
37.9° (004), 48.1° (200), 53.9° (105), 54.9° (211),
62.6° (204), 68.9° (213), 70.1° (220) and 75.7°
(215) (JCPDS 21-1272). In the case of Pt ions

loaded titania films, all the diffraction peaks
belonging to anatase are observed. An addition
peak at 31.8° appeared in XRD spectrum of
0.1% Pt/TiO, (it is not observed for
0.5 % Pt/TiOy) is not matched with PtO, PtO- or
other crystalline forms of titania. No other
diffraction peaks belonging to Pt species are
detected as a result of the low content of Pt
loading or Pt ions incorporation into titania
matrix [14]. To understand which types of
platinum-containing species in titania (Pt°, Pt?*
and/or Pt**) are formed after annealing in the
samples synthesized by us, the additional
investigations of the films composition are
required. The average anatase crystallite size for
all samples is about 14 nm.

Table. The band gap energy values (eV) of semiconducting systems for direct (0?) and indirect (a/?) electronic

transition

- 0% 0.1% 05% 0% 0.1% 0.5%
X % Ptin TiO2 - -
one — layered film three — layered film
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Fig. 2. XRD patterns of TiO; (1), 0.1 % Pt/TiO; (2) and 0.5 % Pt/TiO; (3)

To the best of our knowledge, there is no
reported investigation related to the dichromate
ions photocatalytic reduction over platinum ions
doped titania films. The dichromate ions
concentrations vs the irradiation time in the
presence of platinum ions doped titania films
under UV and visible light are shown in Fig. 3.
Among one-layered films, the highest activity is
observed for pure titania film under UV light. It
can be caused by the increased recombination
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rate of the photogenerated charges during UV
illumination over platinum doped titania films.

Under visible irradiation, the activity of one-
layered doped films is also decreased comparing
to undoped one. The visible light reduction of
Cr(VI) ions in the presence of undoped titania
(near 10 %) can be explained by the catalytic
reduction process [15].

Considering the photocatalytic activity of
three-layered films, the conversion percentage of
dichromate ions reduction is increased in the
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presence of 0.5% Pt/TiO, films. The film
contained 0.1 % Pt exhibited the similar activity
to titania one. It should be noted that the activity
of three-layered film containing 0.1 % Pt ions is
higher than that of one-layered one under UV
and visible light. It reflects the analysis of optical
properties mentioned above where the more
intensive absorption in the visible region of the
spectrum was observed for three-layered film
suggesting its higher degree absorption of the
light of lower energy. The highest efficiency was
noted for 0.5 % Pt/TiO, among all tested films
under visible light. It is clear that the conversion
percentage of photocatalytic reduction in the
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presence of doped films is still low under visible
light. It can be explained by i) insufficient
separation of the photogenerated charges or ii)
an increased recombination rate between the
photoformed electron and hole in the proposed
composites.

The concurrent intensity decrease at 350 nm
and its increase at 530-600 nm related to the
formation of non-toxic Cr(ll1) ions are observed
in the presence of 0.5 % Pt/TiO; film under UV
light (Fig.4). It is evident that the toxic
dichromate ions are reduced to non-toxic Cr(l1l)
ions over the tested films.
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Fig. 3. The dependence of C/Cy on the irradiation time in the presence of TiO2 (1L — 1, 3L - 2), 0.1 % Pt/TiO, (1L
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Fig. 4. Evolution of the absorption spectra of dichromate ions reduction (a) and accumulation of Cr(l11) ions (b) in
the presence of 0.5 % Pt/TiO, film during UV irradiation

Overall, the limited photo-excitation of
electrons in the intragap localized states, the low
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vacancies by doping [17] are the reasons of the
low photocatalytic  efficiency of  the
semiconductive ~ composites.  Thus,  the
photoreactivity of doped TiO, appeared to be a
complex function of the doping agent
concentration, the energy level of doping agent
within the TiO, lattice, their d-electronic
configurations, the ionic radius of doped metal,
the distribution of doping agent, the electron
donor concentrations and light intensity.

CONCLUSIONS

The synthesis conditions of non-porous
platinum doped titania films using platinum(ll)

different contents of doping agent and thickness
(one- and three-layered films) have been
synthesized. The absorption spectra pointed on
the influence of the film compositions as well as
the thickness on the optical properties of the
samples. The obtained band-gap values showed
that the incorporation of 0.5 mol. % platinum
ions in the TiO; structure led to its band gap
narrowing. The sharp narrowing of the band gap
energy to 3.0eV is observed for the three-
layered 0.5 % Pt/TiO,. The efficiency of toxic
dichromate ions reduction is increased with the
platinum ions content growth in the
semiconductive structure.

acetylacetonate are designed. The films with the

HenopucTri miIiBKu 1i0KCHAY TUTAHY, MOAM(IKOBAHOIO MJIATHHOK: CUHTE3, ONITHUYHI Ta
(oToxaTasiTHYHI XapaKTePUCTHKH
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Pospobneno ymosu cunmesy Henopucmux TiO, nuaigox, O0NOGAHUX UOHAMU NAAMUHU, 3
suxopucmanuam naamunu(ll) ayemunayemonamy. Cunme308aHo 3pasku 3 pi3HUM @MICMOM OONawmy i
piznoo mogwunolo niieku. Cnexmpu HOIUHAHHS NAIGOK GKA3YIOMb HA GNAUE CKIAdY NaieKu ma il
moswuHy Ha onmuyuni eracmusocmi cucmem. Inkopnopysanns TiO; sionamu niamunu npueoOUms 00
38YHCEHHST WUPUHU 3AO0POHEHOI 30HU HANIBNPOGIOHUKA, AK C8I0Yamb OaHi, po3paxo8ani 3 ONMUYHUX
cnexmpie. Hatimenwie 3nauenns wupunu 3a6oponenoi 3onu (3.0 eB) i natisuwa epexmugnicms y peaxyii
BIOHOGNECHHA OUXpOMAm toHie cnocmepizanucy 0 mpuwaposoi niaisxu 0.5 % PH/TIO,.

Knrouosi cnoea. nuiexu Jioxcudy mumany, 00N08AH020 NAAMUHOIO, GIOHOGIEHHA OUXPOMAmM UOHIS,
ONMUYHI 8AACTMUBOCIIE, 36VHCEHHS WUPUHU 3A00POHEHOI 30HU, (homoKamanis

Henopucrple MJIeHKH TMOKCHIA TUTAHA, MOAM(PUIIMPOBAHHbIE IJIATUHOM: CHHTE3,
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Paspabomanwr ycnosus cunmesa nenopucmuix TiOz nieHox, OONUPOBAHHBIX UOHAMU NIAMUHBL C
ucnonvsosanuem naamunvl(ll) ayemunayemonama. Cunmesupoganvl 00paA3ybl C PA3HLIM COCABOM
donauma u pasHou moayunol nieHku. Cnexmpbol no2noujerus nieHoK YKa3ulearom Ha eIUsAHUE COCMAsA U
MONWUHbL NIEHKU Ha onmuveckue ceouicmea cucmem. Huxopnopupoeanue TiOz uonamu naamumsl
NPUBOOUTH K CYICEHUIO WUPUHBL 3ANPEUeHHOU 30HbL NOJYIPOBOOHUKA, KAK C8UOEMeNbCmeyom OanHble,
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paccuumanHvle u3 onmuyeckux cnekmpos. Haumenvuiee snavenue wupunsvl 3anpewerntoti 30nul (3.0 eB) u
nausvicuias d¢pGexmusnocmo Habrodaruces oaa obpasya 0.5 % PHTIO,.
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