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In this work the titania films modified with ethanolamines are synthesized by sol-gel method
using two different routes. Introduction of template during sol ripening leading to the formation of
porous structure and a single stage synthesis resulting in non-porous surface are proposed. The optical
properties and calculated band-gap values of the films are presented. The titania particle size of the
modified films is increased in comparison with the bare one as results of Root mean square (RMS) and
Roughness average (Ra) values. The influence of the synthesis conditions and structure of
ethanolamines on the photocatalytic activity under visible light are reported.

Introduction

Photocatalysts which are sensitive to visible light have been paid much attention for
their potential use of solar energy [1]. Nitrogen doped titania was first prepared by Sato [2]
calcinating titanium hydroxide with ammonium ions, after that the sensitization of TiO,
powders due to NO, impurities has been occurred. In particular, nitrogen-doped TiO; is known
to be a promising photocatalyst sensitive to visible light [3]. Therefore, a number of studies on
the synthesis and characterization of various types of N-doped TiO,, including thin films [3-5],
single crystals [6] and powders [1, 7] has been reported. Based on theoretically calculation of
band energies, Asahi et al. [1] concluded that the substitution of nitrogen in the TiO, lattice by
mixing the N 2p and O 2p state on the top of valence band could narrow the band gap energy.
The mechanism of band gap reduction is not clear due to the problem in locating the exact
position of N in the TiO; lattice. However, XPS analysis claimed the state of doped nitrogen to
be N-anion [8], atomic S-nitrogen [9], and oxidation of TiN [10].

Mesoporous materials are getting considerable attention because of their potential
applications in the field of catalysis, bio-medical engineering, energy storage and conversion,
separation technology. Mesoporous titania is of particular interest due to photocatalytic and
photovoltaic applications [11, 12]. The preparation of mesoporous titania mainly relies on soft
template (supra molecular assemblies of surfactants or block copolymers) and hard template
(porous alumina, porous silica, porous carbon, polystyrene spheres) [13]. Template - free
approach based on different mechanisms was also developed to synthesize titania particles with
great activity [14].

We have attempted to prepare nitrogen doped titania from mono-, di-, and
triethanolamine by sol-gel method. The present paper deals with the synthesis of the nonporous
films by a soft chemical route that is template - free or a three-block copolymer of
polyethyleneoxide and polypropyleneoxide (PEO)o(PPO)7o(PEO)y (Pluronic P123) as a
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template for the porous samples preparation. Since incorporated nitrogen release from titania
matrix as well as the acceleration of titania crystallization took place at above 500 °C [15], the
films were treated at 450 °C with heating rate 3 °C/min. The photocatalytic activity of the UV
and visible light active photocatalyst was evaluated towards the reduction of toxic Cr(VI) ions
as a model reaction.

Experimental

Titanium dioxide films were synthesized by sol-gel method and in detail described
herein [16]. The nitrogen containing films were synthesized by two procedures named as sol-
gel I and sol-gel II. All synthesis stages of sol-gel I were carried out analogous to bare titania
films with the final addition of doping agents (10 or 20 mol. %), namely, mono- (MEA), di-
(DEA) or triethanolamine (TEA). The entity of the sol-gel II was to add titanium isopropoxide (10
mol. %) to the previously heated (65 °C, water bath) doping agent with the following stirring of the
resulting mixture for 20 min. The one-layered films were deposited by dipping at the withdrawal rate of
1.5 mm/s onto previously cleaned glasses. Thermal treatment was carried at 450 °C with heating
rate of 3 °C/min.

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 bichromate (in all
experiments, the initial concentration of bichromate ions was 2*10™* 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
Lambda 35 UV-vis spectrophotometer (PerkinElmer) every 20 min at A=350 nm. The distance
between the lamp and the reactor was set at 50 cm. For testing the visible light sensitivity, a
filter transmitting light with A > 350 nm was introduced in the photocatalytic setup.

An irradiation source of UV light was 1000 W middle - pressure mercury lamp. The
absorption spectra of the films were recorded by a Lambda 35 UV-Vis spectrophotometer
(PerkinElmer) in the range of 200-1000 nm. AFM images were recorded using the microscope
is Nanonics Multiview 4000 with phase feedback, intermittent mode. Scanning area:
40umx40um; scan resolution: 256 lines; scanning speed: 6.12 lines/s; resonance frequency: 40
kHz; aperture diameter: 20 nm; active quality factor: 1600. The Nanonics Multiview 4000 is
working in tapped mode (intermittent contact) with a tuning fork probe with Cr/Au coating.

Results and discussion

To investigate the influence of nitrogen source and its amount on the optical properties
of the samples, 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
(E,) were calculated from the absorbance data.

As clearly seen the introduction of nitrogen containing compounds in concentration of
10 and 20 mol % to titania sol (sol-gel I) leads to the shift of absorption onset to the short
wavelengths (Fig. 1). It can be explained by the increase of band-gap (E,) width due to anatase
particle size decrease [17] or the Burstein-Moss effect [18]. Such effect occurs in
semiconductors at the rising of dopant content and defines as the separation in energy between
the top of the valence band and the unoccupied energy states in the conduction band. The shift
arises because the Fermi energy (Er) lies in the conduction band for n-type doping (or in the
valence band for p-type doping). The filled states therefore block thermal or optical excitation.
Consequently the measured band gap determined from the onset of interband absorption moves
to higher energy.
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Fig. 1. Absorption spectra of the films (sol-gel I) with 10% (a) and 20% (b) doping agent: 1
Ti0,, 2-TiOy/DEA, 3-TiO,/MEA, 4-TiO,/TEA).
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Fig. 2. Absorption spectra of N/TiO; films sol-gel II: 1 - TiO2/MEA, 2 - TiO,/TEA and 3 -
TiO,/DEA.

In opposite, the shift of absorption onset to the red region is observed for the films
synthesized by sol-gel II (Fig. 2). The narrowing of the band gap energy without any shift of
the conduction and valence bands position is considered an effect of N - generated mid-gap
level [19].

As follows, the optical absorption coefficient calculating from o = 47mk/A can be used to estimate
the bad gap values of the samples. Indirect and direct transitions in a semiconductor can be
distinguished by the energy dependence of the optical absorption coefficient near the
absorption edge. The values of E, for the samples with indirect and direct characteristics were
obtained by extrapolation of the plots of (ahv)"? and (ahv)? versus hv, respectively. It has been
found from well distribution of experimental points that indirect electronic transition is
permitted for TiO, as well as doped TiO, films synthesized by us. The band gap values of indirect
electronic transition are in the range from 3.36 to 3.49 eV for doped samples and 3.42 eV for pure titania
film (Tab. 1).
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Table 1. The band-gap values of the films for indirect electronic transitions
Sample | Eg eV E,, eV
sol-gel I sol-gel I
10% 20%
TiO,/MEA | 3.47 3.54 3.36
TiO,/DEA | 3.44 3.36 3.49
TiO,/TEA | 3.45 3.42 3.36
Ti0, 3.42

The lowering in band-gap values is noted for the TiO; films doped with 20 % BEA (sol-
gel I), MEA and TEA (sol-gel II). Such narrowing can be explained by the presence of
additional level above valence band as a result of nitrogen substitution for oxygen in the titania
structure.

Sol-gel 1 Sol-gel 11

Fig. 3. AFM images of the films synthesized by sol-gel I (left) and sol-gel II (right): TiO, (a),
TiO,/DEA (b and c), TiO,/TEA (d and e).

For undoped TiO, films we have evidenced a homogeneous, small-grain structure. By
the modification with ethanolamines the homogeneity of the film is affected. Well-pronounced
randomly distributed larger size crystallites developed on the film surface. The rough surface
texture is confirmed by the relatively higher values of the RMS. For the film containing DEA
the difference between the morphology of the films prepared by sol-gel I and sol-gel II is not
significant. For the films containing TEA the difference between the morphology of the films
prepared by sol-gel I and sol-gel II is important. For the modified titania, the biggest crystallite
size was obtained by the TEA modification using sol-gel II method.

The synthesized films were tested in photocatalytic reduction of bichromate ions in the
presence of sodium salt of EDTA at pH > 2. Two blank experiments were carried out as the
catalytic reduction of dichromate ions (dark condition) and photoreduction reaction (a glass
substrate was used instead of a film). No significant changes in the absorption spectra of the
CrVI solution were observed for both blanks.
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Table 3. RMS and Ra values of the films

Sample Root mean square (RMS) (nm) | Roughness average (Ra)
(nm)

TiO, 5.28 3.99

Ti0,/DEA (sol-gel II) 21.22 7.72

TiO,/TEA (sol-gel II) 13.44 9.76

Ti0,/10%DEA (sol-gel I) 15.97 7.51

Ti0,/10%TEA(sol-gel I) 19.22 9.83

The kinetics of the photocatalytic reduction under UV light showed that bare TiO, film
exhibited higher activity in comparison with doped films where the first order reaction was
shown with reaction rate constant 11.9x10” s™. In the case of doped samples, the zero order of
the reaction is observed and the calculated reaction rate constants are given in table 4. The
highest reaction rate under UV light is obtained for 10% MEA/TiO; film (sol-gel I) while other
tested films possessed the activity comparable to the blank. It can be explained by the
electronic structure modification due to the nitrogen incorporation. As follows, the
recombination of photogenerated electrons and holes are assisted by nitrogen doping leading to
the deceleration of bichromate ions reduction. A similar result is reported herein [20] where the
reaction rate of stearic acid photooxidation is lowered with the increasing of nitrogen content in
titania.

Table 4. The reaction rate constants of photocatalytic reduction of bichromate ions

Sample kx10° kx10°
mol-L s mol-L s

Exposed light uv Vis

Blank (glass) 2.4 4.0

TiO, 8.0

TiO,/10 % MEA | 5.1 4.2

(sol-gel I)

TiO,/10 % DEA | 2.5 5.1

(sol-gel I)

TiO,/10 % TEA | 2.0 5.7

(sol-gel I)

Ti0,/20 % MEA | 1.6 6.3

(sol-gel I)

Ti0,/20 % DEA | 2.5 4.8

(sol-gel I)

Ti0,/20 % TEA | 1.6 7.1

(sol-gel I)

TiOo/MEA 2.5 8.0

(sol-gel IT)

TiO,/DEA 3.6 10.0

(sol-gel IT)

TiO,/TEA 2.7 8.8

(sol-gel IT)

When comparing the reaction rate constants under visible light, the films synthesized by sol-gel
I are found to be less active than TiO,. In opposite, the insignificant increase of reaction rates is
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observed for doped TiO, films synthesized by sol-gel II. Among them, the film with DEA
possessed the highest activity. It must be noted that the concurrent intensity decrease at 350 nm
and increase at 550 nm characterizing the formation as a product of non-toxic Cr(III) ions are
observed in the presence of such doped titania films. The significant absorption in visible
region is demonstrated by the TiO,/DEA and TiO,/TEA films (Fig. 2) although the band gap
value of TiO,/DEA is too high to absorb the light with energy less than 3.5 eV. We expect that
exactly this evidence is responsible for improved photocatalytic activity of TiO,/DEA film.

Conclusions

The optically transparent nitrogen doped titania thin films have been synthesized by sol-
gel approach using various amount of MEA, DEA and TEA as doping agent. It was also
applied the technologically more simple route (sol-gel II) of film synthesis. Titania and doped
titania films showed the indirect electronic transition found from optical dependencies. The
surface morphology of doped films is differed from bare titania. The growth of anatase
crystallite sizes in the presence of ethanolamines has been observed. As shown TiO,/DEA (sol-
gel II) films are perspective in photocatalytic reduction of bichromate ions under visible light.
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30JIb-I'EJIb CUHTE3,OIITUYHI BJIACTUBOCTI, MOP®OJIOI'TA TA
OOTOKATAJITUYHA AKTUBHICTD JIOKCHUJ TUTAHOBUX IIVIIBOK,
MOJUPIKOBAHUX ETAHOJTAMIHAMM 5K JUKEPEJIO A30TY

O.11. .HiHHiKl, H.O. lecromans’', H.IL. CMipHOBal, A.M. EpeMeHKOI,
A. Crankyiecky’, M. Coxour’

IIHcmumym ximii nogepxui im.. O.0. Yyiika Hayionanvhoi akademii nayk Ykpainu
eyn. I'enepana Haymosa 17, Kuis, 03164, Ykpaina
Hayionansnuii iHcmumym @izuxu mamepianié Pymyncokoi akademii Hayk
eyn. Amomicmiop 105t, PO Box MG 07, Mazypene, Pymynis

Cunmesoearno naieku Oiokcudy mumany, mooughikosani emanonaminamu. Onucamno 301v-2eob
Memoo 3 BUKOPUCIAHHAM PI3HUX Ni0X00is. Beedenns memniamy nio yac 003pisanHs 30710 NPU3800UNsb
00 YMBOPEHHs NOPUCIOL CIMPYKMYPU, d 3anPONROHO8AHULE OOHOCHAOIUHULL CUHME3 (OPMYE HENOPUCTY
nosepxnio. Jlocniodceno onmuyHi 1ACMUBOCMI NIIBOK MA PO3PAXOBAHO IXHI BEIUYUHU WUPUHU
3aboponenoi 3ouu. Posmip uacmunox moougikosanux niieox 0iokcudy mumaty 3p0Cmae 8 NOPIGHHHI
3 HeMOOUQIKOBAHUM, AK NOKA3AHO npeocmaesnreHumu 3nauenuamu RMS i Ra. Busueno enius ymos
CUHme3y I CmpyKmypu emaHoLaminié Ha OMOKAMAIIMUYHY AKMUBHICIb NIO BUOUMUM CEIMIOM.

30JIb-TEJIb CHHTE3,OIITUYECKHAE CBOUCTBA, MOP®OJIOTUA U
POTOKATAIUTUYECKAA AKTUBHOCTD TUOKCHU TUTAHOBBIX IIVIEHOK,
MONPUIINPOBAHHBIX OTAHOJIAMWHAMMU KAK HICTOYHHUK A30TA

O.IL JIunnuk' , H.A. Illecronans', H.IIL. ClelpHOBal, A.M. EpeMeHKOI,
A. Crankyaecky’, M. Cokonr’

"Hnemumym xumuu nosepxnocmu um. 0.0. Yyiiko Hayuonanshoti akademuu Hayk Ykpauol
ya. I'enepana Haymosa 17, Kues, 03164, Ykpauna
? Hayuonansnuti uncmumym gusuxu mamepuanos Pymoinckoii akademuu Hayk
yi. Amomucmuop 105t, PO Box MG 07, Mazypene, Pymvinus

B oannoui pabome cunmesupoganvl naeHKu OUOKCUOA MUMAHA, MOOUDUYUPOBAHHbIE
amanonamunamu. Onucan 301b-2eb Memoo ¢ UCNOIBL30BAHUEM DPA3IUYHLIX. Beedenue memnnama 6o
8peMs CO3peaHusi 3075 NpuUeoOUm K 00paA308aHUI0 NOPUCMOU CMPYKMYPbLL, a HPEONON’CEHHbILL
O0OHOCMAOUIHBIIL  CUHME3  (popMupyem Henopucmylo nosepxnocmo. HMccnedosanvl onmuyeckue
CBOLICMBA NJEHOK U PACCYUMAHbL UX GeTUYUHbl WUPUHLL 3anpeujeHnol 30ubl. Pazmep uacmuy
MOOUPUYUPOBAHHBIX NACHOK OUOKCUOA MUMAHA 603PACMAEN NO CPABHEHUI) ¢ HEMOOUDUYUPOBAHHBIM,
KaKk nokasamo npedcmaegienHvimu 3uavenusmu RMS u Ra. H3yueno enusinue ycnosuii cunmesa u
CMPYKMYPbl SMAHOIAMUHOB HA (POMOKAMATUMUYECKVIO AKMUBHOCTHD HOO GUOUMBIM CEEHIOM.
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