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The metal (Zn** or Zr'*) and non-metal (nitrogen) doped titania films are synthesized by sol-gel
method. High absorption in the visible region is observed and the band gap values are estimated for
indirect electron transition. The decrease in the intensity and broadening of the anatase peaks in XRD
spectra for TiOyN films with increasing urea contents are observed. Anatase formation in the films with
double doping agents is proven by Raman measurements. XPS clarified the chemical state of the elements,
their surface ratios and the incorporation of nitrogen in the matrix of the synthesized films. XPS results
show that the substitutional nitrogen is only registered for TiO-/Zr'*/N. Photocatalytic properties are
estimated in the process of tetracycline destruction reaction. The increase of the film activity by factor
three is noted for TiOy/N. Modification TiOy/N by metal ions has no influence on the photocatalytic
properties under UV and visible light.

Keywords: metal and non-metal doped titania, optical properties, XRD, Raman measurements, XPS,
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INTRODUCTION N-containing species incorporated in oxide matrix
were proposed [5-8]. However, it is supposed that
nitrogen causes the formation of oxygen vacancies
and color centers that are responsible for the
visible-light activity [9, 10]. It is reported that
N-doping leads to band-gap narrowing by an
anodically shifted valence band edge [11] or
nitrogen-centered energy levels located just above
the valence band edge [12—14]. The nature of the
nitrogen species formed from mixing titania
powder and urea with the following treating at
400 °C and their chemical and physical properties
were investigated by group of Prof. Kisch in detail
[8, 15, 16]. The obtained findings indicated that a
poly(triamino-s-triazine) ~ sensitizer — chemically
bounded to the semiconductor is formed after
calcination of 1:2 (wt/wt) mixture of titania and
urea at 400 °C in a rotating flask. The mechanism
of this reaction is discussed: i) heating urea at
300420 °C produces ammonia and isocyanic acid;
ii) isocyanic acid in the presence of titania surface
OH groups is catalytically converted into melamine
in the same  temperature range by
cyclotrimerization of cyanamide; iii) condensation
to a mixture of polytriazine amines (formation of
melem and melon); iv) condensation between the
s-triazine amino and OH groups of titania generates

The activity of TiO, under solar irradiation is
negligible and the modification of the semi-
conductors by various metal and non-metal ions is
required to broad its absorption in near ultraviolet
and visible light. Non-metal doping of TiO, has
shown the great potential in visible light active
photocatalysis with nitrogen being the most
promising dopant. Nitrogen can be introduced in
the TiO, structure due to its comparable atomic
size with oxygen, small ionization energy and high
stability. Doping of TiO, by non-metals is based
on: a) band gap narrowing proposed by Asashi et
al. [1]; b) impurity energy levels formation above
the valence band as a result of the substitution of
oxygen atom by nitrogen in titania stated by Irie et
al. [2]; c¢) formation of oxygen vacancies
concluded by Ihara et al. [3]. It is reported that
TiO, doped with substitutional nitrogen has
shallow acceptor states above the valence state
while doping with interstitial nitrogen leads to
isolated impurity states in the middle of the band
gap where energy levels of the impurity are mainly
hybridized by N2p states and O2p states. [4]. The
nature of the nitrogen species is under discussion in
numerous  scientific  publications.  Various
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Ti-N bonds. Thus, the visible light absorbing
triazine derivative becomes chemically bound to
the semiconductor. Accordingly, the modification
is not successful when titania is dehydroxylated
before use by heating it in vacuo at 400 °C. It is
concluded that the visible-light photocatalytic
activity of urea modified titania does not originate
from the presence of nitridic, amidic, and nitrogen
oxide species or color centers but does from
melamine condensation products acting as visible-
light sensitizers [17]. The formation of Ti;,ZrO,
was achieved by zirconium incorporation into TiO,
lattice by sol-gel method. It is demonstrated that
the formation of Zr—O-Ti bonds has an influence
on the thermal stability during sintering of the
mesoporous structure of the films, surface texture
and optical properties as well as in the changes of
number of surface active sites for nanocomposite
films [18]. In our previous paper, the co-doped
with nitrogen TiO,/ZrO, films were obtained by
Pulsed Laser Deposition method under different
synthesis conditions [19]. The films obtained in
nitrogen atmosphere or its mixtures with methane
are characterized by the formation of O-Ti-N
bonds in the oxide matrix as shown by XPS
analysis. The binary oxide materials such as
TiOy/ZnO are reported to demonstrate the
improved catalytic and photocatalytic
performances due to the increased adsorption and
effective separation of photogenerated electron-
hole pairs [20, 21].

Therefore, we pointed out on the investigation
of the electronic, optical and photocatalytic
properties of doubly doped (metal and non-metal
ions) TiO, films to clarify their mutual influence on
the photocatalytic properties of the semiconductor.

EXPERIMENTAL PART

Mesoporous TiO, thin films were synthesized
by the sol-gel method wusing titanium
tetraisopropoxide as a titania source and a three-
block copolymer of polyethyleneoxide and
polypropyleneoxide (PEO)»o(PPO),o(PEO)y
(Pluronic P123) as a template in alcoholic medium.
Concentrated HC1O, and acetylacetone were added
to the precursor as stabilizers. The molar ratio of
the components in the sol for films deposition was
as following: Ti(Oi-Pr), : P123 : acetylacetone :
H,O: C,HsOH : HCIO,=1:0.05:0.5:1:40: 1.
A solution of urea (CO(NH,),) with 1 or 5 or
10 mol. % and zinc acetate (Zn(OOCCH;),) or
zirconium propoxide (Zr(OCH,CH,CHs;),) with
5 mol. % were added under vigorous stirring. The
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one-layered films were deposited by dip-coating
procedure at a withdrawal rate 1.5 mm/s. The films
were left for 1 h for hydrolysis and heated in air at
450 °C for 1 h with the heating rate of 3 °C/min.
Photocatalytic activity of the films was assessed
via tetracycline hydrochloride (TC) degradation.
The film was immersed in 40 ml of an aqueous
solution of 2x10°mol/L TC. The reaction
temperature was kept constant (20 °C) during the
experimental procedure. The change of TC
concentration was monitored with a Lambda
35 UV-vis spectrophotometer (PerkinElmer) every
20 min at A =357 nm. The film was immersed in
the solution until complete adsorption in the dark
occurred and then irradiated by a 1000 W middle-
pressure mercury lamp for 90 min. The distance
lamp-reactor was set at 90 cm. A blank experiment
was carried out where a bare glass was used instead
of film. No significant changes in the absorption
spectra of the liquid were observed for the blank.
For testing the visible light sensitivity, a filter
transmitting light with A > 380 nm was introduced
into the photocatalytic setup.

RESULTS AND DISCUSSION

Absorption spectra and band gap energy values
of the mesoporous films are presented in Fig. 1.
Among titania film doped with different amount of
urea (1, 5, and 10 mol. %), the TiOy/N (5 %) film
showed the highest absorption intensity in the
visible region and significant shift of absorption
edge to the longer wavelengths (Table 1).

As 1 and 10 % urea doped TiO, films exhibit
no absorption in visible light as well as the
photocatalytic activity is significantly lower than
that of TiOyN(5 %) (see below), all further
investigation have been performed with the
samples doped with 5 % urea. The films of TiO,
and TiOyM™ doped with 5% wurea are
characterized by high absorption in the range of
350-550 nm. It must be noted that the highest
intensity in the visible range is observed for the
TiO,/Zn™*/N (Fig. 1, curve 4). It is suggested that
the formation of complexes between zinc ions and
urea during gel ripening occurs [22] leading to the
retention of nitrogen containing species in the
oxide lattice over heating. The band gap values
(E,) of the samples (Table 1) were estimated for
indirect electron transition from the dependence of
(athv)"?* ~ f (hv) and extrapolation of the linear plot
of experimental curve to (o0)"* = 0. Widening of
band gap for some samples in comparison with
pure TiO, can be caused by the decrease in the
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crystalline particle size, i.e. the quantum-size effect
[23]. The band gap of urea doped films (except
TiO,/Zr**/N) is narrowed suggesting the formation
of sublevels above the valence band as a result of
oxygen substitution by nitrogen.

Absorbancy, a. u.

Fig. 1.

Absorption spectra of TiO, (1), TiOYN (2),
TiO»/Zr*/N (3), TiO»/Zn**/N (4) and the cut- off

filter with A>340nm (bold line). Insert:
absorption spectra of TC (/) and the cut- off
filter with A > 340 nm (2)

Table 1. The band gap energy values of TiO, doped
films for indirect transition

Film E, eV
TiO, 3.6
TiO»/N(1 %) 3.8
TiOy N(5 %) 3.3
TiO/ N(10 %) 3.9
TiO./Zr* 3.7
TiOo/Zr*1 N(5 %) 3.7
TiOy/Zn** 3.8
TiO»/Zn**/ N(5 %) 3.5

XRD measurements (not shown here) revealed
that anatase in TiO»/N films (1, 5 end 10 %) was
formed. However, the intensity of the XRD peaks
and their broadening with increasing urea content
is observed due to the deceleration of TiO,
crystallization. As a result, the formation of
numerous titania crystallization centers onto
TiOy/N occurs where the aggregation and growth
of nanoparticles don't take place. It is known that
the presence of nitrogen-containing species (up to
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10 %) in TiO, structure lowers the crystalization to
anatase [24, 25]

As a proof of anatase formation in nitrogen-
containing films, the Raman spectra of TiO»/N and
TiO)/Zn**/N are presented in Fig.2. The high
intensive Raman peaks at 145, 398, 518 and
640 cm™ (Fig. 2 curve a) are observed for TiO,/N
films. These peaks are related to the formation of
photocatalytically active anatase phase. The
intensity of these lines is drastically decreased for
the sample contained zinc ions (Fig. 2 curve b). It
could be caused by the formation of much lower
particle size of titania in TiOy/Zn**/N in

comparison with TiO,/N. Since no lines belonged
to zinc oxide is registered, it is concluded about
of Zn*

effective  incorporation ions into

semiconductive matrix.

Intensity, a.u.

Raman shift, cm'1

Fig.2. Raman spectra of TiO,/N (a) and TiOy/Zn**/N
(b) treated at 450 °C

XPS is used to clarify the chemical state of
elements, their surface ratio and the key point is
whether the nitrogen is incorporated into the oxide
matrix and its state. The XPS analysis of Ti, N, O
and C atomic levels and their intensity are
presented in the Table 2.

There is no definite opinion about the XPS
measurements of N1s binding energy where the
values of 396-397 eV assigned to the N-Ti-N
[26,27] or O-Ti—N bonds [7] are reported. The
formation of N-N or N-C or N-O groups or
chemisorbed dinitrogen is suggested at higher
energies of 400403 eV [7, 8, 28-30]. Nitrogen 1s
binding energies of 399.2 and 400.5eV are
measured for a mixture of solid urea and TiO,
powder calcined at 400 °C corresponded to carbon
nitrides (399-400eV, C=N-C) and similar
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graphite-like phases (400.6 eV, N-C, ), and of
polycyanogen (399.0, 400.5eV (—-C=N-),) [15].
The authors reported the production of
poly(triamino-s-triazine) ~ derivatives covalently
attached to the semiconductor after thermal
treatment.

Since urea is used as the doping agent and the
calcination temperature is the same for our films
and the samples reported herein [31], the N1s peak
of TiOy/N films at 400.6 eV could be related to the
N-C species in TiO, matrix. However, the
additional investigation of urea conversion in the

metal alkoxide sol used for the film preparation is
required. It must be noted that the values of the
binding energy of Nls peak are lowered for
TiOy/M™/N films. The appearance of Nls peak
with Eg=400.0eV for TiO/Zn**/N is also
attributed to the formation of N-C species in TiO,
matrix. An increase in the relative intensities of
Nls peak for TiOy/Zn™/N in 2.5times in
comparison with TiO,/N shows the effect of zinc
ions on the building up of such species on the oxide
surface.

Table 2. Binding energy values and their relative intensities of Ti, N, O and C elements

TiO,/N TiOy/Zn>*/N TiOy/Zr*/N

Element E,, eV 1, % E,, eV 1, % E,, eV 1, %
Ti2ps» 4594 4.7 459.0 4.4 459.2 35
Nls 400.6 0.6 400.0 1.6 396.0 0.4
Ols 530.9 20.5 530.5 23.3 530.7 23.8
Cls 283.9 73.1 283.2 70.1 283.7 71.8
ZH2p3/2 - - 1024.2 0.6 - -
Zr3d5/2 - - - - 182.7 0.5

XPS results of TiO»/Zn** films revealed the
presence of separated ZnO phase with
E=1021.7 eV corresponding O—Zn—O bonds (not
shown here). The shift of Zn2p;, line maximum to
10242€eV in TiO,/Zn**/N is caused by the
formation of Ti-O-Zn bonds [31]. The similar
observation was reported for TiO,/Zn** and gold-
containing TiOy/Zn** films suggesting the
complexes formation between tetrachloroauric ions
and zinc ions during sol ripening [32]. We predict
that urea could also form the complexes with
zinc(Il) acetate in the sol leading to Ti—-O—Zn
bonds formation. The relative intensities of Nls
peak for TiO,/Zn™/N is higher in 2.5 times in
comparison with TiO,/N and suggest keeping of
not only zinc ions but also N-species onto oxide
surface. For TiO,/Zr**/N film the nitrogen in the
form of substitutional atom (O-Ti-N) is
incorporated in to TiO, matrix as the binding
energy of Nls electrons is situated at 396.0 eV
[33,34]. Hence, the oxygen substitution by
nitrogen is more efficient in zirconium containing
films.

Line of Ti2ps;, of all samples contains a single
peak in the range of 459.2-459.4 eV and confirms
the presence of TiO, [35, 36]. The XPS peak in the
range of 530-531 eV for all samples corresponds
to O” ions of crystalline oxide matrix. The

presence of C—C (elemental carbon) bonds is
confirmed by Eg =283.9 eV [37].

To test the photocatalytic activity of TiO,/N
and TiOy/Me™/N, tetracycline hydrochloride (TC)
is chosen as the antibiotic recognized as a new type
of pollutants. The uncontrolled use of antibiotics in
farm industry and medicine leads to their building
up in the water sources and soil. Its accumulation
results in the bacteria resistance and consecutive
mutagenation in the living organisms [38].

Table 3. The percentage of adsorbed and destructed TC
(A =357 nm) over the TiO,/N, TiO/M"™ and
TiO/Me™/N films after 90 min UV or visible

irradiation
Film UV, % Vis., % Ads., %
Blank (glass) 6 2 0.6
TiO, 11 5 2.0
TiOo/N (1 %) 26 9 4.0
TiOy/N(5 %) 30 16 2.4
TiOo/N(10 %) 16 9 5.1
TiO,/Zr* 29 11 8.4
TiOy/Z* /N 26 10 1.6
TiOy/Zn** 25 11 6.2
TiOy/Zn>*/N 25 13 2.8

The photocatalytic activity of TiO»/N films is
increased in comparison with pure TiO, film under
both UV and visible light (Table 3). The highest
activity is observed for the film with 5 % of urea
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(in three times higher than TiO,). The increase in
photocatalytic activity under UV light for
TiOy/Zn** and TiO,/Zr** films is explained by
higher surface acidity comparing with TiO, film
and the appropriate positions of the conduction and
valence bands (CB and VB) of the semiconductor
[23, 39].

o, 141 JC*"*——Products
T |ce d 1 ~ A2340
02 /\ ‘J‘l\ = nmn
A2 340nm H'L:_ _
4 :

Nitrogen
levels .

i"*—JTC ——Products
2.1

Fig. 3. Possible routes of photocatalytic processes of
TC destruction over TiO,/N and TiOy/Me™/N
films under visible light irradiation

Photocatalytic activity of the films under
visible light is studied using a cut-off filter with
A>340 nm (Fig. 1). It is obvious that the absorption
edge of semiconductor is cut and the photocatalytic
process can only occur through the excitation of an
electron from the additional N-sublevels formed in
the valence band of TiO,. However, the cut-off
filter does not prevent the excitation of TC
molecule (Fig. 1, insert) that is why the TC
degradation can follow via the two different ways
such as 1) the photoexcitation of TC molecule, i.e.
indirect photocatalysis (Fig. 3, route 1) and ii) the
excitation of the electron from the N-sublevels in
VB to CB (Fig. 3, route 2). It is clear that the pure
TiO, film is inactive under visible light showing
the low probability for both photocatalytic
pathways. Since the nitrogen doping does not
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change the CB and VB positions of semiconductor,
the formation of additional energetic N-sublevels
could be proposed [40]. Therefore, the route 2 is
more feasible for TiO,/N films: the electron is
transferred to the CB and the photoformed hole
reacts with the TC molecule (steps 2.1). In the case
of TiOy/M™ films the higher activity (2 times in
comparing with TiO,) under visible light can be
caused by the change of the CB and the VB due to
the metal ions doping [23, 39] leading to the better
adsorption of TC molecules onto the surface and
more easier electron transfer from the excited TC
molecule (route 1.1). No difference in the
photocatalytic activity is noted for TiOyM™/N
under visible light comparing with TiO,/M™ films.
It is supposed that the route 1 is only possible for
doubly doped samples due to the low probability of
the electron excitation from the N-sublevels. It is
possible due to the formation of the structure
defects by double doping that makes easier the
recombination process.

Hence, the chemical state of nitrogen in
TiO/M™/N films is strongly dependent on the type
of the metal ions as shown by XPS measurements.
In addition, this study showed that doping of
TiOy/N by zinc ions brings to the keeping of
nitrogen ions onto the film surface due to the
complex formation on the stage of the gel
formation. The crystallization rate of titania is
lowered by doping higher content of urea as well as
by metal ions signed by XRD and Raman
investigations. Nitrogen-containing TiO, exhibits
the activity enhance in photocatalytic destruction of
TC under both UV and visible light. Doping
TiO/N by metals changes the route of
photocatalytic process.
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BnuuB 1onyBaHHs HOHAMM MeTaJly Ta HEMETAJYy HA CTPYKTYPHI
i poTokaTaNiTHYHI BJACTHBOCTI IJIIBOK AIOKCHY TUTAHY

H.O. lllecronanas, O.I1. Jlinnik, H.II. CmipHoBa

Inemumym ximii nosepxui im. O.0. Yyiika Hayionanenoi axkaoemii nayx Yxpainu
sya. I'enepana Haymoasa, 17, Kuis, 03164, Yxpaina, nat-shestopal @ yandex.ua

301b-2€/1b MEMOOOM CUHMEZ0BAHI NI6KU 0IOKCUOY MUmany, donoanozo tionamu memany (Zn>* abo Zr'*)
ma Hememary (azom). Cnocmepizaemvcs 3HAUHE NOIUHAHMA NIIBKU 8 BUOUMILE 00IACHI A OYIHEHO 3HAYEHHS
WUpunU 3a00pOHeHOT 301U Ol HENPAMUX eeKMPOHHUX nepexodis. Pezyrvmamu penmeenopazoeoco ananisy
€gi0uamb NPo YMEOpeHHs KPUCMANIYHOT a3y anamazy, 0OHAK CNOCMEPI2aEmMbCsl 3HUICEHHSL THIMEHCUBHOCTE
ma ywupenHs 1o2o niky 3i 30iibeHHAM emicmy ceuosutu. Memooom KoMOIHAYIHO20 PO3CIIOBAHHS MAKOIC
NOKA3ano, wjo 6i00yeacmvCs HOpMYySanHs AHAMA3Y 6 NAIBKAX 3 NOOGIHUM OONAHMOM. XiMiYHUlL cman
e/leMeHmMiB, IX CNiBGIOHOUICHHSL HA NOGEPXHI MA 6NPOBAOICEHHS A30MY 8 KDUCTHANIYHY MAMPUYIO O0CTIONCEHO
3a 0ONOMO20I0 PEeHmM2eHopomoenekmpoHHoi cnekmpockonii. Ompumani pe3yibmamu ROKA3am, wo a3om
samiugye amomu Kuchio minoku 6 cmpykmypi TiOYZr'™*/N. Jocnioscerno omoxkamanimuuni eracmusocmi 6
npoyeci poKNAOAHHA MEMPAYUKIIRY 2I0poxnopudy. 30imbuerHs: aKMUeHOCMI 8 MpuU pasu CHOCMepieanoch
ona nuieku TiOy/N. Moougikayis tionamu memanie He 6HAUHYIA HA POMOKAMANIMUYHI 61ACMUBOCMI Nio
VALMPAMIonemosum ma GUOUMUM CEIMIOM.

Knrouoei cnoea: oonosanuil ionamu memany ma Hememany OlOKCUO MUumary, ONMUYHI 61ACTMUBOCHI,
P®A, memoo xobinayitinozo poscitosanns, POEC, pomoxamanimuuna akmueHicme

Biausinue 1onupoBaHus HOHAMH MeTAJJIa M HEMeTAJLJ1a Ha CTPYKTYPHbIe
U GpoToKATAINTHYECKHE CBOICTBA IVICHOK TMOKCH/IA TUTAHA

H.A. HlecTtonansb, O.I1. Ilununk, H.II. CMupHoBa

Hnuemumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvnou axademuu Hayk YKpaurvl
yn. Ienepana Haymosa, 17, Kues, 03164, Ykpauna, nat-shestopal @ yandex.ua

30mb-2emb MEMOOOM CUHMESUPOBAHLL NIEHKU OUOKCUOA MUMAHA, QONUPOBAHHO0 UoHaMu Memania (Zn"*
wiu Zr'*) u nememanna (azom). Habnodaemes snauumenshoe no2iowenue nieHKku 6 euouMoil oonacmu u
OYEHEeHO 3HAYeHUe WUPUHbL 3aNPeweHHol 30Hbl O HENPSMbIX INIEKMPOHHBIX Nepexo0os. Pezynomamul
PEHM2eHOPDA3068020 AHAU3A CEUOEMENbCMBYIOM 00 00PA308aAHUN KPUCIAIUYECKOU (hazbl aHamasd, 0OHAKO
HAONI00aemcst NOHUMNCEHUe UHMEHCUBHOCIU U YUUPEHUE €20 NUKA C VBETUYEHUEM COOEPHCAHUS MOYCEUHDI.
Memooom KoMOUHAYUOHHO20 paccesiHus NOKA3AHO MAKICe, YUMo NPoUCXooum Gopmuposanue anamasza @
NAEHKAX C OBOUHBIM OONAHMOM. XuMudeckoe COCTOSHUE DNIEMEHMO08, UX COOMHOUEHUE HA NOBEPXHOCTIU U
6HeOpeHUe a3oma 6 KpUCMAauIu4yeckyio Mampuyy Uccied08aHo ¢ NOMOWDBIO PEeHM2eHOpOMOIIEKMPOHHO
cnexmpockonuu. Tlonyuennvie pe3ynsmamsl NOKA3AMU, YMO A30M 3aMewaent amombl KUCIOpOOd MONbKO 8
cmpykmype TiOy/Zr'*/N. Hccnedosamnvi  pomokamanumuyeckue ceoiicmea 6 Npoyecce pasioNceHus
MEeMpayuKIuna 2uopoxopuda. Yeenuuenue axmusHocmu 6 mpu paza Hadmooanrocs 0as nnerku TiOyN.
Mooughuxayus uonamu Memainos He GIUANA HA GOMOKAMATUMUYECKUE CEOUCMEA NOO VIbIMPADUOLEMOGbIM
U BUOUMBIM CEETNOM.

Knrwouegvle cnosa: oonuposamviii UOHAMU MEMANA U HEMEMANA OUOKCUO MUMAHA, ONMUYECKUe CBOUCMEA,
PDA, memoo komdunayuonuoeo paccesuus, POIC, homoxamanumuyeckas akmueHOCHb
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