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Theoretical studies of the interactions of an oxygen molecule with the surface of a solid phase are of great
importance for understanding the mechanisms of reactions involving oxygen on a solid surface. In this work, the
spatial and electronic structure of oxygen defects and nitrogen impurity centers of the anatase surface and their
manifestation in water adsorption are investigated. The anatase surface was simulated for by clusters of the
composition TijH»,039 (defect-free face (001)), Ti;,H,,0;35 (surface with oxygen vacancy), and Ti;;H,,N,Ojs6 (surface
with both oxygen vacancy and incorporated nitrogen), terminated with boundary hydrogen atoms.

Calculations on the total energy of the optimized geometric structures of the model TiO, clusters and on the
corresponding theoretical XPS spectra were performed using the density functional theory (DFT) method and the
B3LYP hybrid functional with an extended valence-split basis set 6-31G (d, p).

In the XPS spectra of Ols, each peak can be attributed to a specific type of oxygen atoms in the initial structure,
dependent on their coordination environment. The substitution of nitrogen atoms for oxygen ones leads to a
complication of the spectrum. Simultaneous replacement of nitrogen atoms for oxygen ones and presence of an
oxygen vacancy leads to further complication of the XPS spectrum.

The different structure of the adsorption complexes of water molecules on the anatase surface formed due to the
HOH-O hydrogen bond (this displaces by 0.05 eV all the peaks in the XPS spectrum) or the coordination bond
Ti---OH; has been also considered.

Based on the analysis of theoretical results, the role of various forms of defects in the adsorption of water on the
anatase surface is considered.

The results of quantum chemical studies of molecular models simulated for the bulk and surface of titanium
dioxide are compared with the literature data available.

Keywords: anatase, oxygen defect, nitrogen impurity, water adsorption, XPS spectra, quantum chemical density
functional theory (DFT) method, cluster models

INTRODUCTION forbidden band of TiO, prior to its shift to the
visible range of electromagnetic radiation.

The photochemistry of the ultraviolet
absorption region of molecular oxygen O, is of
interest for chemical physics, photobiochemistry,
and many other scientific fields [1].

Molecular oxygen very weakly absorbs
radiation throughout the entire spectral range -
from infrared to ultraviolet, but the presence and
influence of the molecular environment make
possible the existence of molecules of singlet
oxygen O, (‘A7,), the formation of which is
forbidden during photoexcitation of "isolated" O,
molecules. O, molecules, due to their high
reactivity, play a key role in natural
photobiological and photochemical processes;
therefore, a detailed study on the mechanisms of
its formation is believed to be a fight-to-date
scientific research task. Thus, examining the

Interest has grown significantly to the
theoretical studies on the interaction of an
oxygen molecule, its ground state being a triplet
diradical, with a solid-phase surface. The results
of such studies are of fundamental importance
for both adsorption and catalysis, for the general
theory of corrosion of metals (they let it possible
at least to slow down the corresponding
reactions). Of great importance are studies on the
interaction of an O, molecule with a widely used
semiconductor material, namely titanium
dioxide; its forbidden band makes it possible to
use only a relatively small range of ultraviolet
radiation from the sun. The formation of
nonstoichiometric areas on the TiO, surface, due
to impurity centers, removal of oxygen atoms,
and adsorption of atomic and molecular oxygen,
makes it possible to reduce the width of the

© O.V. Smirnova, A.G. Grebenyuk,
V.V. Lobanov, 2019 103



O.V. Smirnova, A.G. Grebenyuk, V.V. Lobanov

formation of singlet oxygen upon
photoexcitation of a weakly bound X0, (X -
active surface sites) complex is mnot only
fundamental, but also of practical interest, since
this process is a new way of generating O,
molecules. This process provides a new
mechanism for photo-oxidation of various
molecules in a condensed medium, and can also
be used in UV air purification, in photocatalysis,
photobiology, and medicine. Theoretical study
on the processes of interaction between
molecular oxygen and surface, for example, that
of TiO,, is associated with the corresponding
complications caused by the singlet state of both
the surface itself and respective adsorption
complex. There is a need to expand the generally
accepted cluster model (CM) of adsorption,
which involves a theoretical calculation of the
cross section of only one potential energy
surface (PES), which, as a rule, corresponds to
the singlet ground electronic state. In the case,
when the O, molecule reacts in the triplet state, it
becomes necessary to calculate the cross section
of another PES, which characterizes the triplet
state of the cluster consisting of an O, molecule
and a fragment of both surface and adjacent bulk
phase of the TiO, crystal.

Titanium dioxide belongs to the class of
transition metal oxides, in nature it occurs with
the structures of anatase (tetragonal), brookite
(rhombic), rutile (tetragonal), less often with
monoclinic TiO, structure. Differences in the
crystal lattices of titanium dioxide cause
differences in density, mass and in the electronic
band structure of titanium dioxide. The width of
the band gap for the anatase structure is 3.2 eV,
and for rutile — 3.0 eV [2].

The photocatalytic activity of titania
nanoparticles was found to increase with a
decrease in their diameter for both anatase and
rutile modifications. When measuring their
absorption spectra, an increase in their diameter
was shown to shift the maximum of the
absorption spectrum from the ultraviolet region
to the long-wavelength part of the
electromagnetic scale [3].

In previous article [4], the spatial structure
and electronic structure of defect and impurity
centers of polymorphous modifications of
titanium dioxide and their manifestation in
adsorption,  catalytic and  photocatalytic
processes were analyzed. Here, we analyze the
densities of states of oxygen atoms in titania
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matrices (parent and containing impurities of
nitrogen and/or oxygen vacancies).

METHODS

The aim of the studies was to calculate the
density of states of cluster models for the anatase
surface  (pure, nitrogen-substituted,  and
containing oxygen defects). Theoretical densities
of states can be compared with the experimental
spectra of XPS. As a result, we can determine
the effect of the local environment of oxygen
atoms on the chemical shift relative to their
structurally  nonequivalent  crystallographic
positions [4].

The H-terminated clusters that simulate the
surface of an ideal anatase crystal, as well as the
surface with an oxygen vacancy on the face
(001) were considered. The defect-free face
(001) of anatase was modeled by the cluster of
the gross formula Ti;4H,O39 which contains 7
surface five-fold coordinated titanium atoms.
The presence of an oxygen vacancy was
reproduced by the cluster Ti;4H,,035, which is
obtained from the former by removing of a two-
fold coordinated surface oxygen atom as well as
the surface with both oxygen vacancy and
incorporated nitrogen was mimicked by
Ti14H2»N>O36 cluster model.

Quantum chemical calculations were carried
out within the frameworks of the so-called
cluster approximation [5]. Computations on the
total energy values of the optimized geometrical
structures of TiO, cluster models including 14
titanium atoms (Ti;4H»O39) and of relative
models containing impurities of nitrogen and/or
oxygen vacancies were performed using density
functional theory (DFT) method [6] and the
hybrid B3LYP [7] functional with extended
valence-split basis set 6-31G(d,p). Calculations
were carried out by means of the software
package PC GAMESS [8] (version Firefly §8.1.0
by A. Granovsky, http://classic.chem.msu.su/
gran/firefly/index.html). The densities of states
were designed based on the quantum chemical
results with use of the Spectra Builder
2.4 program package [9] earlier used by us in the
article [10].

RESULTS AND DISCUSSION

The experimental XPS spectra of initial
(pure) titania matrix and of related oxygen-
vacancy and/or of nitrogen-impurity samples
were examined and discussed in work [4]. Here,
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let us make an attempt to evaluate interrelations
between the model structures and their calculated
XPS spectra (Figs. 1-4).

All the oxygen atoms in the parent structure
(Fig. 1) can be divided into some groups
according to their coordination environment
(2- and 3-coordinated) and to chemical nature of
the second and third neighbors. Five Ols peaks
one can observe in the XPS spectrum calculated
for this cluster model (near 521 eV). Every peak
can be assigned to a definite type of O atoms
depicted in the inset in Fig. 1.

Elimination of an oxygen atom from the
titania matrix results in an divergence between
2-coordinated and 3-coordinated oxygen atoms
(the split peak at 521.44 and 521.28 eV
respectively, see Fig. 2).

Dinitrogen substitution for oxygen atoms
results in the complication of the spectrum (at
least 12 peaks can be observed). Nevertheless, 2

new peaks appear near 523 eV (522.87 and
523.28 ¢V) related to 3-coordinated oxygen
atoms (Fig. 3).

Simultaneous dinitrogen substitution for
oxygen atoms and oxygen vacancy leads to
futher complication of the XPS spectrum (15
peaks can be distinguished, including a pair near
523 eV, namely 522.60 and 522.74 eV, see
Fig. 4).

The different structure of water molecule
adsorption complexes have been considered, one
of them being due to formation of a hydrogen
bond HOH--O whereas another is characterized
by a coordination bond Ti-**OH, (Fig. 5).

In the first case, a shift for approximately
0.05 eV takes place of all the peaks in the XPS
spectrum calculated for the adsorption complex
though the spectrum is somewhat broadened and
as a whole keeps its image.
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Fig. 2. Cluster model and calculation XPS spectra for structure with oxygen vacancy Ti;4H,,Osg
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Fig. 3. Cluster model and calculation XPS spectra for structure with dinitrogen substitution for oxygen atoms
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CONCLUSIONS

An analysis of the results of quantum
chemical calculations gives evidence that the
chemical environment of water molecules
adsorbed on anatase surface is reflected in
experimental XPS spectra. The adsorption of

water molecules leads to a bathochromic shift of
all the peaks Ols in the spectra. The presence of
oxygen defects and nitrogen impurities results in
complication of the spectra and in appearance of
Ols double peaks.

InenTudikania XiMivHOro0 0TOYEHHS MOJIEKYJ BOJH, 41COPOOBAHMX HA OBEPXHI aHATAa3y:
KBAHTOBOXIMiYHi pO3paxyHKH

0.B. CmipnoBa, A.I'. I'peGeniok, B.B. Jlo6anoB

Tnemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina, olsmirnova2001@ukr.net

Teopemuuni 0ocniodcenHs 63aEMO0IT MONEKYAU KUCHIO 3 NOBEPXHEIO MEepOoi (hasu Maroms geiuke 3Ha4eHHs. OJis
DPO3YMIHHA Mexauizmie peaxyiu 3a yyacmrwo O Ha meepoiil nogepxui. YV yiti pobomi docniodxcena npocmoposa i
eIeKMPOHHA CMPYKMYPA KUCHEGUX 0eheKmig I a30MHUX OOMIUKOBUX YEeHMPI8 NOGEPXHI aHama3zy ma ixXHi npossu 8
aocopoyii’ eoou. Ilogepxusa anamasa moodenoganacsa kracmepamu cknady Tij;H,,059 (6e30epexmua epans (001)),
Ti;4H,,0;35 (nosepxua 3 kuchesoro éaxarciero) ma Ti;;HyoN>Osz6 (nosepxHs 3 KUCHEB0I0 8AKAHCIEID 1 6NPOBAONCEHUMU
amomamu azomy), Ki 00MeAHCYIOMbCA AMOMAMU BOOHIO.

Pospaxynku eenuuun nosHoi emepeii OnmMuMiz3o8anHux NPOCMOPOSUX cmMpyKmyp mooenvHux kiacmepie TiO; i
8I0n0GIOHUX meopemuynux cnexmpie POEC euxonani 3 6UKOPUCMAHHAM Memooy meopii QYHKYioHany 2ycmunu
(DFT) i cibpuonoeo ¢hynrxyionany B3LYP 3 posuupenum sanenmno-po3ujenienum oazuchum nabopom 6-31G (d, p).

Y POEC-cnexmpax Ols kooicen nik modice 6ymu GiOHeCeHUll 00 NeBHO20 MUNY AMOoMI8 KUCHIO 8 3ANeNHCHOCTI
8I0 11020 KOOPOUHAYIUHO20 OMOYeHHs. 3aMina amoMaMu a30my amomié KUCHIO NPU3B00umsv 00 YCKIAOHEeHHS
cnexkmpa. OOHoOuaCHe 3aMIWEHH AMOMAMU A30MY amoOMI@ KUCHIO | HAAGHICMb KUCHEB0T 6aKAMCII npu3600simb 00
nodanvbuioeo ycknaonents cnekmpa POEC.

Posensanymo makooic pisny 6y008y adcopOyitiHux KOMIIEKCI8 MONEKY 600U HA NOBEPXHI AHAMA3Y, YMBOPEHUX
3a60sKu 800Hegomy 36's13ky HOH O (npu yvomy 6 cnexmpi POEC 6iobysaembcs 3cys na 0.05 eB ecix nikis), abo
Koopounayiunoi 36'a3xy Ti-OH,.

Ha niocmasi ananizy meopemuunux pe3yiomamis po32isiHymo poiib pisHUX 8udie oeghekmis 6 adcopoyii 600u Ha
nosepxti anamasy. Teopemuuno odepaitcari pe3yibmamu NOPIGHIIOMbCA 3 GIACIUBOCHIAMU MONEKVIAPHUX MOOeell
011 00 °’emy i nogepxHi Oiokcudy mumawy, AKi iCHylOm» y aimepamypi.

Knwwuosi cnosa: anamas, cnexmpu P®EC, Oiokcud mumany, memoo meopii QyHKYIOHATY eleKmpPOHHOT
2YCIUHU, KIACMePHI MOOei

I/I}IeHTI/Iq)I/IKaIII/IH XUMHYECKOI'0 OKPYKECHUA MOJICKYJ BOAbI, a}f[COpﬁl/lpOBaHHLIX Ha
MOBCPXHOCTH aHATa3a: KBAHTOBOXUMHUYECCKHUE PACIECTDI

A.B. CmupHoBa, A.I'. I'pebentok, B.B. Jlo6anos

Hnemumym xumuu nosepxnocmu um. A.A. Yyuxo Hayuonanvroii akademuu Hayk Yxkpaurol
yi. Ienepana Haymosa, 17, Kues, 03164, Yxpauna, olsmirnova2001 @ukr.net

Teopemuueckue ucciedo8anus 83auUMOOetCmaUss MOLEKYIbl KUCIOPOOaA ¢ NOBEPXHOCTbIO MEepOoll (haszvl umerom
bonvuioe 3Havenue Ol NOHUMAHUA Mexanusmos peakyui c¢ yyacmuem O, Ha meepOou noeepxuocmu. B smoii
pabome uccned08anvbl NPOCMPAHCINBEHHOE CMPOCHUE U INEKMPOHHASL CMPYKMYPA KUCLOPOOHBIX OeheKkmos u
A30MHBIX NPUMECHBIX YEeHMPO8 NOBEPXHOCIU AHAA3A U UX NPOsBNIeHUs. 8 a0copbyuu 600vl. [losepxnocms anamasa
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Mmooenuposanace kiacmepamu cocmasa Tij 15,039 (6e30epexmnasn epanv (001)), TijH,035 (nosepxnocms ¢
xucnopoonou eaxaucueu) u TijHpN>Ozs (nosepxnocms ¢ KUCIOPOOHOU BaKaHCUell U BHEOPEHHLIMU AmMOMAMU
asoma), Komopule 02paHudeHbl AMoOMamMu 6000poId.

Pacuemul 6enuuun nonnot suepeuu ONMUMUZUPOBAHHBIX NPOCMPAHCTNEEHHBIX CINPYKIYD MOOETbHbIX KIACMEPO8
TiO; u coomsemcmayrowux meopemuyeckux cnekmpos POIC evinoniHeHvl ¢ UCNONb30BAHUEM MEMO0d Meopuu
@ynxyuonana niomunocmu (DFT) u eubpuonozo ¢ynxyuonana BILYP ¢ pacuupenHbim 8aleHmHO-pacyenieHHbIM
baszuchuvim Habopom 6-31G (d, p).

B POOC-cnexkmpax Ols kadxcowviil nux modicem 0bimb OMHECEH K ONPEOeleHHOMY MUny amomos KUciopooa 8
3A6UCUMOCIIU OM UX KOOPOUHAWUOHHO2O OKPYICEHUs. 3aMeHa amomamu a3omd amomo8 KUCA0pood Npusooum K
yenogicHenuio cnekmpa. OOHOBPeMeHHoe 3aMelujeHte amomMamu d30ma amomo8 KUCiopood U Haiuyue KUCiopooHouU
BaAKAHCUU NPUBOOAM K OabHeluem)y ycaodcHeruio cnekmpa POOC.

Paccmompeno makdice paziuunoe cmpoenue adCoOpOYUOHHBIX KOMNILEKCO8 MONEKYN 800bl HA NOGEPXHOCHU
anamasa, 00pa308aHHLIX O1azodaps 600opoonou cesazu HOH-O (npu smom 6 cnekmpe PDPIC npoucxooum
cmewerue na 0,05 9B ecex nuxos), unu koopounayuonnou ceéasu Ti-—OH,.

Ha ocnosanuu ananuza meopemuyeckux pesylbmMamos paccMOMpPeHa poib pPA3IUYHbIX U008 Oedhekmos 8
adcopbyuu 6006l Ha nogepxHocmu avamasa. Teopemuuecku NoOTyYEHHbIE PeE3YAbMAMbL CPAGHUBAIOMCS CO
CBOUCMBAMU MONEKYTAPHBIX MOOeRel 015l 00beMa U ROBEPXHOCTU OUOKCUOA MUMANA, UMEIOWUECs 8 Tumepamype.

Knrueswvie cnosa: anamas, cnexkmpor POIC, ouokcuo mumana, memoo meopuu (QYHKYUOHALA NIAOMHOCMU,
KAacmepHvie MOOenu
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