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The experimental results obtained in the study on the possibility of sensitizing titanium dioxide (polymorphic
anatase phase) to the visible region of the spectrum by doping and co-doping with impurities of non-metals in order
to create effective photocatalysts for the decomposition of organic compounds have been analyzed.

The presence of impurity atoms appears to result in a change in the electronic structure of the titanium dioxide
matrix, in the appearance of “impurity bands” and in the narrowing of the energy gap of titanium dioxide. Such a
modification is accompanied by an extension of the spectral range of sensitivity of photoactive solids to the long-
wavelength region of the spectrum and, therefore, can be used to improve the catalytic properties of these materials.

Spectral manifestations of carbon impurities in titanium dioxide in the form of carbide and carbonate, as well as
sulfur in the forms of sulfite, sulfide, and sulfate, have been studied by the density functional theory method. A
Ti14H»:039 cluster model was chosen for the titanium dioxide matrix. The calculations were carried out in the
framework of the cluster approximation, using functional B3LYP and basis set 6-31G (d, p).

Comparison of the results of quantum chemical calculations with the available experimental data shows that the
impurity sulfur and carbon atoms in titanium dioxide, which are in different coordination states and different
oxidation states, appear in different spectral ranges. This circumstance makes it possible to elucidate the structure of
the samples based on the experimental spectra.

A change in the coordination and oxidation states of impurity atoms leads to spectral shifts and splitting of
peaks, which can reach 1.5 eV (XPS). The presence of admixtures of non-metals leads to a change in color
(deepening in the case of sulfide or carbide) of the samples, appearing in the corresponding UV spectra.

Keywords: anatase, oxygen defect, carbon impurity, sulfur impurity, XPS spectra, UV/Vis spectra, quantum
chemical density functional theory (DFT) method, cluster models

INTRODUCTION photoexcitation of a system (solid) and
molecular (chemical) transformations on the
surface. For a number of reasons, the most active
in such processes are solids, in particular, metal
oxides with a sufficiently large energy gap
(Eg >3 eV). For the most popular photocatalyst
today — titanium dioxide (£, = 3.0 and 3.2 eV for
the anatase and rutile  modifications,
respectively), which has a number of unique
properties (chemical stability, non-toxicity, low
cost), only about 4-5 % of the solar radiation
energy at the surface of the Earth is absorbed by
this oxide in the range of the most effective

Examination  of  nanoparticles, their
ensembles (powders) and nanocomposites based
on a number of wide-gap metal oxides has
acquired particular relevance in recent years in
connection with a number of properties of such
objects that are interesting from a scientific and
practical point of view. These are, in particular,
their specific photoactivity, which appears as
photostimulated formation and annealing of
optically active defects (photostability and
photosensitivity, photochromism) of oxide

materials; photostimulated molecular fund tal absornti
transformations on the surface of dispersed hdamentat absorption.
solids, being a base of so-called heterogeneous BACKGROUND

photocatalysis, promising for converting solar
energy into chemical one and for purifying water
and air from pollutions, efc.; photoelectron-
chemical conversion of solar energy [1].
Photostimulated (photocatalytic) reactions
can, in most cases, be divided into two stages:

The goal problem of increasing the
efficiency of photoactive materials, such as
titanium dioxide, is the expansion of the spectral
range of their sensitivity. One of the main ways
to expand the spectral region of sensitivity of
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titanium dioxide and other photoactive solids to
the long-wavelength region of the spectrum is
considered to be their doping with anionic or
cationic  impurities, efc., co-doping, i.e.
introduction of two or more impurities of the
cationic, anionic or mixed type (N, C, S, B, P,
etc.). It was shown [1] that the introduction of
impurities of various natures, including metal
ions, indeed leads to the appearance of stable
absorption bands adjacent to the fundamental
absorption edge of TiO, and extending up to the
IR absorption range (up to 800-900 nm for a
number of impurities as dependent on methods
of their introduction). In this case, the
appearance of photoactivity of the doped
samples is observed in the visible region of the
spectrum with a red border at about 600-700 nm.
It was also shown that, as a rule, upon co-doping,
the activity of the samples is higher than upon
the introduction of the corresponding impurities
separately.

The nature of the doping and co-doping
effects is still unclear. In most works, it is
believed that the introduction of impurities leads
to a “narrowing” of the band gap due to the
appearance of states near the edges of the
conduction or valence band [1]. In particular, the
appearance of absorption in the 400-550 nm
range upon anionic doping of titanium dioxide
with nitrogen is most often explained by the
formation of a “subband” of filled nitrogen states
(N2p) located above the states of the valence
band (O2p) of TiO,, which is in qualitative
agreement with the results of quantum chemical
calculations.

Impurities of non-metals can be in various
coordination states and different oxidation states.
This can appear in different positions of the
corresponding peaks in the XPS and UV spectra.
For example, carbon in oxides can form
carbonate or carbide structures, which appear in
the XPS spectra in the range of about
282-295 eV [2, 3]. Similarly, sulfur in oxides
can form sulfate groups, which corresponds to a
peak of 170 eV [4, 5]. The presence of impurities
of non-metals can change the position of the
titanium and oxygen peaks, but this shift is
small.

In this work, we examined the manifestation
of impurity carbon and sulfur atoms in titanium
dioxide (anatase) in XPS and electronic spectra.
The position of the corresponding peaks found
by quantum chemical calculations is compared
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with available experimental data, which makes it
possible to identify spectrally various impurity
groups in the TiO; structure.

EXPERIMENTAL

In this work, carbon impurities in titanium
dioxide in the form of carbide and carbonate, as
well as sulfur ones in the forms of sulfite,
sulfide, and sulfate are examined. The Ti14H2,039
cluster, studied in detail in our previous work
[6], was chosen as a model for the titanium
dioxide matrix.

The calculations were carried out in the
framework of the cluster approximation using
the density functional theory B3LYP method and
the basis set 6-31G (d,p), using the PC
GAMESS software package (FireFly version
8.2.0 by A. Granovsky) [7-10].

RESULTS AND DISCUSSION

In order to simulate the effect of atomics C
and S incorporation and isomorphic substitution
of O atoms, anatase nanoparticles were
represented as a set of clusters. The (001) face of
a defect-free anatase surface was modeled by a
cluster of the gross formula Tij4H2O39 [11].
Different oxidation states of non-metal atoms
were taken into account, so there can be carbide
and carbonate, sulfide and sulfate structures
incorporated into the bulk of titania nanoparticles
(Fig. 1).

Impurity sulfur atoms in the structure of
the TiO; cluster. According to the experimental
data [2], sulfur in the structure of titanium
dioxide appears in the XPS spectra near 169 eV.
We considered cluster models of TiO, containing
sulfur atoms in different oxidation states: one
and two sulfide type sulfur atoms, sulfite and
sulfate groups in the anatase structure.
According to the results of calculations, the
peaks S2s at 215eV and S2p at 160eV
correspond to sulfide type sulfur atoms. The
transition from one to two sulfur atoms in the
cluster leads to a certain complication of the
spectrum: the S2s peak splits into two
components (214.8 and 215.2eV, Fig.2).
According to the calculation data, the presence
of a sulfite group corresponds to the presence of
peaks in the spectra in the regions of 223 eV
(S2s) and 167eV (S2p). The presence of a
sulfate group leads to similar shifts.

The presence of sulfur atoms in the anatase
structure leads to the splitting of the titanium and
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oxygen peaks in the XPS spectra (Fig.2) in
comparison with the cluster model of pure
anatase [6].

In the presence of impurity sulfur atoms in
TiO; samples, their color deepens. Based on the
results of calculations of the UV spectra of the
models considered, for example, for a cluster
with an impurity sulfur atom of the sulfide type,
the absorption spectrum contains 4 bands in the
visible and near UV regions, of which the
longest wavelength (Amax =358 nm) is 78 % due
to the transition of electrons from the highest
occupied to the lowest unoccupied molecular
orbital. A noticeable contribution (from 19 to
31 %) to this absorption band is also made by
transitions from three occupied orbitals lying
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Fig. 1.

Five peaks of Ols can be observed in the
XPS spectrum calculated for the TijsH22039
cluster model (about 521 eV). Each peak can be
assigned to a specific type of O atoms.

Impurity carbon atoms in the structure of
the TiO; cluster. According to the experimental
data [2], carbon in the structure of titanium
dioxide appears in the XPS spectra in the range
282-290 eV. We have considered cluster models
of TiO, containing carbon atoms in different
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below the HOMO to three vacant orbitals lying
above the LUMO. The transition to a cluster
with two sulfide type sulfur atoms leads to the
presence of intense absorption bands with
Amax = 360 and 392 nm. Note that the sulfite and
sulfate groups in the anatase structure are
characterized by intense absorption in the near
ultraviolet region — about Amax =270-290 nm,
while in the visible region the absorption is very
weak. This may be due to the absence of direct
contact between titanium and sulfur atoms, since
they are separated by oxygen atoms.

The spatial structure of cluster models and
XPS spectra of impurity carbon atoms in TiO»
samples are shown in Figs. 3 and 4.
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Spatial geometry of the anatase models for incorporated one (a, b, ¢) and two (d) S atoms

oxidation states: one and two carbide carbon
atoms, as well as a carbonate group in the
anatase structure. According to the calculation
results, the Cls peaks in the region of 278.1 eV
correspond to the carbide type carbon atoms. The
transition from one to two carbon atoms in a
cluster leads to some complication of the
spectrum: the Cls peak splits into two
components (277.6 and 278.6eV, Fig. 3).
According to the calculation data, the presence
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of a carbonate group corresponds to the peaks in
the spectra in the range of 270-271 eV (Cls).
The presence of carbon atoms, similar to the
sulfur atom in the anatase structure, leads to the

splitting of the titanium and oxygen peaks in the
XPS spectra (Fig.4) in comparison with the
cluster model for pure anatase [6].
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Fig. 2. UV and XPS spectra of the anatase models for incorporated one and two S atoms

The presence of impurity carbon atoms in
Ti0O, samples leads to a deepening of their color.
Based on the results of calculations of UV
spectra of the models considered, for example,
for a cluster with an impurity carbon atom of the
carbide type, the absorption spectrum contains 3
bands in the visible and near UV regions, of
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which the longest wavelength (Amax = 513 nm) is
for 68 % due to the transition of electrons from
the highest occupied to the lowest unoccupied
molecular orbital. The transition to a cluster with
two carbon atoms of a carbide nature (one of
them 1is three-coordinated, the other is five-
coordinated) leads to three intense absorption
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bands — with Amax =474, 549, and 675 nm. The while absorption in the visible region is very
carbonate group in the anatase structure is weak. This may be due to the absence of direct
characterized by intense absorption in the near contact between titanium and carbon atoms,
ultraviolet region — about Amax =268-296 nm, since they are separated by oxygen atoms.
.
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Fig. 3. Spatial geometry of the anatase models for incorporated one (g, ) and two (c¢) C atoms
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Fig. 4. UV and XPS spectra of the anatase models for incorporated one and two C atoms

ISSN 2079-1704. CPTS 2020. V. 11. N 4 543



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

CONCLUSIONS elucidate the structure of the samples based on
the experimental spectra.

A change in the coordination and oxidation
state of impurity atoms leads to spectral shifts and
splitting of peaks, which can reach 1.5 eV (XPS).

The presence of impurities of non-metals
leads to a change (deepening in the case of
sulfide or carbide) color of the samples, which
appears in the corresponding UV spectra.

Comparison of the results of quantum-
chemical calculations with the available
experimental data shows that impurity sulfur and
carbon atoms in titanium dioxide, which are in
various coordination states and different
oxidation states, appear in different spectral
ranges. This circumstance makes it possible to

KBanToBoXiMiuHe J0CaiI:KeHHS BILIUBY MOAU(iKalil JiokCHIy TUTAHY HeMeTaJIaMu Ha
HOro CleKTPaJbHi XapaKTepUuCTHKH

0.B. Cmipnoga, A.I'. I'pe6eniok, B.B. Jlo6anoB

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

Ipoananizosano excnepumenmanbHi pe3yiomamu, OMPUMAHI NPU BUSUEHHI MONCIUBOCMI CeHCUbLnizayii
diokcudy mumany (nonimop@roi ¢pasu anamazy) 00 euoumoi obracmi cnekmpa WIISAXOM OONYEAHHS MA KO-
O00NYBAHHS OOMIUWKAMU HEMEeMmAnie 3 Memol CMBOPeHHs eeKxmuenux Gomoxamanizamopie O0as pO3KIAOAHHSA
OP2AHIYHUX CHOTIYK.

Ipucymuicms  0omiukogux amomié npu3800ums 00 3MIHU €NeKMPOHHOI CMPYKmMypu mampuyi OioKcuoy
MUMaHy, noseu «OOMIUKOBUX 30H» I 38VHCEHHs eHepeemuuyHoi winunu Oiokcudy mumany. Taxe mooughikysanms
CYNPOBOOAHCYEMBCA  POSUWUPEHHAM CNEeKMpAnbHoi o0racmi  yymaugocmi (QOMOAKMUSHUX MEEePOuUx min Y
00820X6UTbOGY 00ACMb CHeKmpa 1 MoMy Modce Oymu GUKOPUCMAHO OAs NONINUEHHA KAmalimuyHux
eracmugocmert yux mamepianis.

Memodom meopii ¢ynxyionana enekmpoHHOi 2yCmuHu 0OCIIONCEHO CREKMPALbHI NPOSI8U OOMIUOK 8Y2reylo 6
Oiokcudi mumany y gpopmi kapbioy ma kapbowamy, a maxodic cipku 6 popmax cyivimy, cynvghioy i cyrepamy. HAx
Mmodeni mampuyi Oiokcudy mumany obpano xknacmep cknady TijsH»:039. Po3paxynku npooounuce 6 pamxax
KAACMEePHO20 HAOIUICEHHS. 3 BUKOPUCMAHHAM QyHryionany B3LYP ma 6azucnozo nabopy 6-31G (d, p). [lopisusnnus
Pe3VIbMamis K6AHMOBOXIMIUHUX PO3PAXYHKIE 3 HAAGHUMU eKCRePUMEHMAIbHUMU OGHUMU CEIOYUMb, U0 OOMIULKOGL
amomu cipxu i gyeneyio 8 OlOKCUdi MUmaty, uwjo 3Haxo0smvbCs 8 Pi3HOMY KOOPOUHAYIUHOMY CIAHL I PI3HUX CIYNEHSX
OKUCHEHHSl, NPOAGNAIOMbCA 6 pisHuUx oOianasonax cnekmpie. Ll obcmasuna 0ac MOXNCIUBICMb BCMAHOBUMU
CMPYKmMYpY 3pa3Kie, 6UX00514U 3 eKCHePUMEHMATbHUX CREKMPIE.

3mina xoopouHayii i cmyneHs OKUCHEHHS OOMIWKOBUX AMOMI8 Npu3eo0ums 00 CHEeKMPALbHUX 3CY8i8 |
po3wenieHnio nikie, ki modcymov docaeamu 1.5 eB (XPS). Ilpucymuicms OOMIiWOK Hememanie npuzeooums 00
3MiHU (noenubaenus 8 pasi cynvgidy abo kap0idy) 3ab6apeneHHs 3pA3Ki8, WO NPOABIAEMbCA Y 8I0N0GIOHUX YD
CHeKmpax.

Knwwuosi cnosa: anamas, kuchesuii Oegexm, Oomiwka eyeneyio, oomiwka cipku, POEC cnexmpu,
K6AHMOBOXIMIYHUTI MemOoO meopii YYHKYIOHATY eNeKmPOHHOL 2YCmuUHU, KIACMePHT MOOei
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KBanToBOXHMHYECKOE HCCJIeJ0BaHUEe BJAUAHUA MO):[I/I(l)I/IKaIII/II/I AUOKCHUIA TUTAHA
HEMCETAJUIAMH HA €0 CIICEKTPAJbHBIC XaPaAKTCPUCTUKHU

O.B. CmupHoBa, A.T'. I'pedeniok, B.B. Jlodanos

Hnemumym xumuu nogepxnocmu um. A.A. Yyiiko Hayuonanwnoi axademuu Hayx Ykpaumvl
ya. enepana Haymosa, 17, Kues, 03164, Ykpauna, olsmirnova2001@ukr.net

Ipoananuzupoganvl  IKCNEPUMEHMATbHbIE — PE3YIbMAmbl,  NOJIVYEHHble NPU  USYYEHUU  8O3MOICHOCHIU
ceHcubunuzayuy OUOKCUOa MUmaua (NoauMop@Hou ¢hasel awamasa) K 6UOUMOU O0OAACMU CHeKmpd nymem
0ONUPOBAHUSA U CO-OONUPOBAHUS NPUMECIMU HEMEMAI08 C Yeablo CO30anusl IQPEeKmusHbIX Homokamaiuzamopos
07151 PABNIOJNCEHUST OPLAHUYECKUX COeOUHEHU.

Tpucymcemeue npumecHvix amomos npueooum K UMEHEHUIO IIeKMPOHHOU CMPYKMYpPbl MAMpPUuybl OUOKCUOA
MUMAand, NOSGNEHUI0 «NPUMECHBIX 30H» U CYJICEHUI0 IHEPeemu4eckou wenu ouokcuoa mumana. Takoe
MoOupuyuposanue conposoicoaemcsi pacuupeHuem CHeKmpaibHOl 0OIACIU YYECMEUMETbHOCTU (YOMOAKMUBHBIX
meepovix men 6 ONUHHOBOTIHOBYIO 0OAACMb CHEKmMpd U NOIMOMY MONCEm OblMb UCHOIb308AHO OJis VIYYULCHUS
KAMAanumuyeckux c8otcme smux Mamepuaios.

Memodom meopuu yHKYUOHANA NAOMHOCU UCCLEO08AHbL CHEKMPAIbHbIE NPOSAGIEHUs npuMecell Yenepood 6
Juoxcude mumana 6 opme kapbuoa u kapboHama, a maxice cepul 6 popmax cyioguma, cyrvguoa u cyrvgama. B
Kauecmee Mooenu mampuysl ouokcuoa mumana eviopan xnacmep cocmasa TijgH»:039. Pacuemul npogoounucs 6
PAMKAX KIACMEPHO20 NPUOIUICEHUS C UCNONb308aHuem yHkyuonaia B3ILYP u basucnoeo nabopa 6-31G (d, p).

Cpasnenue pe3ynbmamos KeaHmMOBOXUMUYECKUX pAcHema C UMEIOWUMUCS IKCNEPUMEHMATbHBIMU OAHHBIMU
NOKA3bl8AEM, 4MO HPUMECHbIE AMOMbL Cepbl U Yenepood 6 OUOKCUOe MUMAHA, HAXOOSWUECs 6 PAa3IUYHOM
KOOPOUHAYUOHHOM COCMOSIHUU U PAZTUYHBIX CIMENEeHSIX OKUCLEHUs], NPOSGISIONCSL 8 PA3HbIX OUANA30HAX CNEKMPO8.
Dmo 06cmosmenscmeo daem G03MONCHOCHb YCMAHOBUMb CHPYKIYPY 00pA3Y08, UCX00s U3 IKCHEPUMEHMATbHBIX
CHeKmpos.

Hsmenenue xoopounayuu u cmeneHu OKUCLEHUS NPUMECHBIX AMOMO8 NPUBOOUM K CNEKMPALbHbIM COBUSAM U
pacujenyienuro nukos, komopwvie mozym docmueams 1.5 2B (XPS). Ilpucymcmeue npumeceii Hememaniog npusooum
K usMeHenuro (yenyonewuro 6 ciayuae cyivbuoa unu Kapdouda) OKpacku oopasyos, Hmo NposGIAemcs 6
coomsemcmeyiowux Y@ cnekmpax.

Knroueeswvie cnosa: anamas, Kuciopoowuwvlii Oeghexkm, npumech yeaepoda, npumecv cepvl, POIC cnexmpeoi,
K8AHMOBOXUMUYECKULL MemOO meopuu yHKYUOHALA\INeKMPOHHOU NIOMHOCIU, KIACMepHble MOOeu
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