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Abstract

Cobalt-doped anatase Tigg7Cog.9302 nanopowders with a particle size of about
100 A were produced by a microwave-hydrothermal method. The obtained samples
were characterized by means of X-ray diffraction, X-ray absorption (Ti Lg3, Co Lg 3,
and Co K), and 1s3p resonant inelastic X-ray scattering spectroscopies. Co?* ions
tetrahedrally coordinated by oxygen ions in nanoparticles were found to be located on
the surface of agglomerates. Titanium ions were found to be in a tetravalent state
(Ti**). All the samples before the thermal treatment contain an amorphous phase
of titanium dioxide on the surface. After annealing in vacuum or hydrogen anatase
structure of Tigg7C0g,0302 remains and the amorphous phase disappears. Annealing
the samples in vacuum or hydrogen leads to clustering metal cobalt at the particles

from the bulk of agglomerates.

Introduction

Co-doped TiO, is one of the most extensively studied oxides for applying as dilute magnetic
semiconductors.!? One of the important tasks for creating spintronic devices is to learn to
achieve a high transition temperature in the ferromagnetic state in magnetic semiconductors
so that the devices can work at room temperature. For the first time ferromagnetism at
room temperature in Co: TiO, with an anatase structure was recorded in.?3

There are at least two points of view on the origin of ferromagnetism in this material: (i)
ferromagnetism in TiO,:Co originates from the presence of Co clusters,* (ii) ferromagnetism
is intrinsic nature.® Therefore, oxidation state of cobalt is of particular interest in such
materials. The majority of works on elucidating the nature of appearance of spontaneous
magnetization with a high Curie temperature in doped TiO, oxides and other magnetic
semiconductors was performed on bulk states. It can be assumed that in the nanocrystalline
Ti0O4:Co oxide powders, the above physical phenomena will manifest themselves particularly

vividly in comparison with massive objects due to the specific contribution of the surface



and the specificity of the electronic structure of the cobalt impurities.

It should be noted that the fundamental feature of the nanostate is the thermodynam-
ically justified localization of 3d impurities and defects over anionic and cation sublattices
on the surface of nanoparticles. The dominant contribution of the surface in the nanocrys-
talline nonequilibrium state will be decisive in the formation of physicochemical properties
of titanium dioxide with cobalt impurities. The elucidation of this problem requires the
determination of the charge and spin states, as well as the crystal environment of cobalt ions
in the TiO, anatase lattice.

Effective methods for studying the surface states of ions in 3d metal oxides is soft X-ray
absorption spectroscopy in total electron yield mode. Whereas bulk states studies can be
studied using hard X-ray absorption and emission spectra. The extension of the core-hole
lifetime present in the XAS measurements can be significantly reduced by measuring X-
ray absorption in the high-energy fluorescence detection mode (HERFD). The lifetime of
the observed state is increased by choosing only one transition associated with the lifetime,
which is necessarily longer than the lifetime of the excited state. Combination of absorption
and emission is often viewed as resonant inelastic X-ray scattering (RIXS).® In the RIXS
process, the internal electron is excited to an unoccupied valence level. The system is excited
and de-excited for usually several femtoseconds. We note that the charge of the system does
not change in the process, i.e., an electron is not lost or added. The process can be viewed
as an inelastic scattering of the incident photon at the 3d transition metal atom and is
theoretically described by the Kramers-Heisenberg formula.” RIXS depends on the energy
of incoming and outgoing photons, so the full RIXS image is two-dimensional.

Hard X-ray spectral studies of titanium dioxide with cobalt impurities are presented in
a series of papers.® ! According to experimental and theoretical Co K X-ray absorption
spectra, that cobalt ions in thin TiO, films are found to be located mainly in interstices
in the anatase lattice and form complexes with titanium ions and vacancies in oxygen.®

Yildirim et al.? have studied an amorphous and polycrystalline states of TiO,:Co, as well as



in the form of thin films. In the amorphous phase of TiO,:Co, cobalt ions are in a divalent
state with mixed coordination of atoms, and in polycrystalline and thin films, Co?* ions are
in an octahedral environment with tetragonal distortion and replace in this case titanium
ions in the anatase lattice of TiO,:Co.? According to Co K X-ray absorption spectra, cobalt
atoms in thin films of rutile TiO5:Co with a rutile structure are located at titanium positions
with the formation of vacancies as a result of annealing.'® Substitution of Ti** ions for Co**
leads to the formation of vacancies in oxygen sublattice.!!

Soft X-ray spectral studies of Co-doped titanium dioxide were presented in the works. -7
It was shown by means of X-ray photoemission spectra that cobalt in thin films Co,Ti;_,Os
is in a divalent state.'? It was found that annealing in oxygen of thin anatase TiO films
doped with cobalt led to the formation of metallic cobalt and its clustering.® The authors
of ! have investigated Ti L X-ray absorption spectra of Ti;_,Co,Os_s and concluded that
doping with cobalt ions leads to a distortion of the TiO, structure. It was shown from Co
L X-ray absorption spectrathat in thin TiO, films with 3d impurities, cobalt in the depth
of the film is in the metallic state and on the surface in the oxidized state'* . Using X-ray
photoelectron spectroscopy, it was the authors of established the presence of metallic cobalt
in Cog.2Tig9Os after annealing in hydrogen,** unlike Cog ; Tip.9O5 subjected to heating under
the same conditions. Mamiya et al.'® have established from comparison of X-ray dichroism
spectra of and atomic multiplet calculation that in thin films, Ti;_,Co,05_sCo?** ions are
located at titanium positions in the high-spin state in a crystal field with the symmetry Doy.
According to X-ray photoelectron and absorption Co L spectra measured by Parma et al.,'”
cobalt is in a divalent state, mainly in phases, which after annealing form islands in the
near-surface layer of thin TiO, films doped with cobalt.

The spectra of resonant inelastic X-ray scattering of TiO5:Co nanopowders are not pre-
sented in the literature and will be investigated in this paper for the first time. Soft X-ray

absorption spectra will be given in comparison with calculations of atomic multiplets taking

into account the crystal field. On the one hand, soft X-ray spectra will provide information



on nanoparticles in the nanoscale agglomerates in the near-surface layer (5-10 nm). On the
other hand, hard X-ray spectra will allow to determine the degree of oxidation of cobalt ions

in particles in the volume of agglomerates.

Experiment and Details of Muliplet Calculations

Nanopowders of titanium dioxide with cobalt impurities were obtained by a microwave-
hydrothermal method. As the starting materials, a 15% solution of titanium (III) chloride in
a 10% solution of HCI from Merck, cobalt (II) chloride CoCly- 6H2O and a 25% water solution
of ammonia were taken. The samples of TiOy with cobalt impurities were synthesized as
follows: the calculated amount of CoCly- 6H,O was dissolved in water, then a stoichiometric
amount of TiCl; was added to the solution. To the resulting reaction mixture, NH,OH was
added dropwise until pH = 9.2. The process was carried out with constant stirring. Then
the reaction mass was subjected to ultrasonic treatment using ultrasonic bath UZV-1.3 TTS
“Sapphire” for 20 min. The resulting slurry was placed in a Monowave 300 reactor (Anton
Parr), heated to 160 °C and held at this temperature for 20 minutes. The resulting precipitate
was filtered off, washed with water and air dried at room temperature. The obtained samples
were annealed in vacuum and hydrogen for 2 hours at a temperature of 700 °C. To analyze
the chemical composition of the powders, the inductively coupled plasma method was used.
The concentration of cobalt in the samples was estimated to be about 3 at. % relative to the
cation content. Therefore, the chemical formula of the obtained samples should be written
as Tig.97C00.0302.

The crystal structure and the phase purity of the as-synthesized and annealed samples
were checked by a powder X-ray diffraction using a Rigaku Dmax-2200 diffractometer with
Cu Ko radiation (A = 1.54178 A). The Bragg lines broadening due to the microstructural
effects was analyzed by means of the Rietveld refinement using TCH pseudo-Voigt peak

profile function.'® The Reitveld refinement was performed using Fullproff software package. **



The instrumental resolution function was obtained to be u = 0.00708, v = —0.00832, w =
0.03468 in terms of Cagliotti formula?® by fitting of the X-ray diffraction pattern measured
on the Al,O3 standard sample. Visualization of the coherently scattering domain has been
performed using GFOURIER program.?!

Ti Ly 3 and Co Ly 3 X-ray absorption (XAS) spectra of were obtained at Russian-German
beamline at BESSY (Berlin) in the surface-sensitivity total photoelectron-yield mode. All
the spectra were normalized to the beam flux measured by a clean gold mesh.

Co K X-ray absorption spectra were collected in high energy resolved fluorescence detec-
tion (HERFD) mode at room temperature, using the Rossendorf Beamline (ROBL, BM-20)
at the European Synchrotron Radiation Facility (ESRF). The samples, the analyzer crystal
and the photon detector (avalanche photodiode) were arranged in the vertical Rowland ge-
ometry. The core-to-valence RIXS spectra were recorded at a scattering angle of 90 °C in
the horizontal plane using only one crystal analyzer. The intensity was normalised to the
incident flux. Experiment was performed at room temperature in helium atmosphere. The
extension of the life-time in the core-hole, which is present in XAS measurements, can be
significantly reduced by measuring XAS in high-resolution fluorescence (HERFD) mode.??
Increased the lifetime of the observed state by choosing only one transition associated with
the lifetime, which, by virtue of the need is greater than the full service life of the excited
state.

Crystal-field multiplet calculations of Lo 3 XAS spectra for Co ions in oxygen octahedral
(Op) and tetrahedral (T4) environments were carried out using a computer program for
calculation of spectra with a multiplet structure determined by the Coulomb and exchange
interactions between 2p holes and 3d electrons, the splitting by the crystal field, and spin—
orbit interaction.?3?* The calculation of theoretical Co L spectra was carried out in two
stages. At the first stage, the spectrum of a purely atomic multiple was calculated. As a
parameter, only the atomic number was included and the transition 2p®3d® — 2p°3d**! was

taken into account. The absolute value of the transition energy was not calculated. The



energies of the calculated spectra were brought into correspondence with the energies of
the experimental spectra. In the second stage, the Slater-Condon parameters for the direct
Coulomb interaction and the exchange Coulomb interaction were included through the Slater
integrals Faq, Fpq, and Gpq, which were calculated by the Hartree-Fock method. The value
of the Slater integrals was taken equal to 80% of the atomic values for cobalt ions. Slater
integrals were calculated by the Hartree—Fock method. Crystal field parameters (10Dq)
were taken identical for the basic and final states of the system. The crystal field parameter
10Dq (the splitting value between the e, and to, orbitals) was taken equal to 0.8 eV for
the octahedral environment. For the tetrahedral environment, orbitals e, are situated at
lower energy than the to, ones, therefore the parameter 10Dq has a negative sign and was
equal to —0.6 eV. Taking into account that Ly 3 X-ray absorption spectra are dominated by
multiplet,?>?® we neglect charge-transfer effects in our calculations of Ly 3 X-ray absorption

spectra.

Results

X-ray diffraction analysis

X-ray diffraction data measured on the as-prepared pure TiO, nanopowder and as-synthesized,
annealed in vacuum and annealed in hydrogen Co-doped Tig 97Co0g.0302 nanopowder samples
are shown in Fig. 1(a)—(d). The X-ray diffraction patterns of both the as-synthesized sam-
ples can be well indexed by the crystal structure model of anatase (space group I141/amd). %"
A trace amount of the impurity phase, which was identified as brookite (PDF #29-1360), was
observed on the X-ray diffraction pattern for pure TiO,. We did not observe any extra reflec-
tions on the X-ray diffraction pattern for the as-synthesized Tig ¢7Cog 0302 sample. Contrary,
the Tig.97Co00,0302 samples annealed in vacuum and in hydrogen atmosphere revealed addi-
tional Bragg peaks which can be indexed by the TiO rutile phase (PDF #84-1285) and fcc
metallic Co phase (PDF #89-7093). Broad background humps as well as reduced peak-to-



background ratio observed for the as-synthesized Tigg7Co00.0302 sample implies substantial

scattering contribution from amorphous phase.
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Figure 1: The best fit result for the X-ray diffraction patterns measured for (a) as-synthesized
TiO, sample, (b) as-synthesized Tig97C0g 0302 sample, (¢) Ti.g97Co0,0302 sample annealed
in vacuum, (d) Tig97Cog 0302 sample annealed in hydrogen. Red symbols are experimental
values of the intensity and black solid line represents the result of the fit. The difference
curve between calculated and observed intensities is shown at the bottom. The rows of
vertical marks below the patterns refer to the Bragg angles of the anatase structure (upper
row), rutile structure (middle row), fcc Co phase (bottom row). Symbols “R”, “C” and “B”
mark rutile, cobalt and brookite peaks, respectively (see the text).

Strong broadening of the Bragg lines of the anatase structure in comparison with the
instrumental resolution function was observed for all the measured X-ray diffraction pat-
terns. Such broadening implies that both size as well as microstrain effects may be crucial
for these samples. In order to estimate size and strain effects contribution and clarify how

microstructural effects in the Tig97Cog 0302 nanoparticle sample evolves on annealing, we



performed microstructural analysis by means of the Rietveld refinement using Fullprof soft-
ware package.!® The integral breadth approach to obtain apparent size and microstrain for
each Bragg peak is employed in Fullprof.?®? The average maximum strain calculated in
Fullprof corresponds to 1/4 of the apparent strain in terms of Stokes and Wilson.3? Size and
microstrain effect contributions to the integral breadth of Bragg peaks are calculated on the
Rietveld refinement using TCH pseudo-Voigt peak profile function (see Fullprof manual for
details).

The crystal structure of anatase (space group 741/amd)?" along with isotropic size and
strain contributions were taken as a trial model for the Rietveld refinement of the as-
synthesized samples. Occupation factors for Ti and Co statistically distributed over 4b
Wyckoff site of anatase structure were fixed to the numbers obtained from the chemical
analysis. It has been found that broadening of Bragg lines for the as-synthesized sample
exhibits anisotropic character and cannot be well approximated by the isotropic microstruc-
tural effects. In particular, the integral breadth for the (004) Bragg peak is substantially
narrower than the one for the peaks (101) and (200) (see Table 1). In order to describe
anisotropic broadening of Bragg lines, anisotropic size effect was modeled using spherical

harmonics approximation implemented in Fullprof: 2829

A

A
sz __ = m m @ 5 @ s 1
M Dpgicosf  cosd %; rnpYimp(Onit; i) (1)

where Zlmp rmpYimp(Onkts Prrr) 1s a linear combination of spherical harmonics as it was de-
scribed in Ref.?! After refinement of the coefficients aj,,,,, apparent size of the coherently scat-
tering domain along the direction that is perpendicular to the scattering plane (hkl) can be
calculated. Then average apparent size over N measured Bragg peaks (Dp) = % > it Dk
and its standard deviation o(Dpg), that is a measure of the degree of anisotropy of the
diffraction domain, are calculated by Fullprof. The parameters obtained on the refinement
of the anatase structure model with isotropic microstrain and anisotropic size contributions

are represented in Table 1. The difference between observed and calculated profiles for



Table 1: The refined unit cell parameters of anatase structure a and ¢, (Dy) —
average apparent size of the difraction domain and its standard deviation o(Dj),
e — average maximum strain, [, — integral breadth of the Bragg peak (hkl) in
terms of TCH-pV profile function, y?> — square of goodness of fit, Rgwp, Rrexp —
agreement factors corrected for background.

TiO, Ti9.97C00.0302
as-synth  as-synth  annld. vacuum annld. hydrogen
a(Aa) [A] 3.7912(3)  3.7970(7) 3.7844(1) 3.7839(1)
c(Ac) [A] 9.4972(6) 9.4901(16) 9.5055(3) 9.5063(3)
(Dpr) (o(Dpi)) [A] 103 (18) 924 (15) 197 (10) 244 (0)
e[%] 0.097 0.382 0.152 0.138
Bony x 10° [A71] 9.92 12.68 5.07 4.29
Bioosy x 10* [A71] 6.99 9.29 5.29 4.50
Blaooy x 10° [A71] 10.92 13.42 6.00 4.70
Bosy x 10% [A71] 9.18 12.10 5.75 4.83
X2 15 1.2 1.3 1.2
Rwp 12.3 22.0 8.7 9.6
Rexp 10.2 20.2 7.7 8.9

each sample is shown in Figures 1(a)—(d). Visualizations of the average apparent diffraction
domain drawn by GFOURIER, program are shown in Figures 2(a)—(d) for all the studied
samples. It should be emphasized that little physical meaning comes from the particular
shape of the diffraction domain. A particular shape is an extrinsic property defined by the

sample synthesis method rather than an intrinsic property of the material.

Ti Ly 3 X-ray absorption spectra

In transition 3d metal compounds, cation L X-ray absorption spectra are dominated by
intra-atomic and short-range effects. In view of this, metal L X-ray absorption spectra
correspond to the metal 2p — metal valence band (3d) transitions and are determined by
the valence state of metal atoms. Ti Ly 3 X-ray absorption spectra of anatase Tij.97C0g.0302
nanopowders are shown in Fig. 3. Spectral features labeled A, B, C, D, and E are related
to the Ti Lg line. The Ti Ly line consists of features F and G. The Ti L3 and L, lines are
split in the crystal field in ty, (features A, B/C, and F) and e, (features D and E).?* 34

According calculations of de Groot et al.,*>3¢ the distance between to, and e, related
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Figure 2: Visualization of the diffraction domain represented as a 2D projection on the ac
crystallographic plane for (a) as-synthesized TiOy sample, (b) as-synthesized Tij97Co00.0302
sample, (¢) Tipg7Co0g 0302 sample annealed in vacuum, (d) Tig.97Cog 302 sample annealed
in hydrogen. Apparent domain size along ¢ direction calculated from the integral breadth of
the (004) Bragg peak is shown on the figures.

0w Q)

peaks in Ti Ly 3 XAS spectra does not equal exact to the crystal field splitting 10Dq since
these spectra are strongly affected by correlation effects. The additional splitting of the
higher-energy peaks for each line (peaks D and G) is due to distortion of the coordination
environment. 3237 The pre-edge features A and B are due to 2p-3d multiplet interactions.?”
Note that relative intensities of the peaks D and E are reversed for TiO, in rutile and anatase
structures.®®3? In Ti Lg spectra of anatase TiO,, the peak D is more intense than the peak
E. Therefore, all the samples have the anatase structure. Small blurring of the spectral area
between the D and E peaks for the as synthesized Tig¢7Cog 0302 sample is a characteristic
of its partial amorphization. The spectra of the samples annealed in vacuum or hydrogen

are characterized by more pronounced splitting of the e, states. It means that the content

of the amorphous phase decreases.
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Figure 3: Ti Ly 3 X-ray absorption spectra of anatase TiOy and Tig 97Co0.9302 nanopowders
in the as-prepared state and after annealing in vacuum and hydrogen.

X-ray absorption Co L3 spectra

The degree of oxidation of cobalt impurity ions in anatase TiO, can be estimated from
Co Ly 3 absorption spectra shown in Fig. 4. In addition, here are present the spectra of
single-crystal CoO and metallic cobalt. The results of crystal-field multiplet calculations of
Lo s XAS spectra for Co ions in oxygen octahedral (Oy) and tetrahedral (Tq) environments
are presented too. The crystal field parameters 10Dq were taken equal to 0.8 eV and —0.6 eV
for the octahedral and tetrahedral environments, respectively.

The Co L spectra of titanium dioxide nanopowders do not correspond to either the spectra
of CoO or metallic Co. The experimental Co Ly 3 spectra are well described by multiplets
for Co*™ ions in tetrahedral oxygen environment (T4, 10Dq = —0.6 eV). Therefore, Co*"
ions are mainly in tetrahedra. Nevertheless, some cobalt ions are located in octahedra. This
is indicated by the low-energy feature at about 777.5 eV which is reproduced in multiplet

calculations for cobalt ions in octahedra. Annealing the sample in vacuum or hydrogen does
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Figure 4: Co Ly 3 X-ray absorption spectra of single-crystal CoO, metallic Co and nanopow-
ders Tig97C00.0302 before and after annealing in vacuum and hydrogen. The spectra are
normalized to the intensities of the Co L3 maxima. For comparison, the spectra of CoO,
metallic Co, and the results of calculations of the atomic multiple for Co?* ions in the oxygen
octahedral (Oy) and tetrahedral (Tq) environments are presented.

not change its spectra. No traces of metallic cobalt were found.

Co K X-ray absorption spectra

The Co K-edge X-ray absorption spectra of Tipg7Co0g.0302 nanopowders before and after
annealing in vacuum and hydrogen are presented in Fig. 5. For comparison, Co K XAS
spectra of metal cobalt and CoO are shown also.

The main peak B of the Co K edge X-ray absorption spectra of Co compounds should be
interpreted as the electric dipole transition of core 1s electrons into the 4p empty states.*?
The small pre-edge structure at about 7711 eV (feature A) can be describe as the quadrupole
electron transition Co 1s — Co 3d.*! This transition occurs due to hybridization between
the Co 3d and O 2p bands. Therefore, this pre-peak mainly reflects the density of empty

Co 3d orbitals via hybridization with oxygen atoms. The first peak A’ in the spectrum of
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Figure 5: Co K X-ray absorption spectra in high-resolution fluorescence (HERFD) mode
of Tig.97C0p0302 nanopowders before and after annealing in vacuum and hydrogen. For
comparison, spectra of metallic Co and CoO are presented.

metallic Co is more intense and it is shifted toward the high-photon-energy region relative
to the peak A of the spectrum of CoO. The feature A’ can be serve as a characteristic of the
metallic state of cobalt.

The spectrum of the as-prepared Tigg7Cog0302 sample differs essentially from that of
CoO and metallic Co. In contrast to Co Lgs spectra, Co K spectra of the Tijg7Co0p0302
sample are changed after annealing the sample in vacuum or in hydrogen. The spectra of
the annealed sample show features which are specific for the spectrum of metallic Co. For
example, the pre-edge features is more intense and shifted toward the high-photon energies.

Annealing the sample in vacuum and hydrogen does completely restore the part of cobalt
to the metallic state. This can be seen from the comparison of the Co K-spectrum of a sample
annealed in vacuum and in hydrogen and the Co K spectrum of metallic cobalt. It should
be noted that the presence of metallic cobalt in Tig97Cog.0302 nanopowders after annealing

in vacuum and in hydrogen is also confirmed by X-ray diffraction data.
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Resonant inelastic X-ray scattering spectra at the Co K edge

For visualization of Co K XAS data measured in HERFD mode, we have carried out mea-
surements of resonant inelastic X-ray scattering (RIXS) data of the Tip¢7Cog,0302 samples
near the Co K edge using Co Kf; 3 fluorescence. For Co oxides, Co 1s3p (Co Kf;3) RIXS
spectra were presented in works of Ding et al.*? and Samarai et al.*3

The RIXS data of CoO, Co-metal and Tigg7Co00.0302 before and after annealing are
depicted in Fig. 6 as a color plane of incident and transferred photon energies The vertical
axis represents the energy difference between the incident and emitted energies. Variations of
the color on the plot correspond to the different scattering intensities. High-intense spectral
features are shown in red and low-intense areas are painted in blue. An enlarged pre-edge
part of the RIXS spectra of CoO and as-prepared Tig g7Co0g.0302 sample are shown in Fig. 7.
In order to make the pictures more pronounce, the color palette was changed. The RIXS

.43 The spectral

data is in an excellent agreement with those published by Samarai et a
features of CoO are shifted from the diagonal of the RIXS plane. Two energy-loss features
A; and Aj in the spectrum of CoO for the incident energy of 7710 eV (Fig. 7) should be
related to the 3p-3d exchange splitting in the 3p°3d” final state.*® The same features are
seen in the spectrum of the as-prepared Tigg7Cog 9302 sample. All pre-edge features of the
spectrum of Co metal lie on the diagonal of the RIXS plane. The complete understanding
of the RIXS spectra requires an elaborate theoretical analysis, which is beyond the scope of
the present paper.

The pre-peak features in the spectra of the annealed Tig¢7Cog 0302 samples are situated
on the diagonal of the RIXS plane. It is closer to the Co-metal behavior than to that of
Co0O. The RIXS measurements confirm the conclusion made from the diffraction and Co K

XAS experiments that the annealed samples of Tig97Cog0302 content some amount of Co

atoms in the metallic state.
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Figure 6: 1s3p (Kf;3) RIXS plane at the Co K pre-edge of CoO, Co metal, and Tig 97C0g.0302
(TiO5:Co) nanopowders before and after annealing in vacuum and hydrogen.
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Figure 7: 1s3p RIXS (K 3) plane at the Co K pre-edge of CoO and Tig 97Cog 9302 nanopow-
ders (as prepared).

Discussion

The analysis of the X-ray diffraction data for pure TiO, and as-prepared Tigg;Cog0302
nanopowder samples (see Table 1) revealed that doping of Co atoms in the anatase structure
affects the unit cell parameters implying distortion of the crystal lattice. Moreover, it does
not substantially affect the size of diffraction domains while microstrain effect was found to
be twice higher for the Co-doped sample. As it has been reported by Rodriguez-Talavera
et al.,** dopant atoms may be introduced in the TiO; anatase structure substitutionally
or interstitially depending on the ionic radius. The substitution of Co®" (high-spin state
octahedral ionic radius = 0.885 A) for Ti** (octahedral ionic radius = 0.745 A) in the TiOg
octahedra of the anatase structure produces vacancies over anion O?~ sublattice and may
give rise to the lattice distortion as well as enhanced microstrain effect. As it has been
shown by Li et al.,*® tetrahedrally coordinated Ti** sites in pure nanocomposite TiOy with
anatase structure emerge on the surface of nanoparticles as a precursor of anatase-to-rutie
phase transformation. In that case Co?* for Ti** substitution on the surface of nanoparticles

would place cobalt ions in the thetrahedral environment. The X-ray absorption spectroscopy
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data measured in total electron-yield mode, which revealed Co®" ions in thetrahedral oxygen
coordination, are in agreement with this scenario since it is surface sensitive method with
an information depth of about 50-100 A.

The second plausible scenario is that Co?* ions partially occupy tetrahedrally coordinated
interstices in the anatase structure forming Co-Ti**-V complexes. Here, Vo denotes a
vacancy on an oxygen site. A possibility of localization of cobalt ions in interstices of anatase
was discussed in the works by Roberts et al.® and Amadellu et al.*6 It was shown for rutile
TiO5:Co thin film on the base of measurements of Co K X-ray absorption spectra and first-
principles calculations that the Corpj2+—V o complex was formed by the substitutional Cogje+
ions and O vacancy generated in the annealing process.°

The interatomic distances between the oxygen atoms in a tetrahedron on the surface
of anatase nanoparticles are close to those reported for oxygen tetrahedra in Co30,4, where
the cobalt ions are tetrahedrally coordinated.” An energy benefit of such arrangement of
divalent cobalt ions is confirmed by calculations of density of states of cobalt doped TiOq
anatase.®® Therefore, one can conclude that Co*" ions may be located in tetrahedral (T,)
oxygen environments, both replacing titanium ions and settling in interstitial sites of the
anatase structure.

Annealing of the Tig97Cog 0302 nanopowder sample in vacuum or hydrogen atmosphere
results in: (i) weakening of the microstrain effect and substantial increase of the size of
diffraction domains; (ii) emergence of the Bragg lines of rutile TiOs and metallic Co phases
on the X-ray diffraction patterns; (iii) evolution of the unit cell parameters towards the
values reported for the bulk anatase structure a(TiO,) = 3.7848 A, ¢(TiO,) = 9.5124 A7
(iv) change of the Ti Los X-ray absorption spectra which means that the content of the
amorphous phase decreases; (v) appearance of signals from metallic Co in the Co K X-ray
absorption and Co 1s3p RIXS spectra.

It is necessary to clarify the charge cobalt state in Co-doped anatase TiOy nanopow-

ders subjected to annealing in vacuum or hydrogen. According to our X-ray spectroscopy
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experiments, tetrahedrally coordinated cobalt ions are in the 24 oxidation state in all the
Tip.97C00.0302 samples, which is well agree with the recently reported results of X-ray ab-
sorption studies on Tip9sC00.0202.% On the other hand, X-ray diffraction data and results
of the hard X-ray absorption spectroscopy measurements on the annealed samples indicate
emergence of metallic cobalt. The controversy between these results can be resolved if we
take into account information depth of our experiments.

Soft X-ray absorption spectra measured in total electron-yield mode are surface sensitive
with an information depth of about 50-100 A. This value is commensurable with the particle
size. X-ray diffraction and hard X-ray spectroscopy are bulk information methods: they allow
to explore micrometer ranges. We suggest that high temperature triggers diffusion of cobalt
atoms from inside of the Tij ¢7Cog 0302 nanoparticles to its surface, which affects the unit cell
parameters and reduces microstrainn effect in the anatase phase. The diffusion of cobalt is
followed by recrystallization processes and tendency of nanoparticles to form agglomerates.
Such agglomerates formed by nanoparticles exist, for example, in nanostructured powders
of manganites.®®®? In this way, a soft X-ray spectroscopy to probe a surface part of the
agglomerates which is rich of cobalt ions in the 24 oxidation state. Contrary, hard X-
ray spectroscopy is the in-depth probe for the nanoparticles agglomerates, which seems to

incorporate metallic cobalt grains large enough to be observed by X-ray diffraction.

Conclusions

Cobalt-doped anatase Tigg7Co00,0302 nanopowders (with a particle size of 10 nm) were pro-
duced by the hydrothermal synthesis method. Oxidation state of cobalt and titanium ions
of the synthesized compounds were examined using hard and soft X-ray absorption spectra.
Using surface sensitive soft X-ray absorption Co Ls 3 spectra in total electron yield mode
it was found that cobalt ions in nanoparticles located on the surface of agglomerates are

in the oxidation state 24 with tetrahedral oxygen coordination, with titanium ions having
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a tetravalent state of Ti**. Using bulk-sensitive Co K/3 resonant inelastic X-ray scattering
(RIXS) spectra it was found that annealing in vacuum and hydrogen leads to clustering
metal cobalt at the particles from the volume of agglomerates. According to the Ti L2,3
and O K X-ray absorption spectra, all the samples before the thermal treatment contain an
amorphous phase of titanium dioxide on the surface. After annealing in vacuum or hydrogen

anatase structure of Tip97Co0g 0302 remains and the amorphous phase disappears.
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