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The effect of various methods, in particular, mechanochemical and ultrasonic treatment
of TiO,/ZrO, composites, on the electronic structure was investigated. X-ray photoelectron
spectroscopy (XPS) was used. XPS spectra were analyzed using an original technique for
decomposing the spectra into components. We analyzed changes in the binding energies of
the core electrons, the spin-orbital splitting, changes in the full width at half-maximum of
the peaks, and relative changes in the intensity of the spectral components. It is shown
that mechanochemical treatment of the TiO,/ZrO, composite leads to a significant increase
in oxidation capacity compared to ultrasonic treatment. It was found that during ultra-
sonic treatment, compared to mechanochemical treatment, the content of the nanocrys-
talline X-ray amorphous phase of titanium oxide increases with a relative decrease in the
X-ray amorphous phase of zirconium oxide. Both mechanochemical and ultrasonic treat-
ments of the TiO,/ZrO, composite contribute to a more homogeneous composition com-
pared to the original sample. During the composite treatment, part of the titanium oxide
underwent a phase transition from anatase to rutile. Based on the analysis of X-ray
photoelectron spectra, recommendations for the use of processing methods to obtain im-
proved physical and chemical properties ofcomposites are given.

Keywords: electronic structure, metal oxides, composites, mechanochemistry, ultra-
sonic treatment, chemical shift, oxidation.

Biuius yasTpa3ByKOBOI Ta MEXaHOXIMIYHOI OOGPOOKH HA €JIEKTPOHHY OyaoBY (DYHKI[iOHAJBHUX
romuosuris TiO, ta ZrO,. B.B.3aixa, BJI.Kapbiscoruii, O.B.Cauyk, J.I.Kapbiscera, H.A3yesa,
B.X.Kacianenro, A.H.Co6ones, C.H.IlIyruma, H.K.Illeauro, B.O.3axuzanos

Hocnim:keHo BIINB PiSHMX METOZIB, 30KpeMa, MeXaHOXiMiuHOl Ta yabTpasByKoBOI 06pob-
xu KoMmmosuTis Ti0,/ZrO, Ha eleKTPOHHY CTPYKTYPy. BUKopucTaHO MeTOoJ peHTTeHiBCbKOi
doroenexTpounoi cuexrpockonii (P@C). Ananiz POC cnexrpiB mpoBoguBcsa 3 BUKOPUCTAH-
HAM OpUTiHaNBbHOI MeTOAMKHN DPOSKJIATAHHA CHEKTPiB Ha KoMumoHeHTH. IIpoanarnizoBano
3MiHU eHeprifi 3B’A3KY OCTOBUX €JIEKTPOHIB e€JIeMeHTIB, CHiH-OpGIiTANBHOTO DPOBIIENJIeHHI
eJIeMeHTiB, 8MiHM IIOBHOI INMWPUHN HA IIOJOBUHI BHMcCOTI miKiB, a Tako:k BigHocHI aMiHU
imTeHCcUBHOCTI KOMIOHeHTiB cmekTpiB. Ilokasamo, mo mMexaHoximiuna o6po6Ka KOMIIOBUTY
TiO,/ZrO, TpU3BOAUTL MO 3HAYHOTO 30iMbITEHHSA OKMCHOIL 3JATHOCTI MOPIBHAHO 3 yALTPA3BY-
KOBOIO 00poOKor0. BeramoBmeHno, 1o B mpolleci yabTpasBYKoOBOI 00poOKI, NOPiBHIOHUU 3
MexaHoxiMiuHoM, BizOyBaeThca 30iNbINTeHHA BMicTy HaHOKpuUcTaniuHOi peHTreHOaMOP(dHOL
dasu oxkcuzy TUTAHy Ta BimHOCHe 3MEHINIeHHA peHTTreHoaMopdHol dasu nupkroHio. Ik mexa-
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HoximiuHa, Tax i yabTpasBykoBa o6pobkxa KommosuTy 1i0,/ZrO, cHpuAlTb yTBODPEHHIO
GiNIBINT TOMOTEHHOIO CKJALY OKCUAHOI cyMirmti, mopiBHIOOUN 3 BUXIZHUM 3paskoM. ¥ Ipolleci
00pPOOKM KOMIIOSHTY UYaCcTHHA OKCUIY THUTAHY 3asHaia (asoBoro mepexoxy Bin amarasy mo
pyruny. Ha ocHOBI amamnisdy peHTreHOeNIeKTPOHHNX CIEKTPIB HaZaHo peKoMeHZAaIlii mromo
BUKOPUCTAHHA MeTOZIB OOpOOKU ANIA OTPUMAHHS NOKpalleHuX GisuKo-xiMiuHUX BiacTHBOC-

Tell KOMIIO3UTIB.

1. Introduction

Among the binary oxides, the material
based on TiO,/ZrO, is of special attention
due to its large surface area, as well as
mechanical strength and non-toxicity [1].
Composite materials based on TiO,/ZrO, are
used for a wide range of applications, in
particular, for heterogeneous catalysis, as
sensors, solar energy converters, etc. [2].
The various functional properties of such
materials depend significantly on the pre-
treatment technology. Taking into account
the conditions of synthesis and processing
can lead to the necessary practical proper-
ties. At the same time, knowledge about the
electronic structure provides a basis for
spectrally directed synthesis of such materi-
als. Considering the above, the study of the
electronic structure of composite materials
based on TiO,/ZrO, after various technologi-
cal treatments is an important scientific task.

2. Experimental

Preparation of the oxide titanium-zirco-
nium composition with molar ratio
TiO5/Zr0O, = 1:1 was carried out by mixing
TiO5 and ZrO, powders (oxides qualification
"h™). The samples were subjected to
mechanochemical treatment in a Fritsch
Pullverisette-6 planetary ball mill at
550 rpm for 4 hours in air. For the synthe-
sis, we used a milling beaker (200 ml) and
ZrO, balls (6 mm in diameter), the ratio of
the weight of the balls to the weight of the
oxide mixture (10 g sample weight) was 10:1.

Ultrasonic treatment of samples (10 g
sample weight) was carried out in an aque-
ous medium (80 ml) for 1 h using a UZDN-
2T dispersant, which operates in the acous-
tic cavitation mode with a frequency of
40 kHz. The temperature of the reaction
medium was maintained at 80°C by circulat-
ing cold water around the reactor. After the
ultrasonic treatment, the obtained samples
were dried at 110°C in air.

X-ray photoelectron spectra of the sam-
ples were obtained using a JEOL-Japan XPS
2400 X-ray spectrometer. The working vac-
uum was no lower than 10~7 Pa. Radiation
from a magnesium anode with Mg—Ka line
energy of 1253.6 eV was used. The energy
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resolution was 0.1 eV. The spectra were
calibrated against the C 1s line (284.0 eV),
which is characteristic of hydrocarbons in-
troduced from the atmosphere on the sur-
face of solids.

3. Results and discussion

To estimate the distribution of chemical
components in the surface layer of the com-
posites, a quantitative analysis of samples
was performed using the integral intensities
of the XPS spectra of O 1s, Ti 2p33,5 and Zr
3p3,9, taking into account the effective
scattering cross-sections. Assuming that the
yield depth for photoelectrons lies within
10 nm, the data in Table 1 characterize only
the surface composition. It can be seen that
each of the treatments leads to an increase
in the oxygen concentration on the surface
of the particles. Since the treated samples
were dried at 110°C, and as a result there
was an increase in the amount of oxygen, it
can be concluded that the treatment process
chemically binds additional oxygen. The me-
chanical treatment method results in a
higher Ti/Zr ratio on the composite surface
compared to the ultrasonic treatment. This
feature can be explained by the higher
atomic weight of zirconium oxide or the
smaller particle size of zirconium oxide
powder. Since mechanochemical treatment
showed a greater amount of oxygen on the
surface, it can be assumed that the
mechanochemical treatment provides higher
oxidizing ability.

In order to describe the changes in the
electronic structure of the composites, the
method of decomposition of photoelectron
spectra into components by chemical ele-
ments was used. The authors applied an
original decomposition program [3]. The de-

Table 1. Chemical composition of the sur-
face according to XPS data (at.%)

O, % |Ti, % | Zr, % | TilZr
Original sample | 62.0 | 21.6 | 16.4 | 1.31

Mechanochemical | 65.8 18.4 15.8 1.16
treatment

Ultrasonic 63.6 19.2 17.2 1.12
treatment

Element/Sample
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Table 2. The ratio of particle areas relative to the original sample

Ti 2pg,9, €V | Zr 8pg 0, €V | AE(Ti), eV | AE(Zr), eV |So/S, (Ti 2p)|Sy/S, (Zr 3p)
Original sample 456.21 333.09 - - - -
Mechanochemical 458.07 331.87 1.86 1.22 6.42 3.39
treatment
Ultrasonic 456.72 331.67 0.51 1.42 1.67 4.14
treatment
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Fig. 1. XPS spectra of the original composite sample ZrO,/TiO,.

composition algorithm implied taking into
account 5 parameters for each component of
the spectrum. The actual minimum in the
multiparameter problem was achieved by
gradient descent and reaching the agree-
ment between the calculated and experimen-
tal data with the minimum permissible dis-
crepancy parameter. For titanium spectral
lines, the initial values of the full-width at
half-maximum (FWHM) were taken from
[4]. The corresponding FWHM value for the
zirconium ZrO, lines was taken from [5].
The spin orbital splitting parameter for the
2p states of titanium in TiO, was assumed
to be 5.7 eV according to the NIST database
[6] and corresponded to the experimentally
measured one.

In this paper, the FWHM ratio for TiO,
2ply ,9/TiOy 2pg,s was about 1.7, whereas
for metallic titanium this ratio is approxi-
mately equal to 1.82 [7]. For a similar com-
posite TiOy 2p,,5/TiOy 2p3,5, Bagus et al.
[8] obtained an FWHM ratio of about 2;
this feature is related to the broadening of
the Ti 2p,,, peak due to a large number of
unresolved final states.

The decomposition into components of
X-ray photoelectron spectra of these com-
posites showed (Fig. 1) that there are two
different states for titanium and zirconium.
Taking into account that the initial sample
was obtained by mixing ZrO, and TiO, pow-
ders, the appearance of several peaks in the
spectra of the core electrons can be ex-
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plained by different crystallochemical states
for the chemical elements in the powders.
Thus, the four components of the decom-
posed spectrum of oxygen correspond not
only to different crystallochemical phases of
oxides but also to different aggregation
states — amorphous or crystalline. The de-
pendence of the chemical shift on the parti-
cle size was studied in [9]. For metals, a
logarithmic dependence of the chemical
shift of an X-ray photoelectron line AE,
(eV) on the area of particles is established,
where S,,., is the the area of particles on
the surfgce, and SO is the area of particles
that do not experience a dimensional energy

shift
So (1)
AEb = ln[S—t}

par

Using this formula for spectra of tita-
nium and zirconium, the ratio between the
areas of particles relative to the original
sample was established (Table 2).

In [10], using the X-ray diffraction
(XRD) method, it was found that after simi-
lar treatments of such composites, the sam-
ples became X-ray amorphous. In [11], the
amorphous phase of similar composites was
obtained using the sol gel method. Appar-
ently, the samples are partially transformed
into an amorphous phase after treatment.

We can also assume that the components
of the decomposition spectra reflect the
crystalline and amorphous states of the
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Fig. 2. XPS spectra of the composite ZrO,/TiO, after mechanochemical treatment.
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Fig. 3. XPS spectra of composite ZrO,/TiO, after ultrasonic treatment.

phases in addition to the chemical state of
the element. Considering that the precur-
sors for the synthesis were polycrystalline
powders of metal oxides, most of the sample
should have remained in the primary crys-
talline phase. Consequently, the lower in-
tensity peaks should correspond to the
amorphous phase in the treated composites.
When passing from the original sample to
the treated sample, a significant change in
the intensity of the decomposition compo-
nents of the 2p titanium spectra is ob-
served. The high-energy Ti 2p3/2 component
increases its intensity by almost a factor of
2 upon going to treated composites. Based
on the ratio of integral intensities of the
spectral components, it was shown that the
content titanium is significantly higher
than the content of zirconium on the
surface.

For the treated composites, there is a
decrease in the zirconium p-states binding
energy, which may indicate a decrease in
the number of bonds between zirconium and
oxygen atoms as well as some increase in
the electron density of the zirconium atoms
(Table 3). The increase in the binding en-
ergy for the titanium components indicates
the opposite effect, hence, the electron den-
sity decreases in titanium atoms.
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Table 3. Binding energy of decomposition
component peaks for titanium and zirco-

nium
Ti 2pg,0, eV|Zr 8pg,0, €V| O 1s, eV

Original 456.0 332.2 527.5
sample 456.7 333.7 528.4
529.7
530.8
Mechanoche 457.5 329.8 528.8
trégifnaint 458.3 331.9 529.4
530.8
Ultrasonic | 456.2 330.3 527.3
treatment |57 4 332.1 528.2
529.2
530.4

The most striking metamorphosis is ob-
served in the 1s spectra of oxygen. For the
original sample, two peaks are observed in
the oxygen spectrum (Fig. 1) due to the
mixing of the two oxides. When the spec-
trum is decomposed into components having
a characteristic half-width, four peaks are
obtained, which is consistent with the above
statement about the presence of various

Functional materials, 30, 1, 2023
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Table 4. Spin-orbital splitting for Ti 2p

Original sample 5.78 eV
Mechanochemical treatment 5.74 eV
Ultrasonic treatment 5.93 eV

phases with the participation of oxygen.
The different treatments of the composite
lead to a significant narrowing of the lines
of the oxygen spectrum due to an increase
in its concentration on the surface of the
samples. Apparently, both treatments con-
tribute to the formation of a more homoge-
neous state of the composite compared to
the original sample.

The change in the spin-orbital splitting
indicates a significant change in the first
coordination sphere of the element, which
may be associated with the phase transition
during the treatment of the composite
(Table 4). Based on the spin-orbital split-
ting, the original sample of titanium oxide
was in the anatase phase. The spin-orbital
splitting for it was 5.78 eV. In [7] this
value was reported as 5.77 eV for the tita-
nium oxide in the anatase phase. Table 4
shows the spin-orbital splitting of 5.74 eV
after the mechanical treatment, which cor-
responds to the anatase phase.

An increase in the spin-orbit splitting by
0.15 eV (Table 4) indicates a possible phase
transition. Thus, it can be assumed that
after the ultrasonic treatment, a part of the
sample underwent a transformation of the
atomic structure in the form of an anatase-
rutile phase transition.

4. Conclusions

The effect of different treatment meth-
ods, in particular, mechanochemical and ul-
trasonic treatment of TiO,/ZrO, composites,
on the electronic structure was investi-
gated. Both used treatment methods lead to
an increase in the amount of surface oxy-
gen. With mechanochemical treatment of
the samples, the increase in oxygen is
3.8 at. % and with ultrasonic treatment it
is 1.6 at. %. Thus, the mechanical treat-
ment of the TiO,/ZrO, composite leads to a
significant increase in oxidative capacity
compared to the ultrasonic treatment.

Functional materials, 30, 1, 2023

In the ultrasonic treatment process there
is an increase in the contribution of surface
atoms of titanium and a decrease in the
contribution of surface atoms of zirconium
into the integral intensities of the spectra
of metals. This effect can be attributed to
the fact that during ultrasonic treatment,
in comparison with mechanochemical treat-
ment, there is an increase in the content of
the nanocrystalline X-ray amorphous phase
of titanium oxide and a relative decrease in
the content of the amorphous phase of zir-
conium.

Both mechanochemical and ultrasonic
processing of the TiO,/ZrO, composite con-
tributes to a greater homogeneity of the
composite compared to the original sample.
During the composite processing, a part of
the titanium oxide undergoes a phase tran-
sition from anatase to rutile.
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