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Abstract
TiO2–xZrO2 films of various phase compositions were synthesized by sol–gel technique. According to the Raman
spectroscopy, data films with x= 0–20% possess an anatase crystal structure, with x= 40%, exhibiting zirconium titanate
ZrTiO4 structure and a film with x= 50% is amorphous. Anatase-structured films demonstrate a high and reproducible
response to oxygen in a wide range of concentrations (1–20%) under temperatures of 400–450 °C. The film with 10% ZrO2

exhibits the best response, which is in particular attributed to the lower particle size of the coating compared with that of
other films. It was shown that the response to oxygen upon increasing the operating temperature from 400 to 450 °C
diminishes much less in the case of titanium dioxide doped with 10% ZrO2, than in the case of pure TiO2. Introduction of the
Zr4+ ion into the anatase crystal structure also decreases the baseline drift. It was shown that thin films of TiO2–xZrO2 (with
x= 0 and 10%), obtained in this study, possess a good selectivity to oxygen; the response to other analyte gases (H2, CH4,
and CO) does not exceed 1.6 and 1.4 under the temperatures of 400 and 450 °C, respectively.

Graphical Abstract
TiO2–xZrO2 films of various phase composition were synthesized by sol–gel technique. According to the Raman
spectroscopy data films with x= 0–20% possess an anatase crystal structure, with x= 40% exhibit zirconium titanate
structure and film with x= 50% is amorphous. Anatase-structured films demonstrate high and reproducible response to
oxygen in the wide range of concentrations (1–20%) under temperatures of 400–450 °C.
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Highlights
● TiO2–xZrO2 films and powders were synthesized by sol–gel technique.
● TiO2–xZrO2 (x= 0–20 mol.%) possess anatase structure.
● A film with x= 40% has zirconium titanate structure, a film with x= 50% is amorphous.
● Anatase-structured films exhibit a high reproducible response to О2.
● The film with x= 10% possesses the best response to O2.

Keywords Sol–gel ● TiO2
● Zirconium titanate ● Gas sensor ● Thin films ● Raman spectroscopy

1 Introduction

In the last two decades, titanium dioxide became one of the
most popular and widely used functional materials. The
whole spectrum of unique electrophysical and chemical
characteristics possessed by TiO2, its n-type semiconductor
properties, capacity to luminescent oxygen non-stoichio-
metry, biological compatibility, and low toxicity allow to
utilize it in a wide range of science and technology appli-
cations [1]. There is an enormous number of sublime arti-
cles concerning different applications of titanium dioxide. It
is used both in everyday life and in scientific tasks, exam-
ples of the former being the use as a component of pig-
ments, paint, sunscreen materials, salves, and toothpaste,
and examples of the latter applications include photo-
voltaics, photocatalysis, solar energy devices, chemical gas
sensors, as an electrode material in lithium-ion batteries,
and as a component of biomedical implants [2–6].

Titanium dioxide, as well as tin dioxide [7–9] and zinc
oxide [10, 11], is one of the most popular receptor material
in chemical gas sensors [12]. N-type semiconductor prop-
erties (band gap is ~3.2 eV [13, 14] for anatase crystal
structure) allow titanium dioxide and its nanocomposites to
exhibit a resistive response to a wide range of analyte gases,
such as H2 [15–17], NO2 [18], CO [18], NH3 [18], volatile
organic compounds (VOC) [19–21], and other analytes [20,
22], while the capacity to luminescence allows to generate
additional charge carriers and thus to lower the operating
temperature and increase the response [23–25]. Oxygen
non-stoichiometry and the presence of oxygen vacancies, as
in the case of CeO2 [26–28], make titania the most con-
venient receptor material for resistive detection of oxygen
[29–35]. There are many studies concerning the effect of
various dopants, such as ZnO [35], CeO2 [29, 36], V2O5

[37], and others [31, 38], on the signal obtained while
sensing oxygen with titanium dioxide. In our opinion,
TiO2–ZrO2 binary system is very interesting for oxygen
detection. Both zirconia and titania have oxygen vacancies
in their crystal structures, and so the former may also be
utilized for resistive sensing of oxygen [39], but under
considerably higher operating temperatures. Nanomaterials
based on TiO2–ZrO2 compounds, as well as individual
titanium dioxide, are indeed utilized as receptor materials

for detecting analyte gases [40–42] in sensors of various
types. But papers on using TiO2–ZrO2 nanomaterials as a
responsive layer in chemiresistive gas sensors are almost
nonexistent, except for a study by Mohammadi et al. [40],
in which a thin two-phase TiO2–ZrO2 film was obtained by
sol–gel technique for sensing 0.5–200-ppm CO under the
operating temperature of 150 °C.

Doping TiO2 with ZrO2 can result in solid solution with
anatase or rutile structure, depending on the heat treat-
ment, and can also give rise to zirconium titanate TiZrO4

[43–48], which unlike titania and its solid solutions, is a
dielectric and is used as a resonator component [49–51],
and also as a humidity sensor [52, 53] under high tem-
peratures of > 600 °C.

Synthesis of titania thin films for chemical gas sensors is
carried out by utilizing both liquid-phase approaches (such
as sol–gel [54], solvothermal, and hydrothermal [1]) and
gas-phase approaches (CVD and PVD [55, 56], magnetron-
sputtering deposition [57], and atomic layer deposition
(ALD) [58]).

Sol–gel technique is very convenient for obtaining thin
oxide coatings, and it is of complex composition in parti-
cular. Precursor solutions in such approaches are mostly
deposited utilizing traditional techniques such as dip- and
spin-coating, but the high-resolution ink-jet printing is
considered a very promising approach [59].

The goal of this work was to synthesize thin nanos-
tructured TiO2–xZrO2 (x= 0, 10, 20, 40, and 50 mol.%)
films utilizing sol–gel technique, study of their phase
composition, microstructure, and chemiresistive gas-sensing
properties, especially oxygen detection.

2 Experimental

Preparation of zirconium acetylacetonate [Zr(O2C5H7)4]
was carried out using ZrOCl2⋅8H2O (cp) and acetylacetone
С5Н8O2 (pure) upon their solution neutralization with 5%
aquatic solution of NH3⋅H2O (hp); thus, the obtained
compound was dried at 50 °C until its mass stabilized. The
resulting product was identified using IR spectroscopy,
powder XRD, and simultaneous DTA/DSC/TGA. Titanium
tetrabutoxide (pure) was also utilized in synthesis.
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Electron (UV-) spectra of precursor solutions were recor-
ded after their dilution with propanol (>99%) to 4 × 10−4 mol/
l concentration (cell thickness was 1mm) with UV-Vis
spectrometer SF-56.

IR transmittance spectra of heteroligand complex solu-
tions were recorded with InfraLUM FT-08 IR-Fourier
spectrometer.

The changes in the rheological properties of the hetero-
ligand precursor solutions were studied utilizing Fungilab
Smart L rotational viscosimeter; the shear rate was 100
RPM, the spindle used was L2.

Thermal behavior of the xerogel was analyzed with use
of a synchronous DSC/DTA/TG analyzer SDT-Q600 (TA
Instruments) in Al2O3 crucibles in air flow (ml/min), the
heating rate was 10 °C/min.

X-ray diffraction patterns of oxide powders and film
surfaces were obtained using D8 Advance (Bruker) X-ray
diffractometer in the range of 2θ 5–80° with a resolution of
0.02°, signal accumulation time for each point was 0.3 s,
except for 2θ 27–33°, where accumulation time was 2.0 s.

Raman spectra were registered with NT-MDT INTE-
GRA Spectra device, the laser wavelength was 473 nm. For
powders, the lens used was 100 × 0.28 NA, pinhole: 50 μm,
monochromator grating was 1800/500 [mm−1/nm], inten-
sity in the sample was ~8 mW, and diameter of a focused
laser beam on the sample surface was ~30–50 μm. For thin
films, the lens used was 100 × 0.9 NA, pinhole: 100 μm,
monochromator grating was 1800/500 [mm−1/nm], inten-
sity on the sample was ~8 mW, and diameter of the focused
laser beam on the sample surface was ~3 μm.

Powder morphology was investigated using NVision 40
(Carl Zeiss) workstation. Film microstructure was investi-
gated utilizing high resolution SEM Supra 50 VP LEO (Carl
Zeiss) and SPM Solver Pro-M (NT-MDT); the latter was
performed in semi-contact mode with NT-MDT NSG-10
probes.

Gas-sensing properties were measured on a special pre-
cision setup. Gas environment was generated in a quartz cell
with the use of two Bronkhorst gas flow controllers with
maximal flow of 100 and 200 ml/min. Gas flow thus
achieved had a stability of ± 0.5 ml/min. Sensor element
temperature was regulated utilizing a platinum microheater.
The sensitivity of the synthesized 2D nanomaterials to
analyte gases О2, Н2, СН4, and CO was investigated. In the
case of oxygen detection, the baseline was recorded in the
argon environment, while in other cases, synthetic air was
used. Oxide film resistance was measured on the Fluke
8846 A (6.5 Digit Precision Multimeter) digital multimeter
with the upper limit of 1 GΩ. Operating temperature did not
exceed 450 °С (which is 50 °С less than the oxide crystal-
lization temperature), in order to prevent changes in dis-
persity and microstructure that could result from
aggregation of nanomaterial particles.

Oxygen response was calculated with this formula:

S1 ¼ RO2=RAr ð1Þ

with RO2 being the resistance of a given oxide film in the
environment with set О2 concentration; RAr being the
resistance of the same oxide film in argon atmosphere.

Responses to H2, CH4, and CO were calculated accord-
ing to the formula:

S2 ¼ Rair=Rgas ð2Þ
with Rair being the resistance of a given oxide film in air and
Rgas being the resistance of the same oxide film in gas–air
mixture with a set analyte gas concentration.

3 Results and discussion

3.1 Preparation of hydrolytically active heteroligand
precursors

The isoamyl alcohol solution of the earlier obtained [Zr
(O2C5H7)4] complex was subjected to thermal treatment at the
temperature of ~131 °С for 30min in a round-bottom flask
with a reflux. During this process, the destructive substitution
of chelate O2C5H7 ligand for alkoxo fragments occurred
[39, 60, 61]. The degree of ligand substitution was determined
from the decrease in the intensity of the absorption band at
250–340 nm, which is characteristic of the acetylacetonate
group, on the electron (UV-) spectra of solutions before and
after thermal treatment. For the prepared [Zr(O2C5H7)4−x

(OC5H11)x], the solution degree of O2C5H7-ligand substitution
was 84%. IR-spectroscopy data also confirmed the occurrence
of a partial destructive substitution of O2C5H7-ligands, which
gave yield to acetone and isoamylacetate. It was inferred from
the simultaneous decrease in the intensity of the absorption
bands with peaks at 1540 and 1590 cm−1, which are char-
acteristic of C=C and C=O bonds in coordinated chelate
groups, and emergence of a characteristic double-absorption
band with peaks in the region of 1700–1750 cm−1 (Fig. S1).

Afterward, tetrabutoxititanium was added to thus-
obtained zirconium-including solution in required quan-
tities (derived from the stoichiometry of a target complex
TiO2–xZrO2 oxide). The overall metal concentration was
brought to 0.2 mol/l by the addition of isoamyl alcohol. The
dynamic viscosity of thus-prepared solutions was measured
on Brookfield rotational viscometer and was about 7 cP.

3.2 Preparation of thin nanostructured TiO2–xZrO2
films

Thin films of precursor solutions were deposited onto the
surface of polycrystalline Al2O3 substrates with counter-pin
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platinum electrodes and a microheater, utilizing the dip-
coating technique with a rate of retrieval of 1 mm/s [39, 54,
58, 61–63]. The air moisture then initiated processes of
hydrolysis and self-assembly by polycondensation in the
volume of the films. Afterward, the samples were dried step
by step in the range of 22–50 °C, which resulted in the
conclusion of gel syneresis and formation of xerogel
coatings.

Aliquots were taken from precursor solutions to inves-
tigate the process of TiO2–xZrO2 (х= 0, 10, 20, 40, and
50 mol.%) nanopowder preparation. Hydrolysis of samples
in this case was also performed by the air moisture after
solvent removal. From the analysis of TGA-DSC data for
powders (Fig. S2), the optimal conditions for anatase phase
crystallization were determined, which turned out to be heat
treatment at 500 °C for 1 h. These conditions were then used
to obtain both thin oxide films and powders of TiO2–xZrO2

composition.
XRD patterns for TiO2–xZrO2 (x= 0, 10, 20, 40, and

50 mol.%) powders are presented in Fig. 1. From the
characteristic reflex patterns, we can infer that the powders
with 0–20% ZrO2 have anatase crystal structure [64, 65],
while the last compound (x= 50%) is amorphous. Mean
crystallite size calculated from complete peak profile ana-
lysis is 24 nm for TiO2, while for the composition with 10
mol.% ZrO2, this number increases to 72 nm. For the last
two compositions of TiO2–xZrO2 (x= 40 and 50 mol.%)
powders are X-ray amorphous. In the case of thin films, X-
ray diffraction patterns are rather scarce on information, due
to the fact that the most intensive reflex of anatase at (101)
is completely covered by background from the α-Al2O3

substrate [66].
Raman spectra for powders are presented in Fig. 2a and

those for films are featured in Fig. 2b. It is seen from these

spectra that both for powders and films of TiO2–xZrO2 (x=
0, 10, and 20 mol.%), compositions of four modes are
observed with maximum values at 145 (Eg), 638 (Eg), 397
(B1g), and 518 cm

−1 (A1g or B1g), which are characteristic of
anatase crystal structure [67, 68], while for powders and
films of pure TiO2 and including 10 mol.% ZrO2, an addi-
tional low-intensity Eg band is observed at 155 cm−1, which
is also characteristic of anatase. Upon the increase of ZrO2

content to 20%, the Eg mode at 155 cm−1 widens and fur-
ther decreases in intensity. Powders of TiO2–xZrO2 (x= 40
and 50 mol.%) do not exhibit modes, characteristic for
crystalline TiO2, ZrO2, and ZrTiO4, and are amorphous,
which correlates with XRD data.

In contrast to the powder, the thin film of TiO2–xZrO2

(x= 40 mol.%) exhibits six vibrational modes at 157 (Eg),
296 (F2g), 331 (E), 416 (Eg), 640 (A1g), and 802 cm−1(A1),
which are characteristic for TiZrO4 crystal structure [69,
70]. A film of TiO2–xZrO2 (x= 50 mol.%) composition, as
well as a powder of the same composition, has no char-
acteristic bands and stays amorphous at the chosen treat-
ment conditions for xerogels.

Both the powders and the thin films of the Raman spectra
exhibit a broadening and a shift of the main mode, corre-
sponding to the anatase structure (Eg) to the lower wave
number region with an increase in the ZrO2 content from 10
to 20%. A number of factors could contribute to such
changes, namely nanomaterial dispersity, thermal effect on
the grains, which depends on the laser power during mea-
surements, nanomaterial nature and dispersity, the phonon
confinement, and change in the lattice parameters, e.g., due
to formation of solid solutions. Determining the degree of
influence for any one of the enumerated factors represents
an extraordinary task, both theoretically and experimentally.
It was shown in a study [71] that the increase of lattice
parameters is the main contributor to the Eg mode shift in
the TiO2–ZrO2 system (due to the fact that the zirconium
cation radius is much larger than that of titanium (r(Zr4+)=
0.84 Å, r(Ti4+)= 0.60 Å [72]). Authors of ref. [71]
demonstrated that the Eg mode shift perfectly correlates
with changes in its full width at half maximum, FWHM,
which increases at ZrO2 content > 8%. In our case, it is
obvious that dispersity does not affect broadening shifting
of the mode, since with doping anatase structure with Zr4+,
mean particle size increases in powders and decreases in
films. Thus, we can state that the shift and broadening of the
Eg mode at 144–141 cm−1 for TiO2–xZrO2 (x= 10 and
20 mol.%) compared with its parameters for individual TiO2

(149–151 cm−1) is first of all associated with formation of
solid solution based on anatase phase with the corre-
sponding increases in lattice parameters.

The microstructure of the obtained TiO2–ZrO2 powders
was studied with a scanning electron microscope (SEM). On
the featured microphotographs (Fig. 3a, b), it is seen that for

Fig. 1 XRD patterns for TiO2–xZrO2 powders (x= 0, 10, 20, 40, and
50 mol.%)
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powders with anatase crystal structure, a porous morphology
with a mean particle size of 33 ± 5 nm (for pure TiO2) and
62 ± 5 nm (composition with 10 mol.% ZrO2) is observed.
Powders of TiO2–xZrO2 (x= 20, 40, and 50mol.%) com-
positions, which are completely or partially amorphous
according to the XRD and Raman spectroscopy data, have a
dense microstructure (Fig. 3c–e) with a mean particle size of
36 ± 5, 41 ± 6, and 30 ± 4 nm accordingly.

Morphology of the prepared thin TiO2–xZrO2 films is
presented in Fig. 4. In contrast to powders, thin films are
more highly disperse. A pure TiO2 film (Fig. 4a) has a mean
particle size of 13 ± 2 nm, while on addition of 10% ZrO2

(Fig. 4b), a drop to 9 ± 1 nm in the mean particle size is
observed. A film of TiO2–xZrO2 (x= 20 mol.%) composi-
tion is composed of particles (Fig. 4c) with a mean particle
size of 28 ± 7 nm.

Despite the powder of TiO2–xZrO2 (x= 40 mol.%)
composition being amorphous (Figs. 1, 2a), the corre-
sponding film crystallized with formation of srilankite
TiZrO4 structure (possibly, phase nanodomains started to
form at these conditions). The microstructure is presented in
Fig. 4d; the mean particle size observed is 9 ± 2 nm. Such
unorthodox behavior (in thin-film crystallization is usually
observed at higher temperatures than in powders) can be
attributed to the effect of the α-Al2O3 substrate. It is seen
from the literature data (Table 1) that lattice parameters a
and b for srilankite are quite close to the parameters for the
α-Al2O3 substrate, which was used for film deposition. It is
due to this that the TiZrO4 crystal phase formation occurred
specifically in the thin film on the α-Al2O3 (which can be
observed from the Raman spectroscopy data present in
Fig. 2b).

Fig. 2 Raman spectra for
powders a and films b for TiO2–

xZrO2 (x= 0, 10, 20, 40, and
50 mol.%) compositions

Fig. 3 SEM microphotographs for TiO2–xZrO2 (x= 0 a, 10 b, 20 c, 40 d, and 50 e mol.%) powders
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A film of TiO2–xZrO2 (x= 50 mol.%) composition, as
well as the corresponding powder, is amorphous, most
probably because of the low temperature of the xerogel
treatment. Mean particle size, calculated from SEM data, is
7 ± 1 nm.

Morphology of a thin fim with TiO2–xZrO2 (x= 10 mol.
%) composition was also investigated utilizing semi-contact
AFM, including phase-contrast measurements. As can be
observed from the obtained results presented in Fig. 5, on a
flat surface area, a large number of small pores can be
observed with size in the range of 12–17 nm and depth of
about 5 nm, which correlates nicely with SEM data
(Fig. 4b). Owing to the background noise and the resolution
limitations from the probes (a resolution of only 6–10 nm
can be achieved), it is hard to distinguish individual parti-
cles, however, some of them can be observed on the scan
with phase contrast and have a size of about 10–12 nm.

Thus, it can be summarized that thin TiO2–xZrO2 (x= 0
and 10 mol.%) films possessing anatase structure were
crystallized under relatively soft conditions (500 °С, 1 h, in

air), and for the latter composition, particle size is much less
(~30%) than that for pure titania.

3.3 Gas-sensing properties of TiO2–xZrO2 films

First of all, the sensitivity to oxygen of the obtained TiO2–

xZrO2 (x= 0, 10, 20, 40, and 50 mol.%) thin-film nano-
materials was investigated. The selectivity to O2 was tested
in comparison with other analyte gases (СH4, H2, and CO).
It was established that only semiconductor films with ana-
tase structure (comprising ZrO2 0 ÷ 20 mol.%) possess gas-
sensing properties to chosen analytes at the operating tem-
peratures of 400 and 450 °С.

A largely amorphous ZrTiO4 film, containing 40 mol.%
ZrO2, under low temperatures, is a dielectric with a high
dielectric constant [44, 48], and an amorphous TiO2–xZrO2

(with x= 40 mol.%) exhibited a high resistance of > 1 GΩ at
the operating temperatures of ≤450 °С, so we were unable to
measure their response.

As it is known, oxygen detection is possible due to the
presence of oxygen vacancies (Vo

••) in the anatase crystal
structure [33, 34]. In an inert environment, equilibrium (3)
will proceed according to a reverse reaction, yielding
additional electrons and lowering the resistance. With the
increase of oxygen concentration, equilibrium (3) will shift
toward a direct reaction, causing the increase in resistance,
which allows one to detect a response (RO2/RAr).

1=2O2ðgÞ þ 2e� þ V ��
o $Ox

o ð3Þ

TiO2–xZrO2 (x= 0 and 10 mol.%) films exhibited a high
response to oxygen in a wide range of concentrations of

Fig. 4 SEM microphotographs for TiO2–xZrO2 (x= 0 a, 10 b, 20 c, 40 d, and 50 e mol.%) films

Table 1 Experimental and literature data for crystal lattice parameters
of TiO2–xZrO2 (x= 0 and 10 mol.%) nanopowders and literature data
for α-Al2O3 and ZrTiO4 lattice parameters

Сompound, phase Lattice parameter, Å

TiO2, anatase a= 3.7937(3), c= 9.5219(1)
a= 3.7842, c= 9.5146 [73]

0.9TiO2–0.1ZrO2, anatase a= 3.8041(6), c= 9.6000(2)

Substrate α-Al2O3, corundum a= 4.7644(1), c= 13.0051(2)
a= 4.754, c= 12.99 [74]

ZrTiO4, zirconium titanate a= 4.808, b= 5.447, c= 5.032 [70]
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1–20% at the operating temperature of 400 °С (Fig. 6а). For
pure TiO2 with the increase of oxygen content from 1 to
20%, an increase in the response value (RO2/RAr) from 4.4 to
8.2 is observed. Doping it with 10% ZrO2 produces a sig-
nificant increase of the response value (RO2/RAr) from 5.0 to
11.5 for oxygen content from 1% to 20%, respectively.
Such observations correlate well with the data obtained
from SEM, according to which upon introduction of 10%
ZrO2, the solid solution is formed as a thin film with a lower
particle size (9 ± 1 nm compared with 13 ± 2 nm for pure
TiO2). A more disperse state leads to a higher specific area
of the receptor material, which promotes the surface pro-
cesses and results in a higher response value (RO2/RAr)
compared with that of TiO2.

Judging by literature data [75], doping of the anatase
phase with 10% and 20% ZrO2 results in changes in the
electronic band structure with a widening of and a gap from
3.19 to 3.24 and 3.29 eV, respectively. In other words, an
increase in the ZrO2 content should result in a larger

nanomaterial resistivity. In our case, the reverse is observed:
as can be seen from Fig. 7, introduction of 10% ZrO2 into
the anatase structure facilitates the decrease in film resis-
tivity both in the argon and the air atmosphere.

It should be noted that in this study, as well as in
ref. [75], a decrease in the mean size of the film nano-
particles is observed from 13 to 9 nm. Therefore, it is dif-
ficult to differentiate between the effects of the dispersity
factor and the chemical composition on the band gap value
of semiconducting oxides.

In this work, we used an α-Al2O3 plate with a large
roughness (Ra~400 nm) as a substrate for sensor materials.
The features of sol–gel technology for obtaining oxide thin
films include the steps of film deposition from precursor
solution, its drying, and then crystallization during the heat
treatment (after the hydrolysis and polycondensation pro-
cesses have run their course), which induce a certain
shrinkage. As a result of the large differences in height
between Al2O3 substrate grains and the thermal expansion

Fig. 5 AFM results for the TiO2–xZrO2 (x= 10 mol.%) film without a or with phase contrast b

Fig. 6 Sensitivity of TiO2–xZrO2 (x= 0 and 10 mol.%) films at the operating temperature of 400 °С: experimental dependence of response (RO2/
RAr) from oxygen concentration a and the logarithmic dependence of response (RO2/RAr) from oxygen content logarithm b
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coefficients of the TiO2–ZrO2 nanomaterial and the sub-
strate, fractures can occur in the films. In this study, the
small mean size of the complex oxide nanoparticles might
have allowed to obtain a more dense and continuous coating
with a better contact between grains, which directly affects
the sensor nanomaterial conductivity.

Thus, the conductivity of a thin-film semiconductor is
dependent not only on its band gap width (which is affected
both by its chemical composition and dispersity), but also
on substrate characteristics and the approach utilized for its
synthesis.

It seems that possibly besides the size factor, the increase
in oxygen response under introduction of the Zr4+ cation
into TiO2 is also affected by an unavoidable increase in the
number of defects in anatase structure, increase in oxygen
atom mobility due to a larger length and a more ionic nature
of the Zr–O bond, and also by the presence of a vacant 4d
orbital in zirconium atoms, as shown in ref. [75]. However,
in this study, the peculiarities of the electronic structure of
synthesized TiO2–xZrO2 samples were not explored.

It should be noted that the response depends linearly on
the logarithm of oxygen concentration (Fig. 6b), which is
characteristic of defect semiconductor materials, such as
TiO2 or CeO2 [33, 36], which are utilized to detect oxygen.

Reproducibility of TiO2–xZrO2 (x= 0 and 10 mol.%)
films resistance upon detecting 20% О2 is presented in
Fig. 7. It is seen that after the injection of air (20% O2), the
baseline returns to the initial values. However, upon further
oxygen injections, a drift in the resistance values is
observed relatively to the first intake. After four repeating
injections, the resistance values for pure TiO2 increase by
9.1% and for the film doped by 10% ZrO2 by 5.2%. This

can be attributed to the occurrence of titanium +IV and +III
formation reactions in the space between lattice points,
which are possible under high temperatures (4)–(5) [76, 77]:

TixTi þ Ox
o$Ti4�i þ 1=2O2 þ 4e� ð4Þ

TixTi þ Ox
o$Ti3�i þ1=2O2 þ 3e� ð5Þ

Reactions (4) and (5) are, as well as reaction (3), equi-
librium reactions and proceed with the largest intensity in
the inert environment. As can be seen from Fig. 7, return of
the baseline resistance occurs reliably and with one and the
same rate, in contrast to the values of resistance upon
oxygen intake. These observations might lead to the con-
clusion that direct reactions (3)–(5) proceed with the same
rate, while the corresponding reverse reactions proceed with
differing rates, which could be due to the differing Ti3+

content in the crystal lattice after new intake of oxygen.
Introduction of Zr4+ into the crystal lattice facilitates the
substitution of titanium in its points, which unlike zirco-
nium can switch from +IV state to +III. Thus, the stabili-
zation of the lattice takes place, and for TiO2–10% ZrO2,
composition reaction (4) occurs with lesser yield in the inert
environment compared with TiO2, which results in the
decrease in the signal drift from 9.1 to 5.2% (Fig. 7).

Both for pure TiO2 and TiO2, doped with 10% ZrO2, a
slight decrease in the response value was observed when
detecting more than 1% O2 upon the increase of the oper-
ating temperature to 450 °C (Fig. 8). For the pure TiO2

response, the increase in oxygen content from 1 to 20%
changes from 3.7 to 6.4, and for the film with 10% ZrO2—

from 5 to 10.5. Thus, doping TiO2 with zirconia leads to the
diminishing decrease in the response value upon increasing
the operating temperature of 400→450 °C. Diminishment is
from 16% (TiO2) to 0% (TiO2–10 mol.% ZrO2) when
detecting 1% O2 and from 22% (TiO2) to 9% (TiO2–10 mol.
% ZrO2) for detecting 20% O2.

We were able to capture a small response at 450 °С for
the TiO2–xZrO2 (x= 20 mol.%) film, which increased from
1.3 to 1.7 upon change of O2 content from 1 to 20%. At the
lower operating temperature (400 °С), the film resistance
was higher than the measurement upper limit (>1 GΩ)
due to the insufficient continuity of the film (Fig. 4c) and
the presence of the amorphous particles, as is the case
with the powder of the same composition (Fig. 1).

The time of response upon the change of oxygen content
does not depend on the composition of the TiO2–xZrO2

(x= 0 and 10 mol.%) films. At the operating temperatures
of 400 and 450 °С, response time upon the change of
oxygen concentration from 0 to 1% was 6 s, with 12 more
seconds required for complete stabilization of the signal.
With the increase of the operating temperature from 400 to

Fig. 7 Signal reproducibility on sensing 20% О2 for TiO2–xZrO2 (x= 0
and 10 mol.%) films at the operating temperature of 400 °С
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450 °С, a small decrease in the response value occurs, as
can be seen from Table 2. Upon oxygen concentration
change from 1 to 5%, response time was 19 and 17 s, and
for increase from 15 to 20%, response time equals 8 and
7 s — at 400 and 450°, respectively.

It should be noted that at 400 °С, the response time upon
increase of oxygen content from 0 to 20% was 30 s, which
proves the nonintegral character of response time changes
upon the transition to higher oxygen concentrations. Such
data are interesting from the point of evaluating the kinetic
properties of the obtained receptor materials, which could
be used in the sensors for oxygen detection in various
application fields.

In order to evaluate the selective properties of the TiO2–

xZrO2 (x= 0 and 10mol.%) thin films, the responses to 0.2%
H2, CH4, and 0.02% CO were also studied. As can be
observed from the featured diagrams (Fig. 9), the films pos-
sess an excellent selectivity to oxygen, with responses (Rair/
Rgas) to the mentioned analyte gases not exceeding 1.6 and 1.4
at the operating temperatures of 400 and 450 °С, respectively.

4 Conclusions

In this work, powders and thin films of TiO2–xZrO2 (x= 0,
10, 20, 40, and 50 mol.%) compositions were synthesized
utilizing sol–gel technique with the use of metal alkox-
oacetylacetonates as precursors. It was shown that the thin
TiO2–xZrO2 (x= 0, 10, and 20 mol.%) films possess ana-
tase crystal structure with mean particle sizes of 13, 8, and
28 nm, respectively, according to SEM, with the latter
composition being significantly aggregated.

It was noted that due to the orienting effect of the α-
Al2O3 substrate, the thin film with 40 mol.% ZrO2 had signs
of areas of regularity founded on srilankite TiZrO4

(according to the Raman spectra). In the TiO2–xZrO2 (x=
40 mol.%) powder, prepared by the similar technique, no
such crystal nuclei were found.

TiO2–xZrO2 (x= 0 and 10 mol.%) films exhibited a high
reproducible response to oxygen in a wide range of con-
centrations (1–20%) at relatively low operating tempera-
tures of 400 and 450 °С. It was established that adding 10%
ZrO2 leads to the decrease in the mean particle size, which
results in a higher response to oxygen in all the con-
centration ranges. A decrease in the response to oxygen
upon increasing the operating temperature from 400 to
450 °С is also much less for the 10 mol.% ZrO2 -doped
titanium dioxide than for pure TiO2. Introduction of the
Zr4+ ion into the crystal lattice facilitates the decrease in
baseline drift.

It was shown that the synthesized TiO2–xZrO2 (x= 0 and
10 mol.%) films possess a good selectivity to oxygen, with a
response to other analyte gases (H2, CH4, and CO) not
exceeding 1.6 and 1.4 at the operating temperatures of 400
and 450 °С, respectively.

Fig. 8 Sensitivity to oxygen for TiO2–xZrO2 (x= 0, 10, and 20 mol.%) films at the operating temperature of 450 °С: experimental dependence of
response (RO2/RAr) from oxygen concentration a and the logarithmic dependence of response (RO2/RAr) from oxygen content logarithm b

Table 2 Response time at the operating temperatures of 400 and
450 °С for TiO2–xZrO2 (x= 0 and 10 mol.%) films upon changing
oxygen concentration

Change in oxygen content, “from-to”, vol.% Response time, s

400 °С 450 °С

0–1 6 6

1–5 19 17

5–10 13 10

10–15 10 9

15–20 8 7
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Synthesized precursors (zirconium–titanium acet-
ylacetonates) can be utilized as functional inks for ink-jet
printing for creation of receptive layers on multioxide sensors.
Thus, the problem of miniaturization, concerning the pro-
duction of MEMS that could detect various gases (including
oxygen) utilizing numerous mathematical methods for signal
processing, such as linear discriminant analysis (LDA) or
principal component analysis (PCA), can be solved [78–80].
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