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Abstract: With the use of sol-gel technology and heat-treatraéa temperature of 5@Q°
we obtained Ce@xZrO, (wherex = 0, 5, 10, 20, 30, 50 mol%jpowders and thin films
that are promising for oxygen detection. A phasamasition of the samples was studied
using XRD and Raman spectroscopy. It was shownuhdér these synthesis conditions,
both for powders and films, an increase in the eanbf zirconium dioxide from 0 to 50
mol% entailed the formation of solid solutions wattiluorite crystal lattice in the structure
of cerium dioxide. For CefXxZrO, thin films (wherex = 0+30 mol%), gas-sensing
properties were studied: we identified a resiste@gponse to oxygen in a wide range of
concentrations (0.4-20%) at a low operating tentpeeaof 400°C, and studied the effect
of moisture on the signal obtained while detectizg. Upon increase of humidity from O
to 100% resistance and response to oxygen valugeade, and from 75% and larger
humidity a significant worsening of kinetic prope# occurs, such as response time and
recovery time. Selectivity to analyte gases sucHa£0, CH, NO, was studied. The best
selectivity to oxygen was displayed by the film t@ning 20% ZrQ, while the film with
10% ZrQ demonstrated the worst selectivity. Using Ramagcpscopy it was shown
that, after studies in a gas-air mixture contaimg more than 1% of reducing gases, the
nanomaterial surface contained oxygen superoxiddgaroxides that were not removed,

even after subsequent heat treatment in air at00°
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1. Introduction

Resistive oxygen sensors have become increasingpriant in the last decade,
due to such advantages as lower operating temperdaist response time, high value of
the obtained signal, and small size compared terdtpes of oxygen sensors. Qualitative
and quantitative control of the oxygen content ajaseous atmosphere is necessary in
many branches of human activity and technologicatgsses.

Detecting oxygen with receptor nanomaterials inste®-type sensors is possible
due to defects (oxygen vacancies) in the crystatire of a nanomaterial [1]. The most
popular materials, with a large number of defeetd axygen vacancies, include %O
ZrO,-Y 03, CeQ, SrTiO; and NBOs; the latter two are less common, primarily becaafse
their high operating detection temperatures [2-5].

Cerium dioxide is an n-type semiconductor withueflte-type structure that allows
gas-phase oxygen to integrate into the crystatéatt elevated temperatures so that one
can observe a resistive response [4,6]. Thick Amdfiims of cerium dioxide have been
long and successfully used to detect oxygen aicserfitly high temperatures (> 600°C)
[2,4,7-11]. The use of more complex systems, witmium dioxide or yttrium oxide, for
example, can reduce the operating detection termyperfl2,13]. In addition to being used
as a receptor material for oxygen, Ge® successfully used to detect a wide group of
analyte gases (NOQCO, NH; and many others) [14-21], being used as well @m®iature
sensor [22-25], due to its semiconductor proper#song the main problems with the
use of cerium dioxide, as with any other semicotmlyevhen detecting an analyte gas, are
low selectivity and the strong effect of humidity the obtained signal. These problems
can be solved by the modification of cerium dioxwdéh various dopants [16,18,19,21].

Solid solutions of Ce®ZrO,, in addition to their widespread use as SOFC
components [26—-29], are also used to produce recepterials to detect oxygen [30-33]
and other analyte gases [34-36]. The introductibra &@** cation, having a smaller
cationic radius than C& into the crystal structure of ceria increasestdlal conductivity
and the number of oxygen vacancies [37], therebreasing sensitivity to oxygen.

When detecting gases, thin-film technology has isé\asvantages over thick-film
technology [38, 39]; in particular, it provides thpportunity to significantly miniaturize
the sensors [40]. Ceria thin flms can be produgsithg various gas-phase and solution

methods: physical and chemical vapour depositicagmatron sputtering, radio-frequency



deposition, atomic layer deposition, electrochehiegosition {40 41-46], as well as sol-
gel technology [13,16,23,47,48] and others [49,80F known that the sol-gel method is
convenient (not employing an expensive and comigiic@quipment) for obtaining 2D-
nanomaterials of complex composition, includingido$olutions [19,51,52], which
constitutes its advantage over the gas-phase neethadd it is also promising for
obtaining ink for high-resolution ink-jet printing3], which would allow to simplify the
process of scaling during production of miniatueesors based on various oxide systems,
which would result from crystallization of xerodgeéins.

The aim of this work was to obtain nanostructure®&ZrO, thin films by the sol-
gel method, to study their microstructure and phaseposition, as well as their
sensitivity, selectivity in detecting oxygen ance tbffect of moisture on the obtained

signal.

2.Materials and Equipment

The synthesis of metal acetylacetonates was castiedsing ZrOGl 8H,O (cp),
Ce(NQy)3 -6H.,0 (cp) andCsHgO, acetylacetone (pure) caused by the introductioa 5%
aqueous solution of NdH,0 (hp) into the solution of these reagents. Thatifleation of
compounds was carried out using IR spectroscopy) ¥Rd combined DTA/DSC/TGA.

The synthesis of [M(@CsH7)(OCsH11)y] (M = Zr** and C&) complexes was
carried out by heat treatment of a solution ofaiiam and cerium acetylacetonates in
isoamyl alcoholCsH1:0, (AR) in a round-bottom flask under reflux on addrath until
the degree of substitution of chelating ligands@&t groups was about 50%, as monitored
with a UV-Vis spectrophotometer SF-56. The dynawmiscosity of the resulting solutions
determined with a Brookfield rotational viscomef@mgilab Smart L (100 rpm shift speed,
L2 spindle, temperature 22 + 2°C) was about 7 cP.

Films of the solution of heteroligand precursorsrevapplied to the surface of
polycrystalline A}Oz; substrates (roughness;-R.4 pum) with platinum interdigital
electrodes and a microheater on the reverse sgleg @ dip-coating method with an
extraction rate of 1 mm/s [54-56]. An aliquot wagen from the same precursor solutions
in order to study the process for obtaining @e@rO, nanopowders (where= 0, 5, 10,
20, 30, 50 mol%).

After completion of solvent removal processes, prear hydrolysis due to air
moisture and polycondensation in the solution vauand in the film, the samples were



heat-treated in air at 500°C for 1 hour. The sedagdr of oxide films with the indicated
formulas was applied in a similar manner.

The electronic (UV) spectra of precursor solutiaese recorded after dilution of
precursor solutions with propanol (> 99%) to a @mmation of 4-18 mol/L (cell
thickness is 1 mm), using a UV-Vis spectrophotomg&te-56.

The transmittance IR spectra of heteroligand cormpl@utions were recorded
using a Fourier IR spectrometer InfraLUM FT-08.

The analysis of the thermal behaviour of the xeraggs carried out using a
combined DSC/DTA/TG analyzer SDT-Q600 (TAInstrunsgnh Al,O3 crucibles in an air
stream (250 ml/min), at a heating rate of 10%/min.

The X-ray patterns of the surface of oxide powdard flms were recorded on a
D8 Advance (Bruker) X-ray diffractometer in the éange of 5°-80°, with a resolution of
0.02° when the signal was accumulated at a pom®.f s, and in the interval of 27°-33°
with the accumulation time at a point for 2.0 s.

Raman spectra were recorded using the NT-MDT NTEGFR#ectra
spectrometer; a laser with a wavelength of 473 ram wsed. For powders: lens 100x 0.28
NA, pinhole: 50pm, monochromator grating 1800/500 [fmm], sample intensity ~ 8
mW, diameter of the focused laser beam on the samsipiface: ~ 30-5@m. For thin
films: lens 100x 0.9 NA, pinhole: 10@m, monochromator grating 1800/500 [Mimm],
sample intensity ~ 8 mW, diameter of the focusegrideam on the sample surface: ~ 3
pm.

The morphology of oxide films was studied usinghaeé-beam workstation
NVision 40 (Carl Zeiss)—eguipped—with—an—EDX—Oxdomstruments—attachment-—for
energy-dispersive analysis.

Gas-sensing properties were measured using a kpediarecision system. The
gas medium was created in a quartz cell using tremiBhorst gas flow controllers with a
maximum flow rate of 100 and 200 ml/min. The getetagas flow stability was + 0.5
ml/min. The sensor element temperature was mouitaigh a platinum microheater. The
obtained 2D nanomaterials were studied for serityitte various analyte gase®s,, Ho,
CH,4, CO and NQ. When detecting oxygen, the baseline was recardadgon, and in the
case of other analytes, in synthetic air. The tasce of the oxide films was measured with
a digital multimeter Fluke 8846A (6.5 Digit PrecsiMultimeter) with an upper limit of 1
GQ.

The responses to oxygen and Naere calculated using the formula:



S1 = RgadRo 1)

where Ras— the oxide film resistance in the medium with aafied concentration db,

or NO,; Ry — the oxide film resistance in argon (for detecting) or synthetic air (for
detecting NQ).

The responses to,HCH, and CO were calculated using the formula:

S, = RailRyas (2)

where Ry — the oxide film resistance in airg8— the oxide film resistance in a gas-air

mixture with a specified analyte concentration.

3. Resultsand Discussion
3.1 Synthesis of Hydrolytically Active Heteroligand &uesors

The synthesized [Zr#E1;0,)4] and [Ce(GH;O,)s] complexes were dissolved in
isoamyl alcohol; the ratio of metals in the solaticorresponded to those in the target
CeQ-xZrO, oxides (wher = 0, 5, 10, 20, 30, 50 mol%). Furthermore, acecaydp the
previously described procedure [54-56], a partestructive substitution of acetylacetonate
ligands for alkoxy moieties was carried out by hieahtment of the solution in a round-
bottomed flask, under reflux at a boiling tempematu(l31 = 2°C) to form
[M(O,CsH7)x(OCsH11)] (M = Zr** and C&") heteroligand complexes. The degree of
substitution of chelating ligands for alkoxy mogstiwas monitored by electron (UV) and
IR spectroscopy. In the IR spectra of the resulsotutions, double absorption bands
related to the vibrations of carbonyl functionabgps of the by-products (acetone and
ester) appeared in the area of 1700-1750 amthe course of heat treatment. However,
characteristic absorption bands associated withvithrations of coordinatefl-diketonate
ligands remained with a maxima at 1518-1530"gmathochromic shift with increasing
cerium content) and at 1616-1593 tihypsochromic shift).

The decrease in the absorption band intensity efcttordinated acetylacetonate
group in the UV spectra with a maximum at ~ 285 mawde it possible to estimate the
degree of ligand substitution in [MgOsH7)x(OCsH11)] (M = Zr** and C&") complexes,
which was ~ 50%.

3.2 Obtaining Nanostructured CeQZrO, Thin Films
Thin films of precursor solutions were applied ke tsurface of polycrystalline
Al,O3 substrates with platinum interdigital electrodesl & microheater, using a dip-



coating method with an extraction rate of 1 mmissthe volume of thin films, due to air
moisture, the self-assembly and hydrolysis prosessegere initiated during
polycondensation, forming a coherent dispersiortesys After that, the samples were
subjected to staged drying in the range of 22-50@ch resulted in the completion of the
gel syneresis process and the formation of xeroggings.

After the formation of xerogel films, the samplesrer heat treated in air in order
to crystallize oxide coatings. Based on the TGA/Df@vder analysis data, optimal
conditions (500°C with an exposure to air for 1 flavere chosen.

A phase composition of the obtained nanomaterias studied by X-ray phase
analysis (XRD) and Raman scattering spectroscapge$olycrystalline alumina (with an
average roughness of 0dm) was used as a substrate material for deposRing
nanomaterials, the study of the phase compositidhio films by X-ray diffraction was
difficult, due to weak reflections of thin-film namaterials on the substrate background.
To study the phase composition over a wid@rrange, under the conditions described,
powders of the appropriate composition were obthifrem precursor solutions. The
crystallization conditions were identical to thdee 2D nanomaterials — heat treatment in
air at 500°C for 1 hour.

Fig. 1 (a) shows the X-ray patterns of Ge@rO, powders (whera = 0, 5, 10,
20, 30, 50 mol%). By a set of characteristic reflexwe can infer that the individual
cerium dioxide crystallized in a cubic fluorite-gy/pattice [57,58].

Using the full-profile analysis, we calculated tbeystal lattice parameters for
powders of all compositions (Table 1): the latfiegameter a (A), the cell volume VA
and the crystallite size (L, nm) that decreaseti witreasing Zr@content. As can be seen
from Fig. 2, the dependence of the paramatef CeQ-xZrO, powders is linear, which
indicates the fulfilment of Vegard's law and thenfation of solid solutions with a fluorite
structure.

For thin films, the X-ray patterns recorded in #egular range of @ = 27-31°
(where the most intense reflex (111) is locatedh&ilong signal accumulation time at the
point are shown in Fig. 1 (b). Similar to powdewg, can speak of a monotonic broadening
of the reflex (111) as Zr{ncreased in the system, which indicated the feionaof solid
Ce(-xZrO;, solutions in the film structure. However, it shebdle noted that the reflex
intensity for thin films with x > 5+10 was so redutthat it was impossible to quantify its
position and make correct conclusions. Therefdre,ghase composition of the obtained

films was determined using Raman spectroscopy.



Fig. 3 (a) shows the Raman spectra of &r2¥O, powders (where = 0, 5, 10,
20, 30, 50 mol%). The spectrum of individual ceridioxide contains 4 modes: the most
intense gy (455 cm’), related to the fluorite phase, and three lesmnse, at 250, 600 and
1165 cnt, which are a second-order transverse acoustic n(@tik), a defect-induced
mode (D) and a second-order longitudinal opticatien(®LO), respectively [59,60]. As the
content of zirconium dioxide increased in the aystructure, the same set of bands was
observed. The fsmode of the fluorite phase (455 Yndiffered in the greatest intensity,
but it broadened simultaneously with an increaséhinD mode intensity (600 ¢t as
ZrO, content increased. These changes indicate theafmmmof a more defective structure
due to a large number of oxygen vacancies in thstalr lattice as a result of the cationic
substitution of cerium for zirconium [31,32,37]. &lobtained Raman spectra data are in
good agreement with XRD (Fig. 2a) and confirm tkatid solutions with a fluorite
structure were formed.

The Raman spectra of Ce&ZrO, thin films (Fig. 3b), similar to those of
powders, contain four intense characteristic modedhe cerium dioxide phase. In
addition, six bands related to theAl,Os; substrate with a crystal structure of corundum
can be observed [61,62]: fivg, Ehodes at 380, 431, 450, 578 and 751'cand one A,
mode at 419 cih According to the obtained set of characteristiads, it can be stated
that solid Ce@xZrO, solutions with a fluorite-type structure were deped on a
polycrystallinea-Al 05 substrate. Similar to powders, thg, mode (455 cm) broadened
and the D mode (600 ¢Hh became more intense as the zirconia contentdretk so the
argument that a more defective lattice is formedhwncreasing Zr®@ in the crystal
structure is also applicable to thin films.

The microstructure and morphology of the obtaineslO£xZrO, films were
studied using scanning electron microscopy (SEMg films formed a continuous dense
coating on polycrystalline AD; sensorsias-can-be-seenfrom-Fig. 4a, they ecealgd
the substrate grains. Fig—4b-d presents the miaphg of Ce@xZrO, (x=0-50 mol %)
Ce,;CeQ-20%ZrQand-CeQ-50%Zr0; films. As can be seen, the films were low-
porous, and the average particle size for indiMiddaO, was about 40-55 nm and
decreased with increasing content of Zr{or Ce0,-50% ZrQ, it is 30-40 nm). The
micrographs also show that there were breaks of,@Z@D, films at the grain boundaries
of the ALO; substrate, that were probably formed due to ttgh hibughness of the
substrate (R= 400 nm). A micrograph of the cleaved substratth i coating (Fig. 5)



made it possible to estimate the thickness of thaioed oxide film: depending on the

substrate microstructure, it was 45-65 nm.

3.3 Gas-Sensing Properties
3.3.1 Sensitivity to Oxygen

The mechanism for detecting oxygen with cerium wiexhas been well studied,
and refers to the defect type. In the crystal stinecof CeQ, as well as some of its solid
solutions, for example, with zirconia or yttriumide, there are different types of defects.
Oxygen vacanciesy/ can be formed as a result of reactions by reducfaCé* to C€* at
the lattice site [2,31]:
Cad+ O =2V, +2Cae+ ¥ O (3),
20,5 =22V, + 46 + O, (4)

The reactions (3) — (4) are at equilibrium, so thalyproceed most intensely in the
forward direction in an inert medium, where thendl tbe a decrease in resistance due to
saturation of the conduction band by additionaktetes. When the concentration of
oxygen is increased, the equilibrium in the reaxsig¢3) — (4) will shift in the opposite
direction, as a result of which there will be arpogite effect: an increase in resistance. As
a rule, the resistance (R) or the response (S)ndisp&ogarithmically on the oxygen
concentration or its partial pressure (i.e. R {feg)*™), wheren lies in the range from 4
to 7, depending on the charge carriers’ nature [1].

Additional oxygen vacancies can be formed if meg&dions with a lower oxidation
state or a smaller cationic radius are introducetd ithe crystal structure [63]. The
oxidation state of zirconium is equal to that afiwe (+1V), but the cationic radius is less:
1.75 (z#*) vs. 2.04 A (C&) [64], which allows the formation of additional ygen
vacancies in accordance with equations [37]:

CeQ =2 Ce,  + 2V, +2Q" (5),
2Ce, + O, =2 2Cey + Vg + 0O, (6)

The authors of [37] argued that, at high dopanteatrations, it is possible to form
associates (GeV,'") that can also participate in the mechanism of erygetection.

The obtained CefxZrO; thin films (where x = 0, 5, 10, 20, 30 mol%) showae
sufficiently high reproducible response to oxyg&eraa wide range of concentrations (0.4-
20%) at an operating temperature of 400°C (Tablen@ Fig. 6). At lower operating
temperatures, the baseline resistance (in an Arumgdvas above 1 G, so the response



could not be recorded. With an increase in the aipey temperature to 450°C, there was a
significant decrease in the response magnitudeetdetvel approaching base line drift, and
in the stability of the obtained signal. The Ge@rO; film (where x = 50 mol%) showed
a high value of baseline resistance (>®@)Geven at a temperature of 400°C, and the
response could not be measured.

The detection of oxygen for films of all compositsowas carried out according to
reaction (4), which proceeded in the opposite tivacand was characterized by the
introduction of oxygen from the gas phase intodkggen vacancies of the crystal lattice.
Fig. 6 shows the dependence of the resporsdrR on the oxygen concentration in a gas
mixture. It is seen that the response magnitudea isogarithmic function of @
concentration, which is typical for resistive seamductor receptor materials [1,11,65].
For individual Ce@, the response &3/Rxr increased from 1.26 to 2.31 (Table 2), with an
increase in the oxygen content from 0.4 to 20%.

The greatest response magnitude over the entige rah oxygen concentrations
was observed for a composition containing 10%/Zkhere R, /Rar increased from 1.49
to 2.89 (Table 2), with an increase in oxygen fi@uh to 20%. The introduction of Zrto
the crystal structure promoted the formation of enokygen vacancies (V) due to the
reactions (5) - (6); the latter is a limiting oféne further increase in zirconia content did
not lead to an increase in the response valuegdnitibuted to the retardation of reactions
(3), because Zf (with a stable oxidation state) replaced Qs the lattice sites that could
react to form C&. As a result, we see a decrease in the respongeitode when oxygen
is added, as can be seen from Fig. 6. For£8thol% ZrQ films, the response R{R
changed from 1.37 to 2.37 (Table 2), with an insegia oxygen from 0.4 to 20%.

Fig. 7 presents the experimental data on the sahsiof CeO,-xZrO, thin films
(where x = 0, 10, 20 mol%) to oxygen in a wide ®nfjconcentrations (0.4-20%). As can
be seen, the signal quickly reached a constantvahd went to a stable mode when
oxygen was added. The response and recovery tidneadidepend on the composition of
the obtained solid solutions, and changed only wihenoxygen concentration increased
from 0.4 to 20% (Table 3).

3.3.2 The Effect of Humidity on the Obtained Signal

The effect of humidity on the signal obtained witatecting oxygen was studied
(Fig. S1). Fig. 8 shows the dependence of reprddiigi of the resistance (a) and the
response B/Rar (b) of a Ce@xZrO, thin film (where x = 20 mol%) when detecting 5%



0O at 0, 25, 50, 75, 100% humidity. The data werd vegroduced for all humidity values
in a gas medium — the signal returned to the sasistance values, and its value remained
unchanged when oxygen was added to the specifiedeatration. With an increase in
humidity from O to 100%, there was a consistentekese in film resistance, both in argon
and in the presence of oxygen. At 0% humidity fo€C@Q-xZrO; film (where x = 20
mol%), the baseline was at 230 MOhm, and the resp®&iR to 5% Q was 1.74. With an
increase in humidity up to 25%, the baseline 05 MOhm, and the responsgRar —
to 1.51. An increase in humidity up to 50% resulited slight decrease in the baseline
resistance to 200 MOhm; this was not the casehirésponse §/Rar, which dropped to
1.42. A further increase in humidity to 75 and 10@uced the baseline resistance to 170
and 130 MOhm, respectively, and the response \aigetly decreased, to 1.37 and 1.39,
respectively. These phenomena when detecting oxytendifferent moisture contents in
a gas medium were observed for all Ge@rO, films (where x = 0, 5, 10, 20, 30 mol%)
and were a consequence of a change in the defextmaderial structure when the
composition of a gas atmosphere was changed.

In an inert argon medium, the;® molecules from the gas phase begin to interact
with defects of the oxide nanomaterial after sarpwonto its surface [66]:
Y2 HoOadst Oy =2 HOp' + € + Y2 Qgas (7)

The consequence of this reaction will be a decreaee oxide film resistance due
to additional electron saturation.

The authors of [67] also stated that the reactamagossible:
H2Oagst+ Vo - =2 Oy + 2H (8),
H + Oy =2 HO,' 9

When adding oxygen, usually the reaction (4) wdtar, which will lead to an
increase in resistance (Fig. 8); the increase imitiity resulted in a decrease in the
response value, as can be seen from Fig. 8 an®@Hipr CeQ, as for TiQ, the response
magnitude and kinetic characteristics (response amd recovery time) depended on the
number of oxygen vacancies involved in the meclmaned O, detection during the
reaction (4). Water molecules that interacted v@tfiand V" defects and quantitatively
decreased them, thereby inhibiting the reaction@éhsequently, we saw a decrease in the
response magnitude with increasing humidity in 8 gedium. The water sorbed on the
surface interferes with the sorption of oxygen amakes it difficult to incorporate it into

OXygen vacancies.

10



Fig. 9 shows the changes in kinetic characteridtiesponse time and recovery
time) when detecting 5% /0n the context of increasing humidity from 0 to0%0 for a
CeQ-xZrO; thin film (where x = 20 mol%). In a dry mediumgethesponse time and the
recovery time were low enough when adding 5% tg) values were 25 and 53 sec,
respectively. The increase in humidity to 25 ando58lightly affected the kinetic
characteristics in a negative way, in contrasthe tesponse magnitude. The greatest
response time and recovery time were observed%thibnidity — §o values were 293 and
484 sec, and at 100% humidity they were 223 and st%&] respectively. The obtained
nonmonotonic dependence of the sensing propeitiesmmmaterials on humidity warrants
further study. In general, the deterioration of Kieetic characteristics with increasing
humidity mainly occurred due to the fact that waterlecules can be chemically bonded to
metal cations [67] located on the nanomaterial aaéf to prevent sorption of oxygen
molecules, and so the form of dynamic responseecwith increase in humidity started to
be more and more bell-shaped.

3.3.3 Selectivity

As is known, the semiconductor properties of ceraioxide make it possible to
detect a wide variety of analyte gases. The meshawif their detection is classical and
consists of the oxidation or reduction of analyéses with sorbed oxygen iond,{ O,
O?) on the surface of a semiconductor [15,16,18,20].

To study the selectivity of Ce&xZrO; thin films (where x = 0, 5, 10, 20, 30
mol%), we additionally measured the response tanthst practically significant gaseous
analytes: 1% bl 1% CH, 0,01% (100 ppm) CO and 0,01% (100 ppm).Ndg. 10). It
can be seen that sensitivity to any given analg® depends strongly on the chemical
composition of the oxide films. Thus, individual @g in addition to the response to
oxygen, showed a relatively high responsg/fR.s1.32) to 1% H; the response did not
exceed 1.10 for other analyte gases. With a skgb doping (5 mol%), the response to
hydrogen decreased to 1.11, the sensitivity to, Gihid NQ almost completely
disappeared, and the response to CO increased4oA further introduction of zirconia
(10 mol%) into the structure significantly incredshie response g&/Rair to 0,01%-1060
ppm NQ to 1.43. In general, we should note that the Biinthis composition showed the
worst selectivity, although it had the best sewijtito O,. A CeQ-xZrO; thin film (where
x = 20 mol%) showed the best selectivity to oxygie; responses to other analyte gases

did not exceed 1.05. A further increase in the xZdOntent (30 mol%) in the crystal

11



structure made it possible to establish the greadsponse to 1% Hwhich was 1.45; the
responses to CHand CO did not exceed 1.10; the response to 0:8384spm NQ could

not be measured, since the resistance in a gaaaalyge medium exceeded DG

3.3.4 Modification of a Chemical Composition of 8uerface when Detecting Reducing
Gases

After carrying out the experiments to study the-gaissing properties of CeO
xZrO, thin films, (studying sensitivity to oxygen, intgmting the effect of humidity on
the obtained signal, and determining selectivityg,recorded the Raman spectra of sensors
of all compositions (Fig. 11).

It has been established that two sufficiently istetvands appeared at 520 and
834 cm after the detection of even small concentratiohseducing gases (1%-H1%
CHs, 0,01%-300ppm CO), in addition to the characlierBTA, Fyg D and 2LO modes
related to the fluorite phase of individual Ge@r its solid solutions with Zr© These
modes differed in intensity; the most intense ban834 cnt was observed for a CeO
xZrO, film (where x = 20 mol%). According to the availabiterature data [68-71], these
modes characterize oxygen superoxides and peroxides O, respectively) that are
present on the nanomaterial surface. It was nadeethat the formation of such oxygen
forms is possible when powders are heat-treate@°@®r higher) in a reducing gas
medium (5% H [60] or CO [69]) diluted with an inert gas (Ar or He) but essarily
containing 10% of oxygen. In our experiment, oxygriperoxides or peroxides were
formed on the surface of thin films when detectimgch lower concentrations of reducing
gases (1% b 1% CH,, 200 ppm CO) at an operating temperature of 400h€.H or CO
molecules restored &ecations to C¥, creating additional oxygen vacancies, and the
oxygen formed as a result of the reduction of cleairtionds to C&, forming superoxide
or peroxide groups on the surface [60,68,69]. Alfieat treatment and partial reduction of
the surface layer in the crystal lattice, the &d G groups remained on the nanomaterial
surface after cooling down to room temperatureyltiesy in characteristic bands on the
Raman spectra at 520 and 834tm

To remove the ® and G groups from the semiconductor surface, the senithr w
a deposited film was additionally heat-treatedimah a temperature of 500°C for 1 hour,
and then in an argon atmosphere. As can be se€iginl2, calcination in air did not
remove the @ and G groups, since the Raman spectra still retainednibges at 520 and

834 cm'. Heat treatment in an inert atmosphere led toaserfegeneration, which is in
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good agreement with the literature data [68], sith@eRaman spectra contain only modes
related to the fluorite cubic phase of Ge@rO..

Thus, when detecting reducing gasesitu, the formation of oxygen superoxide
and peroxide groups on the surface of &exO, films was initiated. The presence of
these groups had no effect on sensitivity t9 €H,, CO and NG, since the detection
mechanism involved the oxidation or reduction cdlgte gases with ©and G~ oxygen
located on the semiconductor surface. In our dagse oxygen forms were retained even
at room temperature, although, according to thelable literature data, their intensive
formation on the semiconductor surface begins mp&atures above 150°C [72]. In our
laboratory experiment, the presence of &hd G groups on the surface did not affect
sensitivity to oxygen, since the sensor was pregde& an inert medium (Ar) to an

operating detection temperature of 400°C.

4. Conclusion

Using [M(O,CsH7)(OCsH11)y] (M = Zr** and Cé&") heteroligand complexes as
precursors, we synthesized highly dispersed £eX00, oxides (where x = 0, 5, 10, 20,
30, 50 mol%) in the form of nanopowders and thimdi using the sol-gel method. Using
XRD and Raman spectroscopy, it has been showrh#sttreatment of powders and thin
films of xerogels at 500°C (1 hr) provoked crystation of cerium dioxide with a fluorite
structure, while an increase in zirconium dioxidatent resulted in the formation of solid
CeO-ZrO, solutions based on a specified structure, accoregany a decrease in the
average size of crystallites.

Nanostructured Cef&xZrO, thin films (x = 0-30 mol%) showed a good
reproducible resistive response to oxygen in a waage of concentrations (0.4-20%) at a
relatively low operating temperature of 400°C. #shbeen established that they have
sufficient selectivity to @that depends on the composition of receptor naserine best
selectivity to Q was observed for Ce&xZrO, nanomaterial (where x = 20 mol%).

We studied the influence of humidity on the obtdirggnal when detecting
oxygen: with an increase in humidity, a systemditiop in resistance and response has
been observed, and at a high humidity5%) the kinetic characteristics (response time
and recovery time) deteriorated by 9-11 times.

Selectivity of obtained thin-film nanomaterialsdther analyte gass was studied,
such as B CO, CH, NO,. Thin film of composition Ce@xZrO, (x= 20 mol. %)
possesses the best selectivity, with responsénty analyte gases not exceeding 1.05.
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Raman spectroscopy showed that oxygen superoxitkperoxides remained on
the surface of oxide nanomaterials, after studyimegsensitivity of Ce@xZrO, thin films
(x = 0-30 mol%) to small concentrations of reducgages (1% kK 1% CH, and 0,01%
200ppm CO in air) at T = 400°C.
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Captionsto Figures

Fig. 1. X-ray patterns of CexZrO, powders (a) and thin films (b) (whexe= 0, 5, 10,
20, 30, 50 mol%)

Fig. 2. The dependence of the parameter ‘a’ of a fludyipe lattice on the Zr@content in
CeO-xZrO, powders (where =0, 5, 10, 20, 30, 50 mol%)

Fig. 3. Raman spectra of CeQZrO, powders (a) and thin films (b) (whexe= 0, 5, 10,
20, 30, 50 mol%)

Fig. 4. Microstructure of Ce@xZrO, thin films, where x = 0 (a), 5 (b), 10 (c), 20,(8p
(e), 50 (f) mol%.

Fig. 5. Microstructure of the cleavage of.8); substrate with Ce{film, SEM

Fig. 6. The dependence of the responsg/Rs on the oxygen concentration at an
operating temperature of 4@0°

Fig. 7. Sensitivity of Ce@xZrO, thin films (where x = 0, 10 20 mol%) to oxygen at a
operating temperature of 400°C

Fig. 8. Reproducibility of the signal of Ce&ZrO; thin films (where x = 20 mol%) with
different moisture content when detecting 5% €hange in resistance (a) and response (b)
Fig. 9. Signal change kinetics gZRa;) of CeQ-xZrO; thin film (where x = 20 mol%)
when detecting 5%, at different humidity and an operating temperatfré00T

Fig. 10. Selectivity of Ce@xZrO; thin films (wherex = 0, 5, 10, 20, 30 mol%) at an
operating temperature of 4@0°

Fig. 11. Raman spectra of CeQZrO;, films (where x = 0-50 mol%) after detection of
reducing gases

Fig. 12. Raman spectra of CgQZrO, film (where x = 20 mol%) after the experiment to

study the sensitivity to reducing gases and sulesgdeat treatments in air and argon
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Table 1. Parameters of the crystal lattice of CeO,-xZrO, powders

Ce0,-xZrO,, x (mol. %)  a, A Vv, A3 L, iMm  Ryp
0 5.413(1) 158.60(6) 17.7(7) 7.47
5 5403(1) 157.79(9) 13.8(6) 7.25
10 5.394(1) 156.96(1) 10.5(4) 7.02
20 5.377(2) 15550(1) 8.0(4) 7.15
30 5.367(3) 154.61(2) 6.3(4) 6.76
50 5.334(3) 151.78(2) 6.4(4) 6.44

Table 2. The response Roy/Rar of CeO,-xZrO, thin films

Response RB2/Rar

CeO,-xZr0O ,, x (mol. %) O, concentration, mol. %
0.4 1 5 10 15 20
0 1.26 152 180 201 218 231
1.25 148 180 19 206 212
10 1.49 173 218 247 270 289
20 1.37 156 174 207 224 237
30 1.35 164 205 230 249 -

Table 3.Response time and recovery time of CeO,-xZrO,thin films

O, concentration, mol. %

0.4 1 5 10 15 20

Time response, s. 15 22 25 28 37 39
Time recovery, s. 28 37 53 58 67 72
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Highlights

. Nanostructured thin film€eQO,-xZrO, have been synthesized by sol-gel method.
. Powders and films solid solutions with a fluoriteusture are formed.
. Thin films showed resistive response to at a loerapng temperature of 400°C.

. Superoxide and peroxo-forms of oxygen remain orsthitace of the nanomaterial.



