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This paper presents the results of Fourier transform infrared spectroscopic studies of the radiation-
thermal decomposition of water in the heterogeneous system nano-ZrOs+nano-AloO3+H2O at vari-
ous weight ratios of nano-oxides in the temperature range 7' = 373 <+ 673K and during radiation
exposure. It has been established that the main intermediate products of radiation-heterogeneous
decomposition of water are molecular oxygen and other oxygen-containing radical ion groups
generated by gamma irradiation, as well as surface hydrides of zirconium and aluminum. Based
on a comparative analysis of changes in the intensity of the absorption bands of molecular water
and surface hydroxyl groups characterizing nano-ZrO» and nano-Al,O3 as a function of temperature,
the radiation-catalytic activity of nano-ZrO2 was detected at a fixed value of the absorbed dose. Wgrr
(H2) and its radiation-chemical yields G(Hz) were determined. A stimulating role in the radiation-
thermal decomposition of H2O in a heterogeneous nano-ZrOz+nano-Al2O3 system (7' = 373+673 K)

has been established.
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I. INTRODUCTION

Nanosized aluminum and zirconium oxide compounds
are widely used as active components and an effecti-
ve carrier of catalysts in various processes, includi-
ng radiation-catalytic processes of hydrogen producti-
on from water [1-6]. Zirconium and aluminum oxides
are also technologically important materials in the field
of manufacturing ceramics, solid electrolytes, radiation
detectors and materials for space and nuclear technologi-
es. As it is known, reducing a particle size to nanoscale
leads to a significant change in physical properties [3—
4]. The dimensions of individual nanooxide particles are
comparable to the mean free path of electrons, holes, and
excited states produced by the action of ionizing radiati-
on, which participate in the effective transformation and
transfer of energy. To modify the physical and chemi-
cal properties, materials based on mixtures of nanoscale
oxides are produced [7-9].

As a result of the interaction between the components,
the concentration of surface acceptor centers changes, as
well as the mechanical and physical properties of the
components of the system. Information on the effect
of the second component on the surface physical and
chemical and radiation-catalytic properties of the bi-
nary system of nano-ZrOs—+nano-AlsO3+ H5O is limi-
ted. In the literature there is virtually no spectroscopic
data on the radiation decomposition of water in a nano-
ZrOs+nano-Al,O3+HoO system.

This paper presents the results of Fourier IR
spectroscopic  studies of the radiation-thermal
decomposition of water in a heterogeneous system
of nano-ZrOs+nano-Al;O3+H50, in the temperature
range T' = 373 + 673 K under the influence of y-quanta,
in order to establish the role of intermediate-active parti-
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cles and to reveal the regularities of adsorption-active
hydroxyl groups in these processes.

II. EXPERIMENTAL PART

ZrOs (particle size d = 20—30nm) and Al;O3 (particle
size d = 20— 60 nm) nanopowders with a purity of 99.9%
(Sky Spring Nanomaterials, USA) were used. The X-
ray phase method established that the ZrOssample has
a monoclinic centrally symmetric crystal structure [10].
By the X-ray phase method, it was established that the
nano-ZrQO, sample has a monoclinic centrally symmetric
crystal structure, and the nano-Al;O3 has -modification
of the cubic structure. The values of specific surfaces
are Sgp(nano-ZrOy) = 350 m? /g and Sgp(nano-Al,O3) =
280m? /g. Before adsorption, samples of zirconium and
aluminum dioxides were treated by thermovacuum at
T = 673K and pressure P = 1073 Pa for 8 h for cleaning
from organic impurities and dehydroxylation of surfaces.
The control over the surface cleanliness was carried out
according to the intensity of IR bands caused by water
and hydrocarbon contamination.

Fourier IR absorption spectra were recorded on a
Varian 640 FTIR spectrometer in the frequency range
v = 4000 — 400cm~! at room temperature. To remove
the absorption spectra from a mixture of ZrOs+Al503
nanopowders, pellets with a thickness of 50100 pm were
pressed. The IR spectra of the samples were measured
in special quartz cells with windows made of CaFs,
which made it possible to obtain spectra of adsorbed
water, decomposed under the action of v-irradiation by
the method of [10]. The ratio of nanooxide components
varied as 3:1, 1:1 and 1:3. When overlapping the bands
related to different forms of adsorbed water and hydroxyl
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groups, the total contour is decomposed into indivi-
dual components according to the procedure [5]. This
technique includes a program that takes into account
the specificity of adsorbed molecules at the interface of
the adsorbent-adsorbate. The intensities of the bands of
adsorbed water molecules and hydroxyl groups in the
systems under study were calculated. The values of the
intensities given are the arithmetic average values obtai-
ned in four parallel independent experiments.

The adsorbate was bidistilled water, from which forei-
gn gases were removed by repeated freezing in a trap
with liquid nitrogen followed by pumping out. Adsorpti-
on of water vapor was studied by the method of [10].
The radiative decomposition of water in the system of
nano-ZrOs+nano-Al,O3+HsO was carried out at room
temperature (T' = 300K). Samples were irradiated on
an isotope 9°Co source with a dose rate dD./dt =
0.14Gy/s. The dosimetry of the source was carried
out by ferrosulfate and methane dosimeters [11]. The

absorbed dose of irradiation in the systems under investi-
gation was determined by comparing the electron densi-
ties and was D, = 30 kGy.

III. RESULTS AND THEIR DISCUSSION

The IR spectrum of a mixture of nano-ZrOs+nano-
AlyO3 at a 1:1 ratio is shown in Fig. 1 (curve 1) and for
nano-ZrOs+nano-AlyO3+H2O system — in Fig. 1 (curve
2). Then y-irradiation of nano-ZrOs+nano-AlsO3+H0
systems was performed at same doses (curve 3), (curve
4) and D, = 30kGy (curve 5). As can be seen from
Fig. 1 (curve 1), the surface of a nano-ZrOs+nano-Al,O3
mixture, which has undergone thermovacuum treatment,
is pure, since there are no absorption bands due to the
presence of water and hydrocarbon contaminants.
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Fig. 1. Fourier IR spectra of nano-ZrOz+nano-Al,O3, mixture, processed at 673K (1), up to (2) and after the action of -
irradiation on the system of nano-ZrOs+nano-Al,O3+H20 at 373 (3), 473 (4) and 673K (5). The spectra were obtained with
a weight ratio of nanooxide components (1:1) at a fixed dose of D, = 30 kGy.

Absorption bands with maxima at 950, 873, 815, 745,
560, 540, and 410 cm ™! were observed in the spectra, in
the region of lattice vibrations of nano-ZrO5 and nano-
Al;03. The 745 cm ™! band is referred to the asymmetric
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vibration (Zr-Oq-Zr) [3,4]. The location and intensity
ratio of absorption bands (AB) at 745-410cm™! indi-
cate a monoclinic modification of the ZnOs nanopowder
used [10]. The absorption bands refer to the stretching
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vibration of Al-O, and the ABs at 873, 815, 560 and
540 cm~! are apparently related to the presence of AlOs3
and AlQg-groups [1,3]. In studying adsorption processes
and radiation-thermal decomposition of water, the latti-
ce vibrations of zirconium and aluminum oxides and the
constancy of their intensities are among the main criteria
for the identification of the experimental conditions.

In the unirradiated heterosystem (nano-ZrOs-+nano-
AlyO3), after water adsorption ABs (Fig. 1, curve 1) wi-
th maxima 3580, 3560, appear in the region of stretching
vibrations of hydroxyl (OH) groups 3500, 3450, 3350,
3300, 3280 and 3000 cm ™!, which indicates the flow of
molecular and dissociative adsorption. The molecular
form of adsorption corresponds to broad absorption
bands at 3280 and 3300 cm !, while dissociative chemi-
sorption corresponds to relatively narrow bands with
maxima at 3580, 3560, 3500, 3450, 3350, and 3300 cm ™!
(Fig. 1, curve 2). The presence of the two types of
adsorption is confirmed by the formation of ABs in the
region of OH deformation vibrations with centers of
gravity at 1630 and 1610 cm ™.

The irradiation of a heterosystem of nano-ZrQOs+nano-
Al,O34+H30 by v-quanta (an absorption dose of D., =
30kGy at the temperature of T' = 373 K) is accompanied
by the appearance of new ABs in the 800-1000 cm ™! regi-
on with maxima at 1072, 1085, 1110 cm ™!, are associated
which adsorption of molecular oxygen — the product of
water decomposition on the surface of nano-oxides ZrOq
and Al;Ogs, indicating the formation of ion radicals of
oxygen in the m-form, i.e. O%~.

Thus, Fourier IR spectroscopy allows recording
the intermediate products of the radiation-thermal
decomposition of water in the system of nano-
ZrOs+nano-AlsO3+H>0 on the oxide surface. Among
these products, surface zirconium and aluminum
hydrides are most intense. Thus, starting from the
temperature of T = 373K in the spectrum, in the
frequency range 2000-1700cm ~! there appear ABs
appear with maxima at 1760, 1830, 1880, 1920 and
1995 cm ™!, whose intensities are redistributed with the
growth of temperature. These ABs refer to the stretching
vibrations of Zr-H and Al-H, indicating the formation of
surface hydrides of the Zr-H, ZrH,, AI-H, Al-H, and Al-
Hj types. Among these hydrides, the most stable forms
are ZrHy (v = 880cm™!) and AlH; (v = 1830cm™1)
[12-14].

Changes in the valence vibrations of hydroxyl (OH)
groups associated with the radiation-thermal decomposi-
tion of water in a heterogeneous system of nano-
ZrOs+nano-AlsO3+H0 are shown in Fig. 1 (curves
3-5). In the Fourier IR absorption spectra of samples of
a nano-ZrQOs+nano-Al,O3 mixture with adsorbed water,
in the region of stretching vibrations of OH groups and
water (v = 4000 — 3000 cm~!), the ABs of hydrogen
bonded groups with maxima at 3580, 3500 and 3450
em ™!, as well as adsorbed water molecules at 3280 cm™*
are observed (Fig. 1, curve 3).

The radiation-thermal decomposition of water at T =
373K is accompanied by a decrease in the intensities
of the ABs of molecular water and hydrogen-bonded

hydroxyl groups, as well as the formation of new bands
of isolated OH groups at 3630 and 3690 cm~'.
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Fig. 2. Absorption bands region of the isolated OH groups in
the nano-ZrOs+nano-Al;O3 system to the Zr and Al oxides.
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Fig. 3. Dependences of the intensities of bands of isolated
(1, 2) and hydrogen-bonded (3, 4) surface OH groups, as
well as adsorbed water molecules (5, 6) on the temperature
of radiation-thermal processes of water decomposition in the
heterogeneous system of nano-ZrOz-+nano-Al,O3+H0 (the

dependences for nano-ZrO2 are shown by solid lines, and for
nano-AlyOs-by dotted lines), (D, = 30kGy).

An increase in temperature to 473 K is accompanied
by a decrease in the intensity of H-bound and an increase
in the intensity of bands of isolated OH groups at 3630
and 3690 cm ™! (Fig. 1, curve 4). The temperature rise up
to 673 K leads to complete decay of molecular water and
partial decay of H-bonded OH groups (curves 3-5). At
T = 473K, new AB appear in the IR spectrum at 3780
and 3800 cm . According to the notions of the structure
of hydroxyl nano oxides of zirconium and aluminum [2,
15-16], the observed new bands correspond to hydroxyl
groups differing in coordination numbers. For example,
according to the concept of the structure of the hydroxyl
coating of nano zirconium oxide, the observed new ABs
correspond to hydroxyl groups that differ in coordinati-
on number: terminal, i.e. isolated OH groups of type I,
isolated on Zr cations (AB 3780 cm™1!), two coordinated
bridging types II (AB 3750 cm~!) and three coordinated
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bridging types III (AB 3640 and 3690 cm~1!). Accordi-
ng to [10], these ABs can be attributed to the hydroxyl
groups of ZrQO,, mainly in the surface areas with the
(111) and (110) face structure of the fluorite-like modifi-
cation. Note that in the IR spectra of ZrQO, dispersed
powders with micro-sized particles, only isolated OH
groups of types I and II were detected. According to [12],
in nano-aluminum oxide, depending on the coordinati-
on number, there are also isolated hydroxyl groups of 3
types: isolated OH-type group I (AB 3880, 3800 cm 1),
type II (AB 3770 cm~!) and type III (AB 3730, 3700
ecm~1). To identify spectrokinetic patterns, i.e. changes
in the intensities of ABs of molecular water and surface
OH groups, depending on the processing temperature,
the IR absorption spectra of their regions were obtai-
ned under special recording conditions. As an example,
Fig. 2 shows the AB region of the OH groups that appear
during the radiolysis of water in the nano-ZrOs+nano-
Al;03 system to the Zr and Al oxides. Nine absorption
bands with good resolution are clearly visible, four of
which (AB 3780, 3750, 3690 and 3640 cm~1!) are associ-
ated with ZrO-, and five (AB 3880, 3800, 3770, 3730 and
3700 cm~!) with Al,Os.

The analysis of the changes in the intensities of the
ABs of molecular water, H-bound and isolated hydroxyl
groups at a fixed dose of radiation (D, = 30 kGy),

depending on the temperature of the process of the
radiation-thermal decomposition of water, shows that
there are antibate dependencies between them. Thus, an
increase in temperature from 473 to 673 K leads to the
complete and partial decomposition of molecular water
and H-bonded OH groups and the formation of isolated
OH groups. This leads to a decrease in the intensity of
H-bound and, vice versa, to an increase in the intensity
of isolated OH groups.

Figure 3 shows the dependences of the AB intensi-
ties on the temperature for isolated (at 3690 and
3700 ¢cm™! (curves 1, 2)) and hydrogen-bonded (at
3450 and 3500 cm~! (curves 3, 4)) surface OH-groups,
as well as adsorbed water molecules (at 3280 and
3300 ecm™! (curves 5, 6)) during the radiation-thermal
decomposition of water in the heterogeneous system
of nano-ZrOs+nano-Al,O3+H50. Solid lines show the
dependence for nano-ZrO,, and the dashed lines — for
nano-Al,O3. Comparing these relationships, we see that
an increase in temperature from 373 to 673 K leads to
antibate dependences of H-bound and isolated surface
hydroxyl groups. Changes in the ratio of the concentrati-
ons of ZrOs and Al,O3 nanopowders (1:3, 1:1 and 3:1) in
the Fourier IR absorption spectra are accompanied by a
redistribution of the intensities of the ABs of molecular
water, H-bonded and isolated OH groups.

No. System T, K| Wr(Hs), Wrr(Hz) G(H,)
molecule/g-s|molecule/g-s |molecule/100 eV
1 n-ZrO- 1.0-10*3 510 4.5
2 n-Al> O3 0.69-10'% | 2.78.10%° 2.75
3 |n-ZrOs 4+ n-Al,O3 (3:1)] 373 | 0.84-10*° 4.2.1013 4.0
4 |n-ZrOs +n-Al; O3 (1:1) 0.67-10'% | 3.34.10%° 3.1
5 |n-ZrO2 + n-Al O3 (1:3) 0.51-10'% | 2.91.10*® 2.7

Table 1. Values of formation rates W (Hz) and of chemical yields of molecular hydrogen G(H:) at radiation-thermal (RT) and
thermal (T) decomposition of water into nano-ZrO2, nano-Al;Ozand binary system of nano-ZrO2+nano-Al>O3 at temperature

T =373K.
No. System T, K| Wr(Hs), Wrr(Hz) G(Hs)
molecule/g-s| molecule/g-s |molecule/100 eV

1 n-ZrOo 5.56-10'* | 2.08-10* 8.35
2 n-AlOs 2.22-10" 5.83-10"3 4.15
3 |n-ZrOs +n-Al O3 (3:1)] 473 | 5.02-10'3 1.81-10* 7.5
4 |n-ZrO2 + n-Al; O3 (1:1) 4.45-10'3 1.0-10" 6.7
5 |n-ZrOz 4+ n-Al, O3 (1:3) 2.57.10"% | 6.78.10" 4.8

Table 2. Values of formation rates W (Hz) and of chemical yields of molecular hydrogen G(H:) at radiation-thermal (RT) and
thermal (T) decomposition of water into nano-ZrO, nano-Al,Ozand binary system of nano-ZrOs+nano-Al>O3 at temperature

T =473K.

The decomposition of hydrogen-bonded hydroxyl
groups is accompanied by the accumulation of isolated
surface OH groups. Under radiation-thermal action, the
water desorption process is correlated by the decay of
H-bound and the accumulation of isolated surface OH
groups for nano-ZrQOs, which is much more effective than
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nano-Al;O3 [17, 18]. This indicates the catalytic activi-
ty of nano-ZrQOs in the process of the radiation-thermal
decomposition of water in the heterogeneous system
of nano-ZrOs+nano-Al;O3+H>O in the temperature
interval T'= 373 ~ 673 K.
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No. System T,K| Wr(Hs), Wrr(Hz) G(Hy)
molecule/g-s|molecule/g-s | molecule/100 eV
1 n-ZrO- 2.78-10'* | 6.94-10™ 24.7
2 n-Al,O3 4.17-10" | 9.44.10'3 8.6
3 |n-ZrOs 4+ n-Al,O3 (3:1)| 673 | 2.59-10** | 4.45.10™* 21.2
4 [n-ZrOs + n-Al,O3 (1:1) 1.52.10" | 2.61-10* 12.9
5 |n-ZrO2 4+ n-AlO3 (1:3) 1.17-10** | 1.93-10* 8.1

Table 3. Values of formation rates W (Hz) and of chemical yields of molecular hydrogen G(H3) at radiation-thermal (RT) and
thermal (T) decomposition of water into nano-ZrO», nano-Al,Ozand binary system of nano-ZrO2+nano-Al>O3 at temperature

T =673K.

Tables 1-3 show the experimentally obtained values
of the rate of formation of the final decomposition
product of molecular hydrogen (Hs) for the thermal
and radiation-thermal processes of the decomposition of
Wr(Hz) and Wgrr(Hz), as well as its yields G(Hz) in
depending on the ratio of ZrO5 and Al,O3 nanopowders
at different temperatures (T= 373, 473 and 673K). As
can be seen from the tables, the highest values of G(Hs)
in this system are observed at the concentration of
75 wt.% nano-ZrOs (3:1), which is due to the most acti-
ve surface-active centers of the type Zr*t. A comparative
analysis of the values of W(H3) and G(Hz) shows that
in the temperature range T = 373 + 673K, the rates
and yields of the formation of Hsin the RT processes
are significantly higher compared with the T process.
This indicates the stimulating role of radiation in these
processes [19].

IV. CONCLUSION

The radiation-thermal decomposition of water in
the nano-ZrOs+nano-Al,O3+H,0 heterosystem in the
temperature range 373673 K at the ratio of nano-oxides

(3:1, 1:1 and 1:3) was studied by Fourier IR spectroscopy
and at a fixed value of the absorbed dose (D, = 30kGy).
It is shown that the adsorption of water in a mixture
of nano-oxides of zirconium and aluminum occurs by
molecular and dissociative mechanisms.

The intermediate products of the radiation-
heterogeneous decomposition of water are ion-radicals
of molecular oxygen, surface hydrides of zirconium and
aluminum, as well as hydroxyl groups. Dependences of
the intensities of absorption bands of molecular water
and surface hydrogen-bonded and isolated hydroxyl
groups characterizing nano-ZrO, and nano-Al,Os on
temperature have been studied. Based on a comparative
analysis of these relationships, the radiation-catalytic
activity of nano-ZrOs in the radiation-thermal process
of water decomposition has been revealed.

The values of the rates of formation of W (H;) and the
radiation-chemical yields of molecular hydrogen G(Hg)
during the radiation-thermal and thermal decompositi-
on of water into nano-ZrQOs, nano-Al,O3 and the binary
system of nano-ZrOs+nano-Al; O3 were determined. The
stimulating role of radiation during the radiolysis of H,O
in the temperature range T = 373 =~ 673K has been
established.
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PYP’E-I9-CITEKTPOCKOIIISI BUBYEHHAI PA,Z[IAHIfIHO-TEPMAHbHOI‘O PO3KJIAJAHHA
BOAN B CUCTEMI nano-ZrOz+nano-Al,O3+H>0
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Inemumym padiayitnux npobaem HAH Asepbatidocany,
eéya. B. Bazabsade, 9, Baxy, AZ 1148, Azepbatioocan,
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Y miit pobori momAaHO pe3ysibTaTH iH(pPAUIEPBOHMX CIEKTPOCKOINYHUX [IOCHiIKeHb mneperBopeHHss Dyp’e
pagiaifiHO-TepMIYHOrO PO3KJIaIaHHs BOAM B rereporenHiii cucremi nano-ZrOz+nano-AloO3+HoO 3a pisaux Ba-
TFOBUX CIIiBBITHOIIEHh HAHOOKCHIIB y miama3oHi Temmeparyp 1' = 373 + 673K i ming gac paziamiifiHoro ompomi-
HEHHsI. YCTAaHOBJIEHO, IO OCHOBHUMH IPOMIKHUMU TIPOAYKTAMU PAiaIliiHO-TeTePOreHHOTO PO3KJIAIAHHS BOIU €
MOJIEKYJIIPHUI KUCEeHb Ta iHII KUCHEBMICHI paJWKajIbHI HOHHI IpynH, IO YyTBOPIOIOTHCA TaMMa-OMPOMIHEHHAM, &
TAKOXK TTOBEPXHEBI Tiapuan MupKOHiO Ta amomiaiio. Ha ocHOBI moOpiBHAIRHOTO aHaI3y 3MiH IHTEHCHBHOCTL CMyT
LIOIVIMHAHHS MOJIEKYJIAPHOI BOAU Ta LIOBEPXHEBUX I'iJPOKCHIIbHUAX I'PYIL, 110 XapakTrepusyors HaHo-ZrO2 Ta nano-
Al,O3 sk byHKIiIO TeMIepaTypu, BUSBJIEHO D aliifHO-KaTAJITHIHY aKTHBHICTh HaHO-Zr(O2 3a BCTAHOBJIEHOT'O
3HaveHHs noriauHeHol nosu. Busnaseno Wrr(Hz2) ra fioro pasjauiiino-ximivni Buxogu G(H2). Ycranosieno cru-
MyJIIOBAJIbHY POJIb Y pajiariiino-repmiuaomy po3kiaaganui HoO B rereporensiii cucremi nano-ZrOz+nano-Al,Os
(T =373 +673K).

Kurouosi cioBa: ¢yp’e-I9-cuekrpockomnisi, HAHO-IUMPKOHIEBUII OKCHUJ, HAHO-aJIIOMIHIEBHMIl OKCH, -
OTIPOMIHEHHS, Pa/IiaIlifHO-TePMivUHe PO3KJIAIAHHST
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