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Abstract

Nanocrystalline films of palladium(II) oxide obtained by oxidation of the initial metallic Pd layers with a thickness of 35
nm on Si (100) substrates in atmospheric air were studied using XRD analysis, TEM, and RHEED.

PdO/Si0,/Si (100) heterostructures were synthesised in two stages. First, we obtained finely dispersed layers of metallic Pd
on SiO,/Si (100) substrates with an ~ 300 nm SiO, buffer layer using thermal sublimation in a high vacuum. The Pd layers
were then oxidised in the temperature range T, = 620 - 1100 K in atmospheric air (with the partial pressure of oxygen of
about 21 kPa). The study determined that the deformation of the tetragonal crystal structure of homogeneous nanocrystalline
PdO films is explained by an increase in the values of lattice parameters with the oxidation temperature. The deformation
reaches its maximum values at T, ~ 970 K. Comparison of the obtained results with the earlier data regarding Pd0O/SiO,/
Si (100) heterostructures synthesised in a dry oxygen atmosphere (with the partial pressure of oxygen of about 101.3 kPa)
demonstrated that PdO films synthesized in an oxygen atmosphere are characterized by a higher degree of deformation of
the crystal structure.

The effect of the oxidation temperature and O, partial pressure on the increase in the tetragonal lattice parameters of the
PdO films can be explained by the formation of interstitial oxygen atoms in the octahedral void in the centre of the
palladium(II) oxide unit cell.
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1. Introduction

Creating a global system for monitoring the
quality of atmospheric air is one of the most
urgent scientific and technical problems of the
21st century [1]. Currently, a number of devices
and technologies are used to detect poisonous
and explosive gases in air. They include resistive
gas sensors based on wide-band metal oxide
semiconductors, which are widely used due to their
reliability and a relatively low production cost [1-
3]. Such devices are necessary for the prevention
of technological and household incidents with
explosive gases, as well as for security systems in
various industrial processes that use poisonous
or flammable volatile substances [1-4]. For 50
years, the materials most often used in scientific
studies and industrial production of resistive gas
sensors have been metal oxide semiconductors
with an electronic type of conductivity, specifically
tin(IV) oxide SnO, [1-6]. Impressive success in the
development of gas sensors based on SnO, can be
explained by the results of studying the physico-
chemical patterns that describe and predict the
nature of the interaction of the active layer surface
with the molecules of detected gases [3, 6, 7]. It was
established that n-type wide-band semiconductors,
particularly SnO,, are characterised by a rather
narrow homogeneity region [3, 4, 6, 7]. Various
authors have proved the nature of point defects,
mainly oxygen vacancies, which are responsible
for nonstoichiometry and electronic type of
conductivity of these compounds [3-7].

Despite the popularity of metal oxide
semiconductors with an electronic type of
conductivity for the production of gas sensors,
materials for the so-called “perfect sensor” with
optimal functional parameters have not yet been
found [8, 9]. Over the past decade, there has been
a considerable increase in the interest in the study
of sensor properties of wide-band metal oxide
semiconductors with the p-type surface and the
composites based on them [10].

Recent studies have demonstrated that
p-type nanostructures with various types
of morphological organisation based on
palladium(IIl) oxide are promising materials
for the production of gas sensors that can
detect even very small concentrations of toxic
gases, including ozone and nitrogen oxides, in
atmospheric air [11-23].
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Prototypes of gas sensors based on
nanocrystalline PdO films are characterised by
a short recovery period and good reproducibility
of the sensor signal when detecting ozone and
nitrogen dioxide NO, in atmospheric air [17, 20-
22]. There is also evidence that sensors based on
PdO are highly sensitive to organic compound
vapours, carbon monoxide, and hydrogen [24-25],
which is of utmost importance for the creation of
a strong hydrogen energetics system.

Earlier experiments demonstrated [11-25]
that gas sensors based on palladium(II) oxide
nanostructures are compatible with similar
devices based on metal oxide materials with
an electronic type of conductivity [20, 24-25].
However, unlike SnO,, a large number of basic
physico-chemical properties of palladium(II)
oxide have not been thoroughly studied yet.
For instance, there is no phase diagram of the
palladium-oxygen system, and the nature of
point defects responsible for the p-type of
conductivity of PdO is still a matter of debate
[11, 15, 17, 19, 20]. The lack of this information
makes it impossible to establish the mechanisms
of interaction of the detected gases with the
surface of nanostructures of palladium(II) oxide
and largely hinders the practical application of
gas sensors based on them. A detailed study of
the changes in the crystal structure of nanosized
PdO films depending on the synthesis conditions
will help to get closer to solving the problem of
nonstoichiometry of palladium(II) oxide and the
nature of point defects [19].

The purpose of our study was to analyse the
crystal structure of nanosized Pd films on SiO,/Si
(100) substrates during oxidation in atmospheric
air in the temperature range T, = 573-1148 K
and then compare it to the results of earlier
experiments involving oxidation of Pd/SiO,/
Si (100) heterostructures in a dry oxygen
atmosphere [18-19].

2. Experimental

Nanocrystalline films of metallic palladium
with a thickness of ~ 35 nm were synthesised
using thermal sublimation of palladium foil with
the concentration of the main component of
99.998 at.% in a high vacuum (residual pressure
~107'°Pa) on Si0,/Si(100) substrates which were
not heated. Since the SiO,/Si(100) substrates were
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not heated, ultradispersed layers were formed
with the size of Pd crystallites between 2 and
6 nm. Crystallites of this size ensure uniform
oxidation and formation of PdO [17-20]. The
sickness of the initial films of metallic palladium
determined by studying the cleavages of the Pd/
Si0,/Si(100) heterostructure using scanning
electron microscopy was ~ 35 nm (varied within
the range of 32-38 nm).

The thickness of the SiO, buffer layer was
about 300 nm. [18, 19] demonstrated that the SiO,
buffer layer helps to prevent direct interaction
between metallic palladium and the material
of the substrate resulting in the formation of
palladium silicide Pd,Si. The oxidation of Pd films
grown on Si(100) substrates without a SiO, buffer
layer in an O, atmosphere in the temperature
range T, =970-1070 Kresulted in the formation
of palladium silicide Pd,Si [18].

In our study, thermal oxidation of the formed
ultradispersed Pd films was performed by
heating in air. Pd/SiO,/Si (100) heterostructures
were put into a resistive heating tube furnace
at room temperature and then heated to the
set temperature at a rate of 250 degrees per
hour. After reaching the set temperature, the
heterostructures were exposed to isothermal
endurance for 120 minutes.

When choosing the oxidation conditions for
the ultradispersed Pd layers, we took into account
the conditions under which the same process
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was conducted in an oxygen atmosphere [18, 19].
The oxidation conditions of the initial films of
metallic Pd in air are given in Table 1.

Table 1 demonstrates that in some cases,
specifically when the oxidation temperature
was T =773Kand T, =973 K, the duration of
oxidation in air was 120 and 240 minutes. After
the isothermal endurance, the samples were
cooled together with the furnace.

The phase compositions and the crystal
structures of the samples obtained by means
of oxidation of the initial metallic Pd layers on
Si0,/Si (100) substrates were analysed using
X-ray powder diffraction analysis (XRD) and
reflection high-energy electron diffraction
(RHEED). DRON-4-07 and Philips PANalytical
X’Pert diffractometers with CuKo or CoKa
and an ER-100 electronograph were used.
X-ray diffraction patterns of the samples
were registered with rotation of the samples,
while the profiles of X-ray reflections were
constructed pointwise with the step of the
counter being 0.01°. The most intense reflection
(400) of the Si (100) substrate served as an
internal standard to prevent accidental errors.
Reflections of the Si (100) substrate and Pd and
PdO films were identified using an international
database [27-28].

Precise determination of the tetragonal
crystal lattice period of palladium(II) oxide films
was conducted by extrapolating the diffraction

Table 1. Synthesis conditions of nanocrystalline films of palladium(II) oxide by means of oxidation of ~
35 nm ultradispersed films of metallic palladium in air and in an oxygen atmosphere [18, 19]

Oxidation in oxygen atmosphere [18, 19] Oxidation in atmosphere air (this work)
Temperature . Phase Phase . Phase Phase
T ,K Dur.atlon O composition of |composition Dur.atlon O composition of |composition
ox minutes minutes
samples of samples samples of samples
573 120 Heterogeneous Pd + PdO 120 Homogeneous Pd
623 120 Homogeneous PdO 120 Heterogeneous Pd + PdO
673 120 Homogeneous PdO 120 Homogeneous PdO
773 120 Homogeneous PdO 120 Homogeneous PdO
873 120 Homogeneous PdO 120 n 240 Homogeneous PdO
923 120 Homogeneous PdO 120 Homogeneous PdO
973 120 Homogeneous PdO 120 1 240 Homogeneous PdO
1023 120 Homogeneous PdO 120 Homogeneous PdO
1073 120 Homogeneous PdO 120 Homogeneous PdO
1098 120 Homogeneous PdO 120 Heterogeneous Pd + PdO
1123 120 Heterogeneous PdO +Pd 120 Homogeneous Pd
1148 120 Heterogeneous Pd + PdO 120 Homogeneous Pd
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angle to 6 =90 degrees. For this, an extrapolation
function f(6) was chosen so that the dependence
of parameters a and c on the value of f(0) was
closest to linear. The best results were obtained
using the Nelson-Riley extrapolation function

[27]:
2 2
cos 6+cos 9]’ (1)

f@)= 0’5[ 6  sind

where 0 - is the diffraction angle.

The lattice constants a and c of the tetragonal
structure of palladium(II) oxide were calculated
using a software based on an algorithm for
solving a system of quadratic equations with
two non-obvious parameters, as well as the
UnitCell software. We should note that the results
calculated using two different methods correlate
with each other within the experimental error.
The values of the tetragonal lattice parameters
were calculated by means of linear function
approximation using the least squares method:

a = kxf(sin @) + a, (2a)
¢ = kxf(sin ©) + ¢, (2b)

3. Results and discussion

Results of the XRD and RHEED analyses of
the samples obtained by means of oxidation in
air of ultradispersed layers of metallic Pd on
Si0,/Si (100) substrates in the temperature range
T = 573-1148 K are presented in Fig. 1 and 2
respectively. A characteristic RHEED pattern of
single-phase nanocrystalline PdO films is given
in Fig. 1. The XRD patterns of homogeneous Pd

layers as well as heterogeneous samples (PdO +
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Pd) are given in Fig. 2 in the form of line diagrams
of powder pattern. Since the reflections of
nanocrystalline Pd and PdO films are 3—4 times
less intense than the reflection of the Si (400)
substrate, Fig. 2 shows the intensity of X-ray
diffraction peaks on a logarithmic scale.

Comparison of the results of earlier
experiments involving oxidation of Pd/SiO,/Si
(100) heterostructures in an oxygen atmosphere
[18, 19] with the analysis of the phase state of the
films obtained by means of oxidation of initial
layers of metallic Pd in air is given in Table 1
and Fig. 3.

Fig. 2b and Table 1 demonstrate that the
XRD analysis did not register any changes in
the phase composition after the oxidation of the
initial Pd films at T_ = 573 K in atmospheric air.
In other words, Pd is not oxidized in air at this
temperature, as the PdO phase was not registered.

On the contrary, at the temperatures of T, =
873 Kand T, =973 K, the oxidation is fast and
complete. When the duration of oxidation was
two times longer, the diffraction patterns did
not differ from those of the samples oxidised
for 120 minutes. Therefore, we can say that
120 minutes is enough to reach the practical
thermodynamic conditions required for oxidation.

Fig. 2c shows that after the oxidation in air at
T =623 K, heterogeneous samples (Pd + PdO)
are formed. The diffraction pattern registered
Pd reflections and several most intense PdO
reflections. The XRD and RHEED analyses
demonstrated that single-phase PdO films are
formed after the oxidationinairat T, =673-1073K
(Tablel, Fig. 3). When the oxidation temperature

Fig. 1. Reflection high-energy electron diffraction pattern (a) and a bright field TEM image (b) of single-phase
(homogeneous) nanocrystalline PdO films obtained by oxidation of the initial ultradispersed palladium layers

in atmospheric airat T, =873 K
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Fig. 2. X-ray diffraction patterns of samples synthesised by oxidation of ultradispersed films of metallic Pd on
Si0,/Si (100) substrates in atmospheric air in the temperature range T, = 573 - 1148 K: q) initial Pd/SiO,/Si
heterostructure; b) T, =573K;¢) T =623K;d) T, =1098K;e) T =1123K;f) T, = 1148 K; CoKo-radiation
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Fig. 3. XRD and RHEED patterns of films obtained by oxidation of the initial ultradispersed layers of metallic
Pd on Si0O,/Si (100) substrates in air and in an oxygen atmosphere: 1, 3 - single-phase PdO samples; 2, 4 - het-
erogeneous samples PdO + Pd; 1, 2 - oxidation in an oxygen atmosphere, data obtained in [18, 19]; 3, 4 — oxi-
dation in air, data obtained in the study
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wasraisedto T, = 1098 K, heterogeneous samples
were formed (Fig. 2d). The diffraction patterns
of such samples registered PdO reflections and
several metallic Pd reflections. Oxidation in air
at T > 1098 K results in the complete thermal
decomposition of palladium(II) oxide films and
the formation of metallic palladium (Fig. 2e
and f).

Fig. 3 presents a comparison of the
experimental results obtained in our study
with the results presented in [18, 19] regarding
the phase state of ultradispersed Pd films after
oxidation in an oxygen atmosphere. The figure
shows that the results obtained in this study are
in qualitative agreement with the data presented
in[18, 19]. There are only quantitative differences.
For instance, homogeneous PdO films were
formed after oxidation in an O, atmosphere [18,
19] at T, = 623 K, while during the oxidation in
air homogeneous PdO samples were obtained
only at T, = 673 K (Fig. 3). In our study, we
also determined that thermal decomposition
of homogeneous PdO layers in air followed by
the formation of metallic Pd occurs at lower
temperatures as compared to oxidation in oxygen.
When oxidised in air, heterophase PdO + Pd layers
were formed at T, = 1098 KK, while when oxidised
in an oxygen atmosphere, thermal decomposition
of homogeneous palladium(Il) oxide films was
only registered at T_ = 1123 K (Fig. 3).

Therefore, we can say that replacing oxygen
with atmospheric air for the oxidation process
results in a significant reduction (by about 80 K)
in the range of oxidation temperatures ensuring
the formation of homogeneous PdO films. Taking
into account the fact that Pd does not react
with nitrogen in the studied temperature range
[30], we can say that the oxidation process of
Pd resulting in the formation of PdO is largely
affected by the partial pressure of oxygen (Fig. 3).

Based on the diffraction patterns of the
Pd/Si0,/Si (100) samples after thermal oxidation
in air, we calculated the parameters of the
tetragonal crystal lattice of palladium(II) oxide.
The comparison of the calculations with the
results obtained in [18, 19] is presented in Fig. 4.

Fig. 4 shows that nanocrystalline PdO films
on Si0,/Si(100) substrates demonstrated non-
monotonic change in the parameters of the
tetragonal crystal lattice depending on the

230

2023;25(2): 225-236

The effect of the synthesis conditions on the crystal structure of palladium(ll) oxide...

oxidation temperature. Non-monotonic change
in parameters a and c of the tetragonal crystal
lattice was registered for PdO films obtained by
oxidation both in air and in an oxygen atmosphere
(Fig. 4). When the oxidation temperature
was increased to T, ~ 973 K, we observed a
monotonous increase in parameters a and c¢ of
the tetragonal crystal lattice of single-phase PdO
films regardless of the oxidation atmosphere.
Further increase in the oxidation temperature
at T, >973 Kwas followed by a decrease in the a
and c parameters of the tetragonal crystal lattice
(Fig. 4). The sharpest decrease in the parameters
a and ¢ was registered at T, > 1073 K.

Despite the similarity of curves a = (T, ) and
¢ =f(T,) of PdO films synthesised by means of
oxidation of the initial ultradispersed palladium
layers in air and in an oxygen atmosphere, there
are some quantitative differences. Fig. 4 shows
that in order to determine the differences we
compared the results of this study and the ones
obtained in [18, 19] with the latest data from an
international crystallographic database [28]. The
figure demonstrates that there are temperature
ranges, in which parameters a and c of the
tetragonal crystal lattice of nanosized PdO films
are larger than those of the reference sample
presented in the international crystallographic
database [28].

Fig. 4a demonstrates that it is especially
noticeable for the parameter a of the tetragonal
crystal lattice of palladium(II) oxide films. At the
same time, the range of such temperatures for
the samples oxidised in an oxygen atmosphere
(AT _=773-1073K)issignificantly larger than that
of the samples oxidised in air (AT, =923-1073 K).
We also calculated the absolute increase in the
parameter Aa using the following formula:

Aa = Ay = Arepr 3)

where a__ is the experimental value; a_, is the
reference value of the ASTM sample.

For the films synthesised in oxygen, parameter
Aa was almost three times larger than that of the
samples oxidised in air.

Fig. 4b demonstrates that parameter c of the
tetragonal crystal lattice of palladium(II) oxide
films oxidised in air is lower than that of the ASTM
standard sample [28]. At the same time, according

to [18, 19], parameter c of the tetragonal crystal

f
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Fig. 4. Dependence of the a and ¢ parameters of the tetragonal crystal lattice of nanosized PdO films synthe-
sised by oxidation of the initial ultradispersed layers of metallic Pd on SiO,/Si (100) substrates in air and in an
oxygen atmosphere on the oxidation temperature T, : 1, 3 - single-phase PdO samples; 2, 4 — heterogeneous
samples PdO + Pd; 1, 2 - oxidation in an oxygen atmosphere, data obtained in [18, 19]; 3, 4 — oxidation in air,
data obtained in the study; 5 — ASTM reference sample [28]

lattice of palladium(II) oxide films oxidised in an
O, atmosphere is higher than the ASTM standard
parameter in the range of oxidation temperatures
T =923-1073K.

Therefore, we can say that the distortion of the
tetragonal crystal lattice of palladium(II) oxide
films obtained by oxidation in air, as compared
to the ASTM standard [28], occurs mainly due to
an increase in parameter a (Fig. 4a).

In this work, the values of the ratio of the c¢/a
parameters were calculated for a more accurate
estimate of the contribution of changes in the
a and c parameters to the overall picture of
deformation phenomena in the tetragonal lattice
of nanocrystalline PdO films. It is known that
the ¢/a ratio is a parametric feature of crystals of
the middle category and it reflects the degree of
anisotropy of the crystal structure and a number
of physical properties.

The change in the ¢/a values for nanocrystalline
PdO films depending on the oxidation temperature
T is presented in Fig. 5. As the figure shows, the
¢/a values for all single-phase nanocrystalline
PdO films obtained by oxidation in oxygen in the
temperature range of 600 K< T <1050 K [18, 19]
are significantly lower than the value calculated for
the reference sample from the ASTM database [28].
On the contrary, the ¢/a values of heterogeneous
samples (PdO + Pd) are higher than the similar
value of the reference sample.

For the homogeneous PdO films obtained by
oxidation in air, the ¢/a values are higher than the
value calculated for the reference sample onlyina
limited temperature range of 923 K< T <1050K
(Fig.5). When oxidised at low temperatures of 673
K< T <873Kin air, the ¢/a values were almost
the same as the reference.

Curve c/a = f(T, ) presented in Fig. 5
demonstrates a flat minimum in the temperature
range 800 < T < 850 K for PdO films obtained
by oxidation in oxygen. For nanocrystalline PdO
samples synthesised by oxidation in air, the
minimum on curve ¢/a = f(T ) shifted to higher
temperatures T~ 973 K (Fig. 5).

We should also note that nanosized PdO
films obtained by oxidation in an O, atmosphere
[18, 19] demonstrated greater deformation
of the tetragonal lattice as compared to the
reference sample in the ASTM database [28]
than the samples obtained by oxidation in air
(Fig.5). This is reflected in the absolute values of
the change in the parametric ratio ¢/a=f(T ) as
well as in an increase in the range of oxidation
temperatures in which the distortions were
registered (Fig. 5).

The behaviour of the ¢/a = (T, ) curves of
nanosized PdO films regardless of the synthesis
conditions is another evidence proving that an
increase in the parameters of the tetragonal
lattice of nanocrystalline PdO films is not
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Fig. 5. Dependence of the c¢/a ratio of the tetragonal
crystal lattice of nanosized PdO films synthesised by
oxidation of the initial ultradispersed layers of metal-
lic Pd on SiO,/Si (100) substrates in air and in an oxy-
gen atmosphere on the oxidation temperature T, : 1,
3 — single-phase PdO samples; 2, 4 — heterogeneous
samples PdO + Pd; 1, 2 — oxidation in an oxygen at-
mosphere, data obtained in [18, 19]; 3, 4 — oxidation
in air, data obtained in the study; 5 — ASTM reference
sample [28]

uniform. The main contribution to the distortions
of the tetragonal crystal structure of palladium(II)
oxide occurs mainly due to an increase in the
values of the a parameter, which is due to an
increase in elementary translations along the
OX and OY axes.

The above analysis of the transformations of
the tetragonal structure of nanocrystalline PdO
films depending on the oxidation temperature,
demonstrated that the distortion is not uniform
mainly due to an increase in the parameter a.
This analysis needs to be complemented with
the calculations of the unit cell volume of the
crystal structure of palladium(II) oxide. Such
calculations allow assessing the average degree
of distortion of the tetragonal structure of
nanocrystalline PdO films.

Based on the experimental data (Fig. 3),
we calculated the unit cell volume V__ of the
tetragonal structure of nanocrystalline PdO films
using the formula:

V. =a’, 4)

where V - is the unit cell volume; a and c - are
parameters of the tetragonal crystal lattice of
palladium(II) oxide.
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The results of the calculations and their
comparison with the data obtained in [18, 19]
are given in Fig. 6 as a dependence V,_=f(T ). As
the figure shows, the unit cell volume V__of the
crystal structure of single-phase nanocrystalline
PdO films monotonously grows with an increase
in the oxidation temperature from T = 673
K to T = 973 K regardless of the oxidation
atmosphere The maximum values of V__are found
in the temperature range of 950 < T, < 980 K.
At the same time, in the temperature range
of T =773-1073 K the values of the unit cell
volume V_ for PdO films synthesised in oxygen
atmosphere exceed the volume of the ASTM
reference unit cell [28]. For PdO films obtained
by oxidation in air, the range of temperatures in
which V__exceeds the V_of the reference sample
is far below T, = 873-1050 K.

The values of the X-ray density were
calculated for a fuller picture of the analysis of the
deformations in the structure of nanocrystalline
PdO films. The X-ray density pXray(PdO) was
calculated using the formula:

2M(PdO)

PdO) = ,
pxraY( ) Vuc ’ NA

®)
where M(PdO) - is the molar mass of palladi-
um(Il) oxide; V- is the unit cell volume; N, - is
Avogadro number.

The results calculated using formula (5) for the
samples obtained by oxidation in air are presented
in Fig.7 as dependence p, (PdO) = f(T,) in
comparison with the data obtained earlier [18,
19]. The figure shows that the values of p,  (PdO)
of PdO films synthesised by oxidation in both
oxygen and air monotonously decrease with an
increase in the oxidation temperature up to a
minimum of T~ 970 K. We should note that
the maximum values of density p, (PdO) were
obtained for heterogeneous samples (PdO + Pd)
synthesised at T, = 573 Kand T = 1123 K
respectively [18, 19].

Comparison of the calculated dependences
Pxray(PAO) =A(T,) with that of the ASTM reference
sample (Fig. 7) demonstrated that homogeneous
nanocrystalline PdO films obtained by oxidation
in air in the temperature range of 970< T_ <1050
are characterised by densities lower than those
of the reference sample [28]. Minimum values of
the X-ray density of PdO samples synthesised
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Fig. 6. Dependence of the unit cell volume V__of the
tetragonal crystal lattice of nanocrystalline PdO films
synthesised by oxidation of the initial ultradispersed
layers of metallic Pd on SiO,/Si (100) substrates in air
and in an oxygen atmosphere on the oxidation tem-
perature T _: 1, 3 - single-phase polycrystalline PdO
samples; 2, 4 — heterogeneous samples (PdO + Pd); 1,
2 - oxidation in an oxygen atmosphere, data obtained
in[18,19]; 3,4 - oxidation in air, data obtained in the
study; 5 — ASTM reference sample [28]

in an O, atmosphere were registered in a much
larger temperature range of 770 < T, < 1070 K.
Nanocrystalline PdO films synthesised at lower
temperatures (570 < T, < 770),aswellasat T_ >
1070 K are characterised by a higher X-ray density
as compared to the ASTM reference sample [28].

Fig. 7 also shows the density of polycrystalline
p(PdO) powders of palladium(II) oxide determined
by means of hydroscopic weighing [30]. The figure
demonstrates that the pXray(PdO) of the ASTM
reference sample and p(PdO) determined by
means of hydroscopic weighing are close to each
other.

When analysing the nature of deformations
of homogeneous nanocrystalline PdO films
(Fig.4-7), we should point out that the degree of
distortion of the crystal lattice of homogeneous
nanocrystalline PdO films depends more on
the oxidation atmosphere rather than the
temperature. The maximum deformation of the
tetragonal lattice was observed in PdO films
obtained by oxidation in oxygen with the value
of partial pressure p(O,) ~101-103 kPa (Fig. 3).

When discussing the obtained results, it is
necessary to take into account the fact that PdO
samples are characterised by p-type conductivity
[12,15, 17],which, from the point of view of solid
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state chemistry, is explained by the presence
of negatively charged interstitial atoms of
oxygen. Incorporation of excess oxygen atoms
(with regard to the stoichiometric ratio of PdO)
confirms a decrease in the density caused by an
increase in the portion of a lighter component -
oxygen. Therefore, taking into account the unit
cell model of palladium(II) oxide suggested in
[18], possible ways of incorporation of oxygen
atoms into the crystal lattice of palladium(II)
oxide are given in Fig 8.

It is also known [30] that palladium can
form compounds with the oxidation state
(+4). Palladium(IV) oxide is characterised by
a crystal structure of the rutile type TiO,. The
palladium-oxygen coordination number is 6, and
the coordination polyhedron is an octahedron.
Therefore, oxygen atoms can be incorporated
between neighbouring palladium atoms in the
crystal structure of palladium(II) oxide as shown
in Fig. 8.

Taking into account the unit cell model of
palladium(II) oxide [18], interstitial oxygen atoms
should be located in the octahedral void in the

centre of the cell with coordinates [B%%ﬂ
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Fig. 7. Dependence of the X-ray density of nanocrys-
talline PdO films synthesised by oxidation of the initial
ultradispersed layers of metallic Pd on SiO2/Si (100)
substrates in air and in an oxygen atmosphere on the
oxidation temperature T : 1, 3 - single-phase poly-
crystalline PdO samples; 2, 4 — heterogeneous samples
(PdO +Pd); 1, 2 - oxidation in an oxygen atmosphere,
data obtained in [18, 19]; 3, 4 — oxidation in air, data
obtained in the study; 5 - ASTM reference sample [28];
6 — data obtained by means of hydrostatic weighing
[30]
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Fig. 8. A scheme explaining the deformations in the tetragonal crystal structure of nanocrystalline PdO films
by the incorporation of interstitial oxygen atoms: a) a spatial 3D model of four unit cells of the crystal lattice
of palladium(II) oxide; b) a projection of four unit cells of PdO on the plane XOY

4. Conclusions

1. The XRD and RHEED analyses determined
that the oxidation of the initial ultradispersed
layers of metallic palladium in air results in the
formation of homogeneous polycrystalline films
of palladium(II) oxide on SiO,/Si (100) substrates
in the temperature range T, = 673-1073 K. The
temperature range is significantly wider, when the
oxidation is conducted in an oxygen atmosphere.

2. Based on the calculation of the changes in
the parameter ratio of the tetragonal lattice of
nanocrystalline PdO films, we demonstrated that
the distortions of the crystal lattice are mainly
due to an increase in the value of parameter a.

3. The study demonstrated that the
degree of distortion of the crystal lattice of
homogeneous nanocrystalline PdO films depends
on the oxidation atmosphere rather than on the
temperature. The maximum deformation of the
tetragonal lattice was observed in PdO films
obtained by oxidation in oxygen with the value
of partial pressure p(O,) ~101-103 kPa.

234

4. The article suggested a model which
explains the distortions in the tetragonal lattice
of nanocrystalline films of palladium(II) oxide by
the incorporation of excess oxygen atoms into
interstitial sites of the unit cell, preferably into
the octahedral void in the centre of the cell with

. 111
coordinates || === |].
HZ 2 Zﬂ
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