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Abstract

Nanocrystalline palladium (II) oxide films were synthesised using thermal oxidation in the oxygen atmosphere of the initial
ultradispersed metal palladium layers with a thickness of ~ 35 nanometres that were obtained on SiO,/Si (100) substrates
using the method of thermal sublimation in high vacuum. Using X-ray analysis, it was established that during thermal
oxidation in the oxygen atmosphere within the temperature range T = 670-970 K the values of the a and c parameters of
the tetragonal lattice as well as the unit cell volume of nanocrystalline PdO films increased monotonously with the rise of
the temperature reaching the maximum values at T=950-970 K. It was found that the parameters of the tetragonal lattice
and the unit cell volume of nanocrystalline PdO films decreased as the oxidation temperature increased up to T > 970 K
Based on the ratio of the ¢/a parameters, it was shown that the main contribution to the deformation phenomena of the
tetragonal lattice were mostly due to the increase in the elementary translations along the coordination axes OX and OY.
Based on an assumption that the ionic component of the chemical bond is essential to the palladium (II) oxide structure,
we suggested a method for the calculation of the range of the nonstoichiometry area for nanocrystalline PdO films, using
the reported data on the radii of cation Pd?* and anion O* taking into account their coordination environment. The results
of the calculations showed that nanocrystalline PdO films synthesised with an oxygen pressure of ~ 105 kPa are characterised
by the two-sided homogeneity region in relation to the stoichiometric ratio of the components. The homogeneity region
of nanocrystalline PdO films is characterised by the retrograde solidus line in the range of the temperatures T=770-1070 K.
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1. Introduction

Gas sensors of various types are designed for
the accurate, fast, and reliable determination of
concentrations of toxic and explosive gases in the
atmospheric air [1-3]. Such devices are necessary
for the prevention of technological and household
incidents with explosive gases, as well as for secu-
rity systems in different industrial processes that
use poisonous or flammable volatile substances
[1-4]. The creation of effective resistive gas sen-
sors based on wide-band metal oxide semicon-
ductors is a relevant scientific and technical task
as it will allow producing portable individual de-
vices [5-7]. Over the past fifty years, metal oxide
semiconductors with n-type conductivity have
been the main objects of research and develop-
ment, and tin dioxide SnO, has undoubtedly been
the leader among them [1-3, 5, 6].

Impressive success in the development of
sensors based on n-type semiconductors can
be explained by the results of studying the
physicochemical patterns that describe and
predict the nature of the interaction of the active
layer surface with the molecules of detected gases
[3-4, 8]. It was established that n-type wide-
band semiconductors, particularly SnO,, are
characterised by a rather narrow homogeneity
region [1, 5-6, 8]. As we know [1-2, 3, 9], point
defects are highly significant in the interaction
of the surface of n-type semiconductors with
the molecules of the analysed gases. 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 [1, 5-6, 8, 9].

Over the past decade, there has been a
considerable increase in the interest in the
study of sensory properties of wide-band metal
oxide semiconductors with the p-type surface
and the composites based on them [10]. So
far, the functional properties of metal oxide
semiconductors with p-type conductivity, such
as Cr,0,, Cu,0, PdO, etc., have been studied only
partially despite the fact that these materials
possess great potential when being used in gas
sensors [10]. In a number of publications, it was
suggested that metal oxide semiconductors with
the p-type conductivity would be highly effective
for the detection of such toxic gases as ozone,
chlorine, nitrogen oxide, and sulphur dioxide [10].
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The gas-sensitive properties of nanostructures
based on palladium (II) oxide, which is
characterised by p-type conductivity [11, 12], have
only recently become the object of studies. Over
the past five years, it has been experimentally
proved that nanostructures with different
morphological organisation based on palladium
(IT) oxide possess high sensitivity, sensory
response stability, short recovery period, as well
as good reproducibility of the sensor signal when
detecting hydrogen, carbon monoxide, vapours
of organic compounds, nitrogen (IV) oxide, and
ozone in the atmospheric air [12 -18].

However, as the analysis of the literature
shows, unlike wide-band metal oxide materials
with n-type conductivity, the phase diagram of
palladium — oxide system has not been thoroughly
studied, and the homogeneity region of palladium
(II) oxide has not been experimentally determined
so far [18, 19]. In addition, authors express
different opinions on the nature of point defects
in this compound [12, 18, 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
(IT) oxide and largely hinders the practical
application of gas sensors based on them.

Therefore, the aim of this work was to
calculate the range of the nonstoichiometry
area of nanocrystalline palladium (II) oxide films
based on experimental X-ray diffraction data on
the change in the parameters of the tetragonal
crystal lattice depending on the conditions of
their synthesis.

2. Experimental

A two-stage process was used to synthesise
nanocrystalline films of palladium (II) oxide in
the present work. During the first stage, using
thermal sublimation of palladium foil with
a purity of 99.98% in high vacuum (residual
pressure in the reaction chamber ~ 10-° Pa), initial
microdispersed Pd films were obtained on Si (100)
substrates with a buffer layer of the SiO, oxide
with a thickness of d ~ 300 nm without heating.
The method of formation of thin and ultrathin
layers of metallic Pd was described in detail in
previous works [11, 13-16].

As was established in [20], thermal oxidation
of initial ultradispersed layers of metallic Pd in

63



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

A.M. Samoylov et al.

dry oxygen in the temperature range of T, =670~
1070 K leads to the formation of single-phase
PdO nanocrystalline films. Taking into account
the experimental data [20], in the present work
the initial heterostructures Pd/SiO,/Si (100) were
thermally oxidised in a dry oxygen atmosphere at
a pressure of p(0,) ~ 1.1-10° Pa in the continuous
flow mode with the oxygen consumption of 5 dm3
per hour. The Pd/SiO,/Si (100) heterostructures
were kept at temperatures T, =570, 670, 770, 870,
1070, and 1120 K for 2 hours and then cooled to
room temperature in a dry oxygen stream.

The change in the phase composition and
crystal lattice parameters of palladium (II) oxide
synthesised using thermal oxidation of Pd/SiO,/Si
(100) heterostructures was characterized using
X-ray diffractometry on DRON-4-07 and Philips
PANanalitical X’Pert devices with CuK_ and
CoK -radiation. 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 clearly recorded
reflection (400) of the Si (100) substrate served as
an internal standard to prevent accidental errors.

Precise determination of the tetragonal
crystal lattice period of palladium (II) oxide
films was conducted by extrapolating the
diffraction angle to 6 = 90 degrees. For this, an
extrapolation function f(0) was chosen so that the
dependence of parameters a and c on the value
of f(6) was closest to linear. The best results were

a
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obtained using the Nelson-Riley extrapolation
function [21]. The lattice constants a and c of
the tetragonal structure of nanocrystalline PdO
films were calculated using the MATHCAD 10
software based on an algorithm for solving a
system of quadratic equations with two non-
obvious parameters. The desired value of the
lattice parameters a,and ¢, were obtained using
linear function approximation:

a=kxf(sin®) + a,
c=kxf(sin®) + ¢,

using the least-squares method.

The values of the parameters a and c of the
tetragonal crystal lattice of nanocrystalline PdO
films calculated on the basis of the obtained
experimental X-ray diffraction data, depending
on the oxidation temperature T _, are shown in
figs. 1a and 1b as compared to the values of the
lattice parameters of the ASTM standard [22, 23].
It must be emphasised that heterophase PdO + Pd
films were synthesised as a result of oxidation
of the initial ultradispersed films of metal Pd
at T =570 Kand T, = 1120 K. The samples
synthesised at T = 570 K should be considered
as products of incomplete transformation of the
initial Pd layers into PdO oxide, while the samples
obtainedat T_ = 1120 K are products of the partial
thermal decomposition of nanocrystalline PdO
films. The authors [20] indicated that there were
reflections on the diffraction patterns of the
films synthesised at T, = 1120 K which could

(1a)
(1b)

b

Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO films on the
oxidation temperature T, : I —homogeneous PdO films, 2 - heterogeneous PdO + Pd films; 3 - data of the ASTM

standard [22, 23]
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correspond to the structure of palladium (I) oxide
Pd,O [24]. Nevertheless, the formation of Pd,O
cannot be considered fully proved. The number
of low-intensity reflections established in this
work is insufficient for the accurate identification
of the phase.

As Fig. 1a and Fig. 1b show, the dependen-
cies a = f(T ) and ¢ = f(T,) for nanocrystalline
PdO films are characterised by similar behaviour:
the values of both parameters monotonously in-
crease with an increase in the oxidation tempera-
tureup to T_ =970 K, and with a further increase
in T >970 K their sharp decrease is observed. In
this case, the values of the lattice constant a of
nanocrystalline PdO films for the temperature
range T = 770-1070 K, is higher than the value
of the similar parameter of the ASTM standard
[23] (Fig. 1a). The range of oxidation temperatures
where the values of parameter c is higher than
the values of the ASTM standard is more specific:
fromT =870Kto T, =1070K (Fig. 1b). It should
be noted that heterogeneous nanocrystalline PdO
films obtained at T_=570Kand T_ = 1120 K are
characterised by the minimal values of the param-
eters of the tetragonal lattice (Fig. 1a and Fig. 1b).

The results of the calculations of the values
of the tetragonal lattice parameters (Fig. la
and Fig. 1b) indicate that the structure of
nanocrystalline PdO is considerably transformed
when the space group remains unchanged during
thermal oxidation.
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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 [25].

The change in the ¢/avalues for nanocrystalline
PdO films depending on the oxidation temperature
T, is presented in Fig. 2. As the figure shows, the
¢/a values for all single-phase nanocrystalline
PdO films obtained by oxidation in oxygen in
the temperature range 600 < T_ <1050 K are
significantly lower than the value calculated for
the reference sample from the ASTM database
[23]. On the contrary, the ¢/a values are higher
than the similar value of the reference sample
for heterogeneous samples (PdO + Pd) and
(PdO + Pd + Pd,0).

There is a flat minimum in the temperature
range 800 < T, <850 K on the c¢/a = (T, curve
presented in Fig. 2. The established nature of the
behaviour of the ¢/a = (T, ) curve indicates that
the increase in the tetragonal lattice parameters
of nanocrystalline PdO films is uneven. 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

Fig. 2. Dependence of the c¢/a ratio of the parameters of the tetragonal lattice of nanocrystalline PdO films on
the oxidation temperature T_: I —homogeneous polycrystalline PdO samples; 2 — heterogeneous polycrystal-
line (PdO + Pd) samples; 3 — data of the ASTM standard [23]
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the a parameter, that is due to an increase in
elementary translations along the OX and OY
coordinate axes. Thus, the deformation of the
tetragonal crystal structure of nanocrystalline
PdO films observed in the oxidation temperature
range 670 < T, < 1070 K is accompanied by a
decrease in the values of the parametric ratio
¢/a, which leads to a reduction in the degree of
anisotropy of the crystal structure.

An analysis of the nature of the transformation
of the tetragonal structure of nanocrystalline
PdO films during their synthesis needs to be
complemented with the calculations of the unit
cell volume of the crystal structure using the
formula:

V =a, (2)

uc

where V- is the unit cell volume; aand ¢ — are
parameters of the tetragonal crystal structure of
palladium (II) oxide. Such calculations allow as-
sessing the average degree of distortion of the
tetragonal structure of nanocrystalline PdO films
depending on the oxidation temperature due to
changes in the values of both parameters a and c.

The results of the calculations are presented
inFig.3asadependence V__=f(T, ). As the figure
shows, the unit cell volume V _of the crystal
structure of single-phase nanocrystalline films
of palladium (II) oxide monotonously grow with
an increase in the oxidation temperature from

Fig. 3. Dependence of the unit cell volume V__of the
tetragonal lattice of nanocrystalline PdO films on the
oxidation temperature T, : I —homogeneous polycrys-
talline PdO samples; 2 — heterogeneous polycrystalline
(PdO + Pd) samples; 3 — data of the ASTM standard
[23]
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T _=670Kto T =970 K. The maximum values
of vV are found in the temperature range 950 <
T <970K. At the same time, in the temperature
range T, =770~ 1070 K the values of the unit cell
volume V__for homogeneous PdO films exceed
the volume of the reference unit cell ASTM [23].

In the present work, 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 depending on the
oxidation temperature. As there are two formula
units of palladium (IT) oxide in a unit cell [20, 23],
the X-ray density p, . (PdO) was calculated using
the formula:

2M (PdO)
Vuc ’ NA

where M(PdO) is the molar mass of palladium (II)
oxide; V,__ is the unit cell volume; N, is Avogadro
number.

The results of the calculation using formula
(3) for palladium (II) oxide of stoichiometric
composition in the form of a dependence
Pxay(PdO) = (T, ) are presented in Fig. 4. As the
figure shows, the values p,  (PdO) monotonously
decrease with an increase in the oxidation
temperature in the range of 570 < T, < 970 K.
Minimal values of pXray(PdO) were established
for the oxidation temperature T ~ 970 K Further
increase in the oxidation temperature T, >970K
is accompanied by a sharp increase in the X-ray
density. It should be noted that maximum values
of density were obtained for heterogeneous
samples (PdO + Pd) and (PdO + Pd + Pd,0)
synthesised at T = 570 Kand T, = 1120 K
respectively.

The comparison of the obtained experimental
data on the change in the tetragonal lattice
parameters of nanocrystalline PdO films
synthesised at different temperatures (Fig. 1),
as well as the calculated dependences of the
change in the unit cell volume V= f(T ) and
X-ray density p,  (PdO) = f(T ), presented in
Fig. 3 and Fig. 4 respectively, indicate that the
authors’ suggestions [20] about the causes of
the distortion of the tetragonal of palladium (II)
oxide were appropriate. The increase in the unit
cell volume of the PdO tetragonal lattice with
an increase in the oxidation temperature at the
constant value of oxygen pressure is most likely

Pray PAO) = , 3)
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due to the incorporation of oxygen atoms into the
crystal structure of PdO [20]. It is known [26] that
the surface of nanostructures of wide-band metal
oxide semiconductors adsorbs oxygen molecules.
Moreover, depending on the temperature, the
ionisation of the adsorbed molecules of O, are
observed with the formation of oxygen diatomic
and monoatomic anions: O;, 0~, and O* [26]. The
nature of the ionised oxygen particles depends on
the temperature [26]. It was shown that double-
charged monoatomic anions of oxygen O% are
formed at the temperature of T, > 570 K [26].

The obtained calculation data on the change
in the X-ray density p,, (PdO) of nanocrystalline
PdO films with an increase in the temperature
also support this hypothesis (Fig. 4). A decrease in
the values of density pXray(PdO) can be explained
by the incorporation of oxygen atoms into the
lattice whose atomic mass is 6.6515 times smaller
than the mass of palladium atoms:

A(0) _ 159994
A(Pd)  106.42

3. Methodology for the calculation
of nonstoichiometry areas

In the present work, based on the obtained
experimental and calculation data, we propose
a method for the calculation of the range of the
nonstoichiometric areas of nanocrystalline PdO
films within the above-mentioned hypothesis,
which explains the deformation of the crystal
lattice depending on the oxidation temperature.

Duringthe calculation of the nonstoichiometric
areas of nanocrystalline PdO films, boundary
conditions were established and three main
assumptions were specified.

1. High proportion of the ionic component of
the chemical bond in palladium (II) oxide.

The review of the literature data shows
that, as for its chemical properties, palladium
(IT) oxide is a sparingly soluble basic oxide,
similar to MnO, NiO, FeO, etc. [25. 27, 28]. This
fact indicates that despite the low values of the
coordination numbers in the tetragonal structure:
CN(Pd,) = CN(O,,,) = 4, the proportion of the ionic
component of the chemical bond in palladium (II)
oxide is rather high.

The proportion of the ionic bond in palladium
(IT) oxide can be assessed using the method

= 0.150342. (4)
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Fig. 4. Dependence of the X-ray density Pyray NANO-
crystalline PdO films on the oxidation temperature
T : 1 - homogeneous polycrystalline PdO samples;

oxX

2 — heterogeneous polycrystalline PdO + Pd samples;
3 —data of the ASTM standard [23]; 4 — density values
of polycrystalline PdO samples obtained using the
hydrostatic method [26]

proposed by the authors of [29] based on the
comparison of the relative electronegativity (ENE)
of the elements that form the binary compound
of the AB composition. Within this method,
an elementary substance with semiconducting
properties, for example, single-crystal Si, has a
proportion of ionicity equal to zero, while caesium
fluoride CsF is characterised by a proportion of
ionicity equal to 1 (Fig. 5). The values of relative
electronegativity (ENE) of chemical elements
that form some binary compounds of the AB
composition are presented in Table 1.

A comparison of the values of the relative
electronegativity (ENE) of the elements by the
Pauling scale [30] is shown (Table 1):

Ax(CsF) = x(F) — x(Cs) = 3.98 = 0.79=3.19 (5 a)
Ay(NaCl) = x(Cl) — x(Na) = 3.16 — 0.93 = 2.27 (5 b)
Ay(PdO) = %(0) — y(Pd) = 3.44 — 2.20 = 1.24 (5 ¢)

Using this method [29] and its graphic
interpretation (Fig. 5), it is possible to determine
the proportion of the ionic component of the
chemical bond in palladium (II) oxide. As Fig. 5
shows, based on the value of the difference between
ENE of oxygen and palladium Ay(PdO) = 1.24
calculated using formula (5 c), the proportion
of the ionic component of the chemical bond in
palladium (II) oxide is approximately 39%.

67



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

A.M. Samoylov et al.

2021;23(1): 62-72

Original articles

Table 1. The values of relative electronegativity (ENE) of some chemical elements [30]
and the proportion of the ionic component of the chemical bond in binary compounds

of the AB composition formed by these elements

Relative electronegativity of the elements (ENE) | Difference between ENE Degree of
Compound e
X, I.U. elements Ay, r.u. ionicity, r.u.
CsF x(Cs) =0.79 x(F) =3.98 Ay =3.19 1.0
CsCl x(Cs) =0.79 x(Cl)=3.16 Ay =2.37 0.76
NaF yx(Na) =0.93 x(F)=3.98 Ay =3.05 0.92
NaCl yx(Na) =0.93 x(CD) =3.16 Ay =2.23 0.68
MnO x(Mn) = 1.55 x(0) =3.44 Ay =1.89 0.59
PdO x(Pd) = 2.20 x(0) =3.44 Ax=1.24 0.39
Zn0O x(Zn) = 1.65 x(0) =3.44 Ay =1.79 0.5
ZnS x(Zn) = 1.65 x(S) = 2.58 Ay =0.93 0.28

Fig. 5. Dependence of the proportion of the ionic
component of the chemical bond in AB binary com-
pounds on the value of the difference between the
relative electronegativity of the elements calculated
using the method [29]

The obtained values of Ayx(PdO) elements
and the value of the proportion of ionicity allow
concluding that the chemical bond in palladium
(I1) oxide is covalent with a significant proportion
of the ionic component. Therefore, it is quite
reasonable to assume that it is possible to
consider palladium and oxygen particles in the
crystal structure of palladium (II) oxide as ions
with spherical symmetry. For this reason, to
conduct the calculations it is reasonable to use
the data on the ionic radii of elements R(Pd?**) and
R(O%*) presented in Table 2 [30-32].

2. As a sample of palladium (II) oxide,
the composition of which corresponds to the
stoichiometric ratio of the components, we used
a standard from the ASTM database [23] with the

68

following parameters of the tetragonal lattice:
a=0.30434 nm, c= 0.5337 nm. Thus, the unit cell
volume V) of the standard sample of PdO can be
expressed by the following equation:

VO =2V (Pd*)+2V(0* )+ V, (6)

where V(Pd*") and V(O%) are the volumes of pal-
ladium and oxygen anion respectively; V. is the
total volume of the tetrahedral and octahedral
voids.

3. To calculate the range of the homogeneity
(nonstoichiometry) area of nanocrystalline
PdO films, in the present work we used the
variant of the unit cell of the crystal structure
of palladium (IT) oxide suggested in [20]. This
variant of the representation of the PdO unit
cell (Fig. 6) completely corresponds to the latest
experimental data [23], in particular, to a set of
elements of the space group symmetry (SGS)
P4, /mmc, Pearson symbol tP4, Wyckoff position of
the atoms of Pd and O, as well as their multiplicity
[20, 23].

When calculating the values of deviation
from stoichiometry 6 of nanocrystalline films of
palladium (IT) oxide, we used the concept of the
“effective volume” of the particles of palladium
V_(Pd*) and oxygen V_(O*) in a unit cell. The
“effective volume” of the particles of palladium
and oxygen were determined using the ratio:

2V, (Pd*)+2V,(0)=V2, (7)

where V is the unit cell volume of the standard
of the ASTM data [23].

The values of d were determined when solving
the equation system:
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Table 2. Values of palladium Pd* and oxygen O% ionic radii [30 — 32]

Ion Coordlnatclz;n number Coordination polyhedron Values of ionic radii R, , nm
Pd* 4 Square (rectangular) 0.078 [30]; 0.086 [31]; 0.078 [32]
o* 4 Tetragonal tetrahedron 0.132[30]; 0.140 [31]; 0.124*[31]; 0.132 [32]

*The values of ionic radius were obtained on the basis of quantum mechanical calculations.

a

b

Fig. 6. Unit cell of palladium (II) oxide tetragonal crystal structure (a) and projection of four unit cells on XOY
plane (b) with the indication of the elements of symmetry typical for SG P4,/mmc [20]

Vae(T,) =2V (PA*") + 2V, (0™) + 28 XV, (0)
Vg (Pd™) _ R*(Pd™) ®)
Vg(07) R(0M)

It was solved using MATCAD 10.

The results of the conducted calculations
are presented in Fig. 7 in the form of a
calculated diagram of the homogeneity region
of nanocrystalline PdO films. As the figure shows,
the values of the oxidation temperature T_ are
presented as a function of deviation from the
stoichiometric ratio 6 of the elements in the
composition of nanocrystalline palladium (II)
oxide films. The values & were calculated for two
different values of the radius of oxygen anion
R(0%*) =0.124 nm and R(0O*) = 0.140 nm known
from previous works (Table. 2). The calculation
of the values of deviation from stoichiometry &
using these values of radii of oxygen anion leads
to very similar results (Fig. 7).

According to the calculation results, the
nonstoichiometry area of nanocrystalline
PdO films obtained using oxidation in oxygen
is rather wide and varies in the range from
-0.20 + 0.04 <8 <0.12 + 0.04 mol. f. (Fig. 6). As
Fig. 7 shows, heterogeneous samples (Pd + PdO)
synthesised at T__ =570 Kand T_ = 1120 K are

Fig. 7. The calculated model of the nonstoichiometry
area of nanocrystalline palladium (II) oxide films pre-
pared by oxidation in the oxygen atmosphere (O,
partial pressure is 105-110 kPa); 1,4 — homogeneous
PdO samples with a deficiency of oxygen atoms; 2,
5—homogeneous PdO samples with an excess of oxy-
gen atoms; 3, 6 — heterogeneous PdO + Pd samples; 1,
2, 3 — calculation for the ionic radius of oxygen O%*
R(0%*) = 0.124 nm; 4, 5, 6 — calculation for the ionic
radius of oxygen R(0%*) = 0.140 nm.

69



Condensed Matter and Interphases / KoHaeHC1poBaHHble cpeabl M MexdasHble rpaHuLbl

A.M. Samoylov et al.

characterised by the least content of oxygen
atoms (the area of negative values of 0). In the
latter case, nanocrystalline films show all the
signs of thermal decomposition. With the same
value of partial pressure O,, an increase in the
oxidation temperature from T, =570to T, =970-
1020 Kleads to an increase in the concentration of
oxygen atoms in nanocrystalline PdO films, which
is accompanied by an anisotropic increase in the
volume of the unit cell of the crystal structure
(Fig.3) and a decrease in the X-ray density (Fig.4).

Generalisation of the experimental and
calculation data obtained in the present work
allows stating the strong influence of the
oxidation temperature on the change in the
concentration of oxygen atoms in nanocrystalline
PdO films, which leads to the distortion of their
crystal structure.

Altogether, the obtained experimental and
calculated data indicate that the deviation from
stoichiometry can be caused by point defects in
the anion sublattice. As for nanocrystalline PdO
films that were synthesised at T_ = 570-670K, a
deficiency of oxygen atoms can be explained by
the formation of oxygen vacancies V. It is likely
that these vacancies are filled with oxygen atoms
when the oxidation temperature is increased
up to T = 770 K. PdO samples obtained at
T =870-1070 K are characterised by an excess
of oxygen atoms in relation to the stoichiometry
and minimal density values due to embedded
interstitial atoms of oxygen O.. Further increase
in the oxidation temperature leads to a decrease
in the concentration of oxygen atoms in the PdO
films, which indicates the retrograde nature of the
solidus line in this region of the composition and
temperature (Fig. 7).

The results of the conducted calculations
allow stating that single-phase nanocrystalline
PdO films possess a two-sided homogeneity
region in relation to the stoichiometric ratio
of the components. The data obtained in the
present work will contribute to the development
of effective gas sensors with best functional
parameters based on the nanostructures of
palladium (II) oxide.

4. Conclusions

1. Based on X-ray analysis, it was established
that the parameters of the tetragonal structure

70

2021;23(1): 62-72

Original articles

of nanocrystalline films of palladium (II) oxide
monotonously increase with an increase in
the oxidation temperature from T, = 570 K to
T =970Kand decrease at T_ > 970 K.

2. It was shown that the distortions of the
tetragonal lattice of nanocrystalline films of
palladium (II) oxide were mainly due to an
increase in the value of parameter a.

3. Based on the obtained experimental and
calculation data, an assumption was made
that the distortions of the tetragonal lattice of
nanocrystalline palladium (II) oxide films were
caused by the incorporation of excess oxygen
atoms.

4. Based on an assumption that the ionic
component of the chemical bond is essential,
we developed a calculation method for the
nonstoichiometry area of nanocrystalline
palladium (IT) oxide films.

5. Based on the conducted calculations, we
developed a model for the nonstoichiometry
areas of nanocrystalline palladium (II) oxide
films. It was shown that the nonstoichiometry
area is two-sided in relation to the stoichiometric
composition and is characterised by the retrograde
solidus line.
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