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Abstract—The mechanism of proton conduction of defect-free perovskite LaScO3 was investigated by ab ini-
tio molecular dynamics. The effects of the initial location and speed of a proton, the electric field, and the
temperature of the system on the behavior of a proton in metal oxides of the perovskite type are considered.
It is shown that the temperature of the system is the main factor affecting the speed of proton movement. The
Arrhenius temperature behavior of proton conduction is found. In the absence of oxygen vacancies, the direc-
tion of proton movement in a crystal with a perovskite structure is determined by its interaction with lattice
phonons; i.e., proton migration through metal-oxide perovskite has a polaronic character. Better understand-
ing of the nature of proton migration along the perfect perovskite is one of the ways to improve the character-
istics of clean energy devices.
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Fig. 1. (a) View of ABO3 structure of metal-oxide per-
ovskite; (b) ion B (2) surrounded by ions O (3) and A (1);
(c) packing of layers in ABO3 perovskite. 
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INTRODUCTION
One of the most important applications of proton-

conducting electrolytes is their use in solid oxide fuel
cells (SOFC) [1]. When hydrogen is the fuel for these
devices, they use almost 100% of it and do not pollute
the atmosphere with combustion products that change
the geospheric thermal balance [2]. The high effi-
ciency of electricity generation puts SOFC among a
number of candidates for future energy sources. How-
ever, due to the high operating temperatures (800–
1000°C), it is difficult to start these devices quickly.
Reaching operating temperatures below 600°C is
important for expanding the possibilities of using
SOFC and reducing its cost. In addition to natural gas
and hydrogen, the high operating temperature of
SOFC allows them to use other types of fuel. In partic-
ular, a technology for converting waste into energy has
been developed on the basis of SOFC [3, 4]. However,
the chemical stability of such devices is not yet satis-
factory [5, 6].

Another application of SOFC is its use as an elec-
trolyzer for splitting water and producing hydrogen
with the cost of electricity. SOFC operating in this
mode is defined as a solid oxide electrolysis cell. It is
expected that due to their ability to use and produce
hydrogen, SOFC will play an important role in the
transition to hydrogen energy [7].

There is a field of application of proton-conducting
electrolytes at lower temperatures. In particular, they
can be used for lithium-ion batteries (LIB). Among
solid electrolytes, some glasses and crystalline com-
pounds are considered, including doped LaScO3,
where Li+ ions diffuse through vacancies. The use of
35
solid electrolytes for metal-ion batteries has a number
of advantages over the use of liquid electrolytes. Solid
electrolytes can provide fire safety and help avoid elec-
trolyte leakage. Their use will increase the energy den-
sity and lead to a longer battery life due to increased
viability during cycling. The Coulomb efficiency will
increase, a wider window of electrochemical stability
will appear, and the operating temperature range will
expand. However, this can be achieved using a solid
electrolyte with high ionic conductivity.

Metal-oxide perovskites have the ABO3 structure
shown in Fig. 1a, in which densely packed layers of
AO3 are stacked one above the other through ordered lay-
ers of B and O ions. In this case, B cations occupy octa-
hedral voids (Fig. 1b), surrounded by oxygen located at
the vertices of octahedra (Fig. 1c). In the LaScO3
compound, the A ion is La, and the B ion is Sc.

In the group of oxides, high conductivity
(>10‒3 S cm–1) at room temperature have Li–La–Ti–O
0
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Fig. 2. Schematic diagram of hydrogen fuel cell. 
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perovskite [8]. To obtain it, high temperatures are
required (>1000°C). The main disadvantage of per-
ovskite is the reduction of the Ti4+ element to Ti3+

during the electrochemical process, which creates
undesirable electron conductivity [9]. In this per-
ovskite structure, ionic conductivity is achieved by
introducing lithium vacancies in the A position [10].
However, in practice, cases are more common when
lithium fills the internodes of perovskite.

LaScO3 perovskite is considered as the initial struc-
ture of a solid electrolyte suitable for use in LIB [11]. It
has been shown that the B-position cation Sc3+ has a
higher resistance to electrochemical reduction than
Ti4+ [12]. When the low-valence Li+ cation partially
replaces the high-valence La3+ cation, structural
defects are formed. Defect formation is associated
with charge compensation produced by interstitial
lithium atoms. After the introduction of lithium into
LaScO3, for to obtain the compound (LixLa1‒x/3)ScO3,
further modification is carried out to improve its ionic
conductivity by introducing additional structural
defects. Ce4+ and Zr4+ or Nb5+ can be selected as an
alloying impurity to achieve the highest conductivity
[8]. They partially replace the A or B positions in
(LixLa1‒x/3)ScO3. The behavior of H+ and Li+ cations in
defect-free perovskite LaScO3 remains poorly studied.

Perovskites are widely used in the manufacture of
solar cells, the efficiency of which reaches 25.7% [13].
An increase in efficiency by reducing losses can be
achieved by passivating defects at the grain boundaries
and on the surface of the perovskite film [14]. Defects
negatively affect the performance of the solar battery.

The aim of this article was to study the influence of
temperature, electric field, initial location and speed
of a proton in defect-free oxide perovskite LaScO3.

SOLID OXIDE FUEL CELL 
BASED ON HYDROGEN

Hydrogen is a very attractive fuel, but in contrast
to, e.g., coal and wind, it is difficult to access. This is
because there is hardly any free hydrogen in our envi-
ronment. The most available sources of hydrogen
today are water and natural gas. The attractiveness of
hydrogen as a fuel lies not only in its high energy inten-
sity; hydrogen is an energy source that does not pollute
the environment when releasing energy. The conver-
sion of the chemical energy of hydrogen into electric
energy is carried out using a fuel cell.

A fuel cell is a device that efficiently generates heat
and direct current as a result of an electrochemical
reaction. Hydrogen-rich fuel or pure hydrogen is used
to carry out the reaction. The fuel cell is similar in
principle to a battery, but it also has fundamental dif-
ferences from it. Structurally, the fuel cell is repre-
sented by a cathode, an anode and an electrolyte
membrane (Fig. 2). Unlike a battery, a hydrogen fuel
cell does not accumulate electric energy, does not
HIGH TEMPERATURE  Vol. 61  No. 3  2023
require electric charging to resume operation, and
does not discharge. The element generates electricity
as long as there is a supply of air and fuel.

The problem of hydrogen storage is one of the main
obstacles to its use. Under normal conditions, hydrogen
occupies an extremely large space. There are two ways to
make the hydrogen storage more compact. To do this, it
is necessary to use liquefied hydrogen or compressed
gaseous hydrogen. However, hydrogen becomes liquid
at a very low temperature, just a few degrees above abso-
lute zero. In addition, too much energy is required to liq-
uefy hydrogen, namely, about 40% of the electric energy
generated using it. At the same time, a huge amount of
CO2 is emitted into the atmosphere. The second method
of storing hydrogen is more acceptable. For wider con-
sumption, including in cars, hydrogen gas is compressed
to a pressure of approximately 60–70 MPa. The multi-
stage process of hydrogen compression requires a cost of
10–15% of the electricity generated using the resulting
compressed hydrogen.

The advantage of hydrogen over traditional auto-
motive fuel (gasoline) is to reduce the danger associ-
ated with fuel leakage and the presence of a spark. In
the event of a leak, hydrogen will simply escape into
the atmosphere, and hydrogen gas is nontoxic. At the
same time, hydrogen has an extremely low ignition
energy (almost 20 times lower than that of gasoline).
However, leakage of hydrogen into a room with a high
oxygen content is not exempt from fire hazard. The
efficiency of fuel cells is approximately 50–60%, and
when combined with hybrid gas turbine systems, the
efficiency can increase up to 70%.

Electrolyte membranes are of paramount impor-
tance for the continuous and efficient functioning of
the entire fuel cell. Their low porosity is one of the pre-
requisites to prevent the transfer of fuel into them and



352 GALASHEV
loss of voltage between the anode and cathode. At the
same time, the solid electrolyte must have a high pro-
ton conductivity to ensure proton transfer between the
electrodes. It also requires good chemical and thermal
stability in the operating conditions of fuel cells. Given
the above, the study of the nature of proton movement
through a solid electrolyte seems an extremely import-
ant problem.

COMPUTATIONAL MODEL
Molecular dynamic (MD) ab initio calculations

based on density functional theory using the local
electron density (LED) approximation were per-
formed using the SIESTA software package. The calcu-
lation of the exchange-correlation functional was based
on the Purdue–Burke–Ernserhof formalism [15]. The
supercell consisted of 16 La atoms, 16 Sc atoms and 48
oxygen atoms. Periodic Born–Karman boundary
conditions were used in the calculations. The parame-
ters of the initial lattice were determined as a = 11.6 Å,
b = 8.1 Å, c = 11.3 Å, α = β = γ = 90°, and the volume
of the created system was 1068.8 Å3.

SIESTA is a software based on pseudopotentials, so
GGA pseudopotentials were taken from the SIESTA
database. Ultrasoft pseudopotentials were used in the
calculations [16]. These pseudopotentials were opti-
mized by minimizing the difference in the calculation
results of various electronic configurations obtained in
the pseudopotentials approximation and taking into
account the energy of all electrons.

The Hamiltonian for the considered system of
many bodies includes the kinetic energy operator for
electrons, the potential acting on electrons from the
nucleus, the electron-electron interaction, the kinetic
energy operator for the nucleus, and the internuclear
interaction. SIESTA implements strictly localized
numerical atomic orbitals. In other words, the
Schrödinger equation for an isolated atom is solved on
the basis of potential confinement, which makes the
orbital zero beyond a given circumcision radius. Using
such an approximation reduces the number of basic
functions used, which leads to a very high efficiency of
the method, when the memory and processor time
used are significantly reduced. Simple physical inter-
pretation (the ability to analyze the population and
density of the state) and the achievement of high accu-
racy are also the advantages of this approach. However,
choosing a good basis in SIESTA and a way to extend it
(to improve convergence) is not a trivial problem.

Three important parts of the SIESTA mechanism
can be distinguished: pseudopotentials, the basis, and
the functioning of the k-grids.

The basis set was formed using the data in [16]. The
DZP option was used, which ensures the cardinality of
the basic set (the circumcision radius, the main quan-
tum number of the shell, and the angular momentum
of the basic orbitals of this shell). At the same time,
SIESTA is guided by internal heuristics to decide
which orbitals are really needed. Using this option
involves finding an equilibrium configuration by per-
forming structural relaxation using conjugate gradi-
ents for the selected dual basis. Calculations using lin-
ear density approximation (LDA) were performed
using a code with a direct diagonalization of the Ham-
ilton matrix. The basis of pseudoatomic orbitals was a
local basis with a simple construction of the radial func-
tion Rnlζ(r) multiplied by the corresponding spherical
harmonic. The value of the radial function was deter-
mined by the principal quantum number n, the orbital
angular momentum l, and the number of functions per
l channel ζ given in terms of the spherical function.

A not too dense, and therefore not very “expen-
sive” for SIESTA, grid was used, which nevertheless
provided acceptable convergence. The Brillouin zone
was determined by 10 × 10 × 1 k-points, which were
generated using the Monkhorst–Pack algorithm [17].
The density of the three-dimensional grid used to calcu-
late the electron density was set using a cut-off energy
equal to 400 Ry (Ry is the Rydberg constant used in for-
mulas for calculating the energy levels and radiation
frequencies of atoms, Ry = 2.179872 × 10−18 J).

Integration of the equations of motion in the ab ini-
tio implementation of molecular dynamics was carried
out by the Verle method with a time step of 1 fs. Geo-
metric optimization was performed before each MD
ab initio calculation. The dynamic relaxation of the
atoms continued until the change in the total energy of
the system became less than 10–4 eV. Then, after relax-
ation, a proton was placed in the system, which occu-
pied different positions:

(a) in the plane of the Sc octahedron between the
oxygen atoms at point 1;

(b) in the plane of the Sc octahedron near the oxy-
gen atom at point 2;

(c) in the plane of La atoms with localization near
the oxygen atom at point 3.

MD calculations based on first principles for sys-
tems containing a proton were performed with an ini-
tial proton speed that varied from v0 = 0 to 0.37418 ×
105 m/s. An electric field acted on a proton, the inten-
sity vector of which lay in the xz plane. The directions
of this vector changed, and the voltage value changed
from E 0 to 3.5 × 1010 V/m. Nine calculations were
carried out with a length of approximately 1000 time
steps in the temperature range from 153 to 1100 K. The
last temperature value was close to the operating tem-
perature of SOFC using LaScO3-based compounds as
an electrolyte. Data on the temperature, the applied
electric field, the initial speed of a proton and its initial
location are presented in the Table 1. To determine the
time points at which a proton jumped from one oxygen
atom to another, an appropriate algorithm has been
developed, the code of which is implemented in
Python 3.8. This algorithm is based on tracking
changes in the potential energy of a proton. The peaks
HIGH TEMPERATURE  Vol. 61  No. 3  2023
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Table 1. Characteristics of initial data and calculated temperature for series of nine ab initio molecular dynamic calculations

* The coordinates of a proton’s initial locations in nm are given in parentheses.

Calculation no. 1 2 3 4 5 6 7 8 9

Ex, 1010 V/m 0.5 0.5 0 1.5 1.5 1.5 3.5 3.5 3.5

Ey, 1010 V/m 0 0 0 0 0 0 0 0 0

Ez, 1010 V/m 0.5 0.5 0 1.5 1.5 1.5 3.5 3.5 3.5

E, 1010 V/m 0.7071 0.7071 0 2.1213 2.1213 2.1213 4.9497 4.9497 4.9497

v0x, 105 m/s 0.1058 0.2645 0.1058 0.2645 0.1058 0.2645 0 0 0

v0y, 105 m/s 0 0 0 0 0 0 0 0 0

v0z, 105 m/s 0 0.2645 0 0.2645 0.1058 0.2645 0 0 0

v0, 105 m/s 0.1058 0.3741 0.1058 0.3741 0.1496 0.3741 0 0 0

Initial
localization
of proton*

1
(0.44, 
0.75,
0.23)

1
(0.44, 
0.75,
0.23)

1
(0.44, 
0.75,
0.23)

2
(0.56, 
0.75,
0.23)

3
(0.33,
0.75,
0.94)

3
(0.33,
0.75,

0.94))

3
(0.33,
0.75,
0.94)

3
(0.33,
0.75,
0.94)

3
(0.33,
0.75,
0.94)

T, K 684.78 848.31 682.05 904.31 134.91 255.00 153.43 668.80 1099.17

Fig. 3. Horizontal projections of LaScO3 crystal configura-
tions corresponding to time 1 ps: (a) in presence of electric
field with strength of E = 0.7071 × 1010 V/m; (b) without
electric field; 1, proton trajectories for specified time inter-
val; i and f, beginning and end of trajectory, respectively. 
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on this dependence reflect the virtual settled positions
of a proton, and the time interval between these peaks
determines the time of its transition from one oxygen
atom to another.

The diffusion coefficient D of a proton in metal
oxide perovskite was calculated from the time depen-
dence of the mean square of its displacement. The
coefficient D can be expressed in terms of proton con-
ductivity σ using the Nernst–Einstein equation

where k is the Boltzmann constant, T is the absolute
temperature, e is elementary charge, and CH is a pro-
ton concentration.

The activation energy was determined by the
equation

where  is the pre-exponential factor; Ea is the activa-
tion energy calculated from the slope of the linear
dependence lnσ(1000/T).

RESULTS
Figure 3 shows the horizontal projections of the

LaScO3 crystal configurations corresponding to the
moment of time 1 ps. In experiment 1, a constant elec-
tric field with a strength E = 0.7071 × 1010 V /m acted
on a proton; experiment 3 was carried out in the
absence of an electric field. In the presence of the
field, the proton trajectory was enclosed in a more
limited area of space than in its absence. It is notewor-

2
H

,kTD
e C
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( )= −0 aσ σ exp / ,E kT

0σ
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thy that most of the path a proton passed not in the
direction determined by the intensity of the electric
field, but in the direction forming a certain angle with
the direction of the vector E. In both cases, the ion tra-
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‒46962

(а)
jectory turned out to be quite confusing. It could fall
into the vicinity of another (different from the origi-
nal) oxygen atom and stay there for a while. It could
also converge with neighboring La and Sc atoms,
which were not initially adjacent to it. In addition, a
proton could not only move away from its original
location, but also approach it again, moving in the direc-
tion opposite to the direction of the path already traveled.
Thus, the electric field did not significantly affect the
choice of the preferred direction of proton movement in
the LaScO3 crystal. Most likely, the location of its virtual
location was determined by the attraction of a proton to
any of the oxygen atoms closest to it.

The temperature dependence of the potential
energy of LaScO3 perovskite was not monotonous
(Fig. 4). Sharp changes in the energy U in a small tem-
perature range were observed at temperatures T < 153 K
and in the range 668 K ≤ T ≤ 685 K. In this tempera-
ture range, the highest energy U corresponded to the
state with the highest value of the electric field, and
the lowest energy appeared when the field was absent.
The highest energy U in the entire temperature range
under consideration was observed at T = 1099 K. This
state was also obtained at the maximum of the electric
field strength.

The behavior of a proton in the system significantly
depended on the temperature of the perovskite. It is safe
to say that there were no jumps of a protons at tempera-
tures below 400 K; a proton oscillated around the oxy-
gen atom, near which it was originally located. In the
temperature range of 600–800 K, random jumps of a
proton between oxygen atoms occurred. However, such
jumps were quite rare. Most proton jumps were
observed at temperatures above 800 K, when a proton
had sufficient speed to overcome the potential barrier.

Observation of the behavior of a proton in a per-
ovskite system in the temperature range of 680–850 K
made it possible to identify the time interval during
which proton made a jump to a neighboring oxygen
atom or to another place of temporary localization.
Fig. 4. Dependence of potential energy on temperature for
calculated states of LaScO3 perovskite; numerals, calcula-
tion nos. from Table 1. 
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In the time sweep of the potential energy, such an
interval was always between the local extremes of the
function U(t). Figure 5 shows the functions U(t)
obtained in calculations 1–3 defined in Table 1. The
time intervals during which proton jumped to a new
settled position are highlighted in the figure with
shaded stripes. In all cases, the duration of the jump
interval did not exceed 100 fs, i.e., 100 time steps.
Obviously, during such a period of time, a proton
completely “forgot” the initial direction of its speed.
The further speed of a proton was determined by the
interatomic interaction, temperature, and partly by
the direction of the electric field strength. The electric
field did not completely determine the direction of
motion of a proton, but it affected the instantaneous
values of the potential energy: the larger the electric
field, the greater the fluctuations of the U(t) function.
Comparison of Figs. 5a and 5b shows that the frequency
of proton jumps could be influenced by the direction
and magnitude of its initial speed. In particular, with a
higher value of the speed, the time intervals between
proton jumps increased. At the same time, comparison
of Figs. 5a and 5c shows that the number of proton
jumps in the presence of an electric field might not
increase but, on the contrary, decreased.

Figure 6 shows the types of possible proton jumps
in the LaScO3 perovskite. The directions of the proton
movement are shown by light segments connecting
light circles (proton designations). In case I, a proton
changes its position, moving from an oxygen atom
belonging to one octahedron to an oxygen atom
belonging to another octahedron, and a transition
occurs between the La atoms. In case II, a proton,
bypassing only one La atom, passes from one oxygen
atom to another along the edge of the octahedron, and
both oxygen atoms belong to the same octahedron. In
HIGH TEMPERATURE  Vol. 61  No. 3  2023

Fig. 5. Change in potential energy of perovskite system
over time in calculations 1 (a), 2 (b), and 3 (c); shaded
bands show periods of proton jumps between oxygen
atoms; dashed line shows average potential energy. 
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Fig. 6. Types of proton jumps in perovskite I (a), II (b), III
and IV (c). 
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Fig. 7. Parameters for performing various types of proton
jumps: (a) average height of energy barrier, (b) average
time of jump, and (c) fraction of jumps of certain type from
all jumps. 
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cases III and IV, a proton also passes through one La
atom, but the oxygen atoms between which it moves
are separated by an octahedron; i.e., together they
belong to three neighboring octahedra. The forward
and reverse paths of a proton in these cases are not
equivalent due to the difference in the atomic environ-
ment. Therefore, we consider them separately, assum-
ing that case III corresponds to a direct transition; i.e.,
a proton entering the plane of the octahedron, and
case IV corresponds to the reverse transition.

Figure 7 shows the characteristics of proton jumps
classified according to the four types defined above.
Jumps of the type I can be characterized as proton
migration in the lanthanum plane (the plane between
octahedra). The jumps of type II occur on the scan-
dium plane (in the plane of octahedra). Jumps of the
type III involve the movement of a proton from the
lanthanum plane to the scandium plane (transition to
the octahedron plane). The type IV transition
expresses a proton exit from the scandium plane and
its return to the lanthanum plane.

Jumps of the first type are characterized by the
highest energy barrier height, the shortest jump time
(since in this case a proton acquires the greatest kinetic
energy); and the number of jumps of this type is min-
imal. To make a jump of the second type, a proton also
needs to acquire sufficiently large kinetic energy to
HIGH TEMPERATURE  Vol. 61  No. 3  2023
overcome the second largest energy barrier. In this
case, the jump time is the longest. The number of such
jumps is a quarter of all jumps performed. The barrier
for making jumps of the third type is somewhat less
than for jumps of the second type, and the execution
time of such jumps is noticeably less than for jumps of
the second type, but somewhat longer than for jumps
of the first type. The proportion of jumps of the third
type turns out to be the largest. Jumps of the fourth
type are characterized by the smallest energy barrier
and take a little longer than jumps of the third type.
The number of such jumps, as well as jumps of the sec-
ond type, is a quarter of all jumps.
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A proton migration time between the lanthanum
and scandium planes practically does not depend on
the direction, and the proportion of transitions to the
scandium plane is much greater than from it. Conse-
quently, this jump is more advantageous for a proton
than moving in the lanthanum plane, so it prefers to
move in the direction of the scandium plane. At the
same time, proton movement in the scandium plane
and exit from it are equally probable (the proportions
of jumps of these types are the same), but for move-
ment in the Sc plane, a proton needs to overcome a
more significant potential barrier than in order to exit
it. Therefore, the time of the jump in the scandium
plane is longer.

According to the Arrhenius law (taking into
account the Nernst–Einstein equation), the depen-
dence of proton conductivity σ on the inverse tem-
perature can be represented as a linear dependence
lnσ(1/T). To calculate the average activation energy
for proton movement, the data presented in Figs. 7a
and 7b were used; i.e., the average activation energy
was determined taking into account the contribution
of each type of proton jump. Equation (1)

(1)
reflecting the calculated temperature dependence of the
proton conductivity in LaScO3 perovskite, is shown in
Fig. 8. A similar dependence was determined for oxygen
ions, holes, and protons diffusing in calcium-doped
crystalline perovskite La0.9Ca0.1ScO3–δ in a narrow
range (from 626 to 867 K) by electrochemical imped-
ance method [18]. Satisfactory agreement of the slopes
of the lnσ(1000/T) dependences for La0.9Ca0.1ScO3–δ
and LaScO3 was obtained. Ceramics La0.9Ca0.1ScO3–δ
is one of the most highly conductive solid ion conduc-
tors (σ = 1.8 × 10‒3 S/cm at T = 867 K and σ = 5.8 ×

( )ln 1000/ 0.028 – (7.328 1000/ ,)T Tσ =
Fig. 8. (1) Dependence of lnσ on parameter 1000/T for
constant weighted average activation energy Ea = 1.255 eV
for proton motion along defect-free perovskite LaScO3,
obtained by ab initio MD. (2) Values of similar character-
istic for La0.9Ca0.1ScO3–δ, obtained by electrochemical
impedance method [18]. 
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10‒5 S/cm at T = 626 K) [18]. Note that the ionic con-
ductivity level of a traditional liquid electrolyte, as a
rule, is approximately 10‒2 S/cm [19]. Due to doping
with divalent Ca, oxygen vacancies are created in per-
ovskite, which increases the overall conductivity. The
dependence lnσ(1000/T) for La0.9Ca0.1ScO3–δ is slightly
higher than the corresponding dependence for LaScO3.

CONCLUSIONS
Proton conductivity in defect-free perovskite

LaScO3 has been investigated. Understanding the
nature of proton conductivity in a defect-free material,
which occupies at least 80% even in doped and oxy-
gen-rich metal oxide crystals with a perovskite struc-
ture, is important for further improvement of environ-
mentally friendly energy devices. In this study, the
behavior of a proton in a LaScO3 crystal was investi-
gated depending on the initial location and speed, as
well as the external electric field and temperature. The
intermittent nature of proton diffusion in the studied
perovskite has been found and four types of jumps deter-
mined by the structural features of this compound have
been identified. A number of facts support the polaron
nature of proton migration in LaScO3 perovskite. In par-
ticular, this was confirmed by the fact that the trajec-
tory of a proton is determined to a greater extent by its
immediate environment and the temperature of the
system than by the external electric field.

The average execution time of all types of proton
jumps was from 32 to 47 fs, and the activation energy
for proton movement varied in the range 0.95 ≤ Ea ≤
1.75 eV. The difference in frequencies of different types
of jumps could be 2.3 times. Proton migration in solid
defect-free perovskite LaScO3 was characterized by
equation (1).

Proton transfer was facilitated by cooperative pro-
cesses, such as lattice vibrations. In perovskites of the
ABO3 type, the level of proton conductivity depends
on the nature of the atoms in this compound. Usually,
proton conductivity increases with a decrease in the
electronegativity of elements A and B. An increase in
proton conductivity due to doping of perovskite has
fundamental limitations. First, the formation of an
oxygen vacancy is associated with the breaking of the
oxygen‒metal (O‒M) bond, which requires a certain
amount of energy. Secondly, the formation of an elec-
trically neutral vacancy is accompanied by the reduc-
tion of neighboring cations [20] and, consequently, pro-
duces a change in chemical energy. Thirdly, with an
excessive amount of oxygen vacancies, the stability of
the compound containing them may be violated [21].
Thus, only a limited number of oxygen vacancies can
be created in ABO3-type perovskite.

Despite considerable efforts to find satisfactory
solid electrolytes, the problem of achieving favorable
ionic conductivity remains unsolved. One of the main
challenges is the lack of systematic knowledge about
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the mechanisms of ion transport, which could con-
tribute to an increase in ionic conductivity. In other
words, a scientific understanding of these mechanisms
is considered as a critical element for the productive
use of solid electrolytes. The generally accepted fun-
damental physical picture of ion migration in ion con-
ductors is the idea of the abrupt nature of their move-
ment from one occupied position to another [22].
There are many reviews suggesting various mecha-
nisms of ion transport in solid electrolytes [23, 24].
However, a universal scheme for increasing ionic con-
ductivity has not yet been developed.

The jumplike motion of a proton through a solid
electrolyte is a thermally controlled process. To create
rapid proton diffusion, defective regulation is most
often used, since it is convenient and effective. How-
ever, an increase in proton conductivity by doping is
limited by the maximum concentration of defects at
which it is possible to maintain the existence of a crys-
tal structure. In the case of several types of charge car-
riers (i.e., different ions), the use of a coordinated
migration mechanism in solid electrolytes can also sig-
nificantly increase ionic conductivity. The close interac-
tion of the lattice sceleton with mobile ions slows down
the movement of ions and reduces ionic conductivity.

Thus, the main concepts of increasing ionic (and in
particular proton) conductivity are to provide rapid
diffusion for mobile ions and reduce the resistance of
the potential field surrounding them. A significant
improvement in the characteristics of clean energy
devices is possible due not only to the increased influ-
ence of oxygen vacancies, but also to improvement of the
proton migration mechanism along a perfect perovskite.
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