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Abstract

This work presents a theoretical investigation of ionic conductivity in cubic zirconia (c-ZrO5)
doped with magnesium, using density functional theory (DFT) with the hybrid B3LYP
functional as implemented in the CRYSTAL23 software package. It was found that the
spatial arrangement of magnesium atoms and oxygen vacancies significantly affects the en-
ergy barriers for oxygen ion migration. Configurations with magnesium located along and
outside the migration path were analyzed. The results show that when Mg?* is positioned
along the migration trajectory and near an oxygen vacancy, stable defect complexes are
formed with minimal migration barriers ranging from 0.96 to 1.32 eV. An increased number
of Mg atoms can lead to a further reduction in the barrier, although in certain configurations
the barriers increase up to 3.0-4.6 eV. When doping occurs outside the migration path,
the energy profile remains symmetric and moderate (0.9-1.1 eV), indicating only a weak
background influence. These findings highlight the critical role of coordinated distribu-
tion of Mg atoms and oxygen vacancies along the migration pathway in forming efficient
ion-conducting channels. This insight offers potential for designing high-performance
zirconia-based electrolytes for solid oxide fuel cells and sensor applications.

Keywords: zirconium dioxide; doping; DFT; oxygen migration; energy barrier

1. Introduction

Zirconium dioxide (ZrO;) is a promising oxide material widely used in solid oxide fuel
cells, lithium-ion batteries, photocatalysis, and optoelectronics due to its high thermal and
chemical stability, ionic conductivity, and mechanical strength [1-4]. ZrO, nanoparticles
exhibit activity in the photodegradation of organic pollutants [2] and are employed in
batteries to enhance anode stability and prevent degradation [3,4]. In addition, ZrO; is in
demand in catalysis and as a dielectric material in thin-film structures [5-8], highlighting
its versatility and importance among modern functional materials [9-14]. The ZrO; is also
one of the most promising materials for nuclear engineering [15-19], and when doped, it is
an effective phosphor for many luminescent applications [20-22].

ZrO, is a wide-bandgap semiconducting oxide with a polymorphic structure that
exists under atmospheric pressure in three allotropic modifications [23,24]: monoclinic
(m-ZrOy) [25], tetragonal (t-ZrO,), and cubic (c-ZrO;). The monoclinic phase (baddeleyite)
is thermodynamically stable at room temperature, while the transitions to the tetragonal
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and cubic modifications occur at 1478 K and 2650 K, respectively [26,27]. Controlling the
phase stability of ZrO; is crucial for its application in ceramics, including solid oxide fuel
cells (SOFCs), dental materials, and jewelry [28-37].

Pure zirconium dioxide is characterized by a low concentration of oxygen vacancies,
which limits its ionic conductivity. The activation energy for ion transport is determined
by the sum of the vacancy formation energy and the migration energy barrier. Various
dopants are used to enhance conductivity and stabilize specific phases. The most common
dopant elements include Yb [38], Ce [39,40], and Y [41], as well as Al, Ca, Eu, Mg, Na, Sc,
and Tb [42]. For example, the addition of 10 mol% Sc stabilizes the cubic c-ZrO; phase,
resulting in high ionic conductivity [43]. Doping with Al allows tuning of the bandgap
width and enhances the absorption coefficient in the tetragonal phase of ZrO; [44], while
lanthanide ions not only stabilize the ZrO, phase but also modulate its optical emission
properties [45-49].

Doping ZrO, with magnesium oxide (MgO) leads to the formation of oxygen vacancies,
which enhances ionic conductivity. Studies show that MgO doping affects the polymorphic
transformations and mechanical properties of ZrO,. It has been established that low
concentrations of MgO stabilize the tetragonal phase, while higher concentrations promote
the transition to the cubic phase. The strengthening of the material is associated with
phase transitions, increased dislocation density, and the formation of intergranular MgO
inclusions [50].

Previous DFT studies have shown that sulfur doping increases the formation energy
of oxygen vacancies and raises the migration barrier, resulting in reduced ionic conduc-
tivity [51]. The effect of MgO on the radiation resistance of ZrO, was also investigated
in [52], where it was demonstrated that an optimal concentration of 0.10 mol% MgO leads
to the formation of a substitutional phase Zry9Mgp 10;, which reduces deformation and
enhances the material’s strength. Studies on the defect structure of ZrO; [53] revealed
that polyalanines form chains of oxygen vacancies, which may act as conductive filaments
in ReRAM devices, enabling resistive switching through oxygen migration. Moreover,
doping ZrO, with impurity ions affects the system’s total energy, contributing to phase
stabilization and improved ionic conductivity, which is important for applications in solid
oxide fuel cells [54].

Despite numerous studies on zirconia modeling, the question of how the spatial
arrangement of Mg atoms relative to the oxygen migration path affects ionic conductivity
remains unresolved. It is unclear whether substitution along the migration pathway
enhances conductivity through direct interaction with vacancies or, conversely, creates
obstacles due to local structural distortion.

In this work, a theoretical investigation of ionic conductivity in cubic zirconia (c-ZrO5)
stabilized with magnesium was carried out using density functional theory (DFT) with the
hybrid B3LYP correlation-exchange (XC) functional. The study focuses on the influence of
oxygen vacancies and the spatial positioning of magnesium dopants on the energy profile
of oxygen ion migration. The scientific novelty of this work lies in the comparative analysis
of two doping strategies and in identifying the decisive role of the local coordination
environment in forming effective oxygen migration pathways, which can be applied in the
design of next-generation oxide electrolytes.

2. Materials and Methods

The ideal crystal of cubic zirconium dioxide (c-ZrO;) has a face-centered cubic struc-
ture with space group symmetry Fm-3m (225). The ZrO, crystal structure corresponds
to a fluorite-type arrangement formed in the cubic space group Fm-3m. Zr** atoms are
coordinated by eight O?~ atoms in a body-centered cubic configuration, with a Zr-O bond
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length of 2.20 A. Each O?~ ion is bonded to four equivalent Zr*+ atoms, forming an OZr
tetrahedral coordination polyhedron with shared angles and edges [55].

In this study, density functional theory (DFT) [56,57] was employed using the hy-
brid B3LYP [58,59] functional implemented in the CRYSTAL23 software package [60].
A2 x 2 x 2supercell of cubic zirconia (c-ZrO;) containing 96 atoms was used as the
model system (see Figure 1). In all calculations, the following basis sets were employed:
Zr—Zr_SC_HAYWSC-3111(32111df) G, O—O_8-411, and Mg—Mg_8-511d1G. All basis sets
were taken from the CRYSTAL23 library. (https://www.crystal.unito.it/basis_sets.html,
accessed on 30 August 2025). In CRYSTAL, restricted (closed shell) calculations are used by
default, which is appropriate for ZrO, since Zr** and O?~ ions have fully filled outer shells
and electrons are paired.

.Zr
® o

Figure 1. Structure of c-ZrO;.

To calculate the structural and electronic properties, total energy calculations were per-
formed without geometry optimization. The initial lattice parameter was set toa = 5.10 A [61],
and the calculated band gap was 5.28 eV, which is comparable to the experimental value of
6.1 eV [62].

To accurately model ionic conductivity in cubic zirconia (c-ZrO,), the calculations
were carried out without performing full geometry optimization of atomic positions and
lattice parameters. This approach preserved the target structure required for subsequent
studies of ionic transport. The system was modeled using density functional theory (DFT)
with strict convergence criteria: an energy threshold of 107 eV, a gradient threshold of
4.5 x 107* eV/A, and a maximum atomic displacement of 1.8 x 1072 A. These settings
ensured high precision in calculating the structural and energetic characteristics of the
system. Oxygen vacancies were created in the calculations by removing oxygen atoms
from the lattice. To provide a clearer picture of how oxygen vacancies and Mg substitutions
affect the crystal lattice, Table 1 summarizes the local distortions and the resulting average
symmetries for different defect configurations. The data highlights the transition from the
ideal cubic structure to tetragonal or rhombohedral distortions upon vacancy formation, as
well as the restoration of cubic symmetry at higher Mg concentrations. It should be noted
that these symmetrical changes are local in nature, while the overall bulk structure remains
cubic since full geometric optimization was not performed.

Thus, the correlation between migration barriers and structural symmetry empha-
sizes that both the type and distribution of defects play a decisive role in defining ionic
conductivity in ZrO,-based systems.

These defects were modeled to investigate their key role in ionic conductivity, as they
form possible migration pathways for oxygen ions in the material.
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Table 1. Local symmetry changes in cubic ZrO, with oxygen vacancies and Mg substitutions (near
and outside vacancy sites).

Configuration Local Effect Average Symmetry Space Group Lattice Change
Zr3;0¢4 (ideal) Perfect cubic lattice Cubic Fm-3m a=b=c
Zr3063 (1 Vo) Zr shifts toward vacancy; distortion Locally tetragonal Local Local anisotropy

tetragonal /thombohedral

Zr3061 (3 Vo)

Vacancy chain (001); elongation Tetragonal P4, /nmc c/a>1

Mg near Vg (1-3)

Mg-VO dipoles; stronger distortions;

high Mg restores cubic Tetragonal — Cubic-like P4, /nmc — Fm-3m c/a>1—~1

Mg outside Vg (1-3)

Weak background effect; lattice stable Mostly cubic Fm-3m ar~brc

In addition, in crystalline materials, a distinction is usually made between stoichio-
metric and non-stoichiometric defects. The first group includes, for example, Frenkel
and Schottky defects, where the overall cation-to-anion ratio is preserved despite local
disorder. In contrast, oxygen vacancies in cubic ZrO, are non-stoichiometric defects, since
their formation changes the cation-to-anion ratio and leads to a deviation from the ideal
stoichiometry [63]. Magnesium dopants were introduced into the system by substitut-
ing some of the zirconium atoms, allowing the investigation of magnesium’s influence
on ionic conductivity. Magnesium in the structure can shift the positions of vacancies
and create new defect pathways, affecting oxygen ion migration and, consequently, the
material’s conductivity.

These calculations involving magnesium doping and oxygen vacancies provide a basis
for further analysis of ionic conductivity in c-ZrO,, which is important for developing
advanced materials for solid oxide fuel cells and other applications. The analysis of the
system’s total energy as a function of oxygen vacancy concentration and magnesium
content allowed us to examine the influence of defects on the phase stability and electronic
properties of zirconia.

3. Results
3.1. Investigation of the Electronic Properties of Magnesium-Stabilized Cubic Zirconia

It is well known that the creation of oxygen vacancies in ZrO, contributes to structural
stabilization and enhances ionic conductivity. These vacancies are modeled from first
principles by removing one or more oxygen atoms from the supercell.

The modeling is carried out using standard density functional theory (DFT) methods.
Total and partial densities of electronic states (DOS and PDOS) are calculated using the
hybrid B3LYP functional. The valence electron configurations are 4d25s? for zirconium and
2522p* for oxygen. Oxygen vacancies are modeled within a cubic ZrO, supercell containing
96 atoms. The geometric parameters of the nearest atoms are not optimized.

As shown in Figure 2, in pristine ZrO,, the valence band is primarily composed of
oxygen 2p orbitals, with a maximum around —4.5 eV, while the conduction band starts
above the Fermi level and includes contributions from Zr 4d states. Upon the creation of
an oxygen vacancy, an additional narrow localized state appears near the bottom of the
conduction band, associated with the remaining paired electron.

In the PDOS spectra (Figure 2), the formation of a single oxygen vacancy in ZrO,
leads to the appearance of a localized state approximately 0.1 eV below the Fermi level.
At the same time, the vacancy contributes negligibly to the valence band. The main
contributions to the valence and conduction bands originate from oxygen (O 2p) and
zirconium (Zr 4d) atoms, respectively. These findings align with the general model of
defect state formation in oxide dielectrics and demonstrate the potential role of vacancies
in enabling ionic conductivity.
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Figure 2. DOS (a) and PDOS (b) of Zr3,Og3.

With an increase in the concentration of oxygen vacancies in ZrO; to three per supercell,
the total density of states retains the typical oxide profile with a wide band gap (Figure 3).
However, in the PDOS projected onto the vacancy sites, a localized state appears within the
band gap (approximately 0.1-0.5 eV below the Fermi level), associated with the defects. In
the configurations shown in Figures 2 and 4, the removed oxygen atoms and the positions
of Zr atoms substituted by Mg are illustrated in Figure 3.
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Figure 3. Structure of c-ZrO, with one oxygen vacancy (a) and with three oxygen vacancies (b) along
the oxygen migration path.
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Figure 4. DOS (a) and PDOS (b) of Zr3,Og;.
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The height and width of the peaks indicate an accumulation of defect states that
maintain a discrete character, suggesting that the vacancies are spatially separated. This
confirms their influence on ionic conductivity.

Figure 5 presents the total and partial density of states (DOS and PDOS) for a zir-
conia structure containing one magnesium substitutional atom and one oxygen vacancy.
The upper part of the valence band is primarily formed by oxygen 2p electrons, while
the conduction band is mainly composed of zirconium 4d electrons. As shown in the
PDOS, magnesium contributes minimally to the electronic structure of the system, which is
consistent with its Mg?* electronic configuration and the absence of unoccupied d-states.

30,000 - : |
|
| |
|
[} [ .2 |
= | c |
g 20,000 | 3 500 - :
2 [ = I
] | ® 400 - :
[72]
S : E !
10,000 - | a [
| 200 - |
[
; 100 | ,
| [
or L I 1 ! L ! ot ! 1 il A 1 AA] 1
4 -2 0 2 4 6 -4 -2 0 2 4 6
Energy,eV Energy,eV
(@) (b)
Figure 5. DOS (a) and PDOS (b) of Zr3;Mg;Og3.

It is clearly observed that the defect states associated with the oxygen vacancy are in
the lower part of the conduction band (approximately 1.3 eV above the Fermi level). The
position of the oxygen vacancy state has shifted compared to the undoped system.

Figure 6 shows the total and partial density of states (DOS and PDOS) for a zirconia
system containing two oxygen vacancies and two magnesium atoms. As in previous cases,
the valence band is mainly formed by oxygen 2p orbitals, while the conduction band consists
primarily of zirconium 4d states. The presence of oxygen vacancies leads to the formation of
defect levels in the upper part of the band gap, which in this system are located closer to the
conduction band edge—approximately 4.5-5.5 eV above the Fermi level.
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Figure 6. DOS (a) and PDOS (b) of Zr3pMg,Og;.
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These defect states exhibit greater intensity than in the case with a single vacancy,
indicating a cumulative effect of electron localization as the number of vacancies increases.
The contribution of magnesium atoms near the Fermi level remains minimal, confirming
their role as compensating dopants that influence charge neutrality but do not directly
participate in the formation of the band structure. Thus, double magnesium substitution
stabilizes the vacancies, shifting their associated states into the conduction band region.

Figure 7 presents the total and partial density of electronic states (DOS and PDOS)
for a zirconia system containing three oxygen vacancies and three magnesium atoms. The
total DOS shows a characteristic separation between the valence and conduction bands
with a wide band gap. As seen in the PDOS, the contribution from oxygen vacancies
forms a clearly defined narrow state located near the bottom edge of the conduction band,
approximately 5.5-6.0 eV above the Fermi level.
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Figure 7. DOS (a) and PDOS (b) of ZrygMg3Og;.

This indicates that as the concentration of vacancies increases, the energy level of
the associated states shifts upward while maintaining a localized character. Additional
magnesium substitution compensates for the excess charge, but the contribution from
Mg remains minimal in both the valence and conduction bands. Thus, an increase in the
number of defects enhances localization effects and may promote the formation of new
channels for ionic conduction.

The atomic configurations corresponding to Figures 5-7, indicating the removed
oxygen atoms and the positions of Zr atoms substituted by Mg, are illustrated in Figure 8.

Oxygen
] vacancy

.Zr
® o
O Mg

Figure 8. Oxygen migration along the trajectory with substitution of one, two, and three Zr atoms by
Mg in c-ZrO;.
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An analysis of the total and partial density of states (DOS and PDOS) was conducted
for ZrO, systems with one and three oxygen vacancies and varying numbers of Mg atoms.
It was shown that the electronic structure is strongly dependent on the defect configuration.

In the system with a single vacancy, a localized state appears below the Fermi level,
which may hinder ionic conductivity. The addition of one Mg atom shifts this state above
the Fermi level and reduces its intensity, indicating charge compensation and state delocal-
ization, thereby promoting improved oxygen mobility.

With an increase in the number of Mg atoms and vacancies to 2 and 3, further sup-
pression of localized states is observed, while the contribution of Mg to the valence and
conduction bands remains minimal, confirming its role as a charge compensator.

In the case of three vacancies without magnesium, pronounced unoccupied states are
detected above the Fermi level—an indication of electronic traps. Their disappearance
upon Mg introduction highlights the stabilizing effect of substitution.

Thus, configurations with a Mg:V ratio close to 1:1 are the most effective for enhanc-
ing ionic conductivity by eliminating localized states and creating favorable pathways for
oxygen migration. The results are consistent with literature data on perovskites [64,65]
and emphasize the importance of targeted defect engineering in designing ZrO,-based
ion-conducting materials.

3.2. Investigation of lonic Conductivity

Defects significantly influence the chemical and physical properties of metal oxides.
Point and bulk defects often determine their catalytic, electrical, optical, and mechanical
activity. Surface oxygen vacancies play a key role in heterogeneous catalysis. The oxygen
vacancy formation energy on the surface (E,vac) serves as an important parameter for
predicting the catalytic properties of oxide materials.

To model an oxygen vacancy, one oxygen atom was removed from the supercell. The
vacancy formation energy was calculated using the following expression:

Ef = E4 + Eo — EP (1)

where EF—is the oxygen vacancy formation energy, E4—is the total energy of the defective
system, Eo—is the energy of an isolated oxygen atom, and EP—is the total energy of the
pristine (defect-free) system.

The oxygen vacancy formation energy (E,vac) is an important parameter that deter-
mines the catalytic activity of metal oxides. Estimating these energies can support the
development of promising catalysts using data-driven approaches. In the present study,
Eovac values were determined for c-ZrO,. It is known that E,vac is strongly influenced by
the band gap width, lattice formation energy, and electron affinity.

The oxygen vacancy formation energy was calculated as the difference between the
total energies of the defective supercell and the ideal crystal, considering the chemical
potential of an oxygen atom, defined as the energy of a single O atom in its ground state.

The calculated oxygen vacancy formation energy is 12.6 eV, which is consistent with the
typical overestimation of bond strength inherent to hybrid functionals. Since all subsequent
calculations (including substitutional defects and defect complexes) were performed using
the B3LYP functional, the use of this value ensures methodological consistency and allows
for a reliable comparison of the relative energetic characteristics of different configurations.

3.2.1. Ionic Conductivity via Oxygen Vacancy-Mediated Oxygen Ion Migration

In this study, we examined the mechanism of oxygen migration in the defective
structure of c-ZrO;. A 96-atom supercell was constructed, in which one oxygen atom was
initially removed to create a vacancy. Subsequently, an oxygen atom from the upper layer
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was gradually displaced in 0.2 A steps until it filled the oxygen vacancy at approximately
2.5 A. This process was repeated for other layers of the structure (Figure 9, curve 1). At
each step, the total energy of the system was calculated.

—o—Zr3720¢63

—o—7Zr320¢1

Energy,eV
n

1.0 |

05

0.0 |

4
r,A

Figure 9. Dependence of the relative total energy of the system on the distance in the c-ZrO, structure
with one oxygen vacancy (1) and three oxygen vacancies (2).

In the graph presented here and in subsequent analyses, the vertical axis represents
the relative total energy of the system. It was found that the system’s energy reaches
a minimum when the oxygen atom occupies the vacancy and increases when it is near
zirconium atoms. The dependence of the total energy on the oxygen atom’s position
exhibits a sinusoidal pattern, indicating the presence of periodic energy barriers and stable
configurations within the structure. Figure 9 shows the energy profile along the oxygen
ion migration path in defective cubic zirconia (c-ZrO,) through vacancy sites. Curve 1 in
Figure 9 corresponds to the migration of an oxygen ion into a single vacancy site (Figure 3a),
while curve 2 represents migration through three oxygen vacancies (Figure 3b). The energy
maxima observed at distances of 1.2-1.4 A, 3.7-3.9 A, and 6.3 A indicate energy barriers
that arise when the oxygen atom passes through a zirconium plane, interacting with Zr
atoms and increasing the system’s energy

The energy minimum, observed at 2.5 A,5A, and 7.5 A, corresponds to positions
where the oxygen atom sequentially occupies vacant sites, leading to system stabilization
and energy minimization.

A comparison of the migration barriers for an oxygen ion in a structure with one
vacancy (2.7 eV) and along a path with three vacancies (1.32 eV) reveals a reduction of 1.4 eV.

It should be noted that aligning multiple oxygen vacancies along a single trajectory
is statistically unlikely. Nevertheless, the results confirm that the formation of oxygen
vacancies significantly lowers the energy barriers for oxygen migration, thereby enhancing
the material’s ionic conductivity.

3.2.2. Tonic Conductivity of ZrO, Stabilized with MgO Aligned Along the Migration Path

To assess the effect of doping on the stability and ionic conductivity of zirconia, the
energetic characteristics of systems containing one, two, and three magnesium atoms sub-
stituting zirconium atoms near a pre-existing oxygen vacancy were calculated. The total en-
ergy of the system consistently decreased with an increasing number of magnesium atoms:
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—173,907.27 eV for one Mg, —176,028.56 eV for two, and —178,150.40 eV for three, indicat-
ing an increase in the thermodynamic stability of complex defects Zrsy_xMgxOga—_x with
higher dopant concentrations. These values are significantly lower than the energy of the
system with a single vacancy (—169,733.80 eV) and the undoped system (—1,395,245.93 eV),
confirming the energetic favorability of forming complex defects.

The substituting Mg?* atoms aligned along the oxygen migration path lie in the
same (100) crystallographic plane. This arrangement contributes to stabilizing the system
containing oxygen vacancies (Figure 8).

In Figure 10a, the profile of the relative total energy during oxygen migration in the
Zr31Mg10g3 system (with one Mg atom aligned along the migration path) shows a shift in
the positions of energy minima and maxima compared to the undoped structure. The graph
illustrates the energy variation as a function of the oxygen ion’s displacement coordinate.

——Zr32063 Figure 9(1)
2+
0OF
Zr31Mg; 063 (a)
1.5} N EE— R
%
~ 0.0
9
5 4 ——Zr3;Mg,0¢2 (b)
=
=2
0
—— Zr29Mg3061 (C)
2| [ &77e3M 0
o [ 1 " 1 " 1 " 1 " <I " 1 " 1
1 2 3 4 5 6 7
A

Figure 10. Dependence of the total energy of the system on the oxygen migration distance with
substitution of one (a), two (b), and three (c) Zr atoms with Mg in c-ZrO;. The top graph (previously
labeled as Figure 9(1)) corresponds to the structure Zr3;Ogz with one oxygen vacancy.

At the points corresponding to vacancies (2.5 A, 5.0 A, and 7.5 A), where deep minima
were ideally expected, local maxima are instead observed: 0.462 eV, 2.264 eV, and 2.424 eV,
respectively. This indicates that the Mg?* ion located near the trajectory disrupts the
symmetry of the potential curve and distorts the local electrostatic field. In the initial
segment (0-2 A), the energy gradually decreases, reaching a minimum of 0.067 eV at 2.0 A,
but then instead of further decreasing, it rises. At 3.7-3.9 A and 6.3-6.4 A, where the oxygen
ion passes near zirconium, the energy increases to 1.26 and 2.37 eV, respectively. Similarly,
when passing through the Mg-Zr planes (1.2-1.4 A), the energy is approximately ~0.35 eV,
which corresponds to the energy maximum in the undoped system with oxygen vacancies.

From the dependence of the system’s total energy on the distance with one magnesium
atom, it is seen that the total energy is lower compared to pure ZrO,, indicating the
thermodynamic stability of the defect structure. In the migration within the initial structure
with a single oxygen vacancy, the maximum barriers reach ~2.7 eV. Thus, magnesium
doping leads to a decrease in the total energy of the system and a reduction in migration
barriers, although it is accompanied by a shift in critical points and a disruption of the
migration path symmetry.
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In Figure 10b, the dependence of the total energy of the system on the oxygen ion
migration distance in the Zr3gMg,Og; structure, where two zirconium atoms are replaced
by magnesium along the migration path, is shown.

In the interval from 0.2 to 2.5 A, a monotonic decrease in energy from 1.98 to 0.27 eV
is observed with a local minimum of 0.048 eV at 2.2 A and an absolute minimum (0 eV)
at2.9 A. The minima at 2.2-2.9 A are explained by the stable localization of oxygen near
the vacancy.

Values at 1.4 A and 3.9 A, corresponding to the passage of oxygen through the Mg-Zr
and Zr-Zr coordination planes, are characterized by local energy bends: at 1.4 A, the energy
is 0.774 eV, and at 3.9 A—1.18 eV. This indicates the interaction of oxygen with nearby
magnesium and zirconium atoms, creating local distortions in the electrostatic field of
the lattice.

At 5.0 A (the second vacancy), there is a sharp energy rise to 3.03 eV, indicating an
increase in the potential energy of the electrostatic field. The oxygen ion exits the potential
well corresponding to the vacancy and crosses the zirconium plane (at 5.4 A—energy
2.39 eV). The maximum barrier of 4.62 eV is observed at 7.5 A, which is associated with the
completion of the migration path.

In Figure 10c, the dependence of the reduced total energy of the ZrygMg3Og1 system
corresponding to the oxygen ion migration along a trajectory with three magnesium ions
is shown. In the initial region (0.2-2.5 A), where the ion passes through the magnesium-
zirconium planes, the energy gradually decreases from 2.27 eV to 0.96 eV. From 2.7 A to
4.7 A, a deep potential well is observed with energy ranging from 0.01664 eV to 0.03447 eV,
which corresponds to the ion passing near Mg ions. However, when exiting this region
(r > 5 A), as the oxygen begins to leave the Mg influence zone and approaches the zirconium
planes, the energy sharply increases. At 5.2 A, the energy is 1.32 eV and continues to rise to
3.31 eV at 7.5 A. Despite the relatively high final barrier, the system with three magnesium
atoms exhibits the lowest total energy among all studied configurations, indicating its high
stability. This emphasizes that with increasing Mg concentration, the system becomes more
stable, but the electrostatic field becomes less symmetric, and the barriers may increase
again in certain regions.

The analysis revealed that local substitution of zirconium atoms with magnesium near
an oxygen vacancy has a significant impact on both the thermodynamic stability of the
structure and the energy profile of oxygen ion migration. As the number of Mg atoms
increases, the total energy of the system decreases consistently, indicating the formation of
more stable configurations: —173,907.27 eV (1 Mg), —176,028.57 eV (2 Mg), —178,150.4 (3 Mg).

However, migration energy profiles exhibit a complex dependence on the number and
arrangement of the dopant atoms (Table 2). With one Mg atom, the energy barriers shift but
remain moderate compared to the undoped system (2.7 eV). In the case of two Mg atoms,
deep potential wells are formed, but the end of the migration path shows a sharp energy
increase up to 4.62 eV, indicating hindered migration. The third configuration, with three
Mg atoms, offers the best stabilization of oxygen near the vacancy (energies ~0 eV), but is
also accompanied by a rise in the energy barrier to 3.3 eV at the later stage of migration.

Table 2. Energy barriers for oxygen migration in ¢-ZrO, with different numbers and arrangements of

Mg atoms.
Doping Configuration Number of Mg Min. Barrier, eV Max. Barrier, eV
ZI‘31Mg1063 1 04 24
ZI‘30Mg2062 2 0.5 3.1

Zrngg3O61 3 0.8 1.32
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Thus, optimal ionic conductivity is achieved by balancing the number and spatial
arrangement of dopant atoms: excessive magnesium can enhance local stabilization but
may disrupt the uniformity of the migration channel, increasing energy barriers at the final
stages of migration.

3.2.3. Ionic Conductivity of ZrO, Stabilized with MgO with Spatially Distributed Mg Ions

As a continuation of the investigation into the effect of magnesium doping on ionic
conductivity in cubic zirconia (c-ZrO,), a series of models were examined in which Mg
atoms substituted zirconium atoms outside the oxygen ion migration trajectory. In the
structures with Mg doping positioned away from the migration path, the magnesium atoms
replace zirconium in various planes, primarily oriented along (001) and (100). Two Mg?*
ions are localized within the same (001) plane at z = 2.5645 A, while the first Mg atom is
displaced to the plane at z = 7.6936 A, corresponding to another parallel (001) plane. This
arrangement of magnesium ions, removed from the migration trajectory, eliminates their
direct interaction with oxygen vacancies and limits their effect on the total system energy
to background electrostatic influences (Figure 11).

Oxygen
] vacancy

.Zr
® o
O Mg

Figure 11. Oxygen migration with substitution of one, two, and three Zr atoms by Mg outside the

T

b

migration trajectory in c-ZrO;.

Three configurations were selected for calculation: Zr3;MgiOgs, Zr3pMgOgz, and
ZryoMg30¢1, in which one, two, and three Mg atoms, respectively, substitute zirconium
atoms outside the oxygen ion migration path, thus avoiding direct interaction with va-
cancies. The total energies of these systems were —173,905.54 eV, —176,760.58 eV, and
—178,149.75 eV, respectively. This indicates that increasing MgO concentration contributes
to thermodynamic stabilization.

From Figure 12a, corresponding to the Zr3;Mg;Og3 configuration, the overall shape
of the energy profile resembles the energy variation during oxygen ion migration via
vacancies. The minimum energy is observed at 2.85 A and equals 0 eV, indicating the
position of the oxygen vacancy.

At other points, such as 1.2-1.4 A, the energy reaches 0.92 and 0.90 eV, respectively,
while near 3.65-3.85 A, maxima of 0.99-1.01 eV are observed, despite the absence of direct
interaction from the Mg atom. Further along, at 5.85-6.25 A, the energy rises again to
0.94-1.12 eV.

This behavior indicates that the Mg atom, located outside the migration path, does not
exert a significant stabilizing effect on the migration trajectory but does alter the electrostatic
field. In contrast to the case where Mg ions are aligned along the migration path, the graph
displays a sinusoidal pattern, and the peak energy values do not exceed 1.12 eV.



Solids 2025, 6, 55

13 of 19

3.0

Figure 9(1)

1.5}

0.0k

| Zr37Mg,063 (a)

>
5
> 0k
5 - Zr3pMg,0, I b)
S VAN,
/ A N/ Y
w \\/v}\ /v ~-
of ~
| s
./‘ 0\ ’/’"\\ // N /
’_/ N /\\//’/ L /. \k’
0 | : :\. M A 1 ! !
0 1 2 3 4 5 6 7

r, A

Figure 12. Dependence of the reduced total energy of the system during oxygen migration with
substitution of one (a), two (b), and three (c) Zr atoms by Mg in c-ZrO,. The top graph (previously
labeled as Figure 9(1)) corresponds to the structure Zr3;Og3 with one oxygen vacancy.

Figure 12b shows the dependence of the reduced total energy of the system correspond-
ing to the Zr3yMg,Og;, configuration, in which two magnesium atoms substitute zirconium
atoms outside the migration path. At distances corresponding to the position of the vacancy,
small potential barriers are observed. The minimum energy is reached at 2.9 A and equals
0 eV, while the maximum occurs at distances of 1.2 A (1.3 eV), 3.8 A (0.85 V), 5.0 A (1.1 eV),
6.4 A (1.3eV),and 7.5 A (1.1 eV). The placement of Mngr outside the migration path reduces
the height of the energy barrier compared to when Mg?" is located along the path.

Figure 12c shows the dependence of the reduced total energy of the system corre-
sponding to the ZryoMg3Og configuration. Here, three magnesium atoms substitute for
zirconium outside the oxygen migration path. The energy along the trajectory fluctuates
within 0.0-1.05 eV, with an absolute minimum at 2.9 A (0 eV), corresponding to the position
of the oxygen vacancy. Additional energy minima are observed at 0.2 A (0.05 eV), 2.2 A
(0.13 V), and 5.4-5.6 A (~0.26 eV), indicating stabilization of the oxygen ion near these
points. Maxima are observed at 1.2 A (1.01 eV), 2.5 A (0.5eV), 3.7 A (0.9 eV), 5.0 A (1.05 eV),
6.4 A (0.85 V), and 7.5 A (1.05 eV), indicating moderate energy barriers. Thus, introducing
three Mg atoms outside the migration path preserves the symmetry of the electrostatic field
and lowers the energy amplitude, providing a stable oxygen migration pathway.

The analysis of the influence of magnesium substitutions on the total energy of the
oxygen migration system in the ZrO, structure has shown that the nature and effectiveness
of the modification directly depend on both the number of Mg?* ions and their spatial
arrangement relative to the migration pathway.

When magnesium ions are located outside the migration trajectory, the variation in the
normalized total energy becomes smooth, and the maximum energy barriers are 0.9 eV and
1.3 eV, respectively (Table 3). The results of the performed calculations show that the spatial
positioning of the implanted magnesium ions outside the migration path significantly
reduces the height of the potential barriers. Overall, increasing the number of Mg?* ions,
when optimally positioned either along or outside the trajectory, contributes to a decrease
in the energy barriers.
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Table 3. Energy Barriers for Oxygen Migration in c-ZrO, with Different Numbers and Positions of
Mg Atoms.

D.o ng. Number of Mg Min. Barrier, eV Max. Barrier, eV
Configuration
Zr31Mg1063 1 0.4 1.12
Zr30Mg2062 2 05 134
ZI‘29Mg3061 3 0.5 1.05

4. Discussion

The creation of a single oxygen vacancy in cubic ZrO; leads to the formation of defect
levels within the band gap and a reduction in the energy barrier for oxygen ion migration.
A particularly significant factor is the presence of lattice oxygen atoms along the migration
pathway—when these are absent, the barrier is considerably reduced, facilitating ionic
conductivity. These findings are consistent with theoretical studies that emphasize the
critical role of vacancies in zirconia-based oxide systems [66,67].

When zirconium atoms are substituted with magnesium along the oxygen migration
pathway, stable complex defects are formed, as evidenced by the consistent decrease in
the system’s total energy with increasing Mg content. However, the migration energy
profiles exhibit a nonlinear dependence on the number and position of dopant atoms
along the channel. For instance, with one Mg atom, a moderate reduction in the barrier to
1.27 eV is observed; with two Mg atoms, a sharp increase in the primary barrier to 3.03 eV
occurs midway through the path; and with three Mg atoms, the most balanced behavior
is achieved—a continuous channel is formed with nearly zero energy and moderate bar-
riers of 0.96-1.32 eV, providing optimal conditions for migration. These differences are
explained by local lattice distortions and charge redistribution induced by different doping
configurations along the channel [68].

In contrast, substituting zirconium with magnesium outside the oxygen migration
pathway also leads to a decrease in the system’s total energy with increasing Mg content
but does not cause significant changes in the migration energy landscape. With two and
three substitutions outside the migration channel, the barriers remain moderate (with a
maximum of 0.96-1.3 eV), the profile maintains symmetry, and no sharp local distortions
are observed. This indicates that such doping exerts only a background electrostatic effect
and smooths the potential landscape. Similar conclusions are presented in studies on the
role of vacancies and their correlation with doping in oxide systems [67].

Table 4 summarizes the relative energies (AE) of different defect configurations in
cubic ZrO,, calculated with respect to the ideal Zr3;Og4 supercell. The results show that the
creation of oxygen vacancies alone leads to an increase in the total energy, indicating desta-
bilization of the structure. In contrast, substitution of Zr by Mg in combination with oxygen
vacancies significantly lowers the system energy, thus stabilizing the defective configura-
tions. A comparison between Mg atoms placed along the migration pathway and outside
of it demonstrates that the “along pathway” configurations are slightly more favorable,
with energy differences of less than 3 eV depending on the number of Mg substitutions.

In contrast, Mg substitution along with the migration trajectory can either enhance
or hinder conductivity, depending on the number and distribution of the substitutions.
Considering the experimental impossibility of aligning Mg substitutions strictly along a
specific migration channel direction, the most effective approach is to introduce the maxi-
mum possible amount of Mg substitutions throughout the crystal volume in combination
with oxygen vacancies. This strategy enables the formation of a continuous, energetically
favorable path for oxygen migration. These conclusions align with computational results
on perovskites, where the importance of coordinated defect structure tuning for achieving
high ionic conductivity is emphasized [69], as well as with modeling studies demonstrating
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the impact of rhodium and silver doping on oxygen behavior in oxide and perovskite
systems [70-72], and the significance of the local electronic environment near vacancies
and color centers in fluoride [73,74] and oxides [75-77].

Table 4. Total energies of the ZrO, system for different numbers of oxygen vacancies and Mg dopants
(along and outside the migration pathway).

Configuration Mg Position Total Energy (eV)  AE =Eonfig — Ezr,,0,, (€V)

Zr37044 —171,752.37 0.00

Zr30¢3 —169,742.54 +2009.83

Zr3Og1 —165,599.06 +6153.31
Zr31Mg10¢3 —173,916.22 —2163.85
Zr30MgyOg) along pathway —176,037.62 —4285.25
Z139Mg3041 —178,159.57 —6407.20
Zr331Mg10¢3 —173,914.32 —2161.95
Zr3o0MgyOg) outside pathway —176,034.90 —4282.53
Z1r39Mg3041 —178,158.75 —6406.38

It should be noted that all calculations presented here were performed at 0 K and
therefore do not account for the direct influence of thermal vibrations on the migration
barriers. At elevated temperatures typical for solid oxide fuel cells (800-1200 K), thermal
fluctuations reduce the absolute values of the barriers and accelerate oxygen transport.
Nevertheless, as shown in molecular dynamics studies [78,79], the relative trends induced
by defects and substitutions are preserved even at high temperatures. Therefore, the DFT
results at 0 K can be regarded as a reliable baseline for analyzing the impact of vacancies
and substitutions on ionic conductivity in ZrO;.

5. Conclusions

The obtained results are of great importance for understanding the mechanisms
of crystalline structure stabilization in ZrO, and can be applied in the development of
materials for solid oxide fuel cells (SOFCs) and oxygen sensors.

Thus, the main objective of this study has been achieved. A fundamental relationship
has been established between the number and spatial distribution of magnesium substitu-
tions and the shape of the energy landscape for oxygen migration. The findings confirm
that controlled defect distribution (vacancies and substitutions) is a key factor in optimizing
ionic conductivity in zirconia, opening new prospects for the targeted design of solid oxide
electrolytes and sensing materials.
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Abbreviations

The following abbreviations are used in this manuscript:

DFT Density functional theory
A function that describes the number of electronic states at each energy level that are

bos available to be occupied in a system.

PDOS A decomposition of the total DOS into contributions from specific atoms or orbitals
helps to understand which atoms or orbitals contribute to particular energy levels.

B3LYP A hybrid Density Functional Theory (DFT) functional that combines Becke’s three-

parameter exchange functional with the Lee-Yang-Parr correlation functional.
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