PHYSICAL REVIEW RESEARCH 3, 013121 (2021)

Density functional theory modeling of cation diffusion in tetragonal bulk ZrO,:
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Density functional theory modeling was performed to determine the effect of humidity and H, /O, gas pressure
on the defect chemistry, hydrogen solubility and diffusivity, and on cation transport in tetragonal bulk ZrO,, for
the temperature range 400—1200 °C. The main goal of this study is to identify the stable defect complexes and
hydrogen-related defect species relevant to bulk cation transport kinetics at various gas pressure, humidity, and
temperature conditions, including cation diffusion via a Zr vacancy mechanism [with —4 charge, V. (—4)],
through an H-substituted Zr defect mechanism [via anH substituted Zr defect with —3 charge, Hz(—3)], and
via formation of fully or partially bound Schottky defect complexes (V-Vo and Vo-Vz:-V). At low temperatures
(T < 500°C) and humidity condition of 3%, the modeling results show a 0.5-0.7-eV reduction in the apparent
formation free energy of Hz (—3) versus that of Vz(—4) due to the attractive interaction between interstitial
hydrogen and the Zr vacancy, leading to a concentration of the Hz(—3) defect species that is higher than V. (—4)
specie. The migration barriers of the Hz (—3) versus Vz.(—4) are found to be comparable, i.e., 2.7 eV versus
2.4 eV for the out-of-ab-plane migration and 3.1 eV versus 3.0 eV for the in-ab-plane migration, respectively. The
calculated diffusion coefficients reveal that cation diffusion in tetragonal bulk ZrO, will transit from the V. (—4)
mechanism at high temperatures to the Hz.(—3) mechanism upon lowering the operating temperature and/or
increasing the humidity content. The defect thermodynamic modeling results indicate that most of the stable
hydrogen defect species in tetragonal bulk ZrO, is Hz(—3), and its concentration is 4—6 orders of magnitude
higher than that of H interstitial (H;, ). Nonetheless, the most active hydrogen transport occurs via H;, (41) with
migration barriers 0.2—-0.4 eV rather than through the stable Hz.(—3) defect which has a larger migration barrier
of 1.6 eV. At temperatures higher than 1173 K, the protonic transport rate in bulk tetragonal ZrO, is predicted
to be several orders of magnitude higher than the bulk cation transport rate. Above 1573 K, the modeling
results further predict another transition in the bulk cation transport mechanisms, Vz. — fully or partially bound
Schottky defects, attributed to enhanced entropic stabilization associated with oxygen vacancy formation (in
the defect cluster) in equilibrium with O, or H,O gas phase at the respective temperature. Overall, the results
obtained highlight the importance of the coupling of the bulk cation transport kinetics with the dissolved H defect
species at lower temperature and respectively, with the cation-anion vacancy clusters at higher temperature, and
predict several temperature dependent mechanistic transitions for the cation transport in tetragonal bulk zirconia.

DOLI: 10.1103/PhysRevResearch.3.013121

I. INTRODUCTION

Zirconia is a technologically important material for energy,
environmental, electronic, sensor, and biomedical applica-
tions [1]. Understanding the factors governing compositional
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and microstructural changes in zirconia and their interfaces
during operation is a critical aspect to the material’s perfor-
mance and the durability of the associated devices [2,3]. In
many phenomenological degradation processes such as mi-
crostructure and compositional evolution, aging, grain growth,
creep, and failure of the zirconia or its doped materials,
cation transport has been identified as one of the major fac-
tors controlling the associated kinetics [4—7]. Nevertheless,
the requirements for zirconia operation can span a wide
range of temperature and gas pressures in applications such
as solid oxide fuel/electrolysis cells, thermal barrier coat-
ings, gas sensors, oxide scales of fuel cladding materials in
nuclear reactors, etc. Fundamental mechanistic understand-
ing is still insufficient to describe the experimental cation
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diffusivities in zirconia and its interfaces under various
operating conditions, including their dependencies on temper-
ature (T), partial pressure of oxygen [P(O;)] and hydrogen
[P(Hy)], and the effect of humidity [P(H,O)] [1,8-10]. Sev-
eral experimental studies have been reported for the bulk
cation diffusivities of zirconia or yttria stabilized zirconia
(YSZ), and their temperature dependencies [4,11]. In these
studies, the experimentally determined cation diffusion co-
efficients were typically measured in the temperature range
1200-2000 °C, higher than the usual operating range of the
devices. For the cation transport kinetics under typical operat-
ing temperature and gas pressure conditions, kinetic values are
typically extrapolated from higher temperature measurements
through the assumption of an Arrhenius-type behavior, but the
accuracy of such an extrapolation scheme remains uncertain.
Moreover, the effect of humidity on the cation transport was
rarely addressed in the previous studies.

In this work, the cation transport mechanisms and their
migration barriers in bulk tetragonal ZrO, were investigated
within the temperature range 400-1200°C and under vari-
ous H, /0O, gaseous pressure and humidity conditions based
on density functional theory (DFT) calculations. In addition
to the cation transport carrier concentration obtained from
ab initio thermodynamics analysis, the activation barriers for
cation migration were also determined. This approach allows
to evaluate the rates of bulk cation diffusion for key defect re-
actions and cation migration mechanisms in tetragonal ZrO,
thereby providing insight into the cation transport kinetics.
While the bulk cation diffusion rate is considered to be lower
than diffusion through microstructural imperfections such as
grain boundaries, dislocation, cracks, etc. [12], understand-
ing the bulk defect chemistry and transport mechanisms is
a prerequisite for further investigations, interpretations, and
modeling of the interfacial defect and transport of various
defined interfacial structures. Several possible bulk cation
diffusion pathways have been proposed in previous studies
[5,13-15], but to the authors’ best knowledge, there is no
study performed to date on modeling the cation transport in
the presence of hydrogen defects under different O, /H, gas
and humidity conditions. The main goals of this study are
to employ first principles DFT calculations to determine the
effect of humidity, gas pressure, and temperature upon the
bulk defect chemistry and cation transport in tetragonal ZrO,
and to identify the stable hydrogen-related defect species and
the factors potentially causing non-Arrhenius-type bulk cation
transport kinetics. As a first step and given the configura-
tional complexity of placing Y and oxygen vacancies in the
yttria stabilized zirconia, this work focuses on the model-
ing of defect equilibria, cation diffusivities, and hydrogen
transport in the bulk tetragonal ZrO, without doping, with
additional analysis performed to assess Zr diffusivities in
3-mol % YSZ under the assumption of Y-doping independent
Schottky defect formation. This work is organized as follows:
Section II describes the computational modeling approaches,
Sec. III discusses the bulk defect chemistry versus P(O;),
P(H,), P(H,0), and temperature, Sec. IV summarizes the
theoretical results of the cation migration mechanisms, the
corresponding barriers, and the calculated cation diffusion
coefficients in bulk tetragonal ZrO,. Section V contains the
summary and conclusions of this work.

II. COMPUTATIONAL MODELING APPROACHES

A. Density functional theory modeling of the point defect
formation and migration

Spin-polarized DFT calculations were performed with the
Vienna Ab initio Simulation Package [16,17] (VASP) using
the projector-augmented plane-wave (PAW) method [18].
Exchange correlation is treated using the Perdew-Burke-
Ernzerhof [19] (PBE) generalized gradient approximation
(GGA). A plane wave energy cutoff of 520 eV and a
Monkhorst-Pack [20] k-point mesh equivalent to 8 x 8 x 8
for the primitive tetragonal unit cell were used to sample the
Brillouin zone. The perfect (undefective) bulk tetragonal ZrO,
supercells with lattice constants of 24/2a x 2\/53 x 3¢ were
first fully relaxed, and then the supercell lattice parameters
were fixed for all the defect and migration barrier calculations
[15].

For the defect calculations, relaxation of the atomic po-
sitions was conducted until Hellmann-Feynman forces were
below 1 meV A~'. Formation energies for perfect (undefec-
tive) bulk and for point defects were determined using the
PyCDT module [21] based on the open-source PYTHON Mate-
rials Genomics (Pymatgen) software and the Materials Project
database [22].

To correct for the long-range Coulomb interactions of the
charged defects in the finite-size periodic supercells [23,24],
the electrostatic correction method proposed by Kumagai
etal. [25], which takes into account the anisotropic long-range
Coulomb interactions, was applied to calculate the defect for-
mation energies. To account for the band-gap underestimation
in insulating materials calculated with the PBE functional,
which may cause errors in the predicted defect levels within
the band gap [26-28], a band-edge correction was applied
to shift the conduction-band minimum and the valence-band
maximum to be equal to those calculated using the HSE06
hybrid functional [29], by aligning their averaged bulk elec-
trostatic potentials [27]. The calculated band edges referenced
to the averaged bulk potential is provided in Table S1 of
the Supplemental Material (SM) [30]. A list of the point
defect species together with their various charge states and
the corresponding acronyms are summarized in Table I while
a pictorial view of different defect configurations of the H-
defect complexes at various charge states are provided in Figs.
S1-S3 of the SM. The band-edge correction was consistently
applied to the results obtained from the PyCDT module of
Pymatgen. Cation migration barriers for different vacancy and
vacancy complexes [15,31] were obtained using the climbing
image nudged-elastic-band method (cNEB) [32], based on the
most stable defect charge state taken from the defect model
solution for the specified operting conditions. It is assumed
that the considered ionic migration does not involve change
of the defect charge state in the transition states. More details
of the DFT methods and defect calculations are provided in
the SM.

B. Ab initio thermodynamic approach

The formalism of the ab initio thermodynamic analysis
adopted from Ref. [33] is utilized in this study to ob-
tain the formation free energies for the defect species at
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TABLE I. The list of the point defect species investigated in this work together with the corresponding acronyms. Pictorial views of the
Hin, Ho, Hy:, 2Hyz,, 3Hyz,, and 4Hy, defects in various charged states are provided in Figs. S1-S3 of the SM.

Acronym Defect charge states (indicated in parentheses) investigated in this work
Zr vacancy | Vz:(0), Vze (—1), Vze (=2), Vz:(=3), Vze (—4)
O vacancy Vo Vo(+2), Vo(+1), Vo(0), Vo(—1), Vo(=2)
H interstitial Hin Hip (—1), Hin(0), Hin (+1)
H substitution on the O lattice Ho Ho(=1), Ho(0), Ho(+1)
H substitution on the Zr lattice Hy, Hz:(0), Hz:(—1), Hz:(=2), Hz:(=3)
2H substitution on the Zr lattice 2Hz, 2H7:(0), 2Hz:(—1), 2Hz:(—2)
3H substitution on the Zr lattice 3Hy, 3H7:(0), 3Hz(—1)
4H substitution on the Zr lattice 4H,, 4H,.(0)
Electron e e(—1)
Hole h* h(+1)

T = 673-1473 K and at selected P(O,), P(H,O), and P(H,)
conditions. While the chemical potentials of O and H can be
defined by P(O,), P(H,), P(H,0), and T, only two gas partial
pressures among the set of three gas species, O,, H,, and H,O,
are needed to determine the set of O and H chemical potentials
at selected thermodynamic conditions. In order to determine
the humidity effects on the defect thermodynamics and cation
transport, in this work we specify the operating conditions
by using P(O,) and P(H,0O) [P(O;)/P(H,0)] or with P(H,)
and P(H,0) [P(H,)/P(H,0)] at a given T. In Table S2 of the
SM, the corresponding P(H;) at the specified 7', P(O), and
P(H,0) conditions, as well as the corresponding P(O,) at the
specified T, P(H;), and P(H,O) conditions, are summarized.
The P(H,)/P(H,0) conditions in this work were selected to
be representative for applications such as solid oxide fuel cell
(SOFC) anode or material synthesis.

The thermodynamic properties within lattice harmonic ap-
proximation for the bulk oxide with and without point defects
were evaluated using the PHONOPY package [34]. In this work,
both the defect formation energy at 0 K and the vibrational
free-energy contribution to the defect formation are simu-
lated using the 22a x 2+/2a x 3¢ (288-atom) supercells.
The vibrational free-energy terms were evaluated using first
principles DFT phonon calculations within harmonic approx-
imation and were used to determine the chemical potential
of u,, as a function of T and gas pressure according to
expression

iz = Eprr(Zr0y) + G*°2:0,(T) — 2140, (1

where Eppr(ZrO,) is the calculated total energy of the bulk
tetragonal ZrO, per formula unit, 1., is the chemical potential
of oxygen at a specified 7 and gas pressure condition as
defined in Eq. (S3) of the SM, and G} (T is the vibrational
free-energy of the perfect bulk tetragonal ZrO, at a given T,
obtained from the PHONOPY package [34]. The vibrational
free-energy contribution to the defect formation is defined
as the free-energy difference between the defect containing
supercell and the perfect bulk supercell under the harmonic
lattice approximation, i.e., GZ{i;}ect(X 1) — G;iet;f[bulk], where
Gt . (X?) is the harmonic vibrational free energy of a defect
containing supercell for a defect X in charge state g and

G;g;f[bulk] is the vibrational free energy of the bulk super-
cell. The quasiharmonic and anharmonic free-energy terms
are neglected in this study. Further details of the ab initio
thermodynamic approaches and of the bulk defect model used
in this study are provided in the SM.

C. Vibrational free-energy contribution to the defect formation

The thermodynamic analysis of the point defects and H-
related defect species revealed a substantial supercell size
dependence of the defect formation energies on vibrational
free-energy contributions, particularly in the regime of high
temperatures. Specifically, upon increasing the supercell size
a difference of at least 0.3 eV in the vibrational free ener-
gies of Zr vacancy (Vz) and respectively for H-substituted
Zr defect formation relative to the corresponding undefective
bulk vibrational free energy was found to exist at 7 = 1000 K.
This difference further increases at even higher temperatures,
as shown in Fig. 1. The observed supercell size dependence
of vibrational contribution to defect formation free energy
indicates that standard 2a x 2a x 2¢ (96-atom) supercells,
generally used for calculating vibrational free energy of bulk
tetragonal zirconia with point defects, is insufficiently large
to represent adequately the case of defective tetragonal ZrO,
at low defect concentrations, particularly in the regime of
high temperatures. In this work, the 2¢/2a x 2+/2a x 3¢ (288-
atom) supercell was consistently used for both the charged
defect analysis and the lattice dynamics simulations. The dif-
ference in the vibrational free-energy contributions between
the 2+/2a x 2+/2a x 3¢ (288-atom) supercells and the largest
4a x 4a x 4c (768-atom) supercells is within 0.12 eV per
defect at T = 1500 K. For the defect species included in this
work, the vibrational free-energy contributions to the defect
formation given by the difference between vibrational free en-
ergy of a defect containing supercell [G}®, . (X7)] and that of
the perfect bulk supercell (Gy;[bulk]), as defined in Eq. (S1)
of the SM, are summarized in Fig. 2. From this figure it can
be seen that the vibrational free-energy contributions of the
hydrogen defect complexes are larger and more positive than
the vibrational free-energy contributions of the hydrogen-free
point defects. For example, the spacing of the y-axis inter-
cepts shown in Fig. 2(a) suggest that the zero point energy of
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FIG. 1. The calculated vibrational free-energy contribution to the defect formation as a function of temperature for (a) Zr vacancy [Vz (—4)]
and (b) H substitution on Zr [Hz(—3)]. The numbers in the parentheses correspond to the defect charge states. The orange, grey, and blue lines
are results obtained using 2+/2a x 2+/2a x 3¢ (288-atom), 3a x 3a x 3¢ (324-atom), and 4a x 4a x 4c (768-atom) supercells respectively,
whereas the yellow line and the cross points are results obtained from the 2a x 2a x 2¢ (96-atom) supercells.

Vz:.(—4), Hz:(—3), 2Hz.(—2), 3Hz,(—1), and 4Hz.(0) scales
with the number of hydrogen in the point defects, and the
vibrational free-energy contributions to the defect formation
increase with the increasing number of H in the point de-
fect. Therefore, the results of Fig. 2 suggest that formation
of bonding associated with hydrogen in the hydrogen defect
complexes leads to positive vibrational free-energy contribu-
tion to the defect formation, and can be up to +0.6-1.2 eV
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for the 2H7,(—2), 3Hz(—1), and 4Hy.(0) defects already at
T = 0K. All the obtained vibrational free-energy contribu-
tions summarized in Fig. 2 are incorporated into the defect
model for the solution of the point defect concentration at
specified conditions.

It is noted that formation of the OH defect species can be
important for the hydration reaction, particularly for the oxide
materials containing substantial oxygen vacancy content (such
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FIG. 2. The calculated vibrational free-energy contribution to the defect formation energy using 2+/2a x 2+/2a x 3¢ (288-atom) supercells
for (a) Vz.(—4) (blue line), Hz(—3) (purple line), 2Hz,(—2) (light blue line), 3Hz.(—1) (orange line), and 4Hz(0) (grey line); (b) Hiy(—1)
(red dashed line), H;(0) (red dotted line), and H;, (41) (red solid line); (c) Vo (0) (yellow dotted line), Vo (+1) (yellow solid line), and Vo (+2)
(yellow dotted dashed line); (d) Ho(+1) (green solid line), Ho(0) (green dotted line), and Ho(—1) (green dashed line).
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FIG. 3. The defect formation free energy, AGiom(Defect), as a function of the Fermi level (Epem;) relative to the valence-band maximum
(VBM) for the bulk tetragonal ZrO, at the following conditions: (a) 7 = 1000 K, P(O,) = 0.2 atm, and P(H,0) = 0.03 atm; (b) T = 1000 K,
P(H,) = 0.75 atm, and P(H,O) = 0.03 atm. It is noted that the VBM (CBM) calculated at the PBE level is shifted to the HSEO6 VBM (CBM)
edge after aligning the averaged bulk potentials obtained using the two functionals. The white region indicates the calculated PBE band gap
with the Fermi-level range extended beyond the PBE band edge (grey regions), in order to restore the HSE06 band gap (6.1 eV versus the PBE
gap of 4.2 eV). The point defect species included in the plots correspond to Vi (yellow), V. (blue), H;, (red), Ho (green), Hy, (purple), 2Hz,
(light blue), 3Hy, (orange), and 4Hy, (grey). The self-consistent Fermi level in each plot is indicated by the black arrow.

as YSZ, acceptor doped BaZrO3). Recent modeling studies
have also shown the impact of the phonons on the hydra-
tion and defect thermodynamics of undoped and acceptor
doped BaZrOj3 [35,36]. In this work, the reference state for
all the point defect calculations was taken to correspond to
the perfect bulk tetragonal ZrO,. In this scenario, the OH
defect species can be in the form of an OH interstitial de-
fect or an Hint defect bound with a lattice oxygen. The OH
interstitial defect is energetically unfavorable to form in the
closed-packed fluorite structure and is not considered in this
work. On the other hand, the OH defect species in the form
of an Hj, defect bound with a lattice oxygen is considered
to be in the charge state of +1, i.e., Hip(+1), where the
O-H bond distance is about 1A in the relaxed defect con-
figuration. Since the Hj, defect has already been taken into
consideration as a defect species in the defect model, the OH
defect species will not be separately discussed below to avoid
double counting.

III. BULK DEFECT THERMODYNAMICS

In this section, the bulk defect chemistry of tetragonal ZrO,
as a function of P(O,) — P(H,0), P(H,) — P(H,;0), and tem-
perature will be discussed. The defect model, which solves
the point defect concentrations normalized as per lattice
site (hereafter point defect concentration means point defect
concentration normalized as per lattice site) and charge con-
centrations normalized as per formula unit (hereafter charge
concentration means charge concentration normalized as per
formula unit) at specified gas pressure and temperature con-
ditions, is derived based on a first principles charged defect
analysis [23,24] and the ab initio thermodynamic approach
described in Sec. II. The results obtained provide guidance
to the concentration of point defects, charge, and H-related
defect species in bulk ZrO,, in response to the change of
temperature, gas pressure, and humidity.

A. Point defect energetics in bulk tetragonal ZrQO, versus
P(0,)/P(H;0) and versus P(H,)/P(H,0)

Figure 3 shows the calculated defect formation free ener-
gies [denoted as AGyom (Defect)] as a function of the Fermi
level (Erermi) expressed relative to the valence-band maximum
(VBM) in bulk tetragonal ZrO,, at T = 1000 K and specified
gas pressure conditions. The calculated defect formation ener-
gies versus Epermi of all point defect species obtained directly
from the DFT modeling are provided in Fig. S4 of the SM.
By including the gas phase thermodynamics [33,37] and the
solid phase vibrational free-energy terms, the point defect sta-
bility under various temperature and gas pressure conditions
can be examined. The P(O,)/P(H,0) and P(H,)/P(H,0)
conditions in this work were selected considering their rele-
vance for ZrO, to be used in high temperature devices under
oxygen rich and hydrogen rich conditions such as a SOFC
electrode under open circuit conditions (note that heavily ac-
ceptor doped ZrO; is practically used in the SOFC instead of
the undoped ZrO,), thermal barrier coatings, gas sensors, and
oxide scales of fuel cladding materials in nuclear reactors.

The self-consistent Efem obtained from the defect model
upon imposing the charge neutrality constraint is indicated by
black arrows in both panels of Fig. 3. It can be seen that the
defect analysis captures the Fermi level shift when going from
the more oxidized condition of P(O;) = 0.2 atm to the more
reduced condition of P(H,) = 0.75atm at T = 1000K and
P(H,0) = 0.03 atm, which is associated with the coupling
between the electron chemical potential and the point defect
stability upon varying the gas phase chemical potential for
the solid oxides. The charge state of each point defect can be
also identified by analyzing the slope of the AGgym(Defect)
versus Epgemi. Under the condition of P(H,O) = 0.03 atm
at T = 1000K, it can be seen that at the self-consistent
Erermi, the charge neutrality requirement is fulfilled mainly
by the charged ionic defect species (with opposite charges)
in the insulating tetragonal ZrO,, i.e., the negatively charged
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FIG. 4. (a) Concentration of the defect species versus P(O,) obtained from the defect model for the condition of 7 = 1000 K, P(H,0) =
0.03 atm. (b) The concentration of the defect species versus P(H,O) obtained from the defect model for the condition of 7 = 1000 K, P(O,) =
0.2 atm. The point defect species included in these plots are Vg (yellow triangle), V. (blue squares), Hiy (red circles), Hz, (purple diamonds),
2H7, (light blue small diamonds), 3Hz, (orange small diamonds), 4Hz, (grey small diamonds), electron (black crosses, ¢'), and hole (grey
empty diamonds, 4*). The corresponding Fermi levels at varying gas pressure conditions as represented in (a) and (b) are provided in (c) and

(d), respectively.

Vz:(—4) is compensated by Vo(+2) and Hiy (41). The close-
ness in stabilities between the Vz.(—4) and Hz.(—3) defect
species as well as the Vp(42) and Hi,(+1) species at the
self-consistent Efem; also indicates that the H-related defect
species in the defect thermodynamics cannot be neglected in
the case of P(H,O) larger than or equal to 0.03 atm. The defect
modeling results obtained above highlight the importance of
the H-related defects which may be formed under increased
humidity conditions with direct influence on the observed
material degradation upon increasing humidity content.

B. Point defect concentration versus P(O;)/P(H,0)
atT = 1000 K

For the bulk tetragonal ZrO,, the defect concentration as
a function of P(O;) under a fixed P(H,O) of 0.03 atm and
at T = 1000 K was obtained from the bulk defect model and
is provided in Fig. 4(a) while the results corresponding to
P(H,0) variations under a fixed P(O,) of 0.2 atm are shown
in Fig. 4(b). The corresponding intrinsic Fermi level within
the band gap at varying gas pressure conditions is illustrated
in Figs. 4(c) and 4(d). Details of the AGY,, (Defect) versus
Erermi plots at varying P(O;) and under a fixed P(H,0) =
0.03 atm, and respectively at varying P(H,O) under a fixed
P(Oy) = 0.2 atm are included in Fig. S5 of the SM.

As shown in Fig. 4(a), at a fixed P(H,O0) = 0.03 atm, the
majority of the point defects are Vo(+42) and Vz.(—4), and
their concentrations are also shown to be independent of
P(0O;), which indicate that Schottky disorder is prevailing in

the modeled defect equilibria for undoped tetragonal ZrO,.
Under these conditions the charge neutrality of the material
is fulfilled by maintaining the same stoichiometry at varying
charge concentrations [38]. The concentration of hydrogen
defect complexes Hy(—3) (purple), Hin(+1) (red), 2Hz.(—2)
(light blue), and 3Hz.(—1) (orange) are all independent of
P(0O,), whereas the concentration of electron (hole) increases
(decreases) upon lowering P(O;), with a corresponding up-
shift of the Fermi level within the band gap. The Ho(+1)
defect, represented using a green line, shows a slope of +1/2.
This defect involves removing a lattice oxygen and replacing
it with a hydrogen. On the other hand, in the case of varying
P(H,;0) at a fixed P(O,), i.e., Fig. 4(b), the concentrations
of Hyy, Hz,(—3), 2Hz,(—2), 3Hz.(—1), and 4Hz,(0) defects
exhibit larger decreases upon lowering the P(H,O), while the
concentration of electron and hole as well as the concentra-
tions of Vz and Vo show weak P(H,0) dependencies. The
Hg defect exhibits a slope of —1/2, consistent with those of
the Hi, and Hy, defects as these defects all involve hydrogen
being inserted into the bulk lattice.

Overall, the results presented in Fig. 4(a) demonstrate
that at a fixed P(H,O), the concentration of electron (hole)
exhibits a P(O,)" dependence with m = —1/4 (m = 1/4),
where m corresponds to the slope of Fig. 4. Additionally,
the concentrations of the major ionic defect species V., Vo,
Hy,, and Hj,; are independent of P(O;), which is a conse-
quence of the charge neutrality requirement accompanied by
a large energetic penalty to form charged ionic defects in an
ionic material with a large band gap [38]. For the scenario
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FIG. 5. (a) Concentration of the defect species per formula unit versus P(H,) obtained from the defect model for the condition of T =
1000 K, P(H,0) = 0.03 atm. (b) The concentration of the defect species per formula unit versus P(H,0O) obtained from the defect model for
the condition of 7 = 1000 K, P(H,) = 0.75 atm. The point defect species included in these plots are Vo (yellow triangle), V. (blue squares),
Hiy (red circles), Hyz (purple diamonds), 2Hz, (light blue small diamonds), 3H, (orange small diamonds), 4Hz (grey small diamonds),
electron (black crosses, ¢'), hole (grey empty diamonds, /°), and Hq (green triangles). The corresponding Fermi levels at varying gas pressure
conditions as represented in (a) and (b) are provided in (c) and (d), respectively.

of varying humidity at a fixed P(O,), see data in Fig. 4(b),
the concentration of Hy and H;, exhibits a P(H,O)"
dependence with m = 0.50, and the concentration 2Hz;, 3Hz;,
and 4Hy, exhibits a P(H,O)" dependence with m = 1.00,
1.50, and 2.00 respectively. The stronger P(H,O) dependence
of the Hz, and H;, concentration is in contrast to the weak
P(H,0) dependence of the concentration of €', h*, V., and Vg
[m = —0.008, 0.008, 0.033, and 0.017, respectively, for hu-
midity pressures above P(H,0) = 107> atm]. These findings
indicate that the amount of humidity can cause significantly
larger changes in the concentration of H-related defects in
bulk tetragonal ZrO, while only slightly altering the electronic
carrier and cation/anion vacancy concentration.

C. Point defect concentration versus P(H,)/P(H,0)
atT = 1000 K

Figures 5(a) and 5(b) show the concentration of ionic
defects and charge as a function of P(H,) at P(H,0) =
0.03 atm and as function of P(H,0O) at P(Hy) = 0.75 atm
at T =1000K in tetragonal ZrO, as obtained from the
defect model analysis. Details of the AGyoy,(Defect) ver-
sus Epermi plots at varying P(H,) under a fixed P(H,0) =
0.03atm and at varying P(H,O) under a fixed P(H,) =
0.75atm are provided in Fig. S6 of the SM. Upon vary-
ing the P(H,) under a fixed P(H,O) = 0.03 atm, it can be
seen in Fig. 5(a) that the dominant defects in bulk tetrag-
onal ZrO, between P(H,) = 107°-10" atm are Vg and Vg,

followed by Hz:(—3) and Hp(41) defects. The concentra-
tion of Hp becomes comparable to that of Hz when P(H;)
is close to 1.0 atm, as the concentration of Hp exhibits
a P(H,)™ dependence with m = 1.0. The concentration of
electrons (holes) in tetragonal ZrO, under these conditions
exhibits a P(H;)" dependence with m = 0.5 (—0.5), and
the Fermi level increases from 2.4 to 2.8 eV relative to the
VBM.

When varying P(H,0) in the range of 107°—10" atm under
a fixed P(H;) =0.75atm at 7 = 1000 K, it can be seen in
Fig. 5(b) that the P(H,O) dependencies of electrons and holes
in tetragonal ZrO, show opposite slopes compared to those
in Fig. 5(a). This fact is due to the activity of oxygen which
is proportional to In[P(H,O)/P(H;)]. The P(H,0O) dependen-
cies (slopes) for the concentration of electrons and holes in
tetragonal ZrO, are —0.521 and 0.521, respectively. It is also
noted that the concentration of H;,, exhibit both positive and
negative slopes in these conditions. The slope change of the
H;,, concentration versus P(H,O) profile is due to a switch
of the stable Hj, defect charge state, i.e., the self-consistent
Epermi crosses the Hin(+1)/Hine(—1) defect transition level
upon lowering the P(H,0). For example, at P(H,O) = 0.25
atm, Hj, is in the +1 charge state [Hj,(+1) proton inter-
stitial], whereas at P(H,O) = 0.0003 atm, H;, is in the —1
charge state [Hi,(—1) hydride interstitial], as shown in Figs.
S6(d) and S6(f) of the SM. Under higher P(H,O) conditions,
e.g., P(H,O) > 3.2 atm, the concentration of Hy.(—3) sur-
passes Vz(—4) and is mainly compensated by Vo(+2) to
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FIG. 6. The concentration of V. (light, normal, and dark blue circles) and Hy; (light, normal, and dark orange diamonds) as a function of
inverse temperature (1000/7, K~!) at various P(H,0) under (a) P(O,) = 0.2 atm and (b) P(H,) = 0.75 atm. The lines with different blue and
orange intensities represent different P(H,O): In (a), the dashed dark-color line corresponds to P(H,0) = 0.8 atm, the dotted normal-color
line corresponds to P(H,O) = 0.03 atm, and the solid thick light-color line corresponds to P(H,O) = 0.0001 atm. In (b), the dashed dark-color
line corresponds to P(H,O) = 0.25 atm, the dotted normal-color line corresponds to P(H,O) = 0.03 atm, and the solid dark-color thick line
corresponds to P(H,O) = 0.0003 atm. The crossing points of the Hy, versus V. concentration under the specified conditions are labeled with
black dots and vertical lines using the same line format as each of the indicated P(H,0).

fulfill the charge neutrality requirement. On the other hand,
the Hp defect with a charge state of +1, i.e., Ho(+41), also
becomes dominant over the Vp(+2) defect in the lower
P(H,0) conditions, e.g. P(H,0) < 107> atm.

D. Concentration of V. (—4) and Hy,(—3) in bulk tetragonal
ZrO, versus temperature

In order to understand the effect of humidity and hydrogen
defect complexes on bulk cation transport in tetragonal ZrO,,
the concentration of possible cation transport carriers, includ-
ing Vz.(—4) and Hz:(—3), as a function of inverse temperature
are compared, and the results are shown in Fig. 6. Additional
details of the point defect concentration versus P(H,O) at
fixed P(O,) or P(H,) as well as versus P(O,) or P(H,) at a
fixed P(H,O) = 0.03 atm at various temperatures (T = 673,
873, 1000, 1273, and 1473 K) are provided in Figs. S7-S10 of
the SM. The corresponding intrinsic Egey,; of the bulk tetrag-
onal ZrO; shown in Figs. S7T-S10 obtained from the defect
model are provided in Fig. S11 of the SM. It is noted that
in the temperature range 7 = 673-1473 K investigated in this
work, the 2Hz,(—2), 3Hz:.(—1), and 4Hy,(0) defect complexes
are less stable than the Hz.(—3) defect. Furthermore, as will
be discussed below, their migration barriers are also greater
than those of Hyz (—3), with a trend of increasing barriers
upon increasing the number of hydrogen substitution at a Zr
site due to enhanced binding of multiple trapped H's with
the V.. Hence, in this work the Hz.(—3) is considered as
the representative hydrogen defect complex relevant for cation
transport.

The model solutions of the Vz.(—4) and Hz,(—3) concen-
tration versus 7 ! exhibit a quasi-Arrhenius-type relation (see
the van’t Hoff plots in Fig. 6). The slight scattering of the
data points is due to numerical instability associated with
solving the coupled nonlinear equations for the concentra-
tion of the defect species and charges. For the conditions
of P(O,) = 0.2atm and P(H,) = 0.75 atm, it can be seen in
Figs. 6(a) and 6(b) that the concentration of Hy becomes
dominant relative to Vz.(—4) below the crossover temperature
at P(H,O) = 0.03 atm [7¢;0ss = 838 K in Fig. 6(a) and T;ss =

818K in Fig. 6(b)], and the crossover of the two defect
concentrations versus 7! profiles occurs at higher temper-
ature upon increasing P(H,0): Tiross = 999K for P(H,O =
0.8atm) in Fig. 6(a), and Ty = 910K for P(H,0) =
0.25atm in Fig. 6(b). This concentration crossover among
the Hz,(—3) and V7. (—4) defects indicates that the Hz.(—3)
cation transport mechanism may become most relevant at
lower temperature or higher humidity.

Despite the fact that both Vz.(—4) and Hz.(—3) concentra-
tions versus 7' profiles show similarities in both Figs. 6(a)
and 6(b), i.e., the O,-rich condition versus the H,-rich con-
dition, the driving forces responsible for the change in the
Hy.(—3) concentration relative to the Vz.(—4) concentration
are different. For the O,-rich condition [Fig. 6(a)], the increase
of the Hz;(—3) concentration with increasing P(H,O) is de-
termined by the increased H activity, whereas in the H,-rich
condition, the increase of the Hyz concentration is mainly
driven by the increased O activity upon increasing P(H,O).
As Hyz:(—3) can be considered as a bound product of Hi,(+1)
and Vz.(—4), the change in O activity results in analogous
behavior for Hz.(—3) and Vz.(—4) versus P(H,O) under a
fixed P(Hy), i.e., the higher the H,O or O activity, the easier
is the formation of Hy.(—3) and Vz.(—4).

Overall, the predicted apparent formation free energy of
Hyz.(—3) as a function of inverse temperature obtained from
the van’t Hoff plots of Fig. 6 are in the range of 0.84-1.02 eV
for the H, rich condition and about 0.85-1.06 eV for the
O, condition, respectively, as summarized in Table II. A full
summary of the apparent defect formation energies and de-
fect concentration as a function of inverse temperature for
all the investigated defect species is provided in Tables S3
and S4 of the SM. Compared with the 1.55-1.83-eV apparent
formation free energy of Vz.(—4), the 0.5-1.0 eV smaller
apparent formation energy of Hy.(—3) originates from the
attractive interaction between Hi, (+1) and Vz.(—4) defects.
While it has been suggested that frozen cation vacancies
may exist in bulk tetragonal ZrO, when lowering the tem-
perature, as annihilation of lattice cation vacancies may be
kinetically too slow to reach thermodynamic equilibrium [3],
these frozen cation vacancies can still interact with Hj,; upon
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TABLE II. Summary of the apparent formation energies, AEf,,, of V7 and Hz, shown in Fig. 6 (i.e., slopes of the lines).

Operating conditions

Apparent formation energy of Vz,

Apparent formation energy of Hy,

P(0,;) =0.2atm P(H,0) = 0.8 atm
P(H,0) = 0.03 atm
P(H,0) = 0.0001 atm
P(H,0) = 0.25 atm
P(H,0) = 0.03 atm
P(H,0) = 0.0003 atm

P(H,) = 0.75 atm

191eV 1.15eV
1.78 eV 1.04 eV
1.67 eV 0.96 eV
1.86eV 1.10eV
1.78 eV 1.04 eV
1.67eV 0.96 eV

increasing humidity or lowering operating temperature, due
to the fact that the diffusion rate of Hj, is orders of magni-
tude higher than the cation transport kinetics [11]. In other
words, the fundamental defect interactions between the cation
vacancies and the H;,, defects and the much faster H;,; trans-
port rate may result in formation of Hz (—3) that replaces
Vz:(—4) in the material even for a metastable phase with
excess cation vacancies, and therefore the cation diffusion
kinetics can still switch from the Vz.(—4) mechanism to the
Hy.(—3) mechanism upon increasing humidity or lowering
temperature in the material with kinetically frozen-in cation
vacancies. Further discussions on the coupling of H,, defect
and transport with cation diffusion will be detailed below
in Sec. IV.

IV. MODELING OF BULK CATION TRANSPORT

A. Cation migration mechanisms

The energetics of the cation diffusion for the Zr*" and
Y3* migration involving isolated and bound Schottky defect
complexes in bulk tetragonal ZrO, was recently investigated
based on density functional theory (DFT) simulations [15].
The results indicate a synergetic effect associated with the
defect interactions between the cation vacancy and anion
vacancies and reduction of the migration barriers for the par-
tially and fully bound Schottky defect clusters. In addition,
due to the tetragonal crystal symmetry, it was also identi-
fied that the out-of-ab-plane [i.e., out of the (001) plane]
cation migration exhibits lower migration barriers than the
in-plane hopping, indicating anisotropic cation transport in
the tetragonal ZrO, [15]. The migration barriers of a Ce hop
in cubic CeO, with a single Ce vacancy, a partially bound
Schottky defect, and a fully bound Schottky defect were
also investigated by Beschnitt et al. [39] with the empirical
pair potentials and the DFT modeling using the GGA + U
method. The calculated GGA + U migration barriers are in
the range of 3.98-4.94 eV, about 0.54-2.72 eV higher than
the Zr migration barriers reported in the previous study for the
tetragonal ZrO,; [15].

Figure 7 shows the calculated energy profiles and the ini-
tial and transition state configurations for the out-of-ab-plane
lattice Zr migration via the Hz.(—3) transport carrier (the
configurations were created using the VESTA program [40]).
Similarly, Fig. 8 shows the same set of results for the in-ab-
plane lattice Zr migration via the Hz,(—3) transport. It is noted
that Figs. 7 and 8 only contain half of the Hyz(—3) transport
mechanism, i.e., Hz,(—3) — Vz(—4) + H;,(+1), and com-
pletion of the Hz (—3) hop requires restoring the Hz.(—3)

state by moving the Hi, (+1) into the migrated V,.(—4), i.e.,
Vze(—4) + Hp(+1) — Hz.(—3), as will be shown later
in Fig. 10(a). Since the barriers of Hjy(+1) migration into
Vz:(—4) are much smaller than the barriers of the cation hop
shown in Figs. 7 and 8, here it is mainly focused on the energy
profiles and the migration barriers for the first half part of
the Hz.(—3) transport mechanism. The energy profiles and
configurations for the out-of-ab-plane Vz.(—4) hop and in-ab-
plane Vz.(—4) hop are provided in Figs. S12 and S13 of the
SM, respectively. The calculated barriers of the Hz.(—3) and
Vz:(—4) migrations are summarized in Table III. The stable
charge state of Hy, within the range of conditions considered
in this study is —3, as shown in Fig. 3 and in Figs. S5 and
S6 of the SM. The migration barriers of Hy in the other
defect charge states (—1 and —2) were also calculated but no
significant change in the migration barriers (Fig. S14 of the
SM) was identified. Therefore, since the Hz,(—3) is the most
stable Hy charge state spanning a range of ~3 eV within
the band gap based on the ab initio charged defect analysis
(the slope of Hy, versus Epem; equal to —3 and the predicted
intrinsic Egermi 18 1-2 eV above the Hy, transition level) the
possibility of Hyz migration in other defect charge states was
ruled out. As a result, the other charge states of Hy; are ther-
modynamically unfavorable for being cation transport carriers
with comparable migration barriers to Hz,(—3). Furthermore,
the energy profiles of 2Hz,(—2) and 4Hy,(0) migrations were
also investigated (the results not shown), and for each of the
defect transport mechanism the sum of the migration barrier
and of the formation free energy was found to be higher than
those of the Hz.(—3). Particularly, the formation free energies
of 2H;,(—2), 3Hz.(—1), and 4H,(0) have been shown to be
higher than that of Hz above T = 673 K (see, e.g., Fig. 3
and Figs. S5 and S6 of the SM). Combining these findings
with the results that the 2Hz.(—2), 3Hz.(—1), and 4Hz.(0)
defects are less stable than Hz,(—3) in the conditions specified
in this work, it can be concluded that cation transport via the
2H7.(—2), 3Hz.(—1), and 4Hy,(0) carriers is less relevant and
can be excluded from further analysis.

It should be noted that the energy profiles for the cation
migration via the Hz.(—3) and nHyz, carriers are asymmet-
ric, due to the presence of the incoporated H species that
breaks the symmetry of the initial state versus the final
state. This is in contrast to the symmetric energy profile of
the Vz.(—4) hop [15]. In addition, in the case of Hz.(—3)
transport, a total of 12 cNEB calculations involving H and
Zr co-migration, including four in-ab-plane hops and eight
out-of-ab-plane hops, were also performed, and none of the
calculated migration barriers were found to be lower than
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FIG. 7. (a) The representative energy profile of the out-of-ab-plane Hz(—3) migration, where the value of —3 in parentheses indicates
the charge state of the defect. Panels (b)—(d) show the atomic configurations of the initial, saddle-point, and transition state images indicated
with filled triangle symbols in (a). The red, green, blue, and grey spheres represent lattice O, lattice Zr, and incorporated H. The migrating
Zr and Hy, (or V, after the migrating Zr hops into Hz,) are shown in yellow and grey spheres, respectively. The images were created using
the VESTA program (same below) [40]. Note that the energy profile shown in (a) only contains half of the Hz (—3) migration mechanism, i.e.,
Hz.(—3) — Vz(—4) + Hin (+1), and completion of the Hz.(—3) hop requires restoring the Hz.(—3) state by moving the H;,(+1) into the

migrated Vz (—4).

the barrier of the sequential Zr and H migration shown
in Fig. 7 for the out-of-ab-plane Hz, migration (or Fig. 8
for the in-ab-plane Hyz, migration). This is due to the fact
that the transition state image of the cation migration is
mainly controlled by the local compressive Zr-O environ-
ments [14], and the presence of a nearby H does not release the
stress imposed by the Zr-O compressive environment of the
saddle-point images.

As shown in Figs. 7and 8, the final states of the Hy mi-
gration, i.e., a dissociated Hjy(+1) and Vz.(—4) pair, are 1.8
and 1.5 eV higher than their corresponding initial Hz, states,
indicating that an attractive interaction between Hj, (+1) and
Vz:(—4) is at least 1.5 eV when the energy of the initial Hy,
state is referenced with respect to that of the final state. Note
that this value can be further increased if the H;,(+1) and
Vz:(—4) defects are farther apart. The +1.5-1.8-eV energy
difference between the initial state and the final state of the
Hy,.(—3) migration shown in Figs. 7 and 8 suggests that the
probability of finding a dissociated Hiy(+1) and Vz(—4)
pair is lower than their bound product, Hz.(—3). The reverse
barrier for hopping from the dissociated Hjn(41) and V. (—4)
to Hy.(—3) states is lower than the barrier for the forward
migration.

In the following Sec. IV B, we focus on modeling the bulk
cation diffusivities with and without H species present, for
the case of Hz(—3) and Zr*" species, respectively. For the
Hy,.(-3) transport, the scenario of dissociating Hz,(—3) to form
Vz:(—4) and Hiy(+1), i.e., the forward reaction of Figs. 7

and 8, is considered as the rate-limiting step of the Hz.(—3)
migration at the defect themodynamic equilibria.

B. Bulk cation diffusivities

In order to assess the trends of cation diffusion between
the two Vz.(—4) and Hz.(—3) mechanisms, a simple three-
dimensional random-walk model is adopted [39,41], with a
pre-exponential Dy term (containing the attempt frequency,
hopping distance, geometry factor, correlation factor, etc.)
fixed to a value of 1.296 x 1073 cm?/s for the two Vi (—4)
and Hyz(—3) pathways. The pre-exponential Dy term mainly
contributes to the absolute D values, i.e., a constant shift
of D, while the T dependence, which is one of the main
focuses of this study, is less influenced upon varying Dj.
Therefore, a simple analysis is performed by examining the
variation in the slopes of the dependence on P(H,0) for the
two cation diffusion mechanisms, i.e., log,,[Dz(Vz)] and
log,o[Dz:(Hz:)] versus T~ The results are shown in Fig. 9,
where the calculated bulk cation diffusivities along the out-of-
ab-plane and in-ab-plane pathways, at P(O,) = 0.2 atm and
P(H,) = 0.75 atm, are included. It is noted that the calculated
bulk Dy, (Hy,) is based on the scenario of the forward reac-
tions represented in Figs. 7 and 8. To illustrate the effect of
humidity, cation diffusivities at varying P(H,O) values are
represented using different line types and color intensities.
The extracted activation energies in the Arrhenius-type plots
of Fig. 9 are summarized in Table I'V.
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FIG. 8. (a) The representative energy profile of the in-ab-plane Hz,(—3) migration. Panels (b)—(d) are the corresponding initial-state,
saddle-point configuration, and transition state images, indicated with filled circle symbols in (a). The red, green, and blue spheres represent
lattice O, lattice Zr, and incoporated H. The migrating Zr and V,, after the migrating Zr hops into Hz(—3) are shown in yellow and grey
spheres, respectively. Note that the energy profile shown in (a) only contains half of the Hz (—3) migration mechanism, i.e., Hz (—3) —
Vz:(—4) + Hin (1), and completion of the Hz (—3) hop requires restoring the Hy (—3) state by moving the Hj,(+1) into the migrated
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It can be seen in Fig. 9 that a crossover of the out-of-ab-
plane cation diffusivities, Dz.(Hz:) and Dz (Vz) takes place
similar to the concentration crossover observed for the Hy,
and V7 species. The diffusivities crossover in Fig. 9(c) takes
place at P(O;) = 0.2atm and in Fig. 9(d) for the P(H,) =
0.75atm condition. Additionally, it can be observed that
Dz:(Hyz;) is greater than the Dz (Vz) below the crossover
temperature (Ti05s = 700K at P(H,0) = 0.03 atm; Tiross =
843K at P(H,O) = 0.8 atm and T, = 787 K at P(H,O) =
0.25 atm). On the other hand, for the in-ab-plane Dz (Hyz, ) and
Dz:(Vz:) shown in Figs. 9(a) and 9(b), the crossover occurs
at a much lower temperature (' = 480-592 K), which is
outside the temperature range of the plots. This crossover
between the Dz.(Hz:) and Dz.(Vz: ) at lower temperature is
mainly controlled by the apparent formation energy difference
between the two transport carriers, i.e., the difference in the

TABLE III. Summary of the migration barriers of Hz.(—3) and
Vz:(—4) for the out-of-ab-plane hop and the in-ab-plane hop in the
forward direction. The energy profiles and configurations for the out-
of-ab-plane Vz,(—4) hop and the in-plane V,(—4) hop are provided
in Figs. S12 and S13 of the SM, respectively.

Migration barrier Migration barrier

of HZr(_S) of VZr(_4)
Out-of-ab-plane hop 2.7eV 24eV
In-ab-plane hop 3.1eV 3.0eV

apparent formation energies between the Hy versus V; de-
fects. This difference is about 0.4—0.7 eV (see Table IT), which
is larger than the difference of 0.1-0.3 eV in the corresponding
migration barriers (see Table III). Similarly, upon increas-
ing P(H,0), the crossover between Dy.(Hz:) and Dz (Vz)
is shifted toward the left-hand side of the plot, i.e., to higher
temperature. The results indicate that increasing the humidity
content will enhance the Dy (Hy:) diffusivity, and conse-
quently the cation diffusion mechanism will become dominant
over the Dy, (V) diffusivity below the crossover temperature.
By comparing the calculated cation diffusivities under the
conditions of P(O,) = 0.2 atm and P(H,) = 0.75 atm, it can
be seen in Figs. 9(a) and 9(b) [or Fig. 9(c) versus Fig. 9(d) for
the in-ab-plane diffusion] that the overall cation diffusivities
in these two conditions are very similar.

Due to anisotropy of the tetragonal ZrO, [15], the migra-
tion barriers of the in-ab-plane Hz.(—3) [and V. (—4)] hop
are higher than those of the out-of-ab-plane hop, as summa-
rized in Table III. These differences in barrier heights result
from lower in-ab-plane diffusion versus the out-of-ab-plane
diffusion for both the Dz (Hz) and Dz (Vy), i.e., Fig. 9(c)
versus Fig. 9(a) at P(O,) =0.2atm [or Fig. 9(d) versus
Fig. 9(b) at P(H,) = 0.75 atm]. The migration barrier of the
Hy, out-of-ab-plane hop is found to be 0.3 eV higher than
the barrier of the Vz(—4) out-of-ab-plane hop, whereas the
Hy, in-plane hop exhibits a migration barrier that is 0.1 eV
higher than the V. (—4) for in-ab-plane hop. Consequently,
the smaller barrier increase between the Hz.(—3) and V. (—4)
migration leads to a crossover temperature for the in-ab-plane
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FIG. 9. The model predicted Dz, (Vz,), in blue color, and Dz (Hz,), in orange color versus 1000/T (K~!) for (a) out-of-ab-plane diffusion
at P(0O,) = 0.2 atm, (b) out-of-ab-plane diffusion at P(H,) = 0.75atm, (c) in-ab-plane diffusion at P(O,) = 0.2 atm, and (d) in-ab-plane
diffusion at P(H,) = 0.75 atm. Three P(H,0) conditions are represented with different color intensities and different types of lines [dashed,
dotted, and solid lines for P(H,0) from high to low]. The crossing points of the Hz, versus Vz concentration under the specified conditions

are indicated with black dots and vertical lines.

diffusion that is higher than the out-of-ab-plane diffusion for
the DZr(HZr) and DZr(VZr)-

Overall, the calculated diffusion coefficients in this work
reveal that bulk cation diffusion will transit from the Vg
mechanism at high temperatures to the Hz, pathway below
300-500 °C under P(H,0) = 0.03-0.8 atm, and the major
driving force of such transition comes from the apparent for-
mation free energy of Hz which is lowered by 0.5-0.7 eV
more than that of Vz (Fig. 4). This effect takes place due to

the attractive interaction between H, (+1) and Vz.(—4) under
sufficient humidity at lower temperature. A second but minor
contribution to the apparent activation barrier difference be-
tween the Dz (Hz:) and Dz:(Vz:) comes from the migration
barrier variation of the Hz,(—3) versus Vz.(—4) (4+0.3 eV for
the out-of-ab-plane migration and +0.1 eV for the in-ab-plane
migration). Therefore, the ab initio thermodynamic analysis
described above was able to identify the operating conditions
under which humidity can trigger the Hy transport in the

TABLE IV. Summary of the apparent activation energies AE,, of Dz (Hz:) and Dz.(Vz ) shown in Figure 9.

Diffusion pathway and gas condition P(H,0) AE, of Dz,(Hz,)) AE, of D7, (V)
Out-of-ab-plane hop P(0,) =0.2atm 0.8 atm 3.80eV 4.31eV
[Fig. 9(a)] 0.03 atm 3.69 eV 4.16 eV
0.0001 atm 3.66 eV 4.07 eV
P(H,) = 0.75 atm 0.25 atm 3.75eV 4.24 eV
[Fig. 9(b)] 0.03 atm 3.69eV 4.15eV
0.0003 atm 3.66 eV 4.07 eV
In-ab-plane hop P(O;) =0.2atm 0.8 atm 4.20eV 491eV
[Fig. 9(c)] 0.03 atm 4.09 eV 4.76 eV
0.0001 atm 4.06 eV 4.67 eV
P(H,) = 0.75 atm 0.25 atm 4.15eV 4.84 eV
[Fig. 9(d)] 0.03 atm 4.09 eV 4.75eV
0.0003 atm 4.06 eV 4.67 eV
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FIG. 10. (a) The energy profile of a full Hz,(—3) migration. The left-hand side figure is the same as Fig. 8 with a shift of the reaction coordi-
nate to set the final state [dissociated H;, (41) and V. (—4) defect pair] of Fig. 8 to a value of 0 in Fig. 10. The energy profile of the subsequent
H;, (+1) migration is shown on the right-hand side figure, with a barrier of +0.1 eV relative to the state of the dissociated H;, (+1) and V. (—4)
defect pair [+1.60 eV relative to the initial or final Hz(—3) state]. The atomistic configurations indicated in this energy profile are provided in
Fig. S13 of the SM. (b) Combined schematics of the energy profile of H;, (+1) migrating away from the V.. The drawing in the middle of the
figure is taken from the calculated results shown in Figs. S13 and S14 of the SM.

temperature range 300-700 °C and as function of crystallo-
graphic orientation.

C. Coupling of cation diffusion with H transport

As previously shown in Figs. 7 and 8, the Hz(—3) mi-
gration involves dissociation of the Hz.(—3) defect to form
separate Vz.(—4) and Hi,(+1) defects (see the final-state
configurations of Figs. 7 and 8). For completion of the
Hyz.(—3) hop, which restores the original Hz.(—3) state on a
nearest-neighbor Zr lattice, a subsequent Hi, (4 1) hop into the
Vz:(—4) will be needed. The corresponding migration barrier
calculated in this work has a value of 0.10 eV relative to the
total energy of the dissociated Vz.(—4) and Hi, (4+1) species
(4+1.60 eV relative to the initial Hz (—3) state), as shown in
Fig. 10. The asymmetric energy profile revealed in Fig. 10
indicates that for a complete Hz.(—3) hop, the Hz(—3) mi-
gration can occur in two different sequential steps, a swap
of a lattice Zr with the Hz.(—3) followed by the hopping of
the dissociated H;,(+1) back to the V7. (+4), i.e., the forward
reaction of Fig. 10, or the hydrogen escaping from the Hz(-3)
to form a Hiy (+1) and a Vz (+4) followed by a subsequent
Vz:(+4) migration to bind with the escaped Hi,(+1), i.e.,
the backward reaction of Fig. 10. In both cases, the largest
diffusion barrier is seen for the cation movement, hence the
rate of cation diffusion via the Hz.(—3) carrier is controlled
by the barriers shown in Figs. 7 and 8.

In addition to the cation diffusion, the rates of hydrogen
transport via the Hy.(—3) carrier can also be calculated based
on the migration barrier shown in Fig. 10 and compared with
Hi, (+1) diffusion. This is motivated by the fact that the
Hy.(—3) defect also contains a hydrogen. The right-hand-
side plot of Fig. 10 indicates a +1.6 eV barrier [relative
to the Hz.(—3) state for the H to escape from the Hz,(—3). The
subsequent H migration away from the original Hy, site was
found to have a barrier of +0.4 eV (see Fig. S15 of the SM),
which gives an overall barrier of 1.9 eV for the H diffusion via
the Hz,(—3) carrier, i.e., for a H escaping from a Hz.(—3) and
migrating to bind with another Vz,(—4). In contrast, although
the equilibrium Hj,(41) concentration was predicted to be
4-6 orders of magnitude lower than Hz.(—3) (see Table S3
of the SM), the migration barriers of an isolated Hi(+1)
hop are calculated to be about 0.2-0.4 eV (see Fig. S16 of
the SM). These simulated hydrogen migration barriers can be
combined with the calculated Hz.(—3) and H;, (+1) defect
concentration from the defect model (Table S3 of the SM) to
evaluate the hydrogen diffusivities. The corresponding results
will be discussed in the following section.

D. Calculated cation and hydrogen diffusivities
and comparison with experiments

In Fig. 11, the modeled bulk cation and hydrogen dif-
fusivities based on cation vacancy migration [Dz;(Vz:)] and
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FIG. 11. The predicted Dy (Hjy,), in red color, and Dy (Hz, ), in orange color, Dz, (Vz:.-V) with a purple dash-dotted line, and Dz, (Vo-Vz-Vo),
with a yellow dash-dotted line in the bulk tetragonal ZrO,. The modeled Dz, (Vz:-Vo) and Dz, (Vo-Vz-Vo) are provided in Fig. S17 of the SM. For
comparison, the in-ab-plane cation diffusivities of Dz, (Hz:) and Dz (Vz ) [same as those of Figs. 9(c) and 9(d)] are also indicated. (a) P(O,) =
0.2 atm, and (b) P(H,) = 0.75 atm. Two P(H,O) conditions are represented with different color intensities and different types of lines [dashed
and dotted for P(H,0) from high to low]. A pre-exponential factor of 1.296 x 1072 cm?/s is used for the modeled Dy (H;y ) and Dy (Hz, ). The
reported experimental hydrogen diffusivity (Exp. Dy, represented using a grey solid line) from Refs. [11,43] and the experimental Zr diffusivity
(Exp. Dy, represented using a black solid line) from Refs. [5,44] are also provided in the plots. The apparent activation energies of Dy (Hiy)
and Dy (Hyz,) are about 1.4-1.5 eV and 2.6 eV, respectively, whereas the apparent activation energies of Dz (Vz-Vo) and Dz, (Vo-Vz-Vo) are

about 6 eV.

hydrogen interstitial migration [Dy(Hin)], as well as the
cation and hydrogen migration involving the Hz(—3) defect
[i.e., Dz.(Hz:) and Dy (Hy; )], are summarized. Here, the lower
Hini(+1) migration barrier of 0.2 eV is used in the calculated
Dy (Hiy) [42]. The experimental cation and hydrogen diffusiv-
ities reported in the literature are also included in Fig. 11 for
comparison [11,43]. It can be seen in Fig. 11, that the calcu-
lated hydrogen diffusivity via the Hy.(—3) carrier, Dy(Hy;),
is much lower than that of the Hj, transport [Dy(Hin)].
Therefore, the results obtained in this study predict that the
most stable hydrogen defect species in the bulk tetragonal
ZrO, is the Hz(—3) defect, whereas the most active hy-
drogen transport is associated with the Hj,(41) migration,
since the barrier for H to escape from the Hyz.(—3) defect
is 1.2-1.4 eV higher than the Hi,(+1) migration. In other
words, the Vz.(—4) defect mainly acts as a trapping site for the
Hiy (+1), which can slow down the rate of hydrogen transport
in the bulk tetragonal ZrO,. Comparing the modeled hydrogen
diffusivities with the reported experimental hydrogen diffu-
sivities (Dy) [11,43] (grey line in Fig. 11), the results also
indicate that the diffusivities of the hydrogen interstitial (Hiy)
mechanism provide better agreement with the experimental
measurements.

Since no experimental cation diffusivities can be found in
the literature for the undoped tetragonal ZrO,, the experimen-
tal Zr diffusivities in the 3-mol % yttria stabilized tetragonal
ZrO, from Ref. [44] are included in Fig. 11. Furthermore,
assessments on the cation diffusivities via the cation vacancy-
oxygen vacancy defect cluster mechanisms (i.e., fully-bound
Vo-Vz:-Vo partially bound Vgz-Vo Schottky defect cluster)
were also performed by taking into account the defect inter-
action energy and the migration barriers reported in Ref. [15]
into the defect model and the diffusion formalism. The results
are further described in Fig. S17 of the SM, where the cal-
culated Zr diffusivities via the fully bound Vo-V-Vo carrier
and via the partially bound V.-V carrier are 0.5—6 orders of

magnitude lower than the Dz, (Vz;), depending on temperature
(between T = 673 K and T = 1473 K). Also, as Dz (Vz-Vo)
and Dz (Vo-Vz-Vo) exhibit greater diffusivities at higher T
(T > 1573 K), surpassing Dz (Vz;), the fully bound or par-
tially bound carriers can become the faster cation transport
mechanisms. The predicted apparent activation energies of
Dz, (V) are within 3.66-4.91 eV (see Table IV), whereas the
experimental activation energies range from 5.3 to 6.2 eV for
the experimental Zr diffusivities (Dz;) of 3-mol % yttria sta-
bilized tetragonal ZrO, [5,44]. The modeled Dz (Vz:-Vo) and
Dz (Vo-Vz:-Vo) and their apparent activation energies (about
6.0 eV) are in better agreement than the Dz, (Vz) mechanism
with the experimental values which are measured at tem-
peratures greater than the modeled temperature range (7' =
—1473 K) [5,44]. Leaving aside the difference in the yttria
substitution concentration between the experimental measure-
ments and the modeling results, both the single V; and bound
Schottky defect related cation diffusivities are predicted to
have close values in the temperature range of 1473-2000 K,
making a definite mechanistic assignment difficult only based
on their values within a small range of temperatures as well
as when considering the spread of the experimentally deter-
mined cation diffusivities (about two orders of magnitude
for the spread of the experimental data in the temperature
range of T = 1373-1973 K) [44]. Nonetheless, the transition
between these two cation transport mechanisms is predicted
in the modeling results: at sufficiently high temperature, the
cation transport via the Schottky defect clusters mechanisms
will become activated. As formation of the Schottky defect
clusters contains formation of both the cation vacancies and
anion vacancies, the apparent entropy, i.e., the extrapolated
intercept at T = oo in the van’t Hoff plots, of the Schottky
defect cluster formation is found to be greater than that of
the isolated cation vacancy formation due to the additional
contribution from the vibrational free energy associated with
anion vacancy formation to form gas phase O, or H,O at high
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FIG. 12. Variation of the V,;, concentration versus inverse of tem-
perature for the undoped tetragonal ZrO, as obtained from the defect
model (the blue line), and for the 3-mol % YSZ with the assumption
of the same Schottky defect formation equilibrium constant (Kschotiky )
as the undoped ZrO, (the orange line). The apparent formation ener-
gies of Vz taken from the slopes of the lines in the plot are 1.8 eV
(blue line) and 4.8 eV (orange line), respectively.

temperature. In other words, the single cation vacancy forma-
tion reaction, defined as Zr, + O, — Vz(q) + ZrO, — gh®
[where g is the charge state of Vz and h® is the hole as
defined in Table I; for example, the formation of Vz.(—4) can
be expressed as Zr,+ Oy — Vz(—4) + ZrO, — (—4)h*], also
involves the O, gas phase (or H,O-H;) on the reactant side,
which destabilizes the reaction with increasing temperature,
whereas the O, (or H,O-H;) gas effect was further balanced
by the anion vacancy formation in the Schottky defect for-
mation. Hence, the modeling results indicate that another
transition in the bulk cation transport mechanisms, V. versus
the fully or partially bound Schottky defects can also occur for
the tetragonal ZrO, at higher temperature, in addition to the
low temperature transition between Vz and Hyz,, as shown in
Fig. 11.

Despite the agreement found for the predicted Zr diffu-
sivities and for the predicted apparent activation energies, it
should also be emphasized that the 3-mol % yttria substitution
can have a substantial amount of oxygen vacancies in the
bulk tetragonal ZrO,, i.e., the introduced yttria substitution
is compensated by oxygen vacancies with a concentration
equal to half of the Y content as required in order to main-
tain charge neutrality. A further analysis was performed in
this study by assuming that the equilibrium constant of the
Schottky defect formation (Kschouky) is independent of the
yttria substitution content [45], and the results are shown in
Fig. 12. By using an equilibrium constant Kscpouky Obtained
from the tetragonal-ZrO, defect thermodynamic model, i.e.,
Kschotky = [Vz:1[Vo]?, for the 3-mol % YSZ, the results sug-
gest that the higher Vo concentration in 3-mol % YSZ than
in the tetragonal ZrO, will decrease the V. concentration for
the cation transport [Fig. 12(a)]. In addition, a larger slope
can be seen in Fig. 12(a) for the V; concentration versus 1/T
of the 3-mol % YSZ, indicating a formation energy of Vg
greater than that of the undoped tetragonal ZrO,. The apparent
formation energies of V; taken from the slopes of the lines in
the plot are 1.8 and 4.8 eV for the tetragonal ZrO, and for the

3-mol % YSZ, respectively. The 3-eV difference in the derived
apparent formation energies between the tetragonal ZrO, and
the 3-mol % YSZ can also be simply realized by that the
formation free energy of Vy in the undoped tetragonal ZrO,
is equal to 1/3 of the Schottky defect formation free energy
at the intrinsic Epemi, Whereas the Schottky defect formation
free energy (hence the Kschotiky) is further used to calculate the
V. concentration in the 3-mol % Y SZ under the assumption of
Y-doping independent Kschouky- These results, in conjunction
with the simulated cation migration barriers of 2-3 eV, predict
apparent activation barriers of Dz, in simulations (6.8-7.8 eV)
greater than the experimental measurements for the 3-mol %
YSZ (about 6 eV), as well as much smaller Dz than the
experiments. These results indicate that for YSZ at low Y
substitution, the model analysis based on a Y-independent
Schottky reaction free energy would not be able to describe
the experimental activation barriers, and hence there is a need
to further examine how the Y substitution alters defect ener-
getics, interactions, and migration barriers. Nonetheless, the
effectiveness of the modeling results in describing the ionic
transport for both the fast (H) and slow (cations) diffusing
species in tetragonal bulk ZrO, demonstrates the utility of first
principles calculations to quantify material defect chemistry
and ionic transport under relevant temperature and humidity
operating conditions and to allow predictions of the material
transport properties under conditions not (yet) covered by
experimental investigations.

V. CONCLUSIONS

In this work, a DFT-based modeling study was performed
to investigate the defect thermodynamics and cation transport
kinetics in bulk tetragonal ZrO, at various temperature and
P(0;), P(H,), and P(H,0) pressure conditions. Guided by a
bulk defect model which incorporates ab initio defect energet-
ics and a three-dimensional random walk diffusion formalism,
the effect of temperature, partial pressure of H, or O,, and
the humidity content, on the cation transport kinetics in bulk
tetragonal ZrO, were assessed. In the defect thermodynamic
modeling, the lattice phonon modeling revealed substantial
supercell size dependence on vibrational free-energy contri-
butions to the defect formation energy, particularly in the
regime of high temperatures. The supercell-size convergence
test results indicate that vibrational free energies of the de-
fect formation can be reduced to 0.12 eV per defect when
computations were performed using the 2v/2a x 2+/2a x 3¢
(288-atom) supercells. The results obtained from the defect
thermodynamic modeling indicate that the apparent forma-
tion energy of Hz (—3) is 0.5-0.7 eV lower than that of
Vz:(—4), due to attractive interaction between Hj,(+1) and
Vz:(—4) defects. Upon increasing the humidity content in both
the P(O;)-rich and P(H;)-rich conditions, formation of the
Hy.(—3) defect is promoted. The migration barriers of the
Hy.(—3) versus Vz(—4) are found to be comparable, i.e.,
2.7eV versus 2.4 eV (3.0 versus 3.1 eV) with a difference of
+0.3 eV (40.1 eV) for the out-of-ab-plane migration (in-ab-
plane migration).

Overall, the results obtained suggest that a few percent of
P(H,0) in the temperature range 300-500 °C may be suffi-
cient to cause a transition of bulk cation transport mechanism
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from the Vz.(—4) transport to the Hz.(—3) transport, where
the Hz.(—3) transport corresponds to dissociating a Hz.(—3)
to form a Vz.(—4) and a Hi,(41). Furthermore, another tran-
sition in the cation diffusion mechanism from the V.(—4)
transport to the fully bound Vo-Vz.-Vo carrier and the partially
bound Vz-Vo carriers is predicted to occur at temperatures
higher than 1573 K, where the vibrational free-energy con-
tribution from anion vacancy formation activates the fully
and partially bound Schottky defect transport mechanisms,
despite the apparent activation barriers of Dz.(Vz-Vp) and
Dz.(Vo-Vz:-Vo) (about 6 eV) being larger than the 3.66-
4.91 eV of Dz (Vz). On the other hand, the lower apparent
activation energies of Dz.(Vz:) can result in higher diffu-
sivities than the cation transport via the fully or partially
bound Schottky defects at the temperatures below 1573 K,
and above the V. (—4)-to-Hz.(—3) cation transport transition
temperature.

The modeling results also indicate that the most stable hy-
drogen defect species in the bulk tetragonal ZrO; is Hz.(—3),
and its concentration is 4-6 orders magnitude higher than that
of Hiy(+1). Nonetheless, the most active hydrogen transport
occurs via the Hiy(+1) migration, rather than taking place
through the stable Hz,(—3) defects, a fact due to the 1.2-1.4-
eV difference in their migration barriers (0.2-0.4 eV versus
1.6 eV, respectively). The protonic transport rate in bulk
tetragonal ZrO; is predicted to be several to a few tens order of
magnitude higher than the bulk cation transport rate depend-
ing on the temperature. Overall, the results obtained highlight
the importance of the coupling of the bulk cation transport
kinetics with the dissolved H defect species at lower temper-

atures and with the cation-anion vacancy clusters at higher
temperatures, and predict temperature dependent mechanistic
transitions for the cation transport in tetragonal bulk zirconia.
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