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Abstract

Solid-oxide electrolyzer cells (SOECs) based
on yttria-stabilized zirconia (YSZ) oxide elec-
trolytes are devices capable of producing hydro-
gen with excess thermal energy. However, be-
ginning with initial materials sintering and ex-
tending through electrochemical aging, Sr diffu-
sion within the Gd-doped CeO2 (GDC) barrier
layer has been observed to lead to the forma-
tion of unwanted secondary phases such as SrO
and SrZrO3. To establish the impact of these
phases on SOEC performance, we perform first-
principles calculations to determine secondary
phase bulk oxide conductivities and compared
them to that of the YSZ electrolyte. We find
that SrO has a low conductivity arising from
poor mobility and a low concentration of oxy-
gen vacancies (V 2+

O ), and its presence in SOECs
should therefore be avoided as much as possi-
ble. SrZrO3 also has a lower oxide conductivity
than YSZ; however, this discrepancy is primar-
ily due to lower V 2+

O concentrations, not V 2+
O

mobility. We find Y-doping to be a viable strat-
egy to increase V 2+

O concentrations in SrZrO3,
with 16% substitution of Y on the Zr site lead-
ing to an ionic conductivity on par with that
of YSZ. Energy dispersive x-ray spectroscopy
obtained using scanning transmission electron
microscropy on cross-sections of SOECs indi-
cates that Y is the most common minority
element present in SrZrO3 forming near the
GDC—YSZ interface. Thus, we expect SrZrO3

to be rich in V 2+
O and not to hinder long-term

device performance. These results from our
combined computational–experimental analysis
can inform future materials engineering strate-
gies designed to limit the detrimental effects
of Sr-induced secondary phase formation on
SOEC performance.

Introduction

Electrolyzer cells are devices designed to con-
vert water directly into molecular hydrogen via
the reaction:

2H2O → 2H2 +O2. (1)
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Central to the operation of an electrolyzer cell
is the conduction of ionic species (protons, ox-
ide ions, or hydronium ions) generated through
the dissociation of H2, O2, and/or H2O; simul-
taneously, electrical conductivity must be lim-
ited. Ionic conduction is mediated by an elec-
trolyte, the choice of which depends largely on
the temperature range of operation. For in-
stance, polymer electrolyte membranes (PEMs)
are widely used at low temperatures in PEM
cells (50–80 ◦C), while solid oxides are preferred
at high temperatures (∼500◦–900◦ C).1 Solid
oxide electrolytes, which can conduct either
protons or oxide ions depending on the tem-
perature and their crystal structure, form the
basis of solid-oxide electrolyzer cells (SOECs).
SOECs are particularly attractive due to their
ability to use excess heat to convert water
to steam and drive the electrolysis reaction,
thereby reducing the demand for electricity rel-
ative to other electrolyzer cells and leading to
their high inherent efficiency.1–3

A schematic of the typical SOEC architec-
ture is shown in Fig. 1(a). The most common
electrolyte in SOECs is yttria-stabilized zirco-
nia (YSZ), which is one of the best oxide con-
ductors known.4 Porous metal oxides such as
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) are used as air
electrodes in SOECs,5–7 and Ni-YSZ ceramic-
metal composites are typical choices for the fuel
electrode.6,8–10 These materials are selected for
their mixed electronic and ionic conductivity
and their durability. YSZ is separated from
the air electrode by a Gd-doped CeO2 (GDC)
barrier layer, which conducts oxygen well but
is primarily intended to limit the diffusion of
cations from LSCF.11–13 Nonetheless, due to
the high operating temperatures, the diffusion
of Sr atoms through the GDC layer is regu-
larly observed during layer synthesis and device
testing.14–17 This diffusion leads to the forma-
tion of Sr-containing secondary phases, begin-
ning with SrO, which initially precipitates at
the LSCF—GDC interface.18–21 Over time, SrO
can migrate through the GDC barrier layer to-
ward the GDC—YSZ interface, where SrZrO3

(SZO) is often observed to form.17,22–27

Conclusions differ as to the long-term im-
pacts of these phases on device performance.

SrO has not traditionally been linked to de-
pressed ionic conductivity in SOECs, although
it may interfere with oxygen reactivity.28–30 As
for SZO, some studies point to its lower ox-
ide conductivity as one reason it may degrade
performance.17,22,31–33 However, another study
showed that bulk SZO has at worst a neutral
effect on SOEC performance, and that insofar
as it inhibits oxide conductivity, the effect is
due to resistive losses at grain boundaries and
interfaces.25

Here, to elucidate the roles of bulk SrO and
SZO on SOEC device performance, we analyze
both materials alongside the YSZ electrolyte.
These materials are each illustrated schemat-
ically in Fig. 1(b–e). We use first-principles
calculations based on density functional theory
(DFT)34,35 with a hybrid exchange-correlation
functional to study the oxide ion mobility, de-
fect concentrations, and ionic conductivity of
these three materials. We find that SrO has
an extremely low ionic conductivity that can-
not readily be improved; as such, it will be im-
portant to limit its presence in devices. SZO
also has a lower oxide conductivity than YSZ,
largely due to a smaller concentration of mo-
bile oxygen vacancies (VO). However, we find
that this vacancy concentration can be tuned
through atomic substitution. Specifically, in-
troducing Y in SZO raises VO concentrations by
several orders of magnitude; with a sufficiently
high Y content, the oxide ion conductivity in
SZO will reach parity with that of YSZ.
In conjunction with our calculations, we also

examine the chemistry of SOECs near the
GDC—YSZ interface after 1000 hours of test-
ing at 750 ◦C. Using energy dispersive x-ray
spectroscopy maps obtained via scanning trans-
mission electron microscopy (STEM-EDS), we
observe the presence of large SZO precipitates
accompanied by noticeable amounts of Y. As
such, it appears that Y will readily diffuse from
the YSZ layer into SZO, raising its ionic con-
ductivity. By comparison, we find SrO to be
much more dispersed, which should limit its
detrimental impact. However, further studies
should be conducted to ensure that SrO does
not grow into thick, continuous layers over more
extended periods of testing or under different
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operating conditions. Notably, Department of
Energy targets for high-temperature electroly-
sis include an ultimate lifetime goal of ∼80,000
hours,36 and our testing conditions may not be
sufficiently long to investigate all effects that
may occur under such long time scales.

Computational Methods

We conduct first-principles calculations based
on density functional theory (DFT)34,35 using
the Heyd, Scuseria, and Ernzerhof (HSE06)37,38

screened hybrid functional, as implemented
in the Vienna Ab initio Simulation Package
(VASP).39 Using this hybrid functional, in
which the short-range exchange potential is
calculated by mixing a fraction of non-local
Hartree-Fock exchange with the Perdew-Burke-
Ernzerhof generalized gradient approximation
(PBE-GGA),40 ensures a reliable description of
the electronic structure and the properties of
point defects. The mixing parameter, which
corresponds to the fraction of Hartree-Fock ex-
change, is tuned to reproduce experimentally
determined band gaps; our choices are α = 0.44
for SrO and α = 0.34 for YSZ. For SZO, be-
cause there is disagreement as to the experi-
mental band gap, we use the default mixing pa-
rameter α = 0.25, which agrees with work from
prior computational studies.41–44 An 8×8×8 k-
point mesh is used to converge the cubic unit
cells of SrO (eight atoms, four formula units),
ZrO2 (twelve atoms, four formula units), and
cubic SZO (five atoms, one formula unit); for
orthorhombic SZO (twenty atoms, four formula
units), a 4×4×3 k-point mesh is used. Total
energies are converged to within 10−5 eV, and
forces were considered converged when below
10 meV/Å. We use an energy cutoff of 500 eV
for the plane-wave basis set, and the core elec-
trons are described with projector-augmented-
wave potentials,45,46 with the Sr 4s2 4p6 5s2, Y
4s2 4p6 5s2 4d1, Zr 4s2 4p6 5s2 4d2, Ce 5s2 5d6

6s2 5d1 4f 1, La 5s2 5d6 6s2 5d1, Gd 5p6 6s2

5d1, and O 2s2 2p4 electrons treated as valence.
Note that the 4f electrons for Gd are treated
as core states in order to reproduce the +3 oxi-
dation state: this treatment has been shown to

yield accurate results for calculations of GDC,47

and we find that it also reproduces the enthalpy
of formation of Gd2O3. Structural images were
generated with the VESTA3 software.48

Formation energies of point defects are calcu-
lated using supercells. For SrO, we construct a
2 × 2 × 2 supercell of the conventional 8-atom
cubic unit cell, containing 64 atoms. For SZO,
having a 20-atom unit cell, we also construct a
2× 2× 2 supercell, containing 160 atoms. Our
YSZ structure is based on a 2 × 2 × 2 super-
cell of the 12-atom cubic ZrO2 unit cell, which
contains 96 atoms prior to introducing Y and
VO. Supercell calculations are conducted using
a single special k point at (0.25, 0.25, 0.25).
For defect migration, we use the nudged elastic
band (NEB) method with climbing images49,50

and three intermediate images. NEB calcula-
tions are performed using the PBE-GGA func-
tional for computational efficiency. For NEB
calculations in GDC, a U correction of 5 eV is
applied to the Ce 4f orbitals.

Defect Formation Energy

We calculate the formation energy Ef (Dq) of a
defect D in charge state q as:51

Ef (Dq) = E(Dq)−Ebulk+
∑

nAµA+qEF+∆corr.

(2)
E(Dq) is the total energy of a supercell contain-
ing Dq; Ebulk is the total energy of the defect-
free supercell; nA is the number of atoms of
species A added (nA < 0) or removed (nA > 0)
to create Dq; µA is the chemical potential of A;
EF is the position of the Fermi level relative to
the valence band maximum (VBM); and ∆corr is
a finite-size correction term.52,53 The formation
energy is related to the defect concentration c
via a Boltzmann relation:

c = Nsites exp

(
− Ef

kBT

)
, (3)

where Nsites is the site concentration of the de-
fect, and kB is Boltzmann’s constant. It fol-
lows that lower formation energies correspond
to exponentially higher defect concentrations.
Initially, we treat EF as an independent vari-
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Figure 1: (a) A schematic of the key components of a solid-oxide electrolyzer cell. For components
relevant to the work at hand, crystal structures are shown: (b) cubic ZrO2, the structural basis for
YSZ; (c) SrZrO3 in its cubic phase, with the unit cell doubled in size along the c axis; (d) SrZrO3

in its orthorhombic phase; (e) SrO.
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able in calculating formation energies, mean-
ing that plots of Ef vs. EF will show each
defect as lines with slopes q, with changes in
slope corresponding to changes in the preferred
charge state. However, the actual position of
EF in devices will be pinned by charge neu-
trality, which is determined in insulators by the
position where the lines corresponding to the
lowest energy positively and negatively charged
defects intersect.
The chemical potentials µA reflect the ener-

getic preference for specific elements under cho-
sen conditions. We define these values based on
their deviation ∆µA from a reference energy as:

µA = EA +∆µA, (4)

where EA is the total energy of the elemental
reference structure, i.e., the ground-state struc-
tures of Y (hcp), Zr (hcp), or Sr (fcc) metals, or
an O atom in molecular O2. To prevent the pre-
cipitation of these elemental phases, we require
that ∆µA ≤ 0 for each element A.
We assume conditions corresponding to ther-

modynamic equilibrium, which is captured by
the following expression for the case of SrO:

∆µSr +∆µO = ∆Hf (SrO), (5)

where ∆Hf (SrO) is the enthalpy of forma-
tion of SrO. We can explore variations in the
SrO chemistry by varying the chemical po-
tentials from the Sr-rich limit [∆µSr = 0,
∆µO = ∆Hf (SrO)] to the O-rich limit [∆µSr =
∆Hf (SrO), ∆µO = 0]. These limits are illus-
trated on a line corresponding to SrO in Fig. 2.
Similarly, for SZO to be thermodynamically

stable:

∆µSr +∆µZr + 3∆µO = ∆Hf (SrZrO3). (6)

For YSZ, having a concentration YxZr1−xO2−x/2,
the equivalent condition is:

x∆µY+(1−x)∆µZr+(2−x/2)∆µO = ∆Hf (YSZ).
(7)

For both of these ternary compounds, addi-
tional bounds are placed on the chemical po-
tentials by requiring that limiting phases do not
precipitate. Taking SZO as an example, for Sr,

Δ𝜇!" (eV)

Δ𝜇
#  (eV)

Sr-rich (SrO)

O-rich (SrO)
SrO stable (Sr-rich)

ZrO
2 stable (Zr-rich)

SrZrO
3 Stable

Zr (hcp)

Sr (fcc)
O2

Figure 2: Chemical potential phase stability di-
agram for SrZrO3 and SrO, plotted as ∆µSr vs.
∆µO. The (2D) stability region for SrZrO3 is
shaded gray, while the (1D) stability region for
SrO is plotted as a thick black line. The stabil-
ity lines of ZrO2 and SrO correspond to Zr-rich
and Sr-rich limits for SrZrO3. O-rich and Sr-
rich limits are also labeled for SrO. Lines and
arrows are also used to indicate where elemental
Sr, Zr, and O2 phases become thermodynami-
cally preferred.
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this condition is expressed as:

∆µSr +∆µO ≤ ∆Hf (SrO). (8)

And for Zr:

∆µZr + 2∆µO ≤ ∆Hf (ZrO2). (9)

Based on eq 6 and the upper limit of eq 8,
we can define “Sr-rich” conditions (equivalently,
“Zr-poor”) as those for which ∆µSr is maxi-
mized while preventing precipitation of SrO or
Sr metal. Similarly, eqs 6 and 9 allow us to
define “Zr-rich” (“Sr-poor”) conditions, where
∆µZr is maximized while ensuring that ZrO2

does not precipitate. Again, these limits can
be visualized in Fig. 2, where stability of SZO
corresponds to the shaded region.
We can treat impurities similarly. For exam-

ple, to calculate Y impurities in SrO (e.g., Y+
Sr),

we ensure that Y2O3 will not precipitate by re-
quiring that it is not thermodynamically stable:

2∆µY + 3∆µO ≤ ∆Hf (Y2O3). (10)

For simplicity, we present impurity formation
energies at the solubility limit of impurity
phases, corresponding to the upper limit of the
inequality above.

Defect Concentrations

Using eq 3, we can identify how defect concen-
trations change under different operating condi-
tions. Specifically, by enforcing charge neutral-
ity among all the defects we calculate, we can
determine the concentrations for each species
and the position of the Fermi level for a given
set of chemical potentials. This procedure re-
quires two additional parameters, namely, the
electron and hole concentrations. We determine
electron concentrations by integrating the cal-
culated density of states (DOS) near the con-
duction band minimum (CBM), using the ex-
pression:54

n =

∫ ∞

ECBM

gC(E)f(E)dE (11)

where gC(E) is the conduction band DOS and
f(E) is the Fermi-Dirac occupation function.
Similarly, for holes, we determine the carrier
concentration by integrating the DOS near the
VBM:

p =

∫ EVBM

−∞
gV(E)[1− f(E)]dE , (12)

where gV(E) is the valence band DOS.
We can then plot defect and carrier concen-

trations as a function of ∆µO, requiring calcu-
lations of defect equilibrium at each value of
∆µO in the ranges we present. These values of
∆µO are connected to experimentally measur-
able temperatures and partial pressures using
the expression:

2∆µO = H0(T )− TS0(T ) +RT ln
PO2

P 0
, (13)

where H0(T ) and S0(T ) are thermodynamic
values tabulated for O2,

55 PO2 is the partial
pressure, and P 0 is the pressure at the stan-
dard conditions used in the tabulation.

Results and Discussion

Bulk Properties

We begin by calculating bulk properties for
YSZ, SrO, and SZO, which we list in Table 1
alongside experimental values. For YSZ, SrO,
and cubic SZO, we also list the lattice parame-
ters extracted from our XRD analysis of SOECs
after 1000 hours of testing [Fig. S1]. For or-
thorhombic SZO, which is not observed in our
SOECs, we list lattice parameters from the lit-
erature. The agreement is very good in each
case.
Note that, for SZO, we consider two phases:

the cubic perovskite [c-SrZrO3, Fig. 1(c)]
and the orthorhombic perovskite [o-SrZrO3,
Fig. 1(d)]. When it forms in SOECs, SZO
is often assumed to adopt the cubic structure,
although we note that our computed XRD anal-
ysis [Fig. S1(c)] indicate that both phases have
similar diffraction patterns, and it may there-
fore be difficult to distinguish them. While the
cubic transition temperature has been mea-
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Table 1: Calculated and reported bulk properties of materials under investigation in our study.

compound
Calculated Experimental

a (Å) b (Å) c (Å) Eg (eV) a (Å) b (Å) c (Å) Eg (eV)

YSZ 5.14 5.14 5.15 6.13 5.13 – – 6.156

SrO 5.14 – – 5.97 5.08 – – 5.9057

c-SrZrO3 4.14 – – 4.88 4.11 – – –

o-SrZrO3 5.78 5.84 8.20 5.34 5.8058 5.8258 8.2158 5.2,59 5.660

sured to be ∼1360–1443 K,58,61,62 it is possible
that it may be stabilized at the GDC—YSZ
boundary at lower temperatures due to strain
or other interfacial effects. The cubic phase
is dynamically unstable at 0 K relative to the
ground-state orthorhombic phase; as such, it is
not feasible to calculate defect formation en-
ergies in the cubic phase using DFT, and we
therefore use the orthorhombic phase as a proxy
for cubic SZO throughout our discussion. In
the supporting information (SI), we justify this
decision by showing that V 0

O formation energies
are unaffected by the choice of initial structure
using finite temperature ab initio molecular
dynamics (AIMD) simulations [Fig. S2].
For YSZ, our structure is based on the high-

temperature cubic fluorite phase of ZrO2, which
is unstable even at typical SOEC operating
temperatures. However, the substitution of
small amounts of Y for Zr stabilizes the cu-
bic phase, while also reducing the oxygen con-
tent in order to maintain charge balance. Typ-
ical compositions of YSZ contain ∼8–10 mol%
Y2O3 (∼16–20 mol% Y).63–65 Following a pre-
vious computational study,66 we construct our
YSZ cells with the stoichiometry Y6Zr26O61,
which corresponds to ∼9 mol% Y2O3. We ex-
amined 29 structures based on this stoichiome-
try and selected the lowest-energy structure for
subsequent calculations of YSZ. The structure
is slightly off-cubic, as evidenced by the slight
discrepancy among lattice parameters reported
in Table 1. More details are provided in the SI.
We also calculate enthalpies of formation for

the four compounds under investigation here
and several relevant limiting phases, which we
list in Table 2. These include monoclincic ZrO2,
CeO2, Gd2O3, La2O3, and Y2O3, the latter four

of which are relevant to our calculations of im-
purity incorporation. In general, our calcu-
lated values compare well with experimental en-
thalpies where available. We are unaware of ex-
perimental enthalpies of formation for YSZ and
cubic SZO. In the case of YSZ, our calculated
∆Hf is similar to that of ZrO2, which is un-
surprising in light of their chemical similarities.
For cubic SZO, our calculated ∆Hf agrees well
with that of a previous computational work (–
17.15 eV) using the same exchange-correlation
functional.41

Oxygen Diffusivity

We begin our analysis of oxygen conductivity by
computing energetic barriers for VO migration
in SrO, SZO, and YSZ using the NEB method.
These barriers are directly related to diffusivity
by the expression:

D(T ) = D0 exp

(
− Eb

kBT

)
, (14)

where Eb is the migration barrier. The prefac-
tor D0 is given by

D0 ≈ ανa2 exp

(
∆S

kB

)
. (15)

Here, α is a geometry-related factor that is of-
ten close to unity; ν is a hopping frequency that
can be approximated as 1013 s−1, close to a typi-
cal phonon frequency; a is the distance between
sites; and ∆S is an entropy term, which we as-
sume here to be small.70

We compute migration barriers in each mate-
rial for each possible charge state of V q

O (q = 0,
+1, and +2). Our results are summarized in
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Table 2: Calculated and reported bulk properties of materials under investigation in our study.

compound
∆Hf (eV per formula unit)

Calculated Experimental

YSZ –10.81 –

SrO –5.69 –6.1467

c-SrZrO3 –17.13 –

o-SrZrO3 –17.36 –18.2868

ZrO2 –10.99 –11.4167

CeO2 –11.28 –11.2967

Gd2O3 –18.69 –18.8669

La2O3 –17.94 –18.5967

Y2O3 –18.92 –19.7567

Table 3. Both YSZ and SZO have multiple
pathways for VO migration, resulting in a range
of barriers: in the case of SZO, this fact re-
flects the lower energy of VO on the apical site
compared to the planar sites in its orthorhom-
bic structure, while for YSZ, the structure we
examine is simply highly disordered (see Fig.
S3 and surrounding discussion in SI) and has
a wide range of VO formation energies leading
to different migration barriers. In each case, as
the charge state increases from 0 to +2, the mi-
gration barriers broadly decrease. This trend—
and the specific values of the barriers—agree
well with previous computational work exam-
ining VO diffusion in SZO.71

Based on these results and eq 14, we compute
the oxide ion diffusivities for each material and
plot our results in Fig. 3, assuming VO to be in
its most common charge state, q = +2 . Also
shown are schematic illustrations of the path-
ways for VO migration in each material. It is
clear that SrO stands out due its low diffusivity.
On the other hand, the range of diffusivities for
SZO falls within that of YSZ, suggesting that
the diffusivity of SZO is not a limiting factor
when it is present in SOECs.

Defect Concentration

Native Defects

For a material to possess high ionic conductiv-
ity, it should have both a high diffusivity and
a large concentration of the mobile species. To
determine the V 2+

O concentrations in SrO and
SZO, we compute defect formation energies in
both materials.
Our calculated formation energies are plotted

in Fig. 4. We begin with SrO. Under Sr-rich
conditions [Fig. 4(a)], the Fermi level will be
pinned close to the CBM by V 2−

Sr and V +
O ; how-

ever, the most prominent defect at these condi-
tions will be V 0

O. As discussed in the previous
section, V 0

O is significantly less mobile than V 2+
O ,

so these conditions will not be advantageous for
high oxide conductivity. Under O-rich condi-
tions [Fig. 4(b)], the Fermi level will be pinned
about 2 eV above the VBM by V 2+

O and V −
Sr .

However, the formation energy of V 2+
O at these

conditions (∼ 3 eV) is large and will lead to low
defect concentrations.
The situation in SZO is more encourag-

ing. Between Sr-rich [Fig. 4(c)] and Zr-rich
[Fig. 4(d)] conditions, the Fermi level remains
close to the middle of the band gap, where VO

will prefer the +2 charge state. However, for-
mation energies will be large (∼ 2 eV), meaning
that their concentrations will be low. Further-
more, for Zr-rich conditions, V 2+

O will not be
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Table 3: Calculated migration barriers for oxygen vacancies in the 0, +1, and +2 charge.

Compound
Migration Barrier (eV)

V 0
O V +

O V 2+
O

YSZ 0.66–2.09 0.35–1.31 0.25–0.87

SrO 2.79 2.55 1.57

SrZrO3 1.55–1.69 1.34–1.46 0.54–0.67

1/𝑇 × 103 K−1

D
if
fu
si
v
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y

cm
2
/s

SrO
SrO

YSZ

SrZrO3

Figure 3: Calculated diffusivity of V 2+
O in YSZ, SrZrO3, and SrO, using computed migration barriers.

Schematic pathways for oxygen diffusion in each material are shown on the left.
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Figure 4: Calculated defect formation energies in SrO under (a) Sr-rich and (b) O-rich conditions,
and in SrZrO3 under (c) Sr-rich and (d) Zr-rich conditions. For SrZrO3, ∆µO = −1.099 eV, which
corresponds to PO2 = 1 atm at 1000 K. Sr-rich, O-rich, and Zr-rich conditions correspond to those
illustrated in the chemical stability diagram in Fig. 2.
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the lowest-energy donor defect: instead, cation
antisites (specifically, Zr2+Sr ) will have slightly
lower formation energies. These results sug-
gest that Sr-rich conditions are most optimal
for high oxide conductivity. Assuming that
SZO precipitates from Sr-rich particulates pass-
ing toward the GDC—YSZ interface, we believe
that it is reasonable to assume that Sr-rich con-
ditions are most relevant, particularly at early
stages of SZO growth. Unless otherwise stated,
we will therefore focus on Sr-rich conditions for
the remainder of our discussion.

Impurities

It is well established that doping SZO and
chemically similar perovskite oxides with a
trivalent element (e.g., Sc, Y, Yb) can sig-
nificantly boost V 2+

O concentrations.72 A sim-
ilar strategy may therefore benefit oxide ion
conductivity in SZO. Notably, there are sev-
eral cations present in other components of the
SOEC that may incorporate in SZO during
its formation and increase V 2+

O concentrations.
Among these, we consider four here: Ce, Gd,
La, and Y. Ce and Gd are both present in GDC;
La is present in LSCF and may diffuse through
GDC along with Sr; and Y may accompany any
Zr that leaves the YSZ electrolyte to form SZO.
We calculate the formation energies of these

dopant species for SrO [Fig. S4] and SZO [Figs.
S5 and S6], considering substitution on the Sr
site and, for SZO, the Zr site as well. Based on
these results, we calculate the concentrations of
defects and impurities in SrO [Fig. S7] and SZO
[Figs. S8 and S9]. For ease of presentation, we
plot V 2+

O concentrations by themselves for un-
doped and doped systems in Fig. 5. Interest-
ingly, for SrO [Fig. 5(a)], doping will uniformly
reduce the V 2+

O concentrations, which are low
in the bulk material to begin. Each dopant will
substitute on the Sr site as an electron donor,
meaning that they will compete with V 2+

O for-
mation.
On the other hand, for SZO [Fig. 5(b)], the

impact on V 2+
O concentration depends on the

specific dopant. Among the dopants we con-
sider, Y raises V 2+

O concentrations, while Gd,
La, and Ce reduce them (Gd only slightly).

This finding for Y is unsurprising, considering
that it is one of the most popular dopants for
introducing V 2+

O in perovskite oxides.72 Y forms
favorably on the Zr-site as Y−

Zr, which will en-
courage V 2+

O formation. We note that Y+
Sr actu-

ally has a slightly lower formation energy than
V 2+
O at the Fermi level position corresponding

to charge neutrality; however, the energies of
the two donor species are similar, meaning that
V 2+
O formation will still be improved by Y dop-

ing. Conversely, Ce, Gd, and La are more fa-
vorable as donor species (Ce2+Sr , Gd+

Sr and La+Sr)
than Y, meaning that they will compete more
strongly with V 2+

O formation. This result for La
agrees with a previous experimental study find-
ing suppressed oxide conductivity in La-doped
SZO due to preferential substitution on the Sr
site.73

Cation Impurity Migration through GDC

We expect that Y will incorporate readily in
SZO by accompanying Zr moving from YSZ
during nucleation of the SZO phase. Indeed,
Develos-Baraginao et al. demonstrated that
this incorporation can occur and has a benefi-
cial effect on oxide conductivity in bulk SZO.25

Ce and Gd may also incorporate from the neigh-
boring GDC barrier layer, while La would need
to diffuse along with Sr from LSCF through the
GDC layer.
To investigate the favorability of cation dif-

fusion through the GDC layer, we perform ad-
ditional NEB calculations for the four cations
considered in this work. Specifically, we simu-
late cation diffusion as mediated by VCe in pure
CeO2 along the ⟨110⟩ direction, which has been
shown previously to be the dominant pathway
for cation diffusion.74 We have confirmed that
explicitly including Gd in our CeO2 cells to
model GDC has a negligible effect on our re-
sults (see Table S2 in the SI). As oxygen vacan-
cies are formed in GDC as a direct consequence
of Gd doping, we also consider pathways with
a single VO along the migration pathway. [See
Fig. S10 for schematics of the pathways we con-
sider.] In each of our calculations, we consider
the most prevalent charge states of the impuri-
ties (Gd−

Ce, La
−
Ce, and Sr2−Ce ) and vacancies (V 2+

O
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Figure 5: Concentrations of V 2+
O in (a) SrO and (b) SrZrO3 (under Sr-rich conditions), both for

undoped and doped systems, at T = 1000 K.

and V 4−
Ce ).

Table 4: Calculated migration barriers (in eV)
for cation impurities I = {Ce,Gd,La, Sr} in
CeO2 moving to a nearby V 4−

Ce .

I = Ce Gd La Sr
ICe 4.76 5.26 4.47 3.67

ICe + V 2+
O 3.69 3.42 2.94 2.19

Our results are summarized in Table 4. The
migration barriers for cation diffusion in CeO2

are large, but they decrease by more than 1
eV when a V 2+

O is present along the migration
path. Barriers are largest for Gd (without VO)
and Ce (with VO), suggesting that these cations
will diffuse relatively slowly; however, they are
also immediately adjacent to the GDC—YSZ
interface, so they may participate in interfacial
reactions regardless. Our results for Ce diffu-
sion agree well with prior computational stud-
ies.74,75 La has significantly larger barriers than
Sr (roughly 0.8 eV higher), suggesting that its
diffusion through GDC will be much slower.
We can express our results another way by

invoking transition state theory.76 For a species

with migration barrier Eb, its hopping rate Γ
can be expressed as:

Γ = Γ0 exp

(
− Eb

kBT

)
. (16)

Here, Γ0 is a prefactor typically on the order of
1014 s−1. We can approximate the temperature
at which a species becomes mobile by solving
for T when Γ = 1 s−1, providing a reasonable
metric for assessing relative mobilities. Con-
sidering the prevalence of VO in GDC, we focus
on barriers with VO present along the migration
pathway. By this metric, only Sr will be mobile
at temperatures characteristic of SOEC opera-
tion (∼1000 K), as it becomes mobile around
788 K. La impurities are mobile around 1060
K (close to temperatures of interest), Gd at
1230 K, and Ce at 1300 K. These temperatures
may be reached during sintering, particularly
for La; otherwise, each of these species will be
relatively stationary.
There are other factors that may lead to

cation diffusion through the GDC barrier layer.
As mentioned, Ce and Gd diffusion should not
be discounted, as they are present in GDC and
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therefore immediately adjacent to SZO when
it nucleates. Importantly, the long operating
times of these devices mean that even ener-
getically unfavorable migration pathways may
eventually lead to measurable levels of impu-
rity contamination. Additional diffusion path-
ways may also be relevant, including diffusion
across grain boundaries and surfaces, which we
do not consider here. Surface diffusion in par-
ticular is a subject we will investigate in future
work.

Estimating Oxide Conductivity

We can couple our results for V 2+
O diffusivity

and concentration to estimate the oxide con-
ductivity in SrO and SZO under different dop-
ing conditions. Ionic conductivity depends on
both the formation energy of mobile charge car-
riers as well as their migration barrier. These
two quantities can be related to conductivity
via the Nernst-Einstein equation:77

σ =
cDe2

kBT
=

D0e
2Nsites

kBT
exp

(
−(Ef + Eb)

kBT

)
.

(17)
Note that the sum Ef + Eb is the activation
energy. In order to report a total ionic con-
ductivity, we add the individual contributions
from each VO migration pathway reflected in the
range of diffusivities shown for YSZ and SZO in
Fig. 3, using the pertinent values for Ef and Eb

for the different V 2+
O configurations.

Our calculated conductivities are plotted in
Fig. 6. For YSZ, we use concentrations of V 2+

O

based on calculated formation energies [Fig.
S11]. As expected, the conductivity of SrO is
very low, while that of bulk SZO is higher but
still considerably less than that of YSZ.
Following from our discussion of doping in

the previous section, Y-doped SZO has a sig-
nificantly higher conductivity, following from
its higher V 2+

O concentrations. At our calcu-
lated solubility limit of Y2O3, the Y concen-
tration of SZO corresponds to a composition
of Sr(Zr0.91Y0.09)O3−δ, for which the oxide con-
ductivity is a few orders of magnitude lower
than that of YSZ at typical operating temper-
atures. However, higher experimental concen-

trations have been reported, including a com-
position of Sr(Zr0.84Y0.16)O3−δ by Labrincha et
al.78 This composition may be achievable under
non-equilibrium conditions typical of SOEC op-
eration, and as such, we include it as an upper
limit for Y incorporation. Such high levels of
Y doping lead to oxide conductivities almost
identical to those we calculate for YSZ.

1/𝑇 × 103 K−1
C
o
n
d
u
ct
iv
it
y

S
cm

−
1

Figure 6: Oxide ionic conductivities for YSZ,
SrO, and doped and undoped SrZrO3, esti-
mated using eq 17.

Labrincha et al. reported the high-
temperature conductivity of bulk and Y-doped
SZO [Sr(Zr0.84Y0.16)O3−δ], allowing us to vali-
date our results.78 For bulk SZO, they reported
a total conductivity of 3.5 × 10−5 S cm−1 at
1176 K, and 5.3 × 10−5 S cm−1 at 1389 K.
For comparison, we estimate oxide conduc-
tivities of 1.1 × 10−7 S cm−1 at 1200 K, and
2.7 × 10−6 S cm−1 at 1400 K. These exper-
imentally measured conductivities are likely
higher than those we predict due to contribu-
tions from protonic and electrical conductivity,
which we do not consider. Experimental results
for the Y-doped samples specifically extracted
the oxide conductivity, reporting 1.5 × 10−4 S
cm−1 at 1075 K and 1.1× 10−3 S cm−1 at 1389
K. Our calculated conductivities for Y-doped
SZO (Zr0.84Y0.16) are very close to these values:
2.0× 10−4 S cm−1 at 1100 K, and 5.0× 10−3 S
cm−1 at 1400 K.
Our calculations for YSZ are also consis-

tent with experimental measurements. For a
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single-crystal YSZ sample with approximately
the same Y content as that which we assume
here, Ahamer et al. reported conductivities of
approximately 3.4 × 10−3 S cm−1 at 1000 K,
4.7× 10−3 S cm−1 at 1100 K, and 5.8× 10−3 S
cm−1 at 1200 K.79 By comparison, we calculate
conductivities of 1.5× 10−3 S cm−1 at 1000 K,
3.4 × 10−3 S cm−1 at 1100 K, and 6.8 × 10−3

S cm−1 at 1200 K, in each case close to experi-
mental measurements.

Experimental Analysis

To develop a clearer picture of where SrO and
SZO are likely to be present in SOECs, as well
as the likelihood of impurity elements forming
within them, we examine the chemical signa-
tures of STEM-EDS maps of SOECs after 1000
hours of testing [details regarding the method-
ology are provided in the SI]. We focus on the
GDC—YSZ interface, where SZO is expected
to form.
Our STEM-EDS images are shown in Fig. 7,

for which elemental signals of Sr and Zr are de-
picted. We focus on four distinct regions con-
taining Sr, ranging spatially from the GDC in-
terior to the GDC—YSZ interface. Elemental
analysis of these regions is provided in Table S3
in the SI, although we note that our measured
atomic percentages have large error bars, and
oxygen is not included in the analysis due to
difficulties with its detection.
The region deepest in the GDC layer (region

1) contains small, scattered amounts of Sr (19±
8 at%) within the GDC matrix, which are not
accompanied by Zr (4±2 at%) and thus suggest
the presence of disperse SrO particles. In region
2, closer to the interface, a larger Zr signal (31±
10 at%) accompanies Sr (35 ± 11 at%) with a
similar concentration, suggesting the presence
of SZO. In regions 3 and 4, SZO also appears
to be present, albeit accompanied by GDC in
region 3.
We do not plot the Y signal in Fig. 7, as it

tends to overlap significantly with Zr and is
difficult to discern by eye. However, we have
quantified Y concentrations in several regions
of interest [Table S3]. Critically, the regions in
Fig. 7 that we expect to contain SZO (2, 3, and

4) also contain noticeable concentrations of Y
(11 ± 1 at% in region 2; 7 ± 2 at% in region
3; and 12 ± 2 at% in region 4). In each case,
the atomic concentration of Y is on the order
of one-third that of Sr and Zr. Concentrations
of Ce and Gd are also high in regions 2 (19± 7
at% Ce and 4± 2 at% Gd) and 3 (44± 12 at%
Ce and 12± 5 at% Gd), likely due to a signifi-
cant amount of GDC being included in the mea-
surement. We do not find significant amounts
of La in these regions. The fact that Y sig-
nals in regions containing SZO are significantly
higher than in parts of the GDC layer without
Sr suggests that Y incorporates into SZO when
it forms, which should benefit its oxide ion con-
ductivity.
As an aside, we note that certain regions

of the GDC—YSZ interface reflect a different
chemical environment. Specifically, region J
highlighted in Fig. S12 shows significant Gd
concentrations at the interface. The lack of
Sr signal indicates that SrZrO3 is not form-
ing, but it does appear that Gd is segregating
toward the interface, potentially creating Gd-
doped ZrO2 in addition to Y-containing YSZ.
This phenomenon of Gd segregation will be the
subject of a future study.

Discussion

Our results for SrO and SZO suggest the need
for distinct engineering strategies to mitigate
their possible negative impacts on oxide con-
ductivity in SOECs. SrO forms throughout the
cell during operation. As there is no viable
strategy to increase bulk SrO conductivity sig-
nificantly, it will be necessary to limit its for-
mation in devices. Most likely, small SrO pre-
cipitates such as those seen in Fig. 7 (region 1)
will not disrupt device performance. However,
ensuring that thick, continuous SrO layers do
not form is essential. It will be critical to con-
firm that SrO will not form thicker layers after
more extended testing times or under different
operating conditions.
On the other hand, we have demonstrated

that the formation of SZO need not disrupt ox-
ide ion conduction, providing that it is doped
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(a)

(b)

(c)

GDC YSZ

Figure 7: Energy Dispersive X-ray Spec-
troscopy (EDS) maps of (a) Sr (in blue),
(b) Zr (in pink), and (c) Sr and Zr to-
gether for the boundary region between the
Gd-doped CeO2 (GDC) barrier layer (left) and
the YSZ electrolyte (right) in YSZ-based solid-
oxide electrolyzer cells. The images were ob-
tained from scanning transmission electron mi-
croscropy (STEM) images collected after 1000
hours of testing. Regions of interest are circled
and labeled in each panel. Quantitative analy-
sis of elemental compositions in the circled re-
gions and other regions of interest are provided
in the SI.

with high levels of Y (on the order of 16 at%).
While it is known that Y can accompany Zr
when SZO forms at the GDC—YSZ interface,25

targeted engineering strategies may be neces-
sary to increase its concentration. One ap-
proach may be to design YSZ electrolytes with
higher Y concentrations at the YSZ-GDC inter-
face. Optimal Y concentrations in YSZ are on
the order of 20 at% on the Zr site, but designing
more Y-rich surfaces may lead to the formation
of Y-rich SZO layers during operation without
significantly lowering the conductivity of YSZ.
At the same time, blocking Ce, Gd, and La dif-
fusion is important, although our EDS analysis
suggests that these elements will be present in
low concentrations in SZO. It will also be im-
portant to block adventitious impurities such as
carbon—carbon impurities are electron donors
in SZO44 and will therefore interfere with V 2+

O

formation.
Another strategy may be to grow a suffi-

ciently Y-doped SZO layer intentionally dur-
ing synthesis. Given that heavily Y-doped
SZO will not limit conductivity, its presence
need not be avoided, and intentional growth
may reduce resistive losses at disordered inter-
faces, which Develos-Baraginao et al. showed
to be the primary source of reduced conductiv-
ity across YSZ–SZO–GDC layers.25 Those au-
thors intentionally synthesized YSZ—SZO het-
erostructures with small amounts of Y-doping
in SZO (∼5 at%). However, they noticed a
drop in V 2+

O concentrations at the interface due
to Y segregation, which may have been due to
discrepancies in µY across the heterostructure.
Also, in their case, SZO was grown in the or-
thorhombic crystal structure. Cubic SZO, as is
observed in SOECs, may reduce the lattice mis-
match, as O–O distances in cubic SZO are more
uniform than those in orthorhombic SZO due to
octahedral tilting. As a result, it may be pos-
sible to design more coherent interfaces, reduc-
ing interfacial resistance that commonly arises
at heterogeneous interfaces and grain bound-
aries. However, for this strategy to be most
effective, we note that it will also be impor-
tant to ensure that Sr-rich chemical potentials
persist throughout the layer; Zr-rich conditions,
which may manifest at the YSZ interface, will
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reduce V 2+
O concentrations and therefore limit

oxide conductivity.

Conclusions

In summary, we have demonstrated that SrO
and SZO have distinct effects on oxide ion con-
ductivity in SOECs based on a YSZ electrolyte.
Both phases have been observed to form fol-
lowing Sr exsolution from the air electrode,
with SrO present throughout the GDC blocking
layer, and SZO forming near the GDC—YSZ
interface. In SrO, mobile V 2+

O defects have poor
mobility and high formation energies, leading to
a low ionic conductivity that will be detrimen-
tal in devices. Doping SrO with other elements
that may be present—specifically, Ce, Gd, La,
and Y—will reduce conductivity further. As
such, avoiding the presence of thick SrO layers
in devices is necessary. Further studies should
be conducted to confirm that SrO remains rela-
tively disperse for longer operation times more
representative of long-term goals for SOEC life-
time.
SZO has a significantly higher oxide conduc-

tivity than SrO, but it is still less conduc-
tive than YSZ. However, its V 2+

O diffusivity
is actually on par with that of YSZ, meaning
that its main limitation is a low intrinsic V 2+

O

concentration. Doping SZO with Y offers a
promising remedy to this problem by decreas-
ing the formation energy—and increasing the
concentration—of V 2+

O ; conversely, Ce, Gd, and
La doping will be harmful. Sufficiently high lev-
els of Y doping (specifically, about 16 at% on
the Zr site) will raise the oxide ionic conductiv-
ity to levels on par with those of YSZ. Strate-
gies to introduce highly Y-doped SZO layers at
the GDC—YSZ interface should limit the mate-
rial’s detrimental effects on oxide conductivity,
particularly if resistive losses at interfaces and
grain boundaries can be minimized.
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