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ABSTRACT: Ruddlesden—Popper oxides Ln,MO, (Ln = La, Pr,
Nd, Sm; M = Nj, Cu, Fe, Co, Mn) are one of the promising cathode
materials for the intermediate temperature (500—750 °C) solid oxide
fuel cell. The key property making them operate at relatively low
temperatures is their higher oxygen diffusivity, but in general, it is a
difficult task to balance it with the durability of the material. To
establish guiding principles for systematic improvement, it is
indispensable to understand the oxygen diffusion process at the
atomic scale. For La,_ Sr,CuO,, we used density functional theory
calculations to identify major diffusion paths and the crucial factors
affecting the diffusion of oxygen vacancies. We found that out-of-
plane equatorial-to-apical oxygen site hopping is the bottleneck of
oxygen diffusion. Sr substitutional doping not only facilitates the
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formation of oxygen vacancies, i.e., the number of diffusion carriers, but also affects the diffusivity by locally lowering the formation
energy. Two competing effects of Sr, weakly trapping the oxygen vacancies and alleviating the bottleneck of the above hopping, are
quantified using our realistic random walk simulation, and the resulting diffusion coeflicients reveal that the latter dominates at all

doping concentrations, but the effect is saturated at x ~ 0.3.

Bl INTRODUCTION

A solid oxide fuel cell (SOFC) is an electrochemical device
that produces electricity from oxidizing fuels such as hydrogen,
hydrocarbon, or carbon monoxide at solid oxide electrolytes.
One of the major challenges in SOFC is lowering the operation
temperature to improve its long-term stability and reduce the
start-up time of it. In recent years, there have been
considerable efforts to search for proper cathode materials,
which can operate at the temperature range of 500—750 °C
and outperform perovskite-based oxides, such as
Lal—xSfxcoos—zs;l Lao.ssr0.4c00.2F30.803—5;2
Bao.ssro.scoo.sFe—‘0.203—5x3 SrNb0‘1C00_7Fe0‘203_5,4 and PrBa-
Co0,0q,5  which are current choices of commercial use but
working at higher temperatures.

It has been recently reported that Ruddlesden—Popper (RP)
oxides Ln,MO,, in which Ln denotes a lanthanide element
such as La, Pr, Nd, or Sm, and M denotes a light late transition
metal such as Mn, Mn, Fe, Co, Nj, or Cu, can be promising
candidates for the cathode material, due to their fast oxygen
reduction reaction kinetics,®”” hi$her oxygen diffusivity than
most perovskite-based oxides,'”"" compatible thermal ex-
pansion coefficients with current electrolytes,'” high chemical
stability against oxygen non—stoichiometry,13 and oxygen
partial pressure gradient.'* Among these properties, their
sufficiently high oxygen diffusivity is regarded as a key feature
of RP oxides for their intermediate-temperature operation.'>'®
In Ln,MO,, oxygen vacancies and interstitials play major roles
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in oxygen-deﬁcient and oxygen-excessive conditions, respec-
tively,'” but the underlying atomic processes are usually
difficult to identify experimentally. For example, the diffusion
paths of an oxygen atom and the effect of cation (Ln)
substitution that seems to enhance the oxygen diffusivity'”"*
are still not understood at atomic levels, and complementary
calculational approaches are highly desirable.

In this article, using first-principles calculations and diffusion
simulations based on the lattice random walk model, we have
examined the oxygen vacancy diffusion in oxygen-deficient
La,_,Sr,CuO,. Our calculations clearly show that Sr
substitutions for trivalent La not only increase the concen-
tration of oxygen vacancies (diffusion carrier) but also enhance
the overall diffusivity by reducing the energy barrier of the
bottleneck process in its pristine counterpart. '

B SIMULATION METHOD

We performed first-principles calculations based on density
functional theory as implemented in the Vienna ab initio
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simulation package (VASP)."”*° The electronic wave functions
were extended using planewave basis with a kinetic energy
cutoff of 400 eV. We employed the spin-polarized generalized
gradient approximation with Perdew—Burke—Ernzerhof”' to
treat exchange—correlation functional, and the projector
augmented wave method for ionic potentials is adopted.”’
To incorporate the cation substitution and oxygen vacancies,
we expanded the primitive unit cell of La,CuO, with lattice
constants of a = b = 5420 A and ¢ = 13.103 A to the
(2\/5 X 2\/5)R450 X 2 supercell, which is in the low-
temperature tetragonal (LTT) phase, where CuOg octahedra
are alternately tilted along the [110] direction. It is noted that
the pristine La,CuO, is more stable in the low-temperature
octahedral phase where the tilting axis is the [100] direction
than in the LTT phase.22’23 It was, however, reported that their
energy difference is only ~4.4 meV per formula unit,”>** and
moreover, a small amount of Sr-substitution reverses such
small energy difference, resulting in the LTT to be more
stable.”* The Brillouin zone of the supercell was sampled with
a4 X 4 X 1 k-point mesh. We described the electron
correlation associated with the Cu 3d orbital by selecting its
on-site Coulomb repulsion” to be Uz = U — J = 7.0 eV,
which reproduces the measured Cu magnetic moment (0.50—
0.63 pi)°>*” and band gap (1.80—2.00 eV)**?? with 0.603 up
and 1.82 eV, respectively. The relative formation energies
between different vacancy configurations are substantially less
sensitive to the choice of U, despite the fact that vacancy
formation energy is dependent on U, as seen in Figure 1b.
Structural optimization was performed until the Hellmann—
Feynman forces exerting on each atom in our supercell
becomes less than 0.02 eV/A.

In our diffusion simulations based on the random walk
model, we assumed the hopping to path a happens with

probability p, per unit attempt time 6t. Here, p = ¢ En(@/ kT

where kg, T, and Eg(a) are Boltzmann constant, temperature,
and energy barrier along path @, respectively. 6t is estimated
from the harmonic frequency of an oxygen atom around the
local minima shown in Figure 2 by fitting second-order
polynomials up to the reflection points of the calculated
minimum energy paths (MEPs). The calculated &t’s are
between 0.40 and 0.55 ps, and a common value of 0.5 ps is
used for V, © V,, V, & V,, and V, & V, hopping. The joint
probability P(a, t) for a vacancy to hop along path & at time ¢
is given by

17
p ) t) = P(t) X %
R v (1)

where

P(t) = Z B, X exp(—tz E]

2)

p, = %, and n is the number of possible hopping paths. The

derivations of eqs 1 and 2 can be found in Supporting
Information. For a single hopping event, two independent
random numbers are generated to sample eq 6, where one is
used for determining a and the other is for t.

For a sufficiently long time ¢, the diffusion coefficient D is
calculated from the following relation
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Figure 1. (a) Crystal structure of La,_,Sr,CuO,. The green, magenta,
blue, and red balls represent lanthanum, strontium, copper, and
oxygen atoms, respectively. Crystallographic locations of apical (V,)
and equatorial (V) vacancies are indicated by white and gray circles.
(b) Formation energies of oxygen vacancies for different concen-
trations of Sr atoms and on-site Coulomb repulsion parameter Ul
[Sr] and [Vy] denote concentrations of Sr atoms and total oxygen
vacancies, respectively. (c) Fractions of charge states of oxygen
vacancies as a function of Sr concentration at T = 1000 K.

_ L<V2>t
Con (3)

where n and r* are the dimension of the system and the square
of displacement, respectively. Bracket means ensemble average
over hopping trajectories for large ¢ including over 10,000
hoppings, and 106 trajectories were sampled for the converged
values of D.

B RESULTS AND DISCUSSION

Stability of Oxygen Vacancies. We explored the relative
stability of oxygen vacancies in La, ,Sr,CuO, by computing
their formation energies. The formation energy depends on
their crystallographic locations, charge states, and relative
distances from a nearby Sr atom. The oxygen vacancy
formation energy, Ey, was calculated using

Ey = E;(La,_,Sr,Cu0,_,) — Ep(La,_,Sr,Cu0,) + n,
(4)

where E(X) is the total energy of a system X and jig is the
chemical potential of an oxygen atom, which was set as half of
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Figure 2. (a) Schematic picture depicting positions of oxygen
vacancies and their diffusion paths (thick lines) in La,_,Sr,CuO,.
Oxygen vacant sites are distinguished by their relative position from
the nearest Sr atom. MEPs of (b) equatorial-to-equatorial, (c)
interlayer (black) and intralayer (gray) apical-to-apical, and (d)
apical-to-equatorial hopping are plotted with the corresponding colors
of paths in (a). The total energy E of each configuration is plotted
relatively with the formation energy of an apical vacancy far from Sr
atoms (Ey(V,(c0))). For comparison, the formation energy of
equatorial vacancies is marked with a gray horizontal line in (c).

the total energy of an oxygen molecule O, as
Ho = %ET(OZ) = —4.892 eV.

Ey depends both on the crystallographic locations and
charge states of the vacancies. As shown in Figure la, La,CuQO,
has a stacked structure of CuO, layer (A) and LaO layers (B)
repeating as (BAB)(BAB)---, and there are two inequivalent
oxygen vacancies at the apical (V,) and equatorial (V) sites of
a CuOy octahedra. Furthermore, spontaneously tilted CuQOgq
octahedra at low temperature”*’ distinguish their equatorial
sites whether they are on the tilt axis or not. We, nevertheless,
found that the tilting effect on the vacancy formation at two
distinct equatorial sites is quite small; specifically, their
formation energy difference is 22 meV in the LTT phase of
La,CuO,. Hence, we will not distinguish two distinct
equatorial vacancies in our vacancy formation analysis
hereafter.

The charge states of oxygen vacancies are computationally
controlled by replacing La atoms with Sr atoms in a supercell
as in Las, ,Sr, Cu 4Og; with n = 0—3. When an oxygen vacancy
forms, two electrons are released but still weakly bound around
the vacancy while a substituted Sr atom attracts one of the
electrons and makes the oxygen vacancy be charged.

Figure 1b shows the vacancy formation energy as a function
of n = [Sr]/[Vo]. In general, V, has lower formation energy
than V,. As n increases, Ey greatly decreases regardless of the
crystallographic location of oxygen vacancy, up to n = 2 with
which the oxygen vacancy reaches +2 charge state. Further Sr-
substitution beyond n = 2, however, scarcely changes Ey,
indicating that more holes from Sr atoms cannot change the
vacancy charge state. Interestingly, the energy difference
between V, and V, significantly reduces from 1.84 eV for n
=0 to 0.20 eV for n = 2.** This means that when Sr atoms
provide sufficient holes, most vacancies become the +2 charge
state, letting both V, and V, play equally important roles in a

diffusion process. To verify the effect of the Hubbard
parameter Uy, we also evaluated the vacancy formation
energies with Uy = 4 and compared them to those with Uy =
7 eV. Although the absolute values of the vacancy formation
energy are different with U values, the relative differences in
Ey between V, and V, are not so sensitive to the selected U,
value, especially for n = 2. As described later, our diffusion
simulation only refers to the relative difference in Ey; of oxygen
vacancies, and thus our results will be robust against the choice
of Ueff’

In real samples, for a given Sr concentration, three charge
states coexist and form a dynamical equilibrium of the
following reactions. In the Kroger—Vink notation, these
reactions can be written as

Vo + St + B« V3 + S,' + AE;
Vo + Sy, + B o VS + Si,/ + AE, (s)

The equilibrium concentrations of different charge states were
calculated from eqs S4—S7 considering a few conservation
relations outlined in Supporting Information. In Figure ¢, the
result for T = 1000 K with U.g = 7 €V are plotted as a function
of n = [Sr]/[Vo]. In fact, due to the huge energy difference
between charge states, the equilibrium concentrations are quite
insensitive to T and U, and mainly determined by n. As
expected, when Sr concentration is larger than twice the
oxygen vacancies concentration, most oxygen vacancies
become Vg and the contributions of higher energy vacancies
such as V&' or V5 can be neglected for our vacancy diffusion
simulation.

Finally, we considered the effect of the Sr environment on
Ey. We first checked the presence of any favored Sr
configurations in La,_ ,Sr,CuO,. Specifically for
La;;Sr,Cu Oy we found that Ep varies at most 28 meV
depending on the relative position of two Sr atoms within our
supercell calculations. Thus, the substituted Sr atoms may be
located at any position during a high-temperature synthesis
process leading to a random distribution of Sr atoms, which
was assumed in our diffusion simulations. More importantly,
Ey are reduced when Sr atoms are around them. The details of
these effects will be presented in the following diffusion
energetics analysis.

We categorized various hopping paths of oxygen vacancies
into the following four types: (i) interlayer apical-to-apical
hopping (V, © V,), (ii) intralayer apical-to-apical hopping (V,
< V), (iii) equatorial-to-equatorial hopping (V, < V,), and
(iv) apical-to-equatorial hopping (V, < V,). Note that the
interlayer hopping (i) is denoted by a double arrow. Their
respective paths were indicated by black, gray, green, and red/
blue arrows in Figure 2a. Note that we are assuming that only
oxygen atoms can diffuse through vacancy hoppings and the
diffusion through interstitial sites is negligible.

The MEPs provide the atomic picture of the oxygen
diffusion processes. From Figure 2, the energy barrier of (i)—
(iv) paths are 0.2—0.3, 0.5-0.6, 0.4—0.5, and 1.0—1.1 €V,
respectively. Depending on the relative position of the
substituted Sr atom, the energy barrier varies by ~0.1 eV. It
is clear that the dominant diffusion paths for the intralayer and
interlayer diffusion are V, & V, and V, < V,_ hoppings,
respectively. If a vacancy is located at an equatorial site, this
vacancy can scarcely move directly to another neighboring
equatorial site due to the large energy barrier of the V, & V,
hopping. Instead, most of them will hop to neighboring apical

https://doi.org/10.1021/acs.jpcc.3c03072
J. Phys. Chem. C 2023, 127, 17987—-17993


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03072/suppl_file/jp3c03072_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03072?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

sites via the V, = V, hopping. Now, the hopped vacancy at the
apical site can move to other apical sites through V, & V, and
V. < V, hopping, or less frequently, move to equatorial sites
through the V, < V.. Because the V, <& V, hopping is
energetically the most favorable, the oxygen diffusion becomes
highly anisotropic. As a specific example, in our random walk
simulation at 1000 K and small Sr concentration condition (x
< 0.1), oxygen vacancies spend 70—80% of the time at the
equatorial site as being “trapped”, and during the rest of the
time, the isotropic in-plane oxygen diffusion takes place. So,
the major bottleneck of the diffusion process is the escaping
process from equatorial sites, i.e., hopping path (iv).

During the diffusion, intriguingly, it was found that the Sr
atoms lower Ey of nearby vacancies and tend to weakly bind
them around Sr atoms. While at the same time, the Sr atoms
help the vacancy to escape from the equatorial sites by
lowering Ey of V, more than that of V, (which also lowers
energy barrier of V, — V, as will be described in eq 7).

The effect of the substituted Sr atom on Ey of V, can be
described by an effective potential energy U(c) as in

Ey(V,(c)) = Ey(V,(e0)) + Ui(c) (6)

where ¢ denotes the relative configuration between the Sr atom
and V, and V,(o0) is the apical vacancy far from the Sr atoms.
U,(c) is calculated for five configurations indicated as @, @, @,
®, and @ in Figure 2a and becomes saturated as U,(***3) ~
U,(***4) ~ 0. During our random walk simulation, when two
or more Sr atoms are around an apical vacancy site, U,(c) is
calculated for the closest Sr atom.

Similarly, for V,, we have calculated U,(c) and found that
U,(c) approached zero at much shorter distance than U,(c);
U.(c) is —0.066 eV when a Sr atom is in the nearest neighbor
of V, and for farther Sr atoms, U,(c) is less than 10 meV for
our supercell.

Different magnitudes and behaviors of U,(c) and U,(c)
imply two competing effects of Sr substitutions on oxygen
diffusion. One effect is the attraction of vacancies around Sr
atoms, which will slow down the diffusion. The other effect is
the change of relative formation energy between the apical and
equatorial vacancies when the Sr atom is near them. From our
calculation, Ey(V,(c0)) is lower than Ey(V,(c0)) by 0.293 eV,
but it can reduced to ~0.2 eV with the help of Sr atoms. This
also reduces the energy barrier of V, <> V, because, to a good
approximation, the energy barriers only depend on the relative
Ey and hopping paths of two sites from our calculations. As a
result, escaping from equatorial sites, which is the bottleneck of
the overall diffusion process, becomes more accessible.

To quantify these two competing effects of the Sr atom, we
performed random walk simulations on the plausible diffusion
paths. In our simulations, the energy barrier Ej from site A to B
is calculated as

0 1
Ey(A = B) = By + _AEy @
where AE, = Ey(B) — Ey(A) is the difference of vacancy
formation energy between the two vacancy sites and Ej is
0.256, 0.490, and 0.520 for V, & V,, V, & V,, and V, © V,,
respectively.

Diffusion Kinetics of Vacancies. Figure 3a shows a
schematic of oxygen diffusion paths denoted by the solid lines
between red balls. The blue balls indicate Cu atoms and La or
Sr atoms are not displayed for visual clarity. Note that here we
did not consider the V, & V, hopping due to its large energy
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Figure 3. (a) Oxygen diffusion paths (blue lines) in our random walk
simulations. Hopping between equatorial sites are not considered due
to the high energy barrier. Double layers of apical sites indicated by a
red circle form a square lattice when projected in the ab-plane. (b)
Typical trajectories of oxygen diffusion (blue solid lines) at double
layers of apical sites. Magenta circles denote Sr atoms at the two
nearest La planes projected in the ab-plane. Oxygen vacancies stay
longer at the sites with darker bluish rectangles. Calculated diffusion
coefficients along (c) ab-plane and (d) c-axis as functions of Sr
concentration and temperature.

barrier. The Sr substitutions were randomly placed with the
constraint that any two Sr atoms (nearest or next-nearest to
each other) were farther apart than the next-nearest neighbor
distance between them. As the Sr concentration became
higher, this constraint was relaxed to allow two Sr atoms to
locate as each other’s next-nearest neighbors. The possible
hopping paths of V, (V,) are 12 (4) and for each path, Ej is
assigned by considering its crystallographic location and the Sr
environment.

Figure 3b shows the top view of typical trajectories of
oxygen vacancies at specific double layers of apical sites at 800
K. Magenta circles denote the location of randomly distributed
Sr atoms at the upper and lower planes of the double layer, and
V, © V, (V, & V,) hoppings are shown in solid lines parallel
(diagonal) to the edge of the square. As expected, oxygen
vacancies stay longer around Sr atoms (multiple visits of the
same sites are indicated as graded blue colors of rectangles),
i.e., weakly bound to Sr atoms. In spite of this behavior, as
shown in Figure 3¢, d for T = 800, 1000, and 1200 K,
respectively, both diffusion coefficients along in-plane (D)
and out-of-plane direction (D,) increase as the Sr concen-
tration (x). The increase is larger for D, and becomes
saturated as x increases.

In Figure 4, we quantified the two competing contributions
of Sr atoms to oxygen diffusivity, i.e., to weakly bind oxygen
vacancy and to help oxygen vacancy escape from the equatorial
site. The vacancy diffusion along the in-plane direction
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Figure 4. (a) Change of energy barrier for V, < V, hopping when Sr atoms are near. (b) Statistics of Ey(V,) for Sr concentration (x) in
La,_,Sr,CuO, is 0.1 (left) and 0.4 (right). (c) Average stay time at apical oxygen planes 7, (red) and effective in-plane diffusion coefficients (blue)
as functions of Sr concentration at T = 1000 K. (d) Average stay time at equatorial sites 7, (red) and the probability for equatorial vacancies not to

hop into the original apical plane they came from (blue).

predominantly occurs at the double layers of apical planes and
the diffusion continues until V, hops into one of the
neighboring equatorial sites. If Ey(V,) is lowered by nearby
Sr atoms, V, can stay longer at the apical planes due to the
increase of Ey as shown in Figure 4a. Conversely, the vacancy
trapped in the equatorial site can now escape from there more
easily because Sr atoms lower the Ey of equatorial-to-apical
hopping paths. Statistically, as the Sr concentration increases,
the fraction of low-energy apical sites increases, as compared in
Figure 4b for x = 0.1 and 0.4. The resulting increase of average
stay time at apical (z,) and equatorial site (7,) is plotted in the
red line of Figure 4c,d, respectively for T = 1000 K.

The weakly binding effect of Sr atoms can be resolved in

(ry?). /t, where (), indicates average over time 7, which
actually measures how well a vacancy diffuse during they are in

apical planes. Note that {r, %), .. = (r,,?), and experimentally
measured diffusion coefficient is D,, = <rab2>ra /(z,+ 7). In

Figure 4c, <rab2> /7, is plotted as a function of Sr concentration

with a blue line. For x < 0.08, {r;>)/z, decreases with
increasing x because V, around Sr atoms tend to be repeatedly
attracted to the Sr atom. As x increases further, the attraction
ranges of Sr atoms start to overlap and the competing
attractions of Sr atoms now reduce the repeating attractions.
(r2)/7, becomes saturated for x > 0.3 when most apical sites
become on-sites (@) or nearest-neighbors (®) of Sr atoms.
A similar binding effect can also be identified along the out-
of-plane direction. If x = 0, the probabilities for V, to hop into
upper and lower apical planes are the same. However, when
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there is a Sr atom near V,, V, favors returning to the original
apical plane they came from over the new apical plane without
nearby Sr atoms. We quantified this imbalance as f, which is
the probability for V, to hop into the new apical plane and
plotted in Figure 4d as a function of Sr concentration.

In summary, the major bottleneck for the oxygen diffusion in
La, ,Sr,CuO, is the equatorial-to-apical hopping channel and
Sr substitutions relieve it by lowering the formation energy of
equatorial vacancies. Though Sr atoms weakly bind oxygen
vacancies, which is manifested as the dips of (r,*)/z, and f,
the relieving effect greatly surpasses the binding effect that
oxygen diffusivity is monotonically enhanced on the
concentration of Sr atoms.

B CONCLUSIONS

We performed first-principles calculations and diffusion
simulations to study oxygen vacancy diffusion in
La,_,Sr,CuO,, and two major hopping channels of the oxygen
diffusion are suggested. From the diffusion simulation, it is
found that the enhancement by Sr doping is the result of two
competing effects; Sr atoms weakly bind oxygen vacancies
around themselves, while helping the vacancies to escape from
trapping the most stable equatorial sites. It is interesting to
compare the intrinsic oxygen diffusivity of La,_,Sr,CuO, with
that of La, ,Sr,NiO, which is another promising candidate
material for SOFC where the major carriers of diffusion are
interstitial oxygen atoms. According to our calculations, the in-
plane energy barriers of oxygen vacancies in La, ,Sr,CuO, are
between 0.2 and 0.3 eV, while those of oxygen interstitials in
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La, ,Sr,NiO, are between 0.3 and 0.6 eV, depending on the
average oxidation states of Ni,*° ie., the intrinsic interstitial
diffusivity of the latter is several to 10 times lower. As a
consequence of the lack of low-energy interstitial sites at CuO,
planes, one can anticipate that the out-of-plane diffusion of
oxygen interstitial is very slow for both La, ,Sr,CuO, and
La,_,Sr,NiO,.>"** Because the exact vacancy and interstitial
concentrations from the proper defect chemistry are not fully
understood, the contribution of interstitial oxygens to the
oxygen diffusivity in La, ,Sr,CuO, at typical operation
conditions of SOFC (po2 ~ 0.2 atm, T ~ 1000 K) is still

unknown. Although there are many interstitial oxygens, their
contribution would only be in the in-plane direction, and we
believe that this would have little impact on the rate-limiting
process (out-of-plane apical to equatorial vacancy hopping)
that we have described.
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