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One of the main challenges facing solid oxide fuel cell (SOFC) technology is the need to develop

materials capable of functioning at intermediate temperatures (500-800 °C), thereby reducing the costs
associated with SOFCs. Here, Smg 75A0.25Mn,Cos 4Oog8 (A = Ca, or Sr) is investigated as a potential
new cathode material to substitute the traditional lanthanum-—strontium manganate for intermediate
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temperature SOFCs. Using a combination of density functional theory calculations and molecular
dynamics simulations, the crucial parameters for SOFC performance, such as the electronic structure,
electronic and ionic conductivity, and thermal expansion coefficient, were evaluated. An evaluation

of the results illustrates that the conductivity and thermal match of the materials with the electrolyte is

rsc.li/pccp

1. Introduction

Solid oxide fuel cells (SOFC) are devices that are used to
efficiently convert chemical energy into electrical energy.' As
the name indicates, the electrolyte material is a solid oxide,
in which oxygen anions are driven from the cathode to the
anode by means of an oxygen vacancy hopping mechanism.>?
However, high operating temperatures are required in order to
ensure maximum oxygen conversion and high oxygen diffusion
rates through the materials. These high operating temperatures
are known to involve serious drawbacks that directly affect the
long-term stability of the device.>* On the one hand, they favor
the reactivity between cell components, and on the other hand,
the device is subject to additional mechanical stress derived
from the different thermal expansion of the materials.* Hence,
the costs of SOFC are inflated due to short cell lifetimes, in
addition to the intrinsic high cost of the materials, making
improving SOFC durability a key objective before the potential
of these devices can be realized.”
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dramatically improved with respect to the existing state-of-the-art.

Logically, durability can be improved by reducing the ener-
getic budget available to breakdown processes, as such one of
the main goals is to reduce the operating temperature. With the
current cathode material of choice La; ,Sr,MnO;_,; (LSM), the
oxygen reduction becomes inefficient and the cathode is no
longer able to support efficient oxygen diffusion with a reduced
thermal budget.>®® As a result, alternative cathode materials
have been extensively investigated, among these SmCoOj3-based
perovskites have gained increasing attention as potential sub-
stitutes for LSM. At intermediate temperatures (500-800 °C),
SmCoO;-based perovskites have higher oxygen reduction efficiency
and, unlike LSM, they support rapid oxygen diffusion, thus showing
SmCo0; to be an efficient mixed ionic and electronic conductor
(MIEC)." The balance between both types of conductivity is impor-
tant, and they are inversely related to the oxygen content.'® Hence,
high oxygen content benefits electronic conduction (o) but lowers
the ionic conductivity (cp), consequently leading to lower oxygen-
surface exchange and high cell polarization resistance.'® It is also
important to highlight that electronic conduction is typically at least
two orders of magnitude larger than the ionic conductivity, there-
fore, the ionic conductivity is the performance limiting factor for
SOFC." Efficient SOFC cathode materials should also have good
oxygen reduction kinetics at the cathode surface, especially efficient
0, dissociation kinetics. Previous work on O, dissociation on
cathode surfaces have shown that this reaction is commonly
facilitated by surface oxygen vacancies."

Atomistic level characterization of SmCoOj;-based perovskites
has remained relatively scarce, and hence systematic study of
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the effect of different dopants on the oxygen diffusion and
electronic properties is useful for guiding and understanding
experimentally observed trends. Doping SmCoO; has proven to
be an efficient means of balancing both conduction schemes
to obtain the best possible performance. From our previous
work, we have demonstrated that A-site doping with Ca*>* and
Sr** significantly enhances oxygen diffusion,"” and that B-site
doping with Mn®* allows increasing electronic conductivity () and
decreasing thermal expansion coefficient (TEC),"* improving com-
patibility with IT-SOFC electrolyte materials such as gadolinium-
doped ceria (GDC). Previous work on related perovskites has
shown that the interaction between the divalent dopants and
oxygen vacancies (which are formed to charge compensate upon
divalent ion doping) can result in the formation of dopant-
vacancy clusters. These clusters could act as oxygen vacancy
traps, hence limiting the ionic conductivity. Ca has generally
been seen to have a stronger binding to oxygen vacancies than
Sr, but this binding energy is in many cases negligible at IT-SOFC
operating conditions.**™*” Hence both Sr and Ca are investigated
as dopants in this study. Furthermore, both Ca and Sr are
commonly used in La-based perovskites to increase oxygen ion
conduction.'®*® In this work, we show that the combination of
dopants at both the Sm- and Co-sites leads to a cathode material
with both high oxygen and electron conduction, guiding the way
towards the next generation of cathode materials.

2. Computational methods

To investigate the influence of Ca, Sr, and Mn doping on the
electronic and ionic conductivities, the electronic structure of
the different systems was studied using density functional
theory (DFT) calculations in the Vienna ab initio simulation
package, VASP.>°>* The projector-augmented wave method
(PAW) was applied to describe the ion-electron interaction,>*
and the kinetic energy cut-off was set to 500 eV. All calculations
were spin-polarized with the Perdew-Burke-Ernzerhof (PBE)>®
functional and ran until electronic and ionic self-consistence,
with a convergence criteria of 107> eV and 107> eV A,
respectively. For each atomic species, we considered the following
valence electrons: Sm (55°5p°6s®), Ca (35”3p°4s®), Sr (4s”4p°®5s?),
Mn (3p°3d®4s'), Co (4s”3d’), and O (2s°2p*). The tetrahedron
method with Bléchl corrections for smearing®® was applied
with a 4 x 4 x 4 I'-centered Monkhorst-Pack grid,>” and Bader
AIM (Atoms in Molecules) charges were calculated using the
Henkelman algorithm.*®?° All DFT calculations were per-
formed in the 40 atoms 2 x 2 x 2 Pm3m pseudo-cubic simula-
tion cell. We have used the On-site coulombic interaction
(DFT+U) for the Co and Mn 3d-electrons to account for the
self-interaction error,**> by means of Dudarev’s approach,®
with Hubbard parameters (Ueg) for Mn and Co of 4 and 3 eV
respectively.'®**%* To evaluate ., the electronic transport
properties was calculated using the BoltzTrap code (version 2),%°
which calculates electronic transport properties in terms of
constant relaxation time (r) from the Boltzmann transport
equation. Due to the lack of experimental data for t for the
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here investigated materials, we present both ¢./7, and ¢, with
an approximated 7 from previous literature studies.

In tandem with the DFT+U calculations, molecular dynamics
(MD) simulations were conducted to evaluate the ion diffusion and
the thermal response of the bulk material, employing the DL, POLY
4,07 code® to simulate a 20 x 20 x 20 supercell (39000 atoms)
under NPT conditions with a Nosé-Hoover thermostat.>® With a
timestep of 0.5 fs and an equilibration period of 11 ps, statistics
were collected after a production run of 100 ps. The Ewald
summation was employed to account for electrostatic interactions,
with the Verlet algorithm evaluating the atomic motions.
Short-range interatomic interactions were simulated using the
Buckingham potential, within the Born model for ionic solids.**™*"
Electronic polarization was included through the shell model,
where ions are modeled as cores with a harmonic spring (k)
connected to a massless shell with charge Y. The interatomic
potentials used here (ESIt Table S1) are primarily obtained from
Olsson et al., and Cherry et al., which have previously been used to
model ionic conductivity (50) in perovskites.'>'**>4

3. Results and discussion
3.1 Dopant configuration

To evaluate the effect of the mixed doping scheme on electronic,
thermal expansion, and conduction properties of SmCoOs, the
energetically most stable dopant configurations need to be explored
and identified. To achieve this all the non-equivalent dopant and
oxygen vacancy distributions in the SmCoO; lattice are identified
using the Site-Occupancy Disorder (SOD) program.*® SOD uses bulk
symmetry operations to determine all the inequivalent lattice
position, thus limiting consideration of the dopant configurations
to the non-equivalent substitutions only. Sr and Ca concentrations
of 0.25 were considered, based on our previous work."” According
to the Kroger-Vink notation for this dopant scheme (ESIt
eqn (S.1)), one oxygen vacancy (Vo) is required to ensure the charge
neutrality of the system. For Mn, we have considered two different
concentrations, 0.125 and 0.25, based on our previous study on
Co-site doping in these materials."® This resulted in 3 different
configurations for x = 0.125, and 23 for x = 0.25.

After bulk optimization using DFT+U, we calculated
the relative abundance of each configuration at intermediate
working temperatures using Boltzmann distributions,*® showing
that only the most stable configuration for each x is expected to be
found. This was evident for both concentrations and dopant
combinations, although more so for x = 0.125, where the difference
in energy between the different configurations was higher than
that found between the three most stable configurations for
x = 0.25 (a full list is available in Table S2 in the ESIt). Hence,
only the most stable configuration per concentration was
considered to evaluate the electronic structure of the system.

3.2 Electronic and magnetic structures

From projected density of states plots (PDOS), it can be seen that
Smy 75A0.25Mn,Co,_, O, gg is half-metallic with electronic conduc-
tion being only possible through the a-channel. The effect of
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Fig. 1 Projected Density of States (PDOS) for (a) Smo 75Ca0.25MN0.125C00 8750288, (0) SMo 755r0.25MN0 125C00 87502 88, (C) SMo.75Ca0.25MN0 25C00 7502 88

and (d) SMg 755r0.25MNp 25C00 7502 g8

Ca and Sr on the electronic structure is similar, whereas the
major difference between the systems lay in the Mn concen-
tration. For x = 0.125 this a-channel is mainly described by an
overlapping of O(2p) and Co t,, and e, states, but without any
contribution from the Mn(3d) orbitals, whereas for x = 0.25
Mn(3d), both t,, and e, are also present. The overlap of the t,,
and e, orbitals in all electronic structures (Fig. 1), is a result of
the loss of the Co octahedral environment that is necessary for
an effective octahedral crystal field splitting of the orbitals,
evidenced by the distortion of the Co-O bonds relative to the
non-doped SCO matrix (Table 1).

Consequently, this enables different Co d-orbital occupations
from the expected t5zeg, thus leading to low-to-intermediate spin
states (LS/IS), intermediate (IS), and intermediate-to-high (IS/HS)
spin states (see ESIt for a full description of the different
spin states), as deduced from Co magnetizations (Table 1).

From a non-distorted octahedral environment, cobalt magnetic
moments (uc,) are expected to be 0 (low spin state), but under
the presence of distortions, puc, increase. In the ideal case, IS
gives fico = 2, and HS pc, = 4, whereas the combined IS/HS will
have uc, with values in between 2 and 4. For x = 0.125, pc,
ranges from 0.19 to 2.96 for the Ca-containing system, and from
0.02-2.94 for the Sr-containing one. Hence, LS/IS, IS, and IS/HS
spin states are observed for Co in both materials. For x = 0.25,
all Co in both systems show an IS state of around 2. Distortions
in the Co-O bond distances, compared to pristine SmCoO3, is
unequivocally related to the Co magnetic moments, where the
more distorted the system is, the more uniform are uc, values.
Distortion, however, does not seem to influence g, as it is
high for both concentrations; the Mn-O distortions are therefore
more likely to be an effect of Mn being a Jahn-Teller center.
Moreover, different magnetic orderings were calculated, with

Table 1 Unique magnetic moments (u), Bader charges (q), and interatomic distances, and electronic conductivity (ge) in Smg75A0.25MNCo;_O5 gs.
Co-0 distance in SmCoOs is 1.88 A. The larger uc, are located closer to the oxygen vacancy, with the lowest uc. being located at the furthest distance
away from both the oxygen vacancy and Mn

Ca Sr
x =0.125 x =0.25 x =0.125 x =0.25
U (18)  3.29 3.48 3.38 3.49
Hco (p8)  0.19, 0.25, 1.89, 2.01, 2.04, 2.41, 2.96 2.03, 2.20, 2.27 0.02, 0.12, 0.14, 0.28, 1.86, 2.49, 2.94 2.31, 2.32, 2.92
qa 1.55 1.55 1.58 1.59
Gsm 2.10 2.12 2.10 2.13
qco 1.23, 1.25, 1.31, 1.34 1.28, 1.29, 1.18, 1.19 1.26, 1.22, 1.18, 1.49 1.26, 1.27, 1.33
Gnrn 1.71 1.67 1.77 1.74
9o —1.15 —1.16 —1.15 —1.18
Co-O (A) 1.86, 1.87, 1.89, 1.90, 1.91, 1.87, 1.88, 1.91, 1.94, 1.96 1.83, 1.84, 1.87, 1.88, 1.89, 1.91, 1.85, 1.86, 1.88, 1.89,

1.93, 1.94, 1.95, 1.96, 1.97

Mn-O (A) 1.87, 1.90, 1.91, 1.98

1.95, 1.96, 1.98, 1.99
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1.92, 1.93, 1.94, 1.95, 1.96, 1.97
1.89, 1.93, 1.94, 1.97

1.91, 1.94, 1.95
1.91, 1.93, 1.94, 1.95, 1.97, 2.00
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Fig. 2 The temperature dependence of the calculated (a) electrical con-
ductivity over relaxation time, and (b) electronic conductivity assuming
T = 10716 s. SCCMO0.125 = Smo_75Cao_25Mno 125COO.87502.88: SSCMO0.125 =
SMo 755r0.25MN0 125C00 8750288, SCCMO.25 = SMg 75Cap 25MNp.25C00 7502 88,
and SSCM0.25 = Smo_75Sro_25Mn0_25C00_7502_88, respectively.

the ferromagnetic found to be the most stable ordering for all
cases studied. Finally, according to the calculated Bader charges,
Table 1, there is no evidence of charge transfer between any of
the metallic species, as was also seen in previous studies.'®

3.3 Electronic conductivity

The subtle differences observed in the electronic structure of
these materials could have a direct impact on their respective
electronic transport properties, which could also vary with
temperature. To evaluate the electronic transport properties
of these materials at IT-SOFC conditions, the electronic con-
ductivity as a function of temperature (600-1500 K) is presented
in Fig. 2. It is important to note here, that due to a lack of
experimental values of 7 for these systems, we present both the
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electronic conductivity over relaxation time (o./7), and o, with
an approximate t of 10~ ' s. 7 in this range has previously been
used for other cobaltate, manganate, and calcium systems. ¢
Regardless of the chosen 7, these results are useful for comparing
the different dopant schemes and trends therein.

The calculated g, (Fig. 2) show greater conductivity for
x = 0.25 than for x = 0.125, indicating that a higher portion
of manganese in these perovskite systems is beneficial for
electronic conduction, regardless of A-site dopant. This differ-
ence in electronic conductivity between the two concentrations
is directly associated with the fact that for x = 0.125 there is no
contribution from either Co or Mn at the Fermi level, whereas
they do contribute for x = 0.25, making the conduction more
effective. Moreover, the Ca-containing systems show higher
de, both as a function of constant relaxation time (Fig. 2a), and
when explicitly setting the relaxation time (Fig. 2b). Finally, the
trends regarding temperature and dopant concentration seen
in Fig. 2 is in line with previous experimental results.”**>* At
IT-SOFC operating temperatures the limiting factor to IT-SOFC
cathode efficiency lies in the ionic and not the electronic
conductivity, and hence it is of utmost importance that one also
evaluates a material’s ionic conductivity.

3.4 Ionic conduction

Thus, it becomes also necessary to study the ionic conductivity
(60). Computationally, o can be calculated from oxygen diffu-
sion coefficients (Dy), which are obtainable from the mean
square displacement (MSD) of oxygen atoms, calculated using
MD simulations, through

(r*(t)) = 6Dot + Bo (1)

where (r*(¢)) is the time-dependent MSD, ¢ is time, and B is
the thermal factor associated with atomic vibrations.*’ From
Do, one can then calculate the oxygen migration activation
energy (Emig)-

—E.
Do = Djyq exp (ﬁ) (2

where Dj,q4 is the temperature-independent pre-exponential, kg
is the Boltzmann’s constant, and T is temperature. En,j; can be
calculated from the gradient of In(Dg) versus 1/T Arrhenius
plots. From these, 0, is calculated through the Nernst-Einstein
equation® (eqn (3)).

_ Co¢*Do

0= T ®)

Here, Co is the oxygen concentration, and g the oxygen ionic
charge. Do and Ey,j; are presented in Table 2 along with Dg for
Smy 75Cag 25C00, gg and Smy 5551, »5C00, g¢ for reference.

Smy 7540.25Mn,Co; 0, g5 show very high Dy (Table 2), for
the whole range of temperatures. As a result, oxygen diffusion
is markedly more efficient in these materials than in LSM,
regardless of Mn-concentration. Furthermore, Ey,;, for the oxygen
diffusion remains mostly unchanged with increasing x, at around
0.42 eV, which is ~40% lower than LSM,*" thus confirming these
materials as excellent oxygen conductors.>® Furthermore, these

Phys. Chem. Chem. Phys., 2020, 22, 692-699 | 695
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Table 2 Oxygen diffusion coefficients (Do) in 108 cm? s7* at different
temperatures, oxygen migration energy (Emg), and thermal expansion
coefficient (TEC) for Smg75A0.25C01_xMN,Oz gg

Ca Sr

T (K) Do, X =0.125 Do, X = 0.25 Do, x = 0.125 Dg, x = 0.25
600 0.759 2.45 2.17 2.11

800 2.93 4.09 4.33 4.58

1000 7.69 9.04 7.83 8.91

1200 23.0 23.8 22.5 18.5

1500 75.9 80.7 74.2 65.7

Emig (eV) 0.42 0.44 0.42 0.38

TEC (x10° K ') 19.5 14.6 19.7 16.7

four systems show similar Epg to LagoSro.1ScO;_g (0.47 eV),>
Sr-doped LaFeO; (0.44 €V),'® LagsSre5C0075F€02503_a
(0.44 eV),>° Bay5STo5C0g 75F€02502.85 (0.42, and 0.46 eV),”
and Bay 55T 5C00, gg (0.40, and 0.43 eV).”” From these results
it is clear that Smg ;5A¢.25Mn,Co;_,O, gs material presents a
distinct improvement on LSM, both in terms of E,;; and Do,
and shows oxygen migration energies in line with previously
reported good IT-SOFC cathode candidates.*' Additionally, from
comparison with experimental LSM (Do = 3 x 10~ cm?* s~ " at
900 °C (1173 K)°®), it is clear that Do is much higher in
Smy 75A¢0.25Mn,Co; O, g5. The calculated o (Fig. 2), derived
from Dg according to the formula shown in the ESI,{ shows the
same trend as observed for Do, with Mn-doping not providing
any genuine advantage on oo. However, it is clearly seen that at
low temperatures, Mn-doping at x = 0.25 is most advantageous
as it produces the highest 6. As the ionic conduction is the
rate-limiting process (and orders of magnitudes lower than o)
for IT-SOFC MIEC cathodes, a higher o is more beneficial for
the application investigated here. Furthermore, comparing the
Sm-site dopants, Sr has lower Ep, but comparable Do to
the Ca-doped system. Hence, in agreement with studies on
related lanthanide perovskites, both Sr and Ca dopants are
highly beneficial for generating high oxygen ion conductivity,
and more importantly higher than the traditional SOFC cathode
LSM (Fig. 3).'%%
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(a) Log-plot of ionic conductivity versus 1000/T. SCCMO0.125 = Smg 75Cap 25MNo.125C00 87502 88, SSCM0.125 = Smg 75510 25MNg 125C00 87502 g8,
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3.5 Thermal expansion

The suitability of these materials as IT-SOFC cathodes is further
determined by their electrolyte compatibility. An IT-SOFC cathode
should have a TEC of the same order as the electrolyte, too large a
difference in thermal expansion responses will lead to cell failure.
Hence, the final part of this study deals with the thermal
expansion of Smy ;5A4.25C0;_,Mn, 0, gg. The TEC (o) is related
to the supercell volume, assuming a linear dependence,
through eqn (4), and was obtained from MD simulations.®

1 dv

or = 70 a7 (4)
V is the lattice volume, and V, is the reference lattice volume.
For Smy 75A,.,5C0; _,Mn, O, gg to be a viable candidate material
for SOFC cathodes, its TEC needs to be close to that of SOFC
electrolyte materials. Common SOFC electrolytes include YSZ,
LSGM, and GDC, which have TEC of 10-13 x 107° K%, and
it is generally accepted that cathodes with TEC smaller than
15 x 10~ ° K" are suitable.®"** TEC for x = 0.125 is calculated to
be 19.5 x 10" °* K !, and 19.7 x 10 ° K for Ca- and Sr-doped,
respectively. A larger difference in the thermal expansion
behavior is observed at x = 0.25, where Ca-doped has a TEC
of 14.6 x 10 *K ', and Sr-doped 16.7 x 10 ® K™ *, which shows
that these materials should be suitable for IT-SOFC cathodes.

4. Conclusion

In this work, a systematic DFT and MD study of Smy 75A0.25-
Co,_,Mn,0, g5 has been conducted to elucidate these materials’
suitability as next-generation IT-SOFC cathodes. Smy ;5Cag »s5-
Cop75Mng »50, g showed the most promising electronic con-
ductivity occurring via both Co and Mn d-orbitals that overlap at
the Fermi level. This overlap is a consequence of the distortion
induced by the dopants, which at the same time facilitates a
different electron occupation in the metal-d orbitals, which
overall results in a ferromagnetic arrangement of the different
magnetic moments. Improvement, as compared to SmCoO; and

@

SCCMO0.25 = Smg 75Cap.25MNg 25C00 7502 88, and SSCMO0.25 = Smgq 7551 25MNg 25C00.750, g8, respectively. A schematic of a typical oxygen migration
path following an oxygen-vacancy hopping mechanism is shown in (b) as a side view and in (c) as a top view (with the oxygen vacancy seen from
the unfilled pink polyhedra). For both (b) and (c), Co is located in the centre of the light blue polyhedra, and Mn in the centre of the pink polyhedra. The
migrating oxygen atom is presented at different paths of its trajectory in terms of red, blue and white spheres. The white spheres represents the transition
or intermediate states, whereas the blue and red spheres shows oxygen start and final states, which are the lowest energy states.
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LSM, was also observed in the ionic conduction, which is the
limiting factor for the efficiency of the material at operating
temperatures. In fact, Smg;5Cag,sMn,Co;_,O,5s has much
higher ionic conductivity and a lower activation energy for
oxygen migration than LSM, with fast oxygen diffusion even at
lower temperatures. Finally, the last bit of the IT-SOFC cathode
puzzle is the mechanical coupling between electrolyte and
cathode, described in terms of TEC. We show here, that intro-
ducing manganese into the lattice, at x = 0.25, dramatically
decreases TEC, reducing it to a value close to IT-SOFC electro-
lytes. Comparing in between the Sm-site dopants, Ca doping
gives slightly lower TEC than Sr, in conjunction with previous
studies. The combination of all these properties suggests that
Smy 75A0.25Mng 25C00 750, gg would combine the optimum bulk
properties desirable for IT-SOFC cathode material. These results
further justify an investigation into the surface properties of this
material, especially into the oxygen reduction reaction kinetics,
and will be the topic of a future report.
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