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In this work, the A-site of the common SOFC cathode
Lag gSrp,MnO;_5 (LSM) is modified with additional lanthanide and
alkali elements, resulting in the composition
(La1/6Pr1/6Nd1/6Gd1/6Ba1/6Sr1/6)Mn03_5. We show that the amount of
oxygen released during reduction measured by thermo-gravimetric
analysis is significantly greater for this “high entropy” perovskite
oxide (HEPO) in comparison with Lay;Sr;sMnQOs;, the latter
having the same amount of total acceptor dopant and with a similar
average A-site radius. The origins of enhanced reduction will be
discussed.

Introduction

Compositionally complex oxides (CCOs), also referred to as high entropy oxides, have
several different cations (typically 5 or more) occupying a single site. CCOs have shown
unique dielectric, ionic conductivity, and thermal conductivity properties, in addition to
promising electrochemical properties for solid oxide fuel cells (SOFCs) [1,2]. In this work,
the A-site of the common SOFC cathode LaggSr),MnO55 (LSM) is modified with
additional lanthanide and alkali elements, resulting in the composition
(Lay6Pry6Nd;6GdysBay6Sr16)MnO;55. The oxygen non-stoichiometry (6) measured by
thermogravimetric analysis in ~10~ — 1 atm O, at 1400 °C is presented and the point defect
equilibria analysis is discussed. Comparisons with existing high temperature experimental
and modeling studies on LSM are also be discussed.

Experimental

(La1/6Pr1/6Nd1/6Gd1/6Ba1/6Sr1/6)MnO3_5 (HEPO) and La2/3Sr1/3Mn03_5 (LSM33) wEre
fabricated by conventional solid state synthesis. All powder precursors were ball milled
and annealed at 1300 °C in air for 10 h. The synthesized powders were ground by using a
mortar and pestle and then re-annealed at 1400 °C for 10 h to improve homogeneity.
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Thermo-gravimetric analysis (TGA) was performed using a Netzsch STA 449 F1.
Oxygen partial pressure (pO,) was controlled by mixing oxygen, argon, and pre-mixed
1100 ppm O, in argon and measured on the exhaust side of the instrument using a Zirox
ZRS5 oxygen sensor. Approximately 500 mg of sample was used in TGA measurements.
Corrections for buoyancy were performed using a crucible filled with coarse alumina
powder to approximately the same volume of powder as measured samples.

Results and Discussion

The following point defect relationships for the reduction reaction (equation 1) and
charge disproportionation reaction (equation 2) have been used to describe oxygen non-
stoichiometry of LSM.

2Mnjy,, + 0% = 2Mnfy, + Vi +30,(9) [1]
2Mnyy, = Mn),, + Mn)yy,, [2]

where Mny,,,, Mny,,, Mny,, 05, and V, represents a hole (i.e., Mn*"), a neutral (with
respect to the crystal lattice) Mn cation (i.e., Mn"), an electron (i.e., Mn?"), an oxygen on
an oxygen site, and an oxygen vacancy, respectively. When 6 = 0, the average charge of
Mn is 3+, however, with increasing temperature reaction 2 is expected to move to the right
(analogous to thermal generation of electrons and holes) and thus both charged Mn species
(Mn),;,, and Mn),,,) play a role in defect equilibria. Upon exposure to lower pO,, equation
1 moves to the right to generate oxygen vacancies, Mny;,,, and Mn},,, (via equation 2). An
example of fitting the mass action equations for equation 1 and 2 to 1300 — 1500 °C LSM
non-stoichiometry data has been presented by [3]. Acceptor doping by substitution of La
with Sr (S77,) is charged compensated by the formation of positive point defects, i.e., V5,
and Mn),,,, and for low Sr content (~<0.1 site fraction), oxygen excess has been observed,
with additional point defects (i.e., cation vacancies) required in analysis [4].

Increasing Sr acceptor concentration in LSM has been shown to increase d for the same
temperature and pO; [4]. In the present work, d increases at 1400 °C from the studied
LSM33 to previously reported LSM40 (0.4 site fraction Sr) [3], as expected and shown in
ﬁgure 1. Also shown in the ﬁgure, (La1/6Pr1/6Nd1/6Gd1/6Ba1/6Sr1/6)MnO3_5 (HEPO) (having
the same total acceptor content as LSM33) shows a significantly greater 6, and even greater
0 than that for LSM40. Similar behavior was observed at 1200 °C (to be presented in an
upcoming publication).

The 6% larger ionic radius of Sr [6] increases the lattice parameter and thus bond length
with increasing Sr, which may lead to weaker bonding and increased reducibility,
consistent with the above trend with Sr content. In contrast, substitution with Ca (nearly
the same size as La) for La has shown less reducibility as compared to the much larger Sr
[7]. However, for the HEPO material, the average A-site ionic radius is only ~0.5% smaller
than that for LSM33 (based on 8-fold coordination as 12-fold is not available for all A-site
constituents), and thus the observed significantly greater reducibility can not be explained
by a significant change in average A-site size. Similar lattice parameters for both LSM33
and HEPO (rhombohedral structure (R3c) a = 5.49747(1) A, ¢ = 13.36141 (1) A and a =
5.48253 (4) A, ¢ = 13.4258 (3) A, respectively) were observed from Rietveld refinement
of X-ray diffraction patterns. Instead, the enhanced reducibility may be related to highly
variable local A-site ionic radii.
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Figure 1. Oxygen non-stoichiometry measured for LSM33 and HEPO compared with the
literature for LSM40 measurements (Takacs [3]) and modeling (Grundy [5]).

Summary

(Lay/6Pr6Nd;6Gdy6Bay6Sr16)MnOj3 is shown to have a much greater reducibility than
a corresponding LSM with the same approximate average A-site ionic radius and acceptor
dopant content. The enhanced reducibility may be related to highly variable local A-site
ionic radii.
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