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Tailoring high-temperature stability and electrical
conductivity of high entropy lanthanum manganite for
solid oxide fuel cell cathodes

High entropy tailoring of lanthanum manganites is
demonstrated as an effective approach to design novel
SOFC cathode materials with improved properties which are
difficult to optimize simultaneously using the conventional
doping strategy. The high entropy (Lag>Ndo2Smo.Can2Sro2)
MnOs has an excellent resistance to elemental segregation up
to 1200 °C and dramatically improved chemical compatibility
with a 8YSZ electrolyte up to 1400 °C, while maintaining a
high electrical conductivity comparable to (LaosSro,)MNnOs.
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High entropy perovskite oxides (HEPOs) have been proposed to serve as improved cathode materials for
solid oxide fuel cells (SOFCs); however, the larger compositional design space introduced by HEPOs
urges for a better understanding of the correlation among the composition, phase stability and resulting
properties of HEPO cathodes. In this work, a series of LaMnOz based HEPOs (HEALMOs) were designed
systematically to investigate the effect of the A site high entropy composition on the structure and
thermochemical/electrical properties of HEALMO materials. The results show that the high entropy
effect manifests itself on top of the conventional doping effect. First of all, neither the Goldschmidt
tolerance factor nor the cation size difference can be used simply to predict the formation ability of
single-phase HEALMOs. Meanwhile, HEALMOs may exhibit higher crystallographic symmetry with much
higher cation size differences and at Goldschmidt tolerance factor values deviating more largely from 1.
Secondly, while high-temperature stability including both resistance to elemental segregation and
chemical compatibility with 8YSZ is affected by the A site cation size difference in a similar way to that of
conventional perovskite oxides, HEALMOs show much enhanced stability at larger A site cation size
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temperature range. The optimum HEALMO with the composition of (Lag,Ndg>Smg2Cag 2Srg2)MnO+
DOI-10.1039/d1ta07275g exhibits a combination of excellent high-temperature stability and good electrical conductivity,

rsc.li/materials-a highlighting its great potential as a promising cathode material for SOFCs.

the anode.>**'* The reaction rate using oxygen gas as an oxidizer
on the cathode becomes slower by several orders of magnitude
compared with that of fuel oxidation reactions on the anode.* As
a commonly used cathode material for SOFCs, La; ,Sr,MnO;_;

1 Introduction

An SOFC is a solid-state power generation device that can directly
convert chemical energy in hydrocarbon fuels into electricity

efficiently and in an environmentally friendly way.** The polar-
ization loss in SOFCs is complex and depends on many factors
such as the thickness of the electrolyte, the working temperature,
the contact resistance between cell components, the concentra-
tion profile at the electrodes and the activation energy barriers of
the rate-determining steps on the anode and cathode.>**'*'* In
many cases, the overall polarization loss of a working SOFC with
a thin electrolyte is dominated by the polarization loss of the
oxygen reduction reaction (ORR) on the cathode, which is partly
attributed to the high activation energy and slow kinetics of the
ORR compared with that of the hydrogen oxidation reaction on
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(LSM) exhibits high electrical conductivity, excellent electro-
chemical catalytic activity, appropriate thermal expansion coef-
ficient close to that of 8YSZ, etc.3,5,11-14 However, LSM suffers
from various problems.>**>** It has been extensively reported that
LSM is prone to react with 8YSZ at high temperatures, leading to
the formation of highly insulating phases such as La,Zr,0, or
SrZrO;.>>** These insulating phases at the electrolyte/cathode
interface significantly deteriorate the performance of SOFCs. In
addition, Sr segregation can also hinder the charge transfer in the
ORR and leads to the deactivation of the LSM cathode due to the
formation of insulating phases such as SrO and SrCOz.*"'>*
Lowering of temperature can alleviate the formation of these
phases; however, the reduction in the working temperature in
turn leads to the increase of polarization losses.>'* Thus, a stable
and high-performance cathode at high temperatures is especially
crucial for the final performance of SOFCs.

In recent years, high entropy ceramics (HECs) have attracted
great attention and various HECs have been investigated."*'*
HECs are multi-principal solid solution ceramics with one or
more Wyckoff sites shared by equal or near-equal atomic ratios

This journal is © The Royal Society of Chemistry 2022
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of elements, in which the large mixed entropy contributes to
their formation.**** It is reported that the mixed entropy of
HECs should be larger than 1.5R (0.0124 k] mol ' K™ ').2325:2629
HECs are long-range structurally ordered but compositionally
disordered, and the ions with different sizes are highly
dispersed, leading to the presence of severe lattice distortion
and formation of the stress field.***?* Generally, HECs possess
many excellent properties, such as high stability, low thermal
conductivity, high strength and hardness, etc.6,22-26,28,30,31
Among HECs, high entropy perovskite oxides (HEPOs) are
particularly interesting because of the special and complex
structure, giving more possibilities for property tailoring. It is
reported that SOFC cathodes can benefit a lot from high entropy
tailoring, leading to reduced thermal expansion, improved
high-temperature stability, modified electronic transport and
catalytic activity because of more redox pairs, reduced cost by
substitution of the expensive element, etc.1,32,33 In the infancy
stage, research studies focus on the synthesis of single-phase
high entropy perovskite oxides.>** For example, Jiang et al.
and Sarkar et al. successfully synthesized single-phase high
entropy perovskite oxides with the B site or both cation sites
populated with five different elements in equiatomic amounts,
respectively.”*** Subsequently, several high entropy perovskite
oxides have been investigated as cathodes for SOFCs to improve
the existing drawbacks of the traditional SOFC cathode, such as
Sr segregation, Cr corrosion, etc.1,6,23,33

Although the application of HEPOs for SOFC cathodes has
been reported, a systematic study on the correlation among the
composition, phase formation ability and resulting properties is
still missing, which hinders the rational design of this class of
new materials for improved cathode performance. In this work,
a series of LaMnOj; based A site solid solution HEPOs (HEALMOs)
were designed and synthesized combining several -criteria
including mixed entropy, Goldschmidt tolerance factor and cation
size difference, followed by microstructural characterization and
investigation of high-temperature thermal/chemical stability and
electrical properties. The focus is to evaluate the typical perovskite
phase formation criteria in HEPOs and the interplay between
doping and high entropy effects on the resulting properties.

2 Experimental
2.1 Material design

Generally, Mn®" cations in LaMnOj; (LMO) are prone to change
valence to maintain charge neutrality when divalent cations
are doped on the La site, leading to the formation of
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Mn** 2714153536 Thuys, LSM is almost a pure electronic
conductor and its ionic conductivity can be ignored.>*” The
electronic conduction mechanism of LSM depends on the
small polaron hopping mechanism, in which electrons hop
along the Mn**-0* -Mn"*" network during conduction.>”*537
In this work, only La site cations in LMO are substituted with
four other metal cations in equiatomic amounts to study the
doping and high entropy effect induced by the A site. The idea
is that, by not changing the B site element of Mn, the charge
imbalance induced by doping on the A site will mostly be
compensated by the charge disproportionation of Mn due to
its ease of valence change, thus maintaining its nature as an
electronic conductor.” For the design and systematic variation
of the HEALMO composition, three criteria considering mixed
entropy, Goldschmidt tolerance factor and cation size differ-
ence were adopted."?**3*38

(1) Mixed entropy (ASmi). The mixed entropy ASp;, for
perovskite oxide ABO; can be defined as:***°

(ZX" In x,,) + <be In x,,)

a=1 A-site b=1 B-site

+3<§:xJnn> ] (1)
e=1 O-site

where x,, x, and x, are the mole fraction of the ions present on
the A, B and O sites, respectively. The mixed entropy directly
affects the Gibbs free energy (AGn,ix) thermodynamically, which
can be explained using the following equation:**>*

ASmix =—R

AGnix = AHpyix — TAShix (2)
in which AH,,ix is the mixed enthalpy and T is the thermody-
namic temperature.

Generally, the most important explanation for the formation
of stabilized single-phase solid solution in HECs is the high
mixed entropy, and the stability can be enhanced by increasing
mixed entropy and lowering the Gibbs free energy."*** In this
work, oxygen deficiency is not taken into account, and the
calculated mixed entropies according to the stoichiometric
formula are listed in Table 1. As is shown, all AS,,;, values of
HEALMOs are 1.61R, meeting the requirement of mixed entropy
for HECs.»?%*

(2) Goldschmidt tolerance factor (¢). Generally, the Gold-
schmidt tolerance factor characterizing the deviation of the
structure from cubic symmetry is an appropriate parameter to
judge whether a stable perovskite structure can be

Table 1 Mixed entropy, Goldschmidt tolerance factor and A site cation size difference of HEALMOs and LSM82

Mixed entropy

Goldschmidt tolerance A site cation

Nominal composition (ASmix) factor (¢) size difference (d,)
HEALMO-1, (Lag ,Ndo ,Sm ,Yo 2Gdo.,)MnO; 1.61R 0.928 7.49%
HEALMO-2, (Lag ;Nd ,Pro ,ST 2B 2)MnO; 1.61R 0.983 8.49%
HEALMO-3, (Lag ,Ndq ,Sm, »Cag »STo..)MnO;, 1.61R 0.959 5.30%
HEALMO-4, (Lag ,Pre 2Cag »STo »Bag ,)MnO;, 1.61R 0.988 7.51%
HEALMO-5, (Lag ,Nd, ,Cag 2Sto.,Bag.,)MnO; 1.61R 0.985 8.29%
LSM82, (Lao sSTo.,)MnO;, 0.50R 0.975 2.33%

This journal is © The Royal Society of Chemistry 2022
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formed.****** For perovskite oxide ABO;, the parameter is
defined using the following equation:*?>3*3%1°

= ﬂ (3)
V2(rg + ro)

where r, and r are the ionic radii of the cations on the A and B
sites, respectively, and ro is the radius of the oxygen ion. For an
ideal cubic perovskite structure, ¢ is equal to 1. It is reported that
the ¢ value should be in the range of 0.78 < ¢ < 1.05 for a stable
perovskite structure.”* In the case of multiple cations on
a specific site, the average ionic radius is considered.” The
calculated Goldschmidt tolerance factor values from the corre-
sponding standard stoichiometric formula are given in Table 1,
assuming that manganese cations on the B site are all trivalent.
(3) Cation size difference (). The cation size difference is
a parameter that is derived from the Hume-Rothery solid-solution

rule and can be quantified using the following formula:******

2

0(Ra) = lZNI:Ci 1 - % (4)

where R, is the radius of the ™ cation on the A site; ¢; is the
mole fraction of the /" cation. It has been shown that the atomic
size difference should be smaller than 6.5% to enable the
formation of single-phases in high entropy alloys,>** but this
threshold appears to be higher in HECs.”**”** In this work, the
calculated d, values from the standard stoichiometric formula
are shown in Table 1.

2.2 Sample preparation

HEALMOs designed using the above criteria were prepared by
the sol-gel method. Analytically pure nitrate reagents including
La(NO;);-6H,0, Nd(NO;);-6H,0, Sm(NO;);-6H,0,
Y(NO;);-6H,0, Gd(NO;);, Pr(NO,);-6H,0, Ca(NO,), 4H,0,
Sr(NOj3),, Ba(NO3), and Mn(NOj3),-xH,O were used as precur-
sors. Ethylene diamine tetraacetic acid (EDTA) and citric acid
were used as the chelating agents. Each HEALMO was prepared
according to the following procedure. First, the specific nitrate
aqueous solution was prepared by dissolving related nitrates
weighed in stoichiometric ratios in deionized water; mean-
while, the EDTA-NH,OH solution was prepared by dissolving
EDTA in ammonia. Subsequently, the nitrate aqueous solution
and EDTA-NH,OH solution were mixed. After being stirred for
a moment, citric acid was added into the mixed solution and
continuously stirred. A homogeneous clear solution can be
finally obtained by adjusting the pH to 7 using ammonia. The
molar ratio of total metal ions : EDTA : citric acid in the final
solution is 1 :1: 1.5. The final solution was continuously stir-
red at 80 °C in an oil bath until viscous xerogel was formed after
gelation. Then, the stirrer was switched off and the xerogel was
left for drying at 200 °C for 4 h, yielding fluffy powders. Lastly,
these fluffy powders were pulverized using a mortar and pestle,
and calcined at different temperatures for 2 h with the heating
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and cooling rate of 5 °C min~ " until a single-phase structure was
obtained, respectively. For comparison, commercial Lag gSro »-
MnO; (LSM82) was directly purchased from Sigma-Aldrich.

2.3 Characterization

X-ray diffraction (XRD, Rigaku D/max-2550PC) in the scan range
of 20-80° at a scan rate of 2° min~" was carried out to analyze
the phase composition of the oxide samples. Additional XRD
Rietveld refinement analysis was further conducted for single-
phase HEALMOs and LSMS82. Microstructure and spatially
resolved chemical analysis of specimens was carried out by
scanning electron microscopy (SEM, Tescan-Maia3) and trans-
mission electron microscopy (TEM, Talos F200X G2), both
combined with energy dispersive spectroscopy (EDS). The
accurate cation contents in the single-phase HEALMOs and
LSM82 were analysed using inductively coupled plasma atomic
emission spectrometry (ICP-AES, iCAP7600). The sample for
TEM observation was prepared by directly dispersing the
powder onto the TEM copper grid coated with a carbon film.
The high-temperature stability of single-phase HEALMOs and
LSMS82 is investigated from two aspects. On the one hand, the
resistance to specific elemental segregation was investigated by
comparing the morphologies of the powders screened using 200
mesh sieves before and after annealing at 800, 1000, 1100 and
1200 °C for 100 h in air, respectively. On the other hand, the
chemical compatibility with the most commonly used electrolyte
material of 8 mol% Y,Oj; stabilized zirconia (8YSZ) was evaluated
according to the following procedure adopted from the litera-
ture.>**** Firstly, the screened HEALMO and LSM82 powders
using 200 mesh sieves were mixed with 8YSZ powder of 20-30 nm
in size in a weight ratio of 1 : 1 using a mortar and pestle, and
stirred for 12 h to obtain an evenly mixed powder, respectively.
Secondly, the mixed powder was put into a crucible and annealed
at different temperatures for 5 h in air. The phase evolution of the
mixed powder before and after annealing was analyzed by XRD.
The electrical conductivity and Seebeck coefficient at 50—
1000 °C were measured on rectangle bar samples with the
dimension of about 10 mm X 3 mm x 2 mm in an helium
atmosphere using a Seebeck coefficient/electrical resistance
measuring system (ZEM-3M10). The schematic diagram of the
system is given in Fig. S1.T During the measurement, graphite
papers were padded on the contact surface between the current
electrodes and sample, and platinum paste was applied to the
contact points between the thermocouples and the sample for
better contact. To prepare the samples, single-phase HEALMO
and LSM82 powders screened using 200 mesh sieves were first
moulded into pellets at 200 MPa and cold isostatically pressed
at 300 MPa followed by sintering in air. The pellet of LSM82 was
sintered at 1400 °C for 5 h and that of HEALMOs at 1300-
1400 °C for 10 h so that a similar density of 90% was achieved
for all samples. In addition, the thermogravimetric (TG)
measurement was conducted using a synchronous thermal
analyzer (STA 449 F3) between 100 and 900 °C in an argon
atmosphere with a heating rate of 10 °C min~" to investigate
oxygen release from the powder samples during heating.

This journal is © The Royal Society of Chemistry 2022
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Fig.1 XRD Rietveld refinement patterns and corresponding schematic diagrams of the calculated unit cells of single-phase HEALMO and LSM82
powders: (a) HEALMO-1, (b) HEALMO-2, (c) HEALMO-3 and (d) LSM82.

Fig. 2 SEM morphologies of single-phase HEALMO and LSM82 powders: (a) HEALMO-1, (b) HEALMO-2, (c)HEALMO-3 and (d) LSM82.
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3 Results and discussion
3.1 Phase and microstructure observation

The phase information of the as-synthesized HEALMO powders
is shown in Fig. 1 and S2.1 It is found that the compositions,
HEALMO-1, HEALMO-2 and HEALMO-3 can crystallize as
single-phase solid solutions at 1200, 1200 and 1100 °C,
respectively, while HEALMO-4 and HEALMO-5 cannot form
a single-phase even when calcined at an elevated temperature
up to 1400 °C. The phase separation in HEALMO-4 and
HEALMO-5 can be further confirmed from the uneven distri-
bution of individual A site elements seen in the SEM micro-
graphs in Fig. S3.1

The morphologies and particle sizes of the single-phase
HEALMO-1, HEALMO-2, HEALMO-3 and LSM82 powders are

View Article Online
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shown in Fig. 2 and Table S1.7 All single-phase HEALMO
powders exhibit a very uniform morphology composed of nearly
equiaxed grains with average particle sizes of about 520, 360
and 220 nm, respectively. The average particle size of LSM82 is
about 660 nm, which is slightly smaller than the range of 0.7-
1.1 pm specified by the manufacturer. The corresponding
elemental distribution maps of single-phase HEALMOs are
given in Fig. 3. It can be seen that all elements are homoge-
neously distributed and there exists no segregation, confirming
the formation of single-phase HEALMOs. The element contents
and corresponding stoichiometric ratios in HEALMO-1,
HEALMO-2, HEALMO-3 and LSMS82 are further analyzed by
ICP, and the results are listed in Table 2. It can be seen that
there exists no significant elemental deficiency or excess on
both A and B sites of HEALMOs and LSM82 considering

Fig. 3 Elemental distribution of single-phase HEALMO powders: (a) HEALMO-1, (b) HEALMO-2 and (c) HEALMO-3.
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Table 2 Element contents (at%) and corresponding stoichiometric ratios in HEALMO-1, HEALMO-2, HEALMO-3 and LSM82 analyzed by ICP

assuming that the remaining content is all oxygen®

Composition La Nd Sm Y Gd Pr Ca Sr Ba Mn o
HEALMO-1 I 4.00 4.00 4.00 4.00 4.00 — — — — 20.00 60.00
I 4.64 4.60 4.92 4.35 4.63 — — — — 22.47 54.39
111 0.20 0.20 0.20 0.20 0.20 — — — — 1.00 3.00
v 0.21 0.20 0.22 0.19 0.21 — — — — 1.00 2.42
HEALMO-2 I 4.00 4.00 — — — 4.00 — 4.00 4.00 20.00 60.00
I 4.83 5.07 — — — 3.88 — 4.74 4.72 24.28 52.48
111 0.20 0.20 — — — 0.20 — 0.20 0.20 1.00 3.00
v 0.20 0.21 — — — 0.16 — 0.20 0.19 1.00 2.16
HEALMO-3 I 4.00 4.00 4.00 — — — 4.00 4.00 — 20.00 60.00
I 4.12 4.08 3.78 — — — 4.41 4.12 — 19.86 59.64
III 0.20 0.20 0.20 — — — 0.20 0.20 — 1.00 3.00
v 0.21 0.21 0.19 — — — 0.22 0.21 — 1.00 3.00
LSM82 I 16.00 — — — — — — 4.00 — 20.00 60.00
I 15.01 — — — — — — 3.72 — 19.03 62.24
111 0.80 — — — — — — 0.20 — 1.00 3.00
v 0.79 — — — — — — 0.20 — 1.00 3.27

“ «1” stands for the expected element content in at%, “I” stands for the actual element content in at%, “IIT” stands for the standard stoichiometric
ratio, and “IV” stands for the actual stoichiometric ratio calculated by forcing that of Mn to be 1.

measurement errors. In comparison, there exists obvious
oxygen deficiency in both HEALMO-1 and HEALMO-2, and
oxygen excess in LSM82 to a certain extent, respectively. Clearly,
these ratios of HEALMOs are almost in good accordance with
the designed equimolar A site solid solution compositions,
confirming the successful formation of HEALMOs.

Considering the cation size difference, HEALMO-4 and
HEALMO-5 have comparable d, values to HEALMO-1 and
HEALMO-2. Thus, there exists no apparent link between the
cation size difference and the formation of single-phase high
entropy perovskite oxides, which is in agreement with
a previous report.** Meanwhile, having Goldschmidt tolerance
factor values closer to 1 (e.g., for HEALMO-4 and HEALMO-5)
does not seem to favour the formation of a single-phase
either. In contrast, HEALMO-1 with ¢ as small as 0.928 can
form a single phase. Therefore, the current results don't support
the hypothesis that ¢ = 1 is a necessary criterion for the
formation of single-phase high entropy perovskite oxides,* but
confirm that no obvious relationship exists between ¢ and
single-phase formation.>® Furthermore, although less
frequently used, the basicity-acidity of oxides can be another
parameter to evaluate phase stability.*®** Using the literature
data on the relative acidity of relevant oxides,* the average
relative acidity of the A site oxides in HEALMOs is calculated
and shown in Table S2.7 It can be seen that the average relative
acidity of A site oxides in HEALMOs follows the order of
HEALMO-1 > HEALMO-3 > HEALMO-5 > HEALMO-2 >
HEALMO-4. Since only HEALMO-1, HEALMO-2 and HEALMO-3
exhibit a single-phase structure among HEALMOs, there also
exists no obvious relationship between the basicity-acidity and
the formation of a single-phase structure.

Two possible factors can be considered to explain why
HEALMO-4 and HEALMO-5 cannot form a single phase. First of
all, Sarkar et al. and Ma et al. proposed that one criterion in
designing high entropy perovskite oxides is that the cations at

This journal is © The Royal Society of Chemistry 2022

a specific position, specific oxidation state and specific coordi-
nation number need to possess similar ionic radii.>*** It can be
seen from Table S31 that among the divalent 12-coordinated
ions, Ba®>* has a significantly larger radius than Ca** and Sr*" in
HEALMO-4 and HEALMO-5, which might be the reason for their
failure in single-phase formation. However, considering Sr**
and Ba®" also co-exist in the single-phase HEALMO-2, this ionic
radius criterion fails to explain why HEALMO-2 can form
a single phase and therefore does not appear to be a good
predictor for the single-phase formation in HEALMOs.
Secondly, it has been reported that the valence combination can
affect structural stability. The valence electron concentration
(VEC) is known to have a determining role in stabilizing FCC
and BCC high entropy alloys,*® and it is also indicated that an
appropriate VEC just filling the bonding state enables the best
phase stability in transition metal borides.*” Further, a higher
cation valence difference was shown to lead to the deviation
from the perfect high entropy phase with the random distri-
bution of cations and the formation of a partially ordered
structure.***! Therefore, the largest deviation of the VEC value
from the most stable LaMnO; phase and the highest cation
valence differences in HEALMO-4 and HEALMO-5 may explain
why they cannot form single phases.

To further investigate the crystal structure, XRD Rietveld
refinement was carried out on single-phase HEALMO-1,
HEALMO-2, HEALMO-3 and LSMS82. The refined patterns as
well as the corresponding schematic diagrams of the calculated
unit cells are shown in Fig. 1. The crystal structure parameters
obtained from the Rietveld results and corresponding unit cells
are summarized in Table 3. With a ¢ value closest to 1 (0.983),
HEALMO-2 is capable of crystallizing in the cubic perovskite
structure with the space group of Pm3m. Both HEALMO-1 and
HEALMO-3 with ¢ values deviating largely from 1 (0.928 and
0.959, respectively) can be identified to have an orthorhombic
perovskite structure with the space group of Pnma. LSM82 with

J. Mater. Chem. A, 2022, 10, 2256-2270 | 2261
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Table3 Crystal structure parameters obtained from the Rietveld results and corresponding calculated unit cells of HEALMO and LSM82 powders

Composition Structure SG a (A) b (A) c(A) a (%) 6(°) v (%)
HEALMO-1 Orthorhombic Pnma 5.366 5.783 7.516 90 90 90
HEALMO-2 Cubic Pm3m 3.878 3.878 3.878 90 90 90
HEALMO-3 Orthorhombic Pnma 5.446 5.453 7.681 90 90 90
LSM82 Hexagonal (rhombohedral)* R3¢ 5.523 5.523 13.368 90 90 120
Metric distortion Bond angle of
Composition Ryp R, x2 (e) Mn-O-Mn (°)
HEALMO-1 8.86 6.51 3.14 0.428 150.2
HEALMO-2 8.60 6.47 2.77 0.340 180.0
HEALMO-3 7.91 5.61 2.00 0.427 162.8
LSM82 6.82 5.02 1.87 0.416 165.1
Composition Bond length of Mn-O in MnOg octahedra (A)
HEALMO-1 2.195 1.974 1.886
HEALMO-2 1.939 1.939 1.939
HEALMO-3 1.984 1.980 1.910
LSM82 1.962 1.962 1.962

“ The space group R3¢ belongs to the trigonal crystal class and has a rhombohedral structure. Here “hexagonal” is used to comply with the
hexagonal representation of the rhombohedral lattice.

a t value of 0.975 is the index in the rhombohedral perovskite The correlation between ¢ and the crystal structure, there-
structure with the space group of R3c, which is in agreement fore, follows the general trend observed in conventional
with previous reports.»* In summary, it can be inferred from perovskite oxides, i.e., the crystal symmetry decreases with an
the crystallographic information that HEALMO-2 exhibits the increasing deviation of ¢ from 1. When ¢ < 1, which is the case
highest structural symmetry, followed by LSM82, and then for most of the designed perovskite oxides, the structure

HEALMO-3 and HEALMO-1. transforms from the ideal cubic to rhombohedral and then
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Fig. 4 Correlation of the crystal structure with the Goldschmidt tolerance factor and cation size difference. For t < 1, the yellow shaded areas
demonstrate the boundaries of the cubic structure for conventional and high entropy materials and the green boxes for the rhombohedral. The
space group information specified only includes those available from the literature. The references for the data are given in Table S4.t
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orthorhombic.>** This correlation can also be seen from Fig. 4
where the ¢ values are plotted for a collection of conventional
and high entropy perovskites including literature data and the
current materials. Fig. 4 also shows the cation size difference
associated with different materials. Although the data points in
the figure are not inclusive, two indications can be pointed out
for further investigation in future studies. Firstly, among all the
presented materials with ¢ < 1, the ability to maintain the higher
symmetry cubic and rhombohedral structures at the smallest ¢
values is observed with two high entropy materials, which is
Sr(Zry ,Sng ,Tip ,Hfy ,Nby ,)O; for the cubic structure and
La(Mn, ;Fe ,C0og ,Nig ,Cuy 5)O5_; for the rhombohedral struc-
ture.*® Secondly, while the correlation between ¢, values and the
structural symmetry is less evident, the largest d, values allow-
ing the formation of higher symmetry cubic and rhombohedral
structures when ¢ < 1 are obtained for HEALMO-2 and
La(Mn, ,Fe, ,C0o¢ »Nig ,Cug »)O03_s, respectively. It is speculated
that the high entropy effect may help push the boundary of ¢
and 0, to smaller and higher values for maintaining higher
symmetry structures.

To further evaluate the pseudo-cubic symmetry of these
samples, the metric distortion (¢) can be calculated according to
the following equation:***3*%*

1 2 b 2
= (7) |:{anorm - aps. cubic} + { norm — aps. cubic}
3 Aps. cubic Aps. cubic
1/2

2
Cnorm — dps. cubic
{Com = e )
Aps. cubic

where ap. cubic is the pseudo-cubic lattice parameter, and @norm,
Dnormy, and cporm are the normalized pseudo-cubic lattice
parameters taking into account the orientation of the lower
symmetry cell. In this work, each normalized values of pseudo-
cubic parameters are calculated under the assumption that the
volumes of orthorhombic or cubic unit cells are four times
larger than those of the pseudo-cubic one according to the
relation of 2aps. cubic X V2aps. cubic X V2ps. cubic, , While that of
the rhombohedral (R3c¢) unit cell is six times larger.** Thus, the
parameters of @norm, Pnorms Cnorm aNd Gps. cubic in eqn (5) can be
calculated using the following equations:>*3>3

Aps. cubic = \3/7 (6)

For the unit cells of HEALMO-1, HEALMO-2 and HEALMO-3,

a -4 b = —b ¢ - ¢ (7)
norm \/2\777 norm \/5\3/77 norm ZW
For the unit cell of LSM82,
a b c
(8)

norm = ~—7= > bnorm = =37 Cnom = =
NN VAT 27

in which Vis the cell volume per ABO; unit, and a, b, and c are
the original lattice parameters of the perovskites obtained
from the Rietveld refinement result."**?*>*? It can be calculated
that the ¢ values of HEALMO-1, HEALMO-2, HEALMO-3 and
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LSM82 are 0.428, 0.340, 0.427 and 0.416, respectively. A larger
numerical value of metric distortion usually means a lower
structural symmetry.»* Hence, it can be deduced from the
aspect of metric distortion that HEALMO-2 exhibits the
highest structural symmetry, followed by LSM82, HEALMO-3
and HEALMO-1, which is consistent with the foregoing
discussion.

Further, the structural symmetry of the ABO; perovskite
oxide is strongly affected by the tilting and distortion of the BOg
octahedra.»**® The tilting and distortion of BOg octahedra in
perovskite oxides are mainly related to two aspects.”* On the
one hand, the tilting of BOg octahedra in perovskite oxides can
be directly reflected from the bond angle of B-O-B,**** and is
enhanced by smaller A site cations.” On the other hand, the
distortion of BOg octahedra is related to Jahn-Teller distortion
and can be reflected from the difference in the bond length of
B-0.**%% Jahn-Teller distortion can be widely observed in
compounds containing Jahn-Teller active cations, such as Cu**
and Mn>*".>*3%% For an ideal cubic perovskite structure, the
bond angle of B-O-B should be 180° and the bond length of
B-O should be equal." Once the structural symmetry lowers, the
bond angle of B-O-B deviates from 180° and the bond length of
B-O becomes unequal. In this work, it can be seen from Fig. 1
and Table 3 that the titling of BOs octahedra suggested by the
deviation of the bond angle from 180° follows the sequence of
HEALMO-1 > HEALMO-3 > LSM82 > HEALMO-2, and the
distortion of BOg octahedra suggested by the difference in the
bond length of B-O has the ranking of HEALMO-1 > HEALMO-3
> LSM82 = HEALMO-2. These trends can be well explained by
the average A site cation size and the content of Jahn-Teller
active cation Mn**, as described above according to the litera-
ture.?>** It should be noted that the determined symmetry is in
the resolution of XRD because the subtle indications of alter-
native symmetry due to the octahedral rotation may not be
apparent in XRD due to the low scattering factor of oxygen.
Together, the analysis of the crystallographic space group, the
metric distortion and the characteristics of the MnOg octahedra
all indicate that HEALMO-2 exhibits the highest structural
symmetry, followed by LSM82, HEALMO-3 and HEALMO-1.

3.2 Resistance to elemental segregation

To investigate the resistance to specific elemental segregation,
the single-phase HEALMO-1, HEALMO-2, HEALMO-3 and
LSM82 were annealed at 800, 1000, 1100 and 1200 °C for 100 h
in air, respectively. The morphologies of the annealed powders
are given in Fig. 5. It can be seen that the grain sizes of
HEALMO-1, HEALMO-2 and HEALMO-3 gradually increase with
increasing temperature and the grains remain nearly equiaxed.
The surface morphologies of HEALMO-1, HEALMO-3 and
LSMS82 are quite clean even when annealed at 1200 °C for 100 h;
however, many dot-distributed precipitates can be observed on
the surface of HEALMO-2 once annealed at 800 °C for 100 h.
Thus, HEALMO-1 and HEALMO-3 exhibit good resistance to
elemental segregation, which is comparable to that of LSM82
used in the current study. A similar enhancement of Sr segre-
gation resistance has also been reported for a high entropy
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Fig. 5 SEM micrographs of single-phase HEALMO and LSM82 powders annealed at 800, 1000, 1100 and 1200 °C for 100 h in air, respectively:
(a)-(d) HEALMO-1, (e)—-(h) HEALMO-2, (i)—() HEALMO-3, and (m)—(p) LSM82.

(Lag.»Pro,Ndg ,Smy ,Sr9 ,)MnO;_s cathode.* The precipitates on
the grain surface of HEALMO-2 annealed at 1000 °C for 100 h
were further analyzed by TEM, as shown in Fig. 6. These
precipitates have a similar size of about 30 nm, and semi-
quantitative EDS suggests that they are composed mainly of O
and Ba, a small but definite amount of Sr and probably a trace
amount of Mn, Nd, La and Pr. In addition, many cracks can be
seen in HEALMO-1, which may be due to the large internal
stress partially associated with serious Jahn-Teller distortion.
Generally, specific cations with a radius larger than or
comparable to La®*, such as Ca®", Sr*" and Ba®", tend to segre-
gate on the surface upon annealing in conventional perovskite
oxides.>**>>* Elastic energy caused by the cation size difference
between the host La*" and dopant Ba>" is the driving force for
the intrinsic segregation of Ba in (Lay gBay ,)MnO; because Ba**
produces less elastic strain when accommodated at the surface
sites.”"* The easiest segregation observed in HEALMO-2 should
be similarly associated with its largest cation size difference as
indicated by the highest 6, value of 8.49%, which is much larger
than those of HEALMO-1 and HEALMO-3, respectively. In
comparison, LSM82 exhibits good resistance to elemental
segregation because of the lowest elastic energy indicated by the
smallest d, value of 2.33%. It is noted that LSM82 has been
frequently reported in the literature to exhibit Sr segregation
after annealing at 630-800 °C for 1-100 hours."*® The discrep-
ancy might be originating from the difference in exact stoichi-
ometry and sample states such as powders, dense pellets,
cathode coatings, etc.12 Interestingly, the elemental segregation

2264 | J. Mater. Chem. A, 2022, 10, 2256-2270

resistance of HEALMO-1 and HEALMO-3 is also very good
despite their much higher 6, values of 7.49% and 5.30%
compared to that of LSM82. Considering the smaller particle
size of HEALMO-1 and HEALMO-3 than that of LSM82, the
enhanced stability cannot be explained by the possible surface
area factor. It is also reported that a conventional (Lay gBay )
MnO; material with a 6, value of 7.09% already showed segre-
gation of Ba rich particles after annealing at 430 °C for 1 h.>>%
Therefore, it consistently suggests that HEALMOs have higher
resistances to elemental segregation at a similar or even higher
level of 6, compared to conventional perovskite oxides. This
enhanced resistance can be attributed to the strong sluggish
diffusion effect derived from the stress field in high entropy
materials.»**?*® In summary, minimizing the A site cation size
difference is still beneficial as observed for conventional doped
perovskite cathode materials®»* while the sluggish diffusion
effect in HEALMOs helps to largely increase the allowable ¢, for
designing segregation free materials.

3.3 Chemical compatibility with 8YSZ

The chemical compatibility with 8YSZ of single-phase
HEALMO-1, HEALMO-2, HEALMO-3 and LSMS82 is investi-
gated and shown in Fig. 7. In agreement with the literature,® it
is confirmed that LSM82 becomes incompatible with 8YSZ once
calcined at 1300 °C, leading to the formation of La,Zr,0,. It is
noted that the chemical compatibility with 8YSZ of the LSM82
used in this work may have been improved due to the larger
particle size and the smaller surface area of the raw powder. The

This journal is © The Royal Society of Chemistry 2022
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Nd 1.9+0.3
Pr 1.0+0.2
Sr 3.5+0.7
Ba 24.6+3.6
Mn 22+0.4
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10 nm

Fig. 6 (a) TEM micrographs, and (b) elemental distribution of HEALMO-2 annealed at 1000 °C for 100 h in air. The element content of area 1 is

listed in the table.
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Fig. 7 XRD patterns of mixed powders calcined at different temperatures for 5 h in air: (a) HEALMO-1 and 8YSZ, (b) HEALMO-2 and 8YSZ, (c)

HEALMO-3 and 8YSZ, and (d) LSM82 and 8YSZ.
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three HEALMO samples were found to exhibit a different level of
chemical compatibility with 8YSZ at high temperatures. The
mixed powder containing HEALMO-1 becomes unstable at
1200 °C, where Smy,Zry30;o emerges, and its content
increases gradually with increasing temperature. The mixed
powder containing HEALMO-2 is only stable below 1100 °C with
diffraction peaks of the new phase indexed to BaSrYZrOs s
appearing after being calcined at 1100 °C for 5 h. In compar-
ison, the diffraction peaks of the mixed powder consisting of
HEALMO-3 and 8YSZ remain intact without any detectable
second phase even when calcined at 1400 °C for 5 h in air. Thus,
HEALMO-3 exhibits the best chemical compatibility with 8YSZ,
followed by LSM82, HEALMO-1 and HEALMO-2. It can be
deduced from Fig. 7 and Table 1 that the chemical compatibility
with 8YSZ become increasingly better with decreasing A site
cation size difference for the HEALMOs investigated in this
work, which is similar to the situation for conventional LMO
based ones. For instance, it is reported that only rare La,Zr,0,
phases can be detected at the reaction interface annealed below
1400 °C for 100 h for conventional La, gCa, ,MnO; with a 6, of
0.59%, indicating the better chemical compatibility with 8YSZ
than that of LSM82 used in this work.>* Data from the litera-
ture*® can further confirm the observed trend between the
chemical stability with 8YSZ and the cation size difference. High
entropy La(Mn,,Feq,C00,Nip,Cuy,)03 5 reported by Han
et al.*® can be calculated to have a B site cation size difference of
9.15% and was found to be stable with 8YSZ only up to 900 °C.
Overall, up to 1000 °C, all the HEALMO materials investigated in
our work exhibit much better chemical stability with 8YSZ than
this reported high entropy La(Mn, Fe,,C0¢,Nig,Cug»)O03_s.
Again, it is noted that HEALMO-3 exhibits very good chemical
compatibility with 8YSZ although the ¢, value is about two
times that of LSM82, which may also arise from the sluggish
diffusion of Mn induced by the high entropy effect.**** It is
reported that the reaction between LSM and YSZ is rather
complicated, and is closely associated with the inter-diffusion at
the LSM-YSZ interface.'®"” This reaction can be influenced by
the compositions of LSM and YSZ, Mn excess in LSM, LSM/YSZ
weight ratio, oxygen partial pressure, temperature, interface
microstructure, etc.16,17 On the one hand, the prevention of A
site cation segregation was found to be beneficial in reducing
the reactivity between LSM and YSZ,> which should be one
reason for the best compatibility observed for HEALMO-3 that
also shows good resistance to A site elemental segregations. On
the other hand, the diffusion of Mn from LSM into YSZ is very
significant because of the large solubility of Mn in YSZ.>'7#>*
Thus, the reaction between LSM82 and YSZ is also considered to
be mostly initiated by the diffusion of Mn into YSZ, leading to
Mn depletion in LSM82 and the generation of chemically active
La,03, ultimately to the formation of La,Zr,0, according to the
literature.>*>'*% Since LSM82 used in this work shows a similar
resistance to A site elemental segregation to HEALMO-3, the
improvement of HEALMO-3 in the chemical compatibility with
8YSZ appears to also be contributed by a retarded diffusion of
Mn. Therefore, it is interesting to note that although high
entropy is realized by the multi-component solid solution on
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the A site, its effect appears to be also active on the B site,
presumably because the induced lattice distortion and stress
field has an overall effect on both sites. In summary, HEALMO-3
shows much enhanced chemical compatibility with 8YSZ
compared to conventional LSM82, and decreasing the cation
size difference helps increase the chemical compatibility of
HEALMOs with 8YSZ.

3.4 Electrical conductivity

Fig. 8(a) shows the electrical conductivity of HEALMO-1,
HEALMO-2, HEALMO-3 and LSMS82 in the range of about 50—
1000 °C, which was measured from sintered pellets. It is noted
that the densities of pellets are all greater than 90% estimated
by image analysis based on SEM micrographs shown in Fig. S4,
and that HEALMOs exhibit similar grain sizes of about 2-5 pm,
smaller than that of LSM82 (about 10 pm), as shown in Table
S1.f Therefore, the obtained conductivity of the HEALMO
samples is probably underestimated to a certain extent with
respect to LSM82 considering the normally lower electrical
conductivity of grain boundaries as well as an increasing
conductivity with grain size in LSM82.>*® As is shown, the
electrical conductivity of HEALMO-1, HEALMO-2, HEALMO-3
and LSMS82 all increases with increasing temperature. The
electrical conductivity of HEALMO-1 is negligible before about
900 °C, and increases slowly with increasing temperature. The
electrical conductivity of HEALMO-2 has intermediate values. It
increases rapidly with the increase of temperature, becomes
stable at around 800 °C and increases rapidly again at about
880 °C. It is noted that the electrical conductivity of HEALMO-1
and HEALMO-2 may have been deteriorated to some extent due
to the oxygen-deficiency nonstoichiometry, as the positively
charged oxygen vacancy defects are most likely to be compen-
sated by Mn reduction, leading to a reduced amount of Mn**
required for electronic conduction.>*'* The highest electrical
conductivity among the three high entropy oxides is achieved in
HEALMO-3, and its conductivity is slightly lower than that of
LSMS82 below about 800 °C; however, it can reach 215.8 S cm™*
at about 970 °C, and is comparable to that of LSM82 in the
temperature range of 800-1000 °C, which is considered to be
good enough to meet the commercial requirement of electrical
conductivity of perovskite cathodes.>*® It is reported that the
electrical conductivity of La; _,Sr,MnOs.; is almost independent
of § over the entire nonstoichiometric range.’”*” Thus, the
electrical conductivity of LSM82 in this work is considered not
to be significantly affected by the oxygen excess.

Fig. 8(b) shows the Arrhenius plots according to the Arrhe-
nius law:'*%

— Ea
RT

In(eT) = +In4 9)
where o is the electrical conductivity, T is the absolute
temperature, E, is the activation energy, R is the gas constant
and A is the pre-exponential factor. It can be seen that the
Arrhenius plots of HEALMO-3 and LSM82 show a linear rela-
tionship in the whole temperature range. By comparison, the
Arrhenius plot of HEALMO-2 only shows a linear relationship
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Fig. 8 (a) Electrical conductivity curves, (b) corresponding Arrhenius plots and (c) Seebeck coefficient curves of HEALMO-1, HEALMO-2,

HEALMO-3 and LSM82 measured from about 50 to 1000 °C in a helium atmosphere.

up to about 880 °C. Similarly, the Arrhenius plot of HEALMO-1
is only linear at low temperatures. The activation energies of
HEALMO-1, HEALMO-2, HEALMO-3 and LSM82 obtained from
the linear parts of Arrhenius plots according to eqn (9) are
~28.3, 15.7, 16.0 and 13.1 kJ mol ', respectively, which lie in
the range of the reported activation energy values (8.3—
29 kJ mol™ ") for the small polaron hopping conduction mech-
anism.>*** Further, Fig. 8(c) shows the Seebeck coefficient
curves of HEALMO-2, HEALMO-3 and LSM82, respectively. It is
not possible to obtain the Seebeck coefficient curve of HEALMO-
1 due to the extremely poor electrical conductivity of the spec-
imen. The Seebeck coefficients of HEALMO-2, HEALMO-3 and
LSM82 are almost all negative, suggesting that the charge
carriers are electrons, further supporting the existence of small
polaron conduction.* Fig. S5 shows the XRD patterns of all the
samples after electrical conductivity and Seebeck coefficient
measurements, which assures that the materials remained
stable after the high-temperature measurements at low oxygen
partial pressure (in a helium atmosphere).

On the one hand, as it is confirmed that the predominant
mechanism in LSM82 and HEALMOs is the small polaron
hopping mechanism, the higher content of Mn*" means more
hopping sites for electrical conduction and better electrical
conductivity. On the other hand, the structure also plays an
important role in further influencing the electrical conductivity.

This journal is © The Royal Society of Chemistry 2022

Generally, a wide energy band is formed in perovskite oxides
containing transition metal cations because of the interaction
between the d-orbitals of transition metal and 2p-orbitals of
oxygen.* The degree of overlap and interaction decreases with
the lowered structural symmetry and increased magnitude of
tilting and distortion of octahedra, leading to the narrowing
down of energy bands, localization of electronic states and
deterioration of electrical conductivity.*>** Based on the fore-
going considerations, HEALMO-1 exhibits the poorest electrical
conductivity and the highest activation energy because of the
very low content of Mn"* due to the absence of divalent cations
on the A site and the lowest structural symmetry. In compar-
ison, some of the A site cations in HEALMO-2 and HEALMO-3
are divalent leading to the formation of a high content of
Mn*" and the increased density of hopping sites;*” meanwhile,
the structural symmetry is higher in HEALMO-2 and HEALMO-
3. Thus, HEALMO-2 and HEALMO-3 exhibit much better elec-
trical conductivity and much lower activation energies
compared with HEALMO-1. However, comparing HEALMO-2
and HEALMO-3 that have the same content of divalent cations
on the A site, it can be seen that HEALMO-3 with a lower
structural symmetry has a higher conductivity. Here the cation
size difference should play a more important role. HEALMO-3
has a smaller 6, than HEALMO-2, and therefore meaning less
lattice distortion and lower intensity of stress field,*® which
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might be the reason for its better conductivity compared to
HEALMO-2. Similar effects of the cation size difference in
conventional perovskite oxides have also been reported for
Lng 5819 5C00; (Ln = La, Pr, or Nd)* and inferred for La, ;Ao 3-
MnO; (A = Sr or Ba).** Finally, although having a lower divalent
cation concentration than those of HEALMO-2 and HEALMO-3,
the second-highest structural symmetry and lowest ¢, value may
be the reason for the best conductivity measured in LSM82. In
addition, the highest density and largest grain size in LSM82
should have contributed to its high conductivity due to the
lower grain boundary resistivity.”>**

As mentioned earlier, the electrical conductivity of HEALMO-
3 is comparable or even better than that of LSM82 in the high
temperature range (about 800-1000 °C) due to a much slower
increase in the conductivity of LSM82 with temperature
compared to that of HEALMO-3. This difference in conductivity
change may be correlated with the change of carrier density
with temperature, which can be reflected from the Seebeck
coefficient results (Fig. 8(c)). In general, the absolute value of
the Seebeck coefficient is an indicator of carrier density.* It is
obvious that the variation of absolute values of the Seebeck
coefficient is significantly higher than that of HEALMO-3 with
increasing temperature, suggesting the larger reduction of the
carrier concentration. The decrease of carrier density can orig-
inate from the oxygen escape in LSM82 at high temperature and
low oxygen partial pressure, which leads to the reduction of
Mn*" to maintain charge neutrality.>'* To investigate the level of
oxygen loss, TG was carried out and the results are shown in
Fig. 9. It demonstrates that the weight loss of LSM82 is much
more significant than that of HEALMOs during heating at low
oxygen partial pressure. The weight loss of LSM82 below 300 °C
is probably associated with the release of absorbed water and
some gases from air, and that above about 300 °C is believed to
be associated with the release of lattice oxygen,”*>** confirming
that oxygen in LSM82 can much more easily escape than in
HEALMOs. The current results therefore indicate further that
the high entropy effect enabled by the A site solid solution
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Fig. 9 Weight changes of HEALMO-1, HEALMO-2, HEALMO-3 and
LSM82 with increasing temperature.

2268 | J Mater. Chem. A, 2022, 10, 2256-2270

View Article Online

Paper

caused sluggish diffusion of not only the B site element Mn but
also oxygen.

4 Conclusions

A series of LMO based HEPOs were designed and synthesized
with the help of combined criteria including mixed entropy,
Goldschmidt tolerance factor, and cation size difference.
Subsequently, microstructural characterization and property
investigation were carried out to clarify the correlation among
the composition, phase formation ability and resulting prop-
erties to guide the design and preparation of HEPO SOFC
cathodes. The conclusions are as follows:

(1) Neither the Goldschmidt tolerance factor nor the cation
size difference can be used simply to predict the formation
ability of single-phase LMO based HEPOs. Meanwhile, in
comparison with conventional perovskite oxides, HEPOs may
exhibit higher crystallographic symmetry with higher cation
size differences and at smaller Goldschmidt tolerance factor
values (when ¢ < 1).

(2) HEALMO-1 and HEALMO-3 show excellent resistance to
specific elemental segregation upon annealing at 1200 °C for
100 h, and the Ilatter exhibits much enhanced chemical
compatibility with 8YSZ (up to 1400 °C) compared to LSM82.
Both high-temperature stabilities were found to increase with
decreasing A site cation size differences in HEALMOs.
Furthermore, good stability can be maintained in HEALMOs
with much larger 6, values (up to 2.2 times) compared to
conventional LSM82, thus allowing a more flexible composi-
tional design.

(3) with the same concentration of divalent cations on the A
site, the electrical conductivity of HEALMOs is favoured by the
smaller cation size difference more than the higher structural
symmetry. Compared with LSM82, the less oxygen escape from
HEALMO-3 due to the sluggish diffusion effect contributes to
the maintenance of electrical conductivity in the high temper-
ature range. Consequently, HEALMO-3 can reach 215.8 S cm ™"
at about 970 °C, which is comparable to that of LSM82 in the
temperature range of 800-1000 °C.

Overall, the as-synthesized HEALMO-3 possesses good
resistance to Sr segregation and excellent chemical compati-
bility with 8YSZ while maintaining high electrical conductivity.
These features highlight the great potential of HEALMO-3 as
a promising cathode material for SOFCs. The results also
demonstrate that the high entropy effect in HEALMOs effec-
tively increases the tolerance to A site cation size differences
within which higher thermochemical stability and good
conductivity can be maintained at high temperatures. Similar
effects can be expected for B site high entropy solid solution,
promising a wider composition engineering space for new
perovskite-based SOFC cathode materials.
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