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High-entropy (La,Pr,Nd,Sm,Gd)BaCo,0s, s double perovskite-type oxide having an
equimolar, high-entropy, A-site-layered arrangement of cations is synthesized for
the first time. A modified Pechini method, followed by calcination and sintering at
1,100°C helps in obtaining a single-phase, homogenous material with tetragonal 14/
mmm symmetry. In situ X-ray diffraction and dilatometric studies show excellent
phase stability up to 1,100°C in air, with the average thermal expansion coefficient of
23.7-107° K™ within the 25-1,100°C range. Total electrical conductivity of the
metallic character exceeds 1,600Scm™ at room temperature. Equilibrated
oxygen content at room temperature is determined as 5.69. The cathodic
polarization resistance of the (La,Pr,Nd,Sm,Gd)BaCo,0s,; layers, manufactured
on the Lag gSro2Gap gMgo 02 g (LSGM) solid electrolyte of proved inertness, is as
low as 0.037 Q cm? at 900°C, and 0.175 Q cm? at 750°C. The determined value of
the power density in the LSGM-based, electrolyte-supported (thickness ca.
200 um) fuel cell reaches 857 mWcm™. These results indicate possible
applicability of the developed cathode material for solid oxide fuel cells, making
it also one of the best-performing high-entropy air electrodes reported until now.
However, the determined physiochemical characteristics of the material indicate a
relatively limited influence of the high-entropy A-site arrangement in comparison
to the conventional analogs, including the synthesized NdgggSmp12C020s,s
composition, characterized by the same effective radius of the lanthanide cations.
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1 Introduction

In the era of growing energy demand, the importance of
green-energy conversion technologies cannot be overestimated.
Among the proposed new approaches, Solid oxide fuel cells
(SOFC) technology is of special interest, offering improved
efficiency, not only in terms of electricity production but also
through possible utilization of the concurrently produced heat
(Larminie and Dicks, 2003). If fueled by hydrogen, the level of
pollution generated by SOFCs is negligible, and even more
importantly, the possibility of the reversible operation,
ie, work in the high-temperature electrolysis mode, which
can be realized in the reversible solid oxide cells (rSOC),
brings about unprecedented possibilities for supporting the
power-grid balance (Ramadhani et al, 2017), making SOFC
technology one of the most appealing opportunities regarding
the development of the Power-to-X (P2X) technologies (Boaro,
2014; Gao et al,, 2016). While finally, it seems that the broader
commercial application of SOFCs is indeed taking place (Staffell
et al, 2019), the technology remains limited by certain
unresolved issues among which are still too high-operating
temperature, long-term performance stability, as well as high
manufacturing and operating costs should be listed (Mahato
et al.,, 2015; Zhao et al., 2017).

As of today, the biggest performance losses for SOFC cells
operating at reduced temperatures (<800°C) can be associated
with cathodic polarization resistance (Boaro, 2014). This is
mainly due to the insufficiently low catalytic activity toward
the oxygen reduction reaction (ORR) (Ishihara, (2014) Perovskite
Oxide for Solid Oxide Fuel Cells New York: Springer). Currently
state-of-the-art while
delivering a largely improved performance, are still troubled

developed air electrode materials,
by a number of crucial problems related to insufficient
stability,

thermomechanical characteristics, and vulnerability to CO,-

chemical ~and  microstructural unsuitable
and Cr-poisoning effects (Fergus, 2005; Gao et al., 2016).
Among the most promising cathode materials, the so-called
double perovskites with the chemical formula of REBaC0,0s,
(RE: La, Pr, Nd, Gd, Sm, Y, etc.), also including partially doped
materials, must be mentioned (Raveau and Seikh, (2012);
Karppinen et al., 2002; Frontera et al., 2005; Raveau and
Seikh, (2012); Mogni et al, 2013; Volkova et al, 2013;
Pelosato et al., 2015). The uniquely layered arrangement in
the RE-Ba sublattice, which is directly influencing structural,
transport, as well as electrocatalytic properties, enables
manufacturing of air electrode layers showing excellent
catalytic activity toward ORR (Kim and Manthiram, 2008;
Kim et al., 2012; Sengodan et al., 2015). This is mainly due to

the high mixed ionic—electronic conductivity (MIEC), especially
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with regard to the ionic contribution, as well as the presence of
catalytically-active cobalt cations at the surface region with
coordination number lower than six (Kim and Manthiram,
2015; Hwang et al., 2017). What is more, the high versatility
of double perovskites allows for the application not only in
SOFCs but also in Protonic Ceramic Fuel Cells (PCFC) (Kim
and Manthiram, 2015). Still, the considered materials exhibit
some disadvantages, such as relatively high values of the thermal
expansion coefficient (TEC), limited chemical stability at the
interface with solid electrolytes, vulnerability to CO, from the
atmosphere, as well as to the previously mentioned Cr-poisoning
from the interconnects (Sun et al., 2010). However, it is believed
that at least some of those problems can be addressed by proper
doping (Liu et al,, 2017).

While doping at the B-site of Co-based double perovskites
(e.g., with Fe, Mn, or Cu) has been relatively thoroughly
studied (Karppinen et al, 2002; Zhang, 2004; Tsvetkov
et al.,, 2011; Kim et al., 2013; Broux et al., 2014; Tsvetkov
et al., 2016; Kong, 2018; Olszewska and Swierczek, 2019;
Olszewska et al., 2019), in the case of this type of double
perovskites, the occupancy of the A-sites can have an equally
great impact on the properties of the materials, creating
further opportunities for their tailoring. In fact, most of the
properties, such as oxygen non-stoichiometry, electronic
conductivity, ionic conductivity, or thermal expansion
coefficient (TEC), can be directly correlated to the ionic
radius of the A-site lanthanide and/or its difference when
compared to Ba cations, see also Supplementary Figure S1
(Lee et al., 1998; Du et al., 2014; Kim and Manthiram, 2015;
Olszewska, Swierczek, et al., 2019). In most cases, the selection
of bigger RE ions, such as La or Pr, helps in enhancing the
transport properties, however, at a price of increasingly high
TEC values (Kim and Manthiram, 2015) (e.g., from 18.2 to
29.5:10°° K" for YBaCo0,0s, 5 and LaBaCo,Os. s, respectively)
(Olszewska, Swierczek, et al, 2019) Similarly, the oxygen
nonstoichiometry also changes drastically, varying at room
temperature from & = 0.41 to § = 1 for Y- and La-based
compositions, respectively, and can be further modified by
substituting Ba with other smaller alkali ions such as Sr or Ca
(Kim and Manthiram, 2015). However, despite the profound
effect of the A-site occupancy on the properties of the double
perovskites, the studies concerning the utilization of multi-
ionic A-site arrangement (with multiple lanthanide ions) are
still much less popular than those of B-site modifications. In
this context, it seems that one especially tempting, but yet not
further of the
physicochemical and electrochemical properties of double

explored, approach for adjustment

perovskites is to apply the high-entropy design principle.

This way offers a number of additional potential

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.899308

Dabrowa et al.

advantages, such as increased stability due to the entropic
stabilization, and potentially, the presence of additional
synergistic effects (Miracle and Senkov, 2016; Kiibel et al,,
2018). In this context, based on the aforedescribed profound
impact of the relationship between Ba and RE ions’ ionic radii,
it still remains to be seen whether the inherent lattice
distortion and spread of the ionic radii in the high-entropy
compound might introduce further, unexpected effects,
thanks to replacing the atomic-level smooth Ln-O plane by
a highly distorted, uneven, high-entropy analog, in which the
ionic radius of the lanthanide changes from one lattice site to
another.

The application of the high-entropy approach to design novel
oxide systems led to the development of the high-entropy oxides
(HEOx) family, which since the pioneering study of Rost ef al. in
2015 concerning the rock salt-structured (Co,Cu,Mg,Ni,Zn)O
(Vinnik, et al., 2019), has been expanded on a vast number of
compositions and structures, including the high-entropy
perovskites Zhang et al. (2019) History of high entropy oxides,
Singapore: Spronger Nature; Djenadic et al., 2016; Berardan et al.,
2016; Li et al., 2019; Tseng and Mccormack, 2019; Vinnik et al.,
2019; Dabrowa et al., 2020a; Dabrowa et al., 2021). Despite a very
short development history, such materials have already been
proven to exhibit a number of potentially interesting features
from the viewpoint of SOFC technology. For example, in our
previous article, it was documented that Cr-containing La;.
S1,(Co,Cr,Fe,Mn,Ni)Os.s (x = 0, 0.1, 0.2, 0.3)
perovskite could be successfully used as the air electrode
material for SOFCs (Dabrowa et al, 2020b), displaying a
number of beneficial, functional features such as moderate

simple

thermomechanical behavior and high-temperature stability.
Another recent report concerning the high-entropy equivalent
of the LSM material (La; ,Sr,MnO;;), namely the
(La,Nd,Pr,Sm,Sr)MnQj;_5, showed that the utilization of the
«p”
sublattice may allow suppressing the alkaline ions surface

high-entropy design principle with regard to the

segregation, greatly enhancing the longevity of the fuel cell
(Yang et al, 2021), a feature which might also be of interest
in double perovskites, suffering from the similar issue (Kim et al.,
2009a). Last, but not least, in nearly all known cases, not only
regarding the SOFC applications (Han et al., 2021; Shen et al.,
2021) but other energy-conversion technologies as well (Iiibel
et al, 2018; Zhao et al, 2020), HEOx are characterized by
excellent long-term stability of electrochemical performance,
an effect whose origins still remains far from being completely
understood.

Considering the aforementioned benefits of the high-
entropy approach, as well as the lack of reports regarding
the possibility of obtaining high-entropy double perovskites,
not to mention their possible application in SOFCs, it is
especially appealing to evaluate the properties of the
proposed (La,Pr,Nd,Sm,Gd)BaCo,0s,s material. This is
particularly of interest since, as was described earlier, the

Frontiers in Energy Research

03

10.3389/fenrg.2022.899308

ionic radius (or mean radius) of the lanthanides strongly
influences the physiochemical characteristics of the double
perovskites (Kim and Manthiram, 2008; Kim J. H. et al., 2009;
Kim and Manthiram, 2015). However, it remains an open
question as to whether by the introduction of the high-entropy
approach at the A-site, these properties can be affected beyond
the simple interpolation based upon the mean radius of all
introduced lanthanides. Therefore, to provide a valid
Nd 55mg 1,C0,05.5
composition was also prepared with the ratios of the

reference, a more conventional
lanthanide ions being selected to provide an identical

effective ionic radius, but without the level of lattice

distortion, typically associated with the high-entropy
compounds.
2 Materials and methods

The studied materials, namely
Lag,Prq,Ndy,Smg,Gdy ,BaC0,0s, 5 [later denoted as

(La,Pr,Nd,Sm,Gd)BaCo0,05,5] and NdgsSmg ;,C0,05.s,
synthesized by using a modified Pechini method, using nitrate
precursors provided by Alfa Aesar (99.9% purity for lanthanide
salts, 98-102% for cobalt nitrate). Citric acid monohydrate (Alfa
Aesar 99.5+ %) and ethylene glycol (EG) were also used, with the
molar ratio of all the cations, citric acid, and EG in the mixture being

were

1:2:4. After dissolving in demineralized water, the mixture was then
put on a magnetic stirrer, with a heating plate set initially to 150°C
(esterification step). After obtaining a clear solution, the temperature
was increased to 300°C. The obtained gel was calcined at 800°C for
4 h to remove organics, and then at 1,100°C for 16 h to decompose
the highly-stable barium carbonate. This step was followed by slow
cooling (with the furnace) to room temperature (RT). The obtained
powder after grounding was used to prepare pellets of 10 mm in
diameter, formed under a repeatedly applied pressure of 1, 1.5, and
2 tons, using a uniaxial hydraulic press with a vacuum pump
attached. Subsequently, the green pellets were free-sintered in a
chamber furnace for 20 h at 1,200°C, and cooled at the rate of
2°Cmin™" to ensure close-to-equilibrium oxygen content and
decrease the possibility of cracking.

The X-ray diffraction (XRD) measurements were performed
at RT using a Panalytical Empyrean diffractometer with Cu Ka
radiation, working in Bragg-Brentano geometry, within a
10-90 deg range. The obtained data were analyzed with the
GSAS/EXPGUI set of software on a basis of Rietveld refinements.
Structures at high temperatures and the corresponding TEC
from the high-
temperature (HT) XRD measurements carried out on an
Anton Paar HTK 1200N oven-chamber mounted on the
diffractometer. The thermal expansion data were further

values were investigated using results

supplemented by dilatometric measurements using a Linseis
L75 Platinum Series dilatometer.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.899308

Dabrowa et al.

Morphology, chemical composition, and homogeneity of the
materials were studied by scanning electron microscopy (SEM)
combined with the energy-dispersive X-ray spectroscopy (EDS),
using ThermoFisher Scientific Phenom XL Desktop SEM
equipped with a silicon drift detector. The applied voltage for
EDS analysis was 15 kV. The results were processed with the use
of ProSuite software.

Further
homogeneity of the studied high-entropy double perovskite
was performed on the La,Pr,Nd,Sm,Gd)BaCo,0s,s pellet
(free-sintered in a chamber furnace for 20 h at 1,200°C, and

evaluation of the chemical and structural

cooled at the rate of 2°C min™"), using the transmission electron
microscopy (TEM). Thin lamellae for the TEM investigation
were prepared using Thermo-Fisher Scientific SCIOS II DUAL
BEAM scanning electron microscope. TEM and Scanning TEM
(STEM) measurements were carried out using Thermo-Fisher
Scientific Titan Themis XFEG 200 kV S/TEM, equipped with a
probe Cs-corrector.

The oxygen content in the synthesized materials was
established with the method
(Olszewska et al., 2018). The end-point of the titration was
detected potentiometrically with an EM40-BNC Mettler
Toledo titrator. The whole process was carried out in an

iodometric titration

argon atmosphere, and deionized water, used as a titration
medium, was previously freed from the dissolved oxygen by
boiling. To ensure the removal of the adsorbed species on the
powdered material, immediately before iodometric titration,
the sample was heated up to 200°C in air and then slowly
cooled to RT. In order to evaluate the oxygen content changes
with temperature, the thermogravimetric (TG) method was
utilized (TA Q5000 IR thermobalance) with measurements
(two consecutive cycles) performed in synthetic air in an RT-
900°C temperature range, with 5°C min™' heating and cooling
rates.

Electrical conductivity studies by the 4-probe DC method
were conducted within a temperature range of 25-1,000°C,
using the Fine Instruments FRASB-1000 setup consisting of:
TF1200 tube furnace, Keysight Multimeter 34465A, Keysight
Function/Arbitrary Waveform Generator 33210A, control
unit CFRASB-1000 with AM16/32B multiplexer, measuring
probe SSC-15, and BRO7 retaining decade.

To measure the cathodic polarization resistance, LSGM
(Lag gSrg 2Gag sMgo»05.5) electrolyte-supported symmetric
with (La,Pr,Nd,Sm,Gd)BaCo,0s, 5|LSGM]|
(La,Pr,Nd,Sm,Gd)BaCo0,05,5 configuration were prepared

cells

and tested. Dense electrolyte pellets with a thickness of
approx. 600 pum were sintered using commercial LSGM
powder (Fuelcellmaterials), homogeneously mixed with 1 wt
% of the poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate).
The mixture was pressed into 13 mm diameter pellets and
annealed in air at 1,450 °C. Screen printing was used to
on both of the
electrolyte. This required preparing the electrode slurry by

manufacture electrode layers sides
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mixing fine (i.e., as-sintered) (La,Pr,Nd,Sm,Gd)BaCo0,0s,s
powder with a commercial texanol-based binder (ESL
ElectroScience) in a 2:1 wt. ratio, with 5 wt% addition of a
pore-forming agent (starch). Sintering of the layers was
performed at 1,100°C for a duration of 2 h.

Electrochemical  properties of the constructed
symmetrical cells were determined by electrochemical
impedance spectroscopy (EIS) wusing the Solartron

1,260 Frequency Response Analyzer, combined with
1,287A electrochemical interface. Data were measured in
the of 600-900°C. Studies
performed in the 0.1-10°Hz range with a perturbation
amplitude signal of 25 mV. For data-fitting, an L-Ro-Q;R;-

Q,R}, equivalent circuit was used (analyzed with the ZView

temperature range were

software). For details about the interpretation of the
respective resistances (R) and meaning of the constant
phase elements (Q), see previous works (Zhao et al., 2013;
Du et al,, 2014; Zhang et al., 2015; Du et al., 2017).

In addition, an electrolyte-supported (thickness ca.
200 pm) button-type full cell with Ni-CeysGdg 20, 5]
Ceo4sGdo4202-6|Lao.ssro.zGao.sMgo.zos-é|(La,Pr;Nd»Sm»Gd)
BaCo0,0s,s configuration was prepared. Due to the known
poor chemical stability between Niand LSGM electrolytes on
the anode side of the asymmetrical cell, a Cey3Gdy 10,5
(gadolinium-doped ceria, GDC; fuel cell materials) buffer
layer was applied with the screen-printing method, followed
by sintering at 1,300°C for 2 h. Afterward, an Ni-GDC cermet

—— experimental
— fit
— difference

NdO.BBsmO,IZBOCOQOS+6

r 11' " i
B
E
o -
; (La,Pr,Nd,Sm,Gd)BaCo,0.;
Z ] !
Q
E .
T mT M T 10 I M0 I r mm
| | P4/mmm
1 | L 1 |
20 40 60 80
20 [degree]
FIGURE 1

Diffractogram measured at RT for the as-calcined powders of
Ba(La,Pr,Nd,Sm,Gd)C0,0s5, s and Ndg ggSmo.12C0,0s,4, together
with Rietveld refinement.
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N Gd B

La Pr Nd
(o] 38 5.5 3.8 2.7 42 14.1 20.8 451
o 3.1 49 35 2.7 43 13.8 20.6 47.1
o 3.4 53 3.9 3.2 3.9 14.9 21.6 43.8
(o] 3.4 5.2 3.6 3.0 4.1 14.6 20.8 45.3

FIGURE 2

Micrograph taken from a fractured (La,Pr,Nd,Sm,Gd)BaCo,0s, s pellet. Results of the EDS mappings and point analysis data (at% values) are also

provided.

anode (with an initial NiO to GDC wt. ratio of 60:40) was
1,350°C for 2h. Then, the
(La,Pr,Nd,Sm,Gd)BaCo,05,s layer was screen-printed on
the cathode side of the cell and sintered at 1,100°C. The
Ag paste was used to prepare the current collectors, with its
sintering temperature equal to 750°C. During tests,
humidified hydrogen (3 vol% of H,0O) with a 40 cm’*/min
flow rate was supplied to the anode, and air with a 100 cm?/

applied and sintered at

min flow rate was supplied to the cathode.

3 Results and discussion

3.1 Comparison of physicochemical
properties of (La,Pr,Nd,Sm,Gd)BaCo,0s5,5
in relation to REBaCo,05,5

As visible in Figure 1, the measured diffractogram for the
calcined powders of both (La,Pr,Nd,Sm,Gd)BaCo0,0s,s and
Ndy.555mg.12C0,05.5
corresponding to the double perovskite (A-site layered)

show a typical set of peaks
crystal structure, with no secondary phase reflexes visible,
confirming the phase purity. Rietveld refinement of the data
allowed to confirm the presence of aristotype, tetragonal P4/
mmm space group in both compositions, with the RT
lattice cell parameters equal to a = 3.9014(1) and ¢ =
7.6123(1) A, and a = 3.9020(1) and ¢ = 7.6060(1) A, for

(La,Pr,Nd,Sm,Gd)BaC0,05,s and NdjgsSmg1,C0,05,s,
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respectively, with a good agreement between these
values proving the correctness of the conventional
composition’s design. After sintering, the materials

preserved their single-phase structure, see Supplementary
Figure S2. Importantly, for this refinement, preferential
orientation had to be included to obtain the matching
intensity of the fitted profile to the measured data. This is
expected for the measurements of the sintered pellet
comprising the layered oxide material.

In order to evaluate the potential benefits of the high-
entropy approach application, it is necessary to place the
obtained experimental data in the proper context. As already
mentioned, in the double perovskites, the size of the lanthanides
plays a crucial role in terms of the material’s properties,
therefore, it can be expected that by determining the
effective mean radius of the RE cations in high-entropy
double perovskites, one will be able to interpolate the
expected values of physiochemical parameters, not
accounting for the possible synergies. Regarding the mean
value of the (effective) radius 7 of all the employed RE
cations, utilizing Shannon radii data and considering 8-fold
coordination, it can be calculated as 1.105A for both
(La,Pr,Nd,Sm,Gd)BaC0,0s, Ndj gsSmg 12,C0,05,s,
placing these materials between the Nd*- (1.109 A) and
m>*-based compositions (1.079 A) (Shannon, 1976). With
this parameters for
NdBaCo0,05,s and SmBaCo0,05,5 materials obtained in the

2018), the expected

and

value and the known unit cell

same synthesis route (Olszewska et al,
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ZA[201]

500 nm |
La Pr Nd Sm Gd Ba Co (o)
2.1 2.1 2.1 2.0 1.9 10.3 22.7 56.5
2.1 2.0 2.2 1.8 1.7 9.5 20.9 59.8
1.9 1.8 2.1 1.8 1.7 9.2 21.7 59.8
1.8 1.8 2.2 1.8 1.6 8.9 20.7 61.3

ooono

FIGURE 3

Exemplary bright field image (upper left-hand corner) and the corresponding SAED pattern (upper right-hand corner), taken from a thin lamella

of the (La,Pr,Nd,Sm,Gd)BaCo205+8 sample. The zone axis (ZA) along which the SAED pattern was taken is indicated. The lower part of the figure
presents the results of STEM/EDS mapping, with the corresponding elemental distribution maps across the studied area. The results of the EDS
analysis in typical micro areas in four different grains are also provided (at%).

values of a and ¢ parameters, as well as volume V. can be Regarding the homogeneity and microstructure of the
derived, which are very close to the actual, measured data for considered high-entropy double perovskite, results from the
both studied materials (Supplementary Table S1). SEM/EDS analyses of the fractured pellet, presented in
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Figure 2, indicate even and close-to-nominal content of
the elements in the sample. Furthermore, the sinter is
characterized by high density. Considering the EDS point-
analysis data, it should be remembered that for the
lanthanide cations, the overlapping of the EDS signal
occurs which hinders the sensitivity of the method to
evaluate with respect to rare-earth elements. Nevertheless,
it can be stated that within the expected accuracy
range, the results confirm the homogeneity of the obtained
sample.

While based on the XRD and SEM/EDS data it can be stated
that the studied (La,Pr,Nd,Sm,Gd)BaCo,0s,s material is
homogenous and single-phase, it should be noted that in the
case of REBaCo,0s,s double perovskites the atomic-scale
behavior is often complex, exhibiting a tendency toward the
presence of local domains, which can be described by different
space groups (Mufoz-Gil et al, 2014). Such effects may be
correlated with the local differences in the oxygen non-
stoichiometry level, which in turn might affect the properties
of the material. In order to verify chemical and structural
homogeneity TEM observations were carried out for multiple
regions and grains within the prepared lamellae. First, the
analysis was performed in TEM mode. A number of bright
field images (BF) together with the corresponding selected
area electron diffraction patterns (SADP) were taken from
different grains. The exemplary results are presented in
Figure 3. According to SADPs, the sample is homogenous and
the phase structure is well-indexed according to the P4/mmm
structure with SADPs taken along the [201], [221], and [461]
zone axes (Figure 3 and Supplementary Figure S3). The phase
indexing was done by comparing the software-simulated SADPs
of the expected phase with experimental ones, with the obtained
level of agreement equal to 100%. On top of the structural
STEM-high-angle dark-field (HAADF)
analysis coupled with EDS elemental distribution mapping

analysis, annular
was also conducted, see Figure 3 and Supplementary Figure
S4. From the EDS maps taken, as well as the results of the
EDS area analysis, it is clear that the elemental distribution is
uniform and consistent with the nominal composition. On the
whole, a detailed high-resolution S(T)EM analysis confirms the
homogeneity of the studied material, which is further confirmed
by a high-resolution HRTEM image (Supplementary Figure S5).

Based on the HT-XRD measurements it can be stated that the
(La,Pr,Nd,Sm,Gd)BaCo0,05,5 material is stable within the
25-1,100°C range in air, with the corresponding thermal
expansion coefficient (TEC) value being 19.7(6)-10° and
25.2(1)-10°K™* 25-400°C and 400-1,000°C
respectively (see Supplementary Table S2 and Supplementary

for ranges,
Figures 56, S7A). These results are also in perfect agreement with
the TEC values determined for the respective temperature ranges
with the use of dilatometric measurements determined as
19.7(1)-10° K" and 25.2(1)-10°K™" (Supplementary Figure
S7B). A closer comparison with the effective thermal
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FIGURE 4

Temperature dependence of the total electrical conductivity

in air determined for a dense pellet of (La,Pr,Nd,Sm,Gd)BaCo0,0s, s
with the use of the 4-probe DC method. Reference data for
NdBaCo,0s,s and SmBaCo,0s5, 5 from (Kim and Manthiram,
2015).

expansion reported for NdBaCo0,0s,s (25.1(1)-10°K™" for
400-900°C) and SmBaCo,0s,5 (23.1(1)-10°K™"  for
400-900°C) reveals that the recorded TEC value is just slightly
higher than the expected one, calculated as a weighted average
from the aforementioned values (i.e., 24.8(1)-107° K™!). What is,
however, very interesting, is that the more conventional
Ndg gsSmg 1,C0,0s5,5 composition appears to be characterized
by slightly lower TEC values of 19.1(1) and 23.7(1)-10° K'1,
suggesting that the averaging of properties in the high-entropy
composition might actually be even more effective. In terms of
the particular lattice parameters, the comparison of the thermal
expansion of a and ¢/2 parameters in (La,Pr,Nd,Sm,Gd)
BaCo0,0s5,5 with the data for Nd- and Sm-based double
perovskites is presented in Supplementary Figure S8, with a
similar comparison for the unit cell’s volume being shown in
Supplementary Figure S9. Generally, it can be stated that the
observed thermal expansion behavior of (La,Pr,Nd,Sm,Gd)
BaCo0,0s,s closely matches the one reported for conventional
REBaCo0,0:s, s double perovskites, being, as expected, very close
to the one of NdBaCo,Os, s with a significant chemical expansion
component appearing at elevated temperatures (Kim and
Manthiram, 2008; Zhang et al., 2008).

The total electrical conductivities of (La,Pr,Nd,Sm,Gd)
BaCo0,0s5,5 and Ndg ggSmg 1,C0,05,5 materials, measured as a
function of temperature, are shown in Figure 4. Reference plots
for NdBaCo,05, s and SmBaCo,0s, 5 are also provided (Kim and
Manthiram, 2015). As typical behavior for Co-based double
perovskites, the materials exhibit a metallic-type conductivity
behavior, with exceptionally high specific-conduction values,
which in the vicinity of RT exceed 1,600 S cm™'. These results
are consistent with a high degree of electronic delocalization,
which occurs only if favorable conditions for the electronic
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Temperature dependence of close to equilibrium oxygen
content in (La,Pr,Nd,Sm,Gd)BaCo,0s, 5 as determined by
iodometric titration (initial data at RT) and TG measurements
during both heating and cooling runs. Reference data for
NdBaCo,0s5,s and SmBaCo,0s, s are also included (Olszewska
et al,, 2018).

conduction appear (Co-O-Co bond angles being equal to 180 deg
in the aristotype P4/mmm structure, and limited oxygen
vacancies concentration near RT). At elevated temperatures,
the behavior is strongly correlated with the oxygen release
from the structure (see below), leading to the increased
oxygen vacancies content. This may be interpreted as
originating from disruption of the Zener double-exchange
mechanism (Goodenough, 1958), but can be also understood
as due to the decreased concentration of the effective charge
carriers (electron holes) (Olszewska et al., 2018). Furthermore,
with the chemical expansion taking place, less effective
overlapping between O 2p and Co 3d orbitals must also be
mentioned as a factor influencing electrical conductivity behavior
at elevated temperatures. Considering the comparison to
conventional double perovskites with RE = Nd or Sm, the
conductivity values are very similar to the ones reported for
NdBaCo,0s, s and slightly higher than in SmBaCo,05, s up to ca.
400°C (for reference to other double perovskites also see
Supplementary Figure S1A). In comparison, the behavior of
Ndg gsSmg 1,C0,0545, especially within the 100-400°C, is
more similar to SmBaCo,0s5,s. Above this threshold, the
behavior of all four considered compositions is nearly
identical (Kim and Manthiram, 2015). It is worth noting that
the possible distortion of the lanthanide sublattice, resulting from
the presence of different-sized RE ions, does not affect the
effectiveness of the charge transfer.

In order to fully understand the transport properties of
(La,Pr,Nd,Sm,Gd)BaC0,0s,5  knowledge of the actual,
equilibrated oxygen content as a function of temperature must
be provided. Consequently, oxygen nonstoichiometry, essential for
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the physiochemical properties, was established at RT using the
iodometric titration method. The equilibrium oxygen content
was found to be 5.69, which is almost the same as the
anticipated (interpolated) value considering the trend in the
REBaCo0,0s,s series (Supplementary Figure S1C, Supplementary
Table S3). In the case of Nd, ggSmy 1,C0,0s,s, a slightly higher value
of § = 0.71 was determined, which is still comparable within the
assumed error of the method. The obtained value of § = 0.69 is
slightly smaller than Pr- and Nd-containing materials (0.85 and 0.78
(Kim and Manthiram, 2015), respectively, or 0.77 and 0.70
(Olszewska et al., 2018), depending on the applied methodology),
while, in line with the expectations, it is bigger than that in the case of
SmBaCo,05,s [0.65 (Kim and Manthiram, 2015) or 0.58
(Olszewska et al., 2018)]. The observed agreement with the rule
of mixture predictions must be emphasized because of the high
sensitivity of the double perovskite structure toward this parameter.
It should be noted that observing at RT P4/mmm tetragonal
symmetry of (La,Pr,Nd,Sm,Gd)BaCo0,0s, 5
NdggsSmg 12C0,0s,5 corresponds to the vacancy-disordered

and

structure, and similarly for slightly bigger Nd ions, but contrary

to the Pmmm symmetry with § close to 0.5 as observed for
SmBaCo,0s5,s (Olszewska et al., 2018).

The determined RT value is then taken as a starting point for the

TG measurements in air, allowing to present the temperature

oxygen in  (La,Pr,Nd,Sm,Gd)

BaCo,0s,s as presented in Figure 5. For comparison, again, the

data for NdBaCo,0s,s and SmBaCo,0s,s are also provided

2018).

limitations, it was not possible to perform such measurements for

dependency of the content

(Olszewska et al, Unfortunately, due to technical
the NdggsSmy1,C0,0s5,5 composition. The observed level of the
oxygen release at 900°C with & decreasing down to 0.28 is
probably the only distinctive feature of (La,Pr,Nd,Sm,Gd)
BaCo,0s,s5 which does not follow the expected (interpolated)
behavior compared to the reported RE = Nd and Sm compounds
(Olszewska et al., 2018). While it is still in between the results for both
mentioned compositions within the considered temperature range,
the curve of oxygen release, which starts much closer to the one for
Nd-containing perovskite, ends up closer to the Sm-containing one at
900°C. This larger-than-anticipated oxygen release might be due to
the presence of a significant amount of bigger RE** cations (La and
Pr), for which Co-based double perovskites tend to release oxygen
more strongly and at lower temperatures (Olszewska et al., 2018).

3.2 Electrochemical performance as the
candidate air electrode material

With only marginal differences in the physicochemical
characteristics  of  the (La,Pr,Nd,Sm,Gd)
BaCo0,0s5,5 from the expected derived from
interpolation using the mean ionic radii 7, it is interesting to

high-entropy
values

evaluate the electrochemical performance of the air electrode
layers in SOFCs, manufactured using the considered oxide. In
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Impedance spectra collected during electrode polarization
resistance measurements of (La,Pr,Nd,Sm,Gd)BaCo,0s, s layers
(manufactured on an LSGM solid electrolyte), performed with the
use of the EIS method. The applied equivalent circuit is also
presented. All spectra are corrected by the R, value.
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FIGURE 7

Electrode polarization resistance dependence on

temperature (Arrhenius-type coordinates), determined for the
layer manufactured on the LSGM solid electrolyte. The energy of
activation is calculated according to Arrhenius relation: R, =

Rp,0 exp(E,/KT). The literature data for NdBaCo,0s, s and
SmBaCo,0s, s are also provided (Kim et al,, 2009; Kim and Irvine,
2012; Tomkiewicz et al,, 2014; Donazzi et al.,, 2015).

order to test the feasibility of the oxide, before the symmetrical
(La,Pr,Nd,Sm,Gd)BaCo,0s, s]LSGM|(La,Pr,Nd,Sm,Gd)

BaCo0,0s,s cell was prepared, the inertness of the candidate
cathode material toward LSGM electrolyte was established. It
was done on a basis of the structural evaluation of a 50:50 wt.
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Current—voltage and power density curves recorded in a
650-850 °C temperature range for the Ni-Ceg gGdg 2055
Ce.8Gdo 0, 5|Lag 8Sro.2Gag sMgo 203_sl(La,Pr,Nd,Sm,Gd)
BaCo0,0s, s electrolyte-supported, button-type fuel cell.

ratio of a pelletized mixture of the respective powders, which was
sintered for 2h at 1,100°C (corresponding to the conditions
during the electrode’s preparation). As can be seen in
Supplementary Figure S10, no secondary phases were visible
after the heat treatment, with little change in the lattice
parameters, proving the stability of the electrode material.
This is expected considering the already proven stability of
REBaCo0,0s, 5 toward LSGM (Huang et al., 2018).

Regarding the electrode polarization resistance R,, the
exemplary impedance spectra of the investigated symmetrical
cell can be seen in Figure 6. Based on the equivalent circuit
model described in (Olszewska et al., 2018), the value of R,
could be determined. The measured spectra shape, recorded at
the highest temperatures (850-900°C) suggest that both
contributions of the cathodic polarization resistance,
associated with the interfacial electrolyte/electrode processes
and charge transfer (high-frequencies arc) and surface-related
processes (low frequencies arc) are similar, but both are small.
What is interesting is that the shape of the impedance curves
changes with a decrease in temperature, and the increased
contribution of the high-frequency arc is visible at lower
temperatures, which indicates the higher activation energy of
interfacial electrolyte/electrode processes. The calculated values
of the electrode polarization resistance exhibit a linear
dependence on temperature in log R,-T~" coordinates, as is
shown in Figure 7. The established activation energy is 1.21 eV,
which can be considered moderate (Zheng et al., 2012; Pelosato
et al., 2014; Olszewska and Swierczek, 2019). The lowest
recorded value of R, equals to 0.037 Q cm?® at 900°C, while it
increases to 0.175 Q cm? at 750°C. While the values of cathodic
polarization are strongly dependent on the cathode’s
which  makes a direct

microstructure, comparison
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challenging if not impossible, it can be seen that the determined
performance fits into the range of values typically reported for
Nd- and Sm-based compositions, which are also shown in
Figure 7 for comparison (Kim et al., 2009; Kim and Irvine,
2012; Tomkiewicz et al., 2014; Donazzi et al., 2015). Taking into
account the commonly accepted limit of the R, value equal to
0.15Q cm® (Pelosato et al, 2015), if the application is
considered, the developed (La,Pr,Nd,Sm,Gd)BaCo,0s,; layer
should perform satisfactorily at and above ca. 770°C. It is likely
that the performance can be further enhanced with the
improvement of the electrode’s morphology (e.g., by further
optimization of the sintering conditions).

To further prove the possibility of utilizing the
(La,Pr,Nd,Sm,Gd)BaCo,0s,s material in SOFC technology,
the electrolyte-supported, Ni-CepgGdg,0,.5|CeosGd205.5|
Lag gSrg 2Gag sMgp .03 s|(La,Pr,Nd,Sm,Gd)BaC0,0s, s
type full cell was prepared, and its operating parameters were

button-

determined, as presented in Figure 8. As can be seen, utilization
of the (La,Pr,Nd,Sm,Gd)BaCo,0s, s cathode allows obtaining an
excellent electrochemical performance, with the peak power
density of 857 mW/cm® recorded at 850°C. Such a value,
especially accounting for the fact that it was determined for
the electrolyte-supported cell, further proves the high catalytic
activity of the (La,Pr,Nd,Sm,Gd)BaCo,0s,s material toward the
oxygen-reduction reaction. The polished cross-section of the cell
after the measurement is presented in Supplementary Figures
S11, S12. Surprisingly, the EDS point analysis indicates the
possibility of local instability of the system, with the elemental
ratio suggesting the local presence of a simple perovskite phase.
Furthermore, long-term studies of stability under the current
load will be certainly necessary to address this observation. Still, it
does not appear to affect the observed performance.

Based on the previously presented results, it can be stated that
despite no evident high-entropy-related significant modification of
the physicochemical properties of (La,Pr,Nd,Sm,Gd)BaCo,0s,, the
material shows excellent electrocatalytic activity if used to
manufacture SOFC air electrodes. The application of the high-
entropy approach, which does not allow obtaining the basic
properties outside of the rule-of-mixtures, enables a very precise
implementation of the aforementioned rule—in fact to a higher
degree than in the system with only two lanthanide ions. Further
studies will focus on exploring the other potential benefits of the high-
entropy approach, such as the possibility of suppressing the surface
segregation effects, and increasing the long-term stability of
electrochemical performance, as reported in (Yang et al, 2021)
and (Shen et al,, 2021).

4 Conclusion

To summarize, a novel single-phase P4/mmm-structured
high-entropy (La,Pr,Nd,Sm,Gd)BaCo0,0s,s double perovskite
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having a layered arrangement of the A-site cations was
successfully synthesized for the first time, with the use of the
soft chemistry method. The presence of a multicomponent
the A-sites affect the
physicochemical properties of the material, with no obvious

occupancy  at seems to not
synergistic effects being observed. Instead, most of the studied
characteristics are within the expected interpolated range based
on the mean radius 7 of all the employed RE cations. What is
more, the material appears to follow the rule-of-mixtures to an
higher than  the

Ndg gsSmg 1,C0,0s5,5 composition, characterized by the same

even degree more  conventional
value of the effective ionic radius on the RE-occupied
sublattice, potentially enabling a very precise design of
functional properties in the double perovskite structure. The
manufactured (La,Pr,Nd,Sm,Gd)BaCo,0s,s layers (in button-
type, LSGM-supported SOFC) show very low electrode
polarization resistance and good performance in a full cell
Furthermore, the expected benefits of the high-entropy
approach are likely to be more visible with respect to the
broadly understood functionality of air-electrode materials
than the electrochemical performance, e.g., by enhancing the
long-term performance stability of the material or suppressing
the formation of carbonate phases (Dabrowa et al., 2017; Shen
etal, 2021; Yang et al,, 2021). Finally, it should be noted that the
presented approach does not exhaust all the potential
opportunities provided by the application of the high-entropy
design principle to the synthesis of double perovskites, with the
studies toward its application to the B-site position already being
underway.
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