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Energetics of formation and stability in high pressure steam of
barium lanthanide cobaltite double perovskites

+

Aleksandra Mielewczyk-Gryri@®, Shuhao Yang™ ', Maria Balaguers, Ragnar Strandbakke?,
Magnus H. Sgrbye, Iga Szpunar?, Agnieszka Witkowska?, Sebastian Wachowski?, Jose M. Serra¢,
Alexandra Navrotsky®, and Maria Gazda®

This study concerns energetics of formation and the stability in high water partial pressure of BaLnCo,0¢, (Ln = La, Pr, Nd,
and Gd) (BLnC) and BaGd,;,La,C0,0¢.5 where x = 0.2, 0.5, and 0.7 (BGLC) double perovskite cobaltites. Those materials are
extensively studied due to their potential applications as a positrode in electrochemical devices. Therefore, their stability
under such conditions is a key issue. All investigated materials are thermodynamically stable relative to binary oxides and
exhibit strongly exothermic enthalpies of formation. Moreover, BaGd, 3Lag;C0,06.5 and BaGd, gLag ,C0,0¢.5 remain the main
perovskite structure up to 3 bars of water vapor at 400 °C. At higher steam pressure, reaching 10 bar at 300 °C, the partial
decomposition to constituent oxides and hydroxides was observed. The BGLC compounds exhibit higher negative formation
enthalpies in comparison to single-Ln compositions, which does not translate into higher chemical stability under high steam
pressures since the BLnC series retained the main perovskite structure at higher temperatures as well as in higher water

vapor pressures.

Introduction

Ba- and Co-based double perovskites have a variety of
applications in electrical and electrochemical devices and are
increasingly investigated as positrodes (positive electrodes) in
protonic ceramic electrochemical cells (PCECs), comprising
proton ceramic fuel cells (PCFCs) and electrolyzers (PCEs).13 In
PCEs, the chemical stability of materials under high steam
pressures is of the essence, but there are few relevant
studies*>. Recently, multiple properties of double perovskites
with the formula BLnCs, referring to a perovskite with a mix of
divalent Ba and one or two trivalent lanthanides (Ln) occupying
A-sites have been evaluated, including structure, hydration
behavior, and electrochemical performance.®0 In the present
work, the thermodynamic stability of these materials has been
studied by high-temperature oxide melt solution calorimetry,
and the stability at high steam pressures was validated by X-ray
diffraction after long-term exposure. These studies aimed to
provide new insights into the fundamentals of the energetic
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stability of barium lanthanide cobaltites to guide their
applicability as positrodes in PCECs.

Experimental

Commercial BaGdg slag 7C0,0¢.5 (BGLC37) and
BaGdj glag,C0,065 (BGLC82) (Marion Technologies) (BGLCs)
were used in this study. Additional samples with one lanthanide
(BLnC), namely BaNdCo,0¢s (BNC), BaPrCo,0O¢s (BPC), and
BalLaCo,065 (BLC), BaGdCo,0¢s (BGC), as well as
BaGdgsLagsCo,06.5 (BGLC55), were synthesized by solid state
reactions and described in our previous works.®” The oxidation
state of cobalt was determined using iodometric titration at
room temperature, in which approximately 15-20 mg of each
sample was used. Details of the experimental procedure can be
found elsewhere.!* Powder X-ray diffraction (PXRD) patterns
were obtained using a Bruker D2 Phaser diffractometer
operated with Cu Ka radiation (A = 1.54184 A), 3.0 mm air
scatter screen, and 1.0 mm divergence slit. The data were
collected in the 26 range of 10-80° with a step size of 0.02° and
a dwell time of 0.8 s per step. Lattice parameters were refined
based on peak positions in the PXRD patterns using MDI Jade
software. High temperature oxide melt solution calorimetry
experiments were carried out using a Setaram AlexSYS Tian-
Calvet twin microcalorimeter following the standard method
described previously.'? The calorimeter was calibrated against
the heat content of high-purity a-Al,03; (99.99%). Pressed
sample pellets (~5 mg) were dropped from ambient
temperature into the calorimeter containing the solvent,
molten sodium molybdate (3Na,0-4Mo0s), in a Pt crucible at
800 °C. The temperature has been chosen to ensure complete
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and fast dissolution of the material. All experiments were
flushed with Ar at 60 mL min! with bubbling through the
solvent at 5 mL min~ to aid dissolution and prevent local
saturation of the solvent. The thermodynamic cycles used to

calculate enthalpies of formation from oxides (AH®%: o) or
elements (AH®; ¢) are presented in Table 1, and the enthalpies
of drop solution (AHgs) for binary oxides are listed in Table 2.

Table 1. Thermodynamic cycles used to calculate the enthalpies of formation from oxides (AH® ) or elements (AH®; ) at 25 °C. s,
soln, and g refer to solid, dissolved (in calorimetric solvent), and gaseous phases, respectively. *Drop solution (AHgs) enthalpy

values presented in Table 2

Reaction AH (kJ mol?1)
BaLnCo,06_5 (s, 25 °C) > BaO (soln, 800 °C) + 1/2Ln,03 (soln, 800 °C) + 2Co0 (soln, 800 °C) + (3/4-6/2)0, AH, = AHy
(g, 800 °C)

BaO (s, 25 °C) = BaO (soln, 800 °C) AH,

Ln,03 (s, 25 °C) = Ln,03 (soln, 800 °C) AH3*

CoO (s, 25 °C) = CoO (soln, 800 °C) AH,

0: (g, 25 °C) - 0, (g, 800 °C) AHs =25.2713
BaO (s, 25 °C) + 1/2Ln,03 (s, 25 °C) + 2C0o0 (s, 25 °C) + (3/4-6/2)0, (g, 25 °C) = BaLnCo,045 (s, 25 °C) AH®¢ ox

AH® o = —=AH; + AH, +1/2AH; + 2AH, + (3/4-6/2)AHs

Ba (s, 25 °C) + 1/20, (g, 25 °C) = BaO (s, 25 °C) AHg

2Ln (s, 25 °C) + 3/20, (g, 25 °C) = Ln;,05 (s, 25 °C) AH,

Co (s, 25 °C) + 1/20; (g, 25 °C) = CoO (s, 25 °C) AHg

Ba (s, 25 °C) + Ln (s, 25 °C) + 2Co (s, 25 °C) + (3-6/2)0, (g, 25 °C) = BaLnCo0,0¢ 5 (s, 25 °C) AH% ¢

AH®¢ o = AH%, ox + AHg + 1/2AH; + 2AHg

Table 2 Enthalpies of drop solution (AHgs) in 3Na,0-4Mo0O; at
800 °C and enthalpies of formation from elements (AH% ¢) at 25
°C for binary oxides.

Binary oxide  AHg (kJ mol?) AHC% o (kJ mol~?)

BaO -176.48 £+3.481% -548.1+2.11
La,03 -221.81+2.251> -1791.6+2.016
Pr,03 -177.85+8.21°2 -1809.9+3.016
Nd,03 -156.95+1.0517 -1806.9+3.016
Gd,03 -134.48+1.7017 -1830.9+5.018
CoO 21.92+0.36 YV -237.7+04 13

3 Based on the thermodynamic cycle listed in Table S1.

Stability tests under conditions of high water partial pressure
and elevated temperature were performed in steel cells. The
chemical stability of as-synthesized BLnC and BGLC (BGLC37 and
BGLC82) powders was examined at two steam pressure
conditions. The firstinvolved 3 bars of total pressure, consisting
of 1.5 bar of steam, 0.24 bar of oxygen, and 1.26 bar of Ar, at
400 °C for 72 h. In the high-pressure treatment, the total
pressure was increased to 21 bar: 10.5 bar of steam, 1.68 bar of
oxygen, and balanced with 8.82 bar of nitrogen, maintaining the
temperature at 300 °C for 100 h. A third steam treatment was
performed by rising the temperature to 600°C and maintaining
atmospheric total pressure, consisting of 0.5 atm of steam, 0.08
atm of O, and 0.42 atm of Ar. The crystalline phases were
analyzed by PXRD before and after the exposure. PXRD patterns

2| J. Name., 2012, 00, 1-3

were collected by a PANalytical Cubix fast diffractometer, using
Cu Ka radiation (A = 1.5406 A) and an X'Celerator detector in
Bragg—Brentano geometry. X-ray diffractograms were recorded
in the 28 range from 10° to 90° with a step size of 0.02°, which
were analyzed using X'Pert Highscore Plus software.
Synchrotron radiation powder X-ray diffraction (SR-PXRD) was
performed at the 111 beamline at the Diamond Light Source
synchrotron (Didcot, UK). The instrument was equipped with 45
photomultiplier detectors each with a Si(111) analyzer crystal 1°
and the wavelength was 0.82453 A. The samples were placed in
0.3 mm borate glass capillaries which were spinning during data
acquisition.

X-ray absorption spectroscopy (XAS) measurements were
performed at the Solaris National Synchrotron Radiation Centre
(Krakow, Poland). A dedicated photoemission electron
microscope (PEEM)/XAS bending magnet beamline was utilized
to measure oxygen K-edge spectra. Sample powders were
mounted on carbon tape and placed on Omicron plates for
measurements.

Results and discussion

Structural Information

Since the structure of barium lanthanide cobaltites has been
discussed elsewhere,®’ this work focuses on chemical and
structural differences, including chemical composition, lattice
parameters, Co oxidization and spin states, and the phases

This journal is © The Royal Society of Chemistry 20xx
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before and after high steam pressure stability tests. Figure 1
presents the PXRD patterns of as-prepared samples, confirming
single phases for all compositions.

Besides the lattice shrinkage due to the decreasing Ln size as the
atomic number increases, lattice parameters of BLnC’s are also
affected by oxygen stoichiometry associated with the Co
oxidation state. To have a comprehensive consideration of ionic
interactions, the structure factor of the Glasser-Jenkins

pp—— equation? (SFg,) was used to differentiate studied samples. SFg,
ELe ; J b AL is defined as
J 21 1/3
ko BTN W T T W SFg =1G) (1)
- l , Where | is the ionic strength term, V,, is the molar unit cell
" e et I volume — unit cell volume/formula units per unit cell, and
E e ) ] | (21/V)*3 represents the cation-anion distance term. The ionic
= = 4 M strength, |, can be calculated by
L A L VT 1=5%nz? (2)
l , where n; is the number of ions with charge z,. The summation
s LA SN is based on all the types of ions, i, in the formula unit. The SFg,
BGLCBZ—J{ values of BLnCs and BGLCs were calculated according to
—— S Ees chemical composition and unit cell volumes listed in Table 3.
10 20 30 40 50 80 70 80

26 (%)

Figure 1. X-ray diffractograms of BLnCs and BGLCs as-prepared

samples. Marked peak stems from the silicon XRD sample

holder.

Table 3. Chemical composition, lattice parameters, structure factors of the Glasser-Jenkins equation (SFg;), and extended
Goldschmidt tolerance factors (t)?* of BLnC and BGLC samples.

Lattice parameters

Sample  Composition Space S!:_GJ T
group 4 (4) b (A) c(A) v (A%) (A7)

BLC BalaCo,0s ¢ Pmmm  3.898(5)  7.753(5) 7.727(5) 2335(6)  21.57 4.054
BPC BaPrCo,0s 64 Pmmm  3.871(5)  7.704(9) 7.526(9) 224.4(9)  21.96 4.066
BNC BaNdC0,0s s, Pmmm  3.893(1)  7.772(3) 7.609(1) 2302(2)  21.11 4.069
BGC BaGdCo,0s 55 Pmmm  3.872(1)  7.814(4) 7.529(2) 227.8(2)  21.00 4.084
BGLC37 BaGdgslag,C0,0s,5 Pmmm  3.96(1)  7.75(1) 7.68(1) 236(2) 22.44 4.062
BGLC55 BaGdgslagsCo,0s,6 Pmmm  3.899(1)  7.811(2) 7.614(2) 231.9(2)  22.92 4.068
BGLC82 BaGdgslap,Co,0se, Pmmm  3.877(3)  7.792(7) 7.55(1) 227.9(7)  21.65 4.077

The modified tolerance factor introduced by Bartel et al. was
also used to evaluate the structural stability of BLnC and BGLC
perovskites. The extended Goldschmidt tolerance factor (1) is
defined as
A
To B

T=,"Ma nA_T (3)
InC"/rp)

, Where n, is the oxidation state of A-site ions, ra, rg, and rg
represent the ionic radius of A-site and B-site cations and O
anions (ra>rg by definition). Perovskites are expected to have a
T value smaller than 4.18.2! The t values of BLnC and BGLC
samples are listed in Table 3. To determine the average Co spin
state at room temperature, XAS spectra at oxygen K-edge were
measured as shown in Figure 2. As we reported previously, Co3*
exhibits a high spin (HS) state in BLC and an intermediate spin
(1S) in BGC,” while the Co spin state of other compositions is
intermediate. The edge for BGLC37 is located at a relatively low
energy, suggesting that the majority of Co3* in this composition

This journal is © The Royal Society of Chemistry 20xx

is in an HS state. On the other hand, for BGLC55 and BGLC82,
the edge appears at higher energies, indicating that more Co3*
exists in an IS state in these two BGLC samples with higher Gd
content.

HS 1S

c [—BGLCES ¢ o7 £ e

B s BGLCI7 ® g% i ®

g ......................

= 1 e e
. e .

[}

E L

8 ' '
] 1

526 527 528 529 530 531

energy (eV)

Figure 2. XAS spectra of oxygen K-edge of BGLC samples.

Thermodynamic Stability

J. Name., 2013, 00, 1-3 | 3
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The thermodynamic stability of double perovskite cobaltites
(BLnCs and BGLCs) was determined by high temperature oxide
melt solution calorimetry. With the help of the thermodynamic
cycles in Table 1, the enthalpies of formation from oxides (AH*s.
ox) Or elements (AH’; o) were calculated from the enthalpies of
drop solution (AHg). Lattice energies (U) were further

calculated using Born—Haber cycles (Table S2 and S3). The
results are listed in Table 4. As shown in Figure 3, AH% o values
of all studied compositions are plotted as a function of the
average ionic radius of trivalent lanthanide ions (Figure 3a),??
structure factors of the Glasser-Jenkins equation?? (Figure 3b),
and extended Goldschmidt tolerance factors?! (Figure 3c).

Table 4. Enthalpies of drop solution (AHgs) in 3Na,0-4Mo0Oj3 at 800 °C, enthalpies of formation from oxides (AH®; ) or elements
(AH%, o)) at 25 °C, and lattice energies (U) for BLnC and BGLC samples.

Sample AHg4s? (k) mol1) AH’ ox (k) mol™?) AR’ ¢ (k) molt) U (kJ mol™?)
BLC -7.29 £0.18 (8) -221.98 +3.73 -2141.3+45 -26471+13
BPC -13.21+£0.32(5) -193.95 +8.94 -2122.4+9.3 -26655 + 16
BNC -11.11 £ 0.28(8) -186.49 + 3.60 -2113.4+45 -25921 + 14
BGC -25.07 £ 0.51 (8) -161.54 + 3.69 -2100.5+5.0 -25808 + 14
BGLC37 75.40 £ 0.61 (8) -290.30+ 3.70 -2215.5+4.4 -27703 £13
BGLC55 -21.57£0.37 (8) -183.84 +3.64 -2113.0+£45 -28301 +13
BGLC82 35.77 £ 0.51 (8) -230.23 £ 3.66 -2165.3+4.7 -26583 + 14
@ Value is the mean of the number of experiments indicated in parentheses. Two standard deviations of the mean are given as
errors.
a b C
4504 1 BGC - BGG:
19 2 ] w
i BGC™. BGLCss | pE Torer | BGLC55” !
\ ~ § § g ,l
N ' BNC®, BNC 1 .9 BN
E 2104 \ BPG\\ 1 sre i //’ BPC '
2 9 e {e BGLCS2
= \ BLC dWGLCE2 BLC [
2 240 BGLC82 - - /
\ f
\  §
/
-270 < N - - ’
N gGLc:37 )} i,’
300 BGLC37 | BGLG3Y
T T

————————T —— v
21.0 215 220 225 23.0 405 406 4.07 408
-1
SF e (A" T(_)

T ET T V3 T LT T
1.26 1.28 1.30 1.32 1.34 1.36
r(iLn®) (A)

Figure 3. Enthalpies of formation from oxides (AH’; .x) of BLnC and BGLC samples versus (a) the ionic radius of Ln3* (CN=12), (b)
the structure factor of the Glasser-Jenkins equation (SFg,), and (c) the extended Goldschmidt factor (t)?L. Curves are only to guide
the eye and do not represent any physical fit of the data.

Table 5. Summary of enthalpies of drop solution in sodium molybdate (or lead borate for La,Sr,CoO,4-, compounds) at 700
(AH4s7%%) or 800 °C (AH4s8%0), plus formation enthalpies of formation from oxides (AH®¢ ox-coo and AH®¢ ox-co304 refer to formation
enthalpies from CoO and Co30,, respectively) at 25 °C for a range of cobalt-based perovskites

Stoichiometry ';\;' CZX O AHGO(k/mol)  AHeS (ki/mol) (Ak'j Jrol) (AIZJO/":T’?O(;’:; b oo
La; 4Sro.6Co0, +2.6 83.63 +2.79%3 -85.423 -23.9
Lay 450 6C00s 05 +2.56 80.20 + 2.6423 -81.623 -24.2
La;25Sr0.75Co00, +2.75 94.16 +2.3123 -101.0% -32.6
La;.255r0.75C003 o5 +2.65 74.21 +3.32% -81.523 -14.8
LaSrCo0Os3 g9 +2.98 102.35 + 3.3323 -117.6%3 -49.2
LaSrCoOs g3 +2.66 67.92 + 2.8923 -84.923 -17.2
Lag 755r1.25C003 96 +3.17 101.93 + 1.08%3 -125.8%3 -57.4
Lag.755r1.25C003 67 +2.59 42.76 £ 1.06%3 -69.823 -9.3
Lag.eSr1.4Co03 9> +3.24 104.33 + 4.50%3 -133.7% -65.3
LageSr1 4C00s 50 +2.58 39.30 + 2.49% -72.223 -12.7
Lag5Sr1 sC003 a7 +3.24 99.31 + 2.6523 -132.52 -64.1
Lag sSr;5Co0s3 s, +2.54 25.36 + 2.08%3 -62.423 -7.0

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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LaCoO3 +3 28.73 £0.34* -111.78 £ 1.36%* -43.40+2.19
LaCo0O; g9 +2.98 28.72 £ 0.34%* -111.87 £1.36% -43.49+2.19
L31A009C00.99103 +3 28.83 +0.34%4 -113.40 + 1.45%4 -45.64 £ 2.27
NdCoO3 +3 47.77 £ 1.05%* -98.33 +1.33% -29.95+2.16
NdC0O, ogs +2.97 47.73 + 1.05% -98.49 + 1.33% -30.11+2.16
Nd; 005C00 65103 +3 47.73 + 1.05% -99.36 + 1.34% -31.60+2.16
SmCoO3 +3 53.25 +0.86* -91.39 +1.46%* -23.01+2.29
SmMCo0; 952 +2.96 53.19 + 0.86%* -91.56 + 1.46%* -23.18 +2.29
SM0.992C01 00803 +3 53.83 +0.91% -90.34 + 1.482% -21.41+231
GdCo0O3 +3 48.45 + 0.95% -87.83 £1.45% -19.45+2.28
GdCo0; g6 +2.94 48.36 + 0.95% -88.16 + 1.45%4 -19.78 £2.28
Gd1.006C00.99403 +3 48.55 + 0.95% -88.51 + 1.46% -20.54 +2.28
YBaCo,0 +2.25 -90.83 +£1.31% -86.78 + 3.65%° 15.77 £4.19%
YBaCo3ZnO;, +2.33 -102.44 £ 1.08%° -72.78 £ 3.55%5 29.77 £4.10%
YBaCoZn;0, +3 -94.29 + 0.40%5 -76.13 + 3.3525 26.42 +3.93%

On account of the large exothermic AH®%; o values, BLnC, and
BGLC samples are thermodynamically stable relative to the
corresponding binary oxides, among which BGLC37 and BGLC82
have great energetic stability. The trend of AH®; o across the Ln
series represents the result of the competition between lattice
energies (U) of binary and complex oxides responding to the Ln
contraction, which is generally associated with the coordination
number of Ln3*, i.e., the higher Ln coordination is accompanied
by the smaller slope of U across the Ln series.?® In the double
perovskite structure, A-site Ln3* ions are in 12-fold coordination,
higher than the 7-fold or 6-fold coordinated Ln3* ions in A-type
(cubic) or C-type (hexagonal) Ln,Os;. Therefore, there is an
increase of Ln coordination in the formation of BLnCs from
binary oxides, and the trend that AH°% .« becomes less
exothermic as the Ln size decreases is generally found in such
cases (Figure 3a). However, the more exothermic AH% o of
BGLC37 and BGLC82 cannot be explained by the Ln size, and
hence other factors should be taken into consideration. Since
ionic interactions are influenced by the charge of ions (the term
| in SFgy), a higher Co oxidation state along with fewer oxygen
vacancies gives rise to stronger ionic interactions and more
exothermic AH’% .. Indeed, oxidation must generally occur with
a negative enthalpy change to compensate for the loss in
entropy resulting from the incorporation of gaseous oxygen into
a solid phase. In contrast, a larger lattice volume (the term V,,
in SFg)) increases the cation-anion distance, resulting in weaker
ionic interactions and less exothermic AH®% .. Figure 3b, shows
the combined effect of the lattice volume, the Co oxidation
state, and oxygen vacancies on the energetics of barium
lanthanide cobaltites. The AH®% o of BLC with 6 = 0.1 obtained
by Malyshkin et al. using room temperature solution
calorimetry was -184.9 * 14.7 kJ/mol 27, which is slightly less
exothermic than the AH®¢ o for BLC with 6 =0.37 (-221.98 +3.73
kJ/maol) in this study. As for BGC, the results obtained by Ivanov
et al. show that as the oxygen nonstoichiometry (8) increases,
the AH’ o becomes less exothermic, e.g., —2027 + 12 kJ/mol for
6 = 0.488 and -1923 + 5 kJ/mol for & = 1.100,28 while we got
-2100.5 + 5.0 kJ/mol for 6§ = 0.45. The same relation was
reported by Tsvetkov et al.2° for BNC and our result follows the
trend that AH% . becomes more exothermic with the lower &
value. In the case of BPC, the AH% ¢ value (-2122.4 + 9.3 kJ/mol
for 6 = 0.36) obtained here is more exothermic than that
reported by Ivanov et al. as —2072 + 11 kJ/mol for § = 0.32 28,

This journal is © The Royal Society of Chemistry 20xx

This difference may come from the variable oxidation state of
Pr. It was previously reported that 2—4 charge-type perovskites
containing Pr are thermodynamically more stable than
perovskites containing other tetravalent ions,?® and this
additional stability resulting from electronic factors may give a
hint of different enthalpies of formation for BPC samples. From
the structural point of view, the stability of perovskites can be
evaluated by the means of the extended tolerance factor as
reported by Bartel et al. 2. In the studied materials, all samples
exhibit tolerance factor values below 4.18, meaning that the
perovskite structure is stable at room temperature, which is in
line with their highly exothermic AH% ... Regarding cobaltites
containing Gd and La (BGLCs), decreasing stability occurs with
higher Gd content, reflecting that the lower Co oxidation state
is more favored for smaller Ln ions.® The deviation of BGLC55,
however, may come from the properties of non-ideal solid
solutions, (Figure 3b).

-4200 | . BNG
Pise
BGC -
T 4300 4 o BLC
<
T i
E BGLC82= . .
= .
T -4400 o BPC -
2
$> BGLC37
2, 4500 .
2600 - -
BGLC55
T T T T T T
3.05 3.10 3.5 3.20 3.25 3.30

Co oxidation state

Figure 4. Lattice energy divided by cube roots of unit cell
volumes (U-V-1/3) of BLnC and BGLC samples versus the Co
oxidation state. By dividing lattice energies by cube roots of unit cell
volume, we unify the values for the size effect of lanthanide ions. The
red dashed line represents a linear fit (R2 = 0.97) of all data,
which is used to help compare the deviations from the trend
and does not represent any physical meaning.

By comparing Tables 4 and 5, one can notice that the formation
enthalpies of BGLC37 and BGLC82 are of strongly exothermic
compositions, even if normalizing the Co content, indicating
high stability of these compositions concerning other cobaltites.
However, one should take into account varying oxidation states
and electronic structure of Co, as well as oxygen non-
stoichiometry, which may influence the formation energetics.
An anomaly of mixing properties was reported by O’Neill and
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Navrotsky for Coz0,4-containing spinel solid solutions3! which
was later found associated with a phase transition of Co30, at
high temperature with a very large increase in entropy3? The
transition is attributed to a partial change in electronic spin
states of Co3* from LS to a mixed spin state of LS and HS and is
accompanied by a significant change in volume. LaCoO3; exhibits
a Co LS state and LagSrg4Co0,4 was reported to exhibit a Co HS
state at elevated temperatures3?® while in the case of double
perovskite cobaltites containing Ba and Ln, all studied samples
exhibit a Co IS or HS state’ To reveal the impact of Co spin states
on the energetics, U values (calculated by Born—Haber cycles
listed in Table S2) of BLnC and BGLC samples divided by the cube

Stability in H,0

The two separate sets of phenomena one stemming from
thermodynamics and the second from the kinetics of material
steam corrosion should be considered while forming
conclusions. The degradation of air positrodes in PCECs is
mainly caused by phase change, chemical mismatch, and cation
interdiffusion?. Since we analyze here only stand-alone material
the phase factor is of our interest. Therefore, we shall analyze
both thermodynamics and kinetics inputs to general material
stability in water vapor.

The stability of BLnCs and BGLCs was moreover evaluated under
temperatures and pH,0 similar to operating conditions for PCE
anodes. Chemical stability has been investigated for BGLC37 and
BGLC82 at 400 °C and 1.5 bar H,0, containing 0.24 bar of O, and
balanced with Ar (1.26 bar), for 72 h. As shown in Figure 5, there is
no change in PXRD patterns before and after the water vapor
exposure for BGLC37 and BGLC82, confirming the stability in the
given conditions. Rietveld refinement profiles show a good fit to
the PXRD patterns using a single-phase double perovskite
structure with orthorhombic symmetry (Pmmm). Unit cell
parameters are summarized in Table S4. After increasing pH,0
to 10.5 bar at 300 °C for 100 h, secondary phases were found in
BGLC37 and BGLC82 (Figure 6). For both samples, the main
crystalline products of decomposition at high steam pressures
are Gd(OH)3; and BaCO; as well as Co compounds (Co304 and

a BGLC37 b

root of unit cell volumes (U-V-1/3) are plotted as a function of
the Co oxidation state in Figure 4. Owing to the crucial role of
the Co oxidation state in the energetics of barium lanthanide
cobaltites, a roughly linear relationship is expected between
U-V-1/3 and Co oxidation states in the narrow range, whereas
some U-V-1/3 values locate off the fitted line. For example, BLC
and BGLC37, having a Co HS state, shows a shift of U to the
positive direction, while BGLC82 and BGC with an IS Co spin
state have more exothermic U-V-1/3 values compared to the
linear fitting. These deviations may hint that the Co spin state
can contribute to the stability of Co compounds.

Co(OH);). Though, the existing BaCO; is the product of
decomposition product BaO and/or Ba(OH), reacting with
either residual CO, in the gas mixture or CO, in atmospheric air
before XRD measurements. Both compositions retain the main
phase of the double perovskite structure. No reflections
corresponding to the secondary phases containing La were
identified in the PXRD patterns. However, a background
increase was observed in the PXRD patterns after water vapor
treatment, indicating the formation of amorphous hydroxides,
which is more obvious after 10.5 bar of pH,O for 100 h. This
agrees with the recent Pan et al. study on
PrBagsSro.sCo1.sFep.sOs4s (PBSCF)—BaZro.1Ceq 7Y0.1Ybo.103-5
(BZCYYb) composite positrodes in which they report that high
steam concentrations promoted the segregation of Ba and Sr to
the surface to form a Sr-OH or Ba-OH phase 34. The simulation
studies show that in the case of perovskites, the surface
segregation can be enhanced also by the structural strain3>. This
can suggest that the compositional complexity of BLGC
concerning BLnC can play a role in their stability in steam.
Moreover, this can suggest that kinetics can play a crucial role
in phase separation upon steam exposure.

Moreover, we tested BGLC37 composition at lower pH,0 but at
a higher temperature (Fig. 7). This measurement shows that this
composition is stable at these conditions. This shows the
potential applicability of these compositions as positrodes
operating in the range of temperatures 400 to 600 °C depending
on the pH,0.
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Figure 5. X-ray diffractograms with the Rietveld refinements of BGLC37 and BGLC82 before (a,c) and after (b,d) the water
vapor treatment at 400 2C and 1.5 bar of pH,0 for 72 hours (total pressure 3 bar, 1.26 bar Ar, 0.24 bar 0,).
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Figure 6. PXRD patterns of BGLC37 and BGLC82 before and
after the water vapor treatment at 300 °C and 10.5 bar of pH,0
for at least 96 hours.
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Figure 7. PXRD patterns of BGLC37 after the water vapor
treatment at 600 °C and 0.5 bar of pH,0 for 72 hours.

SR-PXRD measurements were conducted to better characterize
the phase content of BGLC82 after exposure to 10.5 bar of H,0O
for 100 h at 300 °C. The data with the Rietveld refinement
profile is depicted in Figure 8. According to the Rietveld
refinement, in the post-exposure BGLC82 sample, the majority

This journal is © The Royal Society of Chemistry 20xx

phase (44.6 mol%) is the double perovskite tetragonal structure
(P4/mmm), along with Gd(OH)s; (29.3 mol%), BaCOs; (13.2
mol%), Co(OH), (11.27 mol%), and LaCoOs (1.7 mol%) (this
phase was below PXRD detection limit). The small amounts of
precipitates containing La suggest that most La is retained
within the perovskite structure. However, due to the low X-ray
contrast between Ba, La, and Gd, it is not possible to reliably
refine the cation composition of the double perovskite phase
from the SR-PXRD data.

' BGLCS82.
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Figure 8. SR-PXRD pattern with the Rietveld refinement of

BGLC82 sample exposed at 300°C and 10.5 bar of H,O for 100

hours.

The stability of BLnC was studied by SR-PXRD. The results are
depicted in Figure 9. All studied compositions were stable at
high steam pressures, and no precipitates were visible in SR-
PXRD patterns. There is a definite relation between the
chemical composition and stability under high steam pressures.
The difference between the samples with one large lanthanide
—like La or Nd —and mixing in a smaller — like Gd — suggests that
the relation of ionic radii of lanthanide can play the important
role in stabilizing the perovskite structure towards H,0.3233

The remaining double perovskite phase is possibly the more
stable composition, meaning that the main perovskite phase
persists even in higher steam pressures. We note that the
observed “stability” in steam is governed by both
thermodynamic and kinetic factors, the former defining what
reactions are favorable, and the latter how fast they occur.

35000 L—2
1 2

The thermodynamic study of the energetics of formation shows
the higher stability of the materials with two lanthanides
concerning the single lanthanide compositions, however, this
trend is not followed for water steam experiments. On the other
hand, the BGLCs series seems to fit the trend where BGLC73 is
more stable than BGLC82 in both energetics of formation and
water vapor experiments. However, one shall consider that this
can be a case of different kinetics of materials corrosion for
these two groups. Both BGLC73 and BGLC82 at higher vapor
pressure partially decompose and additional phases are formed
but the main perovskite phase persists. However, we are not
able to determine the exact composition of the remaining
double perovskite phase. It can be assumed, looking at the
composition of precipitates (almost no La-containing phases),
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that the remaining is possibly BLC (or other BGLC phase with
high La content) (Fig. 7 and 8). The persistence of only one of
two end-members and be related to the higher thermodynamic
stability of BLC in relation to BGC. The kinetics of decomposition
of the BLC phase may be much slower than in the case of BGLCs.
This can be possibly caused by disorder/order present in phases
containing two lanthanides. In such a case one should assume
that the stability in a steam of a particular BLnC or BGLC phase
is more governed by kinetics rather than thermodynamics.
Especially in the view that all studied phases exhibit highly
exothermic enthalpies of formation which makes them all quite
thermodynamically stable. Moreover, the same is suggested by
the values of the extended tolerance factor values.
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Figure 9. SR-PXRD patterns with Rietveld refinements of (a) BNC
and (b) BLC samples exposed at 300°C and 10.5 bar of pH,0 for
100 hours.

Conclusions

The thermodynamic stability and high steam pressure stability
of barium lanthanide cobaltites (BaLnCo,0¢.5) and barium
lanthanum gadolinium cobaltites (BaGd;4La,C0,0¢.5) have been
evaluated in this work. All studied materials exhibit strongly
exothermic enthalpies of formation from oxides, which implies
their thermodynamic stability relative to binary oxides. The test
under high steam pressure shows that BGLC37 and BGLC82 are
performance stable (the main perovskite phase persists) up to
3 bars of water vapor at 400 °C and partially decompose to form
some of the constituent oxides and hydroxides at 10.5 bar and
300 °C. However, BGLC37 is stable at 600 °C at 0.5 bars of steam.
The higher negative formation energies for the BGLC
compositions concerning the single-Ln compositions are not
reflected in higher chemical stability under high steam
pressures. Moreover, the cobaltites with one larger lanthanide
(BNC and BLC) are stable up to 10.5 bars of steam partial
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pressure for as 100 hours.
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