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LaCrOs-based anodes: stability considerations
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Abstract

LaCrOj; based materials have been studied as alternative anodes to the conventional Ni-YSZ cermet. Thermodynamic calculations as well
as experimental work have been conducted in an attempt to analyze the stability of this system when doped with Mg, Ca, Sr, Mn, Fe, Co and
Ni. Various gas atmospheres were simulated (air, humidified hydrogen, CO and CO,). It was possible to correlate some of the experimental
results (electrochemical, XRD, XPS-Auger, SIMS and TEM-EDS) with the thermodynamic calculations. It was calculated that Sr and Mn
substitution maintain the stability of the perovskite even in the severe reducing conditions used in SOFC, whereas the other substitutions
destabilize the system. Experimentally, transition metal substituted LaCrO; did not decompose readily in the reducing atmospheres
containing wet hydrogen or methane indicating that the demixing is at least kinetically hindered.
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1. Introduction

In solid oxide fuel cells (SOFC), lanthanum chromites,
LaCrO;, were investigated for their use as interconnect
materials for cell stacking and potentially as cathode [1]
and anode [2] electrocatalysts. These perovskite materials
are reported to be quite stable in both oxidative and reductive
atmospheres [3]. They can be easily substituted on the A and
B sites with alkali earth and transition metal elements
respectively, which allows interesting modifications of their
electronic as well as their catalytic properties [4]. In litera-
ture, many reports focus on the doping effect of alkali earth
(Mg, Ca, Sr) as well as transition metal (Co, Ni, Cu)
elements on the conductivity, sintering and stability beha-
vior of these materials. Less work is however done on
catalysis, electrocatalysis and the effect of corrosive gases.

We previously explored calcium and/or strontium and
magnesium substituted lanthanum chromites as alternative
anodes to Ni-YSZ cermet [5]. These materials were
observed to inhibit coking but their overall electrocatalytic
activity was found to be low under pure methane feed. Also,
a small degradation was observed and was related to a
progressive reduction of the electrode as well as a topotactic
reaction between excess Ca or Sr with YSZ. It was also
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found that part of this degradation could originate from an
electrochemical demixing effect [6]. This reaction was
however reduced when low substitution levels were adopted
(around 15% on the A-site). Characterization measurements
done on powders of different compositions subjected to
methane rich atmospheres during catalytic measurements,
showed surface enrichments of Sr and Ca following the
exposure to particular gases [7]. Further improvements were
undertaken following these results and stable anode materi-
als for the direct CH, feed were obtained [8]. In the present
study, a chemical thermodynamic analysis was undertaken
in the perspective of understanding the stability, the solu-
bility limit of substituents as well as the effect of oxidative,
reductive and corrosive gases (air, wet hydrogen, CO and
CO,) on (Mg, Ca, Sr, Mn, Fe, Co, Ni)-substituted LaCrOs3.
Trials were made to correlate these estimations with experi-
mental results based on electrochemical, XRD, SEM, SIMS,
XPS-Auger and TEM-EDS characterizations.

2. Estimating thermodynamic properties

The thermodynamic data for most of the different sub-
stituted LaCrOs species used in this study are not available
in the literature so that the thermodynamic parameters for
these phases had to be estimated. For that purpose, the
different LaCrO; phases were treated as ideal solid solutions
of LaCrO; and MCrO3, and LaCrO3 and LaCr, sM, 505 for
the A-site and B-site M-substituents respectively, following a
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procedure developed by Yokokawa et al. [9-11]. The molar
Gibbs free energy for the ideal solid solution was taken as:

Gperovskite = Z Xi AfGlc') + RT Z Xi IH()C,') (1)

where x; is the mole fraction of species i in the solution,
AsG? the standard Gibbs free energy of formation of species
i, and R the gas constant. The standard entropy of the
perovskite oxides was derived from the following expres-
sion:

ArS;98 = 10J/m01K = S§98,perovskile - Z‘xisz98,binary oxide
2)

where A,.S54; was set to 10 J/mol K according to Yokokawa
et al. [9], the binary oxides stand for the La,05, Cr,O3 and
the other element oxides by supposing the following kind of
reaction:

1 1
5L3203 + 5C1’203 = LaCrO3 (3)

The heat capacity coefficients were estimated using:

Olperovskite = § XiXbinary oxide €]

Also, in order to estimate the enthalpy of formation ArH3yg
of the LaCr0,5M0A503, LaCr0A5M0,502_75 and LaMo_5—
Cr( 50,75 phases, the correlation relating the stabilzation
energy, 0, to ArH3ys and the tolerance factor (Goldschmid),
t,, derived by Yokokawa et al. [9] was used:

A[kJ/mol] = —90 + 720(1 — 1,)
= AfH;98,per0vskile - Z Xi AfH§98,binary oxide ()

and,

t, = & 6

" V2(ro + rp) ©
with rg, r4 and rg the mean Shannon ionic radii [12] of the O,
A and B sites, respectively. The transition metal substituents
were taken in the low spin state. The difference with a high
spin state is at most of 1.5%.

The non-stoichiometry, §, was taken into account by
treating the non-stoichiometric compounds as ideal solid
solutions of LaCrO;3 and LaM, sCr 50O, 75 or LaCrg sM s-
0,75 for the A-site and B-site M-substituents, respectively.
In the case of Ca and Sr substitutions, the thermodynamic
data for LaMsCrys0,95 were corrected by using the
experimental K, published by Yasuda et al. [13] and Peck
et al. [14] from:

ArGla,(ca,sr),ci05, 7 = ArGLay(Ca,5r),cr05 5,7 + 0BG
@)
and,
AoxH® Ak S°
RT R

The evolution of K, for Ca substitution was extrapolated
from Yasuda et al.’s thermogravimetric data [13] using the

InKox = — (3

same slope for the x dependency of A, H° and Ay S° as for
the Sr substitution given by Peck et al. [14]. For Mg
substitution the value given by van Dieten was used [10].
For the other substituents, no experimental data for K, nor
non-stoichiometry data were available in literature so that
no correction was possible.

The thermodynamic equilibrium calculations were made
using the HSC-4.1, thermodynamic equilibria calculation
software, from Outokumpu Research Oy, Finland, using the
thermodynamic data delivered in the software package as
well as thermodynamic data obtained from literature
[9,10,14,15] and other laboratories. The different species
taken into account for these calculations are listed in the
Appendix A. Neither melts or mixed Ruddlesden—Popper
phases nor hydroxylapatite-like oxides were taken into
account. These compounds were however reported to coex-
ist with the LaCrO3-based perovskites [16-21].

3. Results

The summary of the thermodynamic data thus generated
and used for the following calculations is given in Appendix B.

3.1. Air solubility limit estimations for Ca and
Sr extrapolated from experimental data

The experimental solubility limit, x, for Sr in LaCrO; is
reported to be 0.1 and 0.31 at 950 °C in air and 1600 °C in
1077 atm of oxygen respectively [14,22], 0.1 at 1100 °C
[23], or 0.07 at 650 °C in air [24]. For Ca, the solubility limit
in air is 0.15 at 800 °C [6], 0.31 and 0.22 at 950 °C in air and
at 1600 °C in 10~ atm of oxygen respectively [21], 0.12 at
650 °C in air [24], and 0.2, 0.3 and 0.4 at 900, 1000 and
1030 °C in air respectively [25]. This correlates well with
the data recently published by Miyoshi et al. [23].

Furthermore, the main secondary phase which experi-
mentally coexists, at low temperatures (~1200 °C), with the
La; ,Sr,CrO; perovskite phase is SrCrO,, with small
amounts of other phases such as Sr; ¢7;Cr,Og and La;4Cr;O44
[14,20,23,24,26]. For the case of Ca, it is reported that
CaCrO4 forms predominantly [6,21,23-25,27]. Also, we
[7] observed by TEM a CaCrO, secondary phase on high
Ca substituted LaCrO;. The origin of the difference in the
minor secondary phases composition reported in literature
was partly rationalized by Chick et al. [27].

Based on these results, La; _,(Ca, Sr),CrO; phases were
assumed to be formed as an ideal solution between LaCrO;
and (Ca, Sr)CrO;. From the ‘symmetrical regular solutions
model’ [28,29] we have for the (A, B),O system:

Gy = (xA’uZ"O +xB,u§"0) + {nRT(xA Inxs + xp 1leB)}

G° Gmix
+ (nxaxpWe) 9
~———

GXs
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Fig. 1. The solubility limit of La;_,Ca,CrO; and La,_,Sr,CrO; as
extrapolated from experimental results [6,14,25] using the ‘symmetrical
regular solutions model’. The solubility limit of Mg [10] is also given to
illustrate the case of a B-site substitution which does not follow the regular
model. (O) and (/) open symbols refer to air whereas (@) and (W) solid
symbols refer to a low oxygen partial pressure of about 10~® atm for Mg
and Ca, respectively. It is observed that for Ca [21] and Mg [10], the
solubility limit decrease in reducing conditions. Sr [20] does not seem to
be affected.

with, G the molar free energy of solution, x4 mole fraction
of A, O and xz mole fraction of B,O (x4 +x3 =1) and
W = Wy 1bar — TWs, the interaction parameter (no order-
ing or clustering of atoms is assumed). The evolution of x
with temperature is then given by:

X WG
In(75) =22 (201 10
W) TRV (1
This allows the estimation of W from the experimental data
and the plot of the expected solubility limit for Ca and Sr in
function of temperature as shown in Fig. 1.

3.2. Stability in high oxygen partial pressures for
(Ca, Sr) substituted LaCrO3

La; ,Ca,CrOj; and La,_,Sr,CrOj; stability, as calculated
from our estimates, under high oxygen partial pressures is
depicted in Fig. 2 as a function of x. The reaction equations
shown here were chosen among others because they depict
the easiest reaction path. In air, the stability region with Ca
is wider than with Sr. The solubility of Sr under oxygen,
calculated at 800 °C, lies near 0.07, as expected from the
extrapolated value taken from Fig. 1. Ca substitution, how-
ever, seems to be more favourable in our calculations than
reported in literature. The thermodynamic parameters esti-
mated for La,;_,Ca,CrO; are such that the species have
become too stable. However, no attempt was undertaken
to adjust these parameters.

La,Ca,CrOs+(x/2)0 =(1-X)LaCrO  4+xCaCrO,, T=800"C
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Fig. 2. La;_,Ca,CrO; and La;_,Sr,CrO; stability at 800 °C, under high
oxygen partial pressures as a function of x.

3.3. Stability in low oxygen partial pressures for
(Ca, Sr) substituted LaCrO3

Fig. 3 shows the stability of La; _,Ca,CrO; and La; _,Sr,-
CrOs3, as a function of x, under low oxygen partial pressures
corresponding to the working atmosphere of an anode in
3% H,0 + H, or CHy. These calculations indicate that, for
the A-site substitution, Ca would highly destabilize the
LaCrO; phase whereas Sr would be expected to preserve
the perovskite phase even under the lowest oxygen partial
pressures encountered on the anode side. It is only at the
highest temperature (1000 °C) that Ca-containing species
enters the stability region in contact with humidified H,.
The lower solubility limit of calcium under low oxygen
partial pressure is also observed experimentally at 1600 °C,
in 107? atm by Peck et al. [21], whereas Sr solubility is
reported to increase in low Pg, [22]. Thus, the Sr substitu-
tion could be more appropriate than Ca for an anode

purpose.

3.4. Volatility diagrams: effect of the gas composition
for (Ca, Sr) substituted LaCrO3

Fig. 4 shows the volatility diagrams of LaCrOs;,
Lag gsCag 15CrO3 and Lag 9351y 07CrO5 systems, at 800 °C.
These were drawn following the procedure described by Lou
et al. [30,31], and by piling up different diagrams. These
diagrams were set up by generating ~1200 reactions for
both Sr and Ca substitutions, by checking the thermody-
namic stability of each phase combination and deriving valid
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Fig. 3. La;_,Ca,CrO; and La;_,Sr,CrO; stability under low oxygen
partial pressures as a function of x, at 800 °C, and the effect of temperature
on x = 0.15.

phase relations. The chemical reactivity of the materials is
determined by the behavior of the most reactive compo-
nents. The substitution level of x = 0.15 and 0.07 for Ca and
Sr respectively was chosen based on the solubility limit at
800 °C in air as extrapolated from Fig. 1. From these
diagrams, it is clearly observed that the stability region of
LaCrO; is modified by substitution with Ca and Sr, as
discussed above. In reducing atmospheres, Ca substitution
is expected to be less favourable than Sr. The stability
domain of the different species is expressed as bold lines
and given as a function of the oxygen partial pressure.
Further, these diagrams show, for simplification, an abrupt
decomposition of the perovskites in reducing atmospheres,
whereas it should be seen as a continuous change, as expres-
sed by Fig. 3. Taking into account the non-stoichiometry,
introduced by the reduction of the perovskite, did not modify
much the stability diagrams of Ca- and Sr-substituted
LaCrOs.

Weight loss due to vaporization is normally considered
important only if the vapour pressure of the evaporating
species is higher than 10® atm [30]. This limit is presented
on the volatility diagrams as a dotted horizontal line.

H,O is observed to have a large effect on the stability
of these perovskites, as seen from the increased volatility
arising from hydroxy-volatile Cr, Ca and Sr compounds
(dashed lines in Fig. 4). The volatility of the Ca- and
Sr-substituted compounds are increased by eight orders of
magnitude at middle P, ranges of 1072 atm. It is clearly

seen that Ca is more volatile than Sr as the partial pressures
for Ca hydroxyles are higher.

H, has a similar effect as shown in Fig. 4. In the absence of
the thermodynamic data for the rare earth carbonates as well
as for Cr, only Ca and Sr carbonates were considered. From
that simplified approach, CO and CO, are expected to have
almost no effect on the stability of these perovskites, as
shown in the diagrams and as far as no carbon is formed and
no secondary phases are present. The effect of the latter is
given as:

SrCrO3; 4+ CO, = SrCOs3 + 0.5Cr,03 4 0.250;;
AGg()()oc =10.8 kJ/mol (1 1)

SrCrO4 4+ CO, = SrCO3 + 0.5Cr,03 4 0.750;;
AGgoooC =235 kJ/mol (12)

Sr,CrO, + 2CO, = 2SrCO; + 0.5Cr,05 + 0.250,;
AGsp-c = 2.2kJ/mol (13)

CaCrO; + CO,; = CaCO;3; + 0.5Cr,03 + 0.250;;
AG800°C = 1261(]/1’1101 (14)

CaCrO4 + CO, = CaCO3 + 0.5Cr;03 + 0.750;
AGgoooC =16.5 kJ/mo] (15)

CaCr,04 + CO, = CaCO;3 + Cr,03;
AGgoooC =13.1 kJ/IIlOl (16)

These reaction—11, 12, 14 and 15—proceed at a Pg, of
1.5%x 1072, 4.1 x 1077, 5.5 x 10~"" and 3.3 x 107 atm
respectively. The effect of carbon was not analyzed (carbide
formation, reducing agent). The meaning of all the lines
shown in the diagrams are described in more details by Lou
et al. [30,31].

3.5. Stability in low oxygen partial pressures
(Mg, Mn, Fe, Co, Ni)

The lanthanum nickelate system is quite complicated
showing a large variation in non-stoichiometry and compo-
sition [3,32,33]. This is also the case for the other transition
metal lanthanum oxides studied here. For the stability
calculations, only LaNiO;, La,NiO,4 LasNizO;y and
LaCr,_,Ni, O3 were considered. Fig. 5 exposes the solubility
limit of LaCr;_,Ni,O3 as a function of temperature and
oxygen partial pressure. As for Mg [10], Ca or Sr substitu-
tion, the solubility limit varies with the oxygen partial
pressure. Ni substitution, B-site, is seen to be thermodyna-
mically less favored than Ca, in reducing atmospheres.

Our thermodynamic calculations, limited to the very few
compounds taken into account, indicate further that, at
850 °C, the Fe substituted lanthanum chromites would
decompose at a Po, of 1.26 x 10723, to yield the metal
and the LaCrOj; phase, while with Mg, Ca, Sr, Mn and Co the
LC should decompose to the metal oxide and LaCrO; phases
at a Po, of 1.6x 107, 1.0x107", 1.6x 1072,
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Fig. 4. Volatility diagrams for the LaCrOs;, Lag gsCag,15CrO5 and Lag 93S1¢ ¢7CrO; systems, at 800 °C. The effect of H,O and CO; is also highlighted. H, has
a similar effect to H,O. The presence of impurities can modify much the secondary phases composition.

6.3 x 1072* and 1.9 x 10~'# atm respectively. In these sys-
tems, no chemical thermodynamic analysis was undertaken
in the perspective of understanding the effect of corrosive
gases (air, wet hydrogen, CO and CO,).

3.6. Interfacial reaction with YSZ

Beside Ni who may form mixed phases with YSZ [15], the
pyrochlore phase, La,Zr,O5, is the main reaction product
of LaMO; with YSZ, M = Mg, Mn, Fe and Co [34]. From
these thermodynamic calculations, La,Zr,O; does not form
under SOFC conditions for Ca and Sr whereas (Ca, Sr)ZrO3
is readily obtained. Sr-substituted LaCrO; is observed to be
more stable toward these reactions. Ni forms readily
La,Zr,0; as nickel zirconates are reported to be unstable
[34]. These results indicate that the surface reactions
between YSZ and the LaCrOs based anodes could be of

importance, in reducing conditions, even at low tem-
peratures. However, there is no experimental evidence
(SEM analysis) that the anode itself reacted directly with
YSZ, unless treated above 1100 °C or when heavily sub-
stituted [5].

At x = 0.15 of Ca- or Sr-, or x = 0.1 of Ni, substituted
LaCrOs; is not expected to react with YSZ at 1200 °C in air.
LaCrOs; is expected to be very stable toward YSZ, both in
reducing and oxidizing conditions, unless Cr dissolves into
YSZ [35] which would allow the resulting precipitated
La,05 to react with YSZ following reaction (18).

LaCrO; + ZrO, = 0.5LayZr,O7 + 0.5Cr,03;
AGSSO"C =24 kJ/IIlOl (17)

L3203 + ZI'OZ = O.SLHQZI‘207;
AGgSOOC = —526](]/11101 (18)
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4. Discussion

Correlation of these calculations with experimental
results is possible. The volatility diagrams show that the
surrounding gas phase in equilibrium at different P, with
LaCrOs is essentially made up of CrOs(g), CrO,(g), Cr(g)
and LaO(g) (see Fig. 4, case of LaCrO;). This agrees
well with measurements made at 1600 °C by Peck et al.
[36].

The changes in composition of the chromium gas phase
as a function of oxygen partial pressure are also well
predicted in our diagrams when compared to the reported
one at 950 °C by Hilpert et al. [37]. Similarily, as shown in
Fig. 4, CrO,(OH),(g) is predicted to be the dominant Cr
gaseous species in humidified atmospheres, in accordance
with literature [37]. Also, the secondary phase for the
Ca-substitution is predicted to be CaCr,O4 in reducing
atmospheres in accordance with Peck et al. [21].

XPS measurements made on x =0.15 for Ca- and
Sr-substituted LaCrO5; show a small excess of these elements
on the surface of freshly prepared samples (see Table 1).
This could stem from the preparation procedure [7]. It was
previously observed that a calcination temperature of at
least 1100 °C was necessary to produce an XRD pure
perovskite. However, as reported in literature, pure substi-
tuted LaCrO; has a very narrow window and secondary
phases beneath XRD detection level would be always
expected [7,11,27]. Also, the slow cooling of the calcined
powder could also cause a demixing of Ca or Sr rich
compounds, as the solubility limit is low at room tempera-
ture, as discussed above. Another explanation could be the
melts responsible of the sintering of the LaCrOs-based
compounds which are left on the surface of the perovskites
as very thin layers [6].

Table 1 also shows a surface enrichment of the perovskites
with Ca or Sr substitution upon treatment in reducing atmo-
spheres. It is clearly seen that, for runs of 100 h, wet
hydrogen had an effect on the segregation, whereas air or
CO, did not affect the system much (the three last lines in
Table 1). Ca is seen to segregate more readily than Sr and
this could be eventually explained by the lower stability
limit in H, or the higher volatility of Ca, as discussed above.
Cr, on the other hand, did not segregate as the La/Cr ratio did
not change much after catalysis.

Ni substitution, B-site, is seen to be thermodynamically
less favored than Ca, in reducing atmospheres. However,
XRD measurements made on a LaCrysNigsO; powder,
exposed for 1 week at 780 °C to H, + 3% H,O showed
no demixing.

Also, our catalytic runs in 3% H,0 4 CHy4 and in 5:1
CH4102 on LaCrO.gNi0_103 and LaO.85caOV15CTO.9Ni0_IO3
powders did not cause any phase segregation [7]. This
indicates that the decomposition of the Ni-substituted
LaCrOj; is kinetically hindered. The same has been pre-
viously observed in literature for another (Mg) B-site sub-
stituted LaCrOs5 [10].

Mg, Mn, Fe and Co did not segregate further after the
catalytic runs (see Table 1), indicating that they may not
destabilize the perovskite structure. This is in accordance
with experimental temperature programmed reduction
(TPR) results [7], which showed clearly that all of the
lanthanum chromite catalysts did not undergo total reduc-
tion of the B-site substituent. Our experimental results
suggest that the decomposition of these materials is hindered
kinetically.

Experimentally, CaO and calcium oxychromates, Ca,,-
(CrQy,),,, exsoluted from a Lagy,Cag3,CrOs; anode were
observed to react readily with YSZ at 900 °C to form
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Table 1

Summary of the XPS surface analysis given in percent of the sum of the total metal elements

XPS analysis (%) La/Cr Mg Ca Sr Mn Fe Co Ni? Ca, Mg, Mn, Fe,
catalyst composition Sr nominal Co, Ni nominal
LaCrOs;, ap 0.9

LaCryoMg 103, ap 2.9 5.3 5
LaCro_gMg0_103, ac 2.8 49 5
Lagy gsCag 15CrOs, ap 1.0 10 7.5
LaO_SSCa0_15CrO3, ac 1.0 22 75
Lag;Cag3,CrO3, ap 1.0 39 16

Lag g5S10.15CrO3, ap 0.9 10 7.5

Lag g5Sr.15CrO3, ac 0.8 14 7.5
LaCrO_gMno_lO3, ap 1.2 5 5
LaCryoMng 105, ac 1.3 5.7 5
LaCro_gFeo_103, ap 1.1 7.3 5
LaCry¢Fe( 03, ac 1.2 8.7 5
LaCr0_9C00_103, ap 1.2 1.9 5
LaCryCog 03, ac 1.3 2.8 5
LaCro_gNi0_103, ap 1.6 ? 5
LaCry¢Nig 03, ac 1.9 ? 5
Lag g5Cay.15Cro.oNip 103, ap 1.0 10 ? 7.5 5
Lag g5Cay.15Cro.9Nig,103, ac 0.8 21 ? 7.5 5
Lag gsCay.15Crg 9Nig.1 03, Hy 1.2 15 ? 7.5 5
Lag g5Cay.15CrooNig 103, CO, 1.0 9 ? 7.5 5
Lag g5Cay.15Cro 9Nig,1O3, air 1.2 6 ? 7.5 5

ap: as prepared; ac: after catalysis with CH,. The last three lines show the influence of some gases on the surface segregation [7].

% Ni peak could not be resolved because of overlapping with La 3d peaks.

CaZrO; as assessed from impedance spectroscopy [5]
and XPS-Auger-SIMS analysis [5]. The CaZrO5; or StZrO;
formation could be attribsuted to some of the following

reactions:

CaO + ZrO, = CaZrOs;

AG8500C =475 kJ/mol

(19)
CaCrOy4 + ZrO, = CaZrO3 + 0.5Cr,03 + 0.750;;
AGgSOOC =321 kJ/IIlOl (20)
CaCrO;3 + ZrO, = CaZrO; + 0.5Cr,03 + 0.2503;
AGgsoec = 17.4kJ /mol Q1)
CaCr,04 + ZrO, = CaZrO3 + Cr;03;
AG85OOC =20.5 kJ/mo] (22)

SrO + ZrO, = SrZrOs;

AG8500C = —-90.1 kJ/mol (23)

SrCrO3 + ZrO, = SrZrO3 + 0.5Cr, 03 + 0.250;;

AGSSOOC =19.7 kJ/IIlOl (24)
SrCrOy4 + ZrO; = S1ZrO3 + 0.5Cr, 03 + 0.750;;
AG85OOC =56.3 kJ/mol (25)

Sr,CrO4 + ZrO, = SrZrO3 + 0.5Cr, 03 + SrO + 0.250;;

AG85OOC =242 kJ/mol (26)
Sr,CrO4 + 2Zr0O, = 2S1Zr0O3 + 0.5Cr, 05 + 0.250;;
AG8500C = —65.8 kJ/mol (27)

These reactions—20, 21, 23, 25, 26 and 27—are already
favorable below a Po, of 2.6 x 107> atm at 850 °C. This
indicates clearly that secondary phases could play an impor-
tant role in the anode degradation, and thus should be
minimized.

4.1. Kinetically limited decomposition?

In literature, measurements done on cation tracer bulk
diffusion in LaCrOs-based materials showed that Cr diffu-
sion is slower than La, Ca and Sr diffusion by one to two
orders of magnitude [38—42] (see Table 2). This might also
explain the differences, after catalysis, in surface composi-
tion between A-site- and B-site-substituted LaCrQOs. Tracer
grain boundary diffusion coefficients are also higher for Ca
and Sr than for Cr by about two orders of magnitude [41]. In
both cases Ca diffusion is faster than Sr diffusion [39]. This
could also explain the difference in the segregation. The
effect of P, on the cation diffusion coefficients is not very
clear [39,40]. However, in air, the tracer grain boundary
diffusion coefficients for the cations and the anion are of the
same order of magnitude.

Also, as previously observed [5,6], current induced the
demixing of Ca/Sr-rich substituted LaCrO; leading to the
deposition of a 1 nm thick Ca/Sr rich layer over porous
anode structures. As the Ca grain boundary diffusion coeffi-
cient is of the same magnitude as the oxygen anions grain
boundary diffusion coefficient (Table 2), the presence of a
potential gradient or the flow of a current in the LaCrOs-
based anode might then have an effect on the migration of
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Table 2
Tracer bulk diffusion and grain boundary diffusion coefficients (Dyuk, Dg), at 1000 °C, and their activation energies, taken from [38—42]
Compound Level of substitution Element diffusing Dy (m?/s) E, (kJ/mol) Dy, (m%/s) E, (kJ/mol)
LCC Ca 0.25 Cr 1.07 x 1072 213 1.57x107" 266
Ca03 0 22 x 107" - 2x 107" t06 x 10713 -
Ca 025 Ca 107" 222 107 t0 10712 192
LC La 107197 482 - -

these cations on the surface of the anode grains. Their
migration would proceed in the opposite direction to the
electrons and oxygen anions, leading to their segregation on
the anode/YSZ interface, and ultimately to an interfacial
reaction with the electrolyte.

5. Conclusions

LaCrOs-based compounds’ stability was assessed, based
on thermodynamic as well as experimental results. It was
found that on the A-site, Sr substitution is more favorable
than Ca in reducing atmospheres. H,O and H, are expected to
corrode the perovskites, as the volatility of the Ca, Sr and Cr
are more pronounced due to the formation of hydroxy-species.
Furthermore, the higher the substitution with Ca or Sr the
larger the destabilization of the perovskite, both in air and in
reducing atmospheres—the LaCrO; seems to accommodate
more Sr in reducing atmospheres. The secondary phases
formed during the decomposition could react readily with
YSZ at 800 °C, as observed experimentally. Overall, the
LaCrOj; are thermodynamically quite reactive toward YSZ
but this was not observed experimentally unless treated above
1100 °C. Also, Mg, Mn, Fe, Co and Ni, B-site-substituted
compounds, although thermodynamically unstable, are quite
stable experimentally suggesting that the decomposition of
B-site substituted lanthanum chromites is hindered kinetically.
The A-site substitution seems to be more problematic.
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Appendix A. List of the species taken into account
for the calculations:

e Hy(g), H>O(g), Ox(g), Ar(g), CO(g), CO,(g),
e Cr(s), Cr(g), CrOH(g), CrO(g), Cr(OH)x(g), Cr,0s(s),
Cr(OH)5(g), CrOOH(g), CrO,(g), Cr(OH)s(g), CrO-

(OH)x(g), CrO(OH)3(g), Cr(OH)s(g), CrO(OH)s(g),
CrO,OH(g), CrO5(g), Cr(OH)¢(g), CrO(OH)4(g), CrO,-
(OH)»(g),

o La(s), La(g), LaHs(s), La,O(g), LaO(g), La,Os(g),
La;05(s), LaOx(g),

o Mg(s), MgO(s),

e Ca(s), CaO(s), CaH(g), CaH,(s), CaOH(g), Ca(OH),(g),
CaCO;(s), CaCrOs(s), CaCrOy(s), CaCry,04(s), Ca,-
CI'O4(S), Ca3Cr207(S), Ca3Cr208(s), Ca5(CrO4)3(s),
Cas(Cr0O3)40(s), Cao(CrOy4)4(s),

e Sr(l), Sr(g), SrH(g), SrOH(g), SrO(s), Sr(OH),(1),

Sr(OH),(g), SrCO3(s), SrCrO3(s), SrCrO4(s), SrrCrO4(s),

Sr3Cr,05(s),

Mn(s), MnO(s), Mn,O3(s), Mn3O4(s),

Fe(s), FeO(s), Fe,05(s), Fe304(s), FeCr,Oy4(s),

Co(s), CoO(s), Co,03(s), CoCr,Oy4(s),

Ni(s), NiO(s), Ni,O5(s), NiCryO4(s),

Cu(s), CuO(s),

7Zn(s), ZnO(s),

Lay)CrO4(s), LaCrOg(s), Lax(CrOy4)s(s), LaCrOy(s),

LaCr;_ Mg, Os(s), LaCaCrOy4(s), LaCa,Cr,O4(s), Las-

Ca,04(s), La;_,Ca,CrOs(s), La;_,Ca,CrO5;_s(s), La-

SrCrOy4(s), La;_,Sr,CrOs(s), La;_,Sr,CrO,_s(s),

LaCr;_,Mn,05(s), LaCr,_,FeOs(s), LaCr;_,Co0,05(s),

LaNiOs5(s), La,NiOy4(s), LayNizOq¢(s), LaCr;_,Ni O5(s),

LaCr,_,Cu,05(s), LaCr;_,Zn,O5(s),

e 7r05(s), CaZrOs(s), SrZrOs;(s), La,Zr,O4(s), La,Ni-
Zr04(S), La4Nizer|0(S)
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Appendix B. Generated thermodynamic parameters for the compounds of the substituted LaCrO3 phases. The heat
capacity is given as C, (kJ/molK) = A + B103T + C10°T 2 + D10-°T?2, with T in Kelvin

Compounds ArH3g¢ (kI/mol) S30g (J/mol K) A B C D
LaCrO;y —1534.40 114.00 119.30 12.05 —14.64 0.00
Lag sCag sCrO; —1420.51 106.69 128.10 20.51 —4.95 ~0.95
Lag 5Cag 5sCrO, 75 —1201.35 101.47 106.9 18.04 —3.05 —1.90
Lag 5Srg.sCrO3 —1416.21 115.41 126.06 25.77 —3.37 —3.03
Lag 5Sro sCrO5 75 —1173.24 110.19 104.9 2331 —1.47 —3.98
LaCro sMg 505 —1546.07 112.64 131.08 17.97 —12.18 —~0.13
LaCro sMgo 505 75 —1521.42 107.42 109.88 15.51 ~10.29 —1.08
LaCro.sMng 503 —1483.34 121.57 111.81 21.99 ~8.23 ~0.95
LaCry sMn 5O, 75 —1421.56 123.81 109.19 17.28 —6.70 —0.95
LaCry sFeq 503 —1455.40 115.81 110.51 32.68 —8.57 —-0.95
LaCry sFeg 505 75 —1372.62 122.75 111.34 17.53 —6.51 —0.95
LaCry sC00.50; —1314.66 118.62 111.16 27.34 —8.40 —0.95
LaCr 5C00 50, 75 —1351.23 120.44 111.61 13.36 ~3.46 1.22
LaCro sNio 503 ~1370.03 118.18 270.06 —508.55 —38.60 577.77
LaCrg 5Nig 505 75 —1209.77 112.95 248.85 —511.02 —36.70 576.8
LaCry 5Cu 503 —1321.82 120.48 131.44 19.40 —10.56 0.00
LaCry sCu.50, 75 —~1161.77 115.78 110.24 16.94 —8.66 —0.95
LaCr sZno 503 —1415.73 121.00 129.82 19.33 —9.61 0.00
LaCry 5Zng 502 75 —1255.78 112.95 108.62 16.87 ~7.71 —0.95
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