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Summary

Summary

Fuel Cells are dectrochemica devices that are able to directly convert chemica energy to
electrical energy, without any Carnot limitation. Hence, their energy efficiencies are relaivey
high. Among the various types of fuel cells, solid oxide fuel cells (SOFC) are operated at high
temperatures and in principle can run on various fuels such as natura gas and hydrogen. As
natural gas is sought to become one of the main fuels of the next decades, its direct feed to a
SOFC is desirable as the reaction free energy is high

CH, +20, = CO, +2H,0, A Goype = -800.8k]/ mol

At present, conventiond SOFC are operated with pure hydrogen or partidly to fully
reformed natural gas implying an efficiency penadty. SOFC anodes are generally made of
electrocatalyticaly active Ni-Y SZ cermet. Pure CH, is not fed directly to the anode, because of
problems associated with the anode deactivation and coking as CH, leads to the detachment of
Ni particles from the YSZ support and their encapsulation by carbon. To overcome this
problem, partially oxidized or reformed CH, is used.

For SOFCs running on direct CH, feed, aternative anode materials to Ni-YSZ, or new
anode formulations are necessary. However, inthis case, several parameters influence the anode
performance and stability. The anodes should withstand reduction a a low P, of around 10

am, be compatible with the SOFC dectrolyte, possess an acceptable conductivity and thermal
expansion coefficient, and appropriate catalytic and electrocataytic properties along with low
coking activity.

LaCrO, and CeO,-based materials as well as some metal catalysts were studied here for
their potential application as anodes in direct oxidation of CH,. This choice of materials was
made as lanthanum chromite and ceria-based materials are mixed conductors known to resist
quite well to the very reducing conditionsin SOFC asthey are commonly used for interconnect
and electrolyte materias respectively. Moreover, these compounds possess some cataytic
activity for CH, activation and combustion. LaCrO, and CeO,-based materials show rather low
electrica conductivity (on the order of 1 S/cm in reducing conditions), necessitating the
application of an extramaterial for proper current collection. Nevertheless, these oxides possess
many of the stringent characteristics cited above.

For SOFC anode purposes, LaCrO,-based compounds, substituted with Ca, Sr, Mg, Mn, Fe,
Co and Ni, were synthesized by a modified citrate route from nitrate precursors. An optimal
cacination temperature of 1100°C was found to be necessary to obtain XRD-pure yet
sinteractive compounds. Conductivity measurementsin air and in reducing atmospheres of 10
atm showed that the La A-site substituents (Ca and Sr) influenced the conductivity more than the
Cr B-site substituents (Mg, Mn, Fe, Co and Ni). In humidifed H,, the total conductivity was
maximally of 6.5 S/cm. Surface reaction with YSZ eectrolyte was evidenced by SEM, XPS and
SMS in reducing conditions, especialy under current load, when these powders were applied as
anodes. A current induced demixing effect was noted for heavily substituted LaCrO..

Ceria-based compounds, doped with Y, Nb, Pr and Gd, were synthesized through 3 different
techniques: the solid-state method, coprecipitation and the NbCI, route. The coprecipitation
route was found to be most appropriate for Y, Pr and Gd, whereas for Nb a modified
precipitation and the NbCl, technique were the most efficient. Co-doping of Nb and Gd or Pr
was studied in order to increase the electronic as well as the ionic conductivity in CeO,. Among
all dopants, Nb was found to promote most the adhesion to YSZ eectrolyte sheets. Adding Nb
to Gd-doped ceria improved the electrode adhesion on YSZ sheets, but deteriorated its
conductivity in oxidizing conditions. No interfacial reaction with Y SZ was observed by HRTEM
when Nb-doped ceria anodes were sintered on Y SZ at 1200°C/4h.

Catalytic measurements were undertaken with these materials in CH, rich atmospheres.
Different reaction mixtures were chosen to smulate the various SOFC operating conditions:
partial oxidation, CO, reforming by recycling and H,O reforming. Among the different
elements, Sr and Ni were found to be the most active substituents for LaCrQ,, as they promote
all three types of reactions. The combination of both elements is favorable not only for catalytic
use, but also for electrode application as they tend to increase the electronic conductivity of the
material. Temperature programmed oxidation (TPO) and TEM made on the catalysts after runs
in CH,, showed a very low carbon coverage over these oxides, except in the case of Fe
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substitution, over which carbon deposition was promoted. XPS analysis showed also that al B-
site substituted compounds did not segregate after the catalytic runs whereas Ca and Sr (A-site
substituents) tended to segregate in H, and H,O rich amospheres. Thermodynamic
calculations, made using correlations developed in literature, show that Caand Sr are expected to
segregate in H, and H,O rich atmospheres as they tend to form volatile hydroxyl species. Also,
the thermodynamic stability of the LaCrO, was observed to depend much on the substitution.

For CeO,-based oxides, the activity for steam reforming increased from Nb<Gd<Pr, but in
al cases the activity towards CH, was poor. All three solid solutions did not deposit carbon
even under the most reducing conditions as observed by TPO and TEM. From temperature
programmed reduction (TPR), Pr-doped ceria showed a higher degree of reduction leading to a
higher vacancy concentration. Metallic loading of these cataysts was very sendtive to the
sintering and reducing temperature, but in al cases lead ultimately to carbon deposition.
Sintering at higher temperatures gave rise to a higher interaction with the CeO,-based support,
as the induction time for carbon deposition was increased. Cu-based aloys loading showed a
high resistance to carbon deposition when compared to Ni. By adding Cu to Ni, the overal
activity towards CH, was reduced and concomitantly the ability to form carbon was reduced.

Electrochemical measurements (I/V curves, impedance spectroscopy) were made on Ca, S,
Mg, Fe, Co, and Ni substituted LaCrO, anodes deposited on 8Y SZ sheets. The effects of the
sintering temperature, the polarization, the gas and the anode composition, as wel as the
presence of an adhesion layer made of LaCrO,-based powder and 8YSZ were taken into
account. Ni and Sr substituents were observed to improve the electrocatalytic activity in H, as
well asin CH,. The electrocatalytic trend followed almost the catalytic trend in CH,, LaCrO, =
LaCr,4C0,,0; < LaCrooNiy;0; < LayeSry;sCrO; < LayesSr, sCrogNiy;,0; and was
influenced by the anodes conductivity. The application of an adhesion layer made of the anode
material and Y SZ fine powders improved the stablllty of the system. The best cell gave at 877°C,
apower output of 450 mwW/cm? and 300 mW/cm?, with a short circuit current of 1950 mA/cm?
and 900 mA/cn?, in humidified (3%H,0) H, and CH, respectively. CO oxidation rate was
observed to be slower than CH » and CH, 4 Sower than H2. Asfor the catalytic study, CO, had an
inbiting effect on the performance of LaCrO,, possibly due to a blocking effect of surface
carbonates. H,O had no measurable effect on the H,, reaction, wheresas its effect was observable
at high current densitiesfor CH,,

For cerig, the eectrocatalytic properties of Nb and Gd-doped ceria anodes deposited on
8YSZ and 20CGdO dectrolytes were andlyzed. The effects of the electrode thickness and
morphology, the addition of a pore former and Ni or Cu metal catalysts, the polarization as well
as the gas composition (H,, H,O, CH, and CO,) were taken into account. The low activity of
Nb and Gd-doped ceria for the oxidation of CH, confirmed the cataytic measurements. No
carbon deposition was observed. Similarly to LaCrO,-based anodes, ceria anodes performance
in CH, depended much on H, oxidation a least a open circuit potential (OCV). Oxygen ion
diffusion in the ceria anode is thought to participate in the overall polarization losses, indicating
that the anode reaction spreedsfar away from the triple phase boundary. The best performance
reached was of 430 mW/cm? between 850-900°C in H,. The performance in CH, depended
much on the presence of acatalyst. At 900°C, with a Pt mesh current collector, the performance
was of 350 mW/cm? with a short circuit current of 1050 mA/cn?, whereas with an Au mesh it
was only of 100 mW/cm? and 420 mA/cm?. Cu addition incressed the activity of the anode
when using an Au mesh.
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Résumé
Les piles a combustibles permettent de convertir |I'énergie chimique directement en
éectricité, sans la limitation de Carnot. Leurs rendements théoriques sont relativement élevés.
Parmi les différents types de piles a combustibles existants, ceux a éectrolyte solide (PCES ou
SOFC de I'anglais solid oxide fuel cells) fonctionnent a hautes températures et peuvent en
principe accepter tout type de combustibles, tels le méthane et | hydrogéene. Avec la baisse de la
réserve mondiale de pétrole, le gaz naturel est appelé a prendre une place plusimportante comme

source d énergie fossile. Son utilisation direct dans un systéme SOFC est en plus avantageuse
vue la grande énergie dégagée par laréaction du méthane, principal composant du gaz naturel

CH, +20, = CO, +2H,0, A Gipe = -800.8k]/mol

A I’heure actuelle, les SOFC opéerent al’ hydrogene ou a des hydrocarbures, principa ement
le méthane, partiellement ou complétement converties en gaz de synthese. Les anodes de base
des SOFC sont des composites de Ni-YSZ. L’aimentation en méhane pur sur ce genre de
structure conduit a la formation de carbone sur les sites de Ni, a la destruction mécanique de
I"anode et par conséquence a la perte de fonction de la pile. Pour surmonter ces problemes, le
méthane est donc traité par une oxydation partielle ou par une réaction de reformage qui conduit
alaproduction d' hydrogene et de monoxyde de carbone (gaz de synthese).

Pour que les SOFC puissent oxyder les hydrocarbures directement, des anodes aternatives
ou de nouvelles formulations sont nécessaires. Pour ce faire, les nouvelles anodes doivent
répondre a des criteres drastiques : elles doivent étre stables dans les milieux réducteurs, étre
compatibles chimiquement avec I’ électrolyte, étre de bons conducteursionique et éectronique &
posseder de trés bonnes activités catalytiques et éectrocatalytiques. La déposition de carbone
sur I’anode doit étre inhibée pour de longues périodes de fonctionnement avec des
hydrocarbures.

Dans cette étude, les oxydes chromite de lanthane et c&ine ains que des catayseurs
métalliques furent étudiés dans e but de leur application en tant qu’ anodes pour I’ oxydation du
méthane. Ce choix repose sur la stabilité de ces oxydes atrés hautes températures et tres basses
pressions d’ oxygene. Ces oxydes sont dga utilises dans les SOFC en tant qu’ interconnecte &
éectrolyte respectivement. Bien que leurs conductivités soient relativement faibles, nécessitant
I’ application de collecteurs de courant inertes, ces oxydes possedent plusieurs des critéres cités
auparavant.

Pour une application SOFC, des oxydes chromite de lanthane, substitués avec du Ca, S,
Mg, Mn, Fe, Co or Ni furent synthétisés en passant par la méhode des ‘citrates. Une
température optimale de 1100°C fut nécessaire pour obtenir des oxydes purs observés par
analyse aux rayons X. Des mesures de conductivité sous air et sous milieu réducteur montrent
gue la substitution en site A (La) est plus favorable pour la conductivité que celle sur le site B
(Cr). Aussl, une réaction de surface entre |’ éectrolyte (Y SZ) et les anodes a base de chromite de
lanthane a été observée pour les cas de fortes substitutions en site A. Une décomposition du
matériau sous I’ effet du courant a été mise en évidence dans ces cas-Ci.

Des oxydes de cérium, dopés al’Y, au Nb, au Pr et au Gd furent égaement synthétisés.
Trois méthodes distincts furent appliquées: la coprécipitation, la réaction solide-solide e une
méthode basée sur le NbCl,. Pour les solutions solides contenant I'Y, le Pr et le Gd, la
coprécipitation est plus adéquate, tandis que pour le Nb la précipitation et la méthode basée sur
le précurseur NbCl, aboutissent aux meilleurs résultats. Des dopages mixtes entre le Nb et le
Gd ou le Pr furent entrepris dans le but de modifier la conductivité du matériau. Parmi tous ces
dopants, le Nb favorise le mieux I’ adhésion de la cérine sur la zircone. L’ adjonction de Nb dans
les solution solides avec le Gd aide I’ adhésion. Dans le cas des solutions solides avec le Pr, le
Nb ne semble pas avoir d’ influence. Globalement, le Nb augmente la conductivité éectronique
mais diminue la conductivité ionique. Des analyses HRTEM montrent clairement |’ absence de
réactions avec lazircone s latempérature de frittage des anodes a base de cérine est plus petite
gue ou au moins égale a 1200°C.

Des mesures catal ytiques furent entreprises avec ces matériaux dans des atmospheres riches
en méthane. Des conditions proches de celles régnantes dans les SOFC furent considérées.

Parmi les différents substituants étudiés dans le cas des oxydes de chromite de lanthane, le
Sr et le Ni favorisent I’ activité avec |le méthane. Une oxydation a température programmee et des
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analyses TEM effectuées sur ces catalyseurs apres fonctionnement sous CH, montrent un trés
faible dépbt de carbone pour tous les substituants a I'exception du Fe, qui montrent une
formation épitaxiale de carbone ala surface du catalyseur. Des analyses XPS montrent que tous
les substituants en site B ne s altérent pas apres les réactions cataytiques, tandis que le Ca et le
Sr avaient tendance a se déposer en surface du catalyseur, surtout apres traitement sous des
atmosphéres contenant de I’'H,, et de I'H,O. Des calculs thermodynamiques confirment ces
résultats pour le Caet le Sr et indiquent que la décomposition des autres chromites de lanthane
est inhibée cinétiquement.

Pour les oxydes de cérium, I’ activité catalytique augmente du Nb au Gd au Pr, bien qu' elle
reste faible. La cérine dépose moins de carbone que les chromites de lanthane. L’ adjonction de
catalyseurs métalique améliore les performances mais conduit a des dépots de carbone. Les
alliages a base de Cu montrent une plus grande résistance ala déposition de carbone.

Des mesures éectrochimiques furent entreprises avec les chromites de lanthane substitués
avec du Ca, S, Mg, Fe, Co e du Ni déposees sur des éectrolytes 8YSZ. Les effets de la
température de frittage, de la polarisation, des gaz et de la composition de I’anode ains que la
présence d' une couche d’adhésion composee de poudre de chromites de lanthane et d’une
poudre fine de 8Y SZ furent traités. Les substituents Ni et Sr améliorent la performance sous
hydrogene et le méthane. Les performances électrocataytiques avec le CH, suivent I’ activité
catalytique selon I'ordre LaCrO, = LaCr,,Co,,0, < LaCry,Ni,,0, < LaOSSSrO 1sCro, <
L8y St 15CryoNiy, O, €t sont influencées par la conductivité éectrique. L’insertion d'une
couche d'adhesion entre I’éectrolyte et |I’anode améiore la performance du systeme. La
meilleure cellule afourni une densité de puissance de 450 mW/cm? sous H,, et de 300 mwW/cm?
sous CH,. L’ oxydation du CO est plus lente que celle du CH,, et celle du CH, plus lente que
cellede H2. Le CO, sembleinhiber la performance des chromites de lanthane.

Dans le cas des cérines, les propriétés é ectrocatal ytiques de la cérine dopée au Nb et au Gd,
déposées sur des dectrolytes 8Y SZ et 20CGdO ont été étudiées. Les effets de I’ épaisseur de
I’anode et de sa morphologie, la création d’une porosité supplémentaire, |’addition de
catayseurs métaliques (Ni et Cu), I’effet de la polarisation ains que la composition des gaz
(H,, H,O, CH, et CO,) furent pris en compte. L’activité des cérines sous CH, est relativement
faible et aucun dépbt de carbone n’a éé mis en évidence. La performance des anodes dans le
méthane dépend de la pression partielle de H,, du moins dans les conditions proches du circuit
ouvert. Ladiffusion des ions d’ oxygene dans I’ anode semble étre un facteur déterminant dans
les pertes de polarisation, indiquant que la réaction éectrochimique s étend au-dela de la zone
de contact triple entre I’ anode I’électrolyte et les gas. La densité de puissance maximae sous
H, état de 430 mW/cm? a 850-900°C. La performance sous CH, dépend de la nature du
catalyseur utilise. A 900°C, avec un collecteur de courant en Pt la dengté de puissance
maximale mesurée éait de 350 mW/cm?. Avec un collecteur en Au, la densité de puissance
n atteint plus que 100 mW/cn. L’ gjout du Cu améiore I activité globale du systéme.
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| ntroduction
General introduction

This chapter gives an overview of operating solid oxide fuel cells (SOFC) with hydrocarbon
fuels. Due to higher thermodynamic efficiency, fuel cells running on hydrocarbon fuels are
shown to be more attractive than hydrogen feeding. Conventiond SOFC anodes based on Ni
are very sengtive to hydrocarbons. It is shown thermodynamically that SOFC cells should be
operated with a steam reformed or carbon dioxide reformed or a partially oxidised hydrocarbon
fuel in order to prevent carbon formation. A literature review of the state-of-the-art of the present
knowledge on avalable or potential anode materials for their use with a direct feed of
hydrocarbons is presented. Besides the usual fuel processing (reforming or partial oxidation)
not many materials have been tested in real SOFC conditions even though severd dternative
materials were recently suggested. Finally, the aim and structure of the thesisis presented.

Operating principle and challenges of solid oxide fuel cells

Fuel cells are dectrochemica devices that are able to directly convert chemica energy to
electrica energy, without any Carnot limitation. Hence, as the intermediate physical conversion
is absent, their energy efficiencies are relatively high. Like any other electrochemical cell (see for
example the Daniel battery of Figure 1a), a fuel cell has an dectrolyte, a cathode and an anode.
Five difflerzent types exist, each having its specific el ectrolyte, operating temperature and fuel (see
Table 1)™~.

Table 1: Summary of the different fuel cell types.

working

fud cell type abbreviation temperature [°C] fue eectrolyte
akaline fue cell AFC 100 H, KOH aqueous
polymer electrolyte fuel cell PEFC 80-110 H, Nafion
phosphoric acid fuel cell PAFC 150-210 H, H,PO,
molten carbonate fuel cell MCFC 550-650 H,, CO KLiCO,
solid oxide fuel cdl SOFC 600-1000 hydrocarbons e.g. YSZ
Source -2

Anode YSZ Cathode

CHy CH4

02

H2
CO2

Cco

02

a b
Figure 1: A schematic view of two electrochemical devices. a. Daniel battery, and b. SOF
cell.

Among them, Solid Oxide Fuel Cels (SOFC) are operated a high temperatures (600-
1000°C) and unlike low temperature fud cdls can run on various fuels such as natural gas
(primarily CH, ®), bio-gas, methanol and ethanol, liquified petroleum gas (LPG), naphtha,
gasified coal and hydrogen. SOFCs use a solid oxygen ion conducting eectrolyte like yttria
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stabilised zirconia (YSZ), doped ceria, substltuted lanthanum gdlate, substituted lanthanum
yttriate or aluminate, bismuth oxides, ... *. The fudl is oxidised on the anode side and the
electrolyte transports the required O? from the cathode side where oxygen is reduced (see
Figure 1b). This oxide transport generates an external electron flow. Due to their high working
temperature, SOFCs are able to generate both eectricity and high quality hest, which may be
used for space heating, steam generation or combined power cycle applications.

The thermodynamic efficiency of afuel cel depends on the nature of the fud. It is defined

as X — Achombustlon - Ar HCOfThUSIIOI‘] _ TAr S:ombustion Where A G Ar H

A H A H ! r ~combustion

r ' "combustion r' "combustion

A S usion A€ thefree enthalpy, the enthalpy and the entropy change of the fuel’s combustion
reaction. It can be seen that, depending on the entropy change of the reaction, this efficiency can
be equal or even exceed unity. At 800°C, MeOH, EtOH, CH,, CO and H, have efficiencies of
1.08, 1.08, 1.00, 0.67 and 0.76 respectively (see Table 2). The higher thermodynamic efficiency
for MeOH and EtOH is due to an increase of the entropy upon reaction as the combustion leads
to more species. Thus, hydrocarbon fuels are not only more easily available in comparisonto H,
but also possess higher thermodynamic efficiencies. Bes de thet, natural gas (primarily CH,) is
expected to be amajor energy vector of the next decades >®

and

combustion

Table 2: Summary of the thermodynamic efficiencies at 800°C.
SOFC efficiency (x) at 800°C reaction fuel processing oxidation in SOFC

Reaction type AG  AH  AG  AH X

CH,+20,=CO,+2H,0 deep oxidation -800.8 -801.4 1

CH,+0.50,=CO+2H, partial oxidation -233.9 -22 -566.9 -7794 0.73
CH,+H,0=CO+3H, steamreforming  -45.2 226.4 -755.6 -1027.8 0.74
CH,+CO,=2CO+2H, CO, reforming  -445 2604 -756.3 -1061.8 0.71
CO+0.50,=CO, oxidation -189.4 -2825 0.67
H,+0.50,=H,0 oxidation -188.7 -2484 0.76
CH;0OH+1.50,=CO,+2H,0 deep oxidation -728.2 -673.6 1.08
CH,CH,0H+30,=2C0O,+3H,0 deep oxidation -1384 -1280 1.08

The calculations were made using HSC 4.1 thermodynamic equilibria calculation software
(Outokumpu Research Oy, Finland). A H and A.G are given in kJ/mol.

Inreal fuel cdls, other factors affect the thermodynamic efficiency leading to a decrease in
overdl cdl efficiency. First, the internal losses encountered at the electrodes (known as
overpotential 10SSeS Nyqrons) 8 Wl as the ohmic losses due to the current flow (IR) in the

conductors lead to a drop of the cel potentiad (Nernst potential). Globally, these losses
contribute to the heating of the cell. Thusthe efficiency of the chemical conversion to eectricity
islowered as the working potential is then given by E_, = E\unq — IR+ | Naeuroses 1) - TUs, for
efficient SOFC systems, low ohmic losses in the eectrolyte and in the electrodes as wdl as
performing materials are desirable. In state-of-the-art SOFC devices, run on H, or partiadly to
fully reformed natural gas, with Y SZ as el ectrolyte and Ni-cermet as anode materia, efforts were
made to reduce the thickness of the electrolyte and to increase the performance of the anode and
the cathode. High current densities were thus achieved with electrolytes of 10 to 40 pm
thickness with a Ni-Y SZ-cermet anode and a lanthanum strontlum manganite perovsklte as
cathode (see Figure 2 for an example) In literature, Kim et a. ° reported 820 mwW/cm? power
density a 650°C and 1800 mW/cm® a 800°C in H, with Ni-YSZ cermet anode-supported
SOFC with an electrolyte thickness of 50 to 70 pum.

Infuel cdl stack concepts, not al the fudl is utilised over the anode as part of it is usualy
burned on the rim of the cell, leading to a further heat production. This loss reduces the overdl
efficiency of the cell furthermore when the total amount of chemica energy is taken into
account. This loss is defined as fuel utilisation and given as the ratio of the actua cell current

density to the theoretical oneif all of the gas would have been converted to eectricity x,, = —

Other losses can add up to the cell’s performance due to fuel processing, pumps, ... Globgﬁxy,
as high efficiencies are expected, high benefits for the environment are awaited as CO,, HC, and
NO, emissions are cut down. A reduction of about 22% in CO, emissionsis expected if CH, is
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used in place of the current fossil fuels for producing eectricity, whereas a cut of 12% is
foreseeing for automotive power and heating. With methanal, the cuts are even higher for the
transportation sector, reaching about 45%. Globaly, when using fuel cells instead of
combustion engines, the reduction is thus interesting, reaching 61% for CH, and CH,OH™.

. 350 Figure 2. 1/V characteristics of a
1000 - s T=646°C — thinfilm YSZ-Ni-cermet SOFC cell,
- %7 runin H,+3%H,0 and
gsoo . - 250 8 CH,+60%H.,0 at 646°C
E co0 | .00 E (unpublished work). This type of
) 2z cell has been developed at EPFL
§ 200 - 150 2 10
T - 100 ;
" 200 A | 50 2
B OH,+60%H ,0
0 o 0

T T T T
0 400 800 1200
i [mA/cm ﬁ

A magor problem with conventiona Ni-cermet anodes is their high sendtivity towards
hydrocarbon feeds and the impurities present in most of them, such as sulphur and chlorine
compounds *2. From steam-reforming studies, hydrocarbons have been observed to react
heavily with Ni producing Iarge amounts of carbon which lead to poisoning of the metal catayst
(see an examplein Figure 3) ™%, This occurs through many routes ** *> ', pure CH, feed
on the anode leads for example to the detachment of Ni particles from the YSZ skeleton and
their encapsulation by carbon. The formation of carbon filaments made by carbon precipitation
a the Ni particles leads to mechanica breskdown of the anode, to deterioration of the
electrochemicdly active Ni-YSZ interface, and adso to deactivation of Ni by further
encapsulation. For these reasons, hydrocarbons are processed either by steam or CO, reforming
(equation (1) and (2)) or by partia oxidation (equation (3)) prior to their feed over the anode,
but2t4h$e reactions could be carried out on the anode in-situ due to the high cataytic activity of
Ni <,

n+m

C,H,, +nH,0=nCO + H, (1)
C.H_+nCO, = 2nCO +g H, @
anm+go2 =nco +%H2 3

Carbon filaments -

0.1 um Lo

— q — :
Figure 3: TEM micrographs of CeO,+Ni catalyst exposed to CH, showing C filaments.
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The stoichiometries given here do not hold at al temperatures as will be discussed later.
Furthermore, by these fuel processings, the thermodynamic efficiencies of the SOFC drop. For
the special case of CH,, these efficiencies are shown in Table 2. Thisindicates clearly that direct
feed of CH, without any prior processing is the most favourable approach. With the present Ni-
cermet formulation, such a direct feed is not feasble so tha aternative anodes have to be
developed for that purpose.

However, in this case, severa parameters influence the anode performance and stability. The
anode should withstand reduction & a P, as low as 10" am, be compatible with the YSZ

electrolyte, possess acceptable thermal expansion and conductivity and appropriate catalytic and
electrocatal ytic properties and inhibit carbon deposition.

Conditions for carbon free operation in SOFC - a thermodynamic approach

The chemical reactions involving the six different species H,, H,O, CO, CO,, CH, and O,
can be described as alinear combination of 3 independent reactions such as

w+%Q:Hp )
CH, + H,0 = CO +3H, (5)
CO+H,0=CO, +H, (6)

Even though these three reactions are enough to describe the system, many other
denominations are used to describe specific reactions. Besides the three above mentioned ones it
is often common to consider other reactions. It is possible to divide these reactions in four
different categories that are given asfollows

Conversion reactions

H, + %OZ =H,0 (H, oxidation, R)) 4

CO+ %OZ =CG, (CO oxidation, R)) (7)

CH, +20, =CO, +2H,0 (CH, oxidation, R,) (8)
Reforming reactions

CH, +H,0 =CO +3H, (steam reforming, R, (5)

CH, +CQO, =2CO +2H, (CO, reforming, R) 9
Shift reaction

CO+H,0=CO, +H, (shift reaction, Ry) (6)
Dissociation reactions

CO, =C+0, (R) (10)

CO=C+%Q R) (11)

2CO=C+CQO, (Boudouard, R;) (12

CH, =C+2H, (CH, pyrolysis, R, (13)

CO+H, =C+H,0 (Ry) 14

The thermodynamics of these reactions are presented in Figure 4. Among these reactions,
CH, oxidation (R,) is the most exothermic (Figure 4b). R, and R, are endothermic (4,H>O, not
shown here), with the last dightly more favourable a higher temperature (Figure 4c). The
reforming reactions are quite unfavourable at T<650°C (P=1 atm). The shift reaction (Ry)
produces CO at T>800°C, and CO, below this temperature (Figure 4c). The Boudouard reaction
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(Ry) is favoured a T<675°C while CH, pyrolysis (R,,) takes place a T>600°C. Thus carbon
deposition has two regimes, one at low temperature and the other at high temperature.

| | | | ®
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m% 170 1 |- 1— - 38005
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Figure 4. Free enthalpy change with temperature for the different reactions. The plots were
made using the thermodynamic data given by Bossel ». P, = 1 atm.

Carbon deposition is more likely with higher hydrocarbons such as the reactions
C,H, =2C +3H, (Ry) (15)
CH,=3C+4H, (Ry) (16)

which are more favoured than for CH,, which is the most inert compound among hydrocarbons
(see Figure5).

Figure 5. Free enthalpy change with
temperature for the R,,, R, Ri;. The plots
were made usi ng the thermodynamic data
given by Bossel ©. P, = 1 atm.

AYG [kI/mol]  x10°

For a common reaction in SOFC, steam reforming of CH, (R,), ether externaly or
internaly to the stack, thermodynamic calculations predict carbon deposition at dl temperatures
if not ‘enough’ steam is added to prevent its formation either by the Boudouard (R;) or the CH,
pyrolysis (R,,) reactions. Figure 6a shows this aspect at 850°C. Carbon is prevented only when
the stoichiometric amount of H,O isadded to CH,. As expected, H,, is the main gas product of
CH, decomposition. At high enough water content, CO and CO, start to form. The evolution of
C and in paralld that of oxygen partia pressure with temperature and with steam content is
presented in Figure 6b and ¢, The higher the temperature the less steam is needed for a carbon
free run (H,O/H,—1). As mentioned before, carbon deposition is harmful for Ni-cermet based
anodes asit leads to their porosity blocking and mechanical fallure. Also, as C is deposited, the
oxygen partial pressurein equilibrium with the solid and gas phases becomes very low leading
to high open circuit voltage (OCV) values.

10
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Figure 6: Effect of water content on the carbon deposition from CH, feeds. a. the evolution of
the gas and solid phases with the H,O content at 850°C; b. the evolution of C and c. the
oxygen partial pressure with temperature and water content (inset numbers are the water
vapour temperature of the bubbler used to saturate CH, with water); d. the calculated
evolution of the steam content in the gas phase with the water vapour temperature of the
bubbler. The calculations (a., b., and c.) were made using a thermodynamic equilibria
programme developped by Van herle (Swiss Institute of Technology, Lausanne). P,= 1 atm.
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Thus optimal H,O, CO, or O, to fuel ratios are necessary to work thermodynamically under
carbon free conditions. This is shown in Figure 7 for four hydrocarbons. In al cases, it is
observed that only a high temperatures (T=800°C) the stoichiometric amount of H,O, O, or
CO, is required, whereas a lower temperatures much higher vaues are needed. For steam
reforming, amost twice the stoichiometric amount of H,O is needed & intermediate
temperatures (500-600°C). These ratios are important & OCV where no current is drawn from
the cell ** . Upon polarisation, H,, H,O and CO, are formed localy by the eectrochemica
reaction. If CH,, for example, isdiluted or if its concentration corresponds to the stoichiometric
amount of the reaction, then no carbon deposition is thermodynamically expected even a lower
steam to methane ratios above a certain threshold current 2”-*°. This current depends much on
the CH, partial pressure, flow rate and dilution.
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Figure 7: Thermodynamic limits for free
carbon run for some hydrocarbons as a
function of temperature for a. steam
reforming, b. partial oxidation and c. CO,
reforming. The calculations were made using
the HSC 4.1 thermodynamic equilibria
calculation software (Outokumpu Research
Oy, Finland). See the Appendix for a list of
the species taken into account for the
calculations. P, = 1 atm.
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From a kinetics point of view, many data exist on the steam or carbon dioxide reforming
reaction of CH, over supported Ni, Fe or noble metas such as Pd, Pt and Rh catalysts for the
production of syngas*>*" %, The relative metal activity for steam reforming is Ru = Rh > Ni >
Ir > Pd = Pt >> Co = Fg, in atrend amost smllar to that of CO, reforming *. H,O and CH,
show a competitive adsorption mechanism *. Some data are also available for the steam
reforming reaction under SOFC conditions ** %.29,3537 y entekakis et al. % and Bebelis e al. *°
showed the presence of a non-faradic electrochemica modification of cataytic activity, or
NEMCA effect *, inhibiting carbon formation over a Ni-Y SZ cermet anode working with CH,
+H,0O. The experlmentally measured carbon free limits over the Ni-Y SZ cermet anodes match
wel I the thermodynamic forecasts.

Also, fuels like MeOH or EtOH are expected to need less stringent conditions for free
carbon runs than their hydrocarbon counterparts (CH, and C,Hy). With MeOH,
thermodynamics predict a carbon free run a temperatures above circa 800°C (see Figure 8 and
6d). Such bio-fuels could be easily implemented with the present state-of-the-art Ni-Y SZ cermet
anodes.

200 400 600 800 1000

T[°C] T[°C]
Figure 8: Thermodynamic limits for free carbon runs for a. CH,OH and b. CH,CH, OH
compared to CH, and C,H,. The calculations were made using the HSC thermodynamlc
equilibria calculation software (Outokumpu Research Oy, Finland). 4 H,O reforming, @ O,
partial oxidation. Open symbols alcohol, closed symbols hydrocarbon. P, = 1 atm.

In steam reforming, the modification of Ni-based catalysts by means of additives such as
alkalisor Cu, or by hlgher interactions with the support have been advanced for controlling the
carbon formation ° Such approaches could also be implemented for Ni-based cermet
anodes. In turn, other types of catalysts showing a milder affinity to hydrocarbons and carbon
could be used.

Alternative materials for SOFC anodes

In conventional steam reforming or partial oxidation of CH, many catalysts have been
advanced in literature. Besides the oxide supported (MgO, SIO,, Al,O,, CeO,, ...) Fe, Co, Ni,
Cu metals and noble metas (Ru, Rh, Pd, Ir, Pt) or metd oxides with or without additives like
CeO,, oxide-based formulations were aso studied **°. NiAlLO, rare-eath ruthenium

yrochlores gLr;%Ru O,, Ln = lanthanides), Bi,RuO,, Eu,Ir,0O,, LazMgPtO6, RhVO,/SO,, are
examples > >3 Most of these oxides d|d not show carbon deposition in stoichiometric
runs and many decomposed to finely dispersed metd particles over the oxide support. Other
perovskites, pyrochlores, brownmillerites, bronze-like, ... oxides were advanced as catalysts for
CH, activation, many of them being quite stable in the reaction conditions. Such examples are
LnMO, withM = Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Y and Nb, substituted or not on the A or B
gtes, TiO,, ZnO, Nb,O,, Bi,0,, CeO,, lanthanide-based oxides, (Sr,Ba)CeO,, Li(LaNi)O,,

Sr(Co,Fe)O,;, Mn,0,-Na,WO,/SIO, and STiO,  LaygSr,,Ni ;Co,,0, and

L&, ,SrysF€,4C0, 505, CaygSry,TiogNi ,O; mixed oxide, Ca,,Sr,,Ti,sC0,,0,5 8 wdl as
carbides % >,

Among the lanthanide perovskites, LnMO,, of the first row transition metal elements, Mn,
Fe, Co and Ni, based compounds were found to exhibit interesting oxidative behaviour under
co-feed (CH, +0 ,) reaction conditions comparable to highly active P/AlLO,. LnCrO, were the
least active % 73 By substituting Sr on the La Ste, an increase in act|V|ty was observed and
related to ahlgher |lattice oxygen availability ** °® ®° The lanthanide part did also influence the

12
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catalytic activity towards CH, but less than the accompanying transition metals. For the same
transition metal dement, the reducibility and thus the lattice oxygen availability tended to
decrease in the trend Gd>Sm>Nd>Pr>L a, corresponding to a decrease in cataytic activity. © ™

. Alcock et al. ® and Doshi et a. * studied the perovskite La,,Sr,B, M O, ; (B = Co, Cr, Fe,
Mn,Y; M =Nb, Ti), the K,NiF,~type superconducting A, ,B,CuO, ; (A = La Nd; B = Sr, Ce)

1-x —X

along with Lag,,Sr,,0, 4, La,0,, LaYO,, La, Sr,,YO,,, Y,O, and SrO in 30:4:65 CH,:O,:He
and 2:98 CH,:air for CH, coupling and oxidation respectively in order to analyse the effect of
the conduction mode on these reactions. They found that for CH, oxidation a small p or n-type
conduction combined with good oxygen ion conduction was favourable, whereas for CO
oxidation p-type conductors are preferred. For CH, coupling a high ionic conductivity with low
electronic conductivity gives a high C, compounds yield. However, of dl these materids, the
oneswith Cr, V, Ti and Nb are reported to be the most stable in reducing atmosphere.

Metalic and ceramic composites were aready investigated in SOFC for Ni-based anodes
running on humidified H,, but also on CH,, reformed or partialy oxidised internally or in an
separate reactor. For H, oxidation, Setoguchi et a. ™ showed the high electrochemical activity of
Ni when compared to other metals such as Au, Pt, Pd, Rh, Ru Co, Fe and Mn. The ceramic part
was also observed to be important as PrO, promoted the reaction more than Sm-doped CeO,
and YSZ due to its high oxygen ion mobility. On these types of anodes, interna reforming or
partial oxidation are in principle feasible but they induce temperature gradients due to the
endothermicity of H,O or CO, reforming and the small exothermicity of O, partia oxidation.
Examples of interna steam reforming and oxygen or air partial oxidation of hydrocarbons are
given in references "®? where Gd-doped ceria, YSZ or similar ionic conducting electrolytes
were used as electrolyte or cermet with Ni, Fe or Pt, inasingle aswell asin a two chamber SOF
cell. These experiments were conducted in feeds containing at least the thermodynamic ratio of
oxygen or water in order to prevent carbon deposition #%% 8 High power densities could be
achieved (400 mW/cm? at 700°C for partial oxidation using a Ni+Sm doped ceria anode and
Sm, :Sr,:Co0, cathode sintered on a 150 um thick Sm doped ceria electrolyte *°). Many trids
were made to increase the performance of these anodes, either by using some additives with Ni
(e.g. Mo) *¥ or by increasing the electronic conductivity of the ionic conductor (by using TiO,
for example ®). Feeding CH, rich feeds leads in principle to carbon deposits. Some studies
were 8aglso aimed at understanding the mechanism of CH, oxidation over Ni or Pt based anodes

However, in a very narrow temperature window, where kinetics for carbon deposition are
somewhat duggish, Murray et a. have recently reported a Ni-YSZ cermet run in a pure CH,
feed for 100 h *. This specia cell was made of a thin (2 um) Y-doped ceria layer interlayer
between a Ni-YSZ cermet and an 8 pm thick YSZ dectrolyte **. Power densities of 370
mW/cm? versus 480 mW/cm? were achieved at 650°C in H, and dry CH,, respectively. Ishihara
et a. * reported a run in CH,;O, ratios of 4, 2 and « a 1000°C over a Ni-based anode
deposited over a La,,Sr,,Ga, Mg,,0, eectrolyte. A power output of 510 mW/cm* was
achieved in dry CH,, with a 30 h stability with no C deposition. Recently aso, Cu-based anodes
(see dso Chapter 10 and 11) were reported to run with pure methane, ethane, 1-butene, n-butane,
n-decane, toluene, synthetic diesel and hydrogen % * without carbon deposition (3 h run except
for CH, where the experiments lasted for 12 h). In H, a power output of 450 mW/cm* was
reported versus 250 mW/cm? in CH, at 800°C using a 60 pm thick Y SZ electrolyte *.

Due to the oxygen availability of an oxide, carbon depositionis generaly less liable than on
metallic catalysts. Among the first row transition metal perovskites, LaCrO, was reported to be
the most stable a 1000°C and at very low oxygen partiad pressures (= 10% am), wheress
LaMnO,, LaFeO,, LaCoO, and LaNiO, decomposed & a P, of 10%, 10, 107 and 10 am

repectively *°. LavO,, encountered a phase trandtion, passing from LavO, to LavO, upon
reduction, leading to a change in its volume. This material shows a metdlic conductivity (>150
S/cm) and could be interesting for SOFC application. In SOFC, LaCrO?g-based cataysts were
investigated as catalyst powders for their possible use as anode materias **°. These materias
were reported to have amild activity toward CH, and to resist much better to carbon deposition
than Ni-Y SZ cermet. Nevertheless, carbon was formed in some cases above 600°C, but water
addition lowered its formation. Horita et al. ** and Norby et d. ** tried La,,Ca,,,CrO, and
La,,Ca,,CrO, anodes respectively and obtained a low e ectrochemical performance a 1000°C

13
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(@ maximum of 50 mwW/cm) (see also Chapter 3 to 8). Goba '* dso tried a La,,Ca,,CrO,
anode and observed a power output of 7.5 mW/cm? at 850°C. Vernoux et a. *** worked with
cone-shaped LaCrO,-based micro-electrodes pressed on the surface of YSZ pellets in H, and
CH, and showed that these materials have comparable efficiency to Ni-YSZ cone-electrodes in
diluted steam-reforming conditions. Globally, these materials are poor p-type conductors but are
aready used as interconnects for SOFC and show some stability with YSZ .

Nb or Ti modified YSZ was also sought for its use as SOFC anode as Nb and Ti doping
add some € ectronic conductivity to an otherwise ionic conductor %, In this concept of a whole
YSZ cdl (as the cathode is an Yb doped YSZ) a maximum power output of 40 mwW/cm? (1.5
mm thick Y SZ electrolyte) was achieved in H, at 915°C withaY ,,ZrTi,, ahode. In CH, a power
density of 2 mW/cm? with no carbon deposition was reported at 932°C over a 300 um thick
YSZ dectrolyte *°. Similar concepts are advanced by Tuller et a. who worked on Gd-based
titanates pyrochlores .

Titanates and niobates are known for their hi%h electronic conductivity %™, They atracted
attention for their potentid use as anodes * *****", Many of these compounds are not very
stable in oxidising conditions. The highest conductivities reported at 800°C were for SrNbO,,
Nb,TiO, (Ti,4,Nb, 0, 340 Scm) and CrTi,O, (177 S/lcm). By stabilising these structures,
they often end up with lower conductivities. Nb,O. when reduced, possesses aso a high
conductivity (NbO, 398 S/cm at 850°C)™®. However, Nb,O, was observed to stick badly on
YSZ, even when used as a composite with YSZ (needlellike structure, from our own
unpublished work). Na WO, may be another candidate if stability under reducing conditions
can be satisfied.

Other possible anode materials put forward recently are carbides. Horita et a. ** studied
ZrC, WC, TiC and VC. The best choice materia was WC due to its thermodynamic stability
under reducing conditions. These materials decompose however under current load to ther
oxide counterparts. One can also imagine to use the mixed conducting materials used in oxygen
separation membranes. SrFeCo,.O,, developped by Baachandaran et d. *, gave a certain
power density a 917°C in CH, + 3%H.,O when sintered on a 10% Y -doped ceria eectrolyte
(see Figure 9, from our own unpublished results). This materia has high ionic and electronic
conductivities and shows a multiple phase composition *°. We aso looked also a
La,,Sr,sCr,,Fe,s0; and La, Sr, ,Co,.Fe,;O, from the point of view of catalysis. Weston et
a. **° sudied La, Sr, ,Co,,Fe, O, in dilute 3:6 CH,:O, for its potential use as anode and

Norby et al. *** used an Au-SrFeO, ; anode deposited on Y SZ for the catalytic oxidation of CH,

cofeed with O,. These materials were observed to be quite unstable in the low oxygen partia
pressures encountered at SOFC anodes. Also, CeO,-based materials could be regarded as
potential anodes for CH, oxidation (see Chapter 9 to 11). This mixed conductor shows high
ionic conduction as well as electronic conduction in low oxygen partial pressures. It has recently
been shown that it is a good electrode for H, oxidation *** and Marina et a. *** *** showed its
capacity for CH, oxidation (80 mwW/cm* a 1000°C). Protonic conductors could also be
potential materials for anodes in SOFC.

Figure 9:  Current/potential-
70 overpotential and power density
60 < of a SFeCo,O, anode
deposited on a 10% Y-doped
ceria eectrolyte. The
measurement was performed in a
sealed set-up using CH, +
3%H,0 (unpublished work).
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Aim of the thesis

From the discussion above, the research on hydrocarbon fuel anodes is ill not much
explored as the number of papers dealing with real eectrochemica tests is scarce. However,
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many materials are investigated for their potentia use as anodes, as long as their stability in
reducing conditions is confirmed. The stringent requirements for a SOFC anode working under
reducing conditions as well as their fabrication make the development of suitable materials a
challenging task.

Many of the materials presented above show middle range conductivity in reducing
atmospheres. However, different strategies could be implemented to address many of the
problems encountered with anode materials, such as low conductivity (ionic or electronic) and
low catalytic activity. Composite materials could be made to supplement one or the other lack in
conductivity or to temper or increase the cataytic activity of an anode by proper deposition,
doping or aloying with elements of interest. For example, for a low eectronic conductor, a
current collector layer made of agood metallic conducting oxide (for example one of the Nb or
Ti-based bronze-like materials) or an inert metal could serve for that purpose. The poor ionic
conductivity might be as well solved by proper doping or by making a composite with a good
ionic conductor.

In the present study, three types of materials are considered: LaCrO, and CeO.-based
oxides as well as metdlic catalysts such as Cu and Cu-Ni alloys. The oxide materials were
chosen for their known stability under reducing conditions, aswell as for the many possibilities
available for tailoring these oxides by proper substitutions. Two paettes of materias were
targeted: p-type LaCrO,-based perovskite compounds and the n-type fluorite CeO,. As for the
metallic catalysts, as discussed in Chapter 10, they were chosen for their peculiar characteristics
with CH,.

This work can be divided into two parts: LaCrO,-based and metals and CeO,-based
meaterials.

1- LaCrO, oxides are perovskite materials which allow large variations in their composition.
Thus interesting modifications in the electronic as well as in the cataytic properties of the
materia can be tunned. Chapter 3 is a discussion of the synthesis, structure and physical
properties of LaCrO,-based powders. Chapter 4 and 5 give evidences of a surface reaction
between these oxides and the Y SZ electrolyte under fuel cell operation mode (current treatment).
The catalytic properties of different LaCrO, catalysts substituted with elements such as Mg, Ca,
Mn, Fe, Co, Ni and Sr are considered in Chapter 6 while the thermodynamic stability of the
same materialsis discussed in Chapter 7. Finally, the eectrochemical performances of LaCrO,-
based compounds are presented in Chapter 8.

2- Ceria-based materials synthesis, structure and physical characterisations are presented in
Chapter 9. Their catalytic activity as wdl as those of the metals are discussed in Chapter 10,
whereas the electrochemical studiesin H, and CH, are presented in Chapter 11.
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Appendix: List of the different gas species used in the gas phase calculations presented
in this chapter aswell as all over thisthesis (using HSC 4.1)

C(g) C,(9), Ci(9), C9), Ci(0), CH(g), CH,(g), CH (9), CH.(9), C,H(g), C 21,(9), C 215(9),
Hy9), CH.(0), CHi(g), CH,OH, CH.CH,0H,” CO(g). COq). C,0(), C.0().

COOH(g) H(g). Hz(g) HCO(g), HCOOH(g), HO(g), HO,(g), H O(g) H Oz(g) O(g) Oz(g)
04(9), C(s), Ar(g)
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2 Experimental set-up

Experimental set-up
I ntroduction

In this chapter the procedures developed for electrode Slurries preparation and their
application over eectrolyte sheets are outlined. The different assemblies used for the
electrochemical experiments are described.

Slurry preparation and cell fabrication

Terpineol-ethyl cellulose-based dlurries were prepared by mixing electrode powder,
terpineol and ethyl cellulose in the proportion of 56.50:39.55:3.95 in isopropanol. The slurries
were obtained by evaporating the solvent isopropanol under mechanical stirring on a hot plate.
Composite durries of the eectrode with Tosoh 8Y SZ (TZ-8Y) powders were also made using
different amounts of the electrode materid and 8Y SZ powders. The eectrode pastes were then

screen-printed on 8Y SZ plates. Thesewere 3cm x 3 cm or circular (@= 2.2 cm) Kerafol or cast

tapes made in-house and sintered at 1500°C/3h. They were then treated in a 10% HF solution as
an etching step. A 5 min etching, a 60°C, was implemented in order to remove surface

impurities . Electrodes of 1 cm” (square tapes) or 0.38 cm’ (circular tapes) area were printed.
The number of layers and their composition varied from sample to sample. As current collector,
an Au electroplated-Pt mesh was pressed in the last layer. In the specia case of circular cells
used for the sealed configuration (see below), no current collector was fixed at that stage. Au
was used in order to prevent CH, reaction with P, as carbon deposition was observed on bare Pt
mesh which ultimately caused cdll failure. On the opposite side of the eectrolyte, in aignement,

a three layered 1 cm’ (on square YSZ) or 0.38 cm’ (on circular YSZ) lanthanum strontium
manganite (LSM, LaygsSrp15sMN0Os) cathode was deposited along with a Pt mesh current
collector. In the case of symmetrical cells (see below and Figure 1c), the same type of anode
was applied with an Au dectroplated Pt mesh. The cdll thus obtained was then sintered under
load (thermocompression) between 2 dumina felts with a heating ramp of 90°C/h from room
temperature to 600°C to burn the organics, followed by a ramp of 180°C/h until the desired
temperature. The cell was then kept at this temperature for 4 h and then alowed to cool down to
room temperature. Subsequently, a5 mm x 3 mm Pt painted electrode was placed 3 mm away
from the cathode as a reference electrode. In the case of the circular cdls, used in the sedled
configuration, a porous Au-anode material paste was painted on the anode as a current collector.
Thisis sintered a 950°C for 1 h with a heating ramp of 180°C/h. A schematic view of the
different cellsisgivenin Figure 1.

a b c
Figure 1. Schematic view of various cells showing the 8YSZ Kerafol electrolyte, the LSV and
the Pt-mesh cathode, the Pt reference electrode and on the opposite side the LC anode. a: non-
sealed, b: sealed, and c¢: symmetrical cell.

Electrochemical testing
a. Non-sealed configuration

The square cdlls (type a Figure 1) were mounted between incond flanges with porous
aluminafelts on each side as eectrica insulators and gas diffusers. This configuration was not
sealed so that the excess fuel burned at the periphery of the cell. The tests were conducted in a
Lenton EF 11/8 furnace. The gas inputs - air on the cathode side and fuel on the anode side -
were controlled by rotameters, and the fuel line was hested in order to prevent water
condensation. A vave alowed to switch between humidified H,, or CH, and dry CO/CO,
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2 Experimental set-up

mixtures. Typicaly, air flow rate was 300 ml/min and the fuel flow rate was 200 mi/min for H,
and 70 mi/min for CH,. Electrical contactsto the cell were made using silver wireswelded to the
Pt current collectors and taken outside the oven through mullite tubes. The whole system was
protected from eectrical noise by a Faraday cage connected to the ground. A schematic view of
the set-up is shown in Figure 2. The gas humidifier is shown in Figure 3.

After mounting, the cells were heated to 840°C in 4 h under 3% humidified H, on the fue
sde and air on the cathode side. The flange temperature was monitored by a K-type
thermocouple pressed on its base, whereas the cdll temperature was followed by one Stype
(Pt/Pt 10% Rh) thermocouple inserted beneath the anode and protected by aumina wool. The
electrochemica characterization was performed in most cases starting from 840°C in H,
followed by overnight polarization a 400 mV. This helped to activate the electrodes, especialy
the LSM cathode. The temperature was then varied and ultimately the gas was switched to CH,4
+ 3% H,0.

oven
/ inconel flange faraday cage
4 \
cell
/ alumina
| wool
| /
f ane % W R E T R e W e '§| \ N
o
X
3
QE
N
£ 1 I % I
ceramic l : % :
insulator : : % :
- q | metallic % ’ \
ground Support %
P by
tubular 7 = cell Pt/Pt-Rh
inconel Spring-SE 7 Stype
guides Z T thermocouple
= =
‘/ cell wi r&'_—a/
i flangeK-type
air eventually
thermocouple thermostatted == H2, CH4, CO, CO2
bubbler

Figure 2: A schematic view of the non-sealed testing set-up (not on scale).

b. Sealed configuration

The circular cells (type b, Figure 1) were mounted over a machined Macor ceramic tube
using an Au ring and a home-made soda glass powder as sealing, with the anode facing the
inside. The soda glass proved to be the most suitable among various commercia glass seals.
The anode was then pressed to an Au mesh-current collector mounted on a Macor machined gas
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diffuser, and the whole cell was tightened using a machined Stumatite ceramic pressed to the
cathode. This tightening allowed better current collection and higher stability to the seadl. The
electrical wires were passed through ceramic tubes protected by a metdlic tubing or coating
serving as a wire shield. The cell was then mounted in a verticad oven (Horst, Germany) and
heated to 860°C in 4 h under Ar flow on the anode and air on the cathode, in order to mdt the
glass seal properly. The fuel gas was introduced just below the anode and extracted by a thin
aluminatube at the bottom. At the desired temperature, the fuel gas was switched to humidified
H, and the cell OCV was monitored to check the seal tightness. The anode gas flow rates were
set to 30 ml/min, whereas the cathode air flow rate was of 150 ml/min. The anode gases were dl
monitored by mass flow controllers, and humidified in an oil thermostatted bubbler. The cdl
temperature was monitored by a K-type thermocouple placed at the cell height, and occasionally
by an S-type thermocouple pressed on the cathode side of the cell. A schematic view is given in
Figure 4. The outlet gases (O,, N,, Ar, CH,, H,, CO, CO, and possibly C, compounds) were
analyzed by gas chromatography through syringe injection (Carlo Erba MFC500 and Gowmac
instruments) and by a quadrupole mass spectrometer (Residual Gas Analyser, Spectra, Leda
Mass Vision, HF-100, maximum mass of 100 am.u.). A Porapak Q column with He as carrier
was used for Ar, CH,, CO, and C,-compounds analysis (Carlo Erba) whereas a Molecular
Sieve 5A with Ar carrier (Gowmac) was used for H,, O,, N, CH, and CO detection.

>V\

thermocouple

K-type
thermocouples

Hop, CHg inlet

H2, CHy4 outlet

agitator ﬁ

cold water in —

thermostat

cold water out

Figure 3: Schematic view of a thermostatted bubbler. The vapor
pressure content is monitored by analysing its temperature with a
thermocouple set at the gas outlet.
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2 Experimental set-up

c. Symmetrical configuration

Thecircular cdls (type ¢, Figure 1) were mounted in a horizontal quartz tube and eectrica
oven (Horst, Germany) and the electrical contacts to the cell were made using Au wires welded
to the Au eectroplated Pt current collectors (Figure 5). A K-type thermocouple, protected in a
quartz tube was placed near the cell and served to monitor its temperature.

CO2 GCIMS

Lo
m\_ﬂuaiz e % alumina tube =

Au cell wires

thel;ml;ﬁtated [
R CTe e I I

Figure 4: A schematic view of a symmetrical testing set-up (not on scale).

At dl stages of the eectrochemical characterization, current/potential (I/V) curves were
performed on cells of type a and b with a Wenking potentiostat. |mpedance spectroscopy was
conducted on al cdll types with an applied amplitude of 10 mV, using a modified IM5 Zahner
impedance analyser. The frequency used ranged from 100 kHz to 40 mHz.
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Synthesis, structure, characterization and electrical properties of
L aCrO,-based powders

Abstract

Lanthanum or yttrium chromite-based compounds, substituted with Mg, Al, Ca, Mn, Fe, Co,
Ni, Cu, Sr and Nb were synthesized by a modified citrate route from nitrate precursors. An
optimal calcination temperature of 1100°C was necessary to obtain XRD-pure compounds.
Residual, unidentified peaks of low intensity (<2%), not matching the usualy admitted
orthorhombic lattice structure of these perovskites were detected. However, compounds such as

CaCrO,, Ca0, Cr,0,, p-CaCr,0O,, Ca,(CrQ,),, Ca(CrO,),, Ca(CroO,),0, or La,CrO,, could
not be accounted for by these small intensity peaks. At lower cacination temperatures,
secondary phases such as CaCrO, and a-CaCr,0, were detected by XRD. Some of the X-ray

diffractogrammes were best fitted by considering a monoclinic symmetry rather than the
orthorhombic one. When ball-milled, these powders had specific surface areas between 1 and
4.6 m?/g when calcined at 1100°C and 11~68 m%g at 1000°C. The average particle size was
between 0.8 and 3.6 um. Pellets were made showing liquid phase sintering for the highly La
Site substituted compounds, whereas the Cr-substituted LaCrO, showed enhanced densification
dueto the lowering of Cr activity. The dectronic conductivity of these pellets was measured in
both air and humidified H,. Conductivities varied between 24 and 0.4 S‘cm in air and 6.5 and
0.05 S/cm in humidified H,, a 800°C. For eectrode applications, ball-milling is very crucid to
obtain compact and adherent structures.

Introduction / theory

LaCrO, belongs to the family of the perovskites “*. The ideal oxide perovskite-type
structure, ABO,, consists of a cubic array of corner-snaring BO, octahedra forming the skeleton
of the structure, whose body center position is occupied by the A cation. The perovskite
structure is thus a superstructure with the BO,-type framework, formed by the introduction of A
cations, which are generaly larger than the B cations. B is a trangition meta cation in the six-
fold coordination, whereas A is either an alkdi, an akaline earth or arare earth ion, in a tweve-
fold coordination with the oxygen (see Figure 1). The lower limitsfor theionic radii of A and B
are of 0.9 A and 0.51 A in the oxides. On the basis of geometric considerations, a tolerance
factor (or Goldschmidt factor) was defined as

ro + rA

t -
PoN2(r, + 1)
giving the distortion of the structure compared to the ideal cubic arrangement (t,=1).

Figure 1: Ideal ABO, perovskite cubic

é structure: spheres on the corner of the
cube correspond to Cr, the large atom in
the center represent La, while the

continuous lines represent the twelve-fold
coordination of La with O. This structure
was made wusing the CrystalMaker
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When the distortion becomes too large, other crystal symmetries such as orthorhombic,
rhombohedral or monoclinic appear. The perovskite lattice exists in oxides only between the
limits 0.75<t <1. For dectroneutrality, the charge distribution in the perovskite can be of the
form of A'B*0,, A>’B*0, or A*B*0,.

These materials are easily partialy substituted on the A and B siteswith adkali, akaine earth,
rare earth or trangtion metal ions while keeping the perovskite structure, which dlows
interesting modificationsin their catalytic and electronic properties. Clearly, it is the stability of
this structure that alows a large departure from stoichiometry. From literature, the stability of
the perovskites follows the trend *

La>Y>Pr>Nd>Sm>Gd 2
Cr>Fe>Mn>V>Co>Ni 3

Structural symmetry

At room temperature, LaCrO, appears in the orthorhombic crystal symmetry which is a
distortion of theideal cubic structure (see Figure 2). An orthorhombic to a rhombohedral, and a
rhombohedral to cubic structural phase transition of LaCrO, occurs at around 260°C and 1600°
respectively °. The precise transition temperature depends largely on the A and B-site
substituents (e.g. 305°C for LaCr,,.Mn, .0, °). This phase change causes changes in volume
and also a change in the thermal expansion coefficient due to the contraction of the CrOq
octahedra.

/ 5 Figure 2: Crystal structure of LaCrO, for

&, | e lr S orthorhombic phase (space group: Pnma,
& = e e -7 62). Large black, small black, and large
CT -“‘s;;,r%f—'i%- i gray circles represent La, Cr, O atoms
| !I \ ! respectively. Taken from Oikawa et al. °.
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Conductivity

LaCrO,-based compounds are semiconductors. Thermogravimetric studies have indicated
that in LaCrO, the native nonstoichiometric ionic defects are cation vacancies, leading to
oxygen-excess stoichiometries ?>. The conductivity mechanism of substituted LaCrO, is
consi stent with the hopping of polaronsin a defect band of localized states a the Fermi energy
with a thermopower essentially independent of temperature ’. Indeed, by introducing € ements
such as Ca, Sr, Mg and the trangtion metals on the La and Cr dtes, the substitution being
dependent on the ionic radius of the substituent, electronic compensation occurs by the
formation of holes at high oxygen partial pressure, i.e. the oxidation of Cr'"' to Cr", or of
oxygen vacancies & low P, (for some substituents even in ar, eg. Mg ®). Thus, p-type
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conductivity is dominant in air while the ionic conductivity increases upon reduction. This is
best illustrated with Sr substitution

Lai—xs.xcrls—icrx4+o3 = I—ai—xs’x(:r 3+C)3—x/2 +§OZ (4)
The corresponding defect equilibrium following the Kroger-Vink notation is given by

OF +2CrJ) =2Cr% +vo“ﬂ+%o2 (5)

where O *isan oxygenioninthelattice, Crg, = Cr", Cr*= Cr'" and V," an oxygen vacancy.
The reduction of Cr'" to Cr'"' leads to adecrease in overall conductivity of the perovskite as it is
mainly induced by the holes concentration. The hole conductivity is dightly thermally activated
and given by ®

o, =

o=—efR 6

T (6)

where E, is the activation energy, R the gas phase constant, T the temperature and g, the pre-

exponentia factor. g, can be expressed as **°
g’a’
6kt

wheree is the elementary eectric charge, a the distance of hopping, k the Boltzmann factor, 7,

the average freetime (i.e. the inverse of the jump attempt frequency), and [Cr®] and [Cr*'] the
mole fraction of the Cr species. It is worth noting that n-type conductivity can also be
introducedliln LnCrO,-based perovskites, by doping with elements with high valencies, such as
Ti and Nb ™.

0, = (—Cr¥][Cr*] (7)

Preparation

The results of the catal}/tic activity are reported to be affected by the presence of oxide
admixtures and cristallinity ' **. The preparation conditions were in many cases responsible for
the structural differences and thus for the differences in the catalytic properties of oxides. A
number of methods have been used in the synthesis of perovskites. Some are based on solid-
solid reactions and some on liquid-solid reactions.

In the solid-solid reactions method, physical mixtures of single oxide components or other
adequate precursors are calcined at high temperatures (>1000°C). Consequently surface areas of
perovskites prepared by this route are very low. Another drawback isthe lack of homogeneity of
the sintered solid so that repeated grinding and firing steps are required *. An dternative to that
could be microwave synthesis. Iwasaki et a. ** reported the microwave synthesis of LaCrO, a a
temperature of only 440°C reached during very short times (15 min), which is much lower than
for the conventional synthesisroute (>1200°C), giving riseto ardatively fine powder with a size
distribution of 0.4-3.2 pm.

In the liquid-solid reactions method, many techniques are avallable. The simplest method is
dry evaporation. Using nitrate precursors, LaCrO, was synthesized at 1000°C for 24 h leading
to a powder of 0.8 m?/g *°. The explosion method uses the properties of ammonium nitrate or
glycine which is then dry-evaporated giving rise to powders of 30 mf/g after vacuum
decomposition at 300°C and calcination in oxygen at 500°C * **. However, this method leads to
inhomogeneities. Another technique is freeze-drying which is probably the physical method that
preserves most the homogeneity originaly present in the solution. Fierro et a. ' used this
method for the synthesis of LaCrO,, freeze-dried from nitrate precursors a —55°C under
vacuum, then heated in air at 650°C for 80 h to yield powders of a BET surface areaof = 4 m?/g.
Crystallization of complexes such as oxalates is also a method which is expected to give
extremely homogeneous mixed oxide precursors, but the difficulty of preparing the complexes
restricts its use. Coprecipitation is also smilar but someions do not precipitate in the same pH
region ‘®. Hydrothermal synthesis was also used for LaCrO, using an autoclave heated a
260°C for 7 days, and the product had a narrow particle size distribution in the range of 1-3 um
9 Complexation in the form of amorphous compounds with a vitreous structure is another
chemical procedure which preserves as much as possible the homogeneity present in the
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solution. In perovskite-based compounds, this technique is widely used due to the ease of
handling and manufacturing. It uses the complexing properties of hydroxyacids, in particular
citric acid ?°. The intermediate complexes in LaCrO, are thought to be of the form
La[Cr(C,H 07)51 2H.,0. Powders of 5 to 7 m?/g surface area were obtained after a calcination
step at 1100°C

The aim of the present chapter

Due to the convenience of the citrate route, we chose this method for the synthesis of the
(Y,L8)CrO,-based compounds substituted with Mg, Al, Ca, Mn, Fe, Co, Ni, Cu, Sr and Nb.
Hereafter, the synthesis is discussed on the basis of X-ray powder diffraction anaysis and the
physical characteristics of these powders (i.e. size distribution, surface area and conductivity)
are evauated. Findly, trials were made to produce and stick layers of these compounds over
Y SZ electrolyte sheets.

Experimental
Powder preparation

Different lanthanum chromite powders were prepared according to the formula Lay,.,A,Cry.

BpOs through amodified citrate route, by dissolving the nitrate precursors (Fluka, >99% purity

except for Cr(NOs)3.9H,0 from Acros, 99%) in 1M aqueous citric acid solution in a ratio of
1:1.2. Most of the water was removed by heating at 80-90°C in vacuum. The gels obtained were
heated at 110°C for 20 h, then at 200°C for 2 h and the resulting powders were crushed to size
by dry ball-milling. Different calcination temperatures were adopted in order to follow the
crystallinity and purity of the final compounds. Different elements were used as substitutents:
Mg, Al, Ca, Mn, Fe, Co, Ni, Cu, Sr, Nb, Y and La. Al was implemented in a trid to reduce the
expansion coefficient of the LaCrO, compound. In the case of Nb, Nb,O. (Fluka) was
dispersed in the gel solution prior 0 the firing. La,gSr,,Croe;Vo0s0s powder was obtained
from IRD/Denmark in the framework of an European Brite/Euram project.

XRD spectra were acquired on a Siemens D500 diffractometer using CuKa radiation. In
some cases, phase indexation was undertaken from XRD analysis using the Appleman unit cdl
refinement method. Surface area was measured using a BET Micrometrics Gemini 2375

apparatus (N, adsorption & 77K). The particle size distribution was measured in a Horiba
CAPA-700 andyzer.

Conductivity measurements

LaCrO,-based compounds were pressed to rods of 13x6x5 mm?® at 100 MPaand sintered &
1500°C for 4 h. The pellets thus obtained were polished with um diamond paste. dc four probe
conductivity measurements were carried out in the same set-up as for the symmetrica cell
configuration (see Chapter 2), in air, CO/CO, mixtures and humidified hydrogen, using Ag
paste and Ag leads as current and potential leads. The oxygen partia pressure was monitored by
ahome-built Y SZ sensor placed near the sample.

Adhesion and morphologies of electrodes

Terpineol-ethyl cellulose-based durries were prepared as described in Chapter 2. 1 cm?
electrodes were screen-printed over 8Y SZ sheets and sintered at 1000°C, 1050°C, 1100°C, or
1200°C for 4h. Subsequently, the electrodes were treated overnight at 800°C under a flow of H,
+ 3%H,0. SEM cross-section images were made before and after hydrogen trestment in order
to analyze the el ectrode morphol ogies.

Results
Powder XRD analysis

Calcination tests were made at 500, 900, 1000, 1100 and 1200°C for 4 h for La,,Ca,,,CrO,
and La, 4. Sr,,;CrO, citrate gels decomposed a 200°C. For each temperature, XRD analyses
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were performed (Figures 3 and 4). The powders calcined a 500°C were not pure phase
perovskites and contained secondary phases such as CaCrO,, a-CaCr,O, and SrCrO,. These

three phases persisted until 1000°C, atemperature above which the powders were observed to be
made of a single phase. These results are consistent with what has been recently published in
literature %. Car-substituted compounds seemed to be made of one phase already at 1000°C,
whereas it was necessary to go to 1100°C for Sr substitution. 1100°C is thus taken to be the
best cacination temperature for these oxides. Figure 5 shows the XRD patterns for other
LaCrO,-based powders. All oxidized powders were indexed following the orthorhombic crystal
symmetry (see Appendix for XRD charts of the most important powders of our study).

Lag 7G5, CrO;
1200°C/2h
-‘h' -'ﬂ'l_n_P
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c 1000°C/4h
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500 500°C
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Figure 3: XRD patterns for the La,,Ca,,,CrO, powder sintered
at 500, 1000 and 1200°C for 4 h. CPS arbitrary units.

Lag g5 ST 0.15CrO3

1200°C/4h

1100°C/4h
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Figure 4: XRD patterns for the La,gS,,:CrO, powder sintered at
900, 1000, 1100°C and 1200°C for 4 h. CPS. arbitrary units.
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La,.Ca,,Cr  Nb, O 1050°C/2h
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Figure 5: XRD patterns for other calcium substituted LaCrO, powders.CPS: arbitrary
units.
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Figure 6: XRD patterns for calcium substituted YCrO, powders sintered at 900, 1000,
1100 and 1200°C for 4h. La,gCa,,sCrO; is given as a reference. CPS: arbitrary units.
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 L8,Ca,1Cr0O;, L ayesCay15CrogMgo;Os L8yesSr015CrO; @nd L&y oSro1:CrosM go, O, Were best

fitted by the monoclinic crystal symmetry. Such an indexation is also seen for lanthanum
manganite according to the JCPDS (Joint Committee for Powder Diffraction Society, aso
known as PDF, Powder Diffraction File, edited by the ICDD, International Center for
Diffraction Data) charts. Sr substituted LaCrO, % was reported to have a rhombohedra crystal
symmetry. Also, in some cases, resdud, low intensity (<2%), unidentified peaks, not matching
the lattice structure of these perovskites were detected.

Ca substituted yttrium chromites were also produced but none of them gave the pure phase
(Figure 6). Secondary phases such as CaCrO, and Cr,0, were observed at dl cacination
temperatures from 900°C to 1200°C. YCrQO, is known to be less affected by reduction than
LaCrO, . However, dueto these secondary phases, the work with Y was discontinued and no
optimization was undertaken. All synthesized LaCrO,-based powders are summarized in Table
1. When reduced, the orthorhombic phase turned into the rhombohedric symmetry. This is a
known feature for many LaCrO,-based oxides ** (see example in Appendix). From literature, an
orthorhombic to rhomhedral phase transformation is expected to occur between 750 and 850°C
for A and B-site double substitution %.

Table 1. Surface area and average particle size
for the LaCrO,-based powders.

Powder composition surfacearea particlesize

[m/g] [um]
La,,Cay5,Cro; 2.0 3.6
La,,Cay5CrO; - -
La,7Ca,3CrosFey;0;5 68
La,7Ca,,3Crg4C00,05 31
La,7Ca,3Cro4CUG;0; 13
La,7Cay5CrogNb, 0, 11 -
L2, 75Ca9.1550.1Cr 0.6sMJo.0504 14 3.8
Lay 25 05Cr02F€60;5 34 45
La5,05MT0.05Cr .75A10.2503 4.3 5
La,sCay,Cro; - 59
LaggsCap15CrO;, 2.6 0.9
La,,85Ca9,15Cr0sM 7,105 1.0 2.6
La,e5Ca15CrooNig 10, 15 1.8
LaygsS0.15CrO; 2.7 1.0
L2 55 015Cr o.M 90.193 1.8 2.3
Lay502Cr067V0.0305 4.6 0.7
LaCrO, 2.8 0.8
LaCryeMg,,,0; 3.0 1.3
LaCryoMng,0,4 2.3 1.6
LaCroqFe,0; 2.0 1.1
LaCryC0,,0; 14 2.1
LaCrqgNig;0; 14 2.1
LaCry5Niy 0, - -
Yo.85C8,15Cr O5 -

“ obtained from IRD, Denmark, within the framework
of the European Brite/Euram project BRPR-CT97-
0413.

Powder characterization

Powder size distribution and surface area measurements were made for these powders. For
measuring the powder size distribution, the powders were dispersed in an aqueous solution of
0.2% Na,P,0O, for the very fine powder (<10 pm) or in ethylene glygol for coarser grains (for
>10 um). Table 1 summarizes these values. Surface areas varied in a narrow window of 1 to 6
m?/g, for the powders calcined at 1100°C (except La,,Ca, ,Cr,Fe,,0,, La,,Ca,;Cr,,C0,,0s,
La,,Ca,;Cr,,Cu,,0, and La,,Ca,,Cr,,Nb,,O, sintered a 1000°C) and are comparatively
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lower than the 5 to 7 m?/g reported in literature ** for LaCrO, using the same fabrication
technique and calcination temperature.

Conductivity

Sintered pdllet densities of the different lanthanum chromites varied with the nature of the
incorporated el ement, the substitution of Cr giving rise to a better densification * 2°. Compared
to the XRD calculated dengity, unsubstituted LaCrO, gave low density pellets (63%) whereas
the incorporation of Mn, Ni, Co and Mg increased the density to about 97, 95, 94 and 90%
respectively. Ca and Sr had less effect in this regard, giving 71 and 67% reative density
respectively. Ca excess had an effect on the sinterability as La,,Ca,,,CrO, gave rise to 97%
density. A double substitution on the A-site with Caor Sr and the B—ste W|th Mg or Ni showed
an enhanced effect on densfication — 97, 98 and 98.5% respectively for
L8y g5l 15CrysM gy, 05, L&, sCay ,:CryoNi, ,O,, and La, 4.Ca, ,:Cry Mg, ,0,. Thus, it is seen
that upon the incorporation of elements such as Mg, Mn, Co and N| dl B-S|te substituents, the
density is enhanced. This effect could be related to the lowered activity of Cr and thus the
lowered CrO, species volétilities which are responsible for the bad sintering of LaCrO,-based
compounds ?. B-site substituent effect was also observed in literature 2 2 2, Some of these
results are summarized in Table 2.

Table 2: Summary of the conductivity measurements in air and humidified H,, as
well as the XRD characteristics of lanthanum chromite powders.

Pellet composition Conductivily o* [$/cm] XRD M Oineo pellet
ar H2 EkImol] V[AY [g/mol] [glem?] %0
La,,Cay3,CrO; 24 0.8 10.98 18.42 97
Lay75Cay15901CrogsM0o 050z 11 0.5 - - 95
LaygsCag15Cro; 16.01 2.18 520 547 23262 22408 640 71
Laye5Can15CroeMgo 105 965 0.34 13.68 33.82 22824 22131 644 99
Lay g5Cag,15CrogNig; 05 14.76 191 9.64 32.28 231.78 224.74 644 98
Lag g5 015CrO; - - - - 232.72 231.21 6.60 67
Lag g5 0.15Cr0.sM 0105 14.73 127 6.55 6.46 22924 22844 662 97
L&y Sr0,Cro.97Vo 003" 23.78 6.52 5.68 15.08 228.61
LaCrO, 042 0.05 6.46 3498 23494 23890 6.75 63
LaCr,oMg,,0; 511 0.16 16.38 36.72 23540 236.13 666 91
LaCryeMng,O; 543 056 17.44 19.85 234.86 239.19 676 97
LaCr,oF€,,0; - - - - 23585 239.28 6.74 -
LaCr,4C0,,0; 584 0.63 20.14 29.97 233.15 23959 6.82 94
LaCrogNig ;05 541 0.39 7.32 1658 234.87 23957 677 95
LaCrosNigs0; - - - - 23356 242.25 6.89 -
LaCrgsNigs05° - - 34994 24225 6.89

The conductivity has been Corrected for the density (see text). The PO in wet H, at 800°C
was of 8x10% atm as measured by a home-made YSZ oxygen gas sensor. 3The conductivity was
measured between 700 and 900°C. “This powder, calcined at 1000°C, was obtained from IRD,
Denmark, within the framework of the European Brite/Euram project BRPR-CT97-0413; by
powder-XRD we observed the presence of secondary phases. *The reduced powder at 780°C,
in humidified H,, is rhombohedric. All the other are oxidized, thus orthorombic.

The conductivity trend observed is comparable to values extrapolated from literature data 2°
(Table 3) and followed the concentration of Cr', except for LaCr,,Ni O, which is reported to
have higher conductivities in air than in our study Ca or Sr substitution (A-site) gave rise to a
higher conductivity in air and in humidified H, than B-site substitution, perhaps due to the
increase in the hopping distance, as part of the Cr is replaced by another element. Also, as the
reduction of the perovskites proceeds, the change in the Cr vadence induces an increase in the
linear expansion coefficient of the lattice , a phenomenawhich could cause the delamination of
LaCrO,-based electrodes from the surface of a YSZ electrolyte. A summary of avalable
literature val ues for the thermal expansion coefficientsisgiven in Table 3.



3 Synthesis, structure, characterization and electrical properties of LaCrO;-based powders =

650°C || Figure 7: Evolution of the
total conductivity with the
oxygen partial pressure
and temperature. Case of
La,;Ca,;,CrO,. The effect
of temperature is very
small. The solid line
represents the expected
}gend of the conductivity
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By introducing elements such as Ca, Sr and the transition metals on the La and Cr sites in
LaCrO,, the substitution on the A or B-site depending on the ionic radius of the eement,
electronic compensation occurs by the formation of holes at high oxygen partia pressure, i.e.
the oxidation of Cr"' to Cr'", or of oxygen vacancies at low P, *. Thus, upon reduction, the

ionic conductivity tends to increase as a consequence of the increasing concentration of oxygen
vacancies. However the total conductivity decreases due to the decrease of the hole concentration
(see Figure 7 for the case of La,,Ca, ;,CrO,). Activation energies tend to be higher in reducing
atmospheres.

Table 3: Summary of the literature data on similar compositions
measured at 1000°C. Also given are the thermal expansion coefficients
(TEC) as well as the % linear expansion when the pellet is reduced
fromair to wet H..

Properties  Conductivity [Scm]  TEC % Linear

Pellet composition ar  wetH, Eiar 10%K expansion references
LayoCa,,Cro; 12.1-20 1.2-2.7 30,31
LaygsCay 15CroO, 23 0.12 32,29
LaysCa,,CrO; 35.5-40 1.9-4.8 0.2 30,3129
Lay7Ca,3CrO; 45.7-56 1.9-4.4 0.35 303129
LayoS(,Cro, 8.5 2.1 9.8 80, 33
Lag g5 015CrO5 10-20 11.3 10 %, 34
LageSoCroO; 16-36.6 6.4 0.17 90.33.29
Lag7305CrO; 415 49 %
LaCrO, 2.5 75 95 0 32, 3429
LaCresMgo 0503 1.9 1.25 %2
LaCr,oMg,;,0; 5.6 0.27 9.5 32,29
LaCr,sMg,,0; 5.9 0.39 %0
LaCr,Mny,0; 0.25 2
LaCr4C0,0, 13.1 0.22 32.29
LaCrg,oNig,0; 30 9.6 0.24 3429
LaCr,gNio,0; 57.7 11.2 3
LaCr,;Nig30; 81.8 10 34
Lag155015CroesNigesOs  38.3 14.3 10.3 3
LaggSr(,Crg5Nig 0505 36.9 1.58 10
LagsS02Cro97V00304 30 12 &
YSZ 10.3 82

"measured in wet hydrogen at an oxygen partial pressure of 10 atm.

Dueto the differencesin rod densities, al conductivity measurements were normalized for a
100% pellets density by using the approximation
O / Gireo = Ot /Ot (6)
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3 Synthesis, structure, characterization and electrical properties of LaCrO3-based powders =

where d, and o are the measured density and conductivity respectively and d
theoretical density (XRD) and conductivity respectively.

theo theo

Importantly, no changes were observed for the different pellets before and after the
conductivity tests by XRD analysis, indicating that these compounds withstand well the highly
reductive conditions used in SOFC. An example is given in Figures 8 and 9 for the
LaO.75caO.lSSrO.lcrO.95M gO.0503 and LacrO.QNiO.loS SyStemS respeCtlver

Intensity (CPS)

Lag 75 Gag 15 ST .1 Cro.9sMJo 05 O3 In H o[3%H ;0 at 800°C

| . ' . .
Lag 75 Cag.15 Sro.1 Cro.95 Mg 05 O; in air at 800°C
' 1 1 1 1 X X X

L
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Figure 8: XRD of La,gCa,1:5,:CrysM0,0:0; pellets, after sintering at
1500°C, after conductivity testsin air, and after conductivity test in
humidified H,. No changes were observed in the XRD patterns.

LaCrogNig1Os

Intensity (CPS)

L

Figure 9: XRD of
LaCr,gNig,0,  powders,
ap: as prepared at
1100°C/4h and ar. after
reduction in humidified
H,. No changes in the
XRD patterns are
observed.

and g, the
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Figure 10:
LaO.?SCa0.1530.lcr0.95MgO.0503 anqde
made of unground powders, showing
a very loose structure. Sintering
temperature: 1100°C/4h.

— e J
e AccY  Spot Magn  Det WD Exp P 2m
500Ky 3.0 15000x SE 112 3 2DH113.TIF

- - A \
AccV SpotMagn Det WD Bp FH———— A AccV SpotMagn Det WD Bp 1 2mm
500KV 30 16000k SE 112 3 3B113.TIF 5.00kY 8.0 15000x SE 10.1 3 La0.85Cal.15Cros
. - T - .. B AT ]

Fi gure 11: Electrode morphologies for a-b. LageS,,:CrO; and c-af La,eCa,:CrO, as
sintered in air at 1100°C (a and c¢) and after treatment in humidified H, (b and d).

Adhesion and mor phologies of electrodes

The adhesion and the morphology of the different electrodes were observed to depend on
the powder handling. A grinding step is necessary to break the sheet-like structures originating
from the citrate synthesis, as the contact to YSZ was poor (Figure 10). The grinding alows a
better surface coverage of the powder on YSZ (Figure 11). The adhesion was observed to
depend also on the Ca or Sr substitution levels in LaCrO,. A-site highly substituted LaCrO,
adhered much better than the others. By lowering the Ca substitution leve from 0.32 to 0.2 or
0.15 it was observed that the sticking decreased. This could be due to surface reaction (see
Chapter 4 and 5) as aso observed for lanthanum strontium manganites. B-site substituted
LaCrO, tend to stick lesson Y SZ when no Caor Sr isadded on the A-site.
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3 Synthesis, structure, characterization and electrical properties of LaCrO3-based powders =

The higher the sintering temperature the better is the adhesion. However, above 1100°C,
some surface reaction is observed between the eectrode and the YSZ. This reaction is easly
observed under SEM for the samples with high level of Caor Sr substitution (e.g. Figure 12, for
La,,Ca,,,CrO,) or a high temperature for low substitution levels (e.g. Figure 12, for the
La,¢.Ca,,.CrO,). Thus, the optimal sintering temperature was observed to be around 1100°C.

When treated in humidified H,, the sintered electrodes did not present any change in their
structure (see Figure 11). Adhesion was not atered.

st
|

|
i A
|

i

Aco¥  Spot M Dot WD Exp
20.0 kv 3.0 80000x SE 10.0 4  4BI124TIF

[ 7 e = ot b ) - b1 3 2
Figure 12: a. La,,Ca,,,CrO, electrode sintered at 1150°C/4h. Some surface reaction is
apparent between the electrode and the 8YSZ electrolyte. b. La,gCa,,-CrO, electrode sintered
at 1200°C/4h. EDAX analysis reveal 16% Ca / 40% La / 44% Cr in the visible layer at the
interface.

Conclusions

22 different lanthanide chromite-based compositions were produced following a modified
citrate route. Different substituents were used: Mg, Al, Ca, V, Mn, Co, Ni, Cu, Sr and Nb. An
optimal cacination temperature of 1100°C was necessary to produce single phase compounds.
Powers of 1to 6 m?/g and 0.7 to 6 um average size were thus obtained. In most cases, residud,
unidentified peaks of low intensity (<2%), not matching the usually admitted orthorhombic
lattice structure were detected. Conductivity pellets made of some of these compositions sintered
at 1500°C showed a conductivity of 5to 24 S/cmin air versus 0.2 to 6 S/cm in humidified H.. It
was observed that high A-site and mild B-site substitution gave rise to high conductivity and
densification. A-site substitution with Ca or Sr is necessary to reach high conductivities.
Equivdently, bal-milled powders showed to sinter well a 1100°C over YSZ sheets, and their
adhesion depended on the level of A-site substitution. Sintering at higher temperatures lead to
surface reaction with Y SZ, whereas alower sintering temperature produced afriable electrode.
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Appendix: XRD charts of the most relevant LaCrO,-based powders

LaCrO, d I %] | hkl 20 d [ [%] = hkl 20
as produced, 1100°C/4h 3891 216 110 22.838| 1591 196 @132 57.923
3634 0.3 24477 1584 20.3 @312 58.199
CuKal 3599 0.3 247151 1576 0.6 58.518
A: 1.5405 3554 0.3 25.033] 1555 0.3 @ 223 59.402
3482 14 | 111 25562| 1495 0.2 @ 321 62.038
System: orthorhombic 3390 0.2 26269 | 1.441 0.7 @ 313 64.639
a 5.4820+0.5x10° 2748 1000 112 32558|1.432 0.1 65.071
b: 5.5176+0.4x10°3 269% 0.4 3320711379 33 040 67917
C: 7.7671+0.9x10° 2668 0.2 33560 1.374 9.8 @ 224 68.203
a: 90 2585 0.8 3467311359 03 @ 041 69.082
B: 90 2482 0.2 36.168 | 1.350 0.6 69.600
y: 90 2464 02 120 36.437|1319 0.2 @ 141 71485
V: 234.94+0.2x10* 2350 10 121 382781313 03 215 71871
M: 238.90 2341 05 211 38430|1297 1.7 @ 134 72879
Z: 4 2250 132 022 40.044]1294 13 314 73.082
p: 6.75 2240 109 | 202 40.236| 1279 03 @ 331 74.086
2154 05 113 41911|1.232 34 240 77.400
Fabrication process: 2080 0.2 | 122 434641228 7.4 @ 420 77.720
Modified citrate route 1944 324 220 46.679| 1221 0.3 78.196
1923 0.3 47240 1.213 0.4 | 421 78.883
1886 1.3 221 48201|1175 15 & 242 81962
1838 0.1 49560 1171 19 | 206 82.284
1816 0.2 50.19211.165 0.1 82.785
1782 02 213 51.237|1159 05 | 333 83320
1743 24 130 52441|1124 22 | 044 86.481
1.737 5.4 114 52639 1.119 1.8 404 86.963
1728 0.4 52.964 | 1.109 0.4 @ 423 87.997
1.693 1.4 311 54.120
1673 0.1 54.836
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3 Synthesis, structure, characterization and electrical properties of LaCrO;-based powders =

LaCrysM g, ,0; d 1[%] hkl 20 d 1[%] = hk 20
as produced, 1100°C/4h 3891 213 110 22.834| 1645 0.3 55.848
3483 15 | 111 25557| 1591 213 312 57.919
CuKal 3414 0.5 26.078 | 1.585 22.7 @ 132 58.156
A: 1.5405 3.267 2.0 27.278 | 1574 0.7 58.594
3189 3.1 27958 | 1.557 0.3 = 223 59.323
System: orthorhombic 3072 04 290.041 (11495 0.2 | 231 62.039
a 5.517+0.1x10? 2984 14 299191453 0.1 64.044
b: 5.489+0.1x10? 2822 03 31.678| 1442 0.8 @ 133 64.561
C: 7.773+0.2x102 2751 1000 112 32521|1.380 3.8 @ 400 67.878
a: 90 2590 10 | 021 34.603| 1375 119 224 68.162
B: 90 2495 0.2 35960 | 1.351 0.8 @ 041 69.523
y: 90 2469 0.2 | 210 36.364| 1311 0.2 71.994
V: 235.39+0.6x10* 2345 10 | 103 38354| 1297 26 @ 330 72840
M: 236.13 2285 21 394021294 21 @ 042 73.076
Z: 4 2250 16.0 202 40.040( 1280 0.5 & 331 74.005
p: 6.66 2225 0.5 4051811233 39 | 420 77.362
2156 0.7 | 113 41.874| 1229 9.2 @ 240 77.641
Fabrication process: 2142 0.3 42163 | 1.214 08 @ 241 78.806
Modified citrate route 2.078 0.2 122 43523 | 1.187 0.2 305 80.948
1967 0.5 46.118 | 1.175 1.8 @ 422 81921
1946 344 @ 220 46.642| 1171 2.7 242 82276
1887 19 221 481991160 0.6 @ 333 83241
1869 1.4 48.680 1 1.158 0.5 | 135 83.400
1830 0.2 49.7911 1125 25 | 404 86.441
1785 03 213 511201120 2.0 @ 423 86.879
1739 69 114 52600(1.110 05 = 243 87.919
1702 04 311 538351102 0.1 =@ 414 88.682
1694 17 @ 131 54.078
1659 0.7 55.320
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L&, 85:Ca0.15CrO; d 1[%] hkl 20 d 1[%] = hk 20

as produced, 1100°C/4h 3.872 137 002 229531307 0.2 @ 125 72.203
3465 12 | 111 256861291 16 @ 006 73.281

CuKal 2735 100.0 200 32.715| 1288 1.2 @ 402 73.477
A: 1.5405 2667 0.2 335721273 04 @ 331 74482

2576 09 | 201 34.806| 1223 7.6 @ 116 78.119
System: monoclinic 2453 0.1 | 120 36.599| 1208 0.7 @ 421 79.241
a 5.4695+0.4x10° 2337 10 ' 013 38487| 1182 0.2 | 143 81.314
b: 5.4913+0.6x10° 2237 137 @ 022 40.277| 1169 13 | 026 82.444
C: 7.7455+0.1x10? 2146 04 113 42079 1.166 1.9 82.721
a: 90 2071 0.2 | 122 43675|1154 05 @ 135 83.763
[3: 90.56 1936 303 004 46.885|1.119 23 87.003
X: 90 1878 12 221 48440 1.115 2 87.396
V: 232.62+0.5x10* 1775 02 123 51446|1.110 0.2 @ -423 87.906
M: 224.08 1730 40 310 52.880( 1.105 05 88.442
Z: 4 1693 03 131 54.117|2.077 0.2 = 150 91.351
p: 6.39 1687 14 311 54355(1.073 0.7 @ 510 91801

1673 0.2 548471061 0.7 @ 511 93.080
Fabrication process: 1583 19.0 024 58.243
Modified citrate route 1578 20.7 58.442

1569 1.1 58.798

1549 0.2 @ 005 59.636
1435 0.7 @ 115 64.925
1410 0.1 @ 322 66.244
1379 0.2 67.942
1372 35 040 68.319
1.368 11.5 400 68.562

1360 0.3 69.009
1344 05 @ 401 69.916
1325 0.2 71.077
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La,,85C89.15CT0.oM G105 d 1[% hkl 20 d 1[%]  hkl 20
as produced, 1200°C/4h 3876 153 @ 110 22.927| 1291 1.8 134 73.241
3463 1.3 111 25704| 1288 1.5 402 73.434
CuKal 2.738 100.0 112 32.686| 1.274 0.4 331 74434
\: 1.5405 2721 3.4 32891 1.223 75 116 78.077
2708 0.6 33.058| 1.218 0.4 78.483
System: orthorhombic 2576 0.8 = 201 34.794| 1.208 0.9 403 79.239
a 5.4675+0.4x10° 2450 0.2 @ 120 36.645| 1.169 1.1 = 242 82.433
b: 5.4895+0.2x10° 2333 1.2 0183 38553| 1.166 2.0 422 82.681
c: 7.7325+0.3x10° 2233 141 @ 202 40367| 1155 04 333 83.709
a: 90 2146 0.6 = 113 42.073| 1.119 24 044 86.995
B: 90 2068 0.3 = 212 43.748| 1115 21 = 404 87.356
X: 90 1937 31.8 220 46.877| 1.105 0.6 = 007 88.39%4
V: 232.08+0.2x10* 1927 14 47.125| 1.077 0.4 = 150 91.363
M: 221.31 1879 1.1 = 221 48407( 1073 1.0 226 91.756
Z: 4 1775 0.2 = 213 51.429( 1.062 0.4 511 92.99
p: 6.33 1730 5.3 @ 114 52.876( 1.072 3.3 152 95.923
1722 0.3 53.161| 1.0385 4.2 | 136 96.202
Fabrication process: 1688 1.6 311 54.321| 1.033 6.6 512 96.399
Modified citrate route 1583 175 @132 58.237( 1.024 0.2 405 97.607
1578 23.1 204 58433( 0968 1.2 440 105.400
1571 1.3 58.724| 0.990 0.3 = 513 102.198
1548 0.2 223 59.685| 0.968 1.2 =~ 440 105.400
1489 0.2 321 62.284| 0967 0.6 008 105678
1436 0.6 313 64.880| 0.961 0.2 441 106.582
1373 3.7 040 68.280| 0.959 0.2 425 106.823
1368 13.0 224 68527| 0940 0.7 350 110.039
1361 0.4 68.931| 0.937 0.6 110.549
1346 0.4 401 69.841| 0931 0.4 111.597
1308 0.2 323 72.174| 0915 10 060 114.645
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La,,85C89.15CT0.oM G105 d 1[% hkl 20 d 1[%]  hkl 20
as produced, 1200°C/4h 3876 153 110 22.927| 1.218 0.4 78.483
3463 1.3 111 25704| 1208 0.9 116 79.239
CuKal 2738 1000 200 32686| 1169 1.1 = 035 82433
\: 1.5405 2721 34 @ 112 32.891| 1.166 2.0 242 82.681
2708 06  -112 33058| 1.155 0.4 206 83.709
System: monoclinic 2576 0.8 021 34.794| 1.119 24 86.995
a 5.4749+0.6x10° 2450 0.2 = 120 36.645| 1.115 2.1 = 404 87.356
b: 5.4764+0.3x10° 2333 1.2 121 38553| 1105 0.6 243 88.394
c: 7.61620.1x10? 2233 141 202 40367| 1.077 0.4 91.363
a: 90 2146 0.6 42.073| 1.073 1.0 -235 91.756
B: 89.54 2068 0.3 = 212 43.748| 1.062 04 -511 92.996
X: 90 1937 31.8 220 46.877| 1072 33 95.923
V: 228.24+0.3x10* 1927 14 47.125| 1.035 4.2 96.202
M: 221.31 1879 1.1 @ 221 48407| 1033 6.6 -152 96.399
Z: 4 1730 53 @ 222 52876( 0968 1.2 440 105.400
p: 6.44 1722 0.3  -222 53161| 0959 0.2 -441 106.823
1688 1.6 -131 54.321( 0940 0.7 110.039
Fabrication process: 1583 175 58.237| 0.937 0.6 = 018 110.549
Modified citrate route 1578 23.1 132 58433( 0915 1.0 114.645
1571 1.3 -312 58.724( 0914 0.7 -416 114.922
1436 0.6 313 64.880( 0912 4.1 115.320
1373 3.7 68.280| 0.868 0.7 125.199
1.368 13.0 400 68.527| 0.866 0.4 125.549
1361 04 224 68931( 0865 1.1 444 125.964
1346 0.4  -401 69.841( 0860 0.6 -621 127.323
1291 1.8 402 73.241| 0826 1.5 137.639
1288 15 042 73434| 0824 1.3 138.361
1274 04 331 74434| 0792 1.0 153.402
1223 75 78.077] 0.790 1.0 = 264 155.072
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L &g g5 0.15CT O; d 1[%] hkl 20 d 1[%] = hk 20

as produced, 1200°C/4h 3.873 281 110 229451070 1.3 & 226 92.080
2,751 100.0 020 325191039 74 @ 152 95.716

CuKal 2728 925 | 200 32.805|1.035 7.2 @ 136 96.202
A: 1.5405 2338 23 | 121 384771028 6.3 @ 512 97.037

2244 297 | 022 40.161|0.969 3.4 @ 440 105.359
System: monoclinic 2217 9.0 | 202 40.672(0944 0.7 @ -154 109.431
a 5.4559+0.1x10° 1937 671 220 46.872|0942 1.7 046 109.760
b: 5.5038+0.1x107 1785 06 = 031 51.119|0.938 0.8 | 442 110.478
C: 7.7506+0.2x10° 1739 6.7 @ 130 5259|0932 0.5 | 514 111.528
a: 90 1726 6.4 | 114 52998 0917 2.0 | -352 114.361
[: 90.76 1589 222 -132 58.001| 0914 4.7 028 114.924
X: 90 1584 386 132 581980909 3.8 @ 532 115.838
V: 232.720+0.6x10? 1576 3.1 = 321 58516 0.893 1.0 -246 119.244
M: 231.21 1570 151 @ 312 58766 0.888 0.5 | -602 120.371
Z: 4 1376 132 040 68.080| 0.882 0.7 | 426 121.605
p: 6.59 1370 2.0 @ 400 68439| 0870 3.4 | -444 124.682

1364 153 @ 224 68.796| 0.863 4.6 | 444 126.357
Fabrication process: 1316 05 -141 7167710949 0.6 @ -262 130.240
Modified citrate route 1297 19  -134 728810848 05 130.484

1291 31 134 732360845 0.7 = 138 131.525
1281 12 402 73920 0.841 1.0 @622 132.841
1228 109 240 77.675(0.829 3.2 @ 064 136.597
1222 117 116 78161 0.827 2.0 = 156 137.316
1173 13 -242 82080 0.819 2.0 = 604 140.316
1169 35 242 82438(0.795 15 @ -264 151.600
1162 2.0 « 422 83.085|0.792 34 048 153.040
1122 51 044 86.720| 0.785 2.1 | 624 157.841
1.109 2.1 @ 404 88.042
1079 12 -334 91.081
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L&g,85 0.15CT0.0M o105 d 11%] = hkl 20 d %] = hkl 20

as produced, 1100°C/4h 3.876 171 @ 110 229251208 0.6 @ -241 79.236
3466 13 & 111 25680( 1197 0.2 @ -225 80.119

CuKal 2738 100.0 A 020 32.684| 1.169 1.4 @ 422 82438
A: 1.5405 2576 12 021 348011166 1.9 @ -422 82.678
2333 12 | 121 38556|1.154 0.3 83.721
System: monoclinic 2237 144 | 202 40.277 (1120 1.9 86.959
a 5.489+0.1x10° 2147 04 42.046 | 1.116 1.7 87.321
b: 5.4717+0.8x10° 2067 04 | 212 43.752| 1105 0.3 88.370
C: 7.631+0.2x10? 1936 326 220 46.881|1.077 05 @ 510 91357
a: 90 1923 19 472311073 0.7 @ 150 91.721
[B: 89.73 1879 09 221 48400 1.062 0.6 @ -226 93.002
y: 90 1773 04 @ 031 51514
V: 229.24+0.7x10* 1730 51 @ 222 52876
M: 228.44 1688 1.2 -131 54.319
Z: 4 1583 20.1 @ 321 58.240
p: 6.62 1578 228 @ 132 58.435
1570 16 = 204 58.759
Fabrication process: 1562 04 @ -204 59.080
Modified citrate route 1549 0.3 59.651

1490 02 -321 62246
1436 0.8 & 313 64.882
1379 05 67.942
1373 40 400 68.281
1.368 10.7 =040 68.523
1346 0.4 041 69.845
1291 1.6 = 330 73.240
1288 1.4 & 042 73.437
1273 05 | -331 74.469
1224 7. | 240 78.039
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3 Synthesis, structure, characterization and electrical properties of LaCrO;-based powders =

LaCro oMy ,0; d 1[%] hkl 20 d 1[%] = hk 20
as produced, 1100°C/4h 3885 206 @ 110 22.874| 1229 82 @ 332 77.601
3477 13 | 111 25.602| 1213 0.7 @ 241 78881
CuKal 2.748 100.0 112 32561 1174 1.7 @ 422 82.002
A: 1.5405 2712 13 33.005| 1172 2.0 @ 026 82238
258 1.1 | 021 34.681|1159 0.7 @ 333 83.279
System: orthorhombic 2345 13 | 103 38356 1.124 1.8 @ 404 86.481
a 5.5147+0.4x10° 2248 149 @ 202 40.080( 1.120 1.4 = 044 86.881
b: 5.4817+0.6x10°® 2240 24 @ 022 402321110 0.5 @ 243 87.919
C: 7.769+0.1x102 2155 06 @ 113 41.882
a: 90 2074 03 | 122 43.600
B: 90 1944 340 @220 46.683
y: 90 1886 1.2 « 221 48.204
V: 234.86%0.3x10™ 1785 0.3 @ 213 51.120
M: 239.19 1.743 3.0 @ 310 52.443
Z: 4 1739 53 222 52601
p: 6.76 1.700 0.2 & 311 53.880
1692 15 @ 131 54.150
Fabrication process: 1590 206 312 57.960
Modified citrate route 1584 193 132 58.196
1566 0.2 58.916
1557 0.3 59.324
1495 0.2 @ 105 62.012
1441 0.7 @ 133 64.607
1380 3.3 & 400 67.885
1374 93 |« 224 68.201
1350 0.6 041 69.567
1318 0.2 @ 411 71.555
1297 20 314 72881
1278 04 331 74.119

47



3 Synthesis, structure, characterization and electrical properties of LaCrO3-based powders =

LaCryqF& ,0; d 1[%] hkl 20 d 1[%] = hk 20

as produced, 1100°C/4h 3.898 19.7 110 22798 1.176 1.3 @ 422 81.844
3487 16 | 111 255241172 1.8 @ 242 82.162

CuKal 2754 1000 & 112 32482| 1160 0.5 & 333 83.199
A: 1.5405 2591 10 | 021 345981125 23 @ 404 86.398
2466 0.2 210 36.399| 1121 1.7 @ 044 86.801
System: orthorhombic 2347 13 | 103 38316( 1117 0.2 87.237
a 5.5229+0.7x10° 2252 145 | 202 40.001|1.111 0.2 @ 243 87.798
b: 5.4917+0.7x1073 2159 06 | 113 41.803
c: 7.776x0.1x10° 2083 0.2 | 212 43.400
a: 90 1947 318 220 46.602
B: 90 1889 1.0 & 221 48.123
y: 90 1.788 0.3 & 213 51.040
V: 235.85+0.4x10* 1.740 6.1 @ 114 52560
M: 239.28 169 16 & 131 54.038
Z: 4 1592 210 312 57.880
p: 6.74 1587 22.7 @024 58.080
1557 05 @ 223 59.319
Fabrication process: 149 0.2 @ 105 61.980
Modified citrate route 1443 0.7 @ 133 64.802

1381 34 « 400 67.802
1375 97 224 68.119
1352 04 « 041 69.449
1314 0.2 @ 125 71.769
1299 21 314 72761
1296 18 @ 134 72.960
1280 05 @ 331 73.998
1229 82 |« 240 77.599
1214 03 @ 043 78.795
1190 0.2 413 80.675
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3 Synthesis, structure, characterization and electrical properties of LaCrO;-based powders =

LaCr,4Ca) 105 d 1[%] hkl 20 d 1[%] = hk 20

as produced, 1100°C/4h 3.877 180 110 22916( 1316 0.2 = 141 71.651
3468 12 | 111 256651308 0.2 @ 215 72.158

CuKal 2754 343 020 32484|1294 18 | 134 73.074
A: 1.5405 2741 1000 @ 112 32.643| 1290 14 @ 006 73.319
2579 0.9 34.763| 1.276 0.4 = 331 74.279
System: orthorhombic 2461 0.1 & 120 36.483(1230 3.0 @ 240 77.561
a 5.4663+0.3x10° 2344 03 | 121 38364| 1227 6.6 @ 332 77.800
b: 5.5092+0.3x10° 2338 10 | 211 38480| 1225 85 @ 116 77.961
C: 7.7419+0.6x10° 2244 141 | 022 40.153| 1209 05 @ 421 79.159
a: 90 2233 125 | 202 40.358|1.186 0.1 = 143 80.990
B:90 2148 04 | 113 42.032| 1172 1.4 @ 242 82162
y: 90 1940 319 220 46.796| 1.167 2.0 @422 82598
V: 233.15+0.2x10* 1935 76 004 4690721157 0.3 = 135 83.487
M: 239.59 1882 11 221 483191153 0.3 = 315 83.808
Z: 4 1876 0.5 484841 1122 25 44  86.684
p: 6.82 1.780 03 123 512751117 1.8 @ 404 87.242
1741 24 130 525241106 04 @ 423 88.313
Fabrication process: 1.733 4.8 114 52.798
Modified citrate route 1698 03 @ 131 53.955

1689 14 @ 311 54.282
1.588 195 @ 132 58.044
1.580 21.0 204 58.362
1551 03 @ 223 59.559
1491 0.2 @ 321 62.205
1437 0.7 @ 313 64.837
1377 35 | 040 68.006
1.370 116 @ 224 68.401
1.367 2.6 400 68.602
1346 0.4 69.807
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3 Synthesis, structure, characterization and electrical properties of LaCrO3-based powders =

LaCroNig,0; d 1[%] hkl 20 d 1[%] = hk 20

as produced, 1100°C/4h 3.891 188 @ 110 228381293 15 @ 134 73114
3482 16 | 111 255621278 05 & 331 74.119

CuKal 2748 1000 & 112 32556| 1232 3.3 @ 420 77401
A: 1.5405 2585 1.0 @ 021 346721228 81 @ 116 77.719
2350 1.3 | 211 38276| 1217 0.2 | 421 78554
System: orthorhombic 2342 11 | 103 384021213 0.7 & 241 78.876
a 5.5175+0.3x10° 2271 03 39.648 | 1.193 0.1 80.451
b: 5.4824+0.4x10° 2250 132 @ 202 40.047|1.188 0.2 | 413 80.834
C: 7.7643+0.6x10° 2240 116 | 022 40.235| 1175 1.4 @ 422 81.966
a: 90 2155 0.5 113 41877 | 1171 1.7 242 82.281
B: 90 2081 0.2 @ 212 43447| 1167 0.5 82.627
y: 90 1944 339 220 46.679|1.159 05 = 333 83318
V: 234.87+0.2x10* 1886 1.3 221 48200| 1124 24 @ 404 86.482
M: 239.57 1785 03 213 51.125(1.120 1.6 044 86.956
Z: 4 1744 26 310 524391109 05 @ 243 88.000
p: 6.77 1738 52 @ 222 52.603
17010 04 @ 311 53.839
Fabrication process: 1693 1.7 131 54.116
Modified citrate route 1591 198 312 57.926

1584 211 132 58.197
1555 04 @ 223 59.407
1494 0.2 @ 105 62.064
1441 09 @ 133 64.636
1379 3.6 @ 400 67.916
1374 105 224 68.204
1366 0.6 68.653
1350 0.6 & 041 69.600
1314 0.2 @ 215 71.796
1297 19 314 72.849

50



3 Synthesis, structure, characterization and electrical properties of LaCrO;-based powders =

Lag15Cay1<CrooNig10; d 1[%] hkl 20 d 1[%] = hk 20
as produced, 1100°C/4h 3876 14.1 | 110 22926| 1222 7.9 @ 420 78.117

3462 1.1 | 111 25711 1.211 043 78.963
CuKal 2.738 100.0 112 32686 1.208 0.7 = 225 79.246
A: 1.5405 2576 1.1 | 003 347951169 1.2 @ 242 82.443

2338 11 | 121 38476| 1166 2.0 @ 422 82721
System: orthorhombic 2333 05 38561 1154 0.4 | 333 83.760
a 5.4620+0.4x10° 2239 127 @ 022 40246 1119 2.1 @ 044 87.037
b: 5.4895+0.4x10° 2233 146 202 40363 1.115 1.6 = 404 87.397
C: 7.7314+0.8x10° 2146 06 | 113 42.075| 1105 0.5 @ 423 88.436
a: 90 2.067 03 212 43.753
B: 90 1936 320 220 46.883
y: 90 1934 131 004 46.951
V: 231.81+0.2x10* 1878 1.1 |« 221 48435
M: 224.74 1776 0.4 123 51.397
Z: 4 1730 45 @ 114 52.879
p: 6.44 1687 15 @ 311 54.351

1583 20.0 @132 58.241
Fabrication process: 1578 229 204 58.440
Modified citrate route 1.548 223 59.678

1.488 105 62.354

1435 0.7 @ 313 64.920

1373 31 040 68.281

1368 116 224 68.557

1345 05 @ 401 69.881

1342 0.3 70.075

1291 14 @ 330 73.279

1288 1.4 @ 314 73.443

1273 05 @ 331 74.475

1.226 240 77.839
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3 Synthesis, structure, characterization and electrical properties of LaCrO3-based powders =

L9 5C3p15CrooNig.10; d 1[%] hkl 20 d I1[%] hkl 20
after longterm catalysis 3.864 17.6 012 22.999
(CTL) = reduced 2748 100 110 32.562
CuKal 2721 945 104 32.884
A: 1.5405 2335 2.7 113 38532
2240 295 202 40.233
System: trigonal 2212 8.1 | 006 40.765
a 5.4996+0.5x10°® 1934 815 024 46.953
b: 5.4996+0.5x10° 1916 1 47.406
c: 13.2743+0.2x10° 1.783 0.6 51.208
a: 90 1737 8 122 52.644
B: 90 1.724 59 116 53.086
X: 120 1.587 28.2 030 58.077
V: 347.69+0.7x10* 1582 51.4 214 58279
M: 224.74 1.566 18.7 018 58.917
Z:6 1375 17.3 220 68.157
p: 6.44 1.367 2.4 68.601
1.361 16.8 208 68.922
Fabrication process: 1.350 0.6 69.605
Modified citrate route 129 24 | 312 72961
1.290 3.3 036 73.326
1279 1 1010 74.053
1.227 154 134 77.758
1.220 152 128 78.315
1172 2.3 042 82.159
1.168 3.6 226 82521
1.160 1.9 0210 83.243
1.121 7.1 = 404 86.804
1.106 2 0012 88.283
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3 Synthesis, structure, characterization and electrical properties of LaCrO;-based powders =

LaCroNigsO; d 1[% hkl 20 d I[%] hkl 20
as produced 3.884 189 101 22880( 1.290 1.5 143 73.316

3477 1.3 111 25601| 1.276 0.4 313 74.245
CuKal 2745 1000 121 32.601| 1.230 3.1 402 77.559
A: 1.5405 2579 1.2 012 34.758| 1.226 7.2 161 77.840

2342 09 211 38.398| 1.212 0.5 252 78.960
System: orthorhombic 2246 133 220 40.116| 1.210 0.6 214 79.121
a 5.5101+0.5x10° 2235 114 022 40.321| 1172 1.4 422 82.155
b: 7.752+0.1x10? 2221 0.7 40597 1.168 1.6 224 82.558
c: 5.4678+0.5x10° 2152 05 131 41.952| 1.157 0.5 333 83.522
a: 90 2075 0.2 221 43590| 1.154 04 153 83.712
B: 90 1941 345 202 46.762| 1.123 2.7 440 86.641
y: 90 1883 1.3 212 48.287| 1.117 17 044 87.201
V: 233.5578+0.3x10* 1783 0.3 231 51.205| 1.107 04 234 88.204
M: 242.25 1.741 25 301 52.519
Z. 4 1.735 5.4 @ 222 52721
p: 6.89 1699 0.3 311 53.926

1689 1.6 113 54.275
Fabrication process: 1588 204 321 58.036
Modified citrate route 1581 19.7 | 042 58.322

1574 0.8 58.596

1552 0.3 232 59.530

1493 0.2 150 62.137

1438 0.9 133 64.802

1378 3.2 400 67.969

1.371 108 242 68.358

1.367 2.8 004 68.599

1346 0.5 014 69.799

1342 0.2 70.069

1295 2.0 341 72.999
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3 Synthesis, structure, characterization and electrical properties of LaCrO3-based powders =

LaCroNigsO; d 1[% hkl 20 d I[%] hkl 20
reduced inH,+3%H,0 a 3883 279 012 22885| 1.105 0.8 0012 88.439
780°C for 1 week 2799 24 31.944
CuKal 2.761 100.0 110 32.39%6
A: 1.5405 2725 76.7 104 32.840
2342 16 @ 113 38.402
System: trigonal 2250 228 202 40.041
a 5.5217+0.6x10° 2210 54 @ 006 40.802
b: 5.52166+0.6x10°3 2.038 0.6 44.418
C: 13.25343+0.2x10? 1962 1.0 46.242
a: 90 1940 47.4 024 46.801
B: 90 1745 6.4 122 52404
X: 120 1724 44 @ 116 53.076
V: 349.94+0.7x10* 1611 04 57.141
M: 242.25 1594 18.0 300 57.799
Z:6 1587 27.0 214 58.079
p: 6.89 1564 9.8 018 58.998
1556 0.6 59.355
Fabrication process: 1380 9.4 220 67.840
Modified citrate route 1373 0.7 68.235
1361 7.1 = 208 68.919
1300 14 @ 312 72.680
1292 2.0 @306 73.195
1277 0.6 1010 74.202
1231 7.2 134 77.476
1221 6.0 128 78.202
1177 0.6 = 042 81.795
1170 1.4 226 82314
1160 0.8 0210 83.244
1125 35 404 86.442
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes Pt

Evidence of surface reaction with highly substituted L aCr O5-
based anodes

Abstract

Lanthanum cacium chromite-based anodes were tested on 8YSZ dectrolytes with
humidified H, or CH, between 700 and 900°C. Their performances degraded in both fuels due
to the formation of aninterfacial layer developed during cell operation, in the case of highly Ca
substituted LaCrO,, as evidenced by imaging and surface analysis techniques (SEM-EDAX, XPS
and SMS). The anode materials were stable against coking, at sufficiently low temperatures or
high current densities. The loss in performance was therefore due to an ohmic increase and to
electrode aging.

I ntroduction

Lanthanum chromites are reported to be very stable under very low oxygen partia pressures
of 10* am *. By substitution of metals such as Ca, Sr or Mg on La or Cr sites in LaCrO,,
electronic compensation occurs by the formation of holes (i.e. by reduction Cr' to Cr'") at high
oxygen partial pressure or of oxygen vacancies at low Py, #5 these having an impact on the

ionic conductivity of the materia ® 7. The higher the substitution level the higher is the total
conductivity in both oxidizing and reducing atmospheres. Baker et d., Middleton et a. and
Norby et a. ®'* reported that lanthanum calcium chromites show cataytic total or partia
oxidation of pure methane with alow level of coking when compared to the Ni-YSZ cermet.
These different properties of doped LaCrO, are promising for a methane-fed anode. In the
present work, we assess the electrochemical behaviour of heavily substituted LaCrO, anodes in
rell SOFC mode using humidified H, and CH,. We are also giving an evidence for the
interfacia instability of the material due to a topotactic reaction between the heavily substituted
LaCrO, and Y SZ electrolyte.

Experimental

Powder preparation

Different powders were prepared according to the formula La, ,A,Cr, ;B,O, (see Table 1)

by following the citrate procedure, described in Chapter 3. The non-stoichiometric
La,,Ca,,,CrO, was obtained from EMPA-Switzerland. All these powders had in common a
high level of A-site substitution (0.2~0.32).

Table 1: A summary of the different
tested |lanthanum chromites.

Firing
Electrode composition temperature
Lay;Cay;,CrO, As obtained
LaysCay,CrO; 1000°C/4h
La,;Ca,y3CrqgFe;,0;4 1000°C/2h
La,;Ca,y5Crq4Cuy 10,4 1100°C/4h
Lay7Ca,5Crq4C0,,0,4 1000°C/2h

Lay75Ca015 01Cr0.esMo0s0; ~ 1100°C/4h

Cdll fabrication

On thin HF-etched 8YSZ sheets of 150 to 200 um thickness, three successive layers of
lanthanum chromite organic slurries were screen-printed to form electrodes of 1 cm? area. As
current collector, platinum mesh was pressed in the last layer (see Chapter 2). A stoichiometric

“This chapter has been submitted in a shorter version as J. Seir, J. Van herle, A. J. McEvoy, ‘LaCrO,-based
anodes for methane oxidation’, in Third European Solid Oxide Fuel Cell Forum, Nantes-France, ed. P.
Sevens, 1998, 267-276.
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes P4y

LSM eectrode (L&, 5:Sr,,sMNO;) was symmetrically deposited on the opposite side of each
sheet, with a similar Pt current collector. Both sides carried screen-printed reference electrodes
of the same respective compositions. The whole structure was thermocompressed at 1100°C for
4 h. This thermocompression was necessary to ensure agood current collection and to minimize
the contact |osses.

Data acquisition

The cells were tested in both the sealed and the non-sealed configurations (see Chapter 2).
For the unsedled set-up, the cells were mounted between incond flanges with porous aumina
felts on each side as electrical insulators and gas diffusers, and tested in a vertica tubular oven.
This configuration was not sealed so that the fuel excess burned at the periphery of the cell. The
gas inputs were controlled by mass-flow meters. For the fuel (CH, or H,), 3% water was added
to the stream. Typical flows were of 300 to 400 ml/min for air and 250 ml/min for the fuel.

Electrica contactsto the cell were made using silver wires welded to the Pt current collector
meshes. Separate current and potentia leads were used, with a Wenking potentiostat for dc
measurements or a Zahner IM5 impedance anayser for eectrochemica impedance
spectroscopy (EIS typically between 40mHz and 300kHz). These EIS measurements were done
both under open circuit conditions and at increasing current densities.

After the measurements, some of the pellets were imaged by SEM and some surface and
cross-section anayses were performed (EDAX, low angle XRD, SMSand Auger-XPS).

Results

Prior to the electrochemical measurement, the cells were usually polarized for severa hours
at 400 to 700 mV, in order to activate the electrodes. During this initial stage, irrespective of the
fuel, the current density started degrading after a brief transient improvement due to the cathode
activation. This is illustrated in Figure 1 for the La,,Ca,;,CrO,/YSZ/LSM system under H,.
The initial current drawn from this all-ceramic cell was acceptable (short circuit current, ig, of
around 620 mA/cm?). The performance dropped to about one third, after a day and ultimately
thei_, stabilized at 150 mA/cm?.

. . Figure 1. I/V curves for the
—— After fuel introduction La07Ca032Cr03/8YSZ/LSVI SyStem at

----- t=21h Z
= = After 15h under N, 8300C Wlth H2+ 3%HZO fuel .
—— After 24h at OCV

¢ After repolarization

1000
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600
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2
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Interestingly, the cell performance depended on the magnitude of the operating voltage.
With increasing anodic overpotential, the polarization impedance, R, decreased drasticaly, e.g.
passing from 10 to 2 Qcm? at 800°C in CH,, or 2t0 0.7 Qcm?® at 900°C in H,, (Figure 2), when
measured a different voltages starting from the open circuit potential (OCV) to short circuit
(sc). Also, when the cell wasleft at OCV, its performance degraded drastically (Figure 1 and 3).
After polarization a short circuit, the cell resumed to its initial performance. This implies a
modification of the eectrocatalytic activity of the electrode under current. Also, the increase in
the polarization resistance was slow and evolved over a 24 h period indicating a Slow reduction
process.

The electrode performance was observed to be similar in both the non-sealed and sealed set-
up. A difference arose from the measured OCV, where a near theoretica OCV of ~1220 mV
was achieved in the metdlic non-sedled set-up against ~903 mV in the dl-ceramic seded
configuration. This discrepancy arose from the possible pyrolisis of CH, on the metdlic
flanges. These electrodes performed much better in H, than in CH,, i.e. 3.5 to 5 times (e.g.
Figure 4).
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10 Vo= OmV, i=0mA
V= 73mV, i=26mA
Va= 137mV, i=51mA
Va= 267mV, i=109mA
Va= 457mV, i=200mA
V= 666mV, i=324mA
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Figure 2: Evolution of the anode impedance with increasing potential, V,, applied
between the anode and the anode reference electrode for the La,,Ca,,,CrO,/8YSZ/LSM
system at 900°C.

From the impedance measurements, two to three processes were observed, where the first
process was almost unaffected by the nature of the gas phase (Figure 5). Interestingly, H,O
concentration had a tremendous effect on the anode performance by lowering its polarization
resistance (Figure 6). The OCV was lowered from 1155 to 1073 mV and the i, was increased
from 135 to 225 mA/cm? when the water content passed from 4 to 42%. The impedance spectra
were best fitted by two to three arcs, LRy(R,Y,)(R,Y,)(R,Y,) circuit, using the Zahner fitting
software. Y, is a constant phase el ement (CPE)

Y =Y, (jow)" (1)
with Y, ; an admittance factor, j the imaginary unit, w the angular frequency, n the frequency

number, R, the series electrolyte resistance between the reference eectrode and the working
electrode, R aresistance, and L the current/potential collectors inductance.
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| mpedance response after R, C, n R, G, N, Rg e
I/V polarization [Qcm?  [uF/cm?] [Qcm?  [uF/cm?] [Qcm? [mA/cm?
After OCV for 24 h 115 1.1 0.58 20 49 0.53 32 70
After repolarization at scfor24h 4.2 15 0.75 85 65 0.63 13 150

Figure 3: The effect of polarization on the magnitude of the La,,Ca,;,CrO, impedance at
830°C. Inset numbers mark each decade in frequency. + after OCV; O after repolarization.
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes P4y

The activation process of R, and R, in H, are of about 170 kImol, wheress that of the
electrolyte series resistance seemsto follow quite well that of Y SZ (81 kJ/mal). The similarity of
the activation energy for the electrolyte indicates no contribution of the electrode conductivity to
the ohmic drop as the La,,Ca,,,CrO, conductivity activetion energy lies a 10.9 and 18.4
kIJmol in air and humidified H,.
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Figure 4: Performance of a La,;Ca,;,CrO, anode at 850°C in both humidified H, and
CH,, measured in the sealed configuration. a. I/V and power curves, b. anode
overpotential for the two different fuels.

In order to assess the initidly rapid and thereafter dower degradations encountered with
La,,Ca, ;,CrO,, an experiment was performed in humidified H, a high temperature (900°C) in
order to accelerate the process (Figure 7). An initid series ohmlc loss of 600 mQcm? was
observed. This vaue was higher than expected for a 150 pm thick 8YSZ dectrolyte (= 270
mQcm? at 900°C). Polarized at 660 mV, the cell performance degraded rapidly by 75% of the
initial current (from 160 mA/cn? to 40 mA/cmZ) asshown in the inset of Figure 7. The initidly
smaller anode impedance response increased from aR; of ~1.8 Qcm? after 3 h of operation to
~2.7 Qcm? (Figure 8) at 660 mV. Following further polarization at lower cell voltages (300 mV
and short circuit), the polarization resistance recovered back to its initid vaue. Figure 9 shows
that after repolarization, the anode overpotential stabilized and did not change much afterwards
over 160 h. Thisrapid degradation is thought to be similar to the one depicted above (Figure 1
and 3) and is related to the slow reduction of the anode.
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I mpedance response after Ry C, n R, C, n; Riot s
I/V polarization [Qcn?]  [pF/em?] [Qcn?]  [pF/em?] [Qcm?]  [mA/cm?]
H, + 3% H,0 84 104 048 8.8 234 068 17.2 230
CH,+ 3% H.,O 8.3 12.5 046 14.3 154 0.68 >30 45

Figure 5: The effect of the gas atmosphere on the La,,Ca,;,CrO, impedance at 850°C
tested in the sealed configuration. Inset numbers mark each decade in frequency.
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Impedance response after Ry C, n R, C, n; Riot s
I/V polarization [Qcn?]  [pF/em?] [Qcn?]  [pF/em?] [Qcm?]  [mA/cm?]
CH, + 4% H,O 35 4.6 0.72 3.2 319 061 97 135
CH, + 42% H,O 15 2.8 092 0.7 34 096 29 225

Figure 6: H,O effect on the polarization resistance of La,;Ca,,,CrO, tested at 830°C in
CH,. Inset numbers mark each decade in frequency.

The degradation was not related to the cathode as its responsei improved with time during the

whole experiment, passing from a R, a OCV of 2.17 Qcm? to about 0.45 Qcm?. It is wdl
known 2* that upon reduction, the electronic conductivity of the lanthanum chromite perovskites
drops, accompanied by oxygen loss from the lattice. For adense L g, ,Ca, ,,CrO, pelet, the tota
conductivity was of 0.9 S‘cm at 850°C in humidified H, and 24 S/cm in air. The effective
conductivity of a porous eectrode is well below these values. This implies that the overdl
conductivity plays arolein the anode performance.
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Figure 7: Evolution of the I/V curve
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Figure 8: Evolution of the anode impedance at OCV for La,;Ca,;,CrO,/8YSZ/LSM in
H,+3%H,0 at 900°C. Same indexation as for Figure 7.
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes P4y

Beside this rapid degradation, an additional series ohmic loss, R, a the anode side was
evidenced by impedance spectroscopy. The R, increased with time reaching 2 Qcny’ after a 160 h
run (Figure 8 and 9). Post-mortem SEM analysis showed the growth of an interfacia layer of 0.5
pm thickness. This layer had a melt like morphology covering the whole surface of the eectrolyte
(see Figure 10). The topotactic reaction was not visble immediately after the sintering of the
anode at 1100°C/4h (Figure 11) and was thus related to the electrochemical treatment. EDAX and
XPS (e.g. Figure 12) analysis of the tested cell after anode removal reveded the presence of large
Caexcess and in some spots the presence of Cr. Only a small amount of La was detected in this
layer even after sputter etching the surface (Figure 12). XPS established that the eectrode grains
too exhibited a superficial excess of Ca. SMSrevealed that the excess of Ca corresponded to the
regionwhere Zr and Y intensities were at their highest (Figure 13). Low angle XRD did not reved
any particular peak for CaZrO, (Figure 14).
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Figure 9: Evolution with time of a. the anode overpotential and b. series resistance for
La,,Cay5,CrO,/8YSZ/LM in H,+3%H,O at 900°C. Same indexation as for Figure 7.
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Figure 10: SEM micrographs of the La,,Ca,,,CrO, electrode YSZ electrolyte structure.
a: cross-section of the cell showing the topotactic layer; b: the reaction layer surface
after removal of the electrode.

Figure 11: SEM micrograph of the
La,,Ca,;,CrO;, €electrode YSZ electrolyte
structure before the electrochemical test.

The literature concerning the stability of these materias indicates the possible formation of
an apatite-structured compound, Ca(CrO,),.0,., or other Ca, (CrO,), phases which emanate
from calcium substituted LaCrO, and eventudly react with YSZ to form a CaZrO, phase ***°.
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes Pt

The gpatite-like phase is reported to be a good conductor in ar (at 900°C, 0,,=0.6 S/cm) but

decomposes in reducing conditions to CaO and CaCr,O, resulting in 0,,=3.2x10° Slcm &

900°C in wet H, *. The other possible exsolved phase, CaCrO,, is also unstable under reducing
conditions leading to the following reactions (see Chapter 7):

CaCrO, == 0.5 CaO + 0.5 CaCr,0, + 0.25 O,(q) (2)
CaCrO, + ZrOp == CaZzrO, + 0.5 Cr,0, + 0.25 O,(q) (3)
Ca0 + ZrOp == CazrO, (4)

SMS analysis pointed out to the possibility of CaZrO, formation. Powder diffraction of a
50%Y SZ/50% L a, ,Ca, ,,CrO, finely mixed powder pressed into a pellet, fired at 1100°C/4h
and subsequently trested for 130 h at 800°C under humidified H, did not reved however any
secondary phases (see Figure 15). Perhaps the excess of cacium was dissolved in the Y&Z
powder without reaching the critica concentration for the formation of CaZrO,, or the
concentration of the latter was under the level of detection for XRD. In the case of an electrode,
as the dissolution of an excess of calcium species is hindered, CaZrO, formation should be
expected as the calcium activity was quite high. However, low angle XRD of the YSZ surface,
after the anode removal, did not revea any particular secondary phase indicating here again that
the concentration was below the detection limit of the analysis.
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Figure 12: a. EDAX and b. XPS analysis and effect of sputtering of the topotactic reaction
shown in Figure 10. Ca and Cr are clearly seen to be the predominant elements in the upper
part of the reaction layer, followed by Zr.

Figure 13: SMS analysis of the interface of a YSZ/La,,Ca,;,CrO, anode, tested in 3%
humidified H, at 900°C. The coexistence of Ca and Zr in the same region of the
interface indicates the possible formation of CaZrO,. Cr and La were not detected in this
region.

These materials are very poor conductors and thus can contribute to the observed ohmic
loss. Also, Mizusaki et a. ' reported that the ionic conductivity in SrZrO, is 10° to 10 times
that of YSZ. A rough estimation of the additional ohmic component, if we consider a reaction
layer of 0.1 to 0.5 pm (Figure 10) would be of 1 to 5 Qcm® in the case of a dense cacium
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes P4y

zirconate phase and of 3to 30 Qcm? in the case of a CaO phase. These values are of the same
order asthe 1.8 Qcm? additional ohmic loss measured on the anode side.

Figure 14: XRD low angle
analysis of the reaction layer.
No other peaks than for 8YSZ
and La,;Ca,,,CrO, were
detected.

Intensity (CPS)

In order to minimize the surface reaction with YSZ and to enhance the overal conductivity
and activity of the lanthanum chromites, other compositions were investigated. Stoichiometric
lanthanum calcium chromites B-site substituted with other cations (Fe, Co and Cu) were
studied. The Co, Fe and Cu compounds, La,,Ca,,Cr,4Fe,,0;, La,,Ca,,Cr,,Cu,,0, and
La,,Ca,;Cr,5C0,,0,, were found to be more reactive than the La,,Ca, ,,CrO, material and in
the case of the Co-containing perovskite, decomposition was observed athough this materia
was reported stable *®. Poor currents and large overpotential drops were measured with these
anodes. Post-mortem observations showed surface stains on the eectrolyte which indicate a
topotactic reaction with YSZ. This is compatible with the initia large series ohmic resistances
observed by impedance spectroscopy during the electrochemical tests.

Figure 15: XRD

analysis of a
8YSZ1 |a,.Ca,.,Cro, and YSZ
. Y A powder mixture

b | P subjected to  heat

_ : i P treatment at 800°C in
; L8, 7 Cay 3, CrO; +8YSZ in H,/800°C | air and humidified H,.
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S S ; N A AL within ~ the  XRD
= : A T sensibility limit (about
S ! P L I . 1%).
2 : | 11| Lag;Cayy, 010, +8YSZ/800°C
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! Lo : : :

1 | : 1 1 '

: : 1 | ' Lag;Cay 4, CrO,
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206

Compositions with lower cacium content were also investigated. La,,Ca,,CrO, showed
poor adherence on the YSZ and consequently a poor performance (i_=80mA/cm?). Only
La,,-Cay 155r,,Cry0:M g, s0; Seemed more stable under methane than La,,Ca, ;,CrO, when
polarized a intermediate potentials. No surface reaction was detected at 800°C and only small
degradation was observed a high temperature (~900°C). However, this materiad was more
sengitive to delamination, because no Ca excess was added. Fine powders improved adhesion to
YZ.
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4 Evidence of surface reaction with highly substituted LaCrO,-based anodes Pt

Conclusion

Lanthanum calcium chromite anodes were investigated on Y&Z in CH, and H, &
intermediate temperatures. Although they exhibited low performance, these materias were stable
against coking unlike Ni-YSZ cermet anodes. At the lower end of the SOFC operating
temperature range, the catalytic behaviour of the tested lanthanum chromites kinetically inhibited
coking. At higher temperatures, carburization most probably occurred, producing the higher
OCV. The degradation of the anode cannot be attributed to carbon formation, as it occurred also
with hydrogen fuel. It was more related to the interfaciad reaction product of the lanthanum
chromite with Y SZ, for which imaging and analytical procedures provided good evidence. In the
next chapters, further variation of composition was undertaken in order to achieve a stable
lanthanum chromite-based anode with a reasonable current output under H, and CH,. This
material could then be activated with catalysts or combined with other oxides to form composites
with the desired performance.
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Stability of Ca and Sr substituted L aCr O, during current
treatment’

Abstract

L8,,C8,5,CrO;, I-"5‘075(330158"0 1CT006M 050505, L8y :Ca 1sCr0O;, Loy gCa,15Cr Mgy, O,
L3y 455r,15CT O3, L3y 655 15Cr0oM 9, ,O5 and La, St ,Cr, 5,V 50, compounds were studied.
During high temperature treatment they were found to exhibit llquid phase sintering except for
La,sCa,;sCrO, and La,gSr,,:CrO,. Mg enhanced the densfication of stoichiometric
LaCrO,. They were tested electrochemically in reducing atmospheres containing hydrogen,
methane and CO/CO,. Current was found to affect the stability of the heavily doped samples,
wheresas the reducing atmospheres did not have a detectable impact. Calcium and or strontium
and chromium-enriched secondary phases Were detected after current treatment with
L8,7,C8,5,CrO;, L8y 75C8,55r51Crg6sM gy 050 and  LaygSr, ,Croe,V,0;  samples.
La,¢Ca,,.Cr Mg, ,0; and La, 4 Sr,,:Cr,,Mg, lO did not degrade during current treatment
for 100 h. A current enhanced demixing could be responsable for the segregation. The
solubility limit of cacium and strontium in LaCrO; is estimated to be low a 800°C (around
15%).

I ntroduction

Calcium substituted lanthanum chromites (LCC), commonly used as interconnects * for
solid oxide fuel cells (SOFC), were explored as anodes dternative to the conventional Ni-yttria
stabilized zirconia (Y SZ)-cermet 2 (Chapter 4). Thermochemical and electrocatalytical properties
of these anodes were assessed in humidified hydrogen and methane fuels a different
temperatures . During the electrochemical tests (fuel cell conditions), a rapid degradation of the
cdl performance was observed. SEM analysis reveded the formation of an interfacia reaction
layer between LCC and Y SZ. This thin layer was found to be a poor conductor. EDX and ESCA
analyses showed that under these reducing conditions, the LCC anodes were enriched with
calcium and chromium at the surface. Cacium chromate phases are believed to exsolve from
these materials and decompose to CaO which eventually reacts with the YSZ dectrolyte to form
CaZrO,. This phase segregation is aso thought to affect the activity of these anodes towards the
fuel oxidation.

In order to ascertain these observations and to follow the possibility of stabilizing these
materials againgt reduction, the behavior of some LCCs with different doping levels was
investigated in different atmospheres and by current treatment.

Experimental

La,,Ca,,,CrO, (LCCl1l) powder was acquired from EMPA, Switzerland, whereas
LaysSry,Croo,V 00305 (LSCV) was obtained from IRD, Denmark.
Lao.75cao.158r0.1cr0.95M 9. 05O (LCSCM), L85,65C8,15CTO4 (LCC2), L8657 15CrO; (LSC)
and LaygCay,5Cry oM gy,05 (LCCM) and L3y gSr, ,sCry oM g,,0; (LSCM) powders were

repared tollowi ng a mod|f|ed citrate procedure from nitrate precursors (see Chapter 3).

Bdl-milled, these powders were then pressed as bars of 13x6x5 mm?® a 100 kPa and
sntered a 1550°C for 4 h. Densities varied between 95 and 97% of theoretical for LCCL,
LCSCM, LCCM and LSCM whereas LCC2 and LSC pellets were quite porous (67 and 72%
dense respectively). It was observed that the addition of Mg enhanced noticeably the
sinterability of stoichiometric lanthanum chromites (see for example Figure 6-c, 6-d).
Subsequently, they were polished with um diamond paste and ultrasonically washed with
ethanol. Some were cut in length into two or three pieces.

dc four probe conductivity measurements were carried out a 800°C for 100 h on the bars
(except for LCC2 and LSC for their high porosity as discussed in Chapter 3) in ar and
reducing conditions, especidly in H,+3%H,O, to anayze the effect of current and of gas

" This chapter has been submitted in a shorter version as J. Sfeir, J. Van herle and A. J. McEvoy, ‘Sability of
calcium substituted lanthanum chromites used as SOFC anodes for methane oxidation’, J. Europ. Ceram. Soc.,
19, 1999, 897-902.
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5 Sability of Ca and S substituted LaCrO, during current treatment 7.

atmosphere on the stability of these materials. Silver-paint was applied as electrodes and slver
or platinum wires were used as contacts. Constant currents of 10 to 30 mA were applied
corresponding to about 100 to 300 mA/cn?, and the voltage monitored with time. The oxygen
partia pressure was measured simultaneously by a'Y SZ sensor placed near the sample.

Other rods were subjected for 100 h to different atmospheres like ar, 80%CO/20%CO,,
CH,+3%H.,0 or H,+3%H.,O without current treatment. All rods were later examined by SEM
and EDAX and some also by XRD.

Results

Asdiscussed in Chapter 3, by subgtitution of elements such as Ca, Sr and Mg on the La or
Cr sites in LaCrO, (LC), eectronic compensation occurs by the formation of holes a high
oxygen partial pressure, i.e. the oxidation of Cr'"' to Cr", or of oxygen vacancies a low P, . In
our measurements at 800°C, the conductivitiesin air increased with the dopant concentration and
amounted to 24, 16, 11, 7, 15 and 24 S/cm for LCC1, LCC2, LCSCM, LCCM, LSCM and
LSCV respectively. After passing from ar to humidified hydrogen (P, = 10 am) and
applying a current to the samples, the conductivities decreased over a period of 20 h, then
increased again to stabilize at an intermediate value. In this aimosphere they reached only 0.8,
2.2,0.5,0.34-1, 1.3 and 6.5 S/cm respectively. As expected *#, the conductivities at low oxygen
partial pressures are quite low, except for the LSCV composition.

S»AcCY  SpotMagn  Det WD Exp

B00KY 20 1890x OSE 103 5 La0 . 75Ca0.155r0.1C10. 95My0 .05

S S N - < =S 3
TGN k - = =N e X s
SACCY  SpotMagn  Det wD Exp F————1 20um ;

P20 0 kY 30 1000k SE 100 4 La®.756Cad. 15510.1Ci10.95My0 0503

7 . e O i - - 2

Figure 1: SEM micrographs of La,;sCag 15 ¢1Cr0sMJ,0:0; (LCSCM) rods. a. as such, polished
surface; b. cross-section of a current treated rod in humidified H, at 800°C; c. surface of a wet
methane treated rod at 800°C; d. surface of a CO/CQO, treated rod at 800°C.

From post-mortem analyses, LCC1 and LCSCM exhibited cracks and were found to be
fragile when compared to the initiad materiad. SEM anaysis showed (e.g. Figure 1-b) that these
two materials broke rather intragranularly. LCCM and LSCM did not display a similar
behaviour.
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Figure 2. Surface SEM mlcrographs of: ab La,Ca,CrO, (LCCL); c-d.
La,75Ca5.15501Cr 0.66M o503 (LCSCM); e-f. LagesCay15CrM7,,,0; (LCCM) rods subjected for 100
h to current treatment in humidified hydrogen (T=800°C). Only LCC1 and LCSCM exhibited
secondary phase exsolution.

SEM micrographs of the LCC1 and LCSCM conductivity rods showed aso the presence of
exsolved phases as depicted in Figure 2. LSCV had a smilar behaviour (Figure 3). Semi-
quantitative EDAX analysis revealed secondary phases enriched with cacium, strontium and
chromium with only small amounts of lanthanum which might stem from the underlying bulk.
Si impurities were also detected. The exact nature of these phases is not confirmed as XRD
analysis did not reved any extra phase (XRD detection limit is of about 1%). However, from
EDAX analysis, (Ca,S)O aswell as (Ca,Sr),Cr, O, are thought to exist on the surface. Figure 4
shows two different EDAX spectra, one for afreﬁhly polished LCSCM surface and the other for
the LCSCM rod subjected to the conductivity test. After a further therma treatment in ar, we
observed a melt-like form covering the surface (Figure 5). Asto LCCM, the conductivity sample
had a different behaviour and no secondary phases were detected (Figure 2-ef).
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Figure 3: a. Surface SEM micrograph of LSCV showing Cr enrichement (97%) as slabs after
the conductivity measurements. b. EDAX analysis of these slabs.

Further EDAX investigations on cross-sections and on repolished bar surfaces did not reved
any particular phase segregation within the bulk. This behaviour confirm parallel observations
on porous L CC1 anodes where superficial calcium and chromium excess was detected by ESCA
within afew nm depth.
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Figure 4; EDAX analysis on a. polished LCSCM surface, as seen in figure 1-a, and b.
current treated LCSCM in humidified hydrogen and corresponding to the structure of figure
2-d

Other polished LCSCM rods were subjected to different gas mixtures. The results
presented in Figure 1-c,d and 6-b indicate no detectable secondary phase exsolution when the
polished rods were only thermally trested in humidified CH,, CO/CO, and humidified H,. No
indication of carbonate growth was evidenced. Smilarly, LCC1, LCCM and LCC2 did not
degrade when treated in wet hydrogen (Figure 6-a,c,d). The same was observed with LSC and
LSCM. These materias are thus quite stable even under such reducing atmospheres.

Surface analysis on fresh unpolished samples reveded mdt-like layers a the gran
boundaries (see Figure 7) suggesting aliquid phase sintering process. High levels of Ca, S, Cr
and Mg along with some Si were found there. Obvioudly, these layers are cleaned away when
the samples are polished.

Discussion

The behaviour just described indicates that the current treatment has an impact on the
stability of these materials. We observed in Chapter 3 that screen-printed substituted LaCrQ,,
sintered at 1100°C on YSZ sheets, did not generate any relevant topotactic reaction, even when
treated for 100 h a 800°C in humidified hydrogen. In a fuel cdl test however, a rapid
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degradation was noticed and related to the formation of a melt-like interfacial layer 2 (Chapter
4).

Figure 5. Surface SEM  micrograph of
LCCM, first current treated in H, + 3%H.,0,
then followed by a thermal treatment in air.
The secondary phases exsolved during
current treatment seem to melt.
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Figure 6: Sjrface SEM micrographs of wet hydrogen treated rods of: a. LamCamCrO (LCC1);
b. Lao.7scao.153 o.1cro.95Mgo.oso (LC&M) C. Lao.sscao.lscro.gMgo.lo (I—CCM) d Lao.ascao.lscro
(LCC2); e. Laggs15CrosMg,,0; (LSCM) and LaygSrsCrO; (LSC). The addition of 10% Mg
on the B-side enhanced the sinterability of La,gCa,,sCrO, and La, ¢S 15Cr Os.
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Figure 7: SEM micrographs and subsequent EDX analyses of: a-b. LCSCM, c-d. LCCM and e-
f. LSCV unpolished rods sintered at 1550°C. Melt-like structures can be seen corresponding to
enriched Ca, Sr, Mg, Cr and Si phases. The shown EDX spectra are taken in the melt-like areas
of the micrographs.

The exsolved secondary phases, (Ca,(CrO,), and Ca0), are suspected to react with YSZ
and to form CaZrQO,, as evidenced by the overlapping of SMS anadlyses for Ca and Zr ?
(Chapter 4).

Substituted LCs (La,,Ca,Cr,oNi,,0; (x = 0.2, 0.3 and 0.4) and L g, ,Sr,,Cr, ,Co,0O, (y =
0-0.2)) were aready reported *> ° to degrade in reducing atmospheres due to a destabilizing
effect of the substituents. Sakai e a. and Nishiyama e a. " ® observed Ca (CrO,), and
Sr.(CrQ,),, migration on both sides of La(CaSr)Cr(Co)O, compounds under an oxygen
potential gradient and concomitant current flow at 1000°C. This phenomena may be related to a
demixing effect **°. For the LC materials, Sakai et al. ’ reported that within a few nm (= 5 nm)
of the surface, a calcium rich region existed a grain boundaries as evidenced by AES
measurements. A compositional change in such athin region would however be undetectable by
EDAX. (Ca,Sr), (CrO,),, phases are known to be present in highly substituted LCs ™ ** and also
in LCs whose A-site to B-site ratio exceed a narrow window of stability **. These phases are
responsible for the dense sintering of these materials, and are thought to ultimately redissolve in
the materia which make them quite difficult to detect by XRD. By anneding a a lower
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temperature than the fabrication temperature, these phases should segregate ***°. However, as
no detectable degradation was observed on polished rods thermally treated in oxidizing or
reducing gas mixtures, the demixing should be dow or a least occuring aong the grain
boundaries.

The fact that current, more than reducing conditions, seemed to affect the stability and this
might be related to current enhanced demixing. When a multi-component material is subjected
to agradient of athermodynamic force, e.g. a gradient of chemical potentia, a redistribution of
the composition, or kinetic demixing, may occur in the homoqeneous structure due to the
difference of mobility or valences of the structural cations ® ** ™. Potential gradient induced
demixing was observed in some materids such as Co, Mg,O, Fe,SiO, and NiTiO, *'. The
electrotransg)ort-induced demixing effect was observed in (Co,Mg)O and (ZrO,Y,0,) *,
(Co,Ni)O ¥, Co,,Ga O * and (Mn Fe,,),0, ™.

In literature, measurements done on cation tracer bulk diffusion in LaCrO,-based materias
showed that Cr diffusion is dower than La, Caand O diffusion, with bulk diffusion coefficients
of 1x10%, 109", 10" and 2.2x10™*® m¥s respectively. In the grain boundary, Cr, O and Ca
have diffusion coefficients of 1.6x10™", 2x10™~6x10" and 10*~10"** m?/s respectively *%,
Sris expected to have smilar diffusion coefficients as Ca. The Ca to Cr tracer diffusion
coefficient ratio is of 93.5 for the bulk and 63~636 for the grain boundary. This difference is
quite high and expected to favor the demixing. An electric field would thus induce this process
and lead to the migration of the cations.

As some report in literature indicates a rapid equilibration between the secondary phases and
the LCswith temperature %, the effect highlighted here might be related to the migration of the
cations in the grain boundary region. Thus, the gas atmosphere composition would not play
much of a role in the segregation, unless some phase instability occurs under reducing
conditions, or by chemica reaction with a particular gas component. The appearance of
secondary phases on the surface of the heavily substituted LCs, observed only after current
treatment, clearly pointsto the electrotransport-induced demixing.

Caand Sr are thus expected to segregate preferentially and this seemed to be the case for the
LCC1 and LCSCM as Cr and Mg surface concentrations were very low, related to the LC
phases. However, for the LSCV, Cr slabs were observed after the conductivity tests. It is not
very clear what influence V has on this system.

Findly, the fact that LCCM and LSCM materials did not present any phase exsolution
indicates that the solubility limit of calcium and strontium is quite low at least at 800°C (around
15%). Carter et al. *® reported a solubility limit of 20% for calcium at 900°C, and Sakai et a. 2°
observed a phase segregation using XRD measurements in the L g, ,Ca, ,,CrO, system.

Conclusion

The present results indicate the liquid phase sintering of La,,Ca,,;,CrO,,
Lao.7scao.158ro.1cro.95M 90.050_3’ Lao.sscao.mcro.gM go.1Q3 and Lao.sssr_o.lscro.gM 90105 Exsolved
secondary phases, enriched with calcium and/or strontium and chromium oxides, were observed
on sintered bars. Mg was found to enhance the densification of these materials.

These materials appear to be stable in reducing atmospheres such as humidified hydrogen
and methane. No carbonate growth was evidenced. Current flow, more than the reducing
conditions, seemed to affect the stability of these materials when subjected to low oxygen partial
pressures. Secondary phase exsolution was observed at the surface of polished sintered rods
when current treated at 800°C, in the case of the heavily substituted materials. However, no bulk
segregation was observed in polished surfaces and in cross-sections. This indicates a demixing
effect enhanced by current. Equdly, the solubility limit of cacium in LaCrO, appeared low.
La,g:Ca,y,:CrogMg,,0, and La,gSr,,.Cr,,Mg,,0, compound, with a low CaSr
concentration, did not exhibit such exsolutions.

Overdl, the behaviour described above gave evidence of the surface reactions which could
occur between a porous LC anode and Y SZ. The exsolution, and thus the surface reaction, might
be enhanced in a porous structure. Lowering the substituent amount, whose concentration does
not affect the conductivity of LaCrO, at low oxygen partia pressures, is thus needed to get a
stable LaCrO,-based anode.
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L aCrO;-based catalysts for oxidation of CH, directly on SOFC
anodes

Abstract

Catalytic properties of substituted lanthanum chromites were investigated for their use as
anode materials for direct methane oxidation in solid oxide fuel cells (SOFC). Different reaction
mixtures were chosen to simulate the various SOFC operating conditions: partial oxidation, CO,
reforming by recycling and H,O reforming. All experiments were performed in CH, rich
environments. Alkaline earth elements such as Ca, Sr and Mg, and first series transition metals -
Mn, Fe, Co and Ni - were substituted into the LaCrO, lattice. Three different catalytic
behaviours were observed depending on the substituents. The Ni substituted powders showed
the highest activity towards CH,. Ni substitution showed aso interesting H,O and CO,
reforming activities. For al catalysts, except in the case of Fe-substituted LaCrO,, only a small
amount of carbon was found on the surface (1~3 monolayers). Among the A-site and B-site
substitutents, Sr- and Ni-substituted LaCrO, were found as the most active and the most
suitable oxides for a SOFC anode purpose.

I ntroduction
Literature survey on LaCrO,-based catalysts

LaCrO,, La,,Sr,,CrO, and LaCr,Nb, ,O, were investigated as combustion catalystsin 2%
CH, in air and were found to be the least active oxides among other transition metal lanthanum
perovskites °. However, La,,Sr,,CrO, was found as the most active among other
La,zSr,,MO, (M = Fe, Co, Mn and Y) for the CO oxidation (2% COin air) °. This low activity
was related to the poor ionic conductivity 2, oxygen adsorption and lattice oxygen availability of
these materids for the activation and oxidation of CH, > °. Al,O, and MgAI,O, supported
LaCrO, showed increased activity when compared to the unsupported LaCrO,, in 1:4:95
CH,:0,:N, gas mixture . The increase in activity was explained by an increase of the dispersion
dtate of the perovskite phase. Similarly, LaCr, Mg,O, (x = 0-0.5) was dispersed over MgO
supports and high activities were observed in 1.5:18:80.5 CH,:O,:He ®. The high dispersion of
these catalysts (submicron powders of 15~20 m?/g surface area) as well as the measured high
adsorption energies for O, (-168~-188 kJmol) were thou%ht to be reevant. LaCr, Ni, O,
catalysts were also investigated in 25:12.5:62.5 CH,:O,:He °. Agan, oxygen adsorption and
CH, activation were observed to affect the reaction. In genera, the activity increased upon
substitution as in the case of Mg. However, the supported perovskites (LaCrO, and LaCr,_
Mg,0,) showed higher activities than the unsupported ones (LaCrO,, LaCr, Mg O, and
LaCr, ,Ni O,). Baker et a. ** " worked with A-site and B-site substituted LaCrO,
(La,,Ca,,CrO, and La,4Ca,,Cr,4(Co,Ni),,O,) in 595 CH,He or 5:3:92 CH,H,O:He
mixtures. They found that these perovskites resisted much better to carbon deposition than a Ni-
YSZ-cermet anode. Nevertheless, they observed carbon deposition a a temperature above
600°C, where methane cracking began to take place. Water addition lowered carbon formation.
For the Co and Ni substituted-La,,Ca,,CrO,, they observed partiad decomposition of the
compounds. It is worth noting that al experiments on LaCrO,-based perovskites exposed in
literature used dilute methane, in contrast to the present study. Also, only a few reports *** had
the purpose of applying these materials as anodes for SOFCs.

Background of the present work

Calcium substituted lanthanum chromites were previoudly explored as dternative anodes to
Ni-YSZ by the present authors ** (Chapter 4). A small degradation was observed and was
related to a progressive reduction of the electrode as well as atopotactic reaction between excess
Caor Sr with YSZ *#* (Chapter 5). This reaction is however inhibited when low substitution
levels are adopted (around 15% on the A-site) ** **. The lanthanum calcium and/or strontium

" This chapter has been submitted in a shorter version as J. Sfeir, P. A. Buffat, P. Mdckli, N. Xanthopoulos, R.
Vasguez, H. J. Mathieu, J. Van herle and K. R. Thampi, ‘Lanthanum Chromite Based Catalysts for Oxidation
of Methane Directly on SOFC Anodes’, J. Catalysis, 202, 2001, 229-244
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chromite compounds were observed to inhibit coking but their overall eectrocataytic activity
was found to be low under pure methane feed *2. In this work, because of the stability of
LaCrO, based materials, an attempt was made to increase their catalytic activity by substituting
them with cataytically active Mn, Fe, Co and Ni. Since we intend to use them as SOFC anode
materials for direct methane feeding, different gas reaction mixtures were chosen to smulate the
various SOFC operating conditions under catalytic conditions.

Methods
Powder preparation

Different lanthanum chromite powders were prepared through a modified citrate route *°
(Chapter 3). In order to tune the activity of the lanthanum chromite, different alkaline earth and
transition metal substituents were considered: 15% for Ca and Sr (A-site) , and 10% for Mg,
Mn, Fe, Co and Ni (B-site). Low subgtitution levels on the A-site were used to prevent
segregation of secondary phases ** ** (Chapter 5). Ca and Sr also help to achieve good
adhesion of chromites to the YSZ surface, necessary for the cell’s mechanical stability and
better current collection.

Catalytic tests (steady-state mode)

0.21t0 0.5 g of the freshly prepared catalyst was introduced in a quartz tube of 20 cm length
(0.9 cmi.d.; 12 cm heated zone) and placed between two quartz wool plugs, as a 3 mm thick
powder bed. A thermocouple protected in a quartz tube was placed in the catalyst bed and served
to monitor the powder temperature. The same catalyst was used for the whole series of gas
compositions. All gas input and output lines of the reactor were heated to 150°C to prevent
water condensation. This configuration is shown in figure 1.

GC, MS

condenser

quartz wool catalyst bed
\

-

>
|
7]

=

ERF
-
/\

bubbler

MS
thermocouple

Figure 1: Schematic view of the catalytic reactor. F represents the massflow controllers.
For steam-reforming reactions, the gas mixture was saturated with H,O using a
thermostated bubbler. All gas lines, before and after the reactor, were heated to prevent
water condensation. The thermocouple, used to monitor the catalyst temperature, was
placed directly inside the catalyst bed. GC or MS were used to monitor the reaction in
the steady-state mode, whereas MS analysis was performed in the transient
measur ements.

In order to assess the oxidation activities, different gas compositions were considered: a 5:1
CH,:O, mixture for the partial oxidation condition; a 5:1:0.6 CH,:0,:CO, mixture for CO,
recycling-reforming behavior and a 56:y:x CH,:Ar:H,O, (x+y=44), for steam reforming
operation. The 5:1 ratio for CH,:O, was taken so as to Smulate a current intensity of about 100
mA/cn?, or 400 mA/cm? in the deep oxidation and partial oxidation mode respectively. CH,, O,,
CO,, Ar and He feed rates were monitored by mass-flow controllers (Bronkhorst), whereas
H,O was saturated using a bubbler maintained at a controlled temperature. The gas flow rate
was adjusted for an hourly space-velocity of approximately 19000 h™ (v/v) (see Appendix A for
the definition of these terms). The system operated a atmospheric pressure and the inlet
pressure was followed with a pressure gauge to monitor any flow blocking due to carbon build-
up. Wagner-Weisz-Wheeler modulus, gas film resistance calculaions *°, as well as the
experimentally observed gas mixture flow rates indicated no mass transfer limitations (see
Appendix A). Both the reaction products and the inlet gas mixtures were analysed by gas
chromatography through syringe injection (Carlo Erba MFC500 and Gowmac instruments)
after water condensation. A Porapak Q column with He as carrier was used for Ar, CH,, CO,
and C, compounds analysis (Carlo Erba) whereas aMolecular Sieve 5A in Ar carrier (Gowmeac)
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was used for H,, O,, CH, and CO detection. The gases were cdibrated by syringe injection
using different volumes of each gas. For CH,, H,, CO and CO, a cdibration cylinder was aso
used (standard of 1% of each in N,, from Supelco). Measurements were made at steady State
conditions (approximately 1 h after temperature stabilization).

The results of the catalytic tests are given as % conversion of CH,, % sdlectivity of CO, C,s
and H,, C,syields and as turn-over frequency al defined in Appendix A.

Figure 2. A TPO experiment after a
catalytic run in a 56:40:3 CH,:Ar:H,O
gas mixture over LaCrygNiy,0, The
oxidant used was 16.6:83.4 O,:He,
and the heating rate was set to
25°C/min. The graph shows the
evolution of the MS signal for the
different masses monitered during the
heating stage (2: H, 15: CH, 18:
H,O; 28. COICO,/N,; 32. 0O, 44:
CO,). A net CO, (mass 44) peak can be
observed. The temperature of the
15 | | catalyst was monitored in parallel, and
0 500 1000 1500 2000 2500 3000 Served to convert the tIITE aXiS into
temperature. This graph has not been
corrected for the sensitivity factors of
the different gases.
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Temperature programmed oxidation and reduction (transient mode)

At the end of each run, temperature programmed oxidation (TPO) in 20 mi/min He with 4
ml/min O, was undertaken in order to estimate the carbon deposition, after having cooled the
reactor to room temperature in He (in typically 40 min time). An online quadrupole mass
spectrometer (Residua Gas Analyser, Spectra, Leda Mass Vison, HF-100, maximum mass of
100 am.u.) which allowed a quantitative analysis of the outlet gas (CH,, CO, CO,, H,, H,0, O,)
was used for detection.

Temperature programmed reduction (TPR) of lanthanum chromite powders pre-oxidized &
900°C for 1 h was performed in 9% H, in Ar with atotal flow rate of 55 ml/min. The water
produced during this reaction was followed by the online mass spectrometer.

The heating rate for both TPO and TPR was set at 25°C/min. Figure 2 illustrates a typical
TPO experiment after a catalytic run in a 56:40:3 CH,:Ar:H,O gas mixture. The temperature
programmed techniques which have proved to be very useful for investigating oxygen
adsorption, reactions activation energies, etc., are described in more detail by Falconer et a. .

XPSand TEM analysis

Surface analysis was performed by X-ray photoelectron spectroscopy (XPS), in a Perkin
Elmer Phi 5500 and a Kratos Axis Ultra Instruments using MgKa radiation in the first and
AlKa in the second (except for the Mg doped lanthanum chromite, where AlKa radiation was
used). Samples were pressed on an indium sheet fixed on the sample holder. All spectra were
analyzed and fitted using the instruments’ softwares. Peak positions were corrected by shifting
the Cls peak to 285 eV. Labdling of the different Cr, La akali earth and transition meta
elements was done by comparison with literature data. In the case of La,4Ca,,;Cr,Ni,,O,,
XPS analysis was performed before and after several Ar™ sputtering steps, in order to estimate
the surface enrichment of the powder.

TEM analysis was performed in a Philips EM430T instrument at 300 kV equipped with an
EDS X-ray spectrometer. Carbon film on copper grids were impregnated by the powder
dispersed in methanal.
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Results
Powder characteristicsand TPR

After ball-milling, lanthanum chromite powders showed a specific BET surface area between
1 and 3 m?/g and a particle size distribution centered at 1 to 2.6 um, as shown in Table 1 (see
also Chapter 3).

Table 1: Summary of the different powders characteristics as well as the activation energies
Ea in5:1 CH,:0,, 56:41:3 and 56:20:24 CH,:Ar:H,O gas mixtures.

mass surfecearea particlesize E,5:1 CH,.O, E,3%H,0 E,24%H,0

Catalyst composition [d] [m?/g] Os [Um] [kdmol] [kdmol] [kdmol]
LaygsCa15CrOs 0.40 2.6 0.9 82+4 (6) 173+8(5)  215+7 (4)
LagesCa015CrosMgo10;  0.46 1.0 2.6 98+7 (6) 192428 (5)  329+5 (3)
LagesC015CroaNio1O;  0.26 15 1.8 109+8 (42  126+39 (4) na
45+1 (7)°

Lag g 015CrO; 0.60 2.7 1.0 86+40 (3) 182+42 (4)  214+9 (5)
Lages015CrooM 90103 0.56 1.8 2.3 90+5 (7) 164+11 (5) 192+3 (4)
LaCro, 0.27 2.8 0.8 97+5 (4) 272+14 (3)  189+26 (4)
LaCrgMgo,10; 0.21 3.0 1.3 1165 (4) 193+9 (3)  199+24 (4)
LaCrygMng,0;4 0.47 2.3 1.6 85+5 (4) 116+3 (3) 1666 (5)
LaCrqoFey;0; 0.49 2.0 1.1 98+7 (4) 234426 (4)  190+7 (4)
LaCr;4C0,0; 0.31 1.4 2.1 121+6 (6) 145+15 (4)  174+1 (4)
LaCro6Nig 105 0.43 1.4 2.1 116+1 (4>  43+10(3) 107+10 (4)

The number of points used for the Arrhenius plots are given in parentheses. na: not available, ® before
activation, ®: after activation

Figure 3 shows TPR spectra for the different lanthanum chromite catalysts pre-oxidised a
900°C for 1 h. Two pesks were observed at 364-420 and 446-527°C depending on the
substituent. No other peaks could be identified. Thetotal amount of atomic O lost by reduction
was calculated by integrating the corrected water peaks (mass 18) measured by MS. The
samples substituted with Caand Sr were reduced by 0.08 and 0.06 O/LC molecule, respectively.
The calculated values from

Lai—x (Ca! S.)x Crlg—-:(crx4+03 = Lal—x (Ca! S)x Cr 3"-OS—XI 2 + g O2 (1)

correspond to x/2 (x=0.15), i.e. 0.075, and matches well with the experimental results. The Mg,
Mn, Fe, Co and Ni substituted L Cs were reduced to an equivdent of 0.09, 0.026, 0.025, 0.031,
and 0.064 O/L.C molecule compared to a calculated value from

LaCr,_, (Mg, Mn, Fe,Co, Ni), O, = LaCr,”’ (Mg, Mn,Fe,Co, Ni) O,_, ,, +§O2 2

of 0.05 (x/2, x=0.1) if the dopant is divalent. LC gave an amount of 0.02 O/molecule of LC. For
the latter compound Fierro et al. *® state a value of 0.006 O/molecule. Our measurement is about

3 times higher. Estimated values of the non-stoichiometry (J), based on Armstrong et a. *°

thermogravimetric measurements, obtained by subtracting the measured o of the

La,,Ca,,Cr,,M,,0; (M = transition elements) powders from the base materia La,,Ca,,CrO,,
amount to 0.02, 0.06, 0.04, 0.03, 0.07 and 0.07 for the Mg, Ca, Mn, Fe, Co and Ni substitution
respectively. These values were higher, for the transition metas, than in our measurements.

Overdl, our results indicate that Fe and Mn (d = 0.025 and 0.026) were in the trivdent state

while Co (0= 0.031) had mixed valencies (I11 and I1), whereas Ni wasin the divdent state. This
isin agreement with literature where it is stated that up to a substitution limit of about 0.4 on the
Cr site, the Ni is expected to be divalent %°, whereas the Co is stated to be in the trivalent state in
the whole range of substitutionsin LaCrO, * - the same is expected for Fe and Mn *°. A double
substitution on the A and B sites givesrise to a higher degree of reduction: 0.09 for Ca-Ni, 0.14
for Sr-Ni, 0.124 for Ca-Mg and 0.155 for Sr-Mg substitution respectively, compared with the
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expected nominal value of 0.125. Thisindicates that the transition metal substituted LCs did not
decompose and that in the specia case of LaCr,Ni,,0, and La,,.Ca,,.Cr,,Ni,,O,, Ni" did
not undergo a further reduction.

Figure 3: TPR (temperature
programmed reduction) in 9:91
H.,:Ar with a total flow rate of 55
ml/min, and a heating rate of
25°C/min. The measurements were
done on pre-oxidized lanthanum
chromites in pure oxygen, at
900°C for 1 h. The analysis was
made by MS.
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Table 2: TPR starting reduction temperatures
and estimated heat of partial reduction of an

oxide, g,

Compounds T[°C] 0 [kImal]
LaCr,4C0,,0; 361 735
LaCrggNig;05 360 73.2
LaCrqoMng 0,4 359 72.8
Lag5Cay15Cro, 338 64.9
LaggsS0.15CrO; 310 53.9

Moreover, part of the water produced by TPR should be attributed to adsorbed hydroxyl
groups and surface oxygen . The low temperature shoulder corresponds to absorbed or
adsorbed surface oxygen whereas the high temperature shoulder is assigned to | attice oxygen .
Generdly, the two former adsorbed species desorbed more easily from Ca than from Sr and
transition metal substituted LCs. For the transition e ements the reduction started a almost the
same temperature. These starting reduction temperatures are summarized in Table 2. Also, by
using the correlations developed in literature >*” (see Appendix B), relating the heat of partial
reduction of an oxide, q,, and the inverse of the starting reduction temperatures, it is possible to
estimate the heat released during the reactions (1) and (2). From the TPR and the g, thus
caculated, the lattice oxygen seems to be more stabilized by Sr>Ca>Mg. For the transition
elements, lattice oxygen ismore easily removed and follows the order Mn>Ni>Co. There is no
experimental data available in literature to verify these values. These g, values are smaller than
the reported values for Fe,0,, Co,0, and NiO (260.4, 257.9 and 237.8 kJmol respectively) %,
indicating the higher stability of lanthanum chromites.

Effect of O,

Figure 4a snows the steady state curves obtained by reacting the 5:1 CH,:O, gas mixture on
various catalysts. The total flow rate was set to 50 mIN/min. The reactions started in the range
between 300° to 600°C, depending on the nature of the substituent in LaCrO, (LC). In this low
temperature part of the curves, O, was entirely consumed by CH, to form CO, and H,O - low
H, and CO sdectivities, as seen in Figure 4b and 4c -, thus showing total oxidation (reaction
(3)). The CH, conversion reached here a maximum of 10%, O, being the limiting factor in the
reactions

CH, +20, = CO, +2H,0 3
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CH4+%QZ=CO+2H2 (4)

It is only above 700°C that an observable net partia oxidation occured (reaction (4)). Tests
carried out in the blank reactor, under the different gas mixtures, showed no reaction occurring
in the gas phase below 700°C, while at higher temperatures, the gases reacted to produce CO,,
CO and H,O; CO isaso formed by water gas shift reaction:

CO+H,0=CO, +H, (5)

with methane conversion reaching 15%, at 900°C, for the blanck reactor. On these curves, the
thermodynamic limits were also represented. These gas phase thermodynamic equilibrium
caculations were made using the Gibbs Free Energy Minimation method of the HSC-4.1,
thermodynamic equilibria calculation software, from Outokumpu Research Oy, Finland (see
Chapter 1, the Appendix, for a list of the different species taken into account for the
calculations).
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Figure 4: CH, conversion and H, and CO selectivities as a
function of temperature for the various catalysts in 5:1
CH,:O,. The calculated CH, conversion takes into account
carbon deposition. For the CO selectivity based on the
thermodynamic calculations, the deposited carbon was not
incorporated in the selectivity ratio, as shown in c.
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The high level of methane thermodynamic conversion observed is due to carbon deposition
likely to form under reductive conditions. In these calculations, graphitic carbon was used as the
most stable solid carbon species formed in the gas phase. It is clearly seen that the caculated
conversion in the 5:1 CH,:O, gas mixture differs much from the experimental results, indicating
low coking levels on the lanthanum chromites oxides.

All catalysts had their temperatures cycled from room temperature to 900°C and then back
to ambient, in order to verify the reproducibility of steady state values. In some cases, a
hysteresis in % CH, conversion occured whereby a higher conversion was noticed, during
cooling, at agiven temperature, when compared to the heating cycle.

For comparing the activity of various catalysts, the oxidation behaviour of lanthanum
chromites was evauated at the temperature a which 50% O, conversion occurs. It is observed
that among the akaline earth dements, Sr (T=390°C) is best for promoting oxidation, whereas
Mg impedes it (T=550°C), with Ca a an intermediate level (T=500°C), when compared to pure
LC (T=450°C). The same trend is reported in the literature * for Caor Sr substituted LaMO3 (M
= Mn, Fe, Co) combustion catalysts. Since La,gCa,,.CrO, and La,.Sr,,.CrO, have the
same surface areas and particle size distributions (Table 1), this behaviour seems to be
independent of such parameters. A double substitution Ca and Mg or Sr and Mg shifted the
temperature to higher vaues, compared to Mg substitution aone (T=570°C for
L 3y,6:Cay 15Crp oM g, ,O4; T=620°C for La, g55r,,:Cr, Mg, ,0,). This latter change could also
be related to the decrease in the surface area and the increase in the average particle size of the
catalysts upon Mg substitution (see Table 1). Such effects were aso reported by Aral et d.
For the various transition metal elements, the observed trend was as follows: Fe (475°C) <M n
(500°C) < Co = Ni (540°C).

This trend is also qudlitatively followed when the activity is evduated on the basis of
methane conversion and product selectivities, where three different patterns are distinctly noticed
with our catalysts:

1. Case A LaggsSrgsCrooMg,, 0, (LSICMQ) L&y gCay,:CryMg,,0;  (LCaCM),
LaygCrooMg,,0, (LCMg) and LaCr,,Co,,0, (LCCo), snowed complete oxidation
(reaction (3)) a high temperatures, exhibiting a negative catalytic effect when compared to
the blank reactor (br) alone or the base materid LaCrO, (LC), possibly by inhibiting the
radical reactionsin the gas phase;

2. Case B! La,gCq,,,Cro; (LCC), LaCry,oMn,,0, (LCMn), LaCr, Fe,,0, (LCFe) and
LaCrO, (LC) catalysts showed activities smilar to that of the blank reactor and indicated a
preferencefor water-gas shift (reaction (5)) at high temperatures;

3. Case C: LaygSr,;;CrO, (LSC), LaCr,(N,,O, (LCNi), and La,gCa,,CryoNi, O,
(LCaCNi) sgnificantly favoured the reforming reaction at high temperatures with an
increase in the methane conversion and CO and H, sdlectivities, the reforming being amost
complete according to reaction (4) for the Ni contai ning compounds above 800°C.

In terms of turn-over frequency (TOF), calculated as the number of moles of CH, reacted
per second per unit surface area of the catadys, regardless of product sdectivity, the
classification a 850°C follows the order of substitution
Ca<Sr<Mg<Mn<L C<Fe<Co<CaMg<SrMg<Ni<CaNi (see Figure 5).

Table 3 summarizesthe activity of the different catalysts at 800°C. Activities of dl catalysts
were stable over one day or more, except for Ni-containing LC (case C). In the latter, the initia
conversion was low and comparable to that of LCCo (10% CH, conversion). The activity
increased over a period of 20 h and reached full reforming level of about 40% CH, conversion
(5:1 CH,:O, initia mixture), at 900°C (see figure 6a). This activity was sustained for more than
360 h at 800°C (see figure 6b).
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Figure 5: Summary of the turn-over freguencies in the
different gas mixtures, at 850°C.

Apparent activation energies for the oxidation reactions were determined a conversions
below 10%. Their errors were estimated from the error of the Arrhenius plot slope errors. They
vary between 82 and 121 kJmol (Table 1). They are in genera agreement with data published
for different gas compositions; 101 (2:1:5 CH4:O&:He) or 120.4 (2 vol% CH, in air) to 142
kImol (1.5:4.2:94.3 CH,:O,:He) for LaCrO, * * °, 120 to 147 kImol for La,,Ca,,CrO, (5%
CHg4 in He) *°, 90 to 100 kJ/mol for LaCr,,Ni, .0, (2:1:5 CH,:0,:He) °, and 91.1, 76.1, 92.4
and 81.1 k¥mol for LaMnO,, LaFeO,, LaCoO, and LaNiO, (2 vol% CH, in air) *, compared to
115.4 kI¥mol for Pt(1 wt%) Al,O, and 257.1 kJmol for the noncatalytic thermal reaction **. In
comparison , the activation energy of oxygen adsorption is of 16.4 kJmol on LaCrO, and
LaMnO, *** and 38 kJ/mol on LaNiO, °.
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Figure 6: a: Initial versus activated LaCr,/Ni,,O, and
La,s:Ca,CrogNiy,O,; ba and aa stand for before
activation and after activation respectively. b: The
evolution of the activity of La,g,Ca,sCrysNi,O; over time
at 800°C.
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Table 3: Summary of the activity in the different gas mixtures at 800°C.

Reaction at 800°C % methane conversion (in parentheses: |
number of carbon monolayers)

Catalyst composition 5:1 CH,O, CH,:0,:CO, CH,:H.,O
Maximum conversion possible 402 52° 24°
LaggsCap15CrO; 10.7 (0.6) - (0.0) 0.39 (2.2)
Lagg5Cay15CrooM00,10s5 11.2(-) 10.2(-) 0.04 (-)
LagesCa915Cr0oNio103 36.7 (0.7) 37.8(0.8) 18.70 (3.3)
LapgsS015CrOs 11.3 (0.0) 10.9 (0.0) 1.22 (0.4)
Lag g5 015Cr0.sM 70105 10.9 (0.0) 10.8 (0.0) 0.22 (0.0
LaCro, 11.8 (0.3) 11.1 (0.5) 0.50 (1.7)
LaCryoMgo,0; 13.1 (1.7) 12.4 (1.5) 0.05 (1.1)
LaCrgoMn,,0;4 11.2 (0.0) 11.0 (0.0) 0.79 (1.1)
LaCryqFey10; 13.1 (2.6) 12.0 (0.5) 0.62 (69.4)
LaCr4C0p,0, 11.5 (0.0) 11.1 (0.0) 0.21 (0.0)
LaCrgNiy;0;° 32.1(0.4) 48.2 () 16.6 (1.9)

The maximum conversion possible were calculated following * CH, + 0.5 0, = CO + 2
H,; ® CH,+ 050,= CO+ 2H,andCH,+ CO,=2 CO + 2H,% CH, + HO=CO + 3
H,;% activity after 20 h run; - not measured. The number of carbon monolayers
integrated from TPR measurements is given in parentheses.

Effect of CO,

Figure 7 shows the influence of CO, on the oxidation reaction of methane (5:1:0.6
CH,:0,:CO, gas mixture). Table 3 summarizes the activity of the different catalysts at 800°C. It
isobserved that in all catalysts, except the Ni containing compounds, CO, reforming was small
at high temperature. The curves follow the same steady-state trend as with the 5:1 CH,:O, runs,
and a T=750°C the gas-shift reaction (reaction (5)) took place over some cataysts by a
concomitant increase in CO and decrease in H, selectivity (see Figure 7b and ¢) when compared
with the 5:1 CH,:O, runs (Figure 4b and c). Separate experiments in 5:1:0.6 CH,:Ar:CO,
(without O,) confirmed the low CO, reforming ability on some of these materials. On the other
hand, almost full CO,-reforming,

CH, +CO, =2CO +2H, (6)

took place on LCNi, LCaCNi and to some extent on LSrC (all materials of case C mentioned
above). CO, reforming is relevant for SOFC operations, where a fraction of the product CO,
could be recycled aong with the natural gas feed. In the case of the A-site substituted LCs, CO,
might have an inhibiting effect on the reaction with methane as its conversion (Figure 7a) is
somehow lower than in the case of the 5:1 CH,:O, gas mixture (Figure 4a), probably due to
carbonates formation.

Effect of H,O

Figure 8 displays the steam reforming reaction in a 56:20:24 CH,:Ar:H,O mixture and
Table 3 summarizes the activity of the different catalysts at 800°C in the same gas mixture. Here
again, we observe three different behaviours depending on the catalyst composition as recorded
for the oxidation of methane. In most cases, CH, conversion was very low (< 1%, see Table 3)
and quite independent of the water content. The reaction order with respect to P, ,, varied with

temperature, changing from a postive order a high temperatures to a negative one a low
temperatures (Table 4). It was near zero for the cases where steam had little effect on the
reaction (case A). LC, LSrC and LCMn were dightly affected by water (case B) whereas the Ni
containing powders showed high conversion of water at T=800°C (case C) following the overal
reaction,

CH, +H,0=CO +3H, (7)

Also, the CO sdlectivity diminished in al cases when the water content was increased from 3
to 23%, indicating that the reverse water-gas shift reaction (5) was fast. Table 5 summarizes the
CO sdlectivities at 900°C in 56:20:24 and 56:41:3 CH,:Ar:H,0.
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If the activity is expressed in terms of the turn-over frequency, the classfication of the
substituents follows, at 850°C, the order Mg<Mn<L C=Co=Ca<Sr<Fe<Ni<CaNi.

Apparent activetion energies in 56:41:3 and 56:20:24 CH,Ar:H,O were calculated a
conversions below 10% (see Table 1). They varied between 43 and 272 kJmol for 56:41:3
CH,:Ar:H,0O and depended on the fraction of water vapor, where the values tended to be higher
with increasing steam content. Steam reformi ng on Ni based catalysts is reported to have an

activation energy between 20 and 160 kJ/mol #, the latter representing the activation energy in
the absence of diffusion limitations *.
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Figure 7: CH, conversion and H, and CO selectivities as a
function of temperature for the various catalysts in 5:1:0.6
CH,.0,:CO,. The calculated CH, conversion takes into
account carbon deposition. For the CO selectivity based on
the thermodynamic calculations, the deposited carbon was

not incorporated in the selectivity ratio, as shown in c.
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Figure 8: CH, conversion and CO selectivity as a function of

temperature for the various catalysts in 56:20:24
CH,.Ar:H,0O.

Table 4: Reaction orders for water at different temperatures.

Compounds 900°C  850°C 800°C 750°C  700°C 600°C
Lay gsCa,15CrO;, 1.2 0.2 03 -02 -02
Lay85:Ca0.15Cr0eM 75,105 0.8 -14

La,,85Ca015CrogNi 10, -0.5
La,550.15CrO; -0.5 -0.2 -0.3 -0.5
Lag g5 015CT0.0M 0103 0.0 0.1 0.1 0.0 -0.1

LaCrO, -0.5 -0.3 -0.1

LaCr; Mg, 105 0.1 -0.1 -0.1

LaCryeMng,O; 1.4 1.1 0.8
LaCr,oF€;,0; -0.2

LaCrygNiy;0; 0.2 0.0 -0.1 -0.1

These values were obtained from two different water concentrations except for

the case of La,gCa,sCrO; were 4 different concentrations were taken into
account.
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Table 5. CO sdectivity as a function of the steam
content in the 56:x:y (x+y=44) CH,:Ar:H,O gas mixture

at 900°C.

CO selectivity
Powder versus CO selectivity 24% H,O 3%H.,0
Lag5Cay15CrO;, 0 99
L2y 55Ca5,15Cr0sM 7,105 0 33
La,e5Ca15CroeNig 10, 81 100
Layg550.15CrO; 65 100
Lag 855 015Cr0.sMT5105 0 42
LaCrO, 10 96
LaCryeMg,,0; 0 0
LaCrqoMng 0,4 36 80
LaCroqFe;,0; 36 91
LaCrC0,,0; 0 0
LaCrggNig;05 88 100

Methane coupling

Only small amounts (< 1%) of C, compounds (C,H,, C,H, and C,H,) were observed in
amogt dl cases for the oxidative coupling environment of 5:1 CH,:O, with the exception of
Mg-substituted LC (16 to 24% at 900°C), the blank reactor (22% at 900°C, 56% & 700°C),
LCCo (7% a 900°C) and LCaC (5% a 900°C). CO, increased slightly the coupling reaction,
while in the blank reactor it rised to 82% a 900°C. H,O addition suppressed C, compound
formation totally except for the case of Mg substituted L Cs where it only decreased (from 73 to
45% for LCaCMg, 33 to 19% for LSrCMg and 23 to 19% for LCMg when passing from
56:20:23 t0 56:41:3 CH,:Ar:H,0O, at 900°C). Thisillustrates the low methane oxidative coupling
activity of these catalysts (see Table 6). It isworth noting that prior to the activation of the LCNi
and LCaCNi, their activity was similar to L CCo with high methane coupling selectivities.

Table 6: Summary of the oxidative coupling of methane over the lanthanum chromite catalysts at
850°C.

C, selectivity and yield [%0], 850°C Gas mixture
Catalyst composition 5:1 CH,.O, CH,:0,:CO, CH,H.,.O
LagsCap15CrO, 3.9 0.42 - - 0 0
Lage5Ca15CrosMgo ;05 11.7 1.31 18.3 1.86 49.9 0.02
Lay gsCay 15CrooNig, 05, before 9.2 1.06
Laye5Cap15CrogNig 1O, after 0.6 0.22 0.1 0.05 0 0
LaggsS0.15sCrO; 1.6 0.18 1.9 0.21 0 0
Lay,g590.15Cr 9. oMgg 105 7.8 0.85 9.6 1.05 11.2 0.024
LaCro, 1.0 0.12 1.8 0.19 0 0
LaCrygMg,,,0; 23.7 3.10 23.7 2.94 0 0
LaCrqeMng ;04 1.8 0.20 2.13 0.23 0 0
LaCrogF€,,0; 0.5 0.06 2.6 0.31 0 0
LaCryC0,,0; 8.5 0.97 10.6 1.18 0 0
LaCrygNi;0,, before 13.2 1.64
LaCrgoNig,0;, after 0.7 0.24 0 0 0 0

The first column for each gas mixture corresponds to the selectivity whereas the second correspond to the
yield, all given in percentage.

TPO

Temperature programmed oxidation (TPO) experiments were started from room
temperature to 1000°C after running the catalytic reactions for about one day or more. They
show that in all cases, except for LCFe, the amount of carbon estimated was less than 2-3
monolayers (results are summarized in Table 3), normalized to the total surface of the catalysts.
The average surface area of a carbon atom on the surface of the perovskites was assumed to be
of 0.018 nm?, as the covalent radius of carbon is given to be 77 pm *. In the case of LCaCNi a
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total of 2 monolayers were estimated by integrating the CO,, peaks signal after the run in 5:1
CH,:0O, (360 h). In 56:41:3 CH,:Ar:H,O, 3.3 and 3.5 monolayers were deposited on the same
catalyst after 30 h and 160 h respectively, indicating that the total amount of carbon deposited
did not change much. Similarly, measurements done on L CaC with dry and humidified methane,
showed that the tota amount of carbon deposited with time tended to levd off to 1-2
monolayers (see Figure 9) indicating that, at that point, the rate of coking might be equa to that
of gadification of carbon or that al the catdyticdly active sites for coking are blocked by the
deposited carbon. Thus, apart from the Fe substituted LC, the other catalysts do not seem to
build-up carbon, in the contrary of Ni-Y SZ-cermets, the conventional SOFC anode.

Figure 9: Amount of
+ carbonaceous species deposited on

La,e-Ca,sCrO, with time,

measured by TPO after catalytic
15 — runs at 850°C in (O) dry methane,
(+) 3% wet methane and (J) 5:1
CH,:O,.
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From these TPO experiments (see Figure 10 for an example), different peaks of CO, have
been observed a around 300, 400, 500-600, 700-800 and 900°C, corresponding to different
types of carbon deposits, some being more stable than others. This is summarized in Table 7.
They may be related to the different carbon species reported by Rostrup-Nielsen ?° and
Bartholomew * for Ni: adsorbed atomic (dispersed, surface carbide), bulk carbide, polymeric
amorphous filaments or films, vermicular and graphitic (crystaline, films) carbon which reacted
with H,, in temperature programmed reaction hydrogenation (TPRH) at 200, 400, 400-600 and
550-850°C. As can be seen from Table 7, for some catalysts, some peaks appeared in the three
different gas composition used.

Figure 10: Temperature
progammed  oxidation  (TPO,
25°C/min, 20 mIN/min He + 4
mIN/min O,) on (+) LC, (0) LCMg,
& () LCFe and (4) LCNi after
catalytic runs in  56:41:3
CH,:Ar:H,O0. A (-) CuO catalyst
run in 5:1 CH,:O, is also shown
for a comparison with a metal
catalyst (see Chapter 10). In the
case of copper (0.5 m?g), the
, carbon deposited was such that its
oxidation was not complete at the

0 200 400 Tl 600 800 1000 hlghest temperature USEd.

mole CO,/s  x10
mole CO,/s x10
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5:1 CH,O, 1% pesk 2™ peak 3" pesk 4" peak 5" peak 6" peak
Catalyst composition/ temperature [°C]
Layg5:Ca515Cro; ?
La0.85ca0.15cr0.9M gO.lOS
LaO.85caO.15cr0.9NiO.103
La0.8530.15cr03
LaO.SSS'OAlSCI'O.QMgO.lOS
LaCrO,
LaCr,oMg,10; - - - - 748 918

LaCryeMng,0; - 318 401 - - -
LaCrygFey,0; - - - . ) 829
LaCr,,C0,y,04 - - - - -

LaCrogNiy;0; 97 261 - 515 699 825
Lage5Cag15CrogNig;03, LTC - - - 638 742 847

293 - 507 - -

(BRI I |
1
1
1
1
1

)

5:1:0.6 CH,:0,:CO, 1% pesk 2™ pesk 3™peak 4" peak 5" peak 6" pesk
Catalyst composition/ temperature [°C]

L2y 55Ca515CrO;, ?

La0.85Ca9.15Cr 0sMJ0.10;4 - - - - - -
Lage5Ca0.15Cr 0oNi105 - 287 - 605 - 886
Lag g5 015CrO; ?

L0855 0.15Cr0sM 70,103 - - - - - -
LaCrO, ?

LaCrooMg,.0; - 318 355 - 774 932
LaCry,Mn,,04 . 318 401 _ ) _
LaCrqoFey;0; 125 - - 580 - -
LaCr,,C0,,04 . . _ _ ) )
LaCrgygNig ;04 2

56:20:23 CH,:Ar:H,0 1% pesk 2™ pesk 3" peak 4" peak 5" peak 6" pesk
Catalyst composition/ temperature [°C]
Layg5Cay15CrO; ?
LaOA85caOA15crO.9M gO.lO3 - - - - - -

LaggsCag 15CrogNig 10, - - 417 600 791 -
Lages30.15CrO; ?

Lag g5 015Cr0.sM 70105 - - - - -
LaCrO, - 334 390 603 782 -

LaCr,oMg,,10; - - - - 667 918
LaCrqeMng,0;4 - 350 - - - -

LaCrqoF€,,0; - - - - - 829
LaCr,,Co,,0, - - - - -
LaCrggNig,05 - - - 585 622 -
Laye5Ca515CrogNi 03, LTC - 334 402 592 679

Table 7: Summary of the TPO temperature peaks. The measurements were made at

25°C/min, in 20 mIN/min He + 4 mIN/min O,, after the different catalytic runs. ?: not
measured or uncertain.

XPSanalysis

XPS analysis was conducted on freshly prepared powders as well as on used catayst
samples. The measurements were done on an area of approximately 100 um?. The XPS peak
positions for the different elements were adjusted by shifting the carbon 1s peak to 285 eV.

After deconvolution, average peak positions were: 3ds, Lg, 834.5 eV and Lg; 838.5 eV; 2p;,
Cr, 576 eV and Cr,, 579 €V; 2p,, Ca346.4 eV; 3d, Sr 133.8 eV; 2p;, Mn 642.2 eV; 2p,, Fe
711 eV; 2py, Co 780.5 eV; O, 529.1 ¢V and O, 531 eV. This is summarized in Appendix C.

2p,, Ni peak could not be resolved because it overlapped with La 3d peaks. As no Ni satellite
peak was observed around 870 eV, it was concluded that the surface concentration of Ni, on the
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Ni substituted L Cs, was bel ow the detection limit (=1%). The Mn, Fe, Co and Ni peak intensities
were quite low as illustrated in Figure 11. La and Cr peaks remained at the same position
independently of the substitution (Appendix D).
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Figure 11: Mn, Fe, Co, Ni and Cr XPS
spectra. Low intensities were observed for the
transition elements. Co peak was illy resolved.
For the case of Ni, the large peaks stem from
the overlap with the La 3d peaks. For Cr, two
peaks were observed, one at low energy,

corresponding to Cr
corresponding

, and one at high energy
to Cr"

and surface low

coordination Cr ions. The effect of sputtering
shows clearly the different nature of these Cr

Species.
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Figure 12: The evolution of the Ols, O, and O,
binding energies as a function of the substituent,
for unreacted powders. ap: as prepared; ac: after

catalysis.
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The O1s pesaks, O, and O,, corresponding to the lattice oxygen and adsorbed oxygen and
hydroxyl groups respectively, fluctuate dightly with the substitution. The binding energy (BE)
of O, decreases from Mn to Ni and from Mn to Ca while for O, it increases from Mn to Ni
wheress it is amost unchanged for Ca and Sr, as illustrated in Figure 12. The high binding
energy O1s peak was previously reported to increase with the nature of the LaMO, perovskites,
from M = Cr to Ni, whereas the low binding energy O1s did not fluctuate much *.

Ni carbides were not observed on samples of LCNi and LCaCNi after catalysis, as a carbon
peak specific to carbides was not observed. The concentration of the different species are
summarized in Table 8. It isseen that in dl cases but the LC, LCC, LCCNi and LSC powders,
Lais present in excess. This could stem from the preparation procedure. Next, Caand Sr are
seen to segregate strongly on the surface. This segregation is enhanced after the catalytic runs
(from 10 to 22% for Caand 10 to 14% for Sr). Ca seems to segregate more easily than Sr. In
the case of afresh La,..Ca,,.Cr,,Ni,,O, powder, the La, Cr and Ca peaks vary with time after
sputtering with Ar*; after 2 min sputtering time, the La, Cr and Ca concentrations pass
successively from 39 to 49%, 49 to 42% and 12 to 9% respectively. The gas atmosphere is
observed to have an effect on the surface segregation of Ca as observed on LCaCNi samples
exposed a 800°C to ar, CO, or H,+3%H,O atmospheres for more than 100 h (bottom of

Table 8). Wet hydrogen clearly increased the segregation of Ca, whereas air and CO, had no
effect.

Table 8: Summary of the XPS surface analysis given in percent of the sum of the total metal
elements.

XPSanaysis[%] LalCr Mg Ca Sr Mn Fe Co Ni Ca, Sr Mg,Mn,Fe,Co,Ni
Catalyst composition * nominal nominal
LaCrO;, ap 0.9
LaCr,oMgo10s, ap 29 53 5
LaCr4Mg,,0;, ac 28 4.9 5
L&y g5sCay15CrO;, ap 1.0 10 75
L&y gsCag15CrOs, ac 1.0 22 7.5
La,,Ca,3,CrO;, ap 1.0 39 16
LagesS 015CrOs, ap 0.9 10 7.5
Lag g5 015CrO;, ac 0.8 14 7.5
LaCrqeMn,,0;, ap 1.2 5 5
LaCrysMn,;0;, ac 1.3 5.7 5
LaCr,oF&,10;, ap 1.1 7.3 5
LaCroqFe,,03, ac 1.2 8.7 5
LaCr,4C0,,0s, ap 1.2 1.9 5
LaCr,4C0,,03, ac 1.3 2.8 5
Lacro.gN!O.loay ap 1.6 ? 5
LaCrygNig,05, ac 1.9 ? 5
LaygsCa15CrgNig, 05, ap 1.0 10 ? 7.5 5
Lay5Cay,15CrogNig 105, ac 0.8 21 ? 7.5 5
LaysCa15CrggNig,05, H, 1.2 15 ? 7.5 5
LaygsCa15CrogNig;,05, CO, 1.0 9 ? 7.5 5
Lay gsCay 15CrooNig O, air 1.2 6 ? 7.5 5

ap: as prepared; ac: after catalysis
peaks. A Ca rich LaCrO; (Lay,Ca,5,CrOs) is also given to illustrate the high segregation effect of A-site

substitutents.

TEM analysis

; *: Ni peak could not be resolved because of overlapping with La 3d

TEM analyses were performed on the LCNi, LCaCNi and LCFe powders before and after

catalysis. It was observed that in the case of LCaCNi, carbon formation was limited to some
LCaCNi grains with small idets of Ni attached to them, as illustrated in Figure 13a These Ni
isets had amean particle size of 20 to 50 nm. The carbon was deposited around the Ni islets on
the LCaCNi surface and formed well defined graphitic films, shown in Figure 13b. These had a
thickness of around 5 nm and seemed to grow in parallel to the surface of LCaCNi particules.
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Some of the films were observed to be amorphous in electron diffraction mode (see Figure
13c). These Ni particle seemed to adhere well on the grain surface and none was observed away

#iC

Figure 13: TEM micrographs of the
LaygCay1sCrygNi, O, catalyst used in the
56:41:3 CH,: Ar:H,0O gas mixture. a. Carbon
was deposited mainly on catalyst grains
having free Ni particles sticking on their
surface. These Ni particles were 20 to 50 nm
in size. b. Carbon was deposited in parallel
to the perovskite grains, as thin graphitic
films of 5 nm thickness, or as c. amorphous
carbon layers. The carbon interplanar
distance in b. was of about 3.67A.

LCaCNi

The particles free of Ni idets did not grow any carbon films. The composition of LCaCNi,
measured on alarge number of grains, did not change for particles with or without the Ni islets
within accuracy of EDSmicroanalysis (50 s acquisition time). Ni idets were found on the free
surface of LCaCNi and in some cases in the bottle neck between two grains, as shown in Figure
14 for the reoxidized catalyst.

The origin of free Ni isnot very clear, but it was possible to observe it on top of what seems
to be a CaCr,O, phase. Thisis wel illustrated in Figure 15a-b. This phase is known to be one
of the impurities that forms during the fabrication of Ca substituted L Cs *® (Chapter 5).

Another impurity was the CaCrO, (or CaCrO,) phase as shown in Figure 16a-b. This phase
was hot observed either by XRD diffraction as it seemed amorphous taking the form of a melt
like structure (see Figure 17a-b). The CaCrO, was observed on free surfaces as well as in the
bottle neck between two grains (see Figure 18a-b). A Ca rich phase, which could aso be a
calcium chromate phase, was sometimes observed in grain boundaries (see Figure 19a). The
surface of the grains seemed to be clean as observed by HRTEM (Figure 19b).
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Figure 14: Ni idets as observed by TEM on LaOSSCaOECrogNlMO catalyst. Ni was found a: in
the bottle neck of two grains and b: on the free surface of a grain.
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Figure 15: TEM-EDS analysis of a Ni particle
on top of what seemed to be a CaCr,0O, phase.
The EDS analysis indicated that 68% Cr and
32% Ca was present in the middle phase
between the Ni and the perovskite grains
- a (copper was the signal of the bulky bars of the
Cu sample holder).

On the LCNi powders, no Ni idlets were observed (Figure 20a). It was however possible to
observe some spots on or inside some grains (Figure 20b). Diffraction analysis show that this
might stem from secondary phases precipitated in the lattice. It was not possible to andyze the
surface composition of the LCNi and LCaCNi grains by HRTEM, as the electron beam tended
to destroy the first layers rapidly. Very narrow surface segregation might exist on oxides,
leading to changesin their catalytic activity =

L CFe did not show any Fe segregation of any kind. Chemica analysis measurements done
on a large number of grains showed very smilar compositions within accuracy of EDS
microanalysis (50 s acquisition time). The carbon deposition and its structure depended on the
temperature of the reaction. Almost no carbon was found a 800°C. Figure 21a-d show two
different carbons after the run in 56:41:3 CH,4:Ar:H,0O at 850°C. A mgjor component was the

soot-like carbon which was deposited in many cases on kinks (see Figure 21d). The step-edge
perovskite atoms can be considered as low-coordinate ions (CUS coordinately unsaturated
sites), showmg marked electron donor properties, and thus having higher activity toward
methane *. The other carbon represent amorphous films which had thicknesses of about 20 nm
(see Figure 21b,c). However, the carbon coverage was low a 850°C. Running the catayst &
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900°C lead to structured graphitic films (see Figure 22b,c) adong with graphitic filaments (see
Figure 22a,c,d) running from the surface of the grains. At thistemperature, carbon coverage was
quite significant. From the TEM micrographs these filaments seemed to build-up epitaxialy to
the surface of the LCFe powder (Figure 22d). The interplanar distance measured on the
micrograph 22d is of 3.82A, whereas the one for the carbon was of 3.57A at the interphase, or
3.48Ain the filament (3.35A for wdl crystallized graphitic carbon, 3.57A as an average for
graphite on these perovskites). These values were quite close. Beside that, there was also a clear
continuity between the grain’s planes and the carbon filament as indicated by the black lines of
Figure 22d. Also, the interplanar distance measured on the carbon film of Figure 22c was of
3.56A inthewdll crystallized part.

Cr
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Figure 16: LaygCaysCrygNiy O, powder. TEM
micrograph of a  secondary phase
corresponding to CaCrO, as determined by
EDS (50% Cr, 50% Ca).

d : a it b
Figure 17: TEM analysis of Ca,Cr,O, phases observed on La,gCa,,5CrooNiy,O; powders. These
secondary phases seemed to be XRD-amorphous having a melt like structure.
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Figure 18: TEM micrographs of CaCrO, observed on La,,Ca,sCr,sNi O, on a: free surfaces
aswell asin b: the bottle neck between two grains.
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Figure 19: TEM on La,gCa,:Cry4Niy O, powder. a: A Ca rich phase, which could also be a
calcium chromate phase, was sometimes observed in grain boundaries. b: The surface of the
grains seem to be clean as observed by HRTEM, as there is a continuity between the bulk and
the surface of the grain.

o~

Discussion

In XPS spectra the 2p,, Mn peak was located a 642.2 eV, which is close to that of Mn"
(641.9 eV) *. Fe seemsto bein the trivalent state asits binding energy (BE) wasin the range of
710.5t0 711.7 eV (711.3 eV for Fe,0,, *'). The BE of Co corresponded to both Co" and Co"
%, With Ni, however, no pesk was observed. Overdl, these results corroborate wel with

measured TPR spectrawhere mixed vaencies were observed for Co (0 = 0.031) and a vaency

of 111 for Mn and Fe as d was close to that of LC. From TPR, Ni isthought to be in the divadent

state.

The two observed Cr peaks can be assigned to Cr'"' (576.1 eV, *) and Cr of a higher valency
(579 eV). The high valency Cr can be either Cr" or surface Cr where its coordination sphere is
not complete .
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The two peaks of oxygen can be attributed to lattice oxygen O, (529 eV) and to adsorbed
oxygen and hydroxyl O, (531 eV) ** - it was not deconvoluted into two further peaks because
of overlapping. This agrees wdl with the TPR results where two peaks were observed, one for
the surface adsorbed oxygen species and another for the lattice oxygen. The lattice oxygen O,
binding energy seemed to decrease from Mn to Ni (see Figure 12) as expected from the
stability of the LaMO, oxides ¥, indicating that oxygen vacancies were easily formed on Ni
substituted LCs compared to other substitutions. Also, O, BE increased from Ca to Sr. From
thermodynamic calculations based on vaues in the literature ** “ Sr substituted LC reduces
however more readily than Cawith a difference of = 11 kJ/mol (for x=0.15) ** (Chapter 7). The
O, peak increased from Mn to Ni, with Mn having the lowest BE. This corroborates well with
TPR measurements and indicates that oxygen adsorbs more on the Ni=Co>Fe>Mn substituted
L Cs. However, the total amount of O1s did not change for the different substituents. From TPR,
the Sr substitution caused more oxygen to desorb than did Ca substitution. This difference in
desorption could explain the higher activity of LSrC when compared to LCaC (50% O,
conversion a 390°C for Sr- versus 500°C for Ca substituted LC, and TOF of 3.9x10° for Sr
versus 3.5x10° for Ca a 850°C in 5:1 CH,:0,) as more oxygen from the lattice was available
for the reaction.

10U s
—

b
Figure 20: TEM on the LaCI’OgNI0103 powders a: no Ni islets were observed; b: it was however
possible to observe some spots on or inside some grains. On that grain it is also possible to see
a step-like structure.

This effect was also observed on the doubly substituted LC (Sr or CalMg and Sr or Ca/Ni).
For the transition elements, the trend was similar as the TOF was of 3.1, 5.6, 8.0 and 19.5x10°°
for Mn, Fe, Co and Ni respectively, following in proportion the total amount of oxygen species
desorbed by TPR (Mn 0.026 = Fe 0.025 < Co 0.031 < Ni 0.064) and the O, BE trend. This
suggests that a relation exists between the reducibility and the catdytlc activity on th@e oxrdee
Thisrelation is aready observed in literature for simple oxides #, and for perovsklteﬁ ® They
clearly showed a trend between oxygen adsorption, reducibility "and the activity of oxides for
oxidation reactions.

Surface concentration of the different elements showed that surface segregation was
important for Caand Sr substitution. The Ni idets, observed on the LCaCNi powders, were
most probably related to the liquid phases (cal cium chromates) produced during sintering as the
LCNi powder did not present any free Ni. In literature, the collapse of heavily doped A-site
LaCr,(Ni,Co),0, (0.2-0.3 Sr, 0.2-0.4 Ca) in wet hydrogen was reported ***, adongside to the
formation of melt-like chromate phases *. In this study, two secondary phaseﬁ, CaCrO, and
CaCr,O,, were observed on the LCaCNi powder (see Figures 15 and 16) and, in some caea
they were attached to Ni idets (see Figure 15). The XPSresultsindicated no surface segregation
for Ni (Table 8). This clearly indicates that the cataytic activity of the LCaCNi was not directly
related to the Ni idets as the LCNi had asimilar catalytic behavior.

]
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Figure 21: TEM micrographs of different types of carbon deposited over LaCr,,Fe,,0, at
850°C after catalytic runs in the 56:41:3 CH,:Ar:H,O gas mixture. a: soot-like carbon; b:
amorphous carbon films of =20 nm thickness as observed in the c: dark file mode; d: carbon
formation around kinks on the grains' surface.

XRD, XPS and TEM measurements conducted on freshly prepared as well as on tested
LCNi and LCaCNi powders, showed no change in the composition due to catalysis. This was
also true for the iron substituted catalyst based on XPS and TEM data and for the other
transition metal substituted catalysts based on XRD and XPS measurements. On the other hand,
Ca and Sr segregation measured by XPS was significant, as observed aready in the past ** *°
(Chapter 4). XPS analysis on LCaCNi powders, exposed to different atmospheres (humidified
H,, CO, and air), show clearly the effect of humidified hydrogen on Ca segregation (see Table
8). Interestingly, Ni did not segregate during these tests. Preliminary thermodynamic
caculations show that H, and H,O lead to a higher loss of Sr and Ca due to the formation of
volatile hydroxyl species whereas CO, CO, and O, had amost no effect ** (Chapter 7). Our
results may indicate that the Ca and Sr solubilities are below 15% of the La site. Sfeir et d *°
and Peck et a. *° have reported a vaue for Sr in LC of 15% at 850°C and of 10% at 950°C
respectively, whereas Carter et a. ® and Sfeir et d. *° indicate a solubility limit for Cain LC of
20% at 900°C and 15% at 800°C respectively. Moreover, Mg, Mn, Fe, Co and Ni do not
segregate further after the cataytic runs, indicating that they may not destabilize the perovskite
structure. This is in accordance with TPR results, which shows clearly that al of the LC
catalysts did not undergo total reduction of the B-site substitutent.
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Figure 22: TEM micrographs of different types of carbon deposited over LaCr,,Fe,, O, at
900°C after catalytic runs in the 56:41:3 CH,:Ar:H,O gas mixture. a, ¢ and d: filamentous
carbon; b and c: graphitic carbon films. Epitaxial growth of carbon filaments is clearly
observed in d, where the interplanar distance for the perovskite follow closely the one for the
carbon fillament, the planes being continuous.

Our thermodynamic calculations based on the ideal solid solution model used by Y okokawa
et a. *° indicate further that the Fe and Ni substituted LCs would decompose a a P, of

1.26x10* and 3.16x10™ respectively, to yield the metd and the LaCrO, phase, while Mg, Ca,
Sr, Mn and Co would decompose to the metal oxide and LaCrO, phases a a P, of 1.6x10™,

1.0x10™, 1.6x10%, 6.3x10* and 1.9x10™ respectively * (Chapter 7). Chrigtie et al. **, Baker
et d. ™ and Sammes & al. ** *® have previoudy observed the partia decomposition of heavily
doped A-site LaCr,_(Co,Ni),O,. The TPR and XPS results in this study for the Ni and Co
substituted LCs indicate clearly the destabilizing effect of the A-site substituent. XRD
measurements made on a LaCr,Ni, O, powder, exposed for 1 week at 780°C to H, + 3%
H,O, showed no demixing (Figure 23). This is in accordance with the results published by
Stojanovic et al. °. Our present experimental results suggest that the decomposition of LCs is
hindered kinetically.

However, it isnot very clear why adow change in the catalytic activity was observed over a
period of 20 hin the 5:1 CH,:O, gas mixture for both Ni-substituted LCs (Figure 6b). We
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previoudly observed a slow change in the conductivity of different LC rods over the same period
of time. The changein activity could be related to a dow reduction process (Chapter 8).

Figure 23: XRD on LaCrysNi,:O;,
powder exposed 1 week to 3% wet H.,.
The as prepared powder (ap) is
orthorombic, the one reduced at
// 780°C is rhombohedral, whereas the

one reduced at 1030°C could not be
resolved and has most probably
decomposed (Ni, LaCrO;?). The

spectra were recorded from 26 of 5 to
f 90 (see Appendix Chapter 3).
: 1030°C
AN ol 78%

S S E—
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If wetry to correlate the XPS observations with the apparent activities of the different LCs,
we observe that in the 5:1 CH,:O, gas mixture, the activity follows the trend of the O,, and O,
BE, i.e, the activity increases with the strength of the oxygen adsorption, and the easiness of
reduction of the lattice. Overall, the change in activity with the substitution, if expressed as turn
over frequency (TOF), is observed to be very margina in the case of Mg, Ca, Sr and Mn. For
Fe, Co and Ni, the substitution induces a higher activity when compared to the LC base materid.
Moreover, for the Mn and Co substitution the activity is lower than in the base materids,
LaMnO, and LaCoO,, where higher valencies, Mn" and Co'", are formed upon substitution with
Sr or Ca(e.g. at 850°C, TOF = 2x10° and only 8x10°° moles of CH,/m?s for methane oxidation
on La,;Sr,,Co0, * and LaCr,,Co,,0,, this study, respectively, i.e. 250 times lower in the LC).
This could be due to the low vaencies of Mn and Co in LC (Mn" and Co"""). Also, a double
substitution with Ca or Sr and a B-site substitutent had an effect on the activity. The TOF
increased from 5.1x10° for LCMg to 9.8x10° for LCaCMg, but stayed constant for Ni
substituted LC, being of 1.9x10°® for LCNi and 2.1x10°® for LCaCNi at 850°C, in 5:1 CH,:0,.
This could adso be correlated with the conductivities of the catalysts (1 to 1.27 S/cm for
LCaCMg and LSrCMg versus 0.16 S/cm for LCMg, and 1.91 S/cm for LCaCNi versus 0.39
S/em for LCNI, in wet hydrogen (Chapter 3)), related to higher hole and oxygen vacancies
conductivities. In literature, CH, oxidation over perovskites was described by a pardlé reaction
of CH, with weekly held chemisorbed surface oxygen, a low temperature, and with lattice
oxygen at high temperatures. The reaction mechanism at low temperatures was either expressed
as a Ridedl-Eley % or a Mars and van Krevelen ° mechanism. Globally the reaction rate was
expressed as

r= k1Pan4 Por: + kZPCH4 (8)

with k; and k, the rate constants for the adsorbed oxygen reaction and the |attice oxygen reaction
respectively, and n and m the orders of the reactions in respect to CH, and O,, n and m being
near to 1 and 0.5 in most cases. In detailed experiments with La Sr, MnO,, Ara et d.

determined activation energies of 59~85 kJmol and 105~166 kJmol for the reaction with
adsorbed oxygen and with lattice oxygen, respectively. The adsorption energies for oxygen were
in this case of 274~291 kJmol. In the case of LaFeO, McCarty et a. ° determined activation
energies of 81 kJ/mol and 133 kJ/mol respectively. Also, the activation energy for the diffusion
coefficients of oxygen ion vacancies in LaFeO, and LaCoO, and L a,,Sr, ,C00, was found to
be of 75+21 kJmol, a vaue near to the activation energy of the reaction with lattice oxygen °.
The heat of oxygen adsorption over LaCrO, is of 20 kJ/mol *, indicating a physisorption. By
substituting with Mg, the heat of adsorption was reported to increase to 168-~188 kJmol,
indicating a chemisorption 8. Activation energies for the LCsin the 5:1 CH,:O, gas mixture vary
in this study between 82 and 121 kJmol indicating that the mechanism is somehow similar.
Globally, thereis an increase in the activation energy from Mn to Ni. This could be due to the
fact that |attice oxygen is more active in the case of Ni than in Mn, and that oxygen adsorption is
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increasing, as could be concluded from the TPR and XPS Ols measurements. A similar
behaviour is seen for Caand Sr. The CO, inhibiting effect on methane oxidation over A-site
substituted LCs could be related to the surface segregation of Ca and Sr. These basic sites
might interact with CO, to form carbonates which block the catayticaly active sites for
oxidation. Such inhibition was reported on the La,O, catdyst ** and interpreted as the
interaction of CO, with active oxide species responsible for methane and oxygen activation. The
4effect of surface segregation over perovskites activity was also discussed by Gunasekaran et d.

A thorough analysis of the product distribution in the case of the methane-steam reaction
indicates that the main reaction is steam-reforming leading to CO and H,. When going from 3
to 23% water, the CO sdectivity was reduced (see Table 5). In most cases water had no
influence on the CH, conversion, so that this change in sdlectivity is related to a fast reverse
water gas shift reaction (reaction (5)). The low steam-reforming capacities of these perovskites
might be related to the fact that the surface coverage with hydroxyl groupsislow as observed by
infrared and in situ diffuse reflectance infrared spectroscopy (DRIFT) over LaCrO, *® and
La,0O, * respectively, even though the hydroxyl radicals are reported to be easily formed over
La,0, with an activation energy of 125 kJ¥mol *. Equivaently, the lifetime of adsorbed CH,, is
reported to be short as measured by TAP (Temporal Anaysis of Products) on La,0O, and
Sm,0, *" *°. Furthermore, the active sites for water and methane adsorption are believed to be
smilar *" *, In this work, the order of the reaction for water on LCs was near zero and it
changed from negative to postive values with temperature (Table 4). The activation energy of
the reaction also increased with the steam content (Table 1). This might be a hint for a
competitive coverage of adsorbed species on multiple sites *°, i.e. adsorption on the same active
sites. Baker et al. ' ™ showed previoudly that methane dissociation is promoted over LCs and
that the diluted methane reacted with adsorbed or lattice oxygen species. However, when using
wet methane, they found that the reaction proceeded mainly through reaction with water. It is
worth to note that al experiments on perovskites reported in literature used diluted methane, in
contrast to the present study.

Among the substituents used in this study, only the Ni and Sr substitution increased CH,
conversion indicating that these substituents do promote CH, dissociation. The low conversion
of methane in the other substitutions is thought to be responsible for the low OCVs (open
circuit voltages) measured with some of these anodes in SOFC tests. The situation seems to be
similar to gold anodes (OCV = 700mV). Theoreticd OCVs for SOFC cells using air a the
cathode and a56:41:3 CH,:Ar:H,O gas mixture at different anodes, were calculated (see Table
9) based on the actua exhaust gas composition, using HSC 4.1 thermodynamic equilibria
cal culation software (Outokumpu Research Oy, Finland). For the calculation, the unreacted CH,,
was considered to be inert and equivalent to Ar. The calculated OCV of 880, 914 and 934 mV a
800°C for LSrCMg, LCaCMg and La,,Ca,,Cr,Fe, O, respectively, is close to the measured
values of 862 (Figure 24), 892 and 928 mV respectively. La,,Ca,,,CrO, gave an OCV of 903
mV at 854°C.

H, Figure 24: OCV measurements as a
S 1§ J——n_Sx=003 function of the steam to carbon
12 4 g 6:8 gLsrcMgincH, ratio (C) and temperature in a
11 © 83 glass sealed set-up (Chapter 2) for
= ) the LaoAsss‘o.lscroAgM90.104/YSZ/LS_VI
3 10 X ©ICO 1040 ll?%q system (+). The thermodynamic
© o equilibria for different gases are
T also shown along with measured
0.8 - VinH, values for an Au electrode (¢).
LSrCMg in CH4
0.7 — +
] ] ] ] ] |
0 1 2 3 4 5

SIX (X=CH,, H,) or pCO /pCO

These OCV's agree well when considering the oxygen partial pressure determined by the
Py,o/Py, and P, /P, equilibria from the H, + 1/2 O, = H,0 and CO + 12 O, = CO,
reactions. The theoreticdl OCV for the CH, reaction is 1205 mV a 800°C. Furthermore,
impedance spectroscopy measurements done during electrochemical tests on symmetrica cells
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a OCV show that the reaction sequences had the same order of reaction for H, and CH,,
whereas the activation energies were different. This indicates that the reactions are governed by
CH, activation to yield the resctive hydrogen species followed by the remova of the
carbonaceous species on the catalyst surface to form syngas.

Table 9: Estimated OCVs, in 56:41:3 CH,: Ar:H,O, at 800°C.

Catalyst composition Po, [atm] OCV [mV]
Theoretical 4.80E% 1205
Lag gsCay 15CrO; 3.76E™ 944
Layg5Ca15CrosMg 104 3.68E8 892
Lay 55Cag,15CrooNig ;05 1.81E% 1174
Lapg55015CrOs 7.11E% 1036
Lay g5 0.15Cr0sM 00105 5.96E18 881
LaCrO, 1.32E%8 915
LaCroMgo,0; 1.17E% 812
LaCryoMng ;0,4 3.92E1° 943
LaCrgoFe,0; 7.80E™ 928
LaCr4C0p;,0, 1.19EY 865
LaCrogNig 0, 7.29E% 1089

The OCV were calculated from the exhaust gas composition by
considering the unreacted CH, to be equivalent to Ar.

On the basis of these observations, a smplified reaction sequence for the steam-reforming
aswell asthe partia oxidation could be proposed * 4! as;

H,0(g) +V, +O; =2(0H), )

2(OH)! = H, +2h"+20} (10)
Q' +h"=Q} (11)
CH, + O]~ 'CH, +(OH), (12)
CH, +(OH). +h”-'CH, +(H,0). (13)
‘CH,+Q +h” - CH,O (14)
(H,0), » H,0(g) +V,” (15)
CH, ey + H,0 - CO+[1 +§]H2 (16)
CO+H,0=CO, +H, (5)

with reaction (9) and (11)-(12) in competition with each other, V', OOX , O,, (OH),, (H,0), ,h
, CH, and CH,O" representing the doubly charged oxygen ion vacancy, the oxygen O and O
on the normal lattice position, a positive hydroxyl-group on regular oxygen position, a doubly
charged adsorbed water molecule, the electron hole in vaence band, a methyl radica and a
methoxide ion respectively. CH, dissociation is considered as homolytic as the energy of
dissociation in the gas phase into the methyl and hydrogen radicals is of 422 k¥mol, whereas
the energy of heterolytic dissociation is much higher, 1309 and 1741 kJ/mol for the positively
and negatively charged methyl ions respectively, even though the reversible adsorption of
methane is thought to proceed through a heterolytic dissociation (CH,+H*) * 4% This was
also taken in agreement with kinetic isotopic effects measurements **. O, was proposed to be
the most stable oxygen species on the surface of oxides **. On La,O,, theoretica studies

concluded that the formation of O, pairs requires an energy of only 9.6 kJmol “¢. Equation (9)
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is reported to be rapid, i.e. a equilibrium, at 900°C @, It isthou %ht that CH, activation is the rate
determining step (equation (12)), in accordance with reference ™. Also, formaldehyde might also
be an intermediate in the oxidation of methyl radicals from methoxide ions. The formaldehyde
dissociates easily to CO and H, at these high temperatures .

Table 10: Estimation of the number of total and step-edge sites, in
sites/n?, over orthorhombic LaCrO,(1,0,1) and (0,2,0) planes.

total total total total total
Plane V. Cr sites M v, [%] "M [%]
(1,0,1) 2.21x10Y  6.66x10"  6.66x10" 14 0.5
(0,2,0) 2.21x10"  3.34x10"  3.34x10" 14 0.9
Step-edge
Plane v, Cr sites M v, [%] "M [%]
(1,0,2) 1.10x10"  3.33x10"  3.33x10% 27.2 9.0
(0,2,0) 1.11x10"°  1.67x107  1.67x10% 27.1 18.0

For the respective (1,0,1) and (0,2,0) planes a lattice surface area of 7.75x7.75
A? and 5.47x5.47 A? was considered. The rate (r) of 3x10*® molecules/m?s of
CH, converted (a TOF of 5x10° mol/n?s) was compared to the respective step-

edge sites. M stands for the transition metal ion and V, for the oxygen ion
vacancy. As an order of magnitude, CH, has a surface area of approximately
3.45x10% n? (CSChem3Dpro prograrm).

Figure 25: Lattice construction
of the LaCrO, orthorhombic
phase (ideal structure). From
the interplanar distance of the
LaCr,,Fe,,;O;, grain in Figure
22d, it is possible to index the
phase as a (1,0,1) or (0,2,0)
plane following Miller's
indexation. These planes (in
yellow) are made only of the
La-oxide or transition metals-
oxides sublayers. They
correspond to about 37 and 9%
intensity according to the
JCPDS chart No 70-1024 for
orthorhombic LaCrO,. Balls
red: oxygen; black: lanthanum
and pink: chromium ions. This
structure was made using the
CrystalMaker program.

B,

Part of this sequence could also explain the oxidative coupling of CH, related to the Mg
based catalysts. Mg substitution enhances the coupling reactlon of LC, probably by radica
formation. MgO is indeed known as agood coupling catalyst *. The coupling activity is further
enhanced in LCswhen a double substitution with Mg and Caor Sris considered. Thisis related
to the increase in the hole conductivity and in the vacancy concentration, increasing thus the
possibility to form O, active Sites, or even to the higher La/Cr ratio (Table 7), as La,0O, is
known to generate methyl radicals. The increase of the steam content blocks these active sites.
An alternative interpretation for the effect of steam on the coupling reaction could be assigned to
the quenching effect of water on theradica CH 3,0r even to the reaction of OH, formed on the
catalyst surface and liberated in the gas phase ™, with gaseous methyl radicals. On the other
hand, Ni substitution promotes the dissociation of methane and its subsequent reaction with
water to syngas.
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According to Lacombe et a. *, the step-edge atoms, presenting a number of nearest
neighbour ions of the opposite sign lower than those for surface and bulk atoms, i.e. low
coordinated ions, might be considered as responsible for total oxidation on La,O,. By assuming
that the low index planes are the most represented planes on the surface of the LC powders 8, it
is possible to estimate the number of vacancy and transition meta ions (M) sites on these step-
edges which are given to mobilize 5~10% of the total surface atoms ** (Table 10). The
caculation gives that for a reaction rate of about 3x10™ molecules/m’s of converted CH, (a
TOF of 5x10°° mol/m?s), about 27% and 9% of the respective step-edge V," and transition meta
species could beinvolved in the reaction.

Finally, the TPO results show the very low carbon coverage on lanthanum chromites, except
for the LCFe powder. This indicates that these materials withstand coking and do not seem to
promoteit. Even in the case of the most active catalyst in our study (LCaCNi), carbon did not
build up with time, and most of it is related to the presence of the free Ni-idets. The activity is
moreover sustained for more than 360 h, indicating that carbon formation does not seem to
poison the cataytic sites of the LCaCNi powder. Also, comparing the TPO results with TEM
analysis shows that the pronounced TPO peak a 829°C observed for the LCFe powder could
be related to graphitic carbon, whereas on Ni substituted LCs we observe some amorphous
carbon (580-600°C) and thin film graphite (620-790°C). The low temperature peaks could be
related to low coverage adsorbed carbon species like methane or related radicals. Another
observation is that the type of carbon does not seem to vary a lot with the gas mixture used
(Table 7). Beside that, from the interplanar distance of the LCFe grain on which carbon
filaments were observed to grow (Figure 22d), it is possible to index the phase as a (1,0,1) or
(0,2,0) plane following Miller’s indexation. These planes have intensities of only 37 and 9%
respectively, according to the JCPDSchart No 70-1024 for LaCrO,. Also, these two planes are
made only of the La-oxide or transition metals-oxides sublayers (see Figure 23). According to
lwamoto et al. #” simple oxides with ametal ionin the d° or d*° configuration are poor methane
oxidation catalysts, so that the La-oxide layers should be quite inert to methane. Therefore, the
transition metal-oxides sublayers are thought to be responsible for the growth of the carbon
filaments.

From the different TEM micrographs made on LCaCNi powder catalysts, the interplanar
distances for the carbon in the films grown on the surface of the grains (see Figure 13b for an
example) were observed to vary between 3.42A and 4.80A. For the L CFe system, the interplanar
distances varied between 3.89A and 4.63A for the soot-like carbon, 3.54A and 5.14A for the
filaments, and 3.56A and 5.22A for the carbon films. These are larger than the expected
interplanar distance for graphite (3.35A), indicating that the deposited carbon films are more or
less graphitized. Their oxidation temperature could thus be affected accordingly depending on
their structure.

Also, from Figure 13b and ¢, it is possible to measure the interplanar distance for the
LCaCNi grains. They correspond to the (1,0,1) or (0,2,0) plane, and to the (2,1,1) or (1,3,0) or
(1,1,2) or (0,3,1) plane respectively. The (0,2,0) and (1,3,0) planes have an intensity of 100% and
8% respectively, as taken from our XRD measurements indexation of LCaCNi. The (0,3,1) plane
has an intensity of 41.5% if LaCrO, phase is considered (JCPDS chart No 70-1024). Figure
25b shows similarly a(1,0,1) or (0,2,0) plane.

Conclusions

By substituting the inactive LaCrO, catalyst with akaline earth and first series transition
meta elements, a noticeable improvement in activity towards methane conversion is achieved.
For the LaCrO, compounds, three different behavioral patterns were observed depending on the
catayst composition. It was observed that among the akaine earth dements, Mg had an
inhibiting effect whereas Ca and Sr substitution improved the catalytic activity for CH,
oxidation, and CO, and H,O reforming reactions. Trangtion metal substitution experiments on
the B-site indicate that Co has an inhibiting effect whereas Mn and Fe showed an enhancement
in activity when compared to the activity of the base materid, LaCrO,. The LaCrO, activity is
however not modified drasticaly. On the other hand, Ni substitution causes a considerable
change in the turn-over frequency (4 fold when compared to LaCrO,). Among the transition
meta substituents, Co and Mn showed the lowest cracking activity whereas Fe deposited high
amounts of C. Thus by suitable substitution of the stable but inactive LaCrO, catalyst with Ni,
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we have been able to produce an improved catalyst for CH, oxidation, with low cocking activity.
Also, these experiments were done in methane rich atmospheres, smulating real SOFC

conditions.
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Appendix A: Calculation procedures and definition of terms for catalysis
Evaluation of the molar flow rates of the different gases used in the catalytic measurements

From the gas chromatography measurements, the molar flow rates of dl gases are derived
from

x 101300 xQ

(CH4,CO,CO2,02,H2 ,Ar) A_l

VX RxT

tot room

With Viey, co, co, 0, 1, ay @0 Vi, the volume of the species and the total volume injected in the

gas chromatograph respectively, givenin m?, Q the flow rate in m*¥s, R the gas phase constante
(8.314 Jmoal .K) and T,,,,, the room temperature in Kelvin (about 22°C). As the water leaving
the reactor is condensed prior to the GC analysis, the water molar flow rate is estimated from

n(CHA,CO,COZ,OZ,HZ,Ar)[rnOI /<] =

Mo = 2(Nen,, ~Non,) TMjo, =My, ~Neyn, ~2Nc,n, —3Nen, A-2

with thein and out subscripts standing for the initials of inlet and outlet respectively. Also, the
carbon deposited as function of time can be estimated from the following mass balance

no[mol/s] =05x(ny, +2(no,, ~No,,) +4Neo,, ~co, )
—3Nco ~ 3nCZH2 _2n02H4 _nCZHG)

In amost all cases, the amount of carbon is so low that this number isvery small and negligible.

A-3

Definition of terms
The definitions of the different terms used in this section are summarized heresfter.
CH, conversion

n -n
Koy, [%6] = =t —Zhst %100 A-4

CH4,in

CO, CO,, C,sand H, sdlectivities

Sol%] = Neo %100 A
nCO * (nCOZ,out a ncoz,in) + Z(ncsz + nCzH4 +nC2H6)
n -n
SZOZ [%] = CO; out CO,n <100 At
nCO + (nCOZ,oul - nCoz,in) + 2(nC2H2 + nCzHA +nC2H6)
Sﬁz [%] =100 - (&o + %02) A7
r]H
S, [%] = —"—x100 Ag
H, H,O
C,syied
+ + 0 0
Y, o[ %0] = Moo, T Moo, TNeprs 900 = S,s[%0] % Xy, [%0] A-9
2 LT 100
Turn-over frequency (TOF)
n —_
TOF,, [mol /smm?] = Nery, ™ Moty A0

a

with athe unit surface area of the catalyst in m?.
The space-vel ocity defines the number of reactor volumes of feed at specified conditions which
can betreated in unit time
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o Q ]
gh]= A-11

reactor

with V..., the volume of the reactor.

Determining controlling resistances to the reaction *°

Interpretation of experiments becomes difficult when more than one resistance affects the
rate. Many factors can influence the rate of reactions on particles, as summarized in Table A-1.
Two kinds of resistances are considered: the film resistance and the pore resistance.

Table A-1. Factors which influence the rate of
reaction of particles °.

Rate influencing Porous catalyst ~ Catalyst coated

factor particle surface
Surface reaction Yes Yes
Pore diffusion Yes No
Particle AT Not too likely No
Film AT Sometimes Rare
Film mass transfer Not too likely Yes

Film resistance

Experiments can be devised to see whether the conversion changes at different gas velocities
but at identical weight-time. An example is given in Table A-2 for the case of LSfCMg run &
680°C in the 5:1 CH,:O, gas mixture.

Table A-2: The impact of the flow rate in ml/min on the gas exhaust composition in
the case of LS'CMg run at 680°C in the 5:1 CH,: O, gas mixture.

Flowrate %CH, %CO %CO, %H, %H0 Yoy, S0, S,
30.1 73.78 0 8.74 0.38 17.10 10.59 100 2.18
50.0 73.64 0 8.79 0.38 17.20 10.66 100 2.14
78.4 73.20 0 8.93 0.40 17.46 10.87 100 2.24

We see clearly that there is almost no impact of the flow rate on the reaction kinetics, thus
indicating no mass transport limitations.

It is possible to caculate whether film resistance to mass transport is important by
comparing the observed first-order rate constant based on the volume of particle with the mass
transfer coefficient for that type of flow. For fluid passing through a packed bed of particles

d
% =2+1.8Re"*"*, Re >80 A-12
with Re, the Reynolds number
d,.u.p
Re[-] =—* A-13
and &, the Schmid number
- _H
-1=—— A-14
s-1=_5

and k, the mass transfer coefficient of the gas film, d; the particles mean diameter, p the
viscosity of the fluid, p the density of the fluid, v the fluid flow rate, and D, the effective
molecular diffusion coefficient. Thus we have roughly

1

kg ~ d_ for small dp and v A-15

p
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1/2
%

or kg - dl/2
p

for larged, and v A-16

To see whether film mass transfer resistance is important, kv, should be compared to ka,
with k. the measured rate constant, V, the particles mean volume and a the particle mean
surface area. If the two terms are of the same order of magnitude gas film resistance affects the
rate. On the other hand, if kv, is much smaler than k a, this resistance has no effect. k,, is
calculated from

TOF = kobngH4 IDon:,Hzo,coz A-17

Pore resistance

Experimentally, this can be resolved by comparing rates for different pellet sizes and noting
the drop in activation energy of the reaction with rise in temperature, couple with a possible
change in reaction order. It is aso possible to calculate the Wagner-Weisz-Wheeler modulus,
M,,, given as

M,, = 12 K A-18
D

e

with L the characteristic size of a porous particle defined as

O volume of particle O
Eexterior surface available for reactant penetration%

A-19

which reducesto d /6 for spherical particles. If this modulus is less than 0.15 than the reaction
runsin adiffusion-free regime. Above 4, the reaction shows a strong diffusion resistance.

Appendix B: Correlations between catalytic and thermodynamic parameters

The relationship between kinetics and thermodynamics of ionic and radical processes is
usually expressed by correlations of the Brénsted equation type

k=gK® A-20

where k isthe rate constant, K the equilibrium constant of the elementary stage, g and a constant

valuesfor aseries of reactions. In heterogeneous catalysis this correlation also holds, provided
that radical or ionic character is inherent not only to initid catalyst but also to intermediate
compound of the latter with reagents. The analysis of alarge body of experimental materia 2#2°
shows that it is thus possible to correlate the reaction rate of different reactions (methane
combustion for example) with the heat of partia reduction of an oxide catalyst, g, In the
LaCrO, system this heat is released during the following reactions

La_.(Ca ), Cr2Cr"O, = La_,(Ca,S),Cr¥0,_,,, +§O2 A-21
or
LaCr,_ (Mg, Mn, Fe,Co, Ni), O, = LaCr** (Mg, Mn, Fe,Co,Ni),O,_,, +§O2 A-22

Following this approach, for a specified reaction an optimum catalyst, chosen among the same
family of catalysts, should have a g, very near to half the value of the heat of the overdl reaction.
Thus volcano curves are expected within afamily of catalysts. One way to measure this heat of
partia reduction is by mean of a TPR measurement using hydrogen. In this case, the rate of
reduction of the oxide by hydrogen isrelated to the inverse of the absolute temperature at which
the reduction starts

M, = 1 A-23

2 'I'H2
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so that the following proportionality holds
g, = (:onst.i A-24

HZ
It is thus possible to estimate the ¢ in a family of oxides from 2 or 3 known couples (g ; T,,)
by using the ssimple correlation given by equation A-24.

Appendix D: Summary of the average peak positionsin XPS

ESCA analyss C O o] Element Position FWHM Area

Catalyst composition [eV]
LaCrO, 285 531.1 529.3 La3dy, 834.4 2.9 20806
Cr2py, 576.1 2.3 8979
LaygsCay15CrOs, ap 285 5309 5289 La3dy, 8343 3.0 16954

Cr2p,, 5759 25 6995
Ca2p,, 3465 20 1352
L 85:C815Cr0s, aC 285 5311 5290 Laddy,, 8340 31 5762
Cr2p,, 5756 2.3 2800
Ca2p,, 3464 21 1119
L 8955570 1:CrO;, ap 285 5309 5291 Laddy, 8345 2.9 15999
Cr2p,, 5761 25 6976
Sr3dy, 1338 1.2 849
L 8y5:S751:CrO,, ac 285 5313 5291 La3dy,, 8342 29 9145
Cr2p,, 5760 25 4729
Sr3dy, 1338 14 722
LaCr,gMng,0s, ap 285 530.8 5295 Laddy, 8346 2.8 10169
Cr2p,, 5763 25 3119
Mn2p,, 6424 33 942
LaCryMn,;0,, ac 285 530.7 5289 Laddy,, 8342 3.3 11793
Cr2p,, 5761 29 3769
Mn2p,, 6421 3.6 1074
LaCryqFe,,05, ap 285 5311 5291 Laddy, 8343 3.1 18345
Cr2p,, 5760 2.7 6523
Fe2p,, 7105 4.8 1506
LaCryoFe,,0s, ac 285 5313 5292 Laddy, 8345 3.1 9970
Cr2p,, 5761 25 3122
Fe2p,, 7117 49 1074
LaCr,C0p,0, ap 285 5312 5291 La3dy,, 8347 3.2 10875
Cr2p,, 5761 28 3220
Co2py, 7805 31 569
LaCr,4C0y,0s, & 285 5312 5291 La3dy, 8345 3.1 10823
Cr2p,, 5758 22  279%
Co2py,, 7805 2.7 470
LaCr,oNig;0,, ap 285 5312 5289 Laddy,, 8348 3.3 25158
Cr2p,, 5761 28 5468
Ni2py, 851.6 3.2 16968
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L aCrO.-based anodes: stability considerations

Abstract

LaCrO, based materials have been studied as aternative anodes to the conventional Ni-YSZ
cermet. Thermodynamic calculations as wdl 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 (electrochemica, XRD, XPSAuger, SMS
and TEM-EDS) with the thermodynamic caculations. It was caculated that Sr and Mn
substitution maintains the stability of the perovskite evenin the severe reducing conditions used
in SOFC, whereas the other substitutions destabilize the system. Experimentdly, trangition
meta substituted LaCrO, did not decompose readily in the reducing atmospheres containing
wet hydrogen or methane indicating that the demixing is at least kinetically hindered.

I ntroduction

In solid oxide fuel cells (SOFC), lanthanum chromites, LaCrO,, were investigated for their
use as interconnect materials for cell stacking and potentially as cathode ' and anode *
electrocatalysts. These Eerovskite materias are reported to be quite stable in both oxidative and
reductive atmospheres °. They can be easily substituted on the A and B siteswith alkali earth and
transition meta elements respectively, which alows interesting modifications of their electronic
aswell astheir catalytic properties®. In the literature, many reports focus on the doping effect of
akali earth (Mg, Ca, Sr) as wel as transition meta (Co, Ni, Cu) elements on the conductivity,
sntering and stability behaviour of these materials. Less work is however done on catayss,
electrocatalysis and the effect of corrosive gases.

We previoudy explored calcium and / or strontium and magnesium substituted |anthanum
chromites as dternative anodes to Ni-Y SZ cermet ° (Chapter 4). These materials were observed
to inhibit coking but their overal eectrocataytic activity was found to be low under pure
methane feed. Also, asmall degradation was observed and was related to a progressive reduction
of the electrode as wdl as a topotactic reaction between excess Ca or Sr with YSZ. It was aso
found that part of this degradation could originate from an electrochemical demixing effect °
(Chapter5). This reaction was however reduced when low substitution levels were adopted
(around 15% on the A-gite). 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 ’ (Chapter 6). In
the present study, a chemica thermodynamic analysis was undertaken in the perspective of
understanding the stability, the solubility 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 LaCrO,. Trials were made to correlate these estimations with experimental results
based on electrochemical, XRD, SEM, SMS XPS-Auger and TEM-EDS characterizations.

Estimating thermodynamic properties

The thermodynamic data for most of the different substituted LaCrO, 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 ided solid
solutions of LaCrO, and MCrQO,, and LaCrO, and LaCr,.M, O, for the A-sSite and B-site M-
substituents respectively, following a procedure developed by Yokokawa et a. ®*°. The molar
Gibbs free energy for the ideal solid solution was taken as:

Gperovskite = Z XiAfG: + RTZ Xn In(x,) (1)

"This chapter has been submitted in a shorter version as J. Seir, ‘LaCrOs-based anodes: stability
considerations’, in Solid Oxide Fuel Cell Materials and Mechanisms, IEA-ESF, Diablerets 2001, 55-67.
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7 LaCrO;-based anodes: stability consideration +

where x isthe mole fraction of speciesi in the solution, A, G 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 expression:

ArSQS = 10‘] / mOI K= SQB, perovskite - Z Xi%og&binary oxide (2)

where A, Sg,was set to 10 JmolK according to Y okokawa et a &, the binary oxides stand for the
La,O,, Cr,O, and the other element oxides by supposing the following kind of reaction

1/2La,0, +1/2Cr,0, = LaCrQ, 3
The heat capacity coefficients were estimated using:
aperovskite = Z Xiabinaryoxide (4)

Also, in order to estimate the enthdpy of formation A H,, of the LaCr,.M,.O,
LaCr, M, 0, and LaM,.Cr, O, ;. phases, the correlation relating the stabilzation energy, o,

to A;H,e and the tolerance factor (Goldschmid), t, derived by Y okokawaet &. ® was used (see

Appendix A):
d[kJ / rnO'] = _90 + 720(1 _tp) :Af H;98,perovskite _z XIAf H;98,binaryoxide (5)
L +r
adt =—9 A 6
P A 2(ro + rB) ( )

with rg, r, and r, the mean Shannon ionic radii ** 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, 6, was taken into account by treating the non-stoichiometric
compounds as ideal solid solutions of LaCrO, and LaM,;Cr, O, ,. or LaCr,.M, O, .. for the
A-site and B-ste M-substituents respectively. In the case of Ca and Sr substitutions, the
thermodynamic data for LaM,.Cr,.O,,. were corrected by using the experimental K,
published by Yasuda et al. ** and Peck et al. ** from:

AfGlial,X(Ca,S')XCrO3,T = AfGLal,x(Ca,S)’)XCrog,é,T +&OXG; (7)
and InK_, = JBoHT BoS 8
RT R

The evolution of K, for Ca substitution was extrgpolated from Yasuda et al.’s
thermogravimetric data*® using the same slope for the x dependency of A_H and A_S as for

the Sr substitution given by Peck et al. ** (see Appendix A). For Mg substitution the value given
by van Dieten was used °. For the other subgtituents, no experimental data for K_, nor non-
stoichiometry datawere avallablein literature so that no correction was possible. The summary
of the thermodynamic data thus generated is given in Appendix B.

The thermodynamic equilibrium cal culations 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 wdl as thermodynamic data obtained
from literature ® ***** and other laboratories. The different species taken into account for these
caculations are listed in the Appendix C. Neither melts or mixed Ruddlesden-Popper phases
nor hydroxylapatite-like oxides were taken into account. These compounds were however
reported to coexist with the LaCrO,-based perovskites 2.

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

The experimental solubility limit, x, for Srin LaCrO32 isreported to be 0.1 and 0.31 at 950°C
inar and 1600°C in 10° atm. of oxygen respectively **<, 0.1 at 1100°C %, or 0.07 at 650°C in
air %, For Ca, the solubility limitin air is 0.15 at 800°C °, 0.31 and 0.22 & 950°C in air and &
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7 LaCrO;-based anodes: stability consideration -

1600°C in 10° atm. of oxygen respectively %, 0.12 a 650°C in air %, and 0.2, 0.3 and 0.4 &
900, 1000 and 1030°C in air respectively #. This correlates well with the data recently published
by Miyoshi et al. %

Furthermore, the main secondary phase which experimentally coexists, a low temperatures
(=1200°C), with the La,_ Sr,CrO, perovskite phase is SrCrO,, with small amounts of other
phases such as Sr, ;,Cr,0, and La,Cr,0, 1319, 22,2325 For the case of Ca, it is reported that
CaCrO, forms predominantly ® 2 2% % Alsp, Sfeir et d. ’ 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. %.

Based on these results, La,_(Ca,Sr),CrO, phases were assumed to be formed as an ided
solution between LaCrO, and (Ca,Sr)CrO,. From the ‘symmetrical regular solutions model’ 2"
% we have for the (A,B),O system:

Gy = (XaHp o +Xaklg o) H{NRT(X, INX, +Xg INX5)} +(nX,XgWE) (©)
%/—/
G* C GXs

with, G the molar free energy of solution, x, mole fraction of A O and x; mole fraction of B,O
(X, +x5=1) and W ,=W,,,,..-TW,, the interaction parameter (no ordering or clustering of atoms
isassumed). The evolution of x with temperature is then given by (see Appendix D):

X v W o

This alows the estimation of W, from the experimental data and the plot of the expected
solubility limit for Caand Sr in function of temperature as shown in Figure 1.

Figure 1. The solubility limit of La,
.LalrO, and La,,Sr,CrO, as extrapolated
from experimental results * ** ** using the
‘symmetrical regular solutions model’. The
solubility limit of Mg ° is also given to
illustrate the case of a B-site substitution.
It does not follow the regular model. (O,0)
open symbols refer to air whereas (@,V)
2phases “*~. solid symbols refer to a low oxygen partial
800 N pressure of about 10° atm for Mg and Ca
oo E Sfeir R respectively. It is observed that for Ca *
and Mg °, the solubility limit decrease in
a00 f by reducing conditions. S *° does not seem to
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Stability of the Ca, Sr and Ni substituted LaCrO, in oxygen and in reducing
atmospheres as well asin corrosive gases (H,, H,O, CO and CO,)

Sability in high oxygen partial pressures (Ca, &)

La, ,CaCrO, and La, Sr,CrO, stability under high oxygen partial pressures is depicted in
Figure 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 Figure 1. Ca substitution, however, seems to be more
favourable in our calculations than reported in literature. The thermodynamic parameters
estimated for La, ,Ca CrO, are such that the species have become too stable. However, no
attempt was undertaken to adjust these parameters.
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7 LaCrO;-based anodes: stability consideration +

Sability in low oxygen partial pressures (Ca, )

Figure 3 shows the stability of La, ,Ca CrO, and La,_Sr,CrO,, as a function of x, under
low oxygen partial pressures corresponding to the working atmosphere of an anode in 3%H.,0O
+ H, or CH,. These caculations indicate thet, for the A-site substitution, Ca would highly
destapilize the LaCrO, phase whereas Sr would be expected to preserve the perovskite phase
even under the lowest oxygen partia 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 cacium under low oxygen partia pressure is
also observed experimentally at 1600°C, in 10° am. by Peck et d. %, whereas Sr solubility is
reported to increasein low P, 21 Thus, the Sr substitution could be more appropriate than Ca

for an anode purpose.

La;.4CaCrOz+(x/2)0  ,=(1-x)LaCrO z+xCaCrO,4, T=800°C La;«Sr¢CrOz+(x/2)O  ,=(1-x)LaCrO 3+xSrCrO 4, T=800°C

2 phases
2 phases

log(pO Jbar)
10g(pO Jbar)

1.5
3 1 phase

I I I I I
0.25

1 LI ' 1 1 1 1 1
0.30 0.05 0.10 0.15 0.20 0.25 0.30

Figure 2: Lal_XCaXCrcaO3 and La, S ,CrO, stability at 800°C, under
pressures as a function of x.
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Figure 3: La,,CaCrO, and La,,S,CrO, stability under low oxygen
function of x, at 800°C, and the effect of temperature on x=0.15.

Volatility diagrams: effect of the gas composition (Ca, §)

Figure 5 shows the volatility diagrams of LaCrO,, La,.Ca,,;CrO, and Lao_93Sr99_0370rO3
systems, at 800°C. These were drawn following the procedure described by Lou et a. %, and
by piling up different diagrams, as shown in Figure 4 for the case of the Sr,Cr,O,. These
diagrams were set up by generating =1200 reactions for both Sr and Ca substitutions, by
checking the thermodynamic stability of each phase combination and deriving vaid phase
relations. The chemicd reectivity of the materids is determined by the behavior of the most
reactive components. The subgtitution level of x=0.15 and 0.07 for Ca and Sr respectively was
chosen based on the solubility limit & 800°C in air as extrapolated from Figure 1. From these
diagrams, it is clearly observed that the stability region of LaCrO, is modified by substitution
with Caand 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 partid pressure. Further, these diagrams show, for
smplification, an abrupt decomposition of the perovskites in reducing atmospheres, whereas it
should be seen as a continuous change, as expressed by Figure 3. Weight loss due to
vaporization is normally considered important only if the vapour pressure of the evaporating
speciesis higher than 10® atm. . This limit is presented on the volatility diagrams as a dotted
horizonta line. 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 LaCrQO,.
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Figure 4. Example of the volatility diagram of the S,Cr,O, phase drawn following the
procedure described by Lou et al. ** *, and by piling up “different diagrams. 6 volatility
diagrams were necessary to obtain the final S,Cr,0O, phase volatility diagram. The blue
lines represents the different equilibria taken into account to build up the diagrams.

H,O is observed to have alarge effect on the stability of these perovskites, as seen from the
increased volatility arisng from hydroxy-volatile Cr, Ca and Sr compounds (dashed lines in
Figure 5). The volatility of the Ca- and Sr-substituted compounds are increased by eight orders
of magnitude at middle P, ranges of 10 2 atm. It is clearly seen that Cais more volatile than Sr

asthe partial pressuresfor Ca hydroxyles are higher. H, has asimilar effect as shown in Figure
6. In the absence of the thermodynamic datafor therare s 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 amost no effect on the stability of these perovskites, as shown in the diagrams
and as far as no carbon isformed and no secondary phases are present. The effect of the latter
isgiven as:
SrCrO, + CO, = SrCO, + 0.5 Cr,0O, + 0.25 O, AGg,,
SrCrQ, + CO, = SrCO, + 0.5 Cr,0O, + 0.75 O, AG
Sr,CrO, +2C0O, =2 SrCO, + 0.5 Cr,0, + 0.25 O, AG 800°C.
CaCrO, + CO, = CaCO, + 0.5 Cr,0, + 0.25 O, AGg,,

10.8 kJmol (11)
23.5 kJmol (12)
2.2kJmol (13)
12.6 kd/mol (14)
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CaCrO, + CO, = CaCO, + 0.5 Cr,0, + 0.75 O, AGyyyc= 16.5 kdmol (15)
CaCr,O, + CO, = CaCO, + Cr,0,: AGgyc= 13.1 kd/mol (16)
These reaction — 11, 12, 14 and 15 - proceed a a P, of 1.5x10°, 4.1x107, 5.5x10™" and

3.3x10° atm. respectively. The effect of carbon was not anayzed (carbide formation, reducing
agent). The meaning of all the lines shown are described in more detailsby Lou et al. .
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Figure 5: Volatility diagrams for the LaCrQO,, La,4Ca,sCrO, and La, S ,,,CrO, systems,
at 800°C. The effect of H,O and CO, is also highlighted. H, has a similar effect to H,0O.
The complexity of the (Ca ),Cr,O, phase diagrams is also shown for the case where
CaO, SO and Cr,0, are not in excess. The presence of impurities can modify much the
secondary phases composm on.
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Correlation of these calculations with experimental results is possible. The volatility
diagrams show that the surrounding gas phase in equilibrium at different Py with LaCrO, is

essentially made up of CrO,(g), CrO,(g), Cr(g) and LaO(g) (see Flgure 5, case of LaCrO,).
This agrees well with measurements made at 1600°C by Peck et d. °

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. . Similarily, as shown in Figure 5, CrO,(OH),(q) is predicted to be the dominant

Cr gaseous species in humidified atmospheres, in accordance with literature °

Also, the

secondary phase for the Ca-SUbStI'[UtI on s predicted to be CaCr,O, in reducing atmospheres in

accordance with Peck et al. 2
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Figure 6: The effect of H, on the volatility of La, 4,Sr,,CrO, system. CO does not influence

the stability of the perovskite.

Table 1: Summary of the XPS surface analysis given in percent of the sum of the total metal

elements. ap: as prepared; ac: after catal
of some gases on the surface segregation .

¥ss with CH,. The last three lines show the influence

XPSanaysis[%] LaiCr Mg Ca S Mn Fe Co Ni Ca Sr Mg,Mn,Fe,Co,
Catalyst composition * nomina  Ni nomina
LaCrO,, ap 0.9
LaCrygMg,,0;, ap 2.9 5.3 5
LaCr,Mg,,0;, ac 2.8 4.9 5
LaggsCap15CrO;, ap 1.0 10 7.5
LaggsCay15CrO;, ac 1.0 22 7.5
La,Cay3,CrOs, ap 1.0 39 16
Lage55015Cr Os, ap 0.9 10 7.5
LaggsS015CrO;, ac 0.8 14 7.5
LaCr,oMn, 05, ap 1.2 5 5
LaCrqoMng,0;, ac 1.3 5.7 5
LaCroF€,,0;, ap 1.1 7.3 5
LaCroqFey,0s, ac 1.2 8.7 5
LaCr,4C0,,0;, ap 1.2 1.9 5
LaCr4C0,,0;, ac 1.3 2.8 5
LaCroNig 05, ap 1.6 ? 5
LaCrggNig,0;, ac 1.9 ? 5
Lay65Ca0,15Cr0Nig; 03, ap 1.0 10 ? 7.5 5
Lag,65Ca015Cr g oNig 103, ac 0.8 21 ? 75 5
LaygsCag 15CrogNig 03, H, 1.2 15 ? 7.5 5
Lay65Ca0,15CrooNig 103, CO, 1.0 9 ? 7.5 5
Lag65Ca015CrooNig10s, air 1.2 6 ? 75 5

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

XPS measurements made on x=0.15 for Ca- and Sr-substituted LaCrO, show asmall excess
of these elements on the surface of freshly prepared samples (see Teble 1). This could stem
It was previoudy observed that a calcination temperature of a
least 1100°C was necessary to produce an XRD pure perovskite, as shown in Figure 7 for the

from the preparation procedure .
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7 LaCrO;-based anodes: stability consideration +

case of La,gSr,,:CrO,. However, as reported in literature, pure substituted LaCrO, has a very
narrow window and secondary phases beneath XRD detection level would be always expected
102 Also, the Slow cooling of the calcined powder could also cause a demixing of Caor Sr rich
compounds, as the solubility limit is low a room temperature, as discussed above. Another
explanation could be the melts responsible of the sintering of the LaCrO,-based compounds
which are |eft on the surface of the perovskites as very thin layers ® (Chapter 5).

Figure 7. XRD analysis of the phase

g Lap.g55r0.15CrO3 1200°c/an  formation in the LageSro,,CrO; system.
— 1100°C/4h Secondary phases appear at
0 o
0 19 | 1000°C/4h temperatures below 1100°C. At low
Q 900°C/4h temperatures, secondary phases such as
> 87 CaCrO, and La,CrO, were detected.
»n 6 l l
c | A " |
*g 44 A AN oa
- 2 At A JL P

0 —i= — A | AL .I.I o

20 40 20 60 80

Table 1 also shows a surface enrichment of the perovskites with Ca or Sr substitution upon
treatment in reducing atmospheres. It is clearly seen that, for runs of 100 h, wet hydrogen has an
effect on the segregation, whereas air or CO, do not affect the system much (the three last lines
in Table 1). Cais 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.

Sability in low oxygen partial pressures (Mg, Mn, Fe, Co, Ni)

The lanthanum nickelate system is quite complicated showing a large variaion in non-
stoichiometry and composition * ** 3. This is dso the case for the other transition meta
lanthanum oxides studied here. For the stability calculations, only LaNiO,, La,NiO,, La,Ni,O,,
and LaCr,,Ni,O, were considered. Figure 8 exposes the solubility limit of LaCr, ,Ni,O, as a
function of temperature and oxygen partiad pressure. As for Mg ° substitution, the solubility
limit varies with the oxygen partial pressure. Ni substitution, B-Ste, is seen to be
thermodynamically less favored than Ca in reducing atmospheres. However, XRD
measurements made on a LaCr, Ni, O, powder, exposed for 1 week at 780°C to H, + 3%
H,O showed no demixing (see Figure 9).

LaCr,,Ni,O,. The solubility is a
function of Po, as in the case of LaCr,.
Mg, 0, °. In these calculations, the
non-stoichiometry was not taken into
account.

LaCr, Ni O,

//] Figure 8: Estimated solubility limit of
¢4

log(pO,/atm)

Also, our cataytic runs in 3% H,O + CH, and in 5:1 CH,:O, on LaCr,,Ni,,O, and
L &, 55Ca,15Cr oNi, O, powders did not cause any phase segregation *. This indicates that the
decomposition of the Ni-substituted LaCrO, is kineticaly hindered. The same has been
previously observed in literature for another (Mg) B-site substituted LaCrO, °.
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Figure 9: XRD on LaCr,:Ni,;O, powder
exposed 1 week to 3% wet H,. The as
prepared powder (ap) is orthorombic,
the one reduced at 780°C is
rhombohedral, whereas the one
reduced at 1030°C could not be
resolved and has most probably
decomposed.

Intensity [cps]

Our thermodynamic calculations, limited to the very few compounds taken into account,
indicate further that, at 850°C, the Fe substituted L Cs would decompose & a P, of 1.26x10%,

to yield the metal and the LaCrO, phase, while with Mg, Ca, Sr, Mn and Co the LC should
decompose to the metal oxide and LaCrO, phases a a P, of 1.6x10™, 1.0x10™, 1.6x10,

6.3x10* and 1.9x10™ atm respectively. In these systems, no chemica thermodynamic analysis
was undertaken in the perspective of understanding the effect of corrosive gases (air, wet
hydrogen, CO and CO,).

However, 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 dl
of the LC catalysts did not undergo total reduction of the B-site substituent. Our experimental
results suggest that the decomposition of these LCsis hindered kinetically.

Kinetically limited decomposition?

In literature, measurements done on cation tracer bulk diffusion in LaCrO,-based materias
showed that Cr diffusion is dower than La Ca and Sr diffusion by one to two orders of
magnitude ** (see Table 2). This might also explain the differences, after catalysis, in surface
composition between A-site- and B-site-substituted LaCrO,. Tracer grain boundary diffusion
coefficients are also higher for Ca and Sr than for Cr by about two orders of magnitude *. In
both cases Cadiffusion is faster than Sr diffusion *°. This could also explain the difference in
the segregation. The effect of P, on the cation diffusion coefficients is not very clear % ¥,

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 (Chapter 4 and 5), current induced the demixing of CalSr-rich
substituted LaCrO, leading to the deposition of a1 nm thick Ca/Sr rich layer over porous anode
structures. As the Ca grain boundary diffusion coefficient 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 LaCrO,-based anode might then have an effect on the
migration of 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'Y SZ interface, and ultimately to an interfacial reaction with the electrolyte.

Table 2: Tracer bulk diffusion and grain boundary dlffuson coefficients (Dyy, Dgp), at
1000°C, and their activation energies, taken from references *.

Compound level of element Do E. Dgo. E
substitution diffusing [m?g] [kJmol] [m?/s] [kJmoal]
LCC Ca0.25 Cr 1.07x10% 213 1.57x10% 266
Ca0.3 o] 2.2x10*¢ - 2x10"~6x10"
Ca0.25 Ca 10" 222 10%3~10" 192
LC La 10197 482 - -
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Interfacial reaction with YSZ

Beside Ni who may form mixed phases with YSZ ** (see Appendlx O), the pyrochlore
phase, La,Zr,0,, isthe main reaction product of LaMO, with YSZ, M = Mg, Mn, Fe and Co *°
Figure 10 shows the interfacia reaction a 800°C Between La_CaCrO,, La_Sr,CrO, or
LaCr, ,Ni, O, and Y&Z as a function of x. From these thermodynamic calculations, LaZZrzo7
does not form under SOFC conditions for Ca and Sr whereas (Ca,Sr)ZrQ, is readily obtained.
Sr-substituted LaCrO, is observed to be more stable toward these reactions. Ni forms readily
La,Zr,0, as nicke zi irconates are reported to be unstable “°. These results indicate that the
surface reactlons between YSZ and the LaCrO, based anodes could be of importance, in
reducing conditions, even at low temperatures. However, thereis no experimenta evidence (SEM
anaysis) that the anode itself reacted directly with Y SZ, unlesstreated above 1100°C.

As seen in Figure 10, a x=0.15 of Ca or Sr-, or a x=0.1 of Ni-substituted LaCrO, is not
expected to react with YSZ at 1200°C in air. LaCrQ, is expected to be ve;y stable toward Y&,
both in reducing and oxidizing conditions, unless Cr dissolves into YSZ ** which would dlow
the resulting precipitated La,0, to react with Y SZ following reaction (18).

LaCrO, + ZrO, = 0.5La,Zr,O, + 0.5 Cr,0O;: AGg .= 24.7 kImol (17)
La,O, + ZrO, = 0.5La,Zr,0;: AGg .= -52.6 kJ/mol (18)

® o sooc 9 A -5 Ca, X=0.15 -6

=2 o A SN .
—— Ni

—-10

log(pO ,), Ni

—-12

log(pO ,), Caor Sr

LaCr NiOs+xZr0, (x/2)La. ZrO;+(1-x)LaCrO #xNiO+x/40 ,(g) - -
: 13 Lay g5(Ca,Sr) 15C105+0.152r0,=0.15(Ca, Zr)ZrO 3+0.85LaCrO 4

16 La, (Ca,Sr)CrO, +x210,=x(Ca,Zr)Zr0, +(1-)LaCr0 +x/2Cr ,0,+x/40 , (g) £0075Cr 040.03750 4(0) | 14
I I I I I I T T T T T T I
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Xcar Xsr XNi T[°C]

Figure 10: Interfacial reaction at 800°C between La, ,CaCrO,, La, S ,CrO, or LaCr,
Ni,O; and YSZ as a function of x. When sintering a La,gCay1sCrO,, LaOBSSrOlSCrO or
LaCrogNlmo at temperatures of 1100°C to 1200°C no reaction is expected with YSZ.

Experimentally, CaO and calcium oxychromates, Ca (CrO,), exsoluted from a
La,,Ca,,,CrO, anode were observed to react readily with YSZ at 900°C to form CazrO, as
assessed from impedance spectroscopy ° and XPS-Auger-SMSanalysis as shown in Flgure 11.
The CaZrO, or SrZrO, formation could be attributed to some of the following reactions:

CaO+ZrO,= CaZrO,: AGggc= -47.5 kJ/mol (19)
CaCrO,+ZrO,= CaZrO,+0.5Cr,0,+0.750,:  AGg .= 32.1 kJ/mol (20)
CaCrO,+ZrO,= CaZrO,+0.5Cr,0,+0.250,:  AGg .= 17.4 kJmol (21)

CaCr,0,+ZrO,= CaZrO,+Cr,0,: AGg .= 20.5 kd/moal (22)
SrO+Zr0O,= SrZrO;: AGg,.c= -90.1 kJ/mol (23)
SrCrO,+2r0O,= SrZr0,+0.5Cr,0,+0.250,: AGgg.c= 19.7 kJmol (24)
SrCrO,+2r0O,= SrZr0,+0.5Cr,0,+0.750,; AGgg.c= 56.3 kJ/mol (25)

Sr,CrO,+Zr0,= SrZrO,+0.5Cr,0,+Sr0+0.250,: AGgy .= 24.2 kImol (26)
Sr,CrO,+2Zr0,= 2SrZrO,+0.5Cr,0,+0.250,: AGg,..= -65.8 kJ/mol (27)

Thesereactions - 20, 21, 23, 25, 26 and 27 - are dready favorable below a P, of 2.6x10°

atm at 850°C. This indicates clearly that secondary phases could play an important role in the
anode degradation, and thus should be minimized.
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Figure 11: SMS analysis of the interféce of a Y&Z/La,,Ca,,,CrO,anode, tested in 3% wet
H, at 900°C °. The coexistence of Ca and Zr in the same region of the interface indicates
the possible formation of CaZrO,. Cr and La were not detected in this region.

Conclusions

LaCrO,-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
ar 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 a 800°C, as observed experimentally. Overdl, the LaCrO, are thermodynamically quite
reective toward YSZ but this was not observed experimentaly unless treated above 1100°C.
Also, Mg, Mn, Fe, Co and Ni, B-site-substituted compounds, athough thermodynamically
unstable, are quite stable experimentally suggesting that the decomposition of B-site substituted
LCsishindered kinetically. The A-site substitution seems to be more problematic.
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Appendix A: Literature background concerning the derivation of the thermodynamic
parameters of substituted LaCrO, using an empirical correlation

The nature of the correlations

Katsura et d > *, Kamata et a. ** and Petrov et a. *°, among others, pointed out that the
standard Gibbs free energy or the enthalpy of formation of lanthanoid-Mn, Fe, Co-perovskites
(LNMnO,, LnFeO, or LnCoO,) from Ln,O, and the metal oxides changes proportionally with
the tolerance factor. Thisiswell illustrated in Figure A-1 for the cases of LnMnO, and LnFeO,
perovskites where the stabilization energy, o,

o

d[ kJ/ rml] = Af H;QB, perovskite Z XIAf H298,binaryoxide A-1
is shown to vary linearily with the tolerance factor t,
t =_ToFfa A-2

P \E(ro + rB)

Figure A-1 shows clearly that the fitted lines for both systems lye very near to each other and
that it is possible to extrapol ate the stabilization energy for a whole family of lanthanides. Such
linear correlations were also derived for respective A*-M**, AZ*-M* and A*-M>" perovskites.
Y okokawa et a. &' were able to establish a correlation for many types of perovskites and to
extract successfully the thermodynamic parameters for systems whose thermodynamic data are
not yet experimentally available.

20 | LnFeo,
© Katsura et al.
30 L Lmno,
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Figure A-1: Evolution of the stabilization
energy, d, at 1200°C, for the LnMnO, and
LnFeO, perovskites as a function of the
tolerance factor. Data are taken from Kamata et
al. “ and Katsura et al. . Ln: La, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Luand Y.

Based on Y okokawa s work, the stabilization energy for the LaCrO,-based compounds at 298
K were calculated from the following expression for the A*B*O,-type perovskites®

d[kd/ mol] = -90 +720(1 -t,) A-3

This is shown in figure A-2. The derivation of A H,, for the LaCr,.M,.O, systems is thus
possible by considering the binary constituent oxides, La,O,, Cr,O,(Cr'") and M,O; in the case
of M =Mn, Fe, Co and Ru, and La,0,, CrO, (Cr') and MO in the case of M = Mg, Ni, Cu and
Zn, and then using equation A-1. The valence number of Mn, Fe and Co was assumed to be of
Il whereas Ni was assumed to be divaent in accordance with our TPR measurements ’
(Chapter 6). Thisisaso confirmed in literature where it is stated that, up to a substitution limit
of about 0.4 on the Cr site, the Ni is expected to be divalent **, whereas the Co is stated to be in
the trivalent state in the whole range of substitutionsin LaCrO, *'.

For the divalent Mg, Ni, Cu and Zn, Cr ionsare forced in the IV state, in air, so that the CrO,
species is taken instead of Cr,O, when using equation A-1. Although the CrO, species is not
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stable at high temperatures, this approach is reported to give good approximates as it has been
illustrated previously by Y okokawaet al. 8

1 I I I
40 LaCrO ,

© Peck
& Yokokawa

a [kd/mol]
b N & &
o o o

@
o

©
o

0 20 40 60
1t [] x10~
Figure A-2: Estimates for the stabilization
energy, d, at room temperature, for the LaCrO,-
based compounds, based on equation A-3. For
LaCrQ, this correlation gives an estimate WhICh
is close to the experimentally measured value *

For the tolerance factor, t, used in equation A-3, r, and rg, which are the mean Shannon
radii * (see Table A-1) for thé La(A) and Cr (B) sites, are estimated from the average of the La
and (Ca, Sr) ionic radii in the case of Lg,(Ca, Sr),.CrO, and Cr and (Mg, Mn, Fe, Co, Ni, Cu,
Zn, Ru) ionic radii in the case of LaCr,,(Mg, Mn, Fe, Co, Ni, Cu, Zn, Ru),;O,. A-site ions
arel2-coordinated and the B-site ions are 6-coordinated.

Table A-1: Shannon * radii for the different
elements used in this study.

Element lonicradius Element lonicradius

La 1.46 Ni" 0.83
crv 0.69 Cu" 0.87
cr'! 0.76 zn" 0.89
Mg" 0.86 Ru'" 0.82
cd' 1.49 vy 1.29
S 1.58 cé" 1.43
Mn'" 0.72 Pr'" 1.43
Fe'" 0.69 Sm'" 1.38
Co" 0.67 Gd" 1.34

A-site substituents are 12-coordinated whereas B-
site substituents are 6-coordinated. Some of the A-
siteradii are not available in the 12-coordination
%0 that these radii were estimated by multiplying
the 8-coordination radii by 1.12 as reported by
Petrov et al. . The oxygen radiusis 1.27 nm.

For the Ca- and Sr-substituted LaCrO,, d were obtained after estimation of the A H,,, from

the ideal solid solution approximation by mixing LaCrO, and (Ca, Sr)CrO, following equation
(1) and in agreement with the nature of the secondary phases coexisting with the perovskite

phase. Such estimates for the A, H.,,, alow to follow the change in the sability of the

lanthanoid chromites as shown in figure A-3. The result show clearly that Lais the most stable

%Jgstgutmt in accordance with experimental results for other perovskites (Ln(Mn, Fe, Co)O,)
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Figure A-3: The estimated Gibbs free energy of
formation for different LnCrO, compounds.

Another approch to estimate the thermodynamic properties of perovskite-like structures has
been reported in literature. It is based on estimates derived from the Madelung energy as
reported, for exemple, by Navrotsky .

Estimating the non-stoichiometry from literature data

The non-stoichiometry of the La, ,Sr,CrO, system was measured by Mizusaki et d. *° as a
function of the oxygen partial pressure between 1000°C and 1300°C. From these measurements

they were able to extract the enthalpy and entropy of oxidation, A, H" and A_,S (see Table A-
2), defined by

|nKOX:—M+£ A-4
RT R
where K,
__ [oienr A
ox . X12 [~
[Vo ] [CrCr ] pOZ
is obtained from
L&, SO0, +§o2 =La_ &,Cr¥Cro, A-6
2
By fitting for the different compositions of Table A-2, we have
A, H°[KI/mol] = =327.5 +263.4x A-5
A, S[I/molK] = -114.9 +146.7x A-6

It is thus possible to estimate the Gibbs free energy of the non-stoichiometric perovskite from
the stoichiometric one estimated following the procedures discribed above, using

AG, =G _+0A,G A7

La,_, &, Cr Crito,,

Lay_, S, Cr¥0,_;,
with
A, G =-RTInK,, A-8

Table A-2: Values of A ,H and A_S for the

La, S,CrO, system, derived in the temperature
range of 1000°C to 1300°C by Mizusaki et al. *.

X A H° [kImol] A,S [Jmol K]
0.1 -302.9 -100.4
0.2 -272.0 -85.8
0.3 -250.2 -71.1
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For the Ca substitution, the same holds. For that purpose, data published by Yasuda et d. °*
were used. From their study it was possible to extract the A, H" and A, S for the composition
of x=0.3, in the temperature range of 900-1050°C as shown in Table A-3.

Table A-3: Experimental and fitted values of non-stoichiometry in the La,,Ca,,CrO, system >..

T[°C] UT[VK] Kox IN(Ke)  AGy [kImoal]  AH°,, [kImol] AS’,, [Imol K]
900  8.53x10* 6.73x10’ 18.02 -175.78 -261.03 -72.93
950  8.18x10* 2.17x10° 16.89 -171.76
1000 7.86x10* 7.31x10° 15.80 -167.27
1050  7.56x10* 3.34x10° 15.02 -165.23

Asno literature datawas found, the variation of A, H and A_,S with x was taken to be similar
to the case of S (i.e. the same dope with X),

A, H[kJ/ mol] = —340.1 +263.4x A-9
A, STI/molK] = ~114.9 +146.7x A-10

For the other substituents, no experimental data for K, nor for non-stoichiometry data were
availablein literature so that no correction was possible and the estimates were taken as such.

Evaluation of the thermodynamic properties as a function of temperature
The temperature dependence of the heat capacity can be estimated using the Kelley equation
C,=A+B10°T +C.10°T* +D.10°.T? A-11

where A, B, C and D are coefficients estimated from experimental data (taken, for example, from
the HSC database) or the correlations presented above (equation (3)).
The evolution of the enthalpy of formation with temperatureis given by
T

AH, =0 Hyg o+ IdeT + Z AH, A-12
298.15
with AH,, the enthalpy of transformation of the substance.
The dependence of the entropy with temperature is given by
AH,
T

.
. . C
S =Sgis t+ I ?pdT + Z A-13

298.15

with T, the temperature of phase transformation.
From the above, it is thus possible to estimate the Gibbs free energy of areaction

aA+f0B o yC+ D A-14
a agiven temperature by
AG, =AH; -TAS A-15
where
A Hp = (A H;,c KAy H':',D) —(ab; H':',A + B, H':',B) A-16
and DS =8 +Bp) (0S4 + ) A-17
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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 + B

10°T+C 10°T?+ D 10° T?, with T in Kelvin

Compounds AH® 0 S A B C D
[kImol] [Jmol K]

LaCrO, -1534.40 114.00 119.30 12.05 -14.64 0.00
La,sCa,sCrO, -1420.51 106.69 128.10 2051 -495  -0.95
La,sCa,sCrO, ;s -1201.35 101.47 106.9 18.04 -3.05 -1.90
LaysSrysCrO, -1416.21 115.41 126.06 25.77 -3.37  -3.03
LaysSrysCrO, 45 -1173.24 110.19 104.9 23.31 -1.47  -3.98
LaCrysMg,s0;4 -1546.07 112.64 131.08 1797 -1218 -0.13
LaCrysMgys0; 75 -1521.42 107.42 109.88 1551 -10.29 -1.08
LaCrysMn, 50,4 -1483.34 121.57 111.81 21.99 -823 -0.95
LaCrysMny 50, 75 -1421.56 123.81 109.19 17.28 -6.70  -0.95
LaCr,sFe, 504 -1455.40 115.81 11051 32.68 -857 -0.95
LaCrysFe;s0, 75 -1372.62 122.75 111.34 1753 -6.51 -0.95
LaCry5C0,50,4 -1314.66 118.62 111.16 27.34 -840 -0.95
LaCry5C0y50, 75 -1351.23 120.44 11161 13.36 -3.46 1.22
LaCrysNiy 50, -1370.03 118.18 270.06 -508.55 -38.60 577.77
LaCrysNigs0, 75 -1209.77 112.95 24885 -511.02 -36.70 576.8
LaCrysCuys0;4 -1321.82 120.48 131.44 1940 -1056 0.00
LaCrysCuys0, 75 -1161.77 115.78 11024 16.94 -8.66 -0.95
LaCrysZny 50, -1415.73 121.00 129.82  19.33 -9.61 0.00
LaCrysZNny <0, 1 -1255.78 112.95 108.62  16.87 =771 -0.95

Appendix C: List of the species taken into account for the calculations

- Hy(9), H;0(9), O,(g), Ar(g), CO(g), COL(g),
- Cr(s), Cr(g), CrOH(g), CrO(g), Cr(OH).(g), Cr,O4(s), Cr(OH),(g), CrOOH(g), CrO,(q),

Cr(OH),(g), CrO(OH),(g), CrO(OH).,(g), Cr(OH)s(g), CrO(OH),(g), CrO,0H(g),
CrO4(g), Cr(OH),(g), CrO(OH),(g), CrO,(OH).(q),

- Las), La(g), LaH,(s), La,O(g), LaO(g), La,0,(g), La,04(s), LaO,(g),

- Mg(s), MgO(s),

- Ca(s), CaO(s), CaH(g), CaH,(s), CaOH(g), Ca(OH),(g), CaCO,(s), CaCrO,(s),
CaCrO,(s), CaCr,0,(5), CalrO,s), Caclr,0,s), CaClr,045), Cay(CrO,)(s),
COS(CI’O3)4O(S) ) Ca]_o(CI’O4)7(S) )

- (1), Sr(g), SrH(g), SrOH(g), SrO(s), Sr(OH),(I), Sr(OH),(g), SrCO4(s), SrCrO4(s),
SrCrO,(s), Sr,CrO,(s), Sr;Cr,04(9),

- Mn(s), MnO(s), Mn,O4(s), Mn,O,(s),

- Fe(s), FeO(s), Fe,04(s), Fe,0,(s), FeCr,O,(s),

- Co(s), CoO(s), Co,04(s), CoCr,O,(s),

- Ni(s), NiO(s), Ni,O4(s), NiCr,O,(s),

- Cu(s), CuO(s),

- Zn(s), ZnO(s),

- La,CrO,(s), La,CrO4s), La,(CrO,),(s), LaCrO,(s), LaCr, ,Mg,0,(s), LaCaCrOy(s),

LaCaCr,0,(s), LaCa0O,(s), La_CaClrO,s), La_CaCrO,4s), LaSrCrO,(s), La.
Sr,CrO,(s), La,_Sr,CrO,4s), LaCr, MnO,s), LaCr_FeO,(s), LaCr, Co,0,(9),

LaNiO,(s), La,NiO,(s), La,Ni,O,,(s), LaCr, ,Ni,O,(s), LaCr,,Cu,O,(s), LaCr,,Zn O4(s),
- ZrO,(s), CaZrO,(s), SrZrO4(s), La,Zr,0,(s), La,NiZrO,(s), LayNi,ZrO,,(s)
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Appendix D: Derivation of the solubility limit from the ‘symmetrical regular
solutions model’ *"

Entropy of mixing

If we consider 1 mole of asolid solution between AO and BO. The entropy of (A,B)O may
be considered to be made up of the therma and mixing contributions. In solid solution the
thermal contribution is negligible *. The entropy of mixing can be derived from statistica
thermodynamics using the Boltzmann formula **

S, = kinw A-18

with k, the Boltzmann constant and W, the permutability, i.e. the total number of possible atomic
configurationsin the mixture, given as
N!

W = A-19
N,/ IN,!

where N, and N, atoms are randomly distributed over N positions. By developing equation A-
18, we obtain

Six = “KN[X, InX, +X51nXg] A-20

with x, and x; the molar fraction of A and B respectively, with x,+x,=1. By considering 1 mole
of the solid solution, equation A-20 becomes

S.ix = “NRIX,InX, +X5INnX;] A-21
where n isthe number of position in each formula unit on which mixing takes place in a genera
formula (A,B), 0, and R, the gas phase constant.

Solubility limit
If we consider a system made up of n, moles of the A O oxide and n, moles of the B.O
oxide and if we suppose that these two oxides are dlowed to mix idedly to form one

homogeneous solid solution (A,B), O, with randomly mixed atoms of A and B than the free
energy of the solid solution is given by:

Gy = NMaMp o N3 o +NRT(N,INX, +ngInxg) A-22

' G$ ¢} ¢}
or G = T = XaHa o + XgHg o +NRT (X, INX, +X51NX;5) A-23
or Gy = XuHa o + XgHg o A-24

where ° and 1 the standard chemical potential and the chemica potentia, and n, the number of
position in each formula unit of (A,B), O, taken from equation A-21. Substituting (1-x,) for X in
A-23 and A-24 and differentiating with respect to x, we have:

N el 0 0
550 = Hho Ho +IRT(NX, ~ini ) A2
Xa T
. oG U
and Hpo = G +(1-x,) s A-26
BJXA BP,T

Substituting A-25 in A-26 we get the chemical potential of A O:
Hao = Hao +NRTINX, A-27
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If we consider now the non-ideal contribution to the free energy, G*, taking the interchange
energy, W, between A and B sites, and by assuming that the entropy of mixing is not altered by
the non-ideal interactions and that there is no ordering or clustering of atoms, then we have:

G™ = nx XW, = nX, (1 — X)W, A-28
G* should be added to A-23. W, is defined, at a pressure of1 bar, as:
Wo =W, —TW A-29

The chemical potential of A Ois changed to:
Hao = Hao *NRTINX, +nW,(1-X,)? A-30
The departures of activitiesfrom ideality is also expressed in terms of activity as.
Hao = pj\no +NRTIny X, A-31
Combining A-30 and A-31 givesthe value of y as:

RTIny, =W, (1-X,)* =W,XZ A-32

If amiscibility gap appears we have an equilibrium between the two phases such as
Hao = Mao A-33
and g, = Heo A-34

with a and 3 standing for the A.O and B,O phases respectively. Using equations A-31 and A-

32 for both A and B species we obtain finaly the equation describing the evolution of the
solubility limit with temperature as:

TE: %(ZXB —]_) A-35

Practically, if thereisamiscibility gap in asystem made of A O and B,O, and if we can suppose
that the system follows the regular model then
(8 thismiscibility gap should be symmetricdl, i.e. the crest of the surface should be centered &
x,=0.5, with the two branches lying symmetrically to x,=0.5;
(b) the structures of A O, B,O and (A,B), O must be the same;
(c) no ordering is assumed.
From experimental measurements, made at different temperatures, it is possible to caculate
W, a any temperature then use equation A-35 to estimate the solubility limit as a function of
temperature.
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Preparation of stable LaCrO,-based anodes and their
electrochemical characterization in humidified H,, humidified CH,
and CO/CO,

Abstract

Electrocataytic properties of Ca, Sr, Mg, Fe, Co and Ni substituted lanthanum chromites
deposited on 8Y SZ dectrolytes were studied using I/V and impedance analysis. The effects of
the sintering temperature, the polarization, the gas and the anode composition, as wel as the
presence of an adhesion layer made of LaCrO, and 8YSZ were taken into account. The
polarization resistance is observed to decrease significantly for anodes sintered at lower
temperatures and after current trestment. The application of an adhesion layer between the
electrode and the YSZ considerably improved the stability of the system. Ni substitution was
observed to have a beneficial effect on the performance of the cel under CH, feed. A direct
relationship between the dectric conductivity and cataytic activity and the eectrocataytic
performance was evidenced. The dectrocatdytic activity follows the trend
LaCrO.,=LaCr,,Co,,0,<LaCr,¢Ni,,0, <L @, 4:Sr,,;sCrO,<La, g Sr,,5Cry oNiy, 05, in @ smilar
manner to the steam-reforming and oxidation activities of the same materias used as catalysts.
The best cdll gave at 877°C, a power output of 450 mwW/cm? and 300 mW/cm?, with a short
circuit current of 1950 mA/cn? and 900 mA/cn?, in humidified (3% H,0) H, and CH,
respectively. This cell sustained a direct CH, feed for 136 h a 877°C. In generd, two rae
limiting processes were fitted from the impedance analysis. The overall activation energy of both
processes was between 80 and 190 k¥mol. The oxidation of CH, was masked by the oxidation
of H,. CO oxidation rate was observed to be slower than CH,, and CH, dower than H,. As for
the catalytic study, CO, had an inhibiting effect on the performance of LaCrO,, possibly due to
a blocking effect of surface carbonates. H,O had no measurable effect on the H, reaction,
whereas its effect was observable at high current densities for CH,.

I ntroduction

In Chapter 4, we explored calcium and / or strontium substituted lanthanum chromites as
aternative anodes to Ni-Y SZ *. These materials were observed to inhibit coking but their overall
electrocatalytic activity was found to be low under pure methane feed. Also, a degradation was
observed and was related to a progressive reduction of the electrode as wdl as a topotactic
reaction between excess Ca or Sr with YSZ. This reaction was however inhibited when low
substitution levels were adopted (around 15% on the A-site) * (Chapter 5). Following
experimental tests based on powder characterization (XRD, SEM, TEM, EDS), conductivity and
catalytic tests %2 (Chapter 4, 5 and 6) and thermodynamic calculations * (Chapter 7) it could be
possible to choose an appropriate composition from different substituents (Mg, Ca, Sr, Mn, Fe,
Co, Ni, Cu and Nb).

In this chapter, following the previous measurements, an attempt was made to apply different
LaCrO, powders as eectrodes for their use as anode in methane. Different parameters were
addressed. The effects of the sintering temperature, the polarization, the gas and the anode
composition, as well as the presence of an adhesion layer made of lanthanum chromite and
8Y SZ were taken into account. Ca, Sr, Mg, Co and Ni substituents were investigated.

Experimental
Powder preparation

Different lanthanum chromite powders were prepared according to the formula Lay oAqCry.

sBOs through a modified citrate route °, as described in Chapter 3. These powders were
previously characterized by XRD, XPS TEM-EDSand catalytic tests * (Chapter 3 and 6).
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Table 1. Summary of the different anodes used in this study. The nature of the perovskite, the layer thickness, the sintering
temperature, as well as the anode composition were varied. The composite (LCs + YSZ) thickness were observed to be of 5 um by

EDAX-SEM.
Cell Nrof layers Composite Screen printer Nr of layers Screen printer Anode Sintering

Perovskite Nr 1% layer %8Y SZ Screen 2" layer Screen 39 layer abbreviation  temperature [°C]
LagesS015CrosNio Os  E2c 3 - 250mesh, 50 - - - L SrCNi 1200
LagesS015CrosNio1Os  Exd 3 - 250mesh, 50 - - - L SrCNi 1100
Lages 015CrosNioaO;  E2f 3 - 250mesh, 500 - - - L SrCNi 1050
LaesY015CrosNioaOs  E7b 1 21.8  325mesh, 30u 3 250mesh, 50u - LSrCNi 1100
LagesS015CrosNio1Os  E2b 1 443  325mesh, 30u 3 250mesh, 50u - LSrCNi 1200
LagesS015CrosNio10s  E2e 1 443  325mesh, 30u 2 250mesh, 50u - LSrCNi 1100
LagesY015CrosNiosOs  E2g 1 44.3  325mesh, 30u 2 250mesh, 50u - LSrCNi 1050
Lages015CMosNio1O0;  E5h 1 44.3  325mesh, 30u 3 250mesh, 50u LaCry:Niy:0; LSrCNi 1100
LapgsS 015CrooNin1O0s  E7c 1 443  325mesh, 30y 1 250mesh, 50y - L SrCNi 1100
Laggs 015Cr O, ESb 4 - 250mesh, 50u - - - LSrC 1100
Laggs 015CrO; E5a 1 44 325mesh, 30u 3 250mesh, 50u - LSrC 1100
LaCro, E5f 1 44 325mesh, 30u 3 250mesh, 50u - LC 1100
LaCry4C0,,0; E5i 1 44 325mesh, 30u 3 250mesh, 50u - LCCo 1100
LaCrgNig,0; E5e 1 44.8  325mesh, 30u 3 250mesh, 50u - LCNi 1100
LaCrsMgo10;, B41 3 - 250mesh, 50U - - - LCMg 1100
Lagg5Ca015CrosMgo,0; B20 3 - 250mesh, 50u - - - LCaCMg 1100
Lae5Ca015Cr0sM 90103 B29 2 - 250mesh, 50u - - - LCaCMg 1100
Lages T 015CM0sM 90105 B21 4 - 250mesh, 50u - - - LSrCMg 1100
Laogs015Cr0sM0010; B24 3 - 250mesh, 50u - - - LSrCMg 1100
Laggs 015CN oM 70,05 B30 3 - 250mesh, 50u - - - LSrCMg 1100
Lag g5 015CrosMg,,0; B37 3 - 250mesh, 50u - - - LSrCMg 1050
Laggs 015CN0oM 90105 ESd 4 - 250mesh, 50u - - - LSrCMg 1100

Cell numbersin bold and in italic are measurements made in the symmetrical and sealed set-up configurations respectively.
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Surry preparation and cell fabrication

Terpineol-ethyl cellulose-based dlurries were prepared with the proportion of
56.50:39.55:3.95 ceramic powder:terpineol:ethyl cellulose, using isopropanol as a solvent, as
described in Chapter 2. Composite slurries of L Cs (substituted LaCrO,) with Tosoh 8YSZ (TZ-
8Y) powderswere dso made using appropriate amounts of LCs and 8Y SZ powders (Table 1).
The LC-based pastes were then screen-printed on 8Y SZ electrolytes. The number of layers and
their composition varied from sample to sample (Table 1). The cells were prepared following the
procedure detailled in Chapter 2. The cells thus obtained were then sintered under load
(thermocompression) between 2 adumina felts. A heating ramp of 90°C/h from room
temperature to 600°C was used in order to burn the organics, followed by aramp of 180°C/h
until the desired temperatureindicated in Table 1. The cdl was then kept at this temperature for
4 h and then allowed to cool down to room temperature.

The parameters addressed in this study are the lanthanum chromite composition, the
presence of an adhesion layer made of LC + 8YSZ composite between the YSZ dectrolyte and
the anode, the sintering temperature and the number of anode layers. The fact of using Pt
meshes on the anode side, with their known activity toward CH,, does not prevent to compare
the different electrodes, as the preparation conditions were similar. Also, Au eectroplating
should prevent Pt from reacting heavily with CH,.

Electrochemical testing and relaxation experiments

All three testing configurations were used in this study (see Chapter 2). For the systematic
study in the non-sealed configuration, the electrochemical characterization were performed in
most cases starting from 840°C in H, followed by a 1 night polarization & 400 mV in order to
activate the electrodes, specialy the LSM cathode. The temperature was then raised to 900°C
and ultimately the gas was switched to CH, + 3% H20.

Humidified H, and CH, were used in dl set- UES in order to prevent excessively reducing
conditionswhich mlght decompose the electrodes *°. At all stages, current/potentia (I/V) curves
were performed on cells of type a and b with a Wenklng potentiostat. |mpedance spectroscopy
was conducted with an applied amplitude of 10 mV using a modified IM5 Zahner impedance
analyzer on dl cdl types. The frequency ranged from 100 kHz to 40 mHz. After the
measurements, the pellets’ cross-sections were imaged by a Philips XLF30 secondary electron
microscope (SEM). Some EDAX analysis were also performed in order to identify the interfacial
composition between Y SZ and the LCs aswell asto estimate the composites layer thickness.

LC rods of 13x6x5 mm?® were pressed a 100 MPa and sintered at 1500°C for 4 h. The
pellets thus obtained were polished with a um diamond paste. Transient measurements were
performed in aquartz tube, smilar to the one used for catalysis (Chapter 6), specialy designed
with a small gas volume to dlow for rapid gas change. For this purpose, thinner rods (= 500
pm) were used. dc four probe conductivity measurements were carried out in air and humidified
hydrogen, using Ag paste and Ag leads as current and potential lines. The oxygen partia
pressure was monitored by a home-built Y SZ sensor placed near the sample.

This kind of measurement was done in order to estimate the surface exchange coefficient
and the oxygen diffusion coefficient, in an atempt to investigate the possibility of surface
exchange limitations in the el ectrode reactions.

Results and discussion
Effect of the sintering temperature

Prior to the electrochemica tests, haf cells were made by screen-printing
L 8,65Cay;5Cro Mg, , O, LaOSSSrO 15CT0 Mg, 10 and L 8,455 ,5CrooNi;O; slurries on YSZ
pellets. For these compositions, different sintering temperatures were mvestlgated (1050-
1200°C). Subsequently, these half cells were treated in H, + 3% H.,O at 800°C for severa
hours. After cooling to room temperature, the adherence and the morphol ogy of the electrodes
were verified by abrasion tests (using a cutter) and in some cases by SEM imaging. Firing a
1100°C was optima, whereas lower temperatures gave poor adherence while firing a 1200°C
produced some surface reaction with YSZ ©.
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The effect of the sintering temperature was also studied in more detail with the two systems,
L8y gsSrg15CrooNi,,0, and 55.7:44.3 La, g:Sr,, ,-Cr, oNi, ,05:8Y SZ, by eectrochemica means.
I/V curves were taken and impedance spectroscopy analyses performed in H, + 3% H,O or
CH, + 3% H,O as fud, at two temperatures, 840°C and 900°C, with unsealed cells sintered a
1050°C, 1100°C and 1200°C. I/V curves and power outputs, as well as anode overpotentid (n,)
values are given in Figures 1 to 4. In Figure 1, initia performance was highest for the anodes
sintered at the lowest temperature (1050°C). These, however, degrade more rapidly than those
fired at 1100°C. Also, Figure 1 shows an inferior output at 900°C (&), compared to 840°C (c), a

which temperature the test was initiated. This therefore indicates rapid degradation during
testing between 840°C and 900°C

800 - ) 800
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Na[mV]

400 —

200 -
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. 2
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Figure 2: Trilayered La,gSr,1sCryoNiy,O, anodes. Sintering temperature effect on the anode
overpotential, in 3% H,O, at a working temperature of a: 900°C, and b: 840°C. Sntering
temperatures: (4,4) 1200°C (E2c), (7.m), 1100°C (E2d) and (0, W) 1050°C (E2f). Closed
symbols: H,; open symbols: CH,.

In the case of La,gSr,,sCryNi, O, the current output was higher and the overpotential

lower, in both humidified H, and CH,, when the cell was sintered at 1050°C>1100°C>1200°C
(Figure 1,2). The maximum power output reached at 900°C in humidified H, at the sintering
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temperature of 1050°C was of 250 mW/cm? with a short circuit current of almost 1200 mA/cn?.
However, the cell performance was only stable when sintered at 1200°C. For the 1100°C and
1050°C sintering, the performance degraded rapidly with time as observed by impedance
spectroscopy. The anodic polarization resistance vaues, R, for the cell sintered a 1050°C
increased by 2.25 times overnight, while the anodic electrolyte resistance, R,, changed by a
factor of 1.2, resulting in the rapid degradation of the current output (Table 2). Also, the R's
were significantly higher with increasing sintering temperatures, increasing 37 and 11 times in
humidified H, a 840°C and 900°C respectively, and 7 times in humidified CH, a 900°C,
between cells sintered at 1050°C and 1200°C. SEM micrographs show densification of the
anode structure the higher the sintering temperature (Figure 5). The mean anode grain size was
of 1 um at 1200°C whereas it wasin the submicron scale a lower sintering temperatures. From
the micrographs, the structure seemed to be more loose a 1050°C as after the test some
delamination was observed. SEM-EDAX analysis made on the 1200°C sintered anode showed a
topotactic reaction between the La, ¢.Sr,,Cr,,Ni,,O, eectrode and the YSZ, most probably
dueto SrZrQ, formation (Figure 7).

Table 2: Summary of the initial electrolyte and polarization resistances at OCV, R, and R,
respectively, given in units of Q.cnt.

Cell  Sintering  H,840°C H,920°C CH,840°C CH,900°C 800°C 800°C
Anode composition Nr temperature[’C] R R R R R R R R, ocar ogH,

LaoasS015CrooNio O;  E2c 1200 1 15 11 79 0.7 34 09 25 148 19
LagesS015CrooNig 0;  E2d 1100 1 25 12 26 - - 08 6.2
LayesS015CrooNio 05 E2f 1050 07 04 09 07 07 4 08 36
overnight 0.86 0.9 0.8

Layg59015Cro.oNig 105 E7b? 1100 0.32 0.16 0.27 0.11 0.29 - 0.26
Lay559015CrooNio 105 E2b 1200 107 46 117 28 1 68 09 5
LaygsS015CrooNip:0;  E2e 1100 1 14 1 05 054 05 28
LagesS015CrooNioaO;  E2g 1050 1.8 16 16 0.9 1 51
LaogsX0.15CrooNio10s  E5h 1100 27 18 22 14 11 4
Lay gsSr015CrooNie10s  E7c 1100
Lap.g50.15Cr O E5b 1100 2.6 0.9
Lap g5 6.15Cr O; E5a 1100 05 1 05 05 06 24 04 21
LaCrO, E5f 1100 96 13 88 56 7.1 23 88 13 04 0.05
LaCr;6C0,,05 E5i 1100 1.6 7 14 34 14 19 14 99 58 0.6
LaCrq¢Nig,0; E5e 1100 39 51 27 33 5 24 2 9 5.4 0.4
LaCrooMgo10s B41 1100 51 0.16
LaygsCay 15CrooMg, ,0; B20 1100 9.7 0.3
L& 85:Ca0.15Cr0.sM9010; B29 1100 0.5 19.5

after polarization 0.37 2.3 0.7
Ly 55015Cr0oM 9010 B21 1100 0.4° 215 147 13

after polarization 0.37 1.7 0.85 6.1
L8y g5 015CrooM010; B24 1100 04 32 04 35
LaO.SSSO.lscrO.QMgO.loS B30 1100 176 91
Lag gs15Crp oM Q,,0; B37 1050
L8y g5 015Cro.oM0010; ESd 1100 1.2 13 14 16 1 6 11 6.2

The conductivities, o, inair and in humidified H, (3% H,0), are given in units of Scm. It is to be noted that the
conductivities of LaggCag15CrooNip ;05 and LaggSr1sCrO; are those of the Ca substituted compounds, as
these values were not measured for the  substitution. - cell temperature of 864°C and 874°C instead of
840°C and 900°C; % 828°C; * 800°C. Bold numbers correspond to measurements made after the cell
degradation.
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Figure 3: 1 layer of 55.7:44.3 LaygS15CrooNi, O+ 8YSZ composite anode, covered with 3
layers of La,gSr:5CrosNig,05. Sintering temperature effect on the potential-curent and power
curves, in 3% H,O, at a working temperature of 900°C, a: H, and b: CH,, and 840°C, c. H,
and d: CH,. Sintering temperatures. (4,4) 1200°C (E2b), (7,m), 1100°C (E2¢) and (L, V)
1050°C (E2g). Closed symbols: potential current; open symbols. power density curves.

For 55.7:44.3 La,gSr,,sCr,oNi,,0,:8YSZ, the current output is higher and the
overpotential lower when the cell was sintered at 1100°C<1050°C<1200°C, in both humidified
H, and CH, (Figure 3,4). The maximum power output reached at 900°C a the sintering
temperature of 1100°C was of 140 mW/cm? with a short circuit current of more than 600
mA/cm? in humidified H, and 500 mA/cn? in humidified CH,. It is interesting to see that the
power outputs in humi dified H, and CH, are of the same order. The cell performances were
stable over a period of more than 1 day for the cases of sintering at1200°C and 1100°C . For the
sintering temperature of 1050°C, the stability was less pronounced, and this was most probably
due to delamination as observed post-mortem by SEM. Y SZ composites seem to sinter badly &
1050°C. Asfor the case of La, gSr,,sCr,,Ni,,O, anodes, the higher the sintering temperature
the denser the electrodes (Figure 6). The mean thickness of the adhesion composite layer was
estimated by line-scan EDAX analysis to be of approximately 5 ym. The R, and R, followed a
similar trend with sintering temperature, i.e,,1100°C<1050°C<1200°C (Table 2). The R, was
lowered by afactor of 3 and 5.6 in humidified H, at 840°C and 900°C respectively, and 1.8 in
humidified CH, at 900°C, between the sintering temperature of 1200°C and 1100°C.

It is thus observed that in both cases, the R, was higher than the expected vadue for YSZ
electrolyte. For a 150 Hm thick Kerafol 8Y SZ plate, the electrolyte ohmic loss is expected to be
of 0.38 and 0.27 Qcm? a 840°C and 900°C respectively. Also, in both La, ,.Sr,, 15Cr09NIOlO
and 55.7:44.3 La, 4 Sr, ,5Cr,oNi,,0,:8Y SZ anodes, the sintering temperature of 1100°C
optimal. This temperature was adopted hereafter. The application of an adhesive layer also
seemed to increase the stability of the system, as in the absence of the layer delamination was
observe to occur rapidly.
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Figure 4: 1 layer of 55.7:44.3 La,gS15CrooNi;0,+8YSZ composite anode covered with 3
layers of La,gsSr15CrooNiy,O5. Sintering temperature effect on the anode overpotential, in 3%
H,O, at a working temperature of a: 900°C, and b: 840°C. Sntering temperatures. (4,4)
1200°C (E2b) and (7,m) 1100°C (E2e€). Closed symbols. H,; open symbols. CH,.
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Figure 5: SEM micrographs showing the
mor phology of different trilayered
LaggsS15CrooNiy,O; anodes, sintered at a:
1200°C (E2c), b: 1100°C (E2d) and c:
1050°C (E2f).
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morphology of different 1 layer of
55.7:44.3 Lag g5 045CrooNi, O+ 8YSZ
composite anode covered with 3 layers of
Lay S 015CrooNiy, O, sintered at a: 1200°C
(E2b), b: 1100°C (E2e) and c: 1050°C
(E2g). The composite

T = e ¥ o : L8 s 6.15Cr 0gNi 05+ 8YSZ covers the first 5

= pm near the YSZ electrolyte.

Effect of polarization on the cell performance

The impedance analysis of two sets of anodes, aLaCaCrMg (B29) and a LaSrCrMg (B21),
sintered at 1100°C, show clearly the influence of polarization on the anode formation (Table 2).
Prior to the passage of current, the polarization resstance, R, measured in humidified H, a
850°C, were of 19.5 and 21.5 Qcn, for the first and the second electrode respectively. After
one night polarization, these resistances dropped to 2.3 and 1.7 Qcm? respectively, by afactor of
approximately 10 (see Figure 8). The summit frequencies tended to increase after polarization.
The drop in the polarization resistance occured in general after 1 h of polarization. This
phenomenon is similar to that observed on LSM electrodes .

AccV Spot Magn Det WD Exp F——m 2um.

200 kV 3.0 14000x SE 92 3 LSCNi, e2e

B % , 1 ¥ P
Figure 7: SEM micrographs of La,gSr,15CrooNiy,O; (E2C) anode showing a: a topotactic
change at the interface (in the X region), and b: an EDAX linescan analysis of the same
region, indicating possibly the formation of a SZrO, phase (there is an incertainty in the
guantitative analysis of S and Zr as their EDAX peaks overlap).

Also, upon current flow, the impedance response showed an activated process, asthe total
dropped by a factor of 2 between OCV and 400 mV in humidified H, (Figure 9). This
correlates well with the overpotentia-current evolution (Figure 10) where a net activation
process is observed upon polarization. The impedance responses were best fitted by a three arcs
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LRE(Rl\gl)(RzYZ)(RgYa) circuit, using the Zahner fitting software. Y, is a constant phase eement
(CPE)

Y =Y o(jw) D

with Y; , an admittance factor, j the imaginary unit, w the angular frequency (271, f being the

frequency), n the frequency power, R, the series electrolyte resistance between the reference
electrode and the working electrode, R aresistance, and L the current/potential collectors and
instrumentation inductance. One physical interpretation of Y, , is as a distributed capacitance, as
when n=1, this vaue reduces to a capacitance, C. L, the inductance was added in this manner
after trials made with ceramic resistors and capautors which were best interpreted by taking into
account the current and potential leads' inductance. L was constant, with some variation between
measurements. This simple equivaent circuit was chosen as no knowledge of the reaction
mechanism was available. This approach condenses however the data and alows for ther
interpretation. The general valuesfor n;, n,, n, and L were 0.76-0.9, 0.8-1, 0.85-0.9, and 643 nH,
and the mean fitting error was of 0.1-0.4%, whereas the maximum error was of 1-4%.

2 4 6 8 10 12 14 16 18 20 2;
Re [Qcm 2]
Figure 8: LaygS(15CrsMg,,0; anode (B21). Effect of the cell polarization on the anode

impedance at OCV. (O) initial anode impedance, after H, introduction at 850°C; (4) the
same impedance after polarization in H,. Inset numbers mark each decade in frequency.
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Figure 9: Electrocatalysis on LaggS,15CryoMg,,0; anode (B21). The anode R, decreases
upon polarization at 1010, 900, 800, 700, 600, 500 and 400 mV in H, + 3%H,0, at
850°C. Inset numbers mark each decade in frequency

When the anode was polarized, the series ohmic resistance tended to decrease (Figure 11).
Between OCV and 400 mV, the current density rose to about 350 mA/cn?, and the R, was
lowered by about 15%. This mlght be due to the increase of the anodic oxygen potentia which
would lead to an increase of the overdl electronic conductivity of the electrode, as the eectronic
conductivity of the lanthanum chromites is of the p-type. For the LSrCMg, the conductivity in
air was of =15 S/cm whereas it dropped to only 1.3 S/cm in humidified hydrogen (Table 2).
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The evolution of R-C,, R-C, and R,-C, with the anodic overpotentia is shown in Figure
16. R, and R, decreased while R, increased with the overpotential. C,, C, and C, also decreased
with the polarization. Average summit frequencies, given as

1
21RC,’

were of 10 kHz, 4 kHz and 23 Hz for the first, second and third arc respectively. Upon aging, dl
the R valuesincreased at zero current, aswell asC, and C,, C, being aimost unchanged (Figure
13). This is due as previoudy discussed to the absence of the adhesive composite layer. The
power output was observed consequently to decrease (Figure 12). Eventudly, the degradation
ceased and a stable value was reached (Figure 12). The evolution of R, and C, with the H,O
partial pressure (F|gure 14), R, decreasing and C, dightly increasing, could be a hint of agas
conversion impedance ? (see Appendix A). This fact was confirmed by the absence of this third
arc when asymmetrical cell configuration was used (see Figure 15).

fi[HZ] = (2)

Figure 10: LaygSr,1:CryoMg,,0; anode
(B21). Overpotential in humidified H, and
CH,, and in dry CO,/CO (ratio =0.14), at
850°C. Aging time: H,, initial (O) and
final (@) performance, Pg, /P, = 0.14
(4) and CH, ().
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Figure 11: LaygS,1sCresMgy,0; anode
(B21). Overpotential effect on the series
500 - 300 resistance, R,, at 850°C. H, + 3%H,0.
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Figure 12: LaygS,1sCrosMg,,0, anode
- 20 (B21). Aging effect on the stability of the
anode power and current density output.
T=850°C, H, + 3%H,0. Aging time: 6h 35
(@), 70h 45 (A) and 265h 50 ().
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Effect of H,, CH,, H,O, CO/CO, on LC polarization

The theoreticad OCVs in the gas phase versus ar were cdculated using the HSC-4.1 gas
phase thermodynamic equilibria calculation software. In H, + 3%H,0 estimates of -1139 mV &
850°C and -1035 mV at 900°C were obtained, whilein CH, + 3%H,0O the values rose to -1260
mV a 850°C and -1290 mV a 900°C. The experimenta OCV in hydrogen was typicaly of -
1000~-1030 mV (see for example Figure 1 and 3), an acceptable value in view of the open
configuration of the testing set-up. In methane, the value was quite high, around -1200 mV (see
for example Figure 1 and 3). These vaues were typica for al tests made in the unsealed
configuration. The OCV in CH, wes however higher than the expected OCV's calculated from
previous catalytic measurements > (Chapter 6). Measurements done in the sealed configuration
with LCaCMg and LSrCMg electrodes gave on the contrary OCVs matching wel these
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predicted valuesin CH, * (Chapter 6). The measured OCV for LSrCMg was of 862 mV (Figure
16), matching well the previous estimate of 880 mV, based on the catalytic study. The low
potential is not due to air leakage to the anode chamber, as the OCV in wet hydrogen was of
—1089 mV, avalue which did not change after contacting the anode with CH, (i.e., the process is
reversible). Also, in this configuration, OCV measurements made as a function of the steam to
carbon ratio (H,O/CH,) (Figure 16) and MS gas analysis of the anode gas exhaust in the case
of LS*CMg indicated that the oxygen partial pressure was determined primarily by the P, /P,

equilibrium fromthe H, +1/20, = H,0O reaction. The H,0O/H, ration was of 3.4~3.9, while the
ratio of CO,/CO was of 0.6.
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Figure 13: LaOSSSrMSCrOgMgOlO anode (B21). Polarization effect on the rate limiting
processes, R,-C,, R-C, and R,-C,. T=850°C, in H, + 3%H,0.
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Figure 14: LaOSSSrMSCrogMgOlO anode (B21). H,O effect on the impedance spectra in H,, at OCV
and 850°C Inset numbers in % refr to the % of H,O in H,
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Figure 15: LaygSr,1:CrysMg,,0; anode (B24). Effect of the working temperature on the
initial (before polarization) OCV impedance spectra. a: H,, b: CH,, + 3%H,O. Inset
numbers mark each decade in frequency. Absence of gas conversion impedance (third

arc) because of symmetrical setup.
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By considering the following reactions

CH, - C+2H,;
and
H,O=H,+0 "
C+O0 =CO
C+H,0=CO+H,
and

CO +H,0 =CO, +H,;
C+2H,0 =CO, +2H,;
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Figure 16: La,6S015CrooMgo;0;
anode, in the sealed configuration
(B30). OCV measurements as a
function of the steam to carbon
ratio (SC) and temperature. The
thermodynamic  equilibria  for
different gases are also shown
along with measured values for an
Au electrode. 8YSZ plat of 110 um,
R. = 17.6 Qcnv, 22 mA/cnY at short
circuit in humidified H, with an
OCV of 1089 mV.

irreversible 3
(4)
)
(6)
gas shift reaction @)
K,(850°C)=12.94 (8
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where equation (7) and (8) can be considered the contraction of
1/20,+2e =0~ 9)
with H,O=H, +1/20, (20)
or C+1/20, =CO (1)

and considering CH, as an inert gas (like Ar) then using the measured exhaust gas composition
(H,, H,O, CO and CO,), the thermodynamic calculation (HSC-4.1) gave an OCV between 858
and 865 mV (Figure 16), aso in agreement with the other values. From these caculations, the
carbon activity was estimated to ~10°°, hence confirming the absence of carbon deposition. Also,
the estimated CH, conversion was of 0.3% in good agreement with the catalytic steam-
reforming tests (0.22%). LCaCMg anodes performed equivaently (Figure 17). The situation
was similar for Au anodes (inset Figure 16), where an OCV of = 700 mV was dowly attained in
humidified CH,. Non-ideal eectromotive forces were aso observed in literature on Au
electrodes deposrted over zirconia for sensors with hydrocarbon gases and O, ** **. This mixed
potential that developed, being dependent on kinetic factors, is expected to be a strong function
of the electrode material. Thus, the discrepancy between the expected and actud OCV in the
open set-up could be related to some methane pyrolysis over the metalic flange, rather than
coking over the LC perovskites as no carbon build up was observed by temperature
programmed oxidation analysis (TPO) in catdytic runs in humidified CH, over the same
catalysts ® (Chapter 3). Dry hydrogen is then expected to reach the anodes after the pyrolysis.
Nevertheless, dl tests made in methane gave the same OCVs, independently of the anode
composition, so that this phenomenon is not expected to have any influence when comparing the
different substitutents.
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g 06 : E E E ' 61 £  thought to stem from bad current
= 06 i gies) ! . ,1 = collection in the free standing
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E 02 ;€02 7 E ; P27 plate of 110 pm and 30 mIN/min

0.0 i : | o CH, flow.
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The performance of LC anodes in humidified H,, CH, and dry CO/CO, fuels is depicted in
Figures 10 and 18, in the case of the LSfrCMg system. The power output increases and the
overpotentral decreasesin the order of CO-CH,-H,. The R, changed at 850°C from 9.2to0 6.1 to
1.7 Qeny? from CO to CH, to H,. This indicates that the electrochemical oxidation rate of H,
was higher than for CH, which was in turn higher than for CO. Increasing the CO,/CO ratio
reduced further the cell performance (Figure 19), with the R, increasing to 17.2 Qcm — the
OCV passed from 1003 to 882 mV, as expected. This indi cates some inhibiti ng effect of CO,,
as observed earlier °. The inhibition could be related to the surface segregation of Caor Sr on
these materids, as these elements are basic sites capable of interacting with CO, to form
carbonates. The latter could block the cataytically active sitesfor oxidation. Such inhi brtron was
reported on La,0, catalysts ** and interpreted as the interaction of CO, with active oxide species
responsible for methane and oxygen actrvatron Moreover, CO, reformi ng was observed to be
quite low with the basic LC compounds ® (Chapter 6).
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Figure 18: LaygSr,1sCreoMg,,0; anode
(B21). Effect of the gas composition on the
anode performance. In : H, and CH,, +
3%H,0 and dry CO,/CO (ratio of 0.14), at
850°C.
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L 30 Figure 19: LaygS,15CresMgy,0; anode
(B21). Effect of the CO,/CO ratio on the
cell performance at 850°C. Total fuel
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The impedance spectra obtained for humidified H, and CH, have similar appearances, as
shown for the case of a symmetricd LSrCMg cdl in Figure 15. In this case two arcs were
observed with summit frequencies of about 4.5 kHz and 45 Hz in H, and 4 kHz and 18 Hz in
CH, at 850°C. The second arc seemed the most sensitive to the gas atmosphere, as R, and C,
were similar in both humidified H, and CH,, while R, was about 5.6 times higher in CH,, (2.5
Qcm? in H, and 14 Qcm? in CH,) respectively, while C, was 2.6 time lessin CH,, 702 yF in H,
and 275 pF in CH,. Water was previoudy observed to have amost no effect on the catalytic
activity of LSrCMg and LCaCMg. In the eectrochemica experiment of Figure 16, water
modified the OCV values asthe H,O/H, ratio was changed at higher humidity vaues. Also, the
higher the working temperature, the better the cell performance, with atemperature limit of about
850°C, below which the performance is poor, in both H, and CH, (Figure 20). The effect of
water on the polarization losses were almost negligible (see Figure 14 for H, and 21 for CH,).
In methane, the effect of water was only observed a high current densities (Figure 21). This
goesin parallel with the previous report * (Chapter 6) of the poor steam reforming ability of the
basic LC oxidesin cataytic mode.
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Figure 20: La,Ca,1sCryoMg,,0; anode (B29). Effect of the temperature on the anode
performance in a: H, and b: CH,, 3%H,0.

Effect of the substituent on the performance of LC anodes

Four different lanthanum chromite anodes were considered for the analysis of the
substitution  effect: LaCrO, as base materid, La,gSr,,.CrO,; LaCr,,Co,,0, and
LaCr,,Ni,,0,. These electrodes were made of 1 composite =56:44 |anthanum chromite-based
powder:Y SZ layer, and 3 layers of the lanthanum chromite-based powder, and were sintered &
the optimal temperature of 1100°C. Asdiscussed before, this structure allowed a higher stability
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and a better adhesion of the electrode. The composite layer thickness was estimated by SEM-
EDAX anaysisto 5 um in dl cases. The electrodes morphology observed were quite smilar,
showing the fine composite layer, and the coarser lanthanum chromite-based layer (Figure 22).
The electrode grains followed roughly the initid particle size distribution of the starting
lanthanum chromite-based powders, i.e., d., of 0.8 pm, 1.0 ym, 2.1 ymand 2.1 pm for LaCrO,,
L&, gSr,,5CrO,, LaCr,,Co,,0, and LaCr,¢Ni,,O,. All these electrodes stuck quite well on the
YXZ electrolyte substrate, even after electrochemica testing. These tests were made in the
unsealed configuration set-up.

Figure 21:. LaygSr,1sCreoMg,,0; anode
(B21). H,O effect on CH, oxidation at
1000 850°C. (¥) 4.8% H,0 (§C=0.05) and
800 ~ (@) 10.4% H,0 (§C=0.116).
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Figure 22: SEM micrographs showing the morphology of different 1 layered 56:44 lanthanum
chromite +8YSZ, + 3 layered lanthanum chromite composite anodes, sintered at 1100°C for 4
h. The thickness of the composite lanthanum chromite +8YSZ was 5 pm near the YZ
dectrolyte. a: LaCrO, (E5f), b: LaggS,sCrO, (E5a), c: LaCr,,Co,,0, (E51) and d:
LaCr,,4Niy,0, (E5€).

The potential-current and power curves were affected by the substituent in LaCrO, (Figure
23). Globally, upon Sr, Co or Ni substitution, the LaCrO, base materid activity increased both
in humidified hydrogen and methane. The R, and R, were lowered significantly in the trend
LC>LCCo>LCNi>LSC. The R, was lowered by a factor of 19 a 840°C and 17.6 a 900°C in
humidified H,, and 11.8 at 840°C and 22 at 900°C in humidified CH, (Table 2). For the R, the
factor was of 13 at 840°C and 11 at 900°C in humidified H,, and 9.6 at 840°C and 6.2 a& 900°C
in humidified CH, from LC to LSrC (Table 2). The evolution of the R, corrected from the
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expected ohmic loss of haf of a 150 um thick Kerafol 8Y SZ eectrolyte, as a function of the
electric conductivity of the different lanthanum chromites, was linear in both temperature ranges
(Figure 24). The similar trend was observed with the R . The higher the electronic conductivity,
the lower the R.. This indicates clearly that the electronic conductivity has an influence on the

global performance of these anodes.
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Figure 23: 1 layer of 56:44 lanthanum chromite:YSZ composite anode covered with 3
layers of LC sintered at 1100°C/4h. Substitutent effect on the potential-current and power

curves, in 3% H,0O at 900°C, a: H, and b: CH,, and 840°C, c: H, and d: CH,. (+,x)

LaCrO, (E5f), (<*,¢) LayeS,sCrO; (E5a), (A,4) LaCr,,Coy,0, (E5) and (@,0)
LaCr,4Niy,0, (E5€). The LaygSr:sCrO, anode performance is not fully shown, and is
used to indicate the difference existing with the B-site substituted LCs.

The substitution effect on the LaCrO, electrode performance is better depicted by the
overpotentil  curves in Figure 25. The overpotentid loss trend was
LC<LCCo>LCNi>LSrC>LSrCNi in humidified H, at 840°C and 900°C and humidified CH, &
840°C, and LC>LCCo>LCNi>>LSrC>LSCNi in CH, at 900°C. The overpotential losses of LC
and LCCo laid very near together even though the electronic conductivity of LCCo was 6 times
higher than for LC. This indicates that the substituent plays also an important role in the
electrocatalytic activity. Previoudy, in Chapter 6, the cataytic activity of these different oxides
were assessed in methane rich gas mixtures (5:1 CH,:O,, 5:1:0.6 CH,:0,:CO, and 56:xy
CH,:Ar:H,O (x+y=44)) °. It was observed that the activity, expressed as a turn-over frequency
(TOF), followed the order of LC<LCCo<LSrC<LCNi<LSrCNi at 850°C in wet CH,. A direct
relationship between the eectronic and cataytic activity and the eectrocataytic performance is
thus evidenced here.

Figure 24: Evolution of the corrected
electrolyte resistance, R..,, on the anode
side, in function of the lanthnum chromites
conductivity (measured in Chapter 3)
showing an additional ohmic drop in the
adhesive layer. The 150 pum thick 8YSZ
Kerafol electrolyte is supposed to give an
ohmic drop of 0.38 QcnY and 0.27 Qcnt
at 850°C (L) and 900°C (4) respectively.

Ric [Qcm]
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Figure 25: 1 layer of 56:44 lanthanum chromite:YSZ composite anode covered with 3
layers of LC sintered at 1100°C/4h. Substitutent effect on the overpotential curves, in 3%
H,O at 900°C, a: H, and b: CH,, and 840°C, c: H, and d: CH,. (+) LaCrQO,, (E5f), ()
LayesS01sCrO; (ESa), (4) LaCr,4Co,,0; (ESi), (O) LaCrggNip,O, (E5e) and (@)
LaO.SSS 0.15C:r0.9NI 0.103 (Eze) .
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Figure 26: 1 layer of 56:44 La, ¢S, ,sCrO,+8YSZ composite anode covered with 3 layers
of LaygSr1sCrO, (E5a), sintered at 1100°C. Potential-current curvesin a: H, and b: CH,,
in 3% H,O, at a working temperature of (4,4) 900°C, and (7, ¥) 840°C.

Ni substitution is further observed to enhance the performance of the cell in methane. By
addition of Ni on the Cr site of LSrC, its performance in CH, increased markedly (compare
Figure 3 and 26). Whereas the short circuit current was of 650 mA/cn? in humidified H, and
350 mA/cn? in humidifed CH, over aL SrC anode, it was of 620 mA/cny in H, whereas of 520
mA/cm?®in CH, over LSICNi a 900°C. Methane is thus better activated over the Ni subtituted
compounds. In ‘this case, the power outputs were similar in hydrogen and methane.

A trial has been made to further increase the activity of LSrCNi anode by adding one more
layer made of LaCr, Ni,.O,. No effect of this layer was observed in hydrogen nor methane
(Table 2).

Also, the difference between A-site substituents, Caand S, liesinthedifferencein R , with a
lower value for Sr substitution (2.3 Qcm? for Ca versus 1.7 Qeny for Sr, Table 2). Beside tha,
the previous thermodynamic caculations (Chapter 7) showed the hlgher stability of the Sr
versus Carsubstituted LC and the increasing solubility of Sr in reducing atmospheres “.
However, the sintering process of Ca versus Sr incorporated in LaCrO, is known to be more
favorable due to the lower meli ng temperature of CaCrO, or the like (1000—1020—1120°C 1314
than for SrCrO, (1253°C ** *). If secondary phas&s are left behind during the powder
preparation and the anode sintering, these phases would then react readily with YSZ to form
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SrZrO, **, B-site substituted L C are expected to be more stable, as their demixing seems to be
hindered kinetically **°.

Effect of the composite layer composition on the performance of LC anodes

The 44% YSZ composite anodes were observed to be more stable over time than the ones
without Y SZ (0%) as exposed in the case of LSrCNi (compare Figure 1-2 and 3-4). This was
also observed for the LSrC anodes. However, the initid performance of these LSrC and
L SrCNi anodes were higher in the non-composite form. Indeed, lower R, and R, were observed
(Table 2), giving rise to a higher power output. These vaues degraded however very rapidly by a
factor of 2.25 and 1.2 respectively. This loss in performance was predominantly due to
delamination. Further, LC lacking A-site substituent (Ca or Sr) were very sendtive to
delamination and their power output was hence reduced (e.g., Figure 27 for LCMQ).

1000 4 Figure 27: LaCr,,Mg,,0, anode (B41).
Very low power output is obtained without
an intermediate adhesive layer. T = 830°C
in wet H,.
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The two extremes used in the composite anodes were 0% YSZ and 44% YSZ. A 22% YXZ
composite anode, the lower limit alowed for a percolating structure *, was aso investigated in
the case of the LSrCNi anode. Figure 28 shows the potential-current and the power output of
the cdll in humidified H, or CH, at different temperatures. The short circuit current and the
power output were increased by a factor of 1.43 in CH,, and by 4.44 in H, a 840°C, when
compared with the 44% Y SZ composite anode. As aresult of ahigh current density, the passage
of current induced a loca increase of the anode temperature (Figure 29a) as measured by the
thermocoupl e placed benesth the electrode (see Chapter 2, Figure 2).
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Figure 28: 1 layer of 78.2:21.8 Lay g3, 15CrooNiy,0,+8YSZ composite anode covered with
3 layers of LaygSr,15CrooNiy;O; anode (E7b), sintered at 1100°C. Potential-current curves
ina: H, (at 874°C) and b: CH,, + 3% H,O. Two curves for T=877°C are shown: one
taken after 1 h (dotted line), the other after 136 h

In this system, the ohmic resistances are lowered significantly, by a factor of 3. However
theses losses are still higher than the expected losses for a 150 um 8YSZ Kerafol (eg., 0.38
Qcny® a 850°C). The temperature dependence of these losses is given in Figure 29b. An
activation energy of 555 kJ/mol was measured, a vaue lower than the expected 77 kJ/mol for
8YSZ Kerafol plates, showing till the effect of the electrode conductivity on R,. On the other
hand, the anode overpotentias were significantly lowered (Figure 30) compared to the 0% and
44 YZ extremes (Figures 2 and 4). This cdl configuration sustained direct CH, oxidation &
877°C for 136 h, amost without degradation (a small degradation was observed in the first 24
h). The addition of 22%Y SZ seemed thusto favor the performance of the anode.
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Figure 29: 1 layer of 78.2:21.8 La, g3 ,,sCrooNi,,0,+8YSZ composite anode covered with
3 layers of LayeS,.sCrooNi,,O; composite anode (E7b), sintered at 1100°C. a: The
increase of the anode temperature as a fuction of the current density in H, + 3% H,O at
874°C; b: The temperature dependance of the anodic electrolyte resistance R.in CH, +
3% H,0.

1000 Figure 30: 1 layer of 78.2:21.8
Lag g 015CrooNig, 05+ 8YSZ composite
anode covered with 3 layers of
800 LaggsS(1sCrooNiy;O; (E7b), sintered at
1100°C. Overpotential curves in H, (at
874°C) and CH,, + 3% H,0.
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Effect of the anode thickness on the overall performance

The anode thickness deposited above the composite el ectrode was reduced from 3 to 1 layer.
The anode performance showed to increase as exposed in Figure 31 when compared to the case
of 3 layers (Figure 3). However, the long term stability was poor. The time degradation of R,
was lower than that of R, indicating that asmall degradation of R, modifies R, drastically.
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Figure 31: 1 layer of 55.7:44.3 La, S 15CroNiy, 05+ 8YSZ composite anode covered with 1 layer
of LaggsS15CrogNig ;05 (E7C). Sability of the systemin H, + 3% H,O at 900°C. Effect of time on

the stability: (O, @) 0.8 h, (77,m) 13 h (4,4) 19 h and (17, ¥) 38 h.
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Discussion - nature of the electrode reaction

The sintering temperature and the incorporated elements were shown to have an effect on the
anodic electrolyte resistance. An optimum temperature of 1100°C was necessary to stick
efficiently the electrode on the YSZ eectrolyte and to prevent the formation of a topotactic
reaction leading to SrZrO,. Sintering at a lower temperature lead to the delamination of the
electrode. A better stability was further obtained by adding an adhesion layer in between the LC
anode and Y SZ. The series resistance was thus observed to be very senditive to the nature of the
interface (about 1 Qcm? for the 0% and 44% Y SZ composite adhesive layer and 0.32 Qe for
the 22% YSZ composite adhesive layer (see Table 2)). An additional ohmic loss was aso
stemming from the low conductivities of these perovskites. From the measured electronic
conductivity in reducing conditions a 200 mQcnv, 25 mQeny, 16 mQem? and 11 mQem? loss
are expected for dense LC, LCNi, LCCo and LSrC eectrodes of 100 pm thickness and 1 cm?
surface area respectively. Due to the porosity of the working el ectrodes, an ohmic loss higher by
afactor of about 10 could be expected *® (i.e. 2000, 250, 160 and 110 mQcny?).

Table 3: Summary of the R, activation energies.
Cell Sintering R, E. [kImol] R, E, [kJmol] E, [kImol] E,[kJmol]

Anode composition Nr temperature[°C] H,+3%H,0 CH,+3%H,0 g, ar 0., H,
LaggsS01sCrooNio: 03 E2¢ 1200 116 9.7 32.3
LaggsS015CrooNio: 03 E2d 1100

LaygsS015CrooNip:0;  EOf 1050 19

Layg5S015CrooNig10;  E7b 1100

LaoasS015CrooNio1Os  E2b 1200 87 56

LaoasS01sCrooNio1Os  E2e 1100 186

LaoesS015CrosNioaOs  E2g 1050 104

LayesS15CrogNig:O;  E5Bh 1100 49?

Lag g5 915CrooNig:0; E7c 1100

LAy g5 ,15Cr O, E5b 1100 5.2 5.4
Lap 55 015Cr Og E5a 1100 125 24

LaCrO, E5f 1100 152 103 6.4 34.9
LaCr4C0y,04 E5i 1100 131 118 20.1 29.9
LaCr,,gNig,0; E5e 1100 79 177 7.3 16.6
L3y g5 045CrooMg,10;  E5d 1100 6.6 6.5

The conductivity E, for LSC and LS CNi were taken to be those of LCaC and LCaCNi. In comparison,
Op?- is of 87 kJ/moal, as taken from reference 9

The effect of the substituent on the R) losses was also significant. This implies that the
conductivity played also arole in the electrode reactions. This is in contradiction with the result
of Primdahl et a. who argued that conductivity should not have any influence on ther
LaySro,Croe;V0:0; €lectrode . Apparent activation energies for the different Rs are
summarized in Table 3. These values vary in general between 80 and 190 kJmol. As for the
electronic conductivity, it had a higher activation energy in H, than in air, with values varying
between 5 and 20 kI¥mol in air and 5 and 32 kJ/mol in wet H,, whereas the ionic conductivil;/
varied, in the case of La, ,Sr.Cr, Ni O, between 87 (x=0.2,y =0.05), 142 (x= 0.2,y = 0) **
and 93 % or 137 ® k¥mol (x = 035, y = 0) and 77 k¥mol for La,,Ca,.CrO, 2.
Correspondingly, the activation energy for the ionic leak current density, which takes into
account the variation of the vacancy concentration between two different gas atmospheres, is
between 130 and 195 kI¥mol #. Beside that, conductivity transient measurements made on thin
rods of LCaCNi and LCaCMg at 800°C, upon arapid change of the gas atmosphere from air to
wet H, (using Ar), indicated a Slow exponential decrease in the conductivity with time (Figure
32). The behavior was reversible upon reoxidation giving rise to the same initiad conductivity in
air. A trial was made to analyze this behavior using the concept of oxygen diffusion in the
materials, taking into account the surface exchange and the diffusion coefficients. A rough

estimation of the exchange coefficient, k, taking a mean vadue for the vacancy diffusion
coefficient D, ..goprc Of 1.2x10° cm?/s ** *! gave an approximate velue of about 10° to 10
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cnvs, which could indicate a surface limiting process for the reduction. Yasuda et a. *°
presented a coefficient D, ..q5c O 5.62x107 cm?/s and k of 1x10* cm/s measured in air using
asimilar technique for the compound L g, ;Sr, ,Cr, ¢sNi,:O,. Taking the concept of Adler et a.
2 depicting the length J of the reaction zone on the electrode,

\‘“(1' 8) Lc
o= | —=
V1 a (12)
with L =2 (13)
K
ad D =D Ci (14)

where g isthe porosity (taken as 0.3), a the surface area (taken as 10000 cm?/cn’), 1 the solid

phase tortuosity (taken as 1, but is a constant that varies between 1 and 10 for porous bodies #,
and was found to be of 14.5 for Y SZ-Ni cermet anodes with pores of afew pm %), D the tracer
diffusion coefficient, f the correlation factor (taken as unity %), ¢ the concentration of oxygen
sites in the mixed conductor determined from the lattice parameter (=1.9x10% mol/cm? for the
LCs), and ¢, the vacancy concentration (around 10" mol/cm? for the LCs), it could be possible

to roughly estimate a reaction length of 2 to 4 pm insde the eectrode structure. In air, K is

around 10“cm/s. A more accurate evaluation of D,... and k could be obtained from more

reliable data. Such a change in the exchange coefficient could explain the sow reduction
process. This preliminary evaluation could also explain the dow degradation of the activity of
the lanthanum chromites over a period of about 20 h observed during polarisation. Reoxidation
of the material leads thus to a revershble activity. It aso could give more insight on the
mechanism of the reaction. It may be interesting to evauate partial oxidation on the chromite
(CH, + 0O,), O, possibly hindering the extreme reduction of the electrode. This along with the
activation energies and the correlation with the eectrode conductivity might indicate a chemica
process limitation related to the perovskite surface.

Figure 34: dow decrease of the

i } IL JI JI conductivity with time, when the gas
| s s Ht By Sy B atmosphere of the pellets of (4) LCaCNi
_ ] ' ' ' ' ' and (0) LCaCMg is switched from air to H,
3 1 ._IL_.iI.__._._JI____.___i___.__i____._JI_._____.JI__ .0,
SoANL_ L1l
%9 7 ] -1 |
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Also, by Adler etd. * %, a chemical impedance Z,,,,, was defined relating the D, .. and K,

chem

as
,- _ORT O T
Rpenl 20T = [pF2 0 (1- £)c,D,akc,, (19)
_2F*(1l-¢&)c,0
Cereml F1= —ART (16)
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1
Zpem = 17
chem R:hem\/l_ jW(Cchem I%:hem) ( )
with A= 9In(F,) (18)
2 dIn(c,)

By taking into account the values of D, .. and k of Yasuda et d. % and our estimates for k in
humidified H,, as well as an estimate of A obtained from nonstoichiometry studies of
La,,Sr,,CrO, ; ¥, the difference in behavior between an unpolarized and a polarized electrode
could be interpreted asaloca changein the activity of the eectrode related to its reduction and
thus to the decrease of the surface exchange coefficient. By polarizing the eectrode, a partial
reoxidation will occur leading to the increase in the surface exchange coefficient. This will lead
to a decrease in the impedance polarization resistance, R,. In Table 4, a trid was made to
estimate and summarize this expected change.

Table 4: Effect of the Kk on a presumed chemical
impedance, at 850°C.

Parameters ~ values | Calculated values ar wet H,
T 1 o [um] 1.4 14.4
& 0.3 D’ [cm¥s] 2.96x10°® 2.96x10°®
A 6475 | Cyen[Flcm?y  3.10x10* 3.10x10°
af[cm%cm® 10000 Rupem [QCM?] 0.18 1.83
Ky [cm/s]  1x10* frex [HZ] 2799 28
Ky, [omis]  1x10° L. [cm] 2.96x10* 2.96x10%
D, .. [em*/s] 5.62x107

Values of references ™° and %" were used and estimates for T and
£ were taken from reference 22 N.B. If T is taken as 14.5 then
Rinem Should be multiplied by 3.8 and the ., should be devided
by 3.8.

To apply this on our system, an example of an unpolarized electrode is taken from the
symmetrical cdl analysis (B24), where two processes were observed by impedance
spectroscopy, with activation energies of 139 kJ/mol and 122 kJ/mol in humidified H,, and 95
kIJmol and 24 kJmol in humidified CH, for R, and R, respectively (Figure 33). The C,
activation energy did not vary much with temperature and gases (Figure 33), with a vadue of
about 10 pF/cm? (see also Figure 13). C, seemed to be less affected by the temperature with
vaues of 630 to 250 uF/cm? (2.5 time less) in humidified H, and CH, respectively. Globally,
by comparing with the results previously shown in Figure 13 (B21), the second process (R,-C,)
had aresistance of 5 Qcm? and a C of 794 pF/cny? (f,_ = 40 Hz) for the unpolarized cell (B24)
versus 1.3 Qcm? and 100 puF/eny? (f_ = 1224 Hz) for the polarized cell (B21), a 850°C and in
humidified H,,. This might indicate that the second processis related to the chemical impedance
described by Adler et d. . Primdahl et d., on the basis of H,/D, isotopic effect studies,
suggested that this process might be related to H., adsorption or to a chemical reaction step %°.
Furthermor, the potential capacitance of charged adsorbed species can be estimated by

_9q._
C=1= 19
vV U (19)

where nisthe charge of a species, N the number of moles of the charged species, F = 96500 C
and U _ the impedance spectroscopy sinusoidal potentia perturbation (in the order of 10 mV).
From the above mentioned reasoning (Adler), the reaction zone was estimated as being of 1 pm
or less. Taking an anode of 50% porosity, the total volume of LC would be of 1x10* cm?® or an
equivalent mass of about 66x10° g (d = 6.6 g/cm®). The adsorption area of H* is given as 3 A2
%, Taking the surface area of the anode into account, an estimate of 3.6x10® moles of adsorbed
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H* can be given. During the impedance cycle only few of these are converted, thus the max
capacitance would be of 3.5 mF/cm?, in the same range as the measured capacitance for C,.

Also, hydrogen adsorption on NiO and its oxygen vacancies is reported to be of 96.4
kJmol, whereas hydrogen diffusion over YSZ is reported to be of 119.5 to 159.9 kJ/mol # ¥,
These values are not far from the measured activation energies of both processes. However, the
first process, (R-C,), due to R,’s lower sengitivity to the gas atmosphere and to equally low
vaues of C, (10~20 pF/cm?) in CH, and H, (Figure 33) and to its potentia independent
behavior (Figure 13), at least before the cell’ s degradation in the case of B21, might be related to
a chemica step or to charge transfer - 3. The double layer capacitance modd predict a
maximum of 30 uF/cm? a a minimum spacing of 0.3 A, equal to 1/4 the diameter of an oxide
ion. The summit frequency for the first process was of 5 kHz for the unpolarized and 10 kHz
for the polarized one. In general, in both processes, the summit frequency tended to increase as
the cell was polarized, showing an el ectrocatalyzed process.

In both processes, gas diffusion aswell as gas conversion impedances could be ignored (see
Appendix A), as the summit frequencies of these kind of losses would range between 15 and
400 Hz. This was estimated for humidified H, and CH, on the basis of literature * * by taking
into account the testing configuration and the interdiffusion coefficient of H,O in H, and H, in
CH,. Similarly, estimates for CO,/CO fuels indicated negligible losses too.
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£.08 = £
ﬁ. _Li-["o T H,
4 3
g 5}
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Figure 33: LaygsSr,15CrosMd,,0; anode (B24). Arrhenius plot for the 2 processes in a-b.
wet H, and c-d. in wet CH,. (17, W) first process (R,-C,) and.(A,4) second process (R,-C,).
n,: 0.53-0.65; n,: 0.57-0.7; L = 800nH, maximum error 1.2-4%.

The effect of the substituent on the polarization of the cell cited above indicates furthermore
that the catalytic effect has an important role in the eectroactivity of these materials. In methane
the activity follows the same trend as for the cataytic tests (Chapter 6) made in CH, rich
atmospheres * (Figure 25). Ni incorporation had also a positive effect in wet H, (Figure 25).
Thustotal conductivity of the electrode material was an important factor in the performance but
it was also tempered by the cataytic activity (ex. LCCo has a higher conductivity than Ni but a
lower catalytic and el ectrocatalytic activity).

Also, as the OCVs of the LCs in wet CH, were governed by the H,/H,O equilibrium over
the eectrode, it is reasonable to suggest that H, oxidation was masking the overall CH,
electrooxidation process as observed in the case of CeO, based anodes (see Chapter 11), &t least
under low current densities. ThisH,, stems from the local steam-reforming of CH,, with aCH,
conversion of no more than 0.3%, in accordance with previous catalytic runs. From the MS gas
analysis of sealed LCaCMg and LSrCMg cells, H, concentration was observed to be low, being
of about 0.5-1% (Figures 16 and 17). Even though there were both CO and CO, in the gas
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surrounding the anode with a ratio of CO,/CO=0.6, CO oxidation seemed not to affect the
anode potential. As pointed out previously, the anode polarization resistance under CO-CO, gas
mixture was much higher thanin CH, or H,. The R s were of 1.7 in H,, 6.1 in CH, and 9.2 to
17.2 Qcm? in CO,/CO of 0.14 and 1.44. Thus the kinetics of CO oxidation are about 1.5 to 2.8
times lower than for CH,, and 5.4 to 10.2 times lower than for H... The low OCV values did not
reflect the direct oxidation of CH,, but rather that of H, and in much lower proportion CO
oxidation. This might be the reason for this OCV effect. Norby et a. * have shown that the
presence of water prevented carbon deposition over a La,,Ca,,CrO, anode which lead in the
case of dry CH, to very high OCVs of 1500 mV. This might indicate, that the electrode
impedance in humidified CH, might be related to hydrogen rather than CO or C as C direct
oxidation was observed to be very sow over metallic and oxide electrodes =¥,

The MS analysis of the anode gas composition under current load shows that al the
methane consumed corresponds to the faradaic current. From the analysis, CO seemed to
increase with current, and H, to decrease, when compared to OCV (i.e. catalytic reaction). It is
not very clear whether the mean reaction is partial oxidation, with a concomitant oxidation of H.,,
or oxidation of H, with concomitant removal of carbon species by water. Steam reformin9 of
CH, can be excluded in the case of LCaCMg, as its rate was of only 1.2x10"° mol/m’s a
850°C (whereas of 1.7x10° and 1.1x10® mol/m?s for LSrC and LCaCNi respectively) * alow
vaue compared to the rate of CH, consumption (about 4.4x10° moal/s), unless a NEMCA
(Non-faradic Electrochemical Modification of Catalytic Activity) effect istaking place ®.

On these bases, a possible scheme for the mechanism of the reaction is depicted in Figure
34. Combining the mechanism proposed in Chapter 6 based on the cataytic results and on
literature data, CH, might dissociate over the LC to yield a methyl radica which could lead
further to a carbonaceous species or to a formaldehyde intermediates. The formadehyde is
known to be an intermediate in the oxidation of methyl radica from methoxide ions, and it
dissociates easily to CO and H, at these high temperatures *. This species is aso known to
exist as a gas phase intermediate “°. The carbonaceous species could either be eectrochemically
oxidized or gasified by H,O, leading H, and CO. The adsorbed hydrogen species can undergo
a surface diffusion and react eectrochemically to produce weater, which in turn would gasify
carbon. A rapid gas shift reaction would also ensure the conversion of part of the CO to CO,.

LSrCNi might be performing much better as its steam and CO,, reforming activities were
observed to be the highest among the series of LCs studied. As the overdl polarization losses
tended to decrease as the catalytic activity increased, it might be interesting to further optimize
the Ni content of the LSrCNi series. In catalytic mode a least, CH, combustion in 2:1:5
CH,:0,:He gas mixture, Stojanovic et a. ** found that the rate increased by a factor of about
100 from x = 0 to x = 1 in LaCr, ,Ni,O,. An optimum might exist for our purpose by taking
into account the unstability of the LSrCNi matrix * (Chapter 7).

CO+H
CH, MO A 2
\ -
Anode CO+H, CHz 'C'+H 4

[~
O\

H->O

N
Q& ™

0A 04 Ao~

Figure 34: Possible mechanism for the electrochemical reaction of
methane on LCs. Formaldehyde, CH,O, is reported to be formed
in many cases in literature *.

Further, H,O did not seem to favor the electrocatalytic reaction in the case of LCaCMg and

LS'CMg, a least a the low current dengties, in accordance with previous cataytic
measurements. On the contrary, CO, inhibited the reaction, and as in the case of the cataytic
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reactions, and this is thought to be related to the formatlon of surface carbonates, as CO and
CO, are thought to adsorb on the same catalytic sites *

Flnaily, Sr and Ni substitution turn out to be favorable for the catalytic as wdl as for the
electrocatalytic activities. Sr addition is required to enhance the electronic conductivity of the
electrode. Sr is better than Ca from the thermodynamic point of view and aso for it dlows a
lower expansion of the LaCrO,. Ni substltutlon reduces further this expansion ** (see Chapter
3). Also, in the continuity of the previous work # (Chapter 4 and 5), the lowering of the Ca or Sr
concentration proved to be beneficia from the electrochemical stability point of view.

Conclusions

The dectrocataytic properties of Ca, Sr, Mg, Co or Ni substituted lanthanum chromites
deposited on 8Y SZ electrolytes were compared under humidified H, and CH,. The nature of the
substitutent was observed to have an influence on the anodic ohmic and polarization resistances.
Globaly, the higher the conductivity, the better isthe perfomance of the eectrode. However, the
catalytic activity of the electrode material was also observed to play arole in the eectrochemical
reaction. The polarization lossesin humidified methane were observed to decrease dmost in the
same trend as the increase in the cataytic activity, i.e. LaCrO,=LaCr,4Co,,0,<LaCr,¢Ni,,O,
<L 8y gsSry15CrO,<Lay gsSr, 1sCryoNiy,O,. A direct relationship between the electronic and
catalytic activities and the electrocatalytic performance was evidenced. Also, the surface
exchange coefficient might have an influence on the performance of the cell, as it was observed
to decrease upon reduction of the electrode material.

Generally, lanthanum chromite performances were higher in H, than in CH, and in turn
higher than in CO,/CO. OCV measurements made on sealed cells were very senstive to
H,/H,O equilibrium rather than to the whole gas composition produced after the partial steam-
reforming reaction taking place on the surface of the electrodes. H, oxidation could be thought
to mask CH, oxidation. Further, full oxidation did not seem to take place over
La,¢-Ca,,:CrysMg,,0;, & least a low current densities. H,O did not seem to favor the
electrocatalytic reaction, at least at the low current densities, in accordance with previous cataytic
measurements. In the contrary, CO, had an influence on the cell polarization, and as in the case
of the catalytic reactions, thisis thought to be related to the formation of surface carbonates.

From the impedance analyses, 2 limiting processes were identified. The first one might be
related to charge transfer or to a chemica step, while the second might stem from a chemica
process dealing with H,. The direct influence of H, on the cell performance was also observed
on gold and on CeO,-based anodes (Chapter 11).

The cells were observed to be more stable when the anodes were sintered at 1100°C. At
higher sintering temperatures, some topotactic reactions were observed, linked with the
formation of (Sr,Ca)ZrO, at the interface with YSZ. Further, the stability of the electrode was
increased by intercalating a composite layer between the electrolyte and the electrode. The best
performance was obtained with a 1 layer of 78.2:21.8 La,4.Sr,,5Cr,oNig 1032+8YSZ covered
with 3 Iayers of LaygsSr,,5CryoNiy, O, With a power output of 450 mW/cm*® in H, and 300
mW/cm*in CH,, at 875°C. The measured R,inH, was of 0.11 Qcn?. The pen‘ormance of the
electrode was sustalned for 136 h in methane. As pointed out by the previous studies on
catalysis and on the thermodynamics of the LaCrO,-based materials, Sr and Ni elements turned
out to be the most favorable substitutents for the electrocatalysis. Sr addition is required to
enhance the eectronic conductivity of the eectrode. Sr is better than Ca from the
thermodynamic point of view and also for it allows alower expansion of the substituted LaCrO,
under reducing conditions. Ni substitution reduces further this expansion.
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Appendix A: Gas diffusion, gas conversion and concentration polarization
impedances ° % %

Gas conversion impedance °

Gas conversion impedance is an effect of the passage of current on an eectrode in afinite
gasflow rate. Gas conversion is not detected when the reference el ectrode serving to monitor the
working electrode is placed in the same gas as this working electrode, or in a symmetric
configuration (Chapter 2, Figure 5) where both electrodes are submitted to the same gas
atmosphere. Gas conversion impedance is detected in measurement setups (Chapter 2, Figures 2
and 4) where the éectrode is characterized against a stable reference potentid, e.g. the reference
isplaced in air and it is used to sense the anode.

The problem arises due to the smal loca perturbation induced by the impedance
measurement, based on a complex potential signal of an amplitude of + 10 mV, leading to a
complex ac current signal. Even, at open circuit potentia (OCV), this perturbation will lead to a
local changein the gas composition, e.g. the local oxidation of H, to H,O. This change results
in the appearance of a concentration difference which is monitored by the reference electrode set
at afixed oxygen potential, e.g. air. This concentration perturbation can be expressed according
to the Nernst equation. Based on a continuoudly stirred tank reactor (CSTR) model, Primdahl et
al. ? proposed the following expressions for the conversion impedance, with the limitation that
the perturbation is less than the inlet concentration of the gas in question (Ax, ;<<x, , and

DX, <K )
RT U1 1 U

= + A-1
N Bt
AF?PV 1
= A-2
¢ (RTPA_L1 1
Xi,HZO Xi,H2
_ JART A3
2PV

where x istheinlet mole fraction of the gas, J, the inlet area-specific gas flow rate (mol/m?s), P
the absolute pressure, A the anode area, and V the CSTR volume of the measurement setup. R,
C, and f are the impedance real resistance, the impedance capacity and the impedance summit
frequency. Results for humidified H, and CH, as a function of the expected H,O concentration
are summarized in Table A-1. The same is done for CO as a function of the CO,/CO rétio in
Table A-2.

Table A-1: Summary of the gas conversion impedances in humidified H, and
CH,, as a function of the water content, at 850°C.

inH,or CH, 30%H,0 3%H,0 0.3%H,0 0.03%H,0 0.003%H,0 0.0003%H,0

R,[Qcmd  1.1x10° 7.9x10°  7.7102 0.77 771 77.08
C, [Flem?] 4.54 0.63 6.5x102 6.5x10°3 6.510"* 6.5x10°
f[HZ] 32 32 32 32 32 32
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The CSTR volume was taken as 1 cn? x 100 pum, and the J, was estimated to 10.84 mol/m?s.
The bold values correspond to the expected values for H, whereas the italic ones are for
CH,.

Table A-2: Summary of the gas
conversion  impedance in
CO,/CO, at 850°C.

inCO,/CO  0.14 1.44

R,[Qcm?  2.1x10°  9.6x10*

C,[Flcm? 454 4.54
f[HZ] 16 37

Gas diffusion impedance *

The presence of a stagnant gas layer over the porous anode can lead to a so-called gas
diffusion impedance. Aswith the gas conversion impedance, this concentration gradient can be
expressed according to the Nernst equation. Primdahl et al. * have shown that this impedance
can be described by the following:

rTf | U1 1 O
R, = CheD %( B A-4
2F 1 PDy Hyp  XH,0b 0]
2.53D
fo = ——° A-5
27t

where P is the pressure, D, the effective diffusion coefficient, F, R and T have the usual
meaning, X the molar fraction of speciesi in the bulk gas and | the stagnant layer thickness.
Results for humidified H, and CH, and CO,/CO are given in Table A-3.

Table A-3: Summary of the gas diffusion impedance in H,, CH,and CO,/CO gases, at 850°C.

Results for H, 3%H,0 CH, 0003% 00003% CO 0.14 1.44
H,0 H,0

R,[Qcm, 1=05cm  H,OH, 039 H,/CH, 4813 48130 CO/CO, 6.1x10? 2.7x10%2
C, [Flem?] 2.6x10° 2.6x10*  2.6x10° 0.92 2.07
f[HZ] 16 13 13 3 3

R, [Qcm?], 1=0.1cm 7.7x10? 963  96.26 1.2x102  55x10°
C, [Flem?] 5.1x10° 5.1x10° 5.1x10° 0.18 0.41
f[HZ] 403 322 322 70 70

The effective diffusion coefficients were taken as. H,O in H, (10 cm?/s), H, in CH, (8 cm?s) and CO in
CO, (1.75 cn/s).

Concentration polarization %

Relatively large anode thickness requires the incorporation of a concentratlon polarization.
Based on the gas diffusion theory applied on porous electrodes, Kim et a. * estimated a
concentration polarization at OCV given by the following expressions

RT 51
I:gzonc(l ) _g A-6
4F ch PH o
2FP. D
with i = e Al A-7
RTI

a
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D.e
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where i, and i, are the limit cathodic and anodic current, P°, , P°, , and P°, the inlet partial
pressure of H,, H,0 and O,, P the totd pressure, |, and | the anode and cathode thickness, &,

and ¢, the anode and cathode porosity, 7, and 1, the anode and cathode tortuosity, D, the binary

diffusion coefficient on the anode side (between H, and H,O), and D, the binary diffusion

coefficient on the cathode side (between O, and N,). Results for the anode are summarized in
Table A-4.

Table A-4: Summary of the concentration
polarization for the anode as a function of the
electrode thickness.

T=850°C electrode thickness

Parameters [=1mm  [=0.1mm DH2-H20 DoZ-N2
!as 0.924 9.242 0.91cm¥s 0.22cm¥s
les 0.122 1.225

Reonc(0) 1.94 0.194

159






Chapter 9 i

Synthesis, structure, characterization and e ectrical
properties of CeO,-based powders






9 Synthesis, structure, characterization and electrical properties of CeO,-based powders /1.

Synthesis, structure, characterization and electrical properties of
CeO,-based powders

Abstract

Nb, Y, Pr and Gd doped CeO, materids were prepared using 3 different techniques: the
solid-state method, the coprecipitation and the NbCl; route. The coprecipitation method was
most effectivefor the'Y, Pr and Gd doped compounds. In the case of Nb, the coprecipitation or
the NbCl, routes were best suited. Powders of 1 to 18 m?/g were synthesized. Among dll
substituents, Nb enhanced most the CeO, densification. Nb was aso observed to induce the
highest electronic conductivity in ceria, both in air and in humidified H,. However, concomitant
doping with Gd and Nb pointed to a negative effect of Nb on the total conductivity in air of Gd-
doped ceria. Nevertheless, Nb induced a marked eectronic conductivity in reduced conditions.
CeO,-based electrodes showed poor adhesion on Y SZ electrolytes unless doped with Nb. In that
case, a sintering temperature of 1100°C/4h was necessary to make the eectrode stick. The
adhesion did not deteriorate in reducing atmospheres. Finaly, CeO,-based electrodes are
thought to be stable towards solid state reaction with YSZ when sintered at 1200°C or less, as
observed by HRTEM analysis.

Introduction / theory
Sructural symmetry

CeO, belongs to the family of fluorites such as ZrO, *. It appears in cubic face-centered
crysta symmetry, with the Ce atoms in the corner of the cube and in the center of each of its
faces, and the oxygen atomsinside (tetrahedral holes) the lattice at adistance of (14, 1/4, 1/4) (see
Figure 1). Likefor LaCrO,, Ce can be substituted by awide range of other elements such as La,
Pr, Sm, Gd, Y, Zr, Nb and Cawith different solubilities.

Figure 1: CeO, cubic structure in the
Fm3m space group. Ce atoms are in
the corner and in the face centers of
the cube. Oxygen atoms (slightly
bigger) are in the lattice. Each Ce is
surrounded by 8 O located at the
summit of a cube, whereas each O is
located at the top of a tetrahedal. The
structure was drawn using the JCPDS
chart No 34-394 and the
CrystalMaker program.

Conductivity
CeO,-based compounds are semiconductors. Like LaCrO,-based oxides, they are
nonstoichiometric and can be written as CeO, ;. The composition of these oxides can be varied

over awiderange of o (from 0to 0.5) by reduction. The remova of oxygen creates electrons as

well as ionized oxygen vacancies, V", in the lattice. These materials are thus ionic and n-type
semiconductors, and as for LaCrO,, the electronic conductivity mechanism is consistent with the
hopping of small polarons *. The migration of a small polaron requires the hopping of both the
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electron and the polarized atomic configuration from one site to an adjacent one. In this case, the
hopping proceeds between neighboring Ce** and Ce* sites, created by reduction as

Ce"0, = Cel',C&0, ,, +50, ()

The corresponding defect equilibrium written following the Kréger-Vink notation is given by 2
2Ce, + O =2Ce, +V," +%O2 2
or O =2e +V,’+ % o} (3)

where O_* is an oxygen ion in the lattice, Ce., = Cé", Ce.* = C€¥ and V," is an oxygen
vacancy. Additiona oxygen can be removed from the materia when dopants of vaence lower
than 4+ are incorporated in the lattice, such as the trivdent La, Sm, Gd and Y eements, or
divalent Ca*>. This happens according to °

MO, - 2Mg, +V,"+30] (4)

where M, is the doping element on a cerium sSite. The increase of the vacancy concentration
leads to the enhancement of ionic conductivity. This makes these oxides dternative materiads to
the 8YSZ dectrolyte (3 times higher ionic conductivity than 8YSZ a 800°C). The ionic
transference number is near one a high P, . At a P, velue of ~10" am, the eectronic

conductivity crested by Ce reduction becomes equa to the ionic contributions. Further below
that P, the electronic conduction dominates.

The doping with elements of vaence higher than 4+, such as Nb (5+) leads ether to the
incorporation of the excess oxygen asinterstitials ’

ce*o, 0%  Ce* Nb3’O,.., (5)
or to an electronic compensation leading to cerium reduction
Ce4+02 D T‘Eﬁzo_s) Cef—*-ZXC%S: Nb25;02 4x 202 (6)

i.eto an increase in the eectronic conductivity. The eectronic conductivity can be expressed in
the same manner as for LaCrO,-based oxides (Chapter 3) °
_Ea

Oe’a?
o.= Cce*1[Ce* leR 7
e % Il ] (7)

whereas the ionic conductivity is dependent on the vacancy concentration *.

Among all substituents, Sm, Gd and Y are preferred asthey alow high ionic conductivities, a
high level of substitution as well as phase stability * ® . Sm and Pr seem to induce a high
[Ze%stance to reduction ® ™. Pr, Zr and, as discussed before, Nb induce electronic conductivity ®

Ceria oxide doped with elementssuch as Ca, S, Ba, Y, Zr, Nb, La, Pr, Nd, Sm, Eu, Gd, Dy,
Ho, Er, Tm, Y b and Lu have been investigated in the cited literature. They &l show relatively high
conductivities at intermediate temperatures compared to 8YSZ. The solubility in ceria of the
above mentioned oxide varies alot. Caand Sr are reported to have a solubility of 15 to 23% and
9% respectively **, Y of more than 33% % and Nb of 1.4% ’ (800°C-1000°C). The rare earth
oxides are soluble to more than 20 atom %. However, the solubility limit at low temperature
might be lower as evidenced in the case of La (20% at 1600°C and 15% at 400°C) .

The maximum conductivity concentration has been reported to be of 8% for Ca*®, 3% for Sr
2 1.2% for Nb ” and 20% for the Y and the rare earth dopant > ® #2. This suggests that the
preferred trivalent or divalent dopant concentration is that which yields to approximately 5% of
the oxygen sublattice sites vacant. However, the difficulty encountered in the fabrication of such
materials have led to arelative paucity and scattered conductivity data.
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Preparation

As with LaCrO,, many techniques are applicable. However, in literature, three man
techniques are commonly used: the solid state reaction between CeO, and M,0O,, MO, or M,O,
a 1300°C or above (950°C for Ca0) * ® ** ** % the explosion method °, and oxaate or NH,
precipitation > *#2-2*% The |ast method yields very fine powders as the calcination temperature
is of 700-800°C * %,

The aim of the present chapter

For our purpose, Y, Gd, Pr and Nb-doped CeO, were studied for their potential use as
electrodes for direct CH, oxidation, with the two first elements to increase the ionic conductivity
and the last two elements to analyze the effect of the eectronic conductivity on the eectrode
reaction. A double substitution with Gd or Pr and Nb was also undertaken as for an anode
purpose, a concomitant high ionic and eectronic conductivity is desirable. Besides that, Pr is
known to have interesting catalytic activity when used in SOFC " and to be the most active
catalyst among rare earth oxides ** %, and Nb oxides to be a methane activating cataysts.
Different fabrication techniques were used in order to optimize the powder characteristics.
Conductivity measurements were undertaken for some of these materials, and trials were made to
produce adhering layers of these compounds on YSZ dectrolyte sheets. Findly, TEM
observations were undertaken in order to monitor the interfacial reactivity between 8YSZ and
CeO,-based electrodes.

Experimental
Powder preparation

Different methods were used to produce the different ceria powders. For the Y, Pr and Gd
doped powders, the oxaate coprecipitation method was used by dissolving the appropriate
amounts of the different nitrate precursors in agueous solution (1 M), added under stirring to a
neutral dilute oxalic acid aqueous solution (0.05 M). The cerium nitrate was provided from
Wako Chemicals, Jgpan, whereas the other compounds were purchased from Fluka The
resulting precipitate was then vacuum-filtered, washed with distilled water and isopropanol.
Subsequently, the precipitate was dried overnight at 50°C, then calcined between 700 to 1500°C
for 1 h. Y, Pr and Gd doped ceria powders are yelowish, reddish to purple and whitish
respectively. CeO, isaso yellowish.

The Nb element does not possess any nitrate sdt, and al the Nb water soluble salts are
expensive organometalics. For producing Nb-doped ceria powders, three different routes were
tried: (1) the solid state route by mixing Nb,O, and the other oxides followed by cacination &
1550°C; (2) the precipitation in oxalic acid agueous solution where the appropriate amount of
Nb,O, was dispersed, followed by cacination a 1400°C; (3) the dissolution of nitrate
precursors of Ce and Y or Gd or Pr, and NbCl, in 2-propanone (acetone) under heat and
stirring, followed by decomposition on a hot plate and calcination a 1100°C. An dternative to
the last method is to dissolve the NbCl, in 2,4-pentadione (acetyl acetone) in order to make a
water soluble complex, then add the cerium nitrate and decomposing the whole under stirring on
ahot plate. The cacination temperature is varied from 800 to 1100°C.

For the solid state method, appropriate mixtures of CeO,, Gd,0, and Nb,O. al provided by
Kojundo Chemicals, Japan, 99.9%, of a needle-like structure of 0.3~1 pm or less as observed by
FEM, were prepared by wet bal-milling in ethanol using 0.2 wt% sorbitan pamitate as
dispersant. Ball-milling was carried out with zirconia bals. This was followed by uniaxially
pressing the dry powder into pellets at 100 to 200 MPa. Dry ball-milling was also tried. The
sintering temperature was varied between 1400 and 1600°C. Nb,O; is reported to melt between
1450 and 1485°C * so that to obtain the desired composition the materid was first fired a
1400°C, then further calcined at 1550°C.

A dry grinding step ended the fabrication process and was aso used at intermediate steps.
The different produced powders are summarized in Table 1. XRD measurements were
performed on al powdersin order to detect impurities.
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Table 1: Summary of the different synthesized

powders.
Powder composition surfecearea particlesize
[m?/g] dso [UmM]
CeO, =20 =0.5
CeysGdy 016 =20 =0.5
Cey65Gdg 120 04 =20 =0.5
Ce5Y0.2018 15.3 0.8
Ceo.85Y0.1501 025 =20 =0.5
Ce6Pro4O1g 17.98 =0.5
CesPro201 =20 =0.5
CeyesPro.1501 025 =20 =0.5
Ce.992ND0 005054 6.1-6.4 0.8~-1
Cey67.G g 1,ND 005054 0.89 1
Cey 4Gy 1,NDg 40,
Cey62.Gdy 1oNDg 0602
CeysGdy12NBy 604

Ce€597Pr 0.308N00,004702.4

Conductivity measurements

Rods of CeO,-based compounds of 13x6x5 mm?® were pressed a 100 MPa, and sintered a
1500°C for 4 h. A 4-probe technique measurement was used. A dow change in conductivity was
observed at low oxygen partid pressures, and the conductivity reached stable values after more
than 5 h. Oxygen partial pressures were controlled by appropriate mixing of O,/Ar, CO/CO, or
H,/H.,0.

Adhesion, morphologies and chemical compatibility of electrodes on 8YSZ

Terpineol-ethyl cellulose-based durries were prepared from CeO,, Ce,,Y .0,
CeO.GPrOAOl.S’ CeO.SSPrO.lSOl.925’ CeO.SGdO.Zol.Q’ CeO.992Nb0.00802—6' and CeO.6PrO.4NbO.OOSO2—5’

sintered at different temperatures, as described in Chapter 2. 1 cm?® eectrodes were screen-
printed over 8Y SZ sheets and sintered at different temperatures in order to verify the adhesion of
these electrodes. Subsequently, some of these electrodes were treated overnight at 800°C under a
flow aH, + 3%H,0. SEM cross-section images were made before and after hydrogen treatment
in order to analyze the electrode morphologies. Finaly, one TEM analysis was performed on a
Ce, o0,Nb, 15O, electrode sintered at 1200°C over a8Y SZ sheet in an attempt to understand the
sticking mechanism of this particular composition as well as to monitor any interfacial reaction
with 8Y SZ which might be detrimental to the overal conductivity of the cell.

Results
Powder and pellets preparation and XRD analysis

Powder produced by the oxalate coprecipitation method (i.e. Y, Pr and Gd doped ceria) gave
the pure phase after a calcination step of 800°C. For the NbCl, route, firing a 800°C was not
enough. However, when calcined at 1100°C for 4 h, the powder turned green, atypical color for
reduced ceria centers (Ce*) *.

For the solid-state method in order to obtain reproducible conditions, the powder size, the
ball-milling time, the pressing conditions and the firing temperature were followed. These
parameters were studied on Ce,,,Gd,;,0,4, then transposed to the Nb-doped solutions.
Powders of 1 to 2 um diameter agglomerates alowed a better densification and produced crack
free pellets of 95% of the theoretical density compared to 80% in the case of coarser powder (10
pum or more). Ball-milling had an impact on the densification. The effect of the dispersant was
also remarkablein that it enabled near theoretical densities to be achieved. Compaction showed
little effect between 100 and 200 MPa. Better green densities were obtained for the latter
pressure whereas fina densification was better for samples pressed a 100 MPa. Findly, the
pellets showed full densification at 1550°C / 8 h and the reminiscence of small enclosed pores a
1400°C/ 8 h. A grain growth is observed from 1400 to 1550°C, passing from 0.6 um at 1400°C
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to 1.5 ym at 1500°C to 2 to 3 pm at 1550°C. Reducing the sintering time to 4 h reduces the
densification (from 98 to 96 % at 1550°C).
The presence of Nb allows a better densification of doped ceria, beginning at 1400°C for low

Nb content. In the case of Ce,,,Gd,,,Nb, 0, fired a 1400°C / 12 h, full densification was

reached. The grain size was of 2 pm compared to 0.6 um in the case of Ce, 4,Gd, ,,0, o, fired &
the same temperature. For high Gd content (30 and 43%) full densification was not reached .

The X-ray patterns of ceria and gadolinia are very similar. However, in dl solid solutions
reported here, the main phase observed was that of the cubic ceria phase. Gd-doped ceria did not
show any secondary phases at least up to ~ 43% Gd content, as expected from literature *. In
the case of Gd/Nb-doped ceria, atrace of a secondary phase was observed in the case of 6% and
8% Nb doped Ce,4,Gd,,,0,,,. The secondary phase could be related to the fergusonite
structure of the orthoniobate CeNbO,, but other phases could also be suggested such as
CeNb,O,, CeNb,O,,, GANbO, or Ce,0,. The ceria orthoniobate was reported to be formed
when Nb,O, exceeds its solubility limit of 0.6~0.8% in ceria. Rich Nb phases were observed by
electron microprobe analysis.

S.44 — Figure 2: Evolution of the cubic lattice
parameter of Nb doped Ce, ,GdO,,, as a
5.43 - function of Nb  content. (m)
CeO.SSGdO.lZOl.EM; (A) 32C60.57Gd0.4301.785; (O)
CeO, from reference ™.
__5.42
<
©
541 —©
5.40 —
5.39 —
| ' | ' | ' |
0 4 8 12
% Nb

With increasing Nb content, the lattice parameter decreased as expected from the difference
in theionic sizes of Nb¥, C€¥ and Gd"' (0.66, 0.97 and 1.06 A respectively ). There is dmost a
linear decrease in the |attice parameter, going from O to 8% Nb in Ce, 4,Gd, ;,0,; o,-

Optically, pellets made of these powders had different colors. For the low Gd concentration
solution (12% Gd), the colors go from yellow for the 4% Nb to green-yellow for a 6% Nb to
olive-green for the 8% Nb doped powder. It has been reported ** that such a color transition is
indicative for the presence of Cé". The olive-green color is observed in Ce,O,. Some reports
point to the fact that when Ceisin excess in ceria-niobia solid solutions, Ce reduces to the Ce'"
State without affecting the NbY oxidation state ** *°. This indicates that Nb dissolution in ceria
leads to an important reduction as would have been expected from the substitutional mechanism
(equation (6)). In the Gd rich solutions (30 and 43% Gd) the color is that of Gd doped cerig,
even though the Nb content isrelatively high (8 and 12%). This contrasts with the substitutional
mechanism and could possibly be related to the interstitial or vacancy annihilation mechanism.

Globally, the solid-state and coprecipitation (in the case of Nb) methods require a high
calcination temperature (> 1400°C) in order to obtain apure phase. For the NbCl, route and the
coprecipitation method (except for Nb), a much lower calcination temperature leads to the pure

phase and also to very fine powders. Figure 3 shows XRD spectra of the Ce, oo,ND, 4,40, 5 Made

by NbCI, and coprecipitation routes along with the Ce, Pr,,Nb, -0, powder made by

coprecipitation. Also, these results show that it is possible to combine the effect of Gd and Nb in
order to increase Nb solubility in CeO, solutions. The introduction of oxygen vacancies alows
the accommodation of the oxygen excess from Nb,O; into the structure of CeQO,,.
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J k J Ce, Pr,,0, 5 1500°C

Ceo.ggz Nbo.oos 02-5 1100°C

A { ) k U
| ce,, M, 0O, 1500°C
L JL | JL ! “r
50 60 70

20 30 40

Intensity (CPS)
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26
Figure 3: XRD patterns for the Nb and Pr-doped CeO, prepared by the solid-
state (Nb-1500°C), the NbCl, (Nb-1100°C) and the coprecipitation (Pr-1500°C)
methode.

Only few of these powders were characterized for their powder size distribution and their
surface area (see Table 1). Y and Gd doped ceria prepared by the coprecipitation method gave a
average particle size distribution of 0.5 pm, after sintering at 700°C/1 h. Nb-doped ceria
prepared by the modified coprecipitation method gave an average particle size of 0.77 pm and a
surface area of 6.14~6.39 m?g, after sintering a 1500°C/1 h and bal-milled for 64 h.

Ce, ,Pr,,O, 5 coprecipitated gave a surface area of 17.98 m?/g.

14 Figure 4: Effect of oxygen
partial pressure on the
total conductivity of CeO,
solutions at 800°C. (4)
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Conductivity

Thetota electrica conductivity of most materias are shown in Figure 4 and 5 as a function
of the oxygen partia pressure and temperature. The general behaviour of these conductivites are
similar to the other CeO, solid solutions. A P, independent region between 1 and 10°® am is

observed indicating that the conductivity is overwhelmingly controlled by the extrinsic
conductivity. The stability region becomes narrower at higher temperatures due to an increase in
the intrinsic conductivity of CeO,.

04 Figure 5: Ceyge,NBy0060-.5
830°C A conductivity as a function
of  temperature  and
oxygen partial pressure.

0.2 —

0.0 —
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Thetota conductivity in air isafactor of 10 higher for the 6% and 8%, and 30 times for the
4% Nb solutions compared to pure CeO,. However, compared to pure Ce,4,Gd, ,,0, o, the
conductivities in air are lower. The higher the Nb content in Ce, ;,Gd, ,,0, o, the lower is the
conductivity. Doping with only 0.8% Nb results in an enhancement of afactor of 1250 for CeO,
conductivity, being of 0.25 S/cm, a vaue amost one order of magnitude higher than Gd doped

ceria. These observations contrast with the reported change in color, which change to olive-green
indicating higher Ce" content. Also, our conductivity measurements for Ce, oo,Nb, 1,s0,.5 are
dightly lower than what Naik et al. reported ’.

An Arrhenius plot of the conductivity gives activation energies for Ce,,Gd,,,Nb, O,
Ce, 5,Gd, ;,Nb, ,cO, 5 and Ce,,,Gd, ,,Nb,,,0, 5 between 77 and 97 kImol which correspond
more to the activation energy of the ionic process (85 kJmol) * ° (Figure 6). For
Cey, 6:NBy 0050, the activation energy in air corresponds to a small polaron hopping process of

the conductivity mechanism of pure CeO, (18~51 kJmol) * *, whereas it shifts to higher values
at low oxygen partial pressures (Figure 6).
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N\?\F Figure 6: Arrhenius plots for the (O)
CeOA84G dO.lZN b0.0402-61 ( D) CeO.BZGdO.lZN bO.OGOZ-év

v& (A) CeO.MGdOJZNbO.OSOZ-JI (D) CeO.QQZNbO.OOSOZ-6 in

air and (+) Ceyge,NDy 0.5 iN humidified H,,
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If we consider that Nb isintroduced in Ce, ;,Gd, ,,0; o, following an e ectronic and vacancy
mechanism where the Nb,O, excess oxygen is taken by the oxygen vacancies arising from Gd
substitution, then the total conductivity could be expected to be proportiona to that of the
remaining vacancies in the structure. For one Gd, one Nb could then be dissolved considering
thefact that for two Gd one vacancy arises and that for two Nb one oxygen is in excess. This
approach would mean that a 4%Nb-12%Gd doped ceriaisin fact a 8%Gd ceria solution, the
6%Nb-12%Gd doped ceria a 6% Gd doped cerig, etc. However, the Nb-Gd solutions show
lower conductivities than expected (Figure 7). This difference might partialy be related to the
appearance of ceria orthoniobate (CeNbO,) as evidenced by XRD, in the case of the 6 or 8%NDb-
12%Gd doped ceria. This secondary phase is known to have a tota conductivity of around 0.01
Slem. These results contrast with Nauer et al.’s ** who found that a 3% Nb doping of a
praseodimia-ceria solution did not worsen its conductivity.

05 1 A Figure 7: Compared conductivities of the
Nb-doped Ce,4Gd, 1,04, Solution  with
-1.0 equivalently doped Ce,,Gd0O,,,. (O) pure
15 ceria from reference °; (A) Ceyo0ND, 006050
= from reference  ’;  (O)  Nb-doped
S -20 CeysGdy1,0,4, solutions and (M) the
0, [1850°C equivalently doped Ce,,Gd,O,..
B-25 —
=
— 3.0 —
-3.5 —
O
40 — T=800°C

| | | |
0 2 4 6 8 10
%Nb

From these results we conclude that 0.8%Nb shows the highest conductivity, in air. For low
oxygen partial pressure, the total conductivity tends to be dightly higher than with pure ceria.
The dectronic conductivity with Nb is higher as with purely ionic Gd-doped ceria (Figure 4).
Adding Nb to the Gd-doped ceria therefore induces an increase in the electronic conductivity.
However, a precise control of Nb concentration is necessary in order to prevent the precipitation
of secondary poorly conducting phases like CeNbQO,. For an anode purpose, Nb seemsto be the
best dopant, as it alows a higher conductivity in more oxidizing atmospheres than the other
studied dopants. The conductivity of Pr-doped CeO, solutions were not studied but reports
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indicate that a conductivity of 0.1 S/cm, i.e. 2.5 times less than Ce,45,ND, 50,5 could be

achieved with 50%Pr-3%Nb at 800°C whose main contribution to conductivity is electronic *# %3,
making them also interesting materials for anodes. The ionic conductivity of these two CeO,
solutions is expected to increase under reducing conditions (see equation (3)). Pressed rods of

the Ce, ¢Pr,,O, s composition, sintered a 1500°C/4h, seemed to sinter but crumbled a room

temperature. We were thus not able to make any conductivity test for this material. Thismight be
due to changesin the valence number of Ce or Pr between high and low temperatures, giving rise
to high thermal expansion. Generaly, CeO,-based solutions are more prone to reduction than
LaCrO,-based materials *. In reducing conditions, CeO, expands as much as 2% ° versus 0.25
to 0.35% for heavily substituted LaCrO,, unsubstituted LaCrO, having amost no measurable
expansion between air and humidified H, *". Table 2 summarizes some reported values for the
conductivity and thermal expansion of CeO,-based compounds.

Table 2: Summary of some literature data on doped-ceria solutions.
Powder o, 800°C* t; E, [kI/mol] Py [am] o, 1000°C TEC

[Sem] air gooec  [Sem]® [10°K7
CeO, 00003 035  18.3-50 =2 97-123
Ca 0.042-0056 099  81-74 2.4 12.8
Y 0.029 102-94  1x10™
Nb 025  5x10° 173 5
La 0.048 1 86-78  8x10™
Pr 0.1 =05 84 12 10-11
Nd 0.059-0031 1 99.7-75  2x10%
Sm 0.094-0042 1 82-794  810® 03
Gd 00550038 099 68854  2x10° 14 125
Dy 0.077 0.98 89.6 8x10™"2
Ho 0.064 1 95.4
Er 0.057 0.97 98.3
m 0.056 1 96.4
Yb 0056-0031 1  983-939 1x10%
YSZ 0.030 1 10.8

Data taken from references > 4 &9 12 16,18 3840 't = jonic transference number;
POZ* = the P, at which =0 *takenin air; " taken at a Po, of 10" atm. Doped
ceria has the Ce, sM,,0,.; formula, with M the dopant.

Adhesion and electrode mor phologies

The adhesion and the morphology of the different CeO,-based electrodes were observed to
depend on the powder handling and on the nature of the dopant. Ceria-based powders were
observed to possess a needle-like morphology, which prevented proper adhesion on YSZ sheets
(e.g. Figure 8) or (Y,Gd) doped ceriapdlets. Calcining at high temperature and ball-milling were
needed to achieve spherical powders, more prone to sinter.

Pure CeO, calcined at 700°C, 1200°C or 1400°C with subsequent ball-milling showed no
adhesion at al when sintered at 1100°C, 1200°C or 1300°C. These electrodes were very friable,
even though some kind of reaction occurred on top of the YSZ sheets at the higher sintering
temperatures. This could be explained by the ease of reduction of CeO, a high temperature and
the subsequent mismatch in expansion with YSZ 4 (Table 2). 15t020% Y or Gd-doped ceria
behaved in asimilar way but powders calcined at 1450°C adhered to Y SZ sheets when sintered
at 1100°C or 1150°C (see Figure 9). The adhesion was enhanced when the sintering occurred
under mildly reducing conditions (Ar). However, when the eectrodes were reduced in
humidified H,, delamination occurred in most cases. A doping leve of 15 or 20% was chosen
for it represents the highest ionic conductivity value at the working temperature of 800 to 900°C.
Sintering of the same electrodes over 15%Y doped ceria did not improve the sticking much.
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Figure 8: SEM micrograph of a
CeGd,,0,, dectrode  sintered at
1200°C/4h. The powder was used after
calcination at 800°C/1h and subsequent
grinding.

Accv  Spot Magn Dot WD Exp
500KV 30 7000x OSE 96 2 D20/1200C/AIr

Figure 9: SEM mi crographs of a CeO :G0d,,0, , electrode sintered at 1200°C/4h. The powder was
used after calcination at 1450°C/4h and subsequent ball-milling. The electrode seems to stick
well, but is seen to possess a low porosity.

Pr-doped ceria behaved similarly to pure CeO,, and calcination a 700°C, 1200°C or 1400°C
with subsequent ball-milling did not improve the sticking of the powder even after sintering a
1100°C to 1300°C. Pr seemed to present needle-like powders. At dl sintering steps Pr seemed
to diffuse into YSZ producing a reddish domain. Sintering of the same powder over 15%Y
doped ceria pellets did not improve the adhesion, as the electrodes were observed to be friable.

: } f‘ 3 &
AccV Spot Magn Dot WD Exp M 10 pm _AccV Spot Magn  Det WD Exp
5.00 kv 3.0 SOOOXIVSE 10.0 3 D3.2.0, 1100C _ NG 00 KV 3.0 156000x SE 100 2

Figure 10: Ce,q5,Nb, 4050,.5 €l ectrode morphology as observed by SEM. Electrodes obtained from
powders made following the NbCl; route calcined at 1100°C and sintered at 1100°C/4h.

Only the Ce, 40,Nb, 1,0, 5 composition adhered well on YSZ sheets. Both powder batches

produced from the coprecipitation and from the NbCl, route gave good results. The electrode
structure was quite dense (see Figures 10 and 11). This electrode adhered well at the temperature
of 1100°C and tended to fully densify beyond 1300°C (see Figure 11). The analysis of the
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electrode morphology indicates some kind of a melting process as al the grains seemed to
present a rounded shape a 1100°C, and some melt-like forms appeared a and above 1300°C.
Also, the adhesion was maintained even after reduction in humidified H, at 800°C. However, as
for the Y and Gd-doped ceria, the electrodes seemed too dense, having a low porosity when
compared to LaCrO,-based electrodes
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Figure 11: Ce,q,Nb,0050..5 €l ectrode morphology as observed by SEM. Electrodes obtained from
powders made following the coprecipitation route, sintered at a. 1200°C, b. 1300°C, c. 1400°C
and d. 1450°C for 4 h. The structure is quite dense at 1200°C and the electrode tends to form a
melt like structure. The adhesion is strong after sintering at 1200°C and the electrode sinters
completely at 1450°C. The interface shows voids at 1450°C, probably due to the interdiffusion of
the species (Kirkendall-void).

The effect of Nb isnot very clear. Test made with pure Nb,O, (asit isalso agood conductor
at reduced atmospheres) sintered over YSZ sheets at different temperatures showed some kind
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of surface doping on Y SZ sheets. Nb has been reported to react with and dissolve in zirconia *2.
Interestingly, Nb,O, did not stick on YSZ, most probably due to its needle-like powder, which
could not be much rounded even by ball-millig. In the ceria electrode the presence of Nb might
then promote adhesion by reaction. Furthermore, Nb has been shown to reduce the expansion
coefficient of ceria-based materials **. However, under reduced oxygen potential, due to
additional CeV to Ce" reduction, the material is bound to expand (about 1% expansion °) in a
same manner to Y or Gd-doped CeO,. The high initia sticking seemsthusto prevent the porous
structure from delaminating. Furthermore, Baumard et a. also observed that Nb addition to
CeO, induced a densification process starting at 1200°C, leading to high relative densities **.
Thus, for the anode, Nb seems to be one of the best dopant, both from the conductivity and
adhesion point of views.

Addition of Nb to a Ce, 4Gd,,,0, 4, solution alowed a better adhesion on YSZ sheets.

However, no effect was observed for the Ce, (Pr, ,O, s composition. Multilayer variations were

aso attempted by mixing Ce,44,NbD; 50,5 With 8YSZ from Tosoh, Japan, or Magnesium
Elektron, U.K., at different ratios (40/60 or 20/80). This procedure might be fruitful in future as
in the case of LaCrO,-based materials. Also, addition of catalysts such as Ni and Ru was made
either by impregnation or by prior mixing of nitrate precursors with the electrode durry. The last
procedure proved to be detrimental as the electrodes tended to delaminate after reduction.
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Figure 12: SEM microstructure of a porous anode made by the addition of Teflon balls (50

vol%), sintered at 1200°C/4h. This distance corresponds approximately to 10 um and 5
pum in the first and second micrograph respectively. Magnification: a.3000x and b.7000x.

Trials were aso made to increase the porosity of CeO,-based anodes. For this purpose,
carbon powder (Printex 85 Furnace Black from Degusa, Germany) and Teflon balls (Dolder
Teflon micropowder MP 1200, 2-4 um, from Dolder, Basel, Switzerland) were mixed at 50 vol%
with the anode powder during the slurry fabrication using terpineol and ethyl cellulose. The
durries were subsequently well mixed using atriple roll ball-mill. The carbon powder induced a
very fine porosity below the um scale. Teflon balls, however, alowed to get expended structures
asthe one shown in Figure 12. Thiskind of structure allowed the impregnation of catalyst made
of Cu and Ni using aqueous nitrate solutions. The highest loading reached was of 17 wt% of
Cu, Ni or Ni-Cu catalyst (see Figure 13).

Chermical compatibility with YSZ

CeO,, ZrO, and Y,O, form solid solutions of the fluorite structure. The ternary solution
possesses also an immiscibility gap ** *. CeQ, is thought to dissolve to about 40% in YSZ &
1600°C **. However, CeO, reacts with YSZ to yield mixed conducting solutions, having lower
ionic conductivity than pure ceria™*>“>“, Thisreaction is thus expected to increase the ohmic
resistance at the anode electrolyte interface.

Due to the good adhesion of the Ce, o,,NDb, 4,0, 5 €lectrode, this was taken as model for the

interfacial analysis of any possible reaction between ceria and YSZ during sintering at 1200°C,
the highest sintering temperature adlowed before full densification (see above). One eectrode
was thus sintered a 1200°C/4h (see Figure 14). The sample was made dimmer by ionic
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bombardment. Different line-scan analyses were performed over the prepared sample (see
Figure 15). By EDS Nb peaks overlap with Y and Zr peaks. No image profile for Nb was thus
possible and no knowledge could be gained in order to understand the adhesion mechanism of
this precise composition. However, from the concentration profile of Ce and Zr, it is thought that
no interdiffusion occurred between the anode and the support a the um and nm scae, within
experimental errors. Some Zr was observed on the anode very far from the interface, > 5 um, and
symmetrically some Ce was observed on Y SZ and this isthought to stem from the ionic ablation
(specimen preparation) in the region of interest.

o e

Figure 13: SEM micrograph of a CeGdO anode impregnated with Cu. a: Not all the Cu
penetrates the structure and some is deposited on the surface of the electrode; b. Cu tends to
produce small droplets inside the anode.

W
b <y

LA ~

b.00,.s @anode sintered at 1200°C/4h. a. cross-
section and b. surface (tilt 20°), of the pellet used for interdiffusion analysis by HRTEM.

Mitsuyasu et d. indicate no interdiffusion between YSZ and Y-doped ceria using powders
and contacted pellets couples, when the sintering temperature was < 1100°C *” *, They detected
asurface reaction at 1300°C, 1500°C and 1700°C. At that temperature, the interdiffusion length
was of 15 pm. Our results indicate clearly that even at 1200°C no detectable reaction is to be
expected.

Conclusions

Different CeO,-based powders were prepared using three different techniques. Oxalate
coprecipitation was used for Y, Pr and Gd doped ceria al synthesized at 700°C/1h. Nb doped
ceriawas synthesized following a modified route, using Nb,O, or NbCl, as precursors. Some of
these powders were characterized for their particle size distribution and their surface area. It was
observed that Nb induced a higher eectronic conductivity in pure CeO,, but a concomitant
doping with Gd had a negative effect on the total conductivity in air. Among dl these powders,
Ce, 00,NDby, 10s0,.5 adhered best on Y SZ electrolyte sheets and withstood the reducing conditions.

From these physical and mechanical results, Nb-doped ceria seems to be the most suitable ceria
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candidate for an anode material. However, as for LaCrO,-based materials, a composite electrode
with YSZ would likely dlow aso other compositions to adhere to the eectrolyte. Findly, ceria
was observed to be relatively inert to Y SZ when sintered at temperatures < 1200°C, as evidenced
by HRTEM.

3

=N
=

€ ’ f
Figure 15: HRTEM line-scan chemical analysis. a-b. TEM micrographs of one studied
region. c-d. Ce and e-f. Zr profile following the line. The high Zr content in the ceria layer

is thought to be an artefact because of the ionic ablation (specimen preparation for
TEM). Overall and within experimental error, no interdiffusion is thought to occur

between YSZ and Ce, o0,Nb, 10s0,.; anode when the systemisfired at T < 1200°C.
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CeO,-based catalystsfor oxidation of CH, directly on SOFC
anodes
Abstract

Catalytic properties of Nb, Pr and Gd doped ceria were investigated for their use as anode
materials for direct methane oxidation in SOFC. Impregnation of some of these catalysts with
Ni, Cu, Ni-Cu or Ru was aso undertaken in order to tune their activity. Different reaction gas
mixtures were chosen to simulate the various SOFC operating conditions: partial oxidation, CO,
and H,O reforming. All experiments were performed in CH, rich environments. In steam
reforming, the activity for pure ceria solutions increased from Nb<Gd<Pr, but in al cases the
activity towards CH, was poor. All three solutions did not deposit carbon even under the most
reducing conditions as observed by temperature-programmed oxidation (TPO) and TEM. Pr
doping showed a higher degree of reduction leading to a higher vacancy concentration. Metallic
loading of these catalysts was very sensitive to the sintering and reducing temperature, but in dl
cases lead ultimately to carbon deposition. Sintering at higher temperatures gave rise to a higher
interaction with the CeO,-based support, as the induction time for carbon formation was
increased. Also, Cu-based alloys showed a higher resistance to carbon. By adding Cu to Ni, the
overd| activity towards CH, was reduced and concomitantly their ability to form carbon was
reduced. However, these catalysts were very sendtive to the reduction as well as the operative
temperature, perhaps due to a surface segregation of Cu. Some results showed that such cermet
catalysts could be operated as anodes with methane feed.

I ntroduction

In this study, because of the stability of CeO,-based compounds in reducing atmospheres,
attempt was made to study the effect of Nb, Pr and Gd on the activity of these oxides. These
elements were chosen as Nb doping was found to promote the adhesion of CeO, over Y&
sheets, but also induced e ectronic conductivity, Pr induces a redox effect (Pr'"' and Pr') and Gd
increases theionic conductivity of ceria (Chapter 9). Pr doping was considered even though its
solution with ceria was observed not to adhere on Y&Z sheets. But as stated in Chapter 9,
composite electrodes with YSZ, as for LaCrO,, could be a solution for this problem. As for
LaCrO,-based solutions, different gas compositions were considered and reaction promoters
made of metallic catalysts were also studied. Not all catalysts were studied extensively under the
different conditions. In an attempt to increase their activity, metd loading with Ni, Cu, Cu-Ni
and Ru was undertaken. This concept uses well known steam-reforming catalysts, but also an
attempt is made to study metals with low affinity and solubilities to carbon such as Cu, Au and
Ag. For these elements no carbide is known (Table 1). Also, Mo was chosen as it possesses a
lstablecarbideform under reducing conditions, having an interesting catalytic activity with CH,

Table 1. Summary of metal elements with their known
carbidic or carbon solubility limits.

Element Phases, solubility of carbon

Fe martensite, Fe,C, Fe,C, Fe,C,, Fe,C;, Fe,C
Co CosC, Co,C

Ni Ni;C (metastable)

Cu 0.0104 at% at 800°C

Mo MoC and others

Pd 2.5 at% at 800°C

Ag 0.011 at% at 1660°C and diminishes with T
Ir max. 3.12 at% at 2296°C

Pt 0.41 at% at 800°C

Au max. 0.082 at% at 1027°C or 0.02 at% at 800°C
"Source %3
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M ethods

Powder preparation

Ce,Gd,,0,, and Ce,qPr,,;0,; powders were made following the coprecipitation

method, whereas the Ce, 4,,Nb, ,,c0, s Was fabricated following the modified coprecipitation or
the NbCl, method, al discribed in Chapter 9. Gd and Pr-doped ceria were calcined at 800°C.
The Nb-doped ceria produced by the modified coprecipitation method was calcined a 1400°C,
wheress the powder produced by the NbCl, route was calcined a 1100°C. All powders were
subsequently ball-milled.

1wt% Ni or Ru-loaded Ce, o,,Nb, ,,:0,.s Was prepared by impregnating the powder with a

Ni nitrate or a Ru chloride (Fluka 99%) solution in 2-propanol. After evaporating the solvent,
the composites thus obtained were calcined in-situ during the catalytic test runs.

Co and Cu oxides as well as Ni, ,Cu,O were made starting from nitrate precursors (Fluka
99%) dissolved in water in the case of the Ni-Cu solutions and decomposed at 500°C in air. Mo

was obtained from an industrial source as fibers. Some cermets with the Ce, 4,NDb; 1050..5

solution were aso made by impregnation. Another method was to coprecipitate the ceria powder
with the Cu or Cu-Ni oxides and calcine the composite a 700°C/1h. Table 2 summarizes the
different powders studied and some of their physical characteristics.

Table 2. Summary of the different powders used in this

study.

Powder composition surfacearea. particle size
[m?/g] dso [Um]

Ce4,602N D 006025 (CENDO) 6.4 0.8

Ce.85Pr0.1502.5 (CePrO) =20 =0.5

Ce, (G, ,0, 5 (CeGdO) =20 =05

Co oxide 2.82 5.35

Cu oxide 0.47

Mo

Nig,65CUo 350 11.23 0.75

1%Ni-Cey g9,NIy 006055

1%RU-Cey 95,ND 00505

30%Cu-Ce, 95,Nbyg 6005-5
30%(80%Cu-20%Ni)-Ce, 90o,Nby 06055

Catalyst tests

0.2t0 0.5 g of the freshly prepared catalyst was introduced in the same set-up described in
Chapter 6. Different gas compositions were used: a5:1 CH,:O, mixture for the partial oxidation
condition, a5:1:0.6 CH,:0,:CO, for combined reforming and a 56:y:x CH,:Ar:H,O, (x+y=44),
for steam reforming operation. The gas flow rate was adjusted for an hourly space-velocity of
approximately 19000 h* (v/v). The testing conditions and the gas treatment and analysis were
similar to those described in Chapter 6.

Temperature programmed oxidation and reduction

At the end of each run, atemperature programmed oxidation (TPO) in 20 mi/min He with 4
ml/min O, was undertaken in order to estimate the carbon deposition using an online
quadrupole mass spectrometer. The heating rate was of 25°C/min.

Temperature programmed reductions (TPR) were undertaken on Nb, Pr and Gd doped cerig,
in 9% H, in Ar with atotal flow rate of 55 ml/min. The water produced during this reaction was
followed by the online spectrometer.
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XPSand TEM analysis

XPSwas performed on Nb, Pr and Gd doped ceria, in a Kratos Axis Ultra Instrument using
MgKa radiation. TEM analysis was performed in a Philips EM430T instrument at 300 kV

equipped with an EDS X-ray spectrometer, over the 1 wt% Ni-Ce, 40,Nb, 10505 , the Co and

Cu-based catalysts. Carbon films on copper grids, used as sample holders, were impregnated by
the catalysts powders dispersed in methanol.

Results
Powder characteristics and TPR

After bal-milling, the different powders were anadyzed for their BET and particle size
distribution. These are summarized in Table 2.

Figure 1 shows TPR spectrafor the Nb, Pr and Gd doped ceria preoxidized at 900°C for 1
h. Three peaks were observed in the case of Pr at 525, 670 and 857°C; one for Gd a 898°C and
one for Nb at 898°C. No other peaks could be clearly identified for Nb and Gd. The exact
position of these peaks might be influenced by the surface area of the samples (6 m?/g for Nb
and =20 m?/g for Gd, Pr) *. The total amount of atomic O lost by reduction was calculated by
integrating the corrected water peaks (mass 18) measured by MS(Figure 1). If we consider that
Pr introduces mainly ionic conductivity in air, i.e. the vaency is Pr'", as for Gd, the initia
oxygen content of the compound would be of 1.925, that of Gd being of 1.9. If we consider that
the main substitution mechanism for Nb follows the eectronic compensation route (Chapter 9),
then the expected O content would be of 1.9997. The expected molar weight of these oxides are
quite smilar and estimated at 171.73, 171.04 and 173.94 g/mol for Nb, Pr and Gd doping
respectively. By reducing these oxides, 0.228, 0.144 and 0.092 moles of O are removed (i.e. the

non-stoichiometry J) from Pr, Nb and Gd respectively. These values account for an oxygen
content of about 1.69, 1.81 and 1.85, for Pr, Gd and Nb respectively. The non-stoichiometry is
thus quite high in these oxides when compared to LaCrO,-based oxides (11-5% versus 4%

only). Also, these results are consistent with nonstoichiometry data given for pure and 10 or
20%Gd doped ceriaby Wang et al. °, where an oxygen content of 1.7 is reached a a P,, of 10°

2 atm at 1000°C.
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Figure 1. TPR (temperature
programmed reduction) in
9:91 H,:Ar with a total flow
rate of 55 mi/min. The
measurements were done on
pre-oxidized powders, in pure
oxygen, at 900°C for 1 h. The
analysis is made by MS.
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From the nonstoichiometry data of Wang et a. ®, the reduction of 10% Gd doped ceria
starts at around 10% am of oxygen, a low temperatures. The main pesk observed by TPR
starts at around 500°C in al three substitution cases. Thus, this reduction peak can be related to
the removal of lattice oxygen with a concomitant reduction of Ce¥ to Ce", following the relation

Thefirst peak in the Pr substitution, as it does not appear in the case of Nb, might be related to
the reduction of Pr, most probably from Pr' to Pr'"' ®, or might be due to the reduction of the
most easily reducible surface capping oxygen as a smilar but small peak was observed for
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CGdO in the same region. Such a peak was observed for CeO, at around 497°C ’. The fact that
CNbO did not show such a peak might be related to the surface area of the powder " In the
TPR analysis this peak should be related to the removal of surface oxygen or hydroxyl groups.

Interestingly, reduced ceria-based powders behaved aso differently when exposed to air a&
room temperature. Reduced Nb, Pr and Gd doped ceria powders were blackish to grey. By
contacting the Pr powder with air, it oxidized instantaneously and recovered its reddish color.
The Gd powder oxidized dowly until its initid color was recovered. The Nb sample, however,
did not oxidize, at least within the first 5 min.

CH, conversion [%)]

B [o2] @

o o o

1 1 1
1
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Figure 2: CH, conversion and H, and CO selectivities
as a function of temperature for some of the catalysts
in 5:1 CH,:O,. Calculated CH, conversion takes into
account carbon deposition. For the CO selectivity
based on the thermodynamic calculations, the
deposited C was not incorporated in the selectivity
ratio of c.

Effect of O,

Figure 2 shows the steady state curves obtained by reacting a 5:1 CH,:O, gas mixture on
the Nb-doped and on the Ni,Cu, O cataysts. The La,4Ca,,:Cryq N| .0, and LaCrO,
cataysts are also given for comparlson The total flow rate was set to 50 mIN/min. Globdly,
CeNDbO and Ni-Cu catalysts behaved smilarily to LaCrO,. The reactions started around 400°C
In the middle temperature range, O, was entirely consumed by CH, to form CO, and H,O as
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H, and CO selectivitieswere low (Figure 2b and 2c), thus showing total oxidation (reaction (2)).
In thisregion, the CH, conversion reached a maximum of 10%, O, being the limiting factor in
the reaction.

CH, +20, = CO, +2H,0 )

In the lowest temperature region below 600°C, CeNbO showed an increase in the H,
sectivity, whereas the CO selectivity was neglegible. This might reflect a particular reaction
where CH, is dissociating and H, and CO, are formed, following the overall reaction

CH, +0, =CO, +2H, 3)

This type of oxidation was not found over the Ni-Cu or the LaCrO, catalysts. It should be
noted that this occurred in the region of low CH, conversion. Also, it is only above 700°C that
an observable net partial oxidation occurs (reaction (4)) aswith LaCrO,

CH, +%O2 =CO +2H, (4)

For the Ni containing catalysts, CeNbO+1%Ni and LCaCNi, the methane conversion was quite
high giving rise to high H, and CO selectivities starting from 650°C. A conversion of 40% was
attained, representing the total conversion of O, into syngas (reaction (4)).

For the Ni-Cu catalyst, the observed activity wasin between the two last categories. To start
with, the catalyst was brought to 980°C in 92:8 He:H, at a heating rate of 25°C/min. It is to be
noted that under these reaction conditions, Cu and Ni were in the metallic rather than in an oxide
form asthe oxygen partia pressure was low. The measurements were then made from high to
low temperatures. During this run, which lasted for about 20 h, no carbon build-up was
observed. In a subsequent test, a freshly reduced catalyst at 800°C/1h in a flow of 5.5 H./N,
was subjected to the same gas atmosphere at a constant temperature of 850°C. The activity was
sustained only over a period of 18 h, after which carbon began to build up, resulting in a
blocking of the flow-through reactor. At the same time, the powder temperature started to drop
indicating the decrease in the exothermic CH, conversion. Working a a 3:1 CH,:O, mixture
improved the stability of the catalyst as carbon deposition was noticed after 25 h. Ni aone
reacted readily with CH,, and in the gas mixture of 5:1 CH,:O,, the reaction proceeded rapidely
(20 min) to form a large carbon deposit. It is thus interesting to note that Cu seemed to
moderate the high activity of Ni. Cu alone was amild catalyst leading to 12% CH, conversion &
850°C but it also deposited C.

Co on the contrary was quite active with a42% CH, conversion at 850°C, depositing C after
3 h. Mo showed a mild activity of 20% CH, conversion at 900°C but it was found to form oxide
species with oxygen leading to its transport to the cold part of the reactor (i.e. evaporation-
recondensation). Molibdenum was chosen asiit is known to form stable carbides under reducing
conditions with interesting oxidative activities .

Tests carried out in the blank reactor, under the various gas mixtures, showed that no
reaction was occuring below 700°C, while at higher temperatures, the gases reacted to produce
CO,, CO and H,O; CO was aso formed by water gas shift reaction

CO+H,0=CO, +H, (5)

CH, conversion reached 15%, at 900°C in the case of the blank reactor (see Figure 2, whereas in
Chapter 6, the thermodynamic limits were also represented).

Thus globally, thereactivity of CH, over these different catalysts, in the gas mixture of 5:1
CH,:0,, taking the conversion of CH, as parameter followed the trend CeNbO+1%Ni>Co>Ni-
Cu>M0>CeNbO>Cu. Table 3 summarizes the activity of the different catalysts at 850°C. For
comparison, LaCrO, and La, ,.Ca, ,:Cr,,Ni,,O, were added to indicate the low end and the
high end of activity observed in the previous study (Chapter 6).

In terms of turn-over frequency (TOF), caculated as defined in Chapter 6, the trend is
different: Cu>Co>CeNbO+1%Ni>Ni-Cu>CeNbO. For the metdlic oxides, the TOF was
calculated on the basis of the oxide surface areaand not the reduced meta surface areg, as these
were not measured.
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Table 3: Summary of the activity in the different gas mixtures at 850°C.

*

Powder composition mass X TOF E X TOF X TOF E.
[  5:1CH;O, [mol/sm? [kdJmol] CH,0,:.CO, [mol/sm’] CH,;H,O [mol/sm? [kJmol]

Maximum conversion possible 40° 52° 5.4°

C€4,60NBp 00055 0.48 16 1.74x10° 16 161x10° 03  7.57x10% 11438

C€46:PT0 15055 0.24 2.7  2.28x10%° 2180

Ce,5G0y,055 0.17 1.3 1.48x10%° 224.0

Cooxide 0.33 42 1.41x10°8

Cu oxide 0.41 12 1.97x10°8

Mo 0.26 20 72.5

Ni,6:Clo 2.0 0.32 20 1.83x10° 995

19%Ni-C€, 055ND0 006055 0.73 45 2.88x10° 61 471x10° 9.0  479%x10° -

19%RU-Cé, 50,NBy 00055 0.33 53  1.65x10° -

30%CU-Ce, 05,ND0 006 O5.5° 0.28 0.3

309%(80%CU-20%Ni)-C€, 06;NDp 00 Oz2°  0.33 75

LaCrO, 0.27 15 5.18x10° 97 15 7.04x10° 1.7 1.57x10° 272.0

L8y 5C81:CrooNig, 05 0.26 40 2.12x10° 45 52 2.88x10°®

The maximum conver sion possible was cal culated following: *CH, + 0.50,= CO+ 2 H,; °CH,+ C0O,=2CO+ 2H,and CH, + H,O=CO + 3
H,. ¢ measured at 800°C. "derived at low conversion rates.
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Apparent activation energies for the oxidation reactions of some of these oxides were
determined a conversions below 10%. Ni-Cu and CeNbO catalysts had activation energies of
99.5 and 97.9 kJmol respectively, whereas Mo was thermally activated with 72.5 kJ/mol. A
vaue of 117 kJmol was caculated for the noncataytic therma reaction in the same quartz
reactor.

Effect of CO,

Figure 3 shows the influence of CO, on the oxidation reaction of CH, in 5:1:0.6
CH,:0,:CO, gas mixture, Table 3 summarizes the activity of the different catalysts at 850°C.
By adding CO, to the 5:1 CH,:O, gas mixture, no increase in the reaction is observed over
CeNDbO as for LaCrO,. CO, reforming is small, and increases only a high temperatures as
shown in Figure 4. At T=800°C, the gas shift reaction (reaction (5)) takes place by a
concomitant increase in CO and decrease in H, selectivity (see Figure 3b and ¢) when compared
with the 5:1 CH,:O, runs (Figure 2b and c). Thus thereis no CO, inhibiting effect asisthe case
for the lanthanum chromites (except those doped with Sr and Ni, Chapter 6).
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Figure 3: CH, conversion and H, and CO selectivities
as a function of temperature for two of the catalysts in
5:1:0.6 CH,.0,:CO,. The calculated CH, conversion
takes into account carbon deposition. For the CO
selectivity based on the thermodynamic calculations,
the deposited carbon was not incorporated in the
selectivity ratio, as shown in c.
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By adding 1% Ni to the CeNbO, full reforming of CO, was observed following the reaction

CH, +CO, = 2CO +2H, (6)

Its activity is somewhat higher than that of La,g.Ca,,.Cr,Ni,,O,. Also, the conversion is
dightly higher (61%) as the inlet gas mixture was dightly more oxidative than for the other
tests.

CH, conversion [%]

600 640 680 720 760 800 840 880 920
T[°C]

Figure 4: CH, reforming in 5:1:0.6 CH,: Ar: CO,.

Effect of H,O

Figure 5 displays the steam reforming reaction
CH, +H,0=CO +3H, (7

in a 56:41:3 CH,:Ar:H,O mixture while Table 3 summarizes the activity of the different
catalysts at 850°C. Here again, the CeNbO catalyst is observed to have a low activity toward
CH,, as its conversion is only 2% a 900°C. This vaue is even lower than with LaCrO,. By
adding a metdlic catalyst like Ni or Ru, the activity is increased. However, the conversion was
observed in these both cases to be higher than expected indicating C formation. Indeed, if dl
water is consumed without C deposition, a CH, conversion of only around 5% is awaited. Ru is
observed to induce less carbon than Ni. These cermet catalysts, however, eventudly plugged the
reactor during the run.

i
i
] ]
8 4= b e i CNDO+196N—
I I
i

CNbO+1%Ni i i
80 e e o ol o e o e e m CND O+ 10R U e e e o ffAk e e
| | |
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o

CO selectivity [%]
S
o

N
o
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TCl b
Figure 5: CH, conversion and CO selectivity as a
function of temperature for some catalysts in 56:41:3
CH,Ar:H,0.
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Tests were also made with Cu-based cataysts. The 30%Cu-70%CeNbO composition
heated to 700°C in Ar and subsequently reduced with H,, for 20 min, showed a CH, conversion
of only 0.25% at 800°C, but ultimatly carbon deposited and slowly plugged the reactor. It was
observed that with the cermet catalysts, the conditioning of the powders had an effect on their
stability towards CH,. For example, a 30%(80%Cu-20%Ni)-70%CeNbO compound deposited
carbon (CH, conversion of 7.5%) after 20 min time when the catalyst was reduced at 750°C,
whileit sustained its activity at 800°C for more than 120 h when reduced prior to its use for 20
minin H, at 830°C (CH, conversion of 3.5%). Such an interaction, between the metal and ceria
is reported to be generally promoted by areducing pretreatment ’. This indicates clearly that the
activity of Ni can be controlled by copper addition, leading thus to a carbon free reaction.
However, asfor the pure copper, the activity tended to decrease after a while, indicating that the
system should be kept under enough oxidative conditions to prevent C deposition. The fact that
Ru and Ni deposited C might be due to the low sintering temperature of these catalysts.

Also, ceria-based catalysts showed a small difference between the dopants. Nb-doped ceria
was observed to have the lowest activity, followed by CeGdO and CePrO. Methane conversion
in 3%H.,0 at 850 and 800°C respectively was as follows: 0.3% and 0.2% for Nb, 1.3% and
0.3% for Gd and 2.7% and 0.4% for Pr. In comparison, LaCrO, gave a conversion of 1.7%
(Table 3). Globdly, the activity trend was CeNbO+1%Ni>CeNbO+1%Ru>30%(80%Cu-
20%Ni)-70%CeNbO>CePrO>CeGd0O>30%Cu-70%CeNbO=CeNbO.

Apparent activation energies were measured for some of these catalysts and are summarized
in Table 3. They vary between 114.8 for CeNbO to 224 for CeGdO and 218 kJmol for CePrO.
Otsuka et d. ® reported an activation energy of 160 kJmol for CH, oxidation over CeO,.
LaCrO, was thermally activated with 272 kJ/mol. The Ru and Ni containing CeNbO catalysts
showed a dightly negative activation energy which might indicate a deactivation due to carbon
deposition °. In comparison, steam reforming on Ni based catalysts is reported to have an
activation energy between 20 and 160 kJ/mol *°, the latter representing the activation energy in
the absence of diffusion limitations ™.

The reaction order with respect to P,, ,, varied with temperature for CeNbO, being -0.7 a

750°C, -0.02 at 800°C and 0.2 at 900°C. For CeNbO+1%Ni the reaction order was of 0.7 &
850°C. Also, the higher the water content, the lower the CO sdectivity (e.g. 83% for 3%H.O
versus 0% for 20%H.,O in the case of CeNbO), very smilar to what was observed with
LaCrO,-based catalysts.

Methane coupling

Asfor LaCrO,-based oxides, methane coupling was quite low. Of al studied catalysts, only
CNDbO, Mo, Co, Cu and Ni, Cu, ,-O produced some C, compounds, in the 5:1 CH,:O, gas
mixture with or without CO, (6, 28, 0.5, 3 and 1.4% sdectivity at 850°C for these oxides
respectively). The addition of H,O suppresses the CH, coupling completely asit is evident from
the fact that al catalysts studied in 50:41:3 CH,:Ar:H,O did not produce C, species. Among
rare earth oxides, CeO, was reported to release very few methyl radicals as its acidic sites

contribute to scavenge these radicals leading to their oxidation to CO, compounds **.

TPO

Temperature programmed oxidation (TPO) experiments were started from room
temperature to 1000°C after running the catalyst for one day or more in CH, containing fuel.
Nb, Pr or Gd doped ceria presented negligible carbon deposition (e.g. 2x10™° mol CO,
produced, i.e. 4.5x10" carbon layer for Pr doping). This is much less than what was observed
on LaCrO,-based catalysts. The temperatures a which carbon was burned were quite low,
between 160 and 380°C representing most probably adsorbed carbonaceous species. A broad
low intensity peak around 650-715°C was also observed (e.g. Figure 6). On the other hand,

Ce, 00,ND, 4050, 5 impregnated with 1% Ni or Ru showed build-up of carbon. This carbon

amounted to more than 14 carbon monolayers in some cases depending on the run time. Cu
catalysts showed the same behavior, when run beyond the onset time after which carbon started
to deposit. Some of the resultsin 50:41:3 CH,:Ar:H,O are summarized in Table 4.
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Figure 6: Temperature programmed
oxidation (TPO, 25°C/min, 20 mIN/min

He + 4 mIN/min O,) on CeygPry:1:0,.5
(X1000)1 CeO.QQZNbO.00802-5 + 1%Ru (Xl)’

C€,90:NDy 00505 + 1%Ni (x3) and Cu
(x2). All were made after a catalytic
run in 56:41:3 CH,:Ar:H,O except for
Cu (5:1 CH,O,). The amount of C
deposited on metal catalysts depended
on the reaction time. Multipliers in
parentheses indicate the number of
times the curves have been magnified.

Table 4: Summary of the TPO temperature peaks and the total corresponding number of
monolayers. The measurements were made after a run in 50:41:3 CH,: Ar:H,0.

Catalyst composition / temperature [°C]

19peak 2peak 39pesk 4" pesk 5" pesk monolayers

Ce0.902NB5,00605-5 - -
CepgsPro1502.5 158.7 234.1
Cep6G;,0,.5 - 286.7
Ce0.952NDg 005025 +1%Ni - 271

Ceo 992N bo 00802-6 +1%Ru -

- - - 0
329.9 379.1 664.5 0
- - 715 0
- - 540 19
330 - 540 80

XPSanalysis

XPSanalysis was conducted on the used catalysts samples. The XPS peak positions for the
different elements were adjusted by shifting the carbon 1s peak to 285 eV. The average peak
positionswere as: 3d Ce, 880 €V; 3d Nb, 206.1 eV; 3d Pr, 930 eV; 4d Gd, 140.2 eV and 1s O,
528.6 eV. XPS peaks for the different species are shown in Figure 7.

Ce 3d

940

CPS[]

208
BE [eV]

206

cps []

Nb
1 1 1 1 1 1 1
536 534 532 530 528 526 524

BE [eV]

Figure 7: Ce, Pr, Gd amd Nb XPS
spectra and the corresponding O1l1s
spectra for the three oxides.

538

XPS analysis reveds surface segregation on the ceria powders. As summarized in Table 5,
Nb and Gd tended to segregate in a very high proportion whereas Pr followed the nominal
value. In literature, LEIS analysis showed that the outer 5 monolayers of Ce,,Gd,,O,, were
enriched with Gd, with the Ce/Gd ratio changing from 1 at the outermost surface to 4.2 in the
bulk *2. Our results for Gd go in the same direction, even though the analysis depth is expected
to be quite higher in the XPS technique. The surface concentration change could have a
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detrimental effect on the conductivity as it is known that a higher Gd content the ionic
conductivity decreases.

Table 5: Summary of the XPS surface analysis given in percent of the sum of
the total metal M elements.

XPSanaysis[% Nb Ce Pr Nominal Ce/lM Ce/lM

Catalyst composition concentration  surface nominal

Ce902NDg 005055 242 75.8 0.8 3.1 124

CeyP01505 81.0 19.0 15 4.3 5.6

CeysGdy 0.5 58.9 41.1 20 1.4 4
TEM analysis

TEM analyses were performed on the CeNbO+1%Ni, 30%Cu-70%CeNbO, 30%(80%Cu-
20%Ni)-70%CeNbO and on Co cataysts. They confirmed the previous measurements and
showed clearly the carbon formation over these catalysts.

¥ i - »r . . 50nm

ig M microraphs of Co talysiaf‘iter 3 hrunin5:1 CH, O, Graphitic carbon
films cover the Co particles either a. completely or b. partially.

Figure 9: SEM micrograph of the Co
catalyst immersed in carbon. This is
the same catalyst as the one studied
by TEM (Figure 8),

As shown in Figure 8a, Co formed a large amount of carbon deposits after 3 h run in 5:1
CH,:0.,. Graphitic carbon was observed to encapsulate the Co particles, either totally (Figure 8a,
the black spots corresponding to Co) or partidly, by precipitating on one side and sowly
covering the metalic particle (e.g. Figure 8b). No filamentous carbon could be observed. The
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carbon layers had varying thicknesses with a typical value of about 50 nm. Interestingly, this
high amount of carbon could also be observed by SEM-EDAX (Figure 9).

& N

10 nm S nm Sl
— .4

Figure 10: TEM micrographs of CeNbO+ 1%Ni catalyst. a. Filamentous carbon growing from a
ceria powder with b. a Ni particle at itstop. c. and d. are enlargements of some of these Ni
particles siting in tubular filaments having a central hole beneath the metallic catalyst. This
catalyst was run in 56:41:3 CH,: Ar:H,O gas mixture.

Also, CeNbO+1%Ni catalysts showed the formation of high amounts of filamentous
carbon, grown around free Ni particles. These filaments, 50 to 100 nm thick, were observed to
reach 2 to 3 um of length (see Figure 10a). The filamentous carbon was well graphitized
(Figure 10c-d). Many spots were observed within these filaments corresponding to Ni particles
(see Figure 10b-d). Inner holes were observed within them and in many cases Ni particles were
completely covered by carbon. Such kind of filaments are commonly observed over Ni-catalysts
¥ The Ni particles had varying sizes, some being larger that 100 nm and other being below 20
nm. Many of these particles were observed to sit in the center of the filaments (e.g. Figure 10d),
asif they wereleft behind by alarger Ni particle, siting on the top of the filaments (Figure 10b).
Such kind of material loss was reported in literature of Ni catalysts *°. Interestingly, these
filaments seemed to grow from the surface of the CeNbO where the Ni particle seemed to sit.
Hence, the metal particles were lifted off the support, moving outward on top of the growing
filaments. On the other hand, Ni free CeNbO powders did not show carbon growth of any kind,
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thus confirming the absence of carbon deposits over Nb, Pr or Gd-based ceria powders as
observed by TPO (e.g. Figure 11a-b).

The Cu-based CeNbO cermets showed aso carbon deposition. However the carbon
structures were somehow in-between those of Co and Ni catalysts. Filamentous carbon of the
so-called primary carbon filament type *, spira carbon filaments > and encapsulating carbon
films were identified (see Figure 12). In the Cu-Ni catayst, a higher concentration of Ni than
the nominal one was observed in the particles responsible for filament growth.

0.5 pm 50 nm
— i O — b

Figure 12: TEM of Cu-based CeNbO catélystg. a. 30%Cu-70%CeNbO showing some twisted
and primary carbon filaments and encapsulating films. b: 30%(80%Cu-20%Ni)-70%CeNbO.

Discussion

TPR analysis of the three different ceria compounds doped with Nb, Pr and Gd show the
high non-stoichiometry reached upon reduction. Ceriais known for its high storage capacity for
oxygen ®*. As discussed in the previous chapter, a high difference between the oxidized and
the reduced state of these ceria compounds might account for the difference in adhesion over
Y SZ sheets. The difference in non-stoichiometry between Nb and Gd doped ceria follows also
equaly wdl the conductivity change observed previoudy (Chapter 9). The high oxygen
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evolution with Pr doping compared to Nb is quite significant. The highest activity for steam-
reforming was observed over CePrO, followed by CeGdO then CeNbO. The activity seems to

be higher, the higher the vacancy concentration in the bulk generated by the reduction as o

amounted to 1.69, 1.81 and 1.85 for Pr, Gd and Nb doping. These vaues correspond to TPR
conditions (1000°C, 5% H, in Ar). Thus, the ionic conductivity seems to play a role in the
overal activity as Nb is expected to have the lowest ionic but the highest eectronic conductivity
among the three different dopants. The effect seems to be more important at temperatures higher
than 850°C as CH,, conversion was of 2.7, 1.3 and only 0.4% for Pr, Gd and Nb respectively.
Among these dopants, Pr is known to show both eectronic and ionic conductivity '8, whereas
CeNbO is only an electronic and CeGdO an ionic conductor at high Py, .

Also, the higher non-stoichiometry of Pr doped ceria could be accounted for by the higher
reducibility of PrO, oxides when compared to the other lanthanide oxides *°. PrO, above all was
observed to show the highest isotopic exchange of molecular oxygen.

However, the surface segregation observed by XPS over Nb and Gd-doped ceria raise the
guestion of the influence of such a high concentration on the superficia ionic conductivity of
these oxides. Gd doped ceria is known to have lower ionic conductivity, by up to an order of
magnitude, when doped above or below 20% * (at 800°C).

Nevertheless, low methane coupling, affected by water, and overal low activity towards CH,
show that the global behavior of CeO, is similar to that of LaCrO,-based compounds. The
reaction order toward H,O was observed to be negative & low temperatures and positive &
higher ones (= 900°C), as much aswith LaCrO,. However, the effect of water could be higher in
ceria oxides as for LaCrO,. Hewett et a. ** have shown no hydroxyl radica formation over
CeO, when treated with H,O a 900°C. FTIR analysis has shown that hydroxyl groups were
still bound to the surface at 800°C “, probably indicating strong interaction. In pardlel, CeO, is
known to have a higher hydrogen solubility **** and possibly a high interaction with H, ®. Pr
doping might promote this effect as it was demonstrated for Pr-added YSZ *°. The storage of
hydrogen is said to lead to the formation of a H CeO,, bronze-like species *. Beside tha,
oxygen vacancies are known to participate in different oxidation reaction such as CO oxidation
%, The overall reaction mechanism might be aswell very similar to that over LaCrO,, but instead
of hole conduction, one has to consider electron hopping in ceria (i.e. in the reaction equations
developed in Chapter 6, one hasto bare in mind the relation

h+e =0 8)

wherever needed). If thisisthe case, the nature of the electronic conductivity does not affect the
catalyst activity for methane oxidation. However, CeO, presents some differences with LaCrO,.
CeO, has strong acid sites which lead the oxidation of the methyl radicals . CO, does not
inhibit the oxidation reaction, and CO oxidation has been reported to be facile . Also, in the
reducing conditions of an anode, CeO, seems to deposit less C than LaCrO,-based oxides.
However, the high doping level in CeO, used in this study does not seem to enhance much the
overd| activity of this material when compared to the LaCrO,-based compounds. The addition
of an extra catalyst seems thus needed. This catdyst, such as Ni or Cu, can be either
impregnated on ceria, as studied here, or added as a dopant (2-3%).

A magjor problem in processing methane containing feeds over metd catalysts is extensive
carbon deposition. The present study shows that for all these catalysts, even when supported on
the CeNDbO, carbon was deposited (see the TEM figures). Dissociation of CH, to adsorbed
carbon atoms is considered to be a prerequisite, i.e. an intermediate in the steam-reforming
reaction > 2% 2 Fjlamentary carbon is seen to be the most detrimental form of carbon as it
leads to the lift off of the meta catalyst of the support (see Figure 10) and eventudly to the
destruction of the anode. The mechanism of such filament formation has been treated in
literature an seemsto be related to the dissolution of C by carbide formation and its subsequent
deposition as graphitic layers around the metal particle ** %%, This seemsto be the case for Fe,
Co and Ni at least *.

Thus the use of metal less liable to carbide formation and carbon dissolution and possibly a
higher interaction with the support might prevent carbon formation. Cu is one such candidate
along with Au, Ag and Ru (see Table 1).

Data concerning Cu are somewhat contradictory. Chambers et al. *. reported no C
deposition over Cu a 600°C when using ethylene. Kim et a. * report that CH, did not
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decompose over Cu or Cu-Ni catalysts at temperatures above 740°C and below 900°C. Ponec *
Rodriguez et a. ** and Bernardo et al. * indicated no CH, adsorption over Cu. Our results with
Cu showed, however, that it did deposit carbon even though after a long induction period.
Nevertheless, Cu did temper the Ni activity, preventing the catalyst of immediate desactivation as
demonstrated for Ni,Cu,,s and 30%(80%Cu-20%Ni)-70%CeNbO in dightly humidified
(=3%) CH,. Literature on Ni-Cu alloys is also contradictory, but as with pure Cu some regorts
indicated a hi gh carbon resistance while others showed the formation of C filaments *

seems that these different effects might stem not only from impurities in the CH, used but also
from H, and CO and surface segregation of Cu over Ni-Cu dloy * % %, However, all of these
reports observed some kind of activity change upon Ni aloying with Cu.

The effect of high temperature treatment (850°C) observed in the case of 30%(80%Cu-
20%Ni)-70%CeNbO might be related to a stronger meta to support interaction but also to the
surface segregation of Cu on the alloy ** **. The effect of Cu over N| might be related to a
change in the adsorption sites as observed by i in situ diffraction anal ysis®

Globadly, the metdlic particles dispersed over the ceria-based support promote the
dissociation of CH,, while the oxide provides the oxygen or hydroxyl species necessary to the
removal of the carbonaceous species |eft behind on the metal following the global reactions

CHA = Cads +2H2 (9)
C. +H,0=CO+H, (10)

Heating the composite at higher temperature might lead to a better interaction but also to a
dispersion effect of ceria over the metd as observed by Hardacre et d. in the case of Pt-ceria
catalysts used for CO oxidation *. Strong meta ceria interaction were also observed for Ni “°
and Rh *

Our result shows that for SOFC purposes the addition of Cu could be viable as long as the
cel is kept under polarization. The catalytic runs in 56:41:3 CH,:Ar:H,O indicate that an
expected OCV (see Chapter 6) of about 820 mV can be achieved with 30%Cu-70%CeNbO a
800°C. This vaue could be increased by adding Ni as 30%(80%Cu-20%Ni)-70%CeNbO is
expected to give an OCV of about 950 mV a 800°C. These OCV estimates were made
following the same approximations as in Chapter 6, i.e. by considering the unreacted CH, as
inert, playing no rolein the reaction. In comparison, the expected OCV's for the CNbO, CGdO
and CPrO are of 764, 781 and 800 mV at 800°C respectively. The calculated OCV for CNbO
agreed wdl with the sealed SOFC measurements using this powder as electrodes, where the
experimental OCV was of 806 mV at 850°C.

A trid with a 50/50 wt% Ni 4 Cu, /Y SZ cermet sintered at 1300°C/4h over a YSZ sheet
gave amild activity (see Figure 13). At these high sintering temperatures Cu was observed to
diffuse through the electrolyte. The cell resisted during the whole experiment time. Interestingly,
the performance under H, was lower than in CH,, and this might be related to a low
chemisrobtion of H, over Euse

Figure 13: I/V and power
density of a 50/50 wt%
NiesClUy 5/ YSZ cermet sintered
at 1300°C/4h over a Y
sheet. The cell was first run
under H, then under
humidified (3%H,0) CH,. The
OCV under CH, was of 985
mV.
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Recent reports from literature show that cells made of Cu and CeO, in a composte Wlth
YSZ gave a powder density of 150 mW/cm? in n-butane and even 250 mwW/cm?® in CH,
800°C ***°, This shows that such an approach could be viable for an SOFC purpose.
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Conclusions

Ceria-based catalysts have shown a poor activity toward CH, activation, at least with the
three dopants studied (Nb, Pr and Gd). The higher activity was reached with 15%CePrO
followed by 20%CeGdO and 0.8%CeNDbO. In 3% humidified CH,, methane conversion was of
2.7, 1.3 and 0.4% a 850°C respectively. This poor activity is equivaent to unsubstituted
LaCrO, (1.7%). Interestingly, all three did not deposit carbon and seemed to resist much better
to CH, cracking than LaCrO,-based catalysts. Globally, the activity of these oxides seemed to
be higher the higher the electronic and ionic conductivity as in the case of Pr-doping. However,
XPS measurements revealed a high surface segregation in the case of Nb- and Gd-doping which
could affect the ionic conductivity. The use of CePrO is advantageous for it higher activity in
CH, and its expected higher OCV.

Cermet compounds of metallic Ni, Ni-Cu, Cu and Ru were studied in order to enhance the
total activity of ceria. Impregnation of 1%Ni or Ru alowed an increase of the activity but a the
same time the growth of filamentous carbon around metalic particles, evidenced by TEM, lifted
the catalyst off the support leading eventudly to the plugging of the reactor. Cu aone resisted
longer to CH,, as along induction period was needed before carbon precipitation. Interestingly,
alloying Ni with Cu alowed to temper the activity of Ni and limit carbon deposition. A strong
interaction with the support, reached by high temperature treatment, was observed and found to
be necessary for thisimproved performance. However, over sufficiently long period the catalyst
inevitably deposited carbon indicating the necessity to polarize such a material if used as
anodes. A preliminary trial with a 50/50 wt% Ni, Cu,,/YSZ cermet sintered at 1300°C/4h
over aY SZ sheet showed the viability of such an approach.
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Ce0,-based anodes and their electrochemlcal characterization in
humidified H, and CH,

Abstract

Electrocataytic properties of Nb and Gd-doped ceria anodes deposited on 8YSZ and
20CGdO dectrolytes were addressed using I/V and impedance anaysis. The effects of the
electrode thickness and morphology, the addition of a pore former and Ni or Cu metdlic
catalysts, the polarization as well as the gas composition (H,, H,O, CH, and CO,) were taken
into account. Sealed, non-sealed and symmetrical measurements were performed. Inlet and
outlet gas composition analysis (gas chromatography and mass spectroscopy) were made with
the sealed systems. The low activity of Nb and Gd-doped ceria for the oxidation of CH,
confirmed the previous cataytic runs made in a cataytic reactor (Chapter 10). No carbon
deposition was observed in the sedled set-ups as expected from the catalytic runs. This study
demonstrated again that it is possible to oxidize CH, electrochemically in a SOFC without prior
steam-reforming provided that a suitable catalyst 1s added to promote its activation. As for
LaCrO,-based anodes, a direct relationship between the cataytic activity and electrocataytic
performance was evidenced. Also, the polarization resistance was observed to decrease
significantly for anodes made of a fine structure where high performances were reached in H,
(430 mW/cm? and 1750 mA/cm? between 850-900°C, for the best cells). The performance i in
CH, depended on the presence of a catayst. In CH,, a 900°C, with Pt-meshes the best
pen‘ormance was of 350 mW/cm?* with a short circuit current (i) of 1050 mA/cn?, whereas
with Au-meshesit was only of 100 mW/cm?® with ai_ of 420 mA/cm?. The anode contributed
dightly to the ohmic losses of the eectrolyte as the Series resigtance tended to increase upon
polarization. As for the case of LaCrO,-based anodes, this was most probably due to bad
current collection as the ohmic losses of these electrodes are expected to be quite smal.
Inductive loops were observed on cells measured in a SOFC mode in both H, and CH,, but they
were not detected with symmetrical cells. One electrode process was observed to increase upon
polarization. Analysis of the impedance data against temperature, gas composition and
polarization shows a possible mechanism where an adsorbed species is undergoing a charge
transfer reaction in a smilar manner to the so-called ‘Gerischer impedance’, and where a
diffusion process is taking place. Limiting currents were observed at high overpotentias. The
origins and the interpretations of these processes are discussed. A possible reaction mechanism
is proposed as the chemisorption of H, over the ceria-based anodes and its eectrochemical
oxidation through an adsorbed intermediate, with oxygen ions diffusing to the reaction sites.
The reaction zone is thought to spread over some parts of the anode so that it should not be
confined only to the triple phase boundary area. Surface kinetics limitations play also arole in
the reactions. This interpretation allows a rationalization of observations made concerning the
influence of the catalyst and the gas composition. Finally, analysis of the reaction orders in CH,
indicated that, under OCV conditions at least, the reaction was determined by H species activity,
produced by steam reforming of methane. Also, gas equilibrium was not reached under CH,
fuel asthe OCV was observed to be determined by the local equilibrium between H, and H,0O,
asfor the case of LaCrO,-based anodes.

I ntroduction

In the previous chapters (Chapter 9 and 10) the fabrication and characterization of ceria
based powders were discussed. Catalytic runs showed the high stability of ceria compounds in
CH, feed.

1n the present chapter, an attempt was made to apply some of these powders as electrodes
for their use as anodes in CH,. Different parameters were addressed. The effects of the
electrode thickness and morphology, the addition of a pore former and Ni or Cu metdlic

" Some of the results dealt with in this chapter were published as J. Van herle, J. Sfeir, R lhringer, N. M.
Sammes, G. Tompsett, K. Kendal, K. Yamada, C. Wen, M. lhara, T. Kawada, J. Mizusaki, ‘Improved tubular
SOFC for quick thermal cycling’, in the Forth European Solid Oxide Fuel Cell Forum, Lucerne, ed. A. J.
McEvoy, 2000, 251-260
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catalysts, the polarization as well as the gas composition (H,, H,O, CH, and CO,) were taken
into account. Here, as dopants, only Nb and Gd were investigated.

Experimental
Powder and cell preparation

Nb and Gd doped ceria powders were prepared following the modified liquid/solid-state
route and the coprecipitation method respectively (Chapter 9). Terpineol-ethyl cellulose-based
dlurries were prepared with the ball-milled powders, using isopropanol as solvent (Chapter 2).
Some of these durries were prepared by adding 50 vol% of graphite powder or teflon balls as
described in Chapter 9, to increase the porosity. One electrode slurry was also made by adding
1wt% of Ni cataydt, taken in the form of a nitrate salt and dissolved in the organics, and one
other by mixing a50 wt% Ni taken as NiO with the CeNbO powder. Electrodes of 1 cm* area
were then screen-printed on 150 pm 8YSZ sheets and in one case on a 770 pm thick
20%CeGdO home-made pellet. In the latter case, a CeGdO dectrode was screen-printed and
sintered and then impregnated with an agueous solution of Cu-nitrate, as described in Chapter 9.
The CeGdO €electrolyte was considered in order to get round the adhesion problem of CeGdO
over YSZ. The different cells discussed here are presented in Table 1.

Electrochemical testing

All three testing configurations were used in this study. Two types of systematic studies
were made in order to estimate the effect of different parameters on the ceria-based anodes.

Thefirst type of study was made using symmetrical cellsin order to analyze the influence of
H,, CH,, H,O and P, on the electrochemical reaction. In this case, the inlet gas composition

was controlled through mixing with N,, using calibrated gas rotameters and saturating the whole
with the desired amount of H,O in athermostated bubbler. Inlet and outlet gas lines were heated
to around 120°C to prevent water condensation. At the outlet, a condenser was used to remove
H,O prior to gas chromatography (GC) analysis. In the case of a constant P, the H,O/H, or

H,O/CH, ratio was maintained constant, by passing H, or CH, in the bubbler, then diluting the
whole in N,. Globaly, H, or CH, were modified between 5 to near 100%, H,O between 3 to
50%, whereas the temperature was varied from 680 to 880°C. The exhaust gas composition
(CH,, H,, N,, CO, CO,, C,H,, C,H, and C,H,) was analyzed by GC through syringe injection
over a Carlo Erba MFC500 (Porapak Q, He carrier) and a Gowmac (Molecular Sieve 5A, Ar
carrier) instruments. It is important to see that these different parameters are related together,
either through the Nernst potential relating the temperature, the electrode potentia, H,O and H,
partial pressure (and possibly other gases such as CO and CO,), or due to local equilibrium
between CH, and H,, H,O, CO and CO, (and possibly C,H,, C,H, and C,H,). All experiments
intended to study one parameter could possibly involve some other parameters. So cross
analysis was undertaken to verify the dependencies.

The other type of study rested on the analysis of the potentia and gas composition effect in
SOFC mode. The evolution of I/V and overpotentia curves was analyzed with respect to
temperature and anode gas composition.

In both cases, impedance spectroscopy analysis was performed with an IM5 Zahner
impedance analyzer, at open circuit potentia (OCV) or under bias (in the case of cells working
inthe SOFC mode), between the two symmetrical anode electrodes. The impedance responses
were best fitted by the LR(R,Y,)(R,Y,)(R,Y,) circuit, using the Zahner fitting software. Y; wes,
as presented previously, a constant phase € ement (CPE) *

Y=Y, (jw)"=jaC (1)
with'Y, ; an admittance, j the imaginary unit, wthe angular frequency, n the frequency power, C a
frequency-dependent capacitance, R, the series electrolyte resistance between the two eectrodes,
R a resistance, and L the current/potential collectors inductance. R and C had postive or
negative values, depending on the mechanism used for interpreting the data. The generd vaues
for L, n,, n,, and n, were of 220 nH, 0.9, 0.6-0.8, and 0.7-0.8. The mean fitting error was of

0.1%, whereas the maximum errors were of 0.6-3%. The Rand C were analyzed with respect to
the different parameters for possible dependencies.
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Table 1: A summary of the different anodes presented in this study.

Screen printer Current Sintering Power derisity/iy, H, Power density/ig,, CH,
Anode cell Nr Composition Poreformer  Nr of layers Screen collector temperature [°C] 900°C 850°C 900°C 850°C
B40 CNbO - 3 250mesh, 50u Pt-mesh 1100°C/4h 100/350
A24 CNbO - 2 250mesh, 50u Pt-mesh 1100°C/4h 250/900 190/600 90/250 60/140
B36 CNbO - 2 250mesh, 50u fine Au-mesh 1000°C/4h 230/800 150/400 20/45
D1 CNbO carbon 50vol% 2 250mesh, 50u Pt-mesh 1100°C/4h 105/390 60/210 30/90 12.5/50
B62 CNbO - 2 325mesh, 30 Pt-mesh 1100°C/4h 430/1700 350/1050  120/400
E7h CNbO - 2 325mesh, 30u Pt-Au-mesh 1100°C/4h 400/1750  250/800 100/420 50/220
D13d CNbO - 3 325mesh, 30 fine Pt-Au-mesh 1200°C/4h
D10c CNbO+1%Ni - 3 325mesh, 30 fine Pt-Au-mesh 1200°C/4h
B17 CNbO - 2 325mesh, 30y fine Au-mesh 1100°C/4h 250/1180
D39 CGdO+Cu’ teflon 50vol % 3 250mesh, 504 Au-CGdO/Au-mesh  1250°C/4h 200/1000 80/400
B32 46%CNbO/54%Ni - 2 250mesh, 50u Pt-mesh 1150°C/3h 160/550 6.25/25
A-3 50%CNbO/50%Y SZ - 3 250mesh, 50u Pt-mesh 1200°C/4h 46/180

Cédll numbersin bold and in italic are measurements made in the symmetrical and sealed set-up configurations respectively. i represents the short circuit current. The
power density is given in mW/cn? and the short circuit current in mA/cr?.” screen-printed over a 20% CeGdO electrolyte.
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Results
Effect of the el ectrode thickness and morphology

As discussed in Chapter 9, CeNbO electrodes adhered well on YSZ sheets when sintered a
1100°C and 1200°C but tended to densify at higher sintering temperature. The electrodes were
observed to be quite dense even when sintered at 1100°C-1200°C so that no optimization of the
sintering temperature was undertaken.
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Figure 1: I/V and power density curves of CeNbO anodes made of a. and b.: 3 layers
(B40) and c. and d.: 2 layers (A24).

On the other hand, the effect of the electrode thickness and its morphology was observed to
be important in achieving a better performance. Figure 1 compares two CeNbO e ectrodes, one
with 3 layers and one with only 2 layers. One can see that the overall performance was higher in
the second case. This was due to alower R; of 0.3 instead of 0.7 Qcny’. The power density,
recorded a 850°C in humidified H,, was aimost double being of 190 mW/cm? instead of 100
mW/cn?’. As can be seen in Figure 1c and as will be discussed in more detail later, a limiting
current seemsto be attained at high overpotential and low temperature. As with LaCrO,—based
anodes, CeNbO anodes seemed to withstand direct CH,, feed as expected from the catalytic runs
described in Chapter 10. Similarly, the anode performance with CH, was lower than with H, by
afactor of 4to 6 at 900°C and 800°C respectively. A limiting current was observed in al cases
for CH, (Figure 1d). Also, the series resistance, R,, was observed to increase upon polarization
(Figure 2), in areverse manner to the LaCrO,-based anodes. The performance of these anodes
was observed to be strongly activated with temperature, however being very low below 800°C.

420 Figure 2: The evolution of the series
resistance as a function of the cell
polarization as observed by impedance
Spectroscopy.
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Figure 1c showstheI/V curvesin humidified H, taken just after CH, runs (broken lines in
Figure 1c) and after reoxidation with air (850°C and 950°C). It was observed that the initial
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performance was somewhat lower than after air treatment, most probably due to carbon
deposition over the Pt-mesh current collector, as Pt is a good CH, cracking catalyst. However,
this mild deactivation did not lead to a deterioration of the cell performance. These redox cycles
did not cause the delamination of the electrode.
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Figure 3: Performance of a CeNbO anode (B36) using an Au-mesh current collector. The
effect of temperature and the gas atmosphere is highlighted.

In order to evaluate the effect of the current collector on the cell performance in humidified
CH,, an Au-mesh current collector was used instead of Pt. Au is known to show almost no
interaction with CH, (Chapter 6 and 8) so that the measured activity should be close to that of
pure CeNbO. In this case, the electrode was sintered at 1000°C in order to prevent melting of
the Au-mesh. Thisis illustrated in Figure 3. The performance in H, at lower temperatures was
somewhat lower than in the previous case (A24), most probably due to the sintering temperature
and / or to the catalytic effect of Pt. The output in 3% humidified CH, was poor when compared
to the case with Pt mesh. The cell performancein CH, in this case was 1/6 to 1/8 of that in H,,.
The limiting current behavior was observed clearly in this case, most probably indicating a
diffusion limited process. In accordance with the previous catalytic measurements (Chapter 10),
these resultsindicate the low CH, activity of the CeNbO material. The addition of a catalyst is
needed in order to increase the activity towards CH,. Also, by the fact that CeO, as wel as
LaCrO,-based anodes are poor eectronic conductors, a good current collection is needed in
order to attain high current densities. Preliminary work done on CeNbO anodes, where a Pt-
mesh was simply contacted with the anode structure, pointed out the necessity of appropriate
current collection for reaching higher current densities.
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SEM micrographs taken on some of these anodes show, as discussed previoudy in Chapter
9, afairly dense structure. Thisisillustrated againin Figure 4. Trials were made to increase the
porosity of the anode by adding pore formers like carbon powder. The microstructure of such
an anode is shown in Figure 5. In the case of CeNbO, carbon powder tended to induce a very
fine porosity but also lead to some fragility and delamination.

: . 3 - 3
) W \ &
AccY Spot Magn Det WD Exp O pum

D.00KY 40 5000x SE 100 * ng‘;} . — i 9.00 kY 1.0 7000x  SE I.Oll stfc = - - b
Figure 5: SEM micrographs of a CeNbO electrode made usi ng gréiphite as poré former (D1).
Screen-printed electrode using a 250 mesh, 50U screen and sintered at 1100°C.

x
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The performance of a CeNbO anode made using a carbon powder pore former was much
lower than the one made without addition of carbon (Figure 6 and 7, and Table 1 for a
summary) showing 60 mW/cny* of power output versus 190 mwW/cm?, a 850°C in humidified
H,. The measured ohmic series resistance at 850°C was of 895 mQcm® (expected vaue of 380
mQcm?), with an R of 1.1 Qcm? at OCV. Here also, alimiting current was observed (Figure 7).
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Figure 6: 1/V plots of a CeNbO anode having the microstructure of Figure 5. a: in H, and
b: in CH, (D1).
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Figure 7: Overpotential curves of a CeNbO anode with graphite made pores (D1).
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Asalast parameter, the mesh of the screen of the screen-printer was modified from 250 to
325 mesh (woven wires per inch). The morphology change is observed in Figure 8 (to compare
with Figure 5). In this case, the electrodes show a higher porosity and a finer structure, most
probably due to the sieving effect of the screen, which retained large CeNbO powder grains.

G0 kv 30 ‘ii- S 82 = ‘if.H. ili"‘il‘ GO0= S 8§22 B8 2006 b
Figure 8: SEM micrographs of a CeNbO anode screen-printed using a 325 mesh, 30u screen,
sintered at 1200°C/4h.

The performance of such an anode is illustrated by two examples (Figure 9). The
performances reached here are of 430 and 250 mW/cm? in humidified H, at 850°C, with a short
circuit current of 1700 mA/cm? and 800 mA/cm? (see Table 1 for a summary) In humidified
(3% H,0) CH,, the output was of 120 and 50 mW/cm?* with a short circuit current of 400 and
220 mA/cm a 850°C. The overpotential varied linearly with the current (Figure 9b). The
difference in performance between these two cells might stem again from the nature of the
current collector, the highest performance being reached with a Pt-mesh and the lowest with an
Au electroplated Pt-mesh. An experiment in sealed conditions (Au-mesh) seems to confirm this
observation as the performance was near 250 mW/cm? at 850°C (Figure 10).

1000

800 = 150 =

600 = 100 -

nalmv]

400 -~

cell voltage [mV]

power density [mW/cm 2]
a
o
1

200 =

o 04 T=850°C, CH ,
T T T T T T T T
0 500 1000 1500 2000 0 100 200 300 400

i[mA/cm 2] a i [mA/cm ﬁ b

H#3%H O 400 1000

1000 CH,+3%H.0 [~ 100

1

1
@
=}

2

800 =

®
=]
=]
1

600 - 600 = 60

IS
o
<]
1

400 -

cell coltage [mV]
cell coltage [mV]

200 — 200 -

T
N
o
o
power density [mW/cm

power density [mW/cm

86°C

860°C \y
I I I I I I I
0 500 1000 1500 2000 0 100 200 300 400 500

i [mA/cm Z] C i [mA/cm 2] d

Figure 9: Performance of a CeNbO anode made using a 325 mesh screen. a. and b. case of
B62 and c. and d. case of E7h. The exchange current density calculated from b. using
i,=RT/(4FR)) is of about 130 mA/cny
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L 250 Figure 10: A CeNbO anode (B17)
having 0.7 cm in diameter, screen-
printed with a 325 mesh screen,
sintered at 1100°C/4h, on a 140 pym
thick Y&Z circular sheet. The anode
was connected to an Au-mesh current
collector with a CeNbO/Au paste. The
measurement was made in the sealed

configuration (Chapter 2). The OCV
o e e | | - 0 was near theoretical being of 1078 mV

0 200 400 600 800 1000 1200 inH, + =3% H,O.
i[mA/cm ]

The cdll B62 was run under CH, for more than 150 h. A steady degradation of 11% was
observed over this time span (Figure 11) under a cell polarization of 700 mV, which could be
due, as discussed above, to carbon deposition around the Pt-mesh current collector. Switching
the cdl to OCV lead to a further degradation which was resorbed in 10 h after further
polarization.
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As for LaCrO,-based anodes, the high current density flow induced the heating of the cell
by a Joule effect (Figure 12). A temperature increase of about 20°C was monitored by a Stype
thermocouple placed beneath the anode (but protected from it by an aluminawool).

oo ] Figure 12: Temperature evolution of
the anode upon cell polarization. Two
A_ﬁ.—a——ﬁ’/ initial temperatures are shown here

920 — (E7h).

900 =

T[°C]

880 —

V_M Ha+3%H ,0

I I I I
0 500 1000 1500

. 2
ilmA/lcm 1

All these results indicate that CeNbO is an interesting ceramic materia for its use as H,
oxidation anode at middle range temperatures (800-900°C). However, CH, activation was quite
low over this anode as expected from the corresponding catalytic tests (Chapter 10). A further
modification of the ceriamaterial and the use of CeGdO or CePrO could lead to an increase in
activity. The addition of a catalyst, such as Ni, Cu or Cu/Ni, isaso possible. Another possibility
to improve the performance could be the addition of a composite cerialY SZ layer between the
electrolyte and the anode, especidly in the case of CeGdO and CePrO-based anodes, as means
to improve the adhesion to YSZ. One trial was made in this direction by mixing 50 wt% Mel-
Y SZ (Magnesium Elektron, U.K.) with CeNbO, but as seen in Chapter 8, the performance was
lower than with CeNbO aone (46 mW/cm? in H, at 850°C). No trial was yet made with 22 wt%
Y.
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Effect of the catalyst on the performance: case of Ni and Cu

The addition of Ni to CeNbO, in atriad to make a Ni-CeNbO cermet, did not improve the
anode performance (Figure 13, to compare with Figure 1). At 850°C, a power output of 160
mW/cm?* was achieved in H, (see Table 1), a vaue similar to case A24 (Figure 1). The cdl
performance dropped dramarlcally upon introduction of CH, (6.25 mW/cm?). From the
cataytic runs (Chapter 10) this is expected to proceed due to carbon formation around the Ni
particles leading to their extraction off the CeNbO matrix.

———1 160 Figure 13: 46%CeNbO/54%Ni anode
| .0 — Sintered at 1150°C, B32. I/V curves in
[ 100 H, and in CH, at 850°C. After CH,
introduction, the cell performance
dropped dramatically. Switching back
to H, after 24 h run in CH, leads to the
reactivation of the cell but with a lower
power density. This remaining activity
H, fal might be related to the CeNbO
, " , , - 0 skeleton.

0 100 200 300 400 500 600

i[mA/cm 2]

1000

800 —
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IN o
o o
o o
1 1

200 -

power density [mW/cm

For Cu addition, a CeGdO-based anode with 50 vol% teflon balls was made and applied
following the procedure described in Chapter 9 on a20% CeGdO electrolyte. This combination
was chosen, as discussed in Chapter 9, for the ease of pore fabrication with large free volumes

required for Cu-nitrate impregnations. A Cu loading of 17% max was obtained after calcining a
900°C/1h. Low OCVswere obtained in H, as expected * from the mixed conductance through
the ceria eectrolyte (Fi gure 14). The obtar ned performances agreed well with those mentioned
above in H, (200 mW/cn?, and a short circuit current of 950 mA/cm?). In this case, the
electrolyte had athickness of 770 um. The series ohmic loss was only 500 mQcm? a OCV but
1400 mQcm? at short circuit. Considering these ohmic losses, the performance reached here is
comparable to the best cases for CeNbO anodes (case B62 and E7h). In CH,, the performance
was higher than for CeNbO (80 mwW/cm?, 400 mA/cmy® short circuit current), keeping in mind
that an Au-mesh was used as current collector (Figure 14). Globally, the combination of Cu and
CeGdO lead to about twofold increase in performance in CH, (see Table 1 case E7h and
D39).The performance of the anodein CH, was almost equivalent to that obtained in 10% H, in
Ar, which would imply a CH, conversion of 2to 5%, if the behavior in methane is governed by
hydrogen production.
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Figure 14: CeGdO+17% Cu anode (|mpregnat|on) on a 770 um thick CeGdO electrolyte
sintered at 1250°C (D39). a. Effect of the fuel on the performance, b. effect of the H,
concentration on the performance of the cell. All tests were made with 3% H,O. The low OCVs
are due to the reduction of ceria ?

0 —id
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Effect of the polarization on the performance of the CeNbO anode

The effect of the potentia on the anode performance is wel depicted in the impedance
gpectra shown hereafter. All CeNbO anodes treated above showed inductive loops a middie
range frequencies appearing at conditions near ‘OCV’ (see Figure 15). It is to be noted that the
Zahner impedance analyzer has the potentiostat and the frequency analyzer coupled together so
that, even under OCV conditions, abias was aways applied to the cell. No rea OCV condition
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could be thus reached and the values were usually shifting by 2 to 10 mV from the desired cell
potential. On the impedance spectra, a low frequency semi-circle was observed (see Figure 15)
growing at an angle near to 45°. At increasing overpotential, the inductive loops tended to vanish
while the low frequency impedances increased. Simultaneously, and as discussed before, the
series ohmic resistance shifted to higher values. Globally, the anode R, tended to increase upon
polarization which explains the limiting current reached in most of the cases.

+ n=0mv cl yi3|
0.6 - ¢ n=5amv
O n=18MmV
A n=196mV
~7 o4 o B n=30amv
£
(5]
S
E02 -
CNbO+pore former
10pm thick
0.0 under H,+3%H,0
0o at 850°C
] ] ] ] ] ]
1.0 15 2.0 2 25 3.0 35
Re [Qcm ]

Figure 15: CeNbO anode (D1). Effect of the cell polarization on the anode impedance in
humidified H,. The anode R, tended to increase upon polarization. Full lines correspond to
the fitting data using the impedance equivalent circuit discussed in the text.
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Figure 16: CeNbO anode (D1). Effect of the cell polarization on the anode impedance in
humidified CH,. The first part is a magnification of the full spectra in the high frequency
range. The anode R, tended to increase upon polarization.
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Similarly, in CH, the R increased too, but here the low frequency arcs were dominating so
that the inductive loops were too small to be observed on scale (Figure 16). The impedance
spectrawere highly activated with temperature (see Figures 17) in both hydrogen and methane
atmospheres. Moreover, such impedance spectra were observed independently of the location of
the reference electrode, i.e. on the cathode or the anode side.
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0.6 under H,+3%H ,0
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| | | | |
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Figure 17: CeNbO anode (D1).
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In literature examples of inductive loops were observed at low frequencies (1 Hz to 1 mHz)
with corrosion or electro-crystallization of metals aswell as for SOFC electrodes **°. Different
interpretations were advanced in SOFC, as step charge transfer of intermediate adsorbates " **,
as a spreading of the reaction surface and the appearance of a parald diffusion path (e.g. LSM
12), as electrocatalysis due to superficial eectronic conductivity ® (i.e. equally a spreading of the
reaction surface), as ‘ cross-talk’ between the working €electrode and the reference electrode *® or
as an artefact caused by dectrical shielding **. As discussed in Chapter 2, our eectrochemical
setups were al shielded by afaradaic cage and if such artefacts were to happen they should have
been systematically observed on the LaCrO,-based anodes too, which was not the case. The
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crosstalk was interpreted as the diffusion of charged species between the working and the
reference electrode on the surface of a mixed conducting electrolyte or surface. In our case,
these observed |oops occurred whether the reference was at the anode or the cathode side. This
leaves two remaining interpretations, the non-linear behavior due to a spread of the surface
reaction or the presence of intermediate adsorbed species undergoing a charge transfer reaction.

Severd models were advanced describing a two-step electron transfer process under bias
conditionsin the form of

A TS |

| —f1% - P )

where | isan adsorbed intermediate (Gerischer et a: Epelboin et a.; Frumkin and Armstrong et
a. > ). A mathematical derivation of the mechanism with an adsorbed intermediate was first
presented by Gerischer and Mehl * and later generalized by Armstrong and Henderson * and
Harrington and Conway ¢, the latter adding a recombination reaction between 2 adsorbed
intermediates. Anaysis of the model shows that, under bias, an adsorption related negative
capacitance is related to a negative resistance (see Figure 18, R, and CPE,) leading to the
inductive loop, R, and CPE, being the charge transfer resistance and the double layer

acitance. Other models were proposed such as the use of an inductance instead of the CPE,
% 1% |n the following approach, the model generalized by Armstrong and Henderson ** (i.e.
negative resistance and capacitance) is considered for its easy physical meaning.

The impedance data generated under bias were best fitted using the so-called ‘ Gerischer
impedance (Figure 18) by adding the electrolyte series resistance (R,) and a non-uniform
diffusion impedance (Z,,,) or aresistance and a CPE in paralel. An inductance was added for
the simulation of the impedance system at high frequencies (= 10 kHz).

Figure 18: Equivalent circuit
L T T T T T used for fitting the impedance
|

| data measured in the fuel cell

| condition. The central part is a
CPEaL | modified Gerischer impedance
- l where the capacities are
|
|

replaced by constant phase
elements. Z,,, corresponds to the
| impedance of a non-uniform

Gerischer impedance diffusion, but could also be
replaced by a resistance and
CPE in parallel.

The *Gerischer impedance’ has the following physical meaning. R, is the charge transfer
resistance %‘ the electrosorption step, CPE, to the double layer ‘capacitance’. R, and C, are
defined as

e ¥
C, = —% (4

with R, a concentration impedance of the adsorbed phase, C, the pseudocapacitance of the
adsorbed species and 1 the adsorption reaction relaxation time. It should be noted that these

identifications are not always straightforward and could be related to these parametersin a rather
complicated way *°. The non-uniform diffusion impedance is defined as*

_ o.tanh(d.(iw)")
NUD ~ (iw)?

©)
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___ R
o= 73 =
n?F2AC,, D,

L
ﬁ (7)

where C_ and D, represent the bulk concentration and the diffusion coefficient of the diffusing
species, L the finite length diffusion, i.e. the thickness of the diffusion layer, n the charge of the
species and A the surface area. On the real axis of theimpedance, R, can be expressed as

with (6)

and 0=

Rwp = 00 (8
From equation (7), the value of the diffusion coefficient can be estimated as
mf _ D,
=0 =3 (©)
b L
whereas the concentration can be derived from equations (6) and (7) as
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Figure 19: CeNbO anode (D1). Effect of the temperature on the elements of the equivalent
circuit used to fit the data. (+) R, (4) R, or C, or /&, (0) —-R, or —=C; or Td/ 0.

Fitting of the impedance data to this model gave a maximum fitting error of 2 to 3% over the
whole range of frequency, and in both gas atmospheres (H, and CH,). C, was in the range of
400 pF/cn, C, of -4 mF/en??, and n=0.87 and n,~0.93 in H, while in CH, the values were of
600 pF/cm? for C,, -10 mF/cm? for C, and n,~=0.9 and n,~0.89.
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Figure 20: Temperature dependence
of the real part of Z, for a CeNbO
anode (D). I nset numbers
correspond to the activation energies.

H,, 1036 k/mol

CH,, 146+19 kJ/mol

820 840 860 880 900 920
UT[UK] x10°

The evolution of the different elementsin this equivaent circuit asafunction of the different
parameterswill be discussed hereafter. To begin with the effect of temperature (780-980°C) is
reflected in Figure 19 (see also Table 2). The evolution of R, with temperature, in both gas
amospheres, issimilar with activation energies of 91 to 73 kJmoal, lying near that for YSZ (77
kIJmol) but also those for CeO, solid solutions (see Chapter 9). As observed above, the
electronic resistance of the CeNbO anode did participate in the series resistance of the cdl, so
that the observed activation energy could reflect the participation of the CeNbO electrode. R,
and —R; were also similar in both atmospheres, as well as C,. On the other hand, -C, had

different vaues with H, and CH,, perhaps due to the dispersion of the data in CH,. 1/& and

Tdlo which correspond to the diffusion coefficient and the concentration of the eventud

diffusion species were also similar in both atmospheres. If the impedance resistance of the last
part of the equivalent circuit in Figure 18 is taken into account, the activation energy of the
processis different between H, (103+6 kJ/mol) and CH, (146+19 kJ/mol) (see Figure 20). But
here again due to the dispersion of the data in CH,, the activation energies could be smilar.
Summarized, the activation energies seemed to be quite similar in CH, and H,, fuel for many of
the simulated processes (see Table 2).
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Figure 21: CeNbO anode (D1). Effect of the overpotential on the elements of the equivalent
circuit used to fit the data. (+) R, (4) R, or C, or 1/&, (0) —R, or —C, or Td/o, () Ryo.
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The evolution of the equivalent circuit elements as a function of the cell voltage is treated
heresfter (see Figure 21). The resistances R, and R, tended to increase dightly whereas —R,
tended to decrease with the overpotentia. The fact that —R,; is decreasing with the potential may
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indicate an activated process in which the adsorbed species catalyzes the reaction. The capacities,
C, seemed to decrease dightly with the potential, whereas —C, was dispersed. 1/& and Tdo
showed opposite evolution, thefirst increasing and the second decreasing with the potential. The
fact that 1/& increases would mean, if the diffusivity of the species did not vary upon

polarization, that the diffusion length was reduced. Globaly, the most limiting process seemed
to stem from the non-uniform diffusion impedance the real part of which almost tripled upon
polarization (Figure 21d). Also, from equation (3), R, can be calculated and its activation energy
lies between 64 to 152 kIJmol in H, and 52 kJ/mol in CH,. A summary of al these activation
energiesisgivenin Table 2.

Table 2: Summary of the activation energies of an CeNbO anode run in the non-seal ed

configuration. Case of D1.

E, [kJmol] 1R, VR, C, U-R, -Cs 1/& Tdo 1Rw VR,
H, 73 122 47 154 44 46 66 103 64-152
CH, 91 123 42 152 19 47 81 146 52

Effect of H,, H,O, CH, and p,, on CeNbO anodes

Here two kinds of measurements were done, one in a SOFC configuration and others on
symmetrical cells. Thetreatment of the data from the SOFC configuration is similar to the one
presented above, using the modified ‘ Gerischer impedance’ equivaent circuit. The impedance
spectroscopy data were measured at OCV.
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Figure 22: CeNbO anode (B40). Effect of the H, partial pressure on the elements of the
equivalent circuit used to fit the data. (+) Ry, (4) R, or C, or 1/&, (0) —R; or —C, or T& o, (0)
Ruwo- INset numbers correspond to the reaction orders towards H,.

The effects of H, and H,O in areal SOFC setup are presented hereafter (Figure 22 and 23).
As can be seen from these figures, there is only a dlight effect of H, and H,O on the series
resistance, at least at these concentrations (see later). R, and —R, were affected by H, as wel as
H,O partial pressures, decreasing with increasing P,, , while increasing with increasing P, , but
to alesser extent. C, on the other hand increased with both H, and H,O partial pressures.

—C, was senditive to H, but not to H,O. 1/& increased with H, and H,O, while Td/o was

constant in H, but decreased with H,O. Globally, the non-uniform diffusion impedance
decreased upon increasing H,O but did not vary upon H, increase. The little effect of H,O on
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Ruwo stems from the similar reaction order for T&o and 1/& towards H,O but with reverse
signs.

Table 3: Summary of the reaction orders of an CeNbO anode run in the non-sealed
configuration at 850°C. Case of B40.

Reaction order 1R, 1R, C, 1-R, -G, 1/& Td's 1/Ryp
H, 0.08 0.3 0.2 0.15 -0.02 0.6 0 0.61
H.,O -0.08 -0.18 0.12 -0.1 0.29 0.37 -0.39 -0.02
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Figure 23: CeNbO anode (B40). Effect of the H,O partial pressure on the elements of the
equivalent circuit used to fit the data. (+) R, (4) R, or C, or 1/&, (0) -R, or —=C, or Tdlo, (L)
Ruwo- INset numbers correspond to the reaction orders towards H,O.

Also, from equation (3), R, reaction orders were estimated to 0.53 in H, and -0.37 in H,0.
Table 3 summarizes all values.
The effects of H,, H,0, CH, and P, on symmetrical cells are presented heresfter. In this

study two types of cell were tested: CeNbO and CeNbO+1%Ni, sintered a 1200°C/4h (see
Table 1). A GC analysiswas conducted in parallel to analyze the reacted gas composition at the
outlet of the reactor (Figure 24). The catalytic reaction over these anodes showed an activation
energy of about 160 kJ/mol on both anode types (see Figure 24Q), a vaue dightly different
from the value (140 kJ/mol) obtained in the catalytic reactor (Chapter 10) in humidified CH, for
CeNbO powders. However, this activation energy matches well the reported vaue for CH,
oxidation by CeO, *'. Also, the temperature of 800°C was observed to be the limit above which
the reaction rate increased significantly (Figure 24a). This was aso observed over the powder
catalyst. From the outlet gas composition of H,O and H, partial pressures (mass baance), the
expected OCV was caculated in the manner as described before in Chapter 6 and 10 using
HSC 4.1 thermodynamic equilibria calculation software (Figure 24b and €). The observed
values were confirmed during a sealed measurement at 850°C (Figure 24f). Also, the evolution
of the gas product as a function of CH, partia pressure showed a linear relation between CH,
and H,, whereas CO, formation tended to leve off with a concomitant increase in the CO
selectivity (Figure 24c). With increasing H,O partia pressure, H, and CO, production tended to
increase but leveled off at high H,O content (Figure 24d). In dl cases, CO, formation was
favored at T<800°C, while CO was favored a T=850°C as expected from the cataytic runs
(Chapter 10). An edtimate of the reaction order for H,O was of 0.5 over CeNbO and 0.7 over
CeNbO+1%Ni whereas it was of about 0.8 for CH,.
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Figure 24: CeNbO anode (D13d, D10c and B17). GC analysis of the exhaust gas in the
symmetrical cell configuration. a. activation energies, b. expected OCV from the outlet gas
composition (D13d and D10c), evolution of the gas composition as a function of c¢. CH, and
d. H,0O, e. expected OCV as a function of CH, (D13d) and f. measured OCV in a sealed set-up
(B17).

The influence of these different parameters on the eectrochemica behavior of the cdl is
shown hereafter. The impedance response of the symmetrical cells is somewhat different from
what has been described above (Figure 15-17). No inductive loop is observed in this case
(Figure 25, 26). This difference might stem, as discussed above, from the imposed potential &
OCV by the Zahner system in the case of the real SOFC test (from 2 to 10 mV) leading to a
polarization of the anode (= 1~3 mA/c). In the case of the symmetrical cells, the voltage
differences between the two symmetrical anodeswas of 1 mV, leading to a negligible current (=
1 pA/eny’). Two semi-circles were observed. At high frequency a semi-circle was introduced to
better fit the data (the relevance of thiswill be discussed later). The low frequency arc increased
following a45° angle, smilarly to the other data reported before.

The effect of the different gas atmospheres can be seen on Figure 25, 26. By lowering the
H, concentration, the spectra tended to shift to higher impedances, with an increasing lower
frequency arc. Water had a smilar effect on the high frequency impedance but influenced the
low frequency arc less (Figure 25). In CH,, these effects were smilar, with a pronounced
influence on the low frequency arc (Figure 26).

The system was best fitted by a series of 3 (RY) as described in the experimenta part. Here
the summit frequency for each arc, defined as

1

f[HZ = ——

2TRC, &
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was around 10 kHz, 0.5-1 kHz and 0.5-1 Hz for the firgt, the second and the third arc
respectively. These summit frequencies were smilar to those observed for the 3 steps in the
modified ‘ Gerischer impedance’ described above.
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Figure 25. CeNbO anode (D13d). Impedance spectra as a function of H, and H,O partial
pressure at 850°C.
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Figure 26: CeNbO anode (D13d). Impedance spectra as a function of CH, and H,O partial
pressure at 800°C.
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From the fitting of the impedance data to the equivaent circuit (3 arcs) its was possible to
follow the evolution of the different elements with the parameters. Thisis illustrated in Figure
27-31.

Effect of T: All processes were activated with temperature. The electrolyte series resistance
had an activetion energy of 70~74 kJmol in H, and CH, respectively, a value near to that of
YSZ (77 kJmol). R, had a gas atmosphere independent activation energy. As R, appeared a
high frequency (10 kHz), where the influence of the inductance by the measuring set-up became
significant, and as its value was quite negligible (40 mQcm?), its was regarded as not further
rdevant. R, and R,, on the other hand, depended on the gas atmosphere, showing higher
activation energies in CH,. In CH,, R, was activated by 308 kJmol, a vdue near to 370-435
kJmol reported for gas phase splitting of CH, to CH,, and H radicals *®. The addition of 1%Ni
reduced the activation energies in most cases (see Table 4 for asummary, and Figure 27).

Table 4: Summary of the activation energies in the
symmetrical cell configuration.

CeNb 1/R C CeNb+1%Ni 1/R
Gas Paamge E E. | Gas Paameter E.
H, 1/R, 70 H, 1/R, 87
1R-C, 122 122 1R, 45
1/R;C, 105 92 1R, 107
1/R;C, 85 45 1R, 149
CH, 1/R, 74 CH 4* 1/R, 72-74
1/R-C, 125 82 1/R; 77-78
1R;C, 174 60 1R,  136-140
1/RsC; 308 30 1R,  140-147
“two different water content used: 3and 70% H,O. E,in kJ/mol.
2.0 o 05 L2 o .
o 122 KImel A ° ©  45kJimol
~154 a 8 g a R A o
§ . -\% 5-1.5 — 92 k3ol A
- & A A
S o5 - 70 ky/mol %'2'0 _N & 4
g o 25 7 122 kJ/mol ul
0.0 — 85 kJ/mol u 30 - \
50%H , ’ 50%H , o
T T T T T T T T T T T T T T T T
0.88 090 092 094 096 098 100 1.02 0.88 090 092 094 096 098 100 1.02
UTK] x10 a UTIK x10 b
E_E——LN_"\Q_\“ 20
1 125 kd/mol o 29 30 kJ/mol
E o-bh&* e 74 Kaimol Nl A
ﬂ._ ol g -2.6 -TIn A
L1 - 174 kafmol E .28 Wﬁ\ﬁ
% \\\ %-3,0 - A
8 8 o
2 308 kd/mol 3.2 o 82 kd/mol
34 o \
36%CH4, 3%H 2O S| 36%CH 4 3%H ,0 B
T T T T T T T T T T T T
0.94 0.96 0.98 1,00 1.02 1.04 0.94 0.96 098 100 1.02 1.04
UT[K] x10 c UTK] x10 d

Figure 27: CeNbO anodes (D13d): Temperature dependence in both H, and CH,. (+) R,, ()
R or C, (4) R, or C,and (O) R; or C,.

Effect of H,, H,O, CH, and P, : Figures 28-31 display the evolution of the equivaent

circuit elements as a function of these parameters (see Table 5, 6 and 7 for an overview).
Globally, it is observed that al reaction steps depended more on H, than on CH, partid
pressures when the results in CH,, are plotted against the H, partial pressure as measured by
GC (see Table 5 and Figure 28). In dl cases the dependence towards H, was more significant
or equal to that in CH,. When the data are plotted against P, as estimated from the

thermodynamic calculations based on the exhaust gas, the influence of Py, was also apparently
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less significant than that of H, (see Table 5 and Figure 29). However, 2 different regimes were
observed depending on the P, the dependencies towards H, were amost nil for al the

elements except for R, and C,, with the slope changing & a P, level below 10 a 800°C or

10" a 850°C (Figure 29). These oxygen partial pressures correspond to the region where a
drastic change in the electronic conductivity of CeNbO occurs (Chapter 9).
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Figure 28. Evolution of the equivalent circuit elements as a function of the different
parameters. a. and b. in H, at 850°C, c. and d. in H, at 800°C and e. and f. in CH, at 800°C.
(Case of D13d)

Table 5: Summary of the reaction orders for a CeNbO anode (case of D13d).

CeNb 1/R C 1/R C 1/R C 1/R C 1/R C
Gas T[°C] Paameter pH, pO, ' pH,0 pO,
H, 850°C  1/R, 0.19 -0.08 | -0.19
1R,-C, 0.9 0 0-018 0 1 -03 -049
1R,-C,  0.37 0 0019 0 , -035 0-045
_________ URyC;_ _ 062 0:038_-028 0-019 037 _-009 __ ________________.

H, 800°C 1R, 0.17 -0.09 1014 -0.06
1/R-C, 025 0029 -013 -016-0i -02 009 -01 0.04

UR,-C, 033 011 -018 -006, -03 -003 -015 -0.02

UR,-C, 05 0420 -027 0-0221 05 -0.03 -0.03
Gas T[°C] Parameter pCH, pO, pH, pH.,O pO,
CH, 800°C 1R, 0.09 -0.06 0.11 -0.09 -0.06

UR,-C, 0.29 009 -018 -008 036 017 ' -035 -015 -0.21 -0.09

1
:
1UR-C, 011 005 -007 -005 013 01 ' -0.19 -0.12
1
1/R+C, 058 01-025 -0.38 -012 074 025, 017 0 0.1 0
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e — Figure 29: Effect of P, on the
L5 003 Hﬂm\ﬁ different equivalent circuit elements.
A s This graph is equivalent to that of
£ .0 007 w Figure 28a. (Case of D13d).
= — . 008
£ 05— ' ' — + —
5’00_ -0.28
0.5 — T=850°C o)
] ] ] ]
-19.5 -19.0 -18.5 -18.0
log(pO2/[atm])

To examine further the effect of the oxygen partia pressure on the the R and C dements,
experiments were made at constant potential values (see Figure 30 and Table 6). The evolution
with H, and H,O shows clearly that these gases more than the partial pressure of oxygen are
responsible for the measured dependencies. Again, at very high H, partial pressures (or low Pg,)

the dependencies were almost nil, whereas & low H, partiad pressures (or high Py) the

dependencies were very marked. Only R, depended much on H, and H,O in the whole pressure
span (see Figure 30 and Table 6).

H,O was observed to have a negative effect on the reaction rate as dl reaction orders but for
R, were negative. The effect of water was negligible & very low concentrations. This was also
confirmed at constant P, (Figure 31 and Table 5 and 6). Globally, water seemed to behave in a

reverse manner to H., i.e. the reaction orders were equivaent but opposite in sign (except for
R,). This could be a hint that for R, and R,, H,O in one form or the other is the reaction product
of a hydrogen species. R,, on the other hand, decreased with increasing H,O concentration as
confirmed by constant P, measurements (Figure 28 and 30).

The addition of 1%Ni to the anode tended to decrease the activation energies of most steps
of the reaction (Table 4) but it did not alter much the dependencies to the gas composition,
except for H,O (see Table 7). The activation energiesin H, and CH, for R, R, and R, tended to
decrease, except for R, in H,, indicating that this catalyst facilitated some of these reactions. The
activation towards CH,, for R, was very marked as its E, passed from 308 to 140-147 kJ/mol.
The difference in the activation energies for R, in H, between the two cases (CeNbO and
CeNbO + 1%Ni = 64 kJmol) is amost equal to the adsorption energy of H, over Ni as
reported by Leach at al. *° (63 kJ/mol).
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Figure 30: Effect of H, and H,O at constant P, of about 1.73x10”* atm. (Case of D13d).
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Table 6: Summary of the H,, H,O and CH, reaction orders at
constant P, for a CeNbO anode (case of D13d).

CeNb, const. pO, effect 1I/R C 1I/R C I/R C

Gas T[°C] Parameter  pH, pH,O
H, 800°C 1R, 0.04 0.04
H/H,O0 16 RC, 012 0 011 O

Po, =10% 1/R,sC, 0.02 -0.04 002 -0.04
ocv’ 107V 1R;C, 053 -0.06 0.5 -0.06

Gas T[°C] Parameter pCH, pH,O pH,

CH, 800°C 1R, 0.1 0.09 0.1
H,/H,O 0.29 1R-C; 015 037 015 035 0.16 0.36

Pq =10 UR;C, 0.17 0.06 0.16 0.06 0.17 0.06

2

OoCcVv™ 0.88V 1U/RsC, 06 003 06 003 06 0.03
“expected OCV from H2/H20 ratio calculated from the Nernst equation.

Table 7: Summary of the H,, H,O and CH,
reaction orders at constant P02 for a CeNbO +

1%Ni anode (case of D10c).

CeNb+1%Ni /R 1R 1R
Gas T[°Cl Paameter  pH, ! pH,O
H, 80°C 1R, 0.1 1 .01
1R, 0.22 | -0.08
1R, 0.26 1 -0.08
S 1R, 049 _____ i 0 _
H, 800°C 1R, 0.06 ' 0.05
1R, 0.05 | 0.04
1R, 0.23 1 -0.08
1R, 0.36 | 012
Gas T[°C] Paamgter pCH, pH, ' pH,O
CH, 850°C 1R, 008 009. O
1/R, 0.07 007 ' -0.05
UR, 03 033, -007
1

UR, 0.36 0.4

Discussion - Nature of the CeNbO electrode reaction

By comparing the results of both configurations (non-sealed and symmetrical
configurations), it appears that the so-called charge transfer resistancein the modified Gerischer
equivalent circuit (Figure 18) correspondsto R, or R, of the symmetrical cell as their activation
energies and reaction orders lye close to each other (Table 2 and 3 versus Table 4 and 5). R, in
the symmetrical analysis, duetoitslow vaue (40 mQcny), could be related to an artefact as its
summit frequency was quite high (10 kHz) and affected by the measurement apparatus. Ry
could correspond to R,, even though the activation energy in CH, for R, was much higher than
that for R . However, this could be rationdized by the fact that un-coated Pt-meshes were
used in the case of the non-sealed configuration (see Table 1 case of D1 versus D13d) and
could be compared to the case of CeNbO + 1%Ni (E,=140-147 kJmol). Also, both
configurations showed clearly arcs having aimost a 45° slope (see for example Figure 15 and
25) which could indicate a diffusion limited process. The fact, that no inductive loops were
observed in the symmetrical case could be related to the difference in OCV conditions as
discussed earlier.

The dectrolyte resistance in both cases is observed to have an activation energy smilar to
that of YSZ (77 kd/mol) but the influence of the anode conductivity cannot be excluded as its
own activation energy in reducing atmospheres is also of 79 kJ/mol (see Chapter 9, Figure 6).
The effect of the different gas atmospheres (see Table 5) and polarization (Figure 2) on this
resistance show clearly that its vaue tend to increase upon increasing the local oxygen partial
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pressure. CeNbO as an n-type conductor shows a rapid decrease in its conductivity above an
oxygen partia pressure of 10 am, a 850°C, related to its reoxidation. At about an oxygen
partial pressure of 10" am the conductivity reaches a constant value. This behavior is very
similar to that of the electrolyte resistance as measured by impedance spectroscopy (see Figure
32) where anet drop in its conductivity was observed around 10% atm of P,,- The conductivity

stabilized ultimately beginning from 10 atm of P .
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Figure 31: Effect of H,OinH, a., b., c. and d. and CH, e. and f. (Case of D13d).

This slope change a around 10?° am of P,, was also observed for the other processes in

thereaction (see Figure 32) and for the capacities (see for example Figure 28 b. and d.). This
may indicate that the activity of oxygen plays arole in al the observed processes, even though
under constant P, these were markedly more dependent towards H,, H,O and CH, (see Table 5

and 6). Theindication that the capacities did not change much with the gas composition, except
for the case of R,, at constant P, (Table 6) could be a further hint to the implication of oxygen

activity in the different steps of the reaction as reveded from the analysis of the different
elements of the equivalent circuit used to interpret impedance spectroscopy data.

From the hypothesis made by using a modified ‘Gerischer impedance’, one adsorbed
species resulting from an eectrochemical reaction should also undergo an dectrochemical
reaction as aready discussed by equation (2). As the absolute reaction orders for CH, or H,
were smilar to those of H,O (those being negative, see Table 3 and 5), H,O or one of its
intermediates should be the products of the eectrochemica reactions. One can think of the
electrochemical reaction of an oxygen species with H, leading to an adsorbed hydroxyl group
which further reacts with an hydrogen speciesto lead to H,O in the following manner:

O'+H, - OH™*H +e (12)
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O'+H - OH"+e
20H" - (HZO)E)E+ 0l
(H,0), = H,0+V,"
O +Vi =V +0;
Ce* +e =Ce™

(13)
(14)
(15)
(16)
(17)

where equation (12) and (13) are the charge transfer reactions with ‘H (adatom) the intermediate
species, equation (14) the recombination reaction leading to adsorbed H,O which desorbs

following equation(15) liberating an oxygen vacancy V.. The ionic conductivity allows to
replenish these vacancies (equation (16). The eectron donations of equation (12) and (13) are
made through the ceria matrix following equation (17). An dternative model could be the charge
transfer of hydrogen species and their reaction with oxygen species from YSZ or CeNbO as

follows

H, - H™+H +e (18)
H - H +e (19)
H*+Q - OH" (20)

One should keep in mind that H* is a species bonded to oxygen sites on the surface.
Another possibility is O.* discharging (partially or totally) followed by its reaction with the fuel
following a catalytic reaction.
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Figure 32: Summary of the influences of the gas composition on the
different resistances defined by the used equivalent circuit. a. case of
CeNbO, b. case of CeNbO + 1%Ni symmetrical cells. The vertical
dashed lines represent the slope changes in the diagrams.
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These are smplified schemes as none of the adsorbed or intermediate species are known.
Thisis only atrid to rationalize the impedance response as observed in both the symmetrical
and the non-sealed configurations. The reaction order towards H, predicted from equation (12)
is not fully respected in the experimental results, but such situations often occur in catalysis
when a change in the degree of coverage modifies the apparent orders and the activation energy
of the reaction ?°. To be able to analyze the effect of coverage on the reaction, further anaysis
should be made in order to complete the cross influence of variables (changing H, concentration
under different H,O concentrations and so on, effect of the oxyg;en activity, the anaIySIs of the
current curves towards the gas composition at fixed potentials ...*"). Such a mechanism implies
that the reaction can also take place on the oxide anode which has a relatively high ionic
conductivity, and that the reaction is not necessarily limited to the triple phase boundary. Such
an approach is also based on the observation that the reduction of ceria was sluggish by TPR
(Chapter 10, Figure 1), at least when compared with LaCrO,-based materials (Chapter 6, Figure
3), as the bulk reduction started 300°C higher than for LCs. Also, as discussed in Chapter 10,
H,O is not expected to have an |nh| biting effect on ceriaasit does not seem to adhere well when
compared to La,0, for example %. So the desorption of H,O is not expected to be relevant here

(equation (15)). The similar reaction order of H,O and H, might stem from the OH" reaction
product as H,O chemisorption could lead to this species through the reverse of reactions (15)
and (14). By increasing H,O partia pressure, this species coverage increases and thus
influences reactions (12) and (13) or (18) and (19).
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Figure 33: Evolution of the equivalent circuit elements as a function of CO, partial pressure
generated by the reaction of CH, with water over the anode at 800°C. This graph is a
redrawing of Figure 27e.

The reaction orders in CH, were found to depend more on hydrogen than on CH, itself
(Table 5). From Figure 24c one can see the linearity existing between CH, and H, in the
symmetrical cell configuration running a OCV. H, was produced by the cataytic reaction of
CH, with H,O over the CeNbO anode in asimilar manner to the catalytic reaction initiated over
CeNbO powders (Chapter 10). CH, conversion was as expected from the catalytic runs and the
reaction rates observed were similar in both cases (see Figure 24a). Even the measured OCV
(Figure 24f) matched well with the expected OCV calculated on the basis of H,/H,O
equilibrium (see Chapter 6). All this indicates that H, was primarily responsible of the reaction
near the OCV condition at least. One has to see that the presented reaction orders in CH,, (Table
5) were made near OCV, i.e. in the catalytic regime where H, is produced by steam-reforming.
The measured rate of CH,, electrocatalytic reaction was by far lower than that of H, (Figure 3b
and d). However, the very similar activation energies obtained in both H, and CH, in the
presence of the cataytic Pt-meshes (Table 2) indicates similarity in the reaction mechanism.
Also, as previoudy observed one can ssimulate the 1/V curves of a CH, run cdl by taking a
diluted H,/Ar gas mixture (Figure 14a and b) smulating a low CH, conversion. At OCV &
least, H, production is thought to determine the reaction orders as presented by Table 5. The
differences in the activation energies between H, and CH, in the symmetric configuration (Table
4) indicate clearly that the reacting species stem from CH, rather than directly from the localy
produced H.,. The reaction of the hydrogen species could follow the same scheme as presented
in equations (12) to (20). For aclearer insight of the reaction with CH, more measurements are
needed such as the study of the evolution of the reaction orders with the anode overpotentid, or
the analysis of the effect of the reaction product on the reaction or a cross variation of the

221



11 CeO,-based anodes and their electrochemical characterization in humidified H, and CH, f—

different gas species (e.g. variation of the CH, partiad pressure a different H,O partid
pressures, ...). Such analysis could give a better idea of the evolution of reaction and its
activation energy with the coverage of the different species. At OCV again, plotting the different
resistances as a function of the CO, partial pressure showed no influence of this product gas on
the reaction (Figure 33). CO, is not expected to inhibit the reaction as discussed in Chapter 10.
The addition of Ni to the anode did not modify the reaction orders as the reaction steps were
gill similarly sengitive to H,. Ni was more effective in reducing the activation energy, most
probably by activating H, and CH, d|SSOC|at|on over the anode. CeO,-based materias are
known to be poor H, and CH catalysts . Thisexplains the effect of catalysts suchasNi or Cu
(see for example Flgure 14) on the activation of the reaction. So globaly, a OCV at lesd,
CeNbO behaves smilarly to LaCrO,-based anodes in the sense that H, originating from the
steam-reforming of CH, is responsible for the OCV response.

The identification of the equivalent circuit of the modified ‘Gerischer impedance to a
physical process is not aways straightforward *°. The R, of Figure 18 is expected to be the
charge transfer resistance of the electrosorption step It should thus decrease with increasing
overpotentia which isobviously not observed in the experiments (Figure 21a). This might stem
from the decrease in oxygen conductivity dueto the reoxidation of CeNbO which transforms it
to amerely electronic conductor (the ionic transference number is of about 5x10*, see Chapter
9, Table 2). —R, was observed to decrease. It should indicate an electrocatalytic effect of the
adsorbate as an increase of the overpotential should result in alarger amount of oxygen ions on
the surface of the anode. Due to the affinity of H, to oxygen, its adsorption could be enhanced
and thus the polarization resistance should decrease. However, here again, as the overpotentia
increases, the ionic conductivity of the anode drops, canceling the beneficia effect of
polarization. Thus, an increase of the ionic conductivity of the anode, ether by using a
composite with YSZ, or by modifying its composition (e.g. Y instead of Nb as dopant thus
increasing itsionic conductivity) could be appropriate. C, and -C, did not change much.

By considering the smple model given by equations (12) to (20), the finite diffusion
impedance could be attributed to many diffusion species, either in the bulk of the anode (i.e.
protonic conduction, ionic conduction, eectronic conduction) or on its surface (i.e. hydrogen,
hydroxyl groups or possibly some oxygen species diffusion) or gas phase diffusion. We will
try to discuss these possibilities hereafter.

For the bulk diffusion in ceria, it is possible to make some assumptions on the results
obtained from the analysis of the non-uniform diffusion impedance. As the conductivity of a
species sin ceriacan be written as

2
S DSCSnS F 21)
RT
it can be rewritten to be inserted in equation (6) by using equation (7) as
L
o= — 22
oo (22)

with ogthefitting paramter (Equation (6)). This would alow to calculate the conductivity of the

diffusing species from the deconvolution of the impedance data by giving an estimate for D..
Protonic conduction in ceria has been reported by several research groups %27 Njgara et 4.
% 26 nointed out to a protonic conductivity of about 10° S/cm or 2x10° S/cm at 850°C for
CeO, and Ce,YDb,,0,, respectively with activation energies of 28.9-55.9 kJmol a
temperatures lower than 1000°C or 67.5-106.0 kJmol above 1000°C as measured by
permeability methods. Sakai et al. * indicated a hydrogen solubility of 10 mol of H/mol oxide,
in other words 0.04 atoms of H per lattice unit of ceria doped with Yb, and showed that this
solubility increases when the lattice distortion of ceria decreases. Doping with low amounts of
Nb is expected to lead to alow distortion of the Iattl ce parameter as shown in Chapter 9, Figure
2. Measurements made by Larring and Norby % on rare earth oxides also showed protonic
conductivities ranging from 3.6~6.3x10° Slcm to 5.6x10%~3.2x10° Slcm a 850°C for
Er, 65C2y,0; and Gd, 5,Ca, ,,0, respectively, the highest values being in humld atmospheres.
So we could expect for ceria solution a vaue going from 5x10* to 10°® S/cm for protonic
conduction. To the best of our knowledge no vaue for the diffusion coefficient of protons is
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available in the literature for ceria. We rely on vaues given by Matsumoto et a. # for
SrCe, .Y b, 055 for the mohilities (u,,) of protons at 900°C (2x10* cm?/sV). From

u = nF 2 (23)
RT

avalue of 3x10° m?/s can be estimated for D_. By taking a vaue of 10° m%s the evolution of
the diffusion length, the concentration and the conductivity of the proton are presented in Figure
34. By taking a vaue of 10 m%s, the diffusion length is divided, the concentration and

conductivity multiplied by +/10. A value of 10° m%s gives a better agreement with the expected
concentration of protonsin ceria (i.e. 0.04 atoms/lattice unit **). The conductivities are however
too high, about 6x10° S/cm compared to the highest estimate of 10 S/cm. However, this could
be due to the very low oxygen and to the high hydrogen partid pressures. The diffusion length
amost corresponds to the eectrode thickness representing thus large distances. This is
consistent with the dense structure of the electrodes studied here (B40 and D1, see Figure 4).
These calculations would lead to alimiting current, taken as

- ND,AFC,
' L
of 0.7 Alcm? a 200 mV cdll voltage. The last value is about 3 times the one observed at short
circuit when using thick electrodes (Case of D1, see Figure 6). Using a diffusion coefficient of

10" m?s leads to current densities 10 lower. The activation energies obtained in H, and CH,
for these conductivities are of 89.6 and 153.5 kJ/mol respectively and were calculated without
taking into account any activetion energy for the diffusivity (i.e. D,, = const with T). These
values are higher than reported (29-106 kJmol * ). The difference between H, and CH,, could
be due to one in oxygen partial pressure. Also, one can expect that upon polarization the
protonic conduction decreases due to the loca increase in oxygen activity leading to a lower
ionic and eectronic conductivity. Protonic conduction is tempting as it explains the reaction
orders of the diffusion impedance toward H, and H,O (about 0.5, see Table 5). Indeed protonic
2cgoQ)ductivity is thought to stem from H, or H,O insertion in the lattice following the reactions

(24)

H,O+\,"+ QY =2(0H,) (25)
H,0+V.,"=2H"+0O; (26)
H, = 2H"+2e (27)

Equation (25) and (26) lead to a dependency in /H,O, whereas equation (27) follows \/H,,
hence the observed dependencies. The effects of H, and H,O on the same parameters are shown
in Figure 35. The higher the H, concentration the higher the proton conductivity and thus the
diffusion length drops (Figure 35a). With H,O, the fact that the oxygen partial pressure
increases leads to alowering of the conductivity (Figure 35b). However, these conductivities are
too high.

., Figure 34: Evolution of the diffusion
® Txao length (L), the concentration and
- 50 conductivity of proton estimated
from the deconvolution of the
impedance data. The data are for H,
at 850°C and the proton diffusivity is
taken as 10° nf/s. (Case of D1).
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The possibility of ionic diffusion limitation inside the bulk of the anode will be considered
hereafter. Oxygen self-diffusion coefficients, D, (that is in oxygen rich atmospheres) in ceria-

based compounds vary between 107 cm?/s for Ce,,Y ,,0,5 > @ 700°C, 2.7x107" cm?/s for

Ce,,Gd,,0, 5 ¥ at 850°C, and even lower for Ce, 4:Nb, ,:0, ; With avalue of 2x10™" cm?/s a
800°C *, Activation energies vary a lot and spread from 57 k¥mol to 127 kI¥mol *. For the
ionic conductivity, the vacancy diffusion coefficient isneeded and it is defined as

2-0
D,=——D 28
\ 5 o ( )

For CeNbO, the non-stoichiometry, 9, in reducing atmospheres is of 0.15 as measured by

TPR (see Chapter 9) so that the vacancy diffusion coefficient is about 12 times higher than the
oxygen self-diffusion coefficient, i.e. the values will spread from 3.3x10° to 2.5x10%° cm?/s.
Theionic conductivity depends thus much on the non-stoichiometry, i.e. on the oxygen partia
pressure. Here, the two extremes are considered (10° and 10 cm?¥s).
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Figure 35: Evolution of the diffusion length (L), the concentration and conduction of protons
estimated from the deconvolution of the impedance data. The data are for H, at 850°C and
the proton diffusivity is taken as 10° n/s. (Case of B40).
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The results for the highest diffusivity (10° cm?/s) is shown in Figure 36. The general trends
are smilar to that for proton conduction. However, dl the parameters here seem to match the
observed values. Theionic conductivity is of 1.9x10° S/cm at OCV which is very near to that of
ceria (see Chapter 9, Table 2) and drops to 2x10* a 200 mV cell voltage as expected for
CeNbO in its oxidized form (t=5x10* *). The oxygen vacancy concentration is also as

expected (if 5=0.15 than a max of 0.6 V,- / lattice is expected). The diffusion length is aso

nearer to the anode effective thickness (about 20 um) and its evolution could be understood in
the sense of alowered ionic conductivity. Also, the limiting current calculated is of 0.21 A/cn,
very near to the one observed on the same sample (Case D1, Figure 6, =0.21 V). Moreover, the
activation energy measured for 1/& (Table 2, 47 kJ/mol) which corresponds to that of D, for

both CH, and H, matches the literature values (57 to 127 kJ/mol).

27 Figure 36: Evolution of the
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oxygen vacancies estimated from the deconvolution of the impedance data. The data are for
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The effects of H, and H,O on the same parameters are shown in Figure 37. The higher the
H, concentration the higher the ionic conductivity due to the reduction of ceria and the creation
of oxygen vacancies and thus the diffusion length drops (Figure 37a). With H.,O, the fact that
the oxygen partia pressure increases leads to a lowering of the conductivity (Figure 35b).
Globally these valuesfit the expected tendencies of the ionic conductivity. If thisis the limiting
step for diffusion, this could mean that the surface exchange reactions are very dow, something
expected from the high reducing temperature observed for ceria-based powders (Chapter 10).
The reaction orders for H, and H,O could stem from the effect of the surface exchange reaction
dealing with adsorbed H, and H,O species. However, water’s reaction order cannot be easily
rationalized. Perhaps hydroxyl groups enhance H, and CH, chemisorption on ceria. One way to
reduce the diffusion effect is to produce an anode with afine porosity and to add a catalyst. The
addition of Y SZ asfor LaCrO,-based anodes would increase the ionic conductivity of the anode
and thus its performance. Better performances have been partly achieved when the anode was
made more porous and fine by using a printing screen alowing the deposition of fine powders
(case of B62 and E7h). Findly, in these calculation one has assumed that D, is constant with
polarization, but from its definition (equation (28)) it is expected to change with the variation of
the oxygen partia pressure. This should modify the diffusion length evolution.

If smaller values for D, are taken into consideration (down to 10™ instead of 10° cm?/s),
the direct correlation with the experiments does not hold any more. The length of diffusion, the
conductivity and the limiting current are divided, and the concentration multiplied by a factor of
up to100.

If one considers gas phase H, diffusion, one gets diffusion lengths of about 20 cm when
using the impedance generated data. No limiting current would be expected. H,O locd
production on the anode should not be responsible for the diffusion process as its increasing
partia pressure should have a negative effect on the diffusion resistance whereas the reaction
order towards H,O is positive (Table 5). Gas conversion impedance should also be excluded for
both effects of H,O and the very high activation energy observed do not fit this impedance.
Also, dectronic conductivity is unlikely to explain the diffusion impedance as it is the major
component of the conductivity in CeNbO. From Naik and Tien * and Tuller and Nowick ** the
mobility of electrons is of 1.99x10? to 2.2x10° cm?V's which leads to a diffusivity of about
1.9x107 to 2.1x10® m%s (equation (23)). This vaue is too high and does not fit the
experimenta data.

A last possibility for the diffusion limitation might stem from the surface diffusion of
reacting species. For this purpose, equations (6), (10), (21) and (22) should be modified as
follows

o= RT _ RTS
n°F’C, /Dy, N°FIC,L

RTS
C :qu 30
S ZFZILGQ (30)

(29)
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2
Ogr = —D”%‘;g - (31)
L
"o 1d5 (32)

where | represents the triple phase boundary length (TPBL), d the thickness of the conduction
layer on the anode grains, and the subscript ‘sur’ associated with the surface diffusing species.
In this case the limiting current would be given by

_nFD,,C_|
i sur ~sur 33
lsur — L ( )

From SEM observation (Figure 4), the anode grains for the rough structures have a mean
diameter of 2.5 pm and are spaced by 0.5 pm. The number of grains attached to YSZ is
calculated by supposing cubic grains of 2.5x2.5 pm?® area and 2.5x4 um of perimeter, giving
thus 4.4x10" grains/cn??, or a TPBL of 111 m/cm?. The thickness of the conduction layer can be

taken as 1 nm *. Skaarup et a. *” showed that, over Ni at least, the surface coverage 6, was

relatively high at 850°C, reaching 0.36 at a H, partial pressure of 1 atm. This seems to be the
case even though no intermediates were found over meta eectrodes by cyclic voltammetry *
Over oxides, as discussed previoudy in Chapter 10, FTIR did not alow the detection of any
hydroxyl species at very high temperature, thus indicating that the life time of such species is
very short and undetectable by such techniques. So for smplification, a surface coverage with
hydrogen species of 0.3 will be considered. This gives 0.6 sites / lattice, or 3.41x10° mol/m?.
Data on the diffusion of ydrogen or hydroxyl groups over ceria were not found. However, a
recent paper of Raz et a. *° discussed the hydroxyl conduction on the surface of YSZ from
room temperature to 450°C. For our purpose, these results will be implemented here for ceriain
order to analyze the possibility of surface diffusion of hydrogen or hydroxyl groups. Raz et d.
® measured chemisorption enthalpies for water of 70 and 94 kJmol over YSZ. These two
enthal pies correspond to two different sites of adsorption, namely Y and Zr sites (Holtappels &t
al. ** give a diffusion activation enthalpy of 120 to 160 kJmol). Following their discussion,
hydrogen would have an equal or even higher chemisorption enthalpy. The activation energy for
ionic conduction in the temperature range of 150°C-450°C in the almost completely
chemisorbed water layer was of 29 k¥mol. This activation energy is somewhat smaller than the

one measured from 1/& (47 kJmol). At 450°C, they measured a surface protonic conductivity

of 1.25x10° S/cm. As with temperature the mobility of the protons increases but their coverage
decreases (let us suppose from 1 to 0.3), the extent of conduction is not very clear. One can
extrgpolate that the conductivity increases or decreases by 2 orders of magnitudes. From
equation (21) and the above discussion using equation (29) to (33), estimates for the diffusion
coefficient could be advanced. These thus vary from 3.7x10*2 to 3.7x10® m?/s. For example,
surface diffusion of Ni over Ni isof 6.5x10* m?/s, that of H over Ni of 5.2x10® m?s at 850°C
¥ and that of O over Pt of 5.5x10™ m?/s at 800°C “°. The values derived for surface protonic

diffusivity would give too high surface concentration of adsorbed species (at least a 6 of 0.5 or

higher than 1), and too low limiting currents (8 mA/cm?® with the calculated L). Symmetricaly,
surface conduction of protons over the Y SZ would not be an interesting explanation neither.

Thus, the limiting current observed due to the diffusion limited process could be best
explained by an ionic conduction inside the CeNbO anode. This limiting process can be
overcome by making a fine anode structure (small grains) and by using a more ionicaly
conducting matrix either by using a composite with YSZ or another ionically conducting ceria
like Ce(Y, Pr, Gd, Sm)O or by using another dopant which could promote both the ionic and the
electronic conduction like Pr (see Chapter 9, Table 2). The promotion of CH, and H, oxidation
could be implemented by the addition of carbon resistant catalysts such as Cu or Cu-Ni aloys
(see Chapter 10). A first trid in that direction was presented in Figure 14 with a porous
CeGdO+17%Cu anode, where in spite of the high ohmic resistance of the CeGdO thick pdlet
(770 um) a power output of 200 mW/cm? or 80 mW/cnm? in H, and CH, respectively could be
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achieved. Due to the eectrolyte thickness, about 700 mA/cm?* were lost at least for the case of
H, oxidation.

* The effect of this diffusion impedance is similar to Adler's model on mixed conducting
electrodes *** (see Chapter 8). It is possible to calculate the diffusion polarization losses using
Adler’s model and compare it with the above mentioned results. For that purpose, we take a

mean vaue of 107 c/s for the surface exchange coefficient (k) from Carter et d. *, a vdue

obtained at high oxygen partial pressure. It is possible to derive avaue of k of 10 cnmv/s in wet
H, by assuming the same dependency to P, as measured by Horita et a. % (e

log(k,,,) = log(k o) —2—10Iog( Po,))- The evolution of D, with the oxygen partia pressure can

also be taken into account by using equation (28). The results are summarized in Table 8 and
indicate asimilar increase of the real impedance resistance as shown in Figure 21d. This would
mean that the reaction spreads away from the TPB as would be expected for mixed ionic-
electronic conductors. However, the anode reaction length increases here. It should be noted that
the effect of the non-stoichiometry was taken into account for these calculations, wheress it was
neglected when using the deconvoluted data of Z, ;.

Table 8: Effect of k and D, on a presumed chemical
diffusion impedance, at 850°C.

Parameters  values | caculatedvalues  wetH, ar
T 1 D, [cm?/s] 1.2x107  3.9x107
£ 0.3 c, [mol/cm?] 0.006 0.002
afem¥cm® 10000 | ¢, [mol/cm?] 0.077 0.081
K, 1x10° S [pm] 8.4 26.4
Kair 1x107 | Rye, [Qcm?] 0.77 2.32
D, [cm¥s  1x10%® L. [cm] 1x10 1x10™*

Table 9: Effect of temperature on the chemical impedance.

T Do Ky, Ku  ReeM, Olml B Renar om E
[0 [omg  [omd  [Qam] [kImol]  [Qcn] [kImol]

950 1.5x10® 4.7x10° 4.7107 0.29 4.8 110.3 0.93 15.2 103.7

850 1.0x10® 1.0x10° 1.0x107 0.77 8.4 2.32 26.4

800 7.8x10° 4.1x107 4.1x10°® 1.29 11.5 3.89 36.2

The same parameters as in Table 8 were used in these calculations.

The evolution with temperature is given in Table 9, using the temperature dependence given
for D, and k by Carter et al * (50 and 176 kJ/mol respectively). The temperature dependence of

1R, is of 110 kImol, a value smilar to that derived in our system (see Table 2 and 4: 103
(Pt-mesh) to 149 kJ/mol (Ni catalyst) in H,). Following thismode, it is predicted that the losses

will decrease the higher the surface area of the anode, as & and R, are a function of +/a (see

Chapter 8), where aisthe surface area. Thiswould explain the effect of the finer structure of the
anode on lowering the anode polarization losses. Also, the effect of a catalyst dispersed over the
ceriabased anode would be to increase the surface exchange coefficient and thus to lower the
polarization losses. These positive effects were clearly observed in this study (see for example
Figure 9 and Figure 14 aswell as Table 4). This aso shows that the activation of the gas species
(CH, but also H,) isvery important in achieving better performances. Finaly, the linear increase
of the current with the overpotentid, at low and intermediate values (e.g. Figure 9b) could be
related to this dominating loss.

Literature survey on ceria-based anodes

In literature ceria has been used for different purposes, mainly as an additive for the Ni-
cermet anode and in most of the cases it was tested in H, or reformed gases. Globally, CeO,-
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based anodes can be grouped into three types: (i) doped ceria anodes without any meta
component “*; (ii) doped ceria anodes with highly dispersed metal catalysts “*“%; and (iii) Ni
and doped (or undoped) ceria cermet anodes®. The anodes were based on CeGdO or CeSmoO.
The performances varled alot and the best ones were reported by Uchida and Watanabe ***’
whereas Putnaet al. presented the lowest values (6 mW/cm? at 800°C). Uchida and Watanabe
reported overpotential valuesin H, at 900°C of about 175 mV for 400 mA/cn, for the unloaded
CeSmO, avaue dightly worse than that obtained here for CeNbO (150 mv a 400 mA/om? in
CH, using Pt-mesh (see Figure 9b)). The performance was increased upon loading with Ru (50
mV 400 mA/cnv, 900°C, H,). No measurements were made in CH, and no long-term stability
operation tests were pr@ented by Uchida and Watanabe. The performanc& of our cdlls are thus
comparable even under CH, fuel conditions. Metal loading, as discussed above, would enhance
the surface reaction kinetics and promote the reaction. Ru loading presented by Watanabe and
Uchidago in that direction. However, there is aneed to apply a carbon resistant catalyst such as
Cu or Cu-Ni as discussed in Chapter 10.

Marina et . * worked with CH, a 1000°C over a Ce,,Gd,,O,, anode and reported
similar values of 500 mW/cm?® in H, *and 80 mw/cm? in CHé when using Pt-meshes. They
reported similarly lower valuesin CH when using Au-meshes *.

Conclusion

This study demonstrated again that oxide-based anodes can be used instead of the
conventional Ni-cermet anodes for H, oxidation. CeO, doped with Nb or Gd has shown, as for
the case of LaCrO,-based materias, an ability to oxidize CH, directly without prior fuel
processing (steam or carbon dioxide reforming or partial oxidation). These anodes were very
resistant toward carbon deposition in very rich CH, fuels (97% CH, + 3% H,O). However,
CH, activation was observed to be low as steam-reforming and direct oxidation were slow. The
addition of astable catalyst is required in order to activete CH,. One candidate is Cu or Cu-Ni
aloy, or even another oxide catalyst like Ni-substituted LaCrO..

On the studied electrodes, inductive loops were observed along with a diffusion-like
limitation, by impedance spectroscopy. Analysis of the data pointed to a mechanism where a
hydrogen species is chemisorbed undergoing an electrochemical reaction (a so-called Gerischer
impedance) and where the ceria lattice oxygens diffuse to the active sites to supply them with
active oxygen species. The diffusion of oxide ions more than any other species (protons,
electrons or surface species) is thought to be responsible of the observed limiting currents.
These results point to the necessity of making fine powder ceria anodes and to the necessity of
adding a catalyst that is able to promote the surface reaction kinetics involving most probably
the chemisorption of H, or CH,. Trials were made with fine anode structures and with catalyst
addition and the promising results obtained supported these interpretations.

Furthermore, a direct influence of hydrogen on the electrochemical reaction of CH, showed
that, a& OCV conditions & least, the reaction was governed by H.-H,O equilibration. CH,
oxidation was easily catalyzed by the presence of Pt-mesh current collectors or by the addition
of a small percentage of Ni or Cu. The I/V curves bent rapidly upon polarization indicating a
limiting process, most probably due to the lack of active H species. As with LaCrO,-based
anodes, the elctrochemical oxidation of H, is faster than that of CH,. Kinetic data were
presented in this study in atria to better understand the electrochemical reaction in H, aswell as
in CH,.

These results and those presented for LaCrO,-based anodes show that optimizations are il
possible. Poor catalysts for CH, oxidation can be modified in an appropriate manner to make
them interesting candidates for direct CH, oxidation, knowing that the state of the art Ni-cermet
anodes cannot withstand, in their actual formulation, direct CH, feed without a prior fuel
processing step. In hydrogen apower density of 430-400 mW/cm? and ashort circuit current of
1750-1700 mA/cm? was observed at 800-900°C. In CH,,, depending on the nature of the current
collector, the performance varied between 350 mW/cm (short circuit current of 1050 mA/c?)
when Pt-mesh was used, and 100 mW/cm? (short circuit current of 420 mA/cm?) with Au-
electroplated Pt-mesh, a 900°C. The CeNbO anodes sustained well therma cycling as well as
redox cycling (H, <> air) without degradation.
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General conclusion

LaCrO, and CeO, and Cu/Ni-based catalysts were investigated for their potentia use as
anode materialsin SOFC for the direct oxidation of CH, without prior externa fuel processing.
LaCrO, possesses a perovskite structure, easily substituted on the La A-site and Cr B-sSite with
alkali earth and transition meta elements, alowing interesting modifications of their electronic
as well as their catalytic properties. CeO, belongs to the family of fluorites and, like LaCrQ,,
can be substituted by awide range of other elements which allow equally the modification of its
electronic and catalytic properties.

LaCrO,-based anodes

22 different LaCrO, compositions were produced following a modified citrate route.
Different substitutents were used, mainly Mg, Ca, Mn, Fe, Co, Ni and Sr. Powders of 1 to 6
m?g and 0.7 to 6 um average size were obtained. In most cases, residual, unidentified peaks of
low intensity (< 2%), not matching the usually admitted orthorhombic lattice structure were
detected in the powder X-ray diffractogrammes. XRD-pure phases were obtained at calcination
temperatures above 1100°C. Conductivity measurements made on some of these compositions
sntered into bars a 1500°C showed the low conductivity of these materials in reducing
conditions (0.2 to 6 S/cm in humidified H, versus 5 to 24 S/cm in air). A-Site substituents gave
rise to a higher conductivity than the B-site substituents.

The cataytic activity of LaCrO,-based powders towards CH, was smulated using three
different gas mixtures: 5:1 CH,:O, for partid oxidation; 5:1:0.6 CH,:0,:CO, for mixed
reforming in a recycling mode and 56:xy CH,Ar:H,O (x+y=44) for steam reforming. By
substituting the inactive LaCrO, catalyst with alkaline earth and first series transition meta
elements, a noticesble improvement in activity towards CH, converson was achieved. Three
different behavioura patterns were observed depending on the catalyst composition. It was
observed that among the alkaline earth elements, Mg had an inhibiting effect whereas Ca and Sr
substitution improved the catalytic activity for CH, oxidation, and CO, and H,O reforming
reactions. Transition metal substitution experiments on the B-site indicated that Co had an
inhibiting effect whereas Mn and Fe showed an enhancement in activity when compared to the
activity of the base material, LaCrO,. The LaCrO, activity was however not drastically modified.
On the other hand, Ni substitution caused a considerable change in the turn-over frequency (4
fold when compared to LaCrO,). Among the transition metal substituents, Co and Mn showed
the lowest cracking activity whereas Fe deposited high amounts of C as confirmed by TEM
analysis. Thus, by suitable substitution of the stable but rather inactive LaCrO, catalyst with Ni,
an improved catalyst for CH, oxidation, with low coking activity, was produced.

Furthermore, thermodynamic calculations, based on correlations developed in literature as
well as experimental work, have been conducted in an attempt to analyze the stability of the
LaCrO, system when doped with Mg, Ca, Sr, Mn, Fe, Co and Ni. Various gas atmospheres
were smulated (air, humidified H,, CO and CO,). It was possible to correlate some of the
experimental results (electrochemica, XRD, XPS-Auger, SMS and TEM-EDS) with the
thermodynamic calculations. 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 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 — LaCrO, seems to accommodate more Sr
in reducing atmospheres. The secondary phases formed during the decomposition could react
readily with YSZ a 800°C, as observed experimentaly. Overdl, the LaCrO, are
thermodynamically quite reactive toward Y SZ but this was not observed experimentally unless
treated above 1100°C. Although Mg, Mn, Fe, Co and Ni, B-site substituted compounds, are
thermodynamically unstable, they are quite stable experimentally suggesting that their
decomposition is hindered kinetically. The A-site substitution seems to be more problematic.
This difference in behavior might stem from a difference in the diffusion coefficient of the A
and B-site cations. From thisanalysis, Sr seem to be more favorable than Ca and is thus a more
convenient substituent in SOFC anodes, asiits presence alows a higher eectrical conductivity in
the material.
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Based on these results, the eectrochemical properties of Ca, Sr, Mg, Co and Ni substituted
LaCrO, anodes deposited on 150 um thick 8Y SZ eectrolytes were compared under humidified
H, and CH,. The nature of the substituent was observed to have an influence on the anodic
ohmic and polarization resistances. Globaly, the higher the conductivity, the better was the
performance of the electrode. The catalytic activity of the electrode materia was also observed to
play a role in the electrochemica reaction. The polarization losses in humidified CH, were
observed to decrease amost in the same trend as the increase in the catalytic activity, i.e. LaCrO,
= LaCryC0,,0; < LaCrooNiy,O5 < LaggsSrysCrO; < LaggsSr sCrooNig; 0, A direct
relationship between the eectronic and cataytic activities and the eectrocatalytic performance
was evidenced. Also, the surface exchange coefficient might have an influence on the
performance of the cell, asit was observed to decrease upon reduction of the electrode material.

LaCrO,-based anode performances were higher in H, than in CH, and in turn higher than in
CO,/CO. OCV measurements made on sedled cells were very sensitive to H,/H,O equilibrium
rather than to the whole gas composition produced after the partial steam-reforming reaction
taking place on the surface of the electrodes. H, oxidation could be thought to mask CH,
oxidation. Further, full oxidation did not seem to take place over La,,.Ca,,;Cr,;Mg,,0;, &
least at low current dengities, in accordance with the catalytic measurements. On the contrary,
CO, had an influence on the cell polarization, and asin the case of the cataytic reactions, this is
thought to be related to the formation of surface carbonates.

From the impedance analyses, 2 limiting processes were identified. The first one might be
related to charge transfer or to a chemica step (R, and C, did not depend much on the gas
atmosphere and the polarization), while the second might stem from a chemica process dealing
with H species. The latter process could be related to a chemical impedance taking into account
the surface chemical exchange coefficient aswell as the oxygen diffusion coefficient. In generd,
for both processes, the summit frequency tended to increase as the cell was polarized, showing
an eectrocatalyzed process. Further analyses based on polarization curves and impedance
spectroscopy made in different gas atmospheres are needed to confirm these results.

The cells were observed to be more stable when the anodes were sintered at 1100°C. At
higher sintering temperatures, some topotactic reactions were observed, linked with the
formation of (Sr,Ca)ZrO, at the interface with YSZ. At lower sintering temperatures, adhesion
wasinsufficient. Further, the stability of the electrode was increased by intercalating a composite
layer between the eectrolyte and the electrode. The best performance was obtained with a layer
of 78:22 wt% La, 4. Sr, 15Cr09N|01023+8YSZ covered with 3 layers of La, ¢Sr,,sCryoNig;Os,
with a power output of 450 mwW/cm? in H, and 300 mW/cm? in CH,, at 8/5°C. The measured
I%]ln H, was of 0.11 Qcm? The performance of the electrode was sustained for 136 h in CH,.
This work lead to the deposition of an European patent. As pointed out in the cataytic and
thermodynamic studies, Sr and Ni elements turned out to be the most favorable substituents
among those analyzed for the electrocatalysis. Sr addition is required to enhance the eectronic
conductivity of the electrode. Sr is better than Ca from the thermodynamic point of view and
aso for achieving alower expansion of the substituted LaCrO, under reducing conditions.

CeO,-based anodes

14 different CeO,-based powders were prepared using three different techniques. Different
dopants were studied: Y, Nb, Pr and Gd. Oxalate coprecipitation was implemented for Y, Pr and
Gd doped ceria, dl wntheszed a 700°C/1h. Nb doped ceria was synthesized following a
modified route, using Nb,O, or NbCl, as precursors. Powders of 1 to 18 m?/g were produced.
Among all dopants studled Nb enhanced most the CeO, densification. Nb was aso observed to
induce the highest electronic conductivity in ceria, both in ar and in humidified H,. However,
concomitant doping with Gd and Nb pointed to the negative effect of Nb on the tota
conductivity in ar of Gd-doped ceria Nevertheless, Nb induced a marked eectronic

conductivity in reducing conditions. Among al powders, Ce,4.,Nb, 50,5 adhered best on

YSZ dectrolyte sheets and withstood the reducing conditions. In that case, a sintering
temperature of 1100°C/4h was necessary to make the electrode stick. The adhesion did not
deteriorate in reducing atmospheres. Ceriawas aso observed to be relativey inert to YSZ when
sintered at temperatures < 1200°C, as evidenced by HRTEM.
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Ceria-based catalysts have shown a poor activity toward CH, activation, at least with three
studied dopants (Nb, Pr and Gd). The higher activity was reached with 15%CePrO followed by
20%CeGdO and 0.8%CeNbO. In 3% humidified CH,, CH, conversion was of 2.7, 1.3 and
0.4% at 850°C respectively. This poor activity was equivalent to the unsubstituted LaCrO,
(1.7%). Interestingly, al three CeO.-based catalysts did not deposit carbon and seemed to resist
much better to CH,, cracking than LaCrO,-based catalysts. Globally, the activity of these oxides
seemed to be higher the higher the electronic and ionic conductivity as in the case of Pr-doping.
However, XPS measurements revealed a high surface segregation in the case of Nb- and Gd-
doping which could affect the ionic conductivity. The use of CePrO is advantageous for its
higher activity in CH, and its expected higher OCV. The overall reaction mechanism might be
aswell very similar to that over LaCrO,. However, CeO, presents some differencesin that it has
strong acid sites, deposits less carbon, and does not adsorb strongly CO,. Also, the high doping
level in CeO, used in this study did not seem to enhance much the overdl activity of this
material when compared to LaCrO,. The addition of an extra catalyst seems thus needed.
Catalysts such as Ni or Cu can be either impregnated over ceria, as studied here, or added as
dopants.

Cermet compounds with metallic Ni, Ni-Cu, Cu and Ru were also studied in order to
enhance the total activity of ceria. A magjor problem in processing CH, containing feeds over
metal catalysts is extensive carbon deposition. The present study shows that for dl these
catalysts, even when supported on CeNbO, carbon was deposited. Impregnation of 1%Ni or Ru
allowed an increase of the activity but at the same time the growth of filamentous carbon around
the metdlic particles, as evidenced by TEM, lifted the catalyst off the support leading eventualy
to plugging of the reactor. Cu aone resisted longer to CH,, as a long induction period was
needed before carbon precipitation. Interestingly, aloying Ni with Cu alowed to temper the
activity of Ni and limited the carbon formation. Thus the use of metd less liable to carbide
formation and carbon dissolution might prevent carbon formation. A strong interaction with the
support, reached by a high temperature treatment, was observed and found to be necessary for
this improved performance. However, over a sufficiently long period the catalyst inevitably
deposited carbon indicating the necessity to polarize such a material when used as anode.

CeO, anodes doped with Nb or Gd showed, as for the case of LaCrO,-based anodes, an
ability to oxidize CH, directly without prior fuel processing (steam or carbon dioxide reforming
or partial oxidation). These anodes were very resistant toward carbon deposition in very rich
CH, fuels (97%CH, + 3% H.,O). However, CH, activation was observed to be low as the
catalytic steam-reforming and direct oxidation modes were dow. The addition of a stable
catalyst isrequired in order to activate CH,. Candidates are Cu or Cu-Ni dloy, or even another
oxide catalyst such as Ni-substituted LaCrO,.

On the studied eectrodes, inductive loops were observed along with a diffusion-like
limitation, by impedance spectroscopy. Analysis of the data pointed to a mechanism where a
hydrogen species is chemisorbed undergoing an electrochemical reaction (a so-called Gerischer
impedance) and where the ceria lattice oxygen diffuses to the active sites to supply them with
active oxygen species. In H,, the diffusion of oxide ions more than any other species (protons,
electrons, surface or gaseous species) is thought to be responsible for the observed limiting
currents. These results point out to the necessity of making porous ceria anodes and the
addition of a catalys that is able to promote the surface reaction kinetics involving most
probably the chemisorption of H, or CH,. Trials were made with fine anode structures and with
Cu catayst and the promlsmg results obtained support these interpretations (e.g. 200 mw/cm?
in H, and 100 mW/cm? in CH, with Cu catalyst and 20% CeGdO eectrolyte, measured in
sealed condit ons).

Furthermore, adirect influence of hydrogen on the electrochemica reaction of CH, showed
thet, ¢ OCV conditions & leadt, the reaction was governed by H,-H,O eectrochemical
equilibration. CH, oxidation was easily catalyzed by the presence of Pt-mesh current collectors
or by the addition of a small percentage of Ni or Cu. In CH,, the I/V curves bent rapidly upon
polarization indicating a limiting process, again most probably due to the lack of active O
species but also possibly due to the low H species content stemming from the CH,, reactions.
As with LaCrO,-based anodes, the electrochemical oxidation of H, is faster than that of CH,.
Kinetic data were presented in this study in a trid to better understand the eectrochemica
reaction in H, as wel as in CH,. But, as in the case of LaCrO,, further analysis is needed
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mainly by changing the eectrochemica as well as the gas composition conditions. Labeled
reactions could also be implemented.

These results and those presented for LaCrO,-based anodes show that optimizations are il
possible. Poor catalysts for CH, oxidation can be modified in an appropriate manner to make
them interesting candidates for direct CH, oxidation, knowing that the state-of-the-art Ni-cermet
anodes cannot withstand, in their actual formulatlon direct CH, feed without a prior fuel
processi ng step. In H, apower density of 430-400 mW/cm? and a short circuit current of 1750
mA/crm? was observed a 850°C for Nb- doped ceria. In CH,, dependl ng on the nature of the
current collector, the performance varied between 420 mwW/cm? (short circuit current of 1050
mA/cm?) when Pt-meshes were used, and 100 mW/cm? (short circuit current of 420 mA/cn?)
with Au-electroplated Pt-meshes, at 900°C. Pr-doped ceria could be tested when implementing
an adhesion layer asin the case of LaCrO..

Globally, this study demonstrated that “stable oxide-based anodes can be used instead of the
conventiona Ni-cermet anodes for H, oxidation. Oxide anodes based on LaCrO, and CeO,
withstand also CH, rich feeds without excessive carbon formation on the contrary to the Ni-
based anodes. However, these materials possess arather low electrical conductivity (on the order
of 1 S/cm in reducing conditions), necessitating the application of an extra materia for proper
current collection.

For adetailed analysis of the reaction mechanism over the LaCrO, and CeO,-based anodes,
further measurements are needed. The analysis of the gas phase dependency a OCV as wel as
under polarization and eventualy the determination of the transfer coefficients and their
temperature dependencies would lead to a better comprehension of the reaction. Labeled
reactions are also of interest. In the case of LaCrO,-based anodes, further variations on the B-
site are to be considered for a better tuning of their eectrochemical activity. The addition of a
catalyst has also apractical interest. For CeO,-based anodes, Pr doping hasto be considered, its
application needing the use of an adhesion layer made of ceriaand YSZ. The use of a Cu-Ni
aloy isamean to enhance the activity towards CH, and to lower the working temperature of the
cdl (< 800°C). For a practical use, these two oxide anodes have to be implemented with a
current collecting layer made of a good metalic conducting oxide such as the Nb or Ti-based
bronze-like materials. Cu could also serve for that purpose.

235



Acknowledgements

| would like to express my sincere thanksto the following people:

to Professor Michael Grétzel, for giving me the opportunity to make thisthesis in his group,
for the liberty he offered me in my research and for the interest he showed in my work;

to Dr. K. Ravindranathan Thampi for his unlimited willingness to help and listen, for having
put at my disposal his gas chromatography instalation, for having pushed me to write a paper,
for having read a big part of my thesis, for his advice on many subjects and the many talks we
had concerning scientific and most of dl socid maters; for his sympathy and tolerance and for
having encouraged me to keep going;

to Dr. Jan Van herle, for the considerable time he generoudly spent reading my thesisand al
my papers, bringing in many corrections, for al the discussions and advices, for having spent
many hoursto introduce me to many topics, for having organized part of the financia support
through the Brite/Euram and NEDO funding, giving me the opportunity to take part in many
discussions with many European colleagues, and for his constant availability and help;

to Dr. Augustin McEvoy, for helping me get a Japanese scholarship to the University of
Tokyo which dlowed me to broaden my thinking, offering me the opportunity to meet many
interesting people, for having organized part of the financia support through the PPM funding
and for having read part of my thesis,

to Professor Philippe Buffat, for the tremendous time his spent generously behind
transmission electronic microscopes (TEM) hunting small changes of my catalysts, loocking for
carbon filaments and deposits, giving me a clear sight of the changes occurring on my catalysts,
and most of dl giving me a red push and more confidence in my work, for his research
enthusiasm and sympathy;

to Dr. Pedro Mockli, for al the time he generoudy spent analyzing by XRD many powders
of mine, for his constant availability, for all the discussions and for his help;

to Nikolas Xanthopoulos, for al the time he spent analyzing by XPS-Auger many powders
of mine, for hisjoviality and humour;

to my colleague, Dr. Stefan Diethelm, for his humor and kindness, for his help and for dl
the interesting discussions we had;

to Brian Senior, for having trained me on the secondary el ectronic microscopy;
to Ms Danielle Laub, for having prepared some samples for TEM measurements,
to Dr. Marco Cantoni, for having performed some HRTEM measurements on ceria samples,

to Dr. Didier Leonard, for having performed some SMS analysis on lanthanum chromite
samples,

to Dr. Paul Bowen, for having introduced me to the powder size distribution analysi's;

to Ruben Vasquez, my lab colleague for two years, for helping me in conductivity
measurements;

236



to Dr. Hugh Middleton, for his advice and for the many discussions we had during his very
short visitsto our lab, for his sympathy and jovidity and for having accepted to act as externa
expert;

to Dr. Mogens Mogensen for having accepted to act as external expert of my thesis, and for
all the interesting discussions we had during all the Brite/Euram mestings,

to Professor Albert Renken, for having accepted to act asinterna expert of my thesis,

to Dr. Harumi Yokokawa, for al the advice he gave me concerning the thermodynamic
caculations,

to Dr. Layla Grahl-Madsen, for introducing me, in the frame of the Brite/Euram project, to
the thermodynamic cal culations using the HSC thermodynamic cal culation program;

to many people in the Material Science Department in EPFL, Professor Hans Jorg Mathieu,
Professor Mortensen, Dr. Alain Sfera, Raymond Oesch, for their help and for giving me access
to their lab and instruments;

to my colleague Hami Oz, for having put at my disposal many lab instruments;

to Dr. Pierre Infelta, for helping me in many computer issues,

to my colleagues and friends, Dr. Dhananjeyan Rajaran Mugunthu, Richard Meir, Dr.
Serge Rambert, Dr Pierre Infelta, Dr. Raphael Ihringer, Laurent Constantin, Dilan Seneviratne;

to Alexandre Closset, Olivier Bicheli and Joseph Schweizer from HTCeramix, for ther
friendship and for their interest in my work;

to the mechanical workshop of the department, for their tremendous skills;

to the electronic workshop, especialy Gabriel Roch, for having tried a year long to build a
tubular oven, ‘mille excuses’;

to Alfred Neuenschwander, for his extreme quality glass blowing;

to Anita Shori, Catherine Vinckenbosch and many other for their help and compassion;

and last but not least, to my parents, my sister, and my late grand-mother, for their never-
ending encouragement, support and confidence, ‘Kopf Hoch’, without which | would have
never brought my thesisto an end,;

and to Souad for her love, for being there, for her jovidity and al the marvelous moments
we spent together. Y ou are alwayson my mind <. 5l PSR

237



List of publications

‘LaCrO, based anodes for methane oxidation’, J. Sfeir, J. Van Herle and A. J. McEvoy, in
Third European Solid Oxide Fuel Cell Forum, P. Stevens ed., Nantes, France, 1998, 2, 267-276.

‘Stability of Calcium Subgtituted Lanthanum Chromites used as SOFC Anodes for
Methane Oxidation’, J. Sfeir, J. Van herle and A. J. McEvoy, in Journal of the European
Ceramic Society, 1999, 19, 897-902.

‘Lanthanum Chromite Based Catalysts for Oxidation of Methane Directly on SOFC
Anodes’, J. Sfeir, P. A. Buffat, P. Mdckli, N. Xanthopoulos, R. Vasquez, H. J. Mathieu, J. Van
herle and K. R. Thampi, in Journal of Catalysis, 2001, 202, 229-244.

‘LaCrO,-based anodes. stability considerations’, J. Sfeir, in Solid Oxide Fuel Cell
Materials and Mechanisms, Joint Topical Meeting, IEA-ESF, 2001, 55-67.

‘Improved Tubular SOFC for Quick Thermal Cycling’, J. Van herle, J. Sfeir, R. Ihringer,
N. M. Sammes, G. Tompsett, K. Kendal, K. Yamada C. Wen, M. lhara, T. Kawada, J.
Mizusaki, in Fouth European Solid Oxide Fud Cedl Forum, A. J. McEvoy ed. Lucerne,
Switzerland, 2000, 1, 251-260.

238






Curriculum Vitae

Name: Joseph Sfeir

Birth date: 20 August 1971

Nationality: Swiss

Languages. French, English, Swiss-German, Arabic and some Japanese
Education

1998-2001: Ph.D. thesis with Professor M. Grétzel a the Swiss Federa Indtitute of
Technology in Lausanne (EPFL), Switzerland, in the field of solid oxide fuel cdlls.

1996-1997: Exchange student at the University of Tokyo, Japan.

1995-1996: Industrial experience in the field of organic chemistry in Rohner AG, Pratteln,
Switzerland.

1991-1995: Undergraduate studies in Chemical Engineering at EPFL.

239



Droits d’auteur attachés a la thése

1.

2.

Le rédacteur de la thése est considéré comme auteur au sens de la législation sur le droit d'auteur. Sous
réserve del’alinéa 2, il détient tous les droits qui relévent du droit d' auteur.

Pour faire connaitre a d'autres les résultats des recherches consignés dans la thése, I'EPFL peut
remettre des versions abrégées ou des copies de la thése a des établissements d enseignement, a des
instituts scientifiques ou a des bibliothéques ou d' autres administrations publiques.

Art. 21 de |’ Ordonnance sur le doctorat.

240





