>
_— = E
] x

FxA - - i
.
-

- DETEMAE

Crysémqf— Lab -

Laboratorio dé cristalografia, estado sélido y materiales. '

Perovskite materials for SOFC cathodes.
Tailoring of the crystal structure.

Leopoldo Suescun

FACULTAD DI e s
DE LA REPUBLICA
QUIMICA URUGUAY

Laboratorio de Cristalografia, Estado Sdlido y Materiales (Cryssmat-Lab).
Facultad de Quimica, Universidad de la Republica
Montevideo, Uruguay

Il Polish Forum on Fuel Cells and Hydrogen Technologies mmm
S 7-10 IX 2009, Kocierz
Polish Hydrogen AG H

and Fuel Cells Second Polish Forum | AGH Univensity or Sciewce 1
Associaton | ToT0 T T T T | ANDTECHNOLOGY




Overview

Introduction

Structural requirements of perovskite SOFC cathodes
LSMs work at high temperatures

Structural flexibility of LSCFs

Oxygen vacancy stabilization in BSCFs and BSZF
Perovskites with other transition metals

2D vs 3D ionic conductors

Where should we be looking? There’s plenty of room...



Introduction

Scheme of a SOFC

» Function of the cathode of a SOFC:
provide the O% anions that oxidate the CLICEE  Electrolite

the fuel at the anode’s surface. 0> 0%

cathode: 1/20,(g) +2e- > 02 (s)
anode: H,(g) + 0% (s) > H,O (g) + 2e-

H 11| H

Battery charging

» Electrochemical limiting step at the cathode: e
Oxygen reduction in the cathode’s surface.

» Multiple mechanisms for oxygen incorporation at the cathode, all requiring electronic
conductivity, some additional ionic conductivity.

» Purely electronic conductors vs. Mixed electronic-ionic coductors for cathode materials:
activity only at Triple Phase Boundaries vs. Active surface equals surface exposed to O,.

Adler SB, Chem. Rev. 2004, 104, 4791-4843 Second Polish Forum 3



» Operation temperature has to equilibrate these factors:

>

Introduction

» Oxygen reduction is a thermally activated process, cell
operation at high temperatures increases oxygen
incorporation rates independently of the mechanism.

» Chemical and mechanical stability degrade with higher
ion mobility and larger expansion-contraction cycles,
cell operation at low temperatures increases durability
independently of the materials used.

These two opposing factors drive current research:
Find the cathode-electrolyte-anode combination that
operates with the highest efficiency at the lowest
possible temperatures.

» Search for novel cathode, electrolyte and anode materials
and processing conditions.

Second Polish Forum
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Structural requirements

» Perovskite Structure:
» 3D network of corner-connected BX, octahedra.
» Bis asmall cation (e.g. Mn**) in the center of the octahedra.

» Ais alarge cation (e.g. Sr¥*) occupying the cubo-octahedral
holes generated by O atoms.

» Goldschmidt tolerance factor t describes the
geometrical relation between A-X and B-X

bond distances imposed by the model.

X
» A perfect cubic perovskite corresponds to t=1. When A <A ~X >
is smaller or B larger than expected (within certain range t = ~ 1
~0.8<t<1) distorted perovskite structures are found with \/E( B_— X >
lower than cubic symmetry.

» Disordered oxygen vacancies preserve high symmetry, ordering produces distortion.

Second Polish Forum 5



Structural requirements: e- conductivity

» Electronic conductivity requires heterovalent atoms at
the B-site showing more than one stable oxidation state

compatible with the octahedral geometry.
M = Mn3+/4+ Fe3+/4+ Co2+/3+/4+ Nij2+/3+

Overlap regions

\e/ m

» Overlap between M3d and O2p electronic orbitals provides
a path for electron hoping between neighbouring M cations
and explains the existence of electronic conductivity (and

magnetic properties) in perovskites.

U

» M-0 bond distance and the M-O-M angle (0) determine
the degree of overlap of successive M3d orbitals with the
same O2p orbital, or the degree of orbital overlap of each
M3d-02p-M3d triplet. The higher the bond order (individual Bandwidth

M3d-O2p overlap extent) and the larger the M-O-M angle W Q. k*COSZ(g)
the wider the conduction band and the largest conductivity.

Second Polish Forum 6



Structural requirements: ionic conductivity

High concentration of mobile oxygen ion vacancies.
Equal energy of different oxygen sites.

Physical path of migration has to impose a low energetic
barrier smaller than

» thermal excitation energy of the ions

» electric potential energy among the occupied and vacant sites.
Weak M-0O bonding energies.

In conventional 3D perovskite systems these conditions are
fulfilled when:
» heterovalent atoms exist in the B site (3d transition metals) that

allow a change in coordination number and charge without significant
network distortion.

» the network is isotropic (cubic or slightly distorted pseudo-cubic) with many vacancies.

Moguensen M. et al (2004) Solid State lonics 174, 279
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Structural requirements: overview

Disordered Vacancies

'y

Ordered Vacancies

L4

5000680006 ¢ . QD HY ¢
20 o8 eR020 SR, 48R 4

MOST FREQUENT STRUCTURAL DISTORTIONS IN PEROVSKITES STRONGLY AFFECT PARAMETERS
REQUIRED FOR HIGH ELECTRONIC AND IONIC CONDUCTIVITY.

» Cation size mismatch produces octahedral tilting thus M-O-M angle reduction and
inequivalent oxygen atoms.

»Jahn-Teller or electronic-originated effects affect M-O distances, produce charge ring

localization and may produce tilting.

Metallic character Insulat haracter

IONIC Poor ionic _
CONDUCTIVITY ELECTRONIC conductivity Poor electronic
CONDUCTIVITY

conductivity
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Overview

» Why do LSMs work
» Structural flexibility of LSCFs
» Oxygen vacancy stabilization in BSCFs and BSZF

> Perovskites with other transition metals



Why do LSMs work

400
» LSMs (La, Sr,MnO; ;) with 0.2<x<0.4 was described by 0 o
Goodenough as a good electronic conductor with cubic or 9,
slightly distorted rhombohedral structure showing a few f— 200 O
oxygen vacancies in equilibrium at low temperatures. 1004 ’ §
o
» Advantages: 0
0.0 0.2 0.4 0.6 0.8 1.0
» Simple preparation xinLa,_SrMnO,
» Exceptional chemical stability at operation
temperature (~1150 K) " _
0 Lag ¢Sty 4Co,,Feq 0
> Very low reactivity with YSZ. PR S e
ot}
» Smooth R—C phase transition with a very small TEC variation. > 00F
g 355 ;
» Drawbacks: S RosToalN0ss
> Structurally rigid. ::: ;
» Low surface electrochemical activity. 12
160 F CepoGd 10165
» Low number of oxygen vacancies even at high temperatures. 158

1 1 1 1 1
0 200 400 600 800 1000
Temperature (°C)

Goodenough J.B. Phys Rev (1955) 100, 564.
Second Polish Forum  Chmaissem O. et al, (2003) PRB 67, 094431 10
Adapted from Corbel, G. et al, (2005) Sol. State Sci. 7, 1216.



Why do LSMs work

» Manganites are structurally rigid:

» Strong correlation between Mn charge and oxygen vacancies
due to rigid Mn"* coordination preferences.

» Vacancy ordered compounds in the La, ,Sr,MnO; 5 system
with 0.5<0<0.125 confirm that only certain polyhedra are
compatible with certain oxidation states:

» Mn* OCTAHEDRON

€ s
> Mn3* OCTAHEDRON, SQUARE-BASED PYRAMID
> Mn2?* OCTAHEDRON, TETRAHEDRON =
Lao SSrO 5|\/|no2 c octahedron  JT or pyramid

octahedron tetrahedron

Lag 755r2sMN0O, 5

Suescun L. et al (2007), JSSC 180, 1698.
Dabrowski B. et al (2006), personal communication Second Polish Forum 11
Casey PS. et al (2006), JSSC 179, 1375.



Why do LSMs work

» Excellent match with electrolyte allow for operation at high temperatures that compensate
for unfavorable properties:

» Oxygen vacancies form at high temperature due to the shift of Mn*/Mn3* equilibrium concentration
towards Mn3+,

» Formation of disordered vacancies favor cubic structure increasing both electronic and ionic
conductivity.

» LSMs seem to work mainly due to high temperature of operation!.

Second Polish Forum
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Structural flexibility of LSCFs

LoFe0s ~ SrFed,_,
T T T T T
1.0F o o
0 0,62 2.0
. < o al |
» la,,Sr,Co, Fe O; s materials were proposed as cathodes for & 0.8
. . s 0 .18 58 2,
SOFCs after Teraoka et al showed their excellent ionic and & 0.6k0 0.1 07 cﬂ
[ ]
electronic conductivity at low temperatures (600 - 800 °C). I ]
.:_if 0.4 Oxygen permeation rate
. 9 (cm3(STP).mint.cm=) at 1.56 3.1
> Advantages: < 0.2[-1123K, 1 mmthickness. 0 0
. . = e} n 7 17
» Simple preparation. . -f::) | u.OJ‘J o ?;4
> Significant number of oxygen vacancies at all temperatures for LuCc:83 0.2 0.4 0.6 0.8 Srlcb%z_m_a
Sr-rich compounds. x in Lay_,SrCo;_ Fe 05 g
» Fast oxygen exchange at the surface due to high activity of Co and Fe |

cations does not require as high operation temperature as manganites.

3.850

3.845

» Keep cubic or pseudo-cubic structures over a wide range of x, .

3.840

» Disadvantages: |

100 |(@— @@ ___
» Very reactive against traditional electrolyte YSZ. Q

normalized lattice constants [A]
monaclinic

” 0.999

» High and variable TEC due to Co/Fe spin state changes. Lal.XSFXCOO.sFeosO};\

0.998

tolerance factor ¢

» Marked changes in equilibrium oxygen content with T.

Teraoka Y. et al, (1985) Chem. Lett. 1743. 01 o0z o3 o4 05

xin Sr_La Co, Fe, O,

Swierczek K. et al, (2009) JSSC 182, 280. Second Polish Forum WS g



Structural flexibility of LSCFs

LSCFs require low preparation temperatures (as low as 800 °C) therefore it’s possible to make

“Jj 45° rotated

nanostructured cathodes.

|

La, Sr CoO,

Reduced electrochemical activity at low

temperatures is compensated by large
surface area for oxygen reduction

achieving high performance cathodes.

Yoon J et al, (2007) Appl.
. . . . Surface Science 254, 266.
Considering the small distortions from

symmetry in LSCFs reported to date, all
nanosized LSCFs are cubic.

Crystal growth during operation should be
considered if a correct assessment of
performance decay is to be made.

Second Polish Forum 14



Structural flexibility of LSCFs

» By low temperature synthesis nanostructured La, ,Sr, ;Co, sFe, ,05 5 cathodes over

Ce,4Gd, ;0 o5 Show very promising electrochemical performances at low T.
a *

T (QC) Jt °Unreacted oxides * LSCF
H800 1 nm, .
800 700 600 500 400 * % * x % X
o N . L . ! : . S | H7s0
This work . +0 B % o O I £ A & ¥
..... Y 2% =
= Acetate eg9 <:| n § | A900 JLSl *nm* . .
----- ¢ HMTA << I - % Y E |2 L i, 1R B
1 4 (}OQ N O~
e (0 v A <<e<>q’ Ao00 0 x .
Fo cD - - * 0 * * * 0 ® *
O .lj d > T T Y T T T T T T
g RO & o° I | 20 30 40 50 60 70
(2 @ i {07 o Cu Ka, 26 (degree
o QM & e ‘9 . (degree)
o 0+ Q)Q & Eq Q)’bg A g Acetate HMTA
w g "_. _."__-" ‘h __."-I ot . . . - - ~ : "
< ¥ o g a g L O Batinug Wl 3 st
> e i ;f%  Grunbain &t |
- A4 + .0 ﬁ§ &00 +- Murray et al
e % SO% ..o Dusastre et al
PO T 4 (,\\\?’“' -0 Deganello et al
L ,))g(\ ~<1-- Beckel et al
A N -4A--Wang et al
e 4 X - Haile et al
T T T T ¥ T . I i I H I
0.9 1.0 1.4 1.2 1.3 1.4 1.5
1000/T (K)

Baqué L et al, Electrochem. Comm. 10 (2008) 1905.
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Structural flexibility of LSCFs

> LSCFs show three serious drawbacks:

Al

>

electrolyte composition.

produce jumps in TEC.

0.025

0.020

0.015

0.010

0.005

0.000

Reactivity of Cobalt perovskites limit maximum processing and operation temperatures and

Thermal expansion of cobaltites at ~700 °C is large compared with common electrolytes.

Spin state, phase and vacancy ordering transitions commonly observed in cobaltites and ferrites

TEC =16.010° [K]

La ,Sr _Co Fe O, BB -
04 216 02' 08" 35 CeoBsYo,osNdo‘osDyo.o5O1‘925
i 151 heatllng 2™ heating 1deg/min
1 c’GOO|II'19 2™ cooling 1deg/min
2" heating
2" cooling 0.10 |
i =
0.05
B _ %408 e
TEC,, .y = 17.2410° [K]
T
TEC g e50c = 36:27107 [K] 0.00
PR R VS S T R TR R I E— I : I
0 100 200 300 400 500 600 700 800 900 0 200 400

T[°C]

Swierczek K. (2007) personal communication
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Structural flexibility of LSCFs

» Very flexible Fe and Co cations help fulfill the desired characteristics for maximum electronic
and ionic conductivity.

> Several available oxidation states (Fe3*/4*, Co2*/3+/4+),

» Several stable polyhedra (octahedra, pyramid, tetraedra) with variable size (depending on
low/intemediate/high spin state).

» Minimum correlation among charge and oxygen vacancies.

SrFesC0y 50, 875

» Example: SrCo, Fe O ;.

» Over the whole y range oxygen vacancy ordered phases
exist but few have been recongnized.

> Although vacancy ordered, phases are still good conductors. : b ‘L‘

» Fe3*/Co®* found in octahedral, pyramidal and tetrahedral coordination.

> Difficulty to achieve Co** at normal p,, keeps number of vacancies high.

» LSCFs have pushed the search for better electrolyte materials La,,Sr,Fe, ,Co,0,

compatible with Co-rich cathodes.

Swierczek K. et al, (2009) J. Solid State Chem. 182, 280.
Hodges JP et al, (2000) J. Solid State Chem. 151, 190.
Dabrowski B. et al, (2007) personal communication.
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Oxygen vacancy stabilization in BSCFs

> Novel Ba, ;Sr,sCo,; Fe O, (x~0.2) cathodes combine
the cubic structure of LSCFs with the presence of a
significant amount of oxygen vacancies virtually
constant from RT to 700 °C.

» Oxygen vacancy and cubic symmetry stabilization
are achieved by:

» Absence of Ln3* in the A site which pushes average
B-site charge up.
» High oxidation potential of the Co3*/Co** pair that keeps

oxygen content low at normal oxygen pressures.

» A-site disorder of large Ba?* and and medium size Sr?*
cations that prevent oxygen vacancy ordering.

A high-performance cathode for the
next generation of solid-oxide fuel
cells

Zongping Shao & Sossina M. Haile

Materials Science, California Institute of Technology, Pasadena, California 91125,
USA

Fuel cells directly and efficiently convert chemical energy to
electrical energy'. Of the various fuel cell types, solid-oxide fuel
cells (SOFCs) combine the benefits of environmentally benign
power generation with fuel flexibility. However, the necessity for
high operating temperatures (800-1,000 °C) has resulted in high
costs and materials compatibility challenges®. As a consequence,
significant effort has been devoted to the development of inter-
mediate-temperature (500-700°C) SOFCs. A key obstacle to
reduced-temperature operation of SOFCs is the poor activity of
traditional cathode materials for electrochemical reduction of
oxygen 1n this temperature regime”. Here we present bag 557 5
Cog sFep 05— 5(BSCF) as a new cathode material for reduced
temperature SOFC operation. BSCF, incorporgted into

thin-film doped ceria fuel cell, exhibits high power densities
(1,010 mW em ™2 and 402 mW cm™ 2 at 600 °Cand 500 °C, respect-
ively) when operated with humidified hydrogen as the fuel and
air as the cathode gas. We further demonstrate that BSCF is
ideally suited to ‘single-chamber’ fuel-cell operation, where
anode and cathode reactions take place within the same physical
chamber’. The high power output of BSCF cathodes results from
the high rate of oxygen diffusion through the material. By
enabling operation at reduced temperatures, BSCF cathodes
may result in widespread practical implementation of SOFCs.

170

oxygen in this temperature regime®. Here we present Bag 55t s-

Cog sFeg ,05_;(BSCF) as a new cathode material for reduced-
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Oxygen vacancy stabilization in BSCFs

» The resulting material overperforms LSCFs due to higher oxygen conductivity caused by
higher vacancy concentration.

(Bay sS1y JCO; + (Fey ¢Coy )Co0, 0, sample 1

> Main Drawbacks: Pmen Fdim

» Very poor stability of the perovskite SR (B 5, X Con e )05 5
-"61 /mmc reduction of B-site cation Pm j m
structure upon decomposition into I R l
and formation of
hexagonal Co compounds below s

(Bag ¢, Sry , JC00, 4 26,/ mme [t (Bay ,s8ry - )(Coy sFeq )0y 5

formation temperature (950°C). 3 obatans on

(Bay ¢ St 4, )(Coy Fe)Oy 5 P2/m Pm3m

Stacking dlsordlh /m:mse of

formation of cubic phase (Bay S )(Cop gFeg3)05 5 lattice constant

reduction of B-site cation

» The high reactivity with
atmospheric carbon dioxide
to form Ba,_Sr,CO;.

Pm3m

» Bais expensive and environ-

nsity /Counts

mentally not friendly...

Inte:

Arnold M. et al Chem. Mater. (2008) 20, 5851. , )
Yan AY. et al Appl. Catalysis B (2007) 76, 320. ™5 & i = > OxPreeton seghe ST

40 50
Diffraction angle 2Theta /*
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Cobalt-free cathode BSZFs

Ba, sSrp <Zn, ,Fe, 305 5 has just been proposed by Feldhoff to replace BSCFs.

This Co-free perovskite is more stable than BSCFs at low and intermediate temperatures and
shows equivalent ionic and electronic conductivity with significant and stable number of
oxygen vacancies in a cubic structure.

24 1 ' | ' | L 1

Additionally it shows a small thermal
Bag 5SrgsZng Feq50;.5

expansion coefficient below 700 °C.
20

Drawback: it has been shown that Fe 78—-

T -
—l
16 A . :
J _C_ ‘e° b ;_
30— A _
14 ++4

124

undergoes a spin state transition that

produces a significant step in thermal

CTE (*10°/K)

expansion coefficient around 700 °C.

Fe' ¥
high-spin low-spin

a 100%02
b 20%O,780 % Ar

10 c Ar -

Feldhoff A. et al J. Solid State Chem. (2009), in press
doi:10.1016/j.jssc.2009.07.058 00 40  ew 8w 1000
temperature (°C)
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Perovskites with other transiton metals

Ba, sSrp <Zn,,Fe, 3055 Nickelates (LnFe, Ni,O; 5), Cuprates (LaBaCu(Co,Fe)O; ), etc, have
been recently proposed as SOFC cathodes.

Most of them base their usefulness in either the relative high electrochemical activity of
different transition metals oxidation/reduction couples or in the stabilization of vacancies.

Ni2*/Ni3* and Cu?*/Cu3* pairs provides a low energy path for oxygen activation.

Zn?* in BSZF plays two important roles replacing Co in BSCF:
» It shifts the electronic charge to Fe that, at normal oxygen pressures, remains in a mix 3+/4+ state.

» It’s lower coodination number shifts oxygen towards Fe increasing its coordination number without
removing vacancies

» It provides disordered vacant sites around its tetrahedral but flexible coordination environment that
could be used for hoping.

Feldhoff A. et al (2009) JSSC, in press doi:10.1016/j.jssc.2009.07.058
Zajgc W. et al (2007) J. Power Sources, 173, 675.
Zhou QJ. et al (2009) Electrochem. Commun. 11 80.



Variables for the design

Heterovalent Disordered Oxygen
B cations A-site cations deficient

CHARGE VACANCY
DISORDER DISORDER

Cubic Perovskite

Microstructure "
Cathode Material

Preparation T.

LOW AND LOW RE-
FIXED CTE ACTIVITY
Stable B site Chemical

spin states stabilty

Phase
stabilty
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2D vs 3D ionic conductors

» Other perovskite-type structures have been proposed and tested as SOFC cathodes. Among
them two types of very promising layered materials are currently being tested:

» 214 or R-P n=1 type La,NiO,,5(A,BO,):
Layered Rudlesden-Popper perovskite with intersticial oxygen
in LaO layer.

Very high oxygen icorporation rates.
lonic conductivity through hoping of intersticial

oXygen excess.
(Skinner S.J., Kilner J.A., Solid State lonics (2000) 135, 709)

» 112 or layered double perovskites LnBaCo,Oc <5 (AA'B,0g 5) :
Layered perovskite with oxygen vacancies in LnO0.5%d layer.
Also high electrochemical activity at cathode’s surface
lonic conductivity through vacancy hoping like in 3D

perovskites.
(Kim G. et al, Appl. Phys. Lett. (2006) 88, 24103)
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Where should we be looking...

» Additionally to many alternative compositions within the simple or complex
perovskite types these options still remain:

» Microstructure patterning '

F o ¥ ?
Journal of Power Sources 185 (2008) 1247-1251

Contents lists available at ScienceDirect JannALf

» Composite formation Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

» Activation coatings AN

Low-temperature solid oxide fuel cells with La;_,SrxMnO;
as the cathodes T

Ruifen Tian®?, Jue Fan®<, Yali Liu?, Changrong Xia**

@ Department of Materials Science and Engineering, University of Science and Technology of China, Hef
b College of Chemistry and Materials Science, Anhui Normal University, Wuhu, Anhui 241000, China |
¢ Chemistry Department, Clark University, Worcester, MA 01610, USA

» Economical viability...

ARTICLE INFO ABSTRACT

solid
1ate-

Article history: Laj_xSryMnO; (LSM) has been widelyf 8%

. . Received 15 August 2008 oxide fuel cells (SOFCs) due to its che

> E nvi ro nm e nta I frl e N d Iy N eSS . Received in revised form rials. However, its application to low- S5y ivity
;1::;??3;3&2?““ 2008 decreases substantially when the tem( i ased

Available online 25 September 2008 on LSM cathodes are developed by cOéu, P MU i (e g iy e pawus G8C-

trodes to significantly increase the electlude actl\nty of both cathodes and anodes. A peak power density
of 0.46 W cm~—2 and area specific interfacial polarization resistance of 0.36 Q2 cm? are achieved at 600°C
for single cells consisting of Ni-SDC anodes, LSM cathodes, and SDC electrolytes. The cell performances

Keywards:

Iawotemnerature salid avide fuel celle

Yoon J et al (2007), Appl. Surface Science 254, 266.
Princivalle & Djurado (2008) , Solid State lonics 179, 1921
Tian R et al (2008), J. Pow. Sources 185, 1247.
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There’s plenty of room...

1A

Vil

helium

promethium

b
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Dziekujemy za uwage panstwa
rodzajul!

(Are you kidding? How in the world could | say it?)

Questions? Comments?
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