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IEA Annex VII “SOFC under Real Operating Conditions” 1996-98

The main objective will be to assist - through international cooperation - the development of
natural gas-fuetled Solid Oxide Fuel Cell (SOFC) technologies through:

{2) the exchange of information to tackie complex problems in stack and systems design
and operation;

(b} the consideration of end-user requirementis on stack operation with the goal to optimise
lifetime of cells and stacks;

{c) a better understanding of mterfacial and bulk charge and 'mass transport mechanisms to
optimise cell components under actual SOFC operating conditions; and

(d) the study of aliernative materials in case traditional concepts are 100 expensive or are
too short-lived.

Participating countries are Australia, Denmark, France, Germany, Japan, Netherlands, New
Zealand, Norway, Switzerland, United Kingdom, United States, The work in the Task is di-
vided into the following four Subtasks:

Subtask I:  “Baiance-of-Plant Technology”

Activity 1.1 “Balance-of-Plant Optimisation by Mode’lmg

Tackle complex problems in stack and systems modelling by exchange of information. Main
Workshop September 1996. , :
Activity 1.2 “SOFC Activities World-Wide”

Establish an information directory to encourage mfozmatxen exchange on critical aspects of
SOFC development (1996, undate 1998}, - :

Activity 1.3 “Regulatory Requirements”

Collection of legal, utility and user regulations for instailing and op**raimv SOFC plant with the
goal to provide SOrC syﬁam design code and statutory regulation compliance.

Subiask'z: “Stack and Cell Opemting Conditions”

Activity 2.1 “Stack Operating Experience and Evaluation”

Enable comparison of stack performances on a common basis.

Activity 2.2 “Lifetime of Ceils”. Evaluate effects of operating conditions typical for end-user
applications with the goal to improve and demonstrate SOFC lifetime. Main Workshop Octo-
ber 1997.

Subtask 3:  “Materials under Operating Candttzﬁm”

Develop a better understanding of interfacial/ bulk charge and mass {1 ansport mechamsms to
optimise cells under actual SOFC operating conditions. The emphasis will be on novel designs
and performance of cemp()nents based on relatively well known matertals. Mam Werkshop
January 1997. ~

Subtask 4:  “Materials Innovation”

Develop and qualify new SOFC materials for long-term stability and reduced manufacturing
costs. Investigate materials for low-temperature operation < 800°C (Catalogue January 19<}7
main Workshop May 1998). ,

Dr. Heinz Nabielek from the Research Centre Jilich, Germany, acts as Operating Agent.
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Executive Summary

Jointly between Subtask 3 and Subtask 4, the 10" IEA SOFC Work-
shop was held on “Materials and Processes” in Les Diablerets,
Switzerland, during 28-31 January 1997. It was attended by 45
people from ten participating countries.

Following the spirit of the 4" Lausanne Workshop and the 7* Wa-
dahl Workshog, its highlights were on

- cathode processes

- cathode materials science

- anode processes and materials science

- electrolyte

- Interconnect materials

- modelling

- fabrication

- new trends in cell fabrication and SOFC design

The 1992-95-97 Workshop series places on record the significant
contribution of the IEA cooperation to the progress in the under-
standing of interfacial processes, the reduction of overpotentials,
internal reforming and in the success of in-situ monitoring. A spec-
tacular example of monitoring and diagnostics capability is the in-
situ observation of a functioning SOFC with synchrotron radiation
by the Risg group.

The optimum for thin electrolytes was clearly established and suc-
cess can be demonstrated for long-term SOFC stability and cycling
behaviour. Contact prcblems were addressed both theoretically and
experimentally.



In contrast to some congresses and symposia, controversial subjects
were discussed openly. e.g. the problems related to the measure-
ment of electrode (half-cell) overpotentials in thin electrolyte cells.
To clarify the issue. ECN suggested a dedicated IEA topical meet-
ing on the investigation and standardisation of electrochemical
measurements.

A further highlight of the present meeting was the reports from Im-
perial College London and University of Delft, Netherlands on en-
hancement of spray pyrolysis technology by the synergy of an ap-
plied electric field. which enhances spray dispersion and enables
SOFC-related materials to be fabricated to high quality with low
COSts.

It is evident that the innovative and constructive spirit of previous
Workshops has been effectively maintained.

Looking to the future, the Meeting ended with a reminder by the
Operating Agent of upcoming events: an Annex Meeting in asso-
ciation with the 5" International Symposium at Aachen in June: a
Septemer Workshop at ECN specifically on issues of lifetime and
degradatiois; and in May 1998, at a location still to be determined, a
materials innovation joint Workshop. There was also the possibility
to organise a topical meeting on the issue which had stimulated so
much discussion - the reference electrodes and theoretical defini-
tions - should there be sufficient interest and motivation for that
within the IEA SOFC group.

Heinz Nabielek Augustin ] McEvoy
Forschungszentrum Jiilich EPFL Lausanne
Germany Switzerland
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IEA Workshop: "Materials and Processes"
Annex VII: SOFC under Real Operating Conditions

January 28 - 31 , 1997
Les Diablerets, Switzerland

INTRODUCTION

The first word of our Woerkshop is a word of welcome to Les Diablerets.
To welcome you on behall of the Inicrnational Encrgy Agency will be the
pleasant duty of our Opecrating Agent. Heinz Nabielek. I have been asked by
Leo Dubal to act on his behalf and extend the welcome of the Swiss Federal
Office of Energy, as well as my own greetings to vou all, colleagues in the
SOFC community. This country has been solidly committed to this
international collaboration in SOFC research and development since the first
Workshop in Charmey in July 1989, We have all tried tc contribute, and we
arc all certainly at a benefit, not least by the construction of that world-wide
SOFC community which has alrcady assembled here in Switzerland several
times.

On 1hc icchnical side there was originally a naivety - the
accepted idea that the appropriatc marcrials. adjusted for obvious parameters
like thcrmal cxpansion, and placed in contact will result in a functional fuel
cell. In practicce it has nol been so casy, but the obvious technical progress
and increascd understanding since then owes a lot two the IEA cooperation. It
is not so much that spcctacular breakthroughs have been announced at our
Workshops, but rather that on these occasions we have a stimulating venue,
marked by friendship and respect rather than rivalry, in which good ideas
have been exchanged and nurtured by an open exchange of views. 1 could
mention several, if only as examples. Michel Kleitz refining the simple
"three phasc boundary” model by his presentation on “reaction pathways”;
the realisation that control of structure on the micron scale must be
complementecd by a sensitivity to effects on the nanometric scale,
particularly at inoterfaces; the importance of defect chemisiry and
nonstoichiometry of cell components in which as a consequence reaction
and transport properties differ from those of the standard materials; the
hysteresis effects induced by current, thermal cycling or other operational
parameters, 10 which the fuel cell reacts as a dynamic sysiem by change of
characteristics, not jusi a passive assembly with behaviour determined only
by materials specification. Several items are promised for this Workshop to
carry on that innovative tradition, for example the in-situ monitoring of the
reaction of cecll materials to operating conditions using synchrot.on
radiation, an clegant procedure to be described by Finn-Willy Poulsen.

Before ending these words of welcome and introduction, some evenis
must be mentioned. Firstly the dcath of Svein Sunde's father, so Swvein has
had to withdraw from our meeting, Svein has the sympathy of us all. Then
therc is thc award of thc docioral degree to our colicague Fred van Heuveln.
He has been a member of the IEA SOFC community for so long and has
contributed so significanily that we had all awarded him an honorary
doctorate in our minds years ago. He is 10 be congratulated on the academic
endorsement. Finally Joep Schoonman is unable to be present due to illness,
but is represented by an associate.

The Workshop schedule has been arranged to enable you to benefit
also from the spectacular environment of the Vaud Alps surrounding Les
Diablercts. So plcase make of this week's mecting an event te remember!

Augustin  McEvoy,
EPFL, Lausanne.

[¥9]



Operating Agent's Report - IEA Workshop, Les Diablerets,
Jan. 1997

Dr. Heinz Nabielek

[EA SOFC Operating Agent (Annex VII)
KFA-IEV

Forschungszentrum Juelich GmbH
D-52425 Jilich, Germany

The agreed topics and engagements in the Subtasks of the IEA SOFC
action which converged in the present Workshop are recalled.

Subtask 3: Materials under Operating Conditions (Nisancioglu): 165 staff-
months. Optimise cell components by the development of a better
understanding of interfacial and bulk charge/ mass transport under actual
SOFC operating conditions. Focus on micro- and nanoscale processes and
three-phase boundary regions with emphasis on ‘novel designs and
performance of components based on relatively well known materials.

Subtask 4: Materials Innovation (Naoumidis): 155 staff-months. Develop
and qualify new SOFC materials for long-term stability and reduced
manufacturing costs. Investigate materials for low temperature operation

(600-800 C).

Jointly between Subtask 3 and Subtask 4, the 10th IEA SOFC Workshop
was held on "Materials and Processes” in Les Diablerets, Switzerland, 28-
31 January 1996 (with many thanks to Augustin McEvoy who - in addition
to the Subtask Leaders - contributed strongly to the scientific and
organisational success). It was attended by 45 people from 10
participating countries.

Following the spirit of the 4th Lausanne Workshop and the 7th Wadahl
Workshop, its highlights were on

- cathode processes

- cathode materials science

- anode processes and materials science

- electrolyte

- interconnect materials

- modelling

- fabrication

- new trends in cell fabrication and SOFC design

Significant progress is discernible in the 1992-95-97 workshop series in
the understanding of interfacial processes, the reduction of overpotentials,
internal reforming and in the success of in-situ monitoring (Risoe
investigation of the interface with synchrotron radiation). The optimum for
thin electrolytes was clearly established and success can be demonstrated
for long-term SOFC stability and cycling behaviour.

Different from large congresses and symposia, coniroversial -subjects were
discussed openly, e.g. the problems related to tie measurement of
overpotentials in thin-electrolyte cells (getting worse as overpotentials



becoming smaller). To resolve the controversy, ECN suggested a dedicated
IEA activity on the investigation and standardisation of electrochemical
measurements. Largely missing were discussion and presentations on
sealing and contact problems. an area which shall be addressed in the 12th
IEA SOFC Workshop May 1998.

After the workshop., Subtask 4 leader (Naoumidis) contacted IEA partners
in 10 countries on the content of the cooperation on “Materials
Innovation". the preparation of a jointly developed catalogue and on the
plans for the 12th Workshop.

IEA SOFC Meeting Sequence

Time Occasion Location Country
May 96  Annex Meeting #l(completed)  ECN Petten NL
Sep. 96 Workshop SOFC BOP

(Subtask 1. completed) EdF Pans- F
Jan. 97 Workshop Materials & Processes

(Subtasks 3+4, completed) Les Diablerets H

June 97  Annex Meeting #2

after SOFC V in Aachen Aachen D
Sep. 97 Workshop Lifetime (Subtask 2) ECN Petten NL

June 98 Workshop Materials & Processes
(Subtasks 3+4) KFA D

Oct. 98 Annex Meeting #3 (SOFC
Systems, End-of-Annex, Final Reporis) To be determined.



Forschungszentrum Jiilich

Fuel Cell Programme

IEA SOFC
Results from Annex II in the years 1993-95
Targets of Annex VII during the period 1996-98

M0yl
I‘:r] 10% IEA SOFC Workshop “Materials & Processes”, Les Diablerets - 28-31 Jan 1997 - rleinz Nabiel
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Forschungszentrum Julich

Fuel Cell Programme

Results from Annex IT in the years 1993-95

All Activity Reports Available
A

1 Micromodellin

K

A2 Stack Modelling

‘Bl
BZ
B3
B4
B5

-

Lifetime

}--
’,‘

Thermomech.

Sample &

Data Ran

Stack Evaluaticn

Instrumentation&Diagnostic

S

L

Forschungszentrum Jiilich

Fuel Cell Programme

SOFC Cos: Optimizzp'en fo; Base Load Operation

WCRKSHOPS

Location Date Tule/ Obiective
1st Workshop Charmey CH July 1989 Mathematical Modelline
2nd Workshop Hertenstein CH June 199C SOFC Evaluation and Characterisation
3rd Workshop Holmerkollen N Aug. 1991 Recommended Practices / Models
4th Workshop Lzusanne CH Aug. 1992 Fundamental Barriers to SOFC Performance
5th Workshop Jalich D Mar 1953 Materials, Process Eng. & Electrochemistry
6th Workshop Rome 1 Feb, 1994 General Workshop on all 8 Activities
7th Workshop ‘Wadahl N Jan. 1993 Theory and Measurement of Microscale Processes
8th Workishop Ovronnaz CH Wov. 1995 Diagnostics Activitly & End-of-Annex II Workshop
9th Workshop Paris F Sep. 1996 Balance-of-Plant

esses
h Work d Degradation I
- (Subtask 2) Ly e~
" 12th Workshdp - erials. o0 N )
(Subtask 4) - atanc \\j

o 10" JEA SOFC Workshop “Materials & Processes”, Les Diablerets - 28-24 Jan 1997 - Heinz Nabielek

e
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10% IEA SOFC Workehop “Materials & Processes”, Les Diablerets - 28-31 Jan 1997 - Heinz Nabielek



SOFC Activity Matrix {Person-Manths for the three year period 1833-95)

Tountry DY I J NL N CH UK D
Participating Organisstions ENEA NEDO NTH EPFL #op. Colinge KFA Jatich
Rise CISE Fuji ECN Statoit ETHZ British Gas DLR Stuttgart
ELSAM Eniricarchs Sanye Univ. Delft IFE EMPA Univ. Keele Siemans
SUBTASK Activty OTH Lyngby | Univ. Gencva Mitsui | Univ. Twents | Uni Oslo Sutzer ETSU Harwes Dornier
Univ. Odense CNR-TAE CRIEP Tioxide Univ. Dresden
CNR-CSTE EPDT Covkeen Sum
Murata Activity
] SUBTASK A: .
| Numerical Modeiting, || A7 Micre Medeling w© 8 o 2 30 12 8 12 52
' Experimental Date Base
end Validatior AZ Steck Modelling 3 14 Q F3 12 ] 12 25 71
87 long-tarr stabiity o 3 Q 28 [} 12 8 [ 87
SUSTASK B: wnder operatig
cond.
82 Thermosrechanical <o 3% 6 3 ) 4 [+ &4 S0
Recommended Evalsntion S
; Pracrices
B3 Sample srd Dot v 24 [+ =} 71 3 6 8 ] 58
and Bark !
SOFC B4 Stack evalvation € ) A 2z [ 3 [ 16 73
Products from Systems :
Evaluztion viewpoint
85 Instrumentation & 1 5 1} 1 3 12 3 1 26
Disgnostics
8BS Patent search 1 o 1 1 ° 1 4 1 E)
324
Total 48 &5 48 43 48 48 A8 F) 224
............. Lctivity Lasdar
Henz Nebielek

Operating Agent SGFC

FUEL CELL PROGRAMMF

.“FORSCHUNGSZENTRUM JULICH GmbH. .

Future Research Areas in Micromodelling

Measurement of thermochemical data; thermodynamic modelling

Solid state reactions under operational conditions

(KFA =
) S—

Effect of large current densities on the properties of interfaces and the bulks of materials

Basic research on electrocatalvtic (and autccatalytic) properties of materials

Surface diffusion

Effect of impurity elements on interfacial and bulk properties

Mathematical modelling of micro/nano-scale processes for electrode optimisation and interfacial engineerir

i£A Operating Agent

9
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- Statoil Calculations .~ .~ :
IEA-Bench-Mark:Case:1 . | —— ¢

g AR
SN ERBS SRR
AR

e

éource : Qd

\ “ross-tiow Air

Single-cell stack

A2: Stack Modelling Benchmark Test #1

et i T e e

Comparison of cell voitages (V)

Participant Crossflow | Counterflow Coflow
Dornier 0.707 0.713 0.707
ECN — — 0.704
Eniricerche 0.723 0.730 0.722
Inst. f. Energiteknikk 0.700 0.710 0.710
Uni Genova 0.717 — —
KFA 0.708 0.712 0.706
Siemens 0.715 0.716 0.712
Statoil 0.704 0.709 0.702
Riso 0.707 0.710 0.703

—— Available model did not allow the computation

Result

@® Benchmark test # 1 has demonstrated that 2-D
SOFC simulation codes are availabie, within the IEA
community, able to predict performance reliably.

@ Good agreement between participants

10




ROUND ROBIN ECN CELLS
FREE TESTING PROTOCOL

1 200 ) . ncbm.ﬁ‘
\ EPFL (air) : T-cell: 950°C

cathode & anode flow

1000
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800
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> 400
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0 200 400 600 800
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FORSCHUNGSZENTRUM JULICH GmbH

FUEL CELL PROGRAMME

Thermomechanical Evaluation

GEOMETRICAL PARAMETERS
thickness completed phase 1
roughness completed phase 2
waviness completed phase 2
warpage completed phase 2
porosity . completed phase 1
THERMAL PARAMETERS PHYSICAL/ MECHANICAL PARAMETERS
specific heat apparent density completed phase 1
thermal diffusivity/ " - gas tightness '
conductivity in progress Young’s modulus completed phase 2
thermal cycling resistance biaxial flexure strength
thermal expansion in progress --piston on 3 ball test method completed phase 1
thermal shock resistance ' --double ring test method completed phase 2
fracture toughness completed phase 2
adhesion
crack propagation
VS S A {EA Operating Agent T R AT SN RO

11



B4 Activities Contribution
A B C D
Inform. | Report | Contrib. | Review
(L 1) |List Existing Information ELSAM |NEDO
ECN CRIEPI
BG
(8 1) [Reforming Method and KFA EPDC ELSAM
Conditions KFA
Dornier
(8 2) |Air/ Fue! Preheating ECN NEDO ELSAM
Sanyo BG
KFA Dornier
(S 3) |Air/Fuel Utilization ECN Sanyo ELSAM
KFA . Dornier
(S5 4) |Anode Gas Recycling ECN NEDO ELSAM
BG Dornier
NEDO
KFA
(8 5) {Working Pressure ECN Fuji CRIEP! |ELSAM
NEDO
{S8) {Working Temperature ELSAM {CRIEPI |ELSAM
ECN
BG
Fuji
(S 7) |Startup and Shutdown Sequence |BG Fuji ELSAM
Stand-by Mode EPDC Dornier
NEDO _
(S 8) iUse of Recovered Heat ELSAM |ELSAM BG
ECN
Mitsui
(88) |SOFC Combined Cycle ELSAM |ELSAM BG
ECN '
(S 10)|BOP Components ~ - ELSAM |NEDO |ELSAM |ECN
{1000°C) BG ' Domier
NEDO
(M 1) {Customers Requirements ELSAM |NEDOC ELSAM
NEDO ECN
BG
(M 2) |Competing Technology ELSAM |ECN Mitsui |ELSAM
EPDC ECN
BG
(E 1) |Stack Design Requirements ELSAM |NEDO 1| ELSAM
Operating Conditions ECN ECN

Contribution  A: Provide information and / or data for the writers and NEDO
8: Responsible for writing draft and final report
C: Write a part of report
D: Review draft report 2nd give comments to the writers and NEDRO

12




FORSCHUNGSZENTRUM JULICH GmbH =~ ~% .

FUEL CELL PROGRAMME ——— ™

C  Annex VI SOEC ID9G-91

— SoLD-OXIE KUEL.CELLS

T UNDER REAL OPERATING CONDITIONS

Participating countries:
Australia

Denmark
France
Germany mat B
Japan : -
Netherlands—
New.Zealand o

Norway

Switzerland - *
United Kingdom
United States o R

Heinz Nabielsx
September 193¢
IEA Operating Agent SN SN

P
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FUEL CELL PROGRAMME

Annex VI SOFC 1D96G~9%

IEA Annex VIl “SOFC under Real Operating Conditions”

H. 1izbielek
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Forschungszentrum Jiilich

{ Fuel Cell Programme o i ) o
ANNEX VII: SOFC under Real Operating Conditions

Activity Matrix:

Fuel Cell Programme

Objectives of SOFC Work 1996-98

The main objective of this Task will be to assist - through international coop-
eration - the development of natural gas-fuelled Solid Oxide Fuel Cells (SOFC)

technologies through:

—the exchange of information to tackle complex problems in stack/systems design and operation;

—the consideration of end-user requirements on stack operation with the goal to optimise lifetime

—a better understanding of interfacial and bulk charge and mass tran
cell components under actual SOFC operating conditions; and

sport mechanisms to optimise

—the study of alternative materials in case traditional concepts are too expensive or are too short-lived

=5
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Subtask 1 Subtask 2 Subtask3 Subtask 4
Australia 6 9 [ 27
Denmark 0 16 16 T 16
France 12 o i8 18
Germany 15 13 10 20
Japan 29 7 6 6
Netherlands 10 30 7 7
Mew Zezaland 12 2 18 18
Norway i 0 28 19
Switzerland o] i8 3z 0
UK i3 28 4 5
United States 3 9 20 19
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Subtask 3: Materials under Operating Conditions (Nisanciogiu) 165 staff-moenths
Guoals:
« Optimise cell compenents by the development of a better understanding of interfaciai and bulk charge/mass transport

e Fecus on processes and three-phase boundary regions with emphasis on novel designs and

performance of components based on relatively weli known materials.

Workplan:

- Design of electrodes and electrode-electrolyte tnterfaces, such as -

(i) multilayered/ multicomponent powder composite electrodes

(it) doped electrolytes

(iil) doped dense electrodes; for the purpose of lowering the cell overpotential, lowering the operating temperature,
stability, increased lifetime etc.

— The following processes have 10 be investigated under conditions relevant to SOFC operziion:
Surface Reactions {clectrochemical reactions, surface exchange reactions, adsorption/ adsorbed specics, catalytic propertics-high
current deasitics-high overpotentials).

Solid State Reactions {bulk phases, interfacial phases-their formation and properties-effects on component performance).

Transport Processes (bulk diffusion, fast diffusivity paths-grain boundary-pores, exchange at grain surfaces, surface diffusion, effcct
of clectric ficld, limitations in the gas phase). ’

- Measurement techniques ard data interpretation for investigation of the above processes of interest.

- Matflematical modelling as a tool for comelating complex data, understanding of coupled
phenomena and development of theoretical tools for design purposes.

e
[\:I'} 10 IEA SOFC Workshop "Materials & Processes”, Les Diablerets - 28-31 Jan 1897 - Heinz Nabielek
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Figure 2. The scope, scale and processes of subtesk on micromodeling.
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Subtask 4: Materials Innovation (Naoumidis)

Goals:

* Develop and qualify new SOFC materials for long-term stability and reduced manufacturing costs.

¢ Investigate materials for low temperature operation (600-800°C).

Workplan:

Literature/ laboratory research

Materials manufacture and characterisations, component fabrication.
Mechanical and electrochemical testing.

Schedule:

155 staff-months

Catalogue of properties of new materials

Identify and contact partners

Initiate cooperation during Subtask 3+4 Workshop
Main Workshop on New Materials

Complete Final Report

December 1996
January 1997
early in 1998
by October1998

| Forschungszentrum Jiilich

Fuel Cell Programme

T
I‘:r) 10* [EA SOFC Workshop “Materials & Processes”, Les Diablerets -

i

ANNEX VII: SOFC under Real Operating Conditions

SOFC BOP

Subtask 1
Workshep 9/96

Materials & Processes

Subtask 3+4
Workshop 197

Lifetime

Subtask 2 ¢
Workshop fali
7

New Materials

Subtask 4
Workshop spring
98
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Annex Meeting May 96 & Annex Meeting June 97

i Annex Meeting Oct 98

17

28-31 Jan 1997 - Heinz Nabielek



Forschungszentrum Jiilich

Fuel Cell Programme

This Workshop
¢ I would like to express my warm welcome to
participants from all parts of the world
¢ I am impressed with the good preparation
of this Workshop as shown, i.a., by the

titles of papers.
With many thanks <o Kemal Nisancioglu and

Gus McEvoy.

¢ Subtask leaders and Operating Agent will
prepare Proceedings summary suitable for
FINAL. REPORT 1998 '

* I wish you an enjoyable time and that you
will be able to return home with solutions
to your long-standing problems.
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Definition and Measurement of Oxygen Transport Properties in Ceramic Oxides

Svein Sunde
Centre for Materials Science, University of Oslo, Gaustadalleen 21, N-0371 Oslo, Norway

Introduction
In many ceramic oxides of the fluorite or the perovskite type, lattice oxygen is highly mobile.
This property alludes to the possibility of using these materials in dense membranes for
oxygen separation {1]. High rates of oxygen transport are also expected to play a role in the
electrocatalytic properties of porous or dense cathodes for solid-oxide fuel-cells (SOFCs)
[2.3]. Oxygen-conducting yttria-stabilized zirconia (YSZ) is currently regarded as the state-
of-the-art electrolyte in SOFCs [3]. On the other hand, in ceramic interconnect materials rates
of oxygen transport as low as possible are desired [3.4]. The measurement and prediction of
transport coefficients for these oxides are therefore of considerable practical importance, in
addition to any contribution i cur fundamental understanding of transport phenomena in
solids that might emerge from such a study. Needless to say, attempts at characterizing
transport rates of oxygen and relating these to the various transport coefficients for oxides are
numerous, and many experimental methods exist that may or has been developed or adapted
to this end [4-15]. Nevertheless, interpretation of results is often hampered by complications
introduced by sample quality, or by practical problems and limitations associated with the
methods used. In addition, the definition of a transport property and its relation to a given
measurement method appear to cause complications [16], exacerbating comparison of
transport properties of different materials. In some cases, materials of a very similar or
identical composition are claimed to have widely different transport coefficients [7].

The purpose here is to briefly review the basic definitions of some frequently used transport
coefficients, to point out the assumptions underlying these definitions and some current
problems concerning relations between definitions and experimental methods. Below we will
first present thermodynamic and statistical descriptions of transport of charged species in
solids in general, before discussing briefly some selected experimental methods. Since many
of the concepts and methods introduced are covered extensively in the literature already, the
focus of the latter section will be on some issues of special concern when dealing with
oXygen transport in oxides.

Thermodynamic definitions of transport parameters
In general terms, transport coefficients enable one to calculate a flux given the magnitude of
one or more driving force(s) on which the flux depend(s). Converserly, transport coefficients
are determined by relating measurements of fluxes to measured driving forces. Therefore,
careful definitions of the two latter quantities are required for the unambigous definition of a
transport coefficient. Fluxes are uniquely defined once their units and a frame of reference is
given. For example, mass flux may in general be defined in molar, mass or particle number
units, and may be given relative to a fixed frame of reference or relative to some average
velocity [17]. If a concentration gradient causes a flow of neutral species from one location to
another, the driving force may be defined in terms of the corcentration gradient itself, the
activity gradient associated with the concentration gradient, or the associated gradient in
chemical potential [10]. In addition, the functional dependency of the flux on the driving
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force is not given a priori. I view of these comments we will make the following
assumptions:

D The fluxes depend linearly on the driving forces. This empirical relation, of which the
most famous example is probably Ohm's law, is observed to hold in a large number of
systems, and is aiso often argued for by linearizing Boltzmann factors in atom’stic
models of transport properties [18]. It is expected to hold as long as the gradients are
small compared to interpotential distances, therefore with the notable exception of
interphases in many electrochernical systems [19].

2) We consider the flux of one or more species in a solid. However, the mobility of at
least one component in the solid is sufficently low that its sublattice may serve as a
reference in rest with respect to the laboratory frame [16].

The most general equation we can write for the flux vector N; of species i is now

N, = ZjLiJXj oy o =L; @
where ins a vector quantity representing a driving force, and L;; are transport coefficients of
flux i with respect to driving force j. (We will for most of the remainder use [N]= particles
cm s7L.) For isothermal systems, X|is usually taken to be the negative of the gradient of the
electrochemical potential of species i for charged species, and the chemical potential for
neutral species. The relation to the right in Eq. 1 is known as the Onsager reciprocity relation,
valid in systems not involving magnetic fields [18]. In addition to the assumptions above, ths

following assumptions are also commonly made when defining and measuring transport
propertes:

3) L;=0 if 1#j. This is, among other things, tantamount to assuming that all species

transported have a single, stable valency [13,20].

4) If exchange of species with the surrounding atmosphere, or with a contacting solid
phase, is involved this exchange is reversible.

5) Effects due to volume changes or macroscpic transport are negligible [12].
6) Quasi-neutrality in the solid prevails {12].

7 The system under study is isotropic, and the transport coefficients are consequently
scalar quantities.

8) There is local equilibrium between the various species in the system [12].

9) There are no external or internal short circuits for transport of the species for which
the flux is measured.

10)  One-dimensional theory is applicable.

11)  The following definition of electrochemical potential n; (in 'V A s) of species j is
applicable:
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le = Hj*qu(p (2)

where z; the charge number, q the elementary charge, and ¢ the electric potential. y; is
the chemical potential of species j

B = pj + kTlna, 3

in which p}_o is a reference chemical potential, k the Boltzmann constant, T the
temperature, and 2; the activity of species j.

The right hand side of Eq. 2 thus assumes that one may identify the free energy of species j as
the sum of a free energy due to the chemical interaction of species j with all other species in
its environment and a contribution due to an electric potential (spatially averaged [21]). Note
that this separation of chemical interaction from electric interaction, although intuitively
acceptable, is associated with problems in terms of experimental determination, as discussed
in Ref [19]. There are several solutions to this problem [18.19], but here we will simply work
with the ill-defined quantities in Eq. 2 as long as necessary, and see to it that they are
combined into physically well-defired quantities in the final expressions.

Instead of working with the general transport coefficients L, transport coefficients are often
defined by classifying the transport process according to the nature of the prevailing driving
force. We will do so also here. We therefore consider below the two special cases of a) an
externally applied gradient in electric potential as the only driving force (migration, drift) and
b) transport in a compositional gradient in the absence of an externally applied electric field
{chemical diffusion).

Transport in an external electric field in the absence of compositional gradients; Ohm's law. If

V=0, the driving force for the flux of species i is equal to a gradient in the electric potential
alone. The total current i is defined as the charge crossing a crossection normal to current
flow per area per time, and the total conductivity o relates i to the gradient in electric
potential through Ohm's law. Like ise, a partial conductivity o, for species i is defined by the
charge flux of species i, and the gradient in electric potential from

8
HERE™ @

where we have assumed one-dimensional transport. With assumption 3), we see that o is
equal to Z-Lyz’q” since i=%ii; (0/=-L;z%q"). The transference number t; of species i is then
defined as the fraction of the current camed by species i:

G.

1

o= r ; [ Jp—
O =10 1= = (3)
)

-
-
-

It is common to define a general (mechanical) mobility b; ([b;] = cm?*s*VA™) as the ratio
between the mean velocity of particles of type i, v;, and the driving force [10],
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where vector notation has been used. Since the flux is equal to the product of the particle
corcentration of species i, c; (here iz units of particles cm™), and the mean pamcle velocity
(cm s, the partial conduct1v1ty and the general mobility are related as 6,=b.z.°q> ¢;. Similarly,
if an electric mobility u; (c1n® V1 571 is defined as the ratio between v and the eiecmc field,
then o;=u,|z;|qc; [12]. Moblhtles are usually taken to reflect microscopic kinetic properties,
ie. the facility with which species move. If these properties are concentration-independent, g,
is thus proportional to c;.

Transport in a compositional gradient when externally applied fields are zero; Chemical
diffusion. Using the definition of general mobility introduced above, we may write for a
particle in a one-dimensional gradient of the electrochemical potential

N = -ch 7
: Cla ()

or

|~é71na.«9c. z.gc,
N, = -bpr| % L1 00
! “ |dlnc,ox kT ox

®

by the use of Eq. 2. The factor bkT has the dimension length squared per time, and is defined
as the component diffusion coefficient Dy; of species i, i. e.

Dy, = biT ©)

which is known as the Nernst-Einstein relation. Since we assume that we can arrange our
experiment so that externally aplied electric fields are zero, we must have

BN, = 0 (10)

to maintain the charge-balance flux. Inserting Eq. 8 into Egq. 10, solving for d¢/9x, and
backsubstituting the resulting expression into Eq. 8 gives [12]

N - Olna, P Z; alnaj dc, an
oK dlnc, 7 g dlinc, | 6x :
or
(1 ama,. 5 z o"lna ac =
!‘ —
alnc ety z alnc ax (12)
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As a special case of assumption §), we now assume ionization equilibrium between ions and
electrons in the solid. Thus, we define the activity of neutral species i (ion i plus z; electrons),
a,’, through the relation

dina, + zdlna, = dina, - zdina, = dina; 13)
where subscript ‘e’ refers to electrons and 'h’ to holes. Transforming Eq. 12 via Eq. 13 gives
(12}

dlna, z; dlna;” |dc,

N; = =Dy "zi)__l,"zj*i,e‘h
ding;

H

J - (14)
% olne; Ox

where ¢, is equal to c;. In Eq. 14, the flux N; has now been expressed in terms of transference
numbers ; and activity gradients, i. . (in principle) measurable quantities. The quantity in the
bracket is a so-called enhancement factor, which we shall give the symbol W,

dlna; z, lna;’
W =K1-1) - -Ejﬁ’e,h tj——- - 1s)
| dinc; Z; dinc;
Eq. 14 may be identified as a Fick's first law,
dc; - dc,
N, = —.DKiW«-a—; = —DiE{- (16)
where we have defined the chemical diffusion coefficient B
D, = DW an

W is tabulated in Ref. [12] for a large number of special cases. Of special interest in
connection with oxygen transport in oxides is the case with only one mobile ionic and one
mobile electronic species, for which

w t&lna;
Tl (18)
dlne;
and
- alna;
D; = Dyt,—— 19)
dlne;,
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If the material is a predominantly electronic conductor, then t.—1, and the expressions
simplify even further.

The enhancement factor W is thus for binary systems proportional to the derivatives of the
logarithm of the activity of neutral species with respect to the logarithm of their
concentration. For an electronically conducting oxide {t,~ 1) in which oxygen ions are the
predominantly mobile ionic species, W is therefore proportional to dln a,/ dln ¢, where a,
and ¢, are the activity and concentration of atomic oxygen, respectively, Eq. 13. For oxides of
the perovskite type. for example, this derivative sometimes take very large values, up to 10°
[22,23]. Such large enhancement factors are sometimes explained in terms of a model in
which the more mobile species tend to move ahead of the others. This creates an internal
field, which in turn serves to accelerate the slower species in order to preserve
electroneutrality. It is thus interesting to note that the expressions above lead for a binary
1deal system to a chemical diffusion coefficient similar to that calculated for ambipolar
diffusion, c. f. expressions in [12] and [19].

It is important to notice that one may in general expect the chemical diffusion coefficient and
the component diffusion coefficient to display difterent dependencies on temperature and
composition, since W will depend on temperature and composition. In some systems, e. g.
metal hydrides [24], Dy, and D; may even change in opposite directions as composition
changes. Also, while the Nernst-Einstein relation, Eq. 9. is generally valid, a similar relation
with the chemical diffusion coefficient is only valid ir. ke case of ideal solutions.

Note that the definition of chernical diffusion coefficient hinges crucially on the
electroneutrality condition, assumption 6). Where deviations from this condition may be
expected, for example in interface regions, the definition of a chemical diffusion coefficient
may not be meaningful [25].

For a transport mechanism involving jumps of lattice ions to nearby vacant sites, one may
expect the diffusion coefficient to be proportional to the vacancy concentration (see below).
For such systems, it is therefore common to define a vacancy diffusion coefficient Dy, as the
proportionality constant between the the component diffusion coefficient and relative vacancy
concentration. Thus, for oxygen diffusion,

(v,1
v e
(0]

D, =D

Ko

(20)

where [V5] is the concentration of oxygen vacancies of effective charge +2, and [Oy"] the
concentration of lattice oxygen of zero effective charge. Dy, is the component diffusion
coefficient for lattice oxygen.

Statistical treatment. Correlations.
We now want to link the macroscopic transport coefficients introduced above to microscopic
properties. To do this, we consider the process of ions (or atoms) moving in a crystal lattice
from the viewpoint of sucessive jumps from one lattice position to another [10], Fig. 1.
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Fig. 1. Path traced by a particle in a (correlated or uncorrelated) random walk in a crystal
lattice. i

The mean distance between two such positions we shall denote by r, and the number of jumps
n made by one particle per time t, v=n/t, is called the jump frequency. In the three-
dimensional case, we must also take into account the direction of jumps for a complete
description, and the i-th jump a particle makes from time t=0 is the vector 1; After time t, the
particle has moved from the origin at which it started at t=0 to some other position R,

n

R = ZF @en

i=1
and the square of the displacement is

R = 22)

N L
~

If we assumne all jumps to be equal in magnitude, and use the definition of a vector product,
we obtain
s n n-l
Ry=nm*+23 Z rcosa, (23)
i=j+1 j=1

where o; is the angle between jump i and jump j. The mean square of the displacement over
all possible paths <R*(t)> follows from Eq. 23 as

n n-1
<RA)> = <R¥> =nr2+2 T I ri<cosa,> (24)
i=j+1 j=1

I jumps are uncorrelated, then <cose;>=0, and
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R*1) = nr®  (uncorrelated) (25)

H jumps are correlated, i. e. the direction of a jump depends on the direction of previous ones,
<cose;>+#0, and

R¥t) = far®  (correlated) 26

where we have introduced the correlation factor

2y * n-1
f=1+}=} £ X <cose,> 27)
n)i=j+1 j=1

The central point is now that R%(t) can also be calculated from a macroscopic diffusion
equation similar to the three-dimensional version of Eq. 16 above, in conjunction with a
material balance for the tracers. The resulting equation, Fick's second law, yields with
appropriate boundary conditions Rz(t)=6DT,t in three dimensions, where D, is the so-called
tracer diffusion-coefficient or self-diffusion coefficient [10]. (In other words, D in Fick's first
law is replaced by Dy,.) This diffusion coefficient is defined by an experiment in which a
number of labelled particels, e. g. radioactive tracers or isotopes that can be distinguished by
mass spectrometry, is allowed to diffuse into the solid from an initially known position, with
a simultaneous counter diffusion of non-labelled particles [10]. For oxygen transport, ‘20 is
commonly used to distinguish the in-diffusing atoms from those initially present in the solid
(predominantly 1°0) [5]. Thus we have

1, -
DTr = g_f\’r" (28)

which relates the diffusion coefficient defined by a tracer experiment to the microscopic
quantities f, v and r. While r can be deduced from the structure of the lattice, which in turn
can be obtained by methods such as X-ray diffraction, the calculation of v given chemical
composition and structure is considered more complicated. The correlation factor depends in
general both on the rejative jump frequencies of the labelled and non-iabelled atoms, on the
geometry of the lattice, and on diffusion mechanism [25]. For a vacancy mechanism, if the
two jump frequencies are approximately equal, f becomes a function of lattice structure alone
[25]. For example, for diffusion in a simple cubic lattice by the vacancy mechanism, f is equal
to 0.65 [10,25].

It now remains to establish the linx between Dy, and the transport parameters in the previous
section, and thus between the latter and f, v and r. We will outline the argument in terms of a
vacancy mechanism. We first notice that the Nernst-Einstein relation implies that Dy,
describes a net movement of charge. If the jump frequency of each charge carrier is v,y and the
Jjump distance is r, and the correlation factor for charge jumps is fy, then by an argument
similar to that above,

1
Dy, = —qur: £, 29)
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Combining Egs. 9, 28 and 29, and using o;=b,z.q%c;, we find,

b - bir¥ 2|'L 30
r l Vq rq fq ( )

If we adopt the picture that charge movement is equivalent to transport of (effectxve!v)
charged vacancies, it follows that 7T, and that v =v (neglecting any difference in jump
frequencies of the labelled and non- labelled species). Moreover, we do not expect vacancy
movements to be correlated [25], and f =1. Therefore,

D, = fbkT = fD,, (31)

In the more general case, where e. g. a number of mehanisms may contribute to charge
transport, the factor f in Eq. 31 may be generalized to the so-called Haven-ratio Hy=D;,/Dy;.
Hg, is, depending on mechanism, a function of correlation factors, jump frequencies etc. An
experimental determination of Hy, for example by separate measurments of Dy, and Dy,
might therefore be of considerable diagnostic value in terms of transport mechanism. Alas,
the precision with which Dy, and Dy; can be determined in ceramic oxides is usually not
sufficient for calculating a reliable f (or Hg); Our purpose here has merely been to explain
parameters commonly occuring in the literature.

Measurement methods
Having established some basic relations between transport coefficients, we now turn to the
use of these definitions in experimental measurements. These may be divided intc the
following groups, where the transport parameters usually calculated are indicated:

I. Electrochemical methods [11].

- Conductivity measurement with selective sinks and sources (o)

- Transference measurements (t;)

- Emf measurements (1;)

- Polarization measurements (o;, 0,)

- Transient electrochemical techniques/coulometric titration (ﬁi,W)

IL Permeability measurements (t;, 0;) [25]

HiR Gravimetric methods and similar techniques (ﬁi,W) [15]

Iv. Isotopic exchange (D) [5]

There is not room for an extensive description of each technique here, and we can discuss
only briefly each group separately in ‘erms of the assumptions made in the section

"Thermodynamic definitions...” above. For further details, the reader is referred to the
references given.

Electrochemical methods. Measurements of partiai conductivity in predominantly ionic
conductors may be carried out by interposing the sample between a sink and a source for the
species for which the partial conductivity is to be determined [11]. Sinks and sources should
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be blocking to all other ionic species and be electronically conducting. Separate potential
probes may be used to avoid problems of reversibility at the sink and source, and the ionic
conductivity is calculated from the ratio of the current to the potential gradient (c. f. Eq. 4).
(Instead of separate potential probes, an ac method may be used to exclude polarization
effects.)

Alternatively, the transference numbers for ions may be determined from the increase in mass
changes at the sinks and sources in so-called transference measurements [11,13]. The fraction
of current carried by the ionic species, i. e. t, is related to the mass change via Faraday's law,
and the partial conductivity is readily calculated using Eq. 5, provided that the total
conductivity is known. Another way to determine t;'s, is by means of the emf technique. In
this method, the sample is sandwiched between electrodes at different chemical potentials for
the electroactive species (e. g. oxygen). This approach makes use of the effect of a partial,
internal short circuit of electrons or holes, which results in a decrease of the externally
measurable voltage of the galvanic cell. The transference number for the electroactive species
can then be shown to be equal to the ratio of this potential and the theoretical value (Nernst
equation) [11]. (Actually, used this way, the method yields an average t, across the sample.
Alternatively, the interpretation may be improved by the use of a detailed defect model, or it
can be used in a differential mode.) Finally, there is the Hebb-Wagner, or the asymmetric
polarization technique, in which the sample is placed between an ionically blocking electrode
and a reversible reference electrode [11]. In this case the partial conductivities of electrons
and holes can be determined by fitting steady-state current-potential data to theoretical
relationships containing these conductivities as parameters. The method can also be used in a
transient mode.

Measurements of partial conductivity in mixed conductors employ techniques which are
similar to those described above. In measurements of partial ionic conductivity, however, the
potential is sampled across ionically conducting probes reversible to the ions moving in the
sample [10,11,13], rather than potential probes in the form of electronic leads as for ionic
conductors.

As far as oxygen transport in mixed conductors is concerned, the most serious complication
with measurements of partial conductivity by the methods above is probably due to external
short-circuits (assumption 9). Such short-circuits may occur if the sample exchanges oxygen
rapidly with the ambient (oxygen-containing) atmosphere. Sealing of the sample is then
required, but not necessarily straightforward. A more general problem pertains to assumption
3). If cross-coefficients are not close to zero, the results of the different techniques will not
agree. For systems with two moving species, the degree of disparity is discussed in Ref. [13],
which also suggests methods for assessement of L;;. Problems specific to the Hebb-Wagner
technique are reviewed in Ref. [28], which also contains a number of suggestions for
improvement.

Transient electrochemical techniques are devised to measure first of all the chemical
diffusion coefficient of for example oxygen in mixed conductors, but a number of transport
parameters can be calculated from the data. An example of an experimental setup recently
used is shown in Fig. 2 [7].
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Fig. 2. Experimental setup for potential step measurements of chemical diffusion coefficient
for oxygen in a predominantly electronically conducting sample.

In the setup shown in Fig. 2, the sample is interposed between an ion-blocking electronic
conductor and an oxygen-conducting electrolyte. The sample is assumed to be predominantly
electronically conducting with a conductivity much higher than that of the electrolyte, and no
reference electrode is necessary [7,11]. The edges are sealed. A potential step is applied
across the cell, which is under these conditions equivalent to a step in the oxygen activity at
the sample-electrolyte interface, and oxygen diffuses out of or into the sample depending on
the direction of the step. This corresponds to a chemicai-diffusion process, since there is a
stoichiometry gradient across the sample. The current I is monitored as a function of time,
and can under the assumptions listed above be compared with theoretical expressions derived
from the solution to Fick's second law {written in terms of the chemical diffusion-coefficient)
with appropriate boundary conditions. Thus at short times (t << L*/D),
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where Q is the total charge flowing during the transient, and L is sample thickness. At long
times (t >> L¥D) one has,

Iy = 222 exp( I ) 33)
L? 4L?

Therefore, the diffusion coeffcient can in principle be found from the slope of plots of I vs. t°
12 (Eq. 32) or plots of In I vs t (Eq. 33). The charge Q can be found coulometrically, by
integration of the current, or using the intercept and slope of plots of In I vs t in combination.
Also this method is complicated by problems associated with external short-circuits due to
leaks in the seal. This can be corrected for under the assumption of a constant leak current
[7]. More serious, however, is that the presence of high-diffusivity paths, i. e. internal short
circuits, in the sample may render interpretation in terms of Eqgs. 32 and 33 completely
useless. Such high-diffusivity paths may be grain-boundaries or simply porosity, as discussed
in Ref. [7]. In the absence of such complications, the electrochemical step-technique should
be a useful one, due to the possibility of calculating also transport parameters other than D
[7,11,14]. The setup in Fig. 2 can in principle be used with other signals than potential steps
as in Ref. [14], but this may cause problems in terms of asessing the effect of leaks. On the
other hand, these may have advantages in dealing with finite kinetics at the electrolyte-sample
interface [14].

Another problem with potential-step and similar techniques, is that they do not work very
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well with specimens whose stoichiometry do not change sufficiently in the activity domain of
interest. In such cases, the current may be completely dominated by leaks. Since these are
usually of a diffusive nature, they may easily be taken for transients associated with the
sample itself. Measurements should therefore ascertain that extensive quantities calculated
from the results (like charge) really are related to sample mass.

Permeability measurements. In a permeability measurement, a disc (or a similar shape) of the
sample is exposed to a gradient in chemical potential in (here) oxygen, and the oxygen flux at
steady state is measured and related to appropriate theory {27]. Permeability measurements
thus resemble and complement emf measurments, because they may be considered more
appropriate for predominantly electronic conductors. (The emf technique would result in
detection problems for very low t; (i#e,h).) Usually, the oxygen flux is written in terms if
partial conductivities of oxygen ions and electrons. As for emf measurements, permeability
measurements may therefore be used to define an average partial conductivity (or transference
number), they may be used in a differential mode, or the may be related to a detailed defect
model. Problems asociated with the method are first of all leaks and internal short-circuits. (A
recent attempt to correct for grain-boundary diffusion did not give consistency with SIMS
measurements (see below) [27].)

Gravimetric methods. Gravimetric methods are based on monitoring the weight change due to
a step in the partial pressure of (here) oxygen. The method thus resembles the potential-step
technique, and some of the problems associated with it are described above, notably those
associated with high-diffusivity paths. Other techniques that may be considered similar to
these two, employ measurements of a specimen property (like e. g. conductivity) that changes
as the sample changes stoichiometry.

Isotopic exchange. There are two major types of techniques for measuring the self diffusion-
coefficient for oxygen (which both correspond to the definition of the process given above).
Both methods require that the specimen is annealed in a gas in which the '*O content is
different from that initially present i the sample. In gas phase measurements, the isotopic
composition of the gas phase is followed during the anneal. In depth-profiling techniques, the
concentration profiles of the isotopes are probed after the specimen has been annealed for a
specified time. With the Secondary Ion Mass Spectrometry (SIMS) method, depth profiling is
achieved by bombarding the specimen with highly energetic ions (e. g. Xe*), which is
followed by mass analysis of the flux of ions sputtered away. The features and problems
associated with these methods have been discussed elsewhere [5], and we will not treat them
in detail here. However, we would like to point out that depth profiling technique appears at
present to be the method that best deals with high-diffusivity paths. The presence of such
paths frequently results in easily detectable tails in the diffusion profiles [28], and theoretical
expressions have been developed and analyzed that enables calculation of the influence of
grain-boundary diffusion on the total diffusion process as well as the grain-boundary
diffusion coefficient from certain types of plots [28-33].

Note that in order to convert isotopic-exchange data to e. g. chemical diffusion-coefficients,
additional experiments are needed. Also, while the gravimetric and electrochemical transient
techniques offer the possibility to perform measurements on powder samples [7,15], this
appears not feasible with the SIMS technique, which therefore in a sense puts more severe
restrictions on sample quality and type. Finally, compared with the electrochemical methods,
SIMS is quite equipment intensive, and not many laboratories operate such instruments for
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the purpose of characterization of oxygen transport in oxides.

Summary
A number of transport coefficients exist that can be used to characterize transport of oxygen
in ceramic oxides. Those considered here are total and partial conductivities, transference
numbers, mobility, and the tracer (self), vacancy, component and chemica! diffusion-
coefficients. These quantities are related to each other, and may be obtained by a number of
experimental techniques, each with their advantages and disadvantages. However, as for
example the component and chemical diffusion coefficients differ by an enhancement factor
that may reach very high values, it is important that the different quantities are not confused
when comparing different materials. Also, since the enhancement factor will display a
dependence on temperature and composition, the temperature and compositional dependence
of component and chemical diffusion-coefficients are not necessarily the same. Finally, when
analyzing experimental data, it is important to ascertain that the assumptions behind the
theoretical concepts used and the experimental technique itself are fulfilled.
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Abstract

The oxygen reduction kinetics has been investigated by impedance spectroscopy on two different
cone shaped electrodes of Lag g58r4 15MnOj in contact with either YSZ or CGO electrolyte pellets.
The contact area has been varied by varying the mechanical load on the electrode on both polar-
ized and unpolarized electrodes. The experiments showed the activation of the electrode observed
after a cathodic polarization to be caused by the creation of an active zone on the electrolyte close
to the triple phase boundary. As a result of this, the oxygen reduction on polarized electrodes prob-
ably takes place by several parallel routes making an kinetic investigation complicated. Imped-
ance analysis of unpolarized electrodes at different oxygen partial pressures showed a charge
transfer process at high frequencies involving oxygen defects and a mass transport limited reac-
tion at lower frequencies.

1. Introduction

The performance of the cathode material in a solid oxide fuel cell is of great impor-
tance, since the oxygen electrode overpotential is a major cause of energy losses.
Therefore, in order to improve SOFC cathodes a deeper understanding of the reac-
tion mechanism is desired. In particular, the mechanism behind the activation of
the electrode (current increase with time) observed after a cathodic polarization
when lanthanum strontium manganites (LSM) is used as electrode material is
still not fully understocd.

The technigue of using cone shaped electrodes was developed by Fabry and Kleitz
[1-3] for metal electrodes and later used by M. Kleitz and coworker in numerous
studies on LSM electrodes (e.g. [4-7]). By using dense cone shaped electrodes the
effect of porosity and morphology was hoped to be eliminated.

Due to the very low oxygen ion conductivity in LSM materials the reaction zone is
limited to an area close to the triple phase boundary. The extension of this reac-
tion zone depends both on oxygen partial pressure, overpotential and size of con-
tact area [5-7]. This means that even with cone shaped electrodes with tip
diameters in the order of tenth of mm. the whole contact area may not participate
in the electrode reaction [6,7]. This makes a comparison of results obtained with
different electrodes difficult and a separation of the morphology effects from the
inherent electrocatalytic activity dubious.

In the present work, cone electrodes with a tip diameter of ¢. 0.5 mm but com-

posed of many small contact points of sub pm size is used in order to ensure the
total contact area to participate in the electrode process.
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2. Experimental

The powder for the electrodes was of the composition Lag g5Srg 15MnOs, 5 and was
produced and characterized by the method described in [8]. Dense cylinders with a
diameter of 13 mm were prepared from the material by the method described in
[9]. After sintering, cones with a tip diameter of 0.35 mm (cone I) and 1.0 mm
(cone 2) were made using a diamond tool. The contact area of the tip was not
machined and thus left untouched afier sintering. A disc was cut from the other
end of the cylinder for SEM investigations.

The measurements were carried out using the three electrode cell shown in fig 1.
The cell was closed and could be purged with different gases. The mechanical load
on the electrode could be varied by changing the air pressure in a closed stzinless
steel bellows used to support the electrode. A detailed description of the celi and
the electrochemical equipment used is given in [10].
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Fig 2: 7.5*10 mm section of the sintered
electrode surface
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3. Results and discussion.

3.1. Normalization of results obtained on unpolarized electrodes.

A SEM picture of a sintered LSM surface taken from a disc of the sintered sample
is shown in fig 2. The surface is seen to consist of a dense packing of single crys-
tals with a diameter of 0.5 to 1.5 pm with well defined edges and corners.

A typical impedance plot is shown in fig 3. The diagram consists of two overlap-
ping semicircles originating from the electrode process and an offset at high fre-
quencies caused by the ohmic drop in the electrolyte. Due to the current
constriction close to the small cone tip the area in electronic contact with the elec-
trolyte can be determined by the use of Newmans formula [11) (radius = I/
(4*6*R), where o is the specific conductivity of the electrolyte material and R is
the resistance determined from the high frequency offset). For a multipoint con-
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tact with well separated contact points, as is believed to be the case in the present
case [10], the formula is seen to give a determination of the sum of diameters of
the contact zones.
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Fig. 3: Impedance plot of LSM electrode/ Fig. 5: Current increase after a cathodic
YSZ interphase in air at 1000 °C polarization of 83 mV in air on two differ-
ent electrolytes, but using the same cone
electrode
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Fig. 4a: Reaction resistances determined Fig. 4b: The reaction resistances from fig 4a
from impedance plots in a number of exper- normalized with respect to the diameter of
iments using two different cone electrodes. the contact zone.

In fig. 4 is shown the results of polarization resistances determined on the unpo-
larized electrodes during the measurements with different mechanical loads. The
unnormalized resistances are seen to vary by a factor of 8. When the resistances
are normalized with respect to the diameter determined from Newmans formula
the values are seen to vary less than 30% and there is no difference between the
two electrodes. The results from cone 1 has been reported earlier [10], but normal-
ized with respect to the area (squared diameter). The normalization with respect
to area gives similar results as the normalization with respect to diameter. The
diameter, however, is the experimental determined quantity and it is not clear
exactly how thi; parameter relates to the area of a multipoint contact. Therefore,
the normalization with respect to diameter is preferred.

The consistent results obtained after norimalization is believed to be due to the
multipoint character of the contact zone. For an electrode process which is limited
by the diffusion of oxygen vacancies Siebert et al. [6] has defined a characteristic
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diffusion length, I, for oxygen diffusion in the material. They have shown that an
approximate value of the ratio between this length and the diffusion ceefficient of
the material can be estimated from the frequency at the top of the semicircle in
the impedance diagrams (fj = 0.4*%(DN1%).

For the LSM material used in this work the diffusion coefficient has been deter-
mined by thermogravimetry to approx. 1022 em?/s [12]. Using the top frequency
from the impedance diagrams the estimation gives a characteristic diffusion
length of approx. 0.5 um. This lengtn is significantly larger than the diameter of
the individual contact points in the multipoint electrodes used in the present
work, but much smaller than the contact diameters used in most of the investiga-
tions reported in the literature.

3.2 The effect of mechanical load on polarized and unpeolarized elec-
trodes.

The time development of the current after the application of a cathodic polariza-
tion of 83 mV in air is shown in fig 5 for the same electrode on two different elec-
trolytes, yttria stabilized zirconia, YSZ (TOSOH TZ-8Y) and gallium doped ceria,
CGO (40% gadoliniuir substituted, from Risg National Laboratory). For both elec-
trolytes, the current is seen to increase with time and with time constants in the
order of thousands of seconds. This type of behavior has also been reported by
Hammouche et al. [4, 5], who explains the activation to be caused by a reduction of
the electrode material thereby increasing its oxide vacancy concentration. The
result of this is the formation of an area of mixed conductivity at the interphase
between the electrode and the electrolyte thereby extending the reaction zone
from the triple phase boundary. For the multipion electrodes used in the present
work this mechanism may be expected to be of less importance as the oxygen dif-
fusion length already covers the whole contact area between the electrode and the
electrolyte as pointed out above. To investigate whether the reaction zone may
also protrude out on the surface of the electrolyte an experiment with varying load
on polarized and unpolarized electrodes were performed.
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Fig. 6. Cuntact area determined from the Fig. 7: Impedance plots as function of time
electrolyte resistance as function of the after a change of the atmosphere from air
mechanical load. o; Unpolarized electrode. 10 1% oxygen in nitrogen
x: Polarized -83 mV and allowed to reach
steady state.
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The result of such an experiment is shown in fig 6. When the electrode is kept in
air at open circuit potential and the mechanical load is increased, the diameter of
the contact area determined by Newmans formula is found to increase showing
the area of physical contact to increase. At the same time the electrode resistance
is found to decrease showing an increased activity of the electrode. The behavior
was found to be reversible i.e. the curve could be repeated by releasing the
mechanical load and increasing it again. When the same experiment was per-
formed after the electrode had been polarized by a cathodic polarization and
allowed to reach a steady state the behavior was completely different. By chang-
ing the mechanical load the diameter determined by Newmans formula did not
change until a relatively high load was used. Also this behavior was reversible. If
then the electrode polarization was removed and the electrode allowed to relax the
behavior of the original unpolarized electrode was found again. This difference in
response to changes in mechanical pressure between the unpolarized and polar-
ized electrodes has been explained by a reaction zone predating out on the electro-
lyte surface [10] formed as a result of the activation process.

It should be pointed out, that the electrolyte resistance determined from the high
frequency offset in the impedance diagrams only reflects the areas in direct elec-
tronic contact with the electrode. At these high frequencies charge transfer
through the interphase through the double layer capacity is possible, no electrode
reaction is necessary. However, the semicircles corresponding to the electrode
reaction is also found to decrease during the activation of the electrodes, showing
also the electrode reaction to spread out.

The role of the electrolyte for the activation process is also shown in fig 5, where
two different electrolytes were used in contact with the same electrode. If the acti-
vation process was solely caused by an increased ionic conductivity in the elec-
trode material the activation process should be expected to be insensitive to the
choice of electrolyte. As can be seen, both the specific activity of the electrolyte/
electrode interphase is sensitive to the choice of electrolyte, but also the time con-
stants for the activation process and the degree of activation. Xleitz et al. [13] dis-
cuss the importance of the electronic conduction of the electrolyte for the activity
of the electrode/electrode couple. The higher electronic conductivity of the CGO
compared to YSZ may explain the increased overall activity of the LSM/CGO cou-
ple but it cannot account for the increase in activity with time.

3.3. The response to changes in the oxygen partial pressure.

A spreading of the electrode reaction zone due to electronic conductivity on the
surface of the electrolyte has been discussed by Kleitz et al. [13]. The activation
process may be coupled to the change in oxygen activity at the electrolyte/elec-
trode interphase caused by the change in electrode potential. If this is the mecha-
nism of the activation process an activation will be expected also to take place if
the pertial pressure of the oxygen is changed to a value corresponding to the par-
tial pressure defined by the cathodic potential in the potential step experiment.
Impedance spectra were recorded during the activation period following a
cathodic polarization of 83 mV and after a change of the cell atmosphere from air
to 1% oxygen in nitrogen. As reported above both the electrolyte and the electrode
resistances were found to decrease during the activation period following a change
in the electrode potential.
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The result of the experiment where the oxygen partial pressure is changed is
shown in fig 7. The behavior of the electrodes in this experiment is found to com-
pletely different from the behavior in the polarization experiment. Now the elec-
trolyte resistance is found to be constant and the electrode resistance is found to
increase with time. This shows the activation process to be connected to the
charge passing the interphase during the activation period [14]. The very large
time constants also indicate that transpert of ions may be involved in the process.

3.4. Impedance analysis of unpolarized electrodes.

If the above analysis of the activation process is correct, the electrode reaction on
polarized electrodes may be expected to take place on at least two different contact
zones: an “unactivated” part and an “activated” part. This will probably cause the
electrode response to be composed of contributions from different reaction paths,
complicating an elucidation of the reaction mechanism. As an attempt to separate
these contributions, impedance analysis has been performed on the unpolarized
electrodes, both in the mechanical load experiments and in the atmosphere
change experiments.

The impedance spectra, of which ore is shown in fig. 3, consisted typically of a
small semicircle at high frequencies followed by a larger semicircle at lower fre-
quencies. The shape and frequency windows covered by the semicircles indicate
that the high frequency semicircle is caused by a charge transfer reaction while
the low frequency semicircle is caused by a mass transport reaction, probably
invelving an oxygen specie. A. similar interpretation has also been proposed by
Ostergard and Mogensen [15] and by Kleitz et al. [6, 13].

Table 1: Development of impedances after a change in atmosphere from
air to 1% oxygen

time/s. R,jyt/ohm Ri/ohm Ro/ohm Ry,o/chm
0 300 277 4014 4281
60 303 148 4492 4640
180 300 160 5736 5935
306 300 208 7149 7357
420 300 152 9492 9644
480 300 164 11580 11744
600 300 184 12590 12774
1140 300 181 13680 13861
4200 300 181 14095 14276
38
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The results of the separation of the semicircles from the experiment with different
oxygen partial pressures are shown in table 1. The electrolyte resistance is seen to
stay constant as pointed out earlier. The diameter of the small semicircle at higher
frequencies (R;) is seen to drop momentarily and then remain approximately con-
stant. This is in accordance with the non activated behavior indicated by the time
independent electrolyte resistance. The electrode reaction adopts immediately to
the change in partial pressure, but remains then constant because the contact
area stays constant. It should be noticed, however, that the drop in resistance
when the partial pressure of oxygen is reduced corresponds to a negative reaction
order with respect to oxygen.

The increase of the diameter of the second semicircle (R5) is also in accordance
with the interpretation presented above. Transport of an oxygen containing specie
may be expected to be more difficult when the concentration of oxygen is reduced.
The long time constant are, however, surprising and indicate that the process may
be influenced by the stoichiometry change of the material. At the change in partial
pressure used in this work the oxygen stoichiometry of the LSM material will
change from 3.04 to 3.02 [9,16] and this process will have a long time constant due
to the compact nature of the electrode.

The results presented above points to three steps in the reduction of oxygen on
nonactivated LSM electrodes to be able to limit the reaction rate. (1): Diffusion of
oxygen on the surface of the electrode to the sites of charge transfer. The adsorp-
tion of oxygen cannot in itself be rate limiting. If the surface diffusion is fast com-
pared to the adsorption rate the electrode reaction would just use oxygen adsorbed
on an increasingly larger portion of the electrode not in contact with the electro-
Iyte {17]. (2): A charge transfer reaction involving oxygen vacancies in the LSM
material, probably incorporation of adsorbed oxygen atoms into the crystal lattice
of the electrcde material and (3): The ionic conductivity of the material has also to
be limiting. If that is not the case, the whole electrode area would be active and no
dependency on the contact area would be see.

The following reaction scheme may therefore be proposed:

1. Oxygen gas is adsorbed on the electrode surface

O,(gas) +20 < 20,4, 1)
where [ represents an adsorption site. This process is probably relatively fast.

2. Adsorbed oxygen diffuses to the reaction zone:

O,4 s O, 4 (reaction zone) (2
This process may be rate limiting

3. The adsorbed oxygen goes into the LSM lattice on an oxygen vacancy and
receive two electrons:

0,4c + V5 + 2¢ — O (LSM) (3
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4. The oxygen ion is transferred from LSM to YSZ:
Og(LSM) +Vo(YSZ) — OE(YSZ) + Vo(LSM) (4)

The rate of this process depend on the oxide ion conductivity of the electrode
material and determine the extension of the reaction zone on the electrode mate-
rial.

The rate of the charge transfer reaction (3) will be proportional to the concentra-
tion of oxygen vacancies and to the surface concentration of oxygen atoms:

vy = k-[0]-[V{] 5)
The equilibrium vacancy concentration will be determined by the vacancy equilib-
rium:
0,(gas) + 2V, < 4h +20
In a LSM material the hole concentration will be determined by the amount of
Mn(IV). With a strontium substitution of 15 mole% neither this amount or the
oxygen content will be changed significantly by a small change in the oxygen stoi-

chiometry. Under these conditions the equilibrium constant for the vacancy equi-
librium will be given by:

2
K = pg, " [Vp)]

If dissociative adsorption of oxygen is assumed the equation can be rewritten as:

Kvac = [O]- [Vo}

This shows the product [O]-[Vg] in the rate equation (5) to be independent of
the oxygen partial pressure. The rate constant, however, may be expected to
depend on the electrode potential.

The potential dependency of ar: electrochemical rate constant is given by:

(1-o)nF(E-E%)
e ) 6)

as we are dealing with a cathodic reaction. k° is a potential independent rate con-
stant, n the number of electrons exchanged in the reaction and « a symmetry fac-
tor, usually with a value of 0.5.

k = koexp(

For small deviations from equilibrium, which is the case for impedance measure-
ments at high frequencies, the potential difference, E - E°, can be derived from the
Nernst equation, which for an oxygen electrode has the form:

rRT, [ Po, RT
E=E°+zf‘ntg“:‘z]:”£ “E = 4E o)
0]
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when the oxygen ion concentration is taken to be independent of the oxygen par-
tial pressure.

If this expression is substituted into (6), the rate constant shows the following
dependency on the oxygen partial pressure:

k = kopé);S

showing a negative overall reaction order with respect to the oxygen partial pres-
sure.

The impedance diagrams may then be interpreted as follows:

At equilibrium, the oxygen activity at the surface will be identical all over the sys-
tem, also in the interphase between the electrode and the electrolyte. Only at this
contact zone oxygen ions can be exchanged directly with the electrolyte. The par-
ticipation of any other part of the electrode has to rely on transport of oxygen or
oxide ions in bulk or at the surface. At high frequencies the charge exchanged dur-
ing an ac cycle will be small and concentration gradients will not be created.
Under this condition, only the contact area between the electrode material and
the electrolyte will be active. At lower frequencies the charge exchanged during an
ac cycle will create concentration gradients. This means that the central part of
the contact area will be exhausted and the reaction zone will only penetrate some
distance from the triple phase boundary limited by the ionic conductivity of the
electrode material and by the surface diffusion of oxygen to the region near the
triple phase boundary. This means, that the high and low frequency semicircles
probably are caused by processes taking place on different parts of the electrode
surface. Such a separation has also been proposed by others [6], but in the inter-
pretation presented here, the reaction area is going away from the interior of the
reaction zone towards the triple phase boundary and the external surface when
the frequency is reduced.

The proposed interpretation of the impedance diagrams also have implications on
the normalization of electrode activities. The part of the electrode taking place in
the electrode reaction at low frequencies will be different from the area deter-
mined by Newmans formula because this only takes areas with direct electronic
contact into account. The difference between the two areas will depend on the
characteristic diffusion length defined by Siebert et al. [6] and on the detailed
morphology of the contact zone. In contrast, the high frequency semicircle will
reflect the contact area determined by Newmans formula and should therefore be
used in comparisons between different electrodes.

4. Conclusion.

The nature of the electrolyte in the electrolyte/electrode couple is important for
the overall activity of activated electrodes probably due to an extension of the
reaction zone to the surface of the electrolyte at the vicinity of the triple phase
boundary. The shape of impedance diagrams on unpolarized electrodes is caused
by different areas of the electrode participating in the electrode reaction in differ-
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ent frequency domains. At high frequencies only the area in physical contact with
the electrolyte is active. Depending on the ionic conductivity of the electrode mate-
rial the central part of the electrode/electrolyte interphase may be inactive at
lower frequencies while areas on the bare electrode surface may then contribute.
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Abstract

Composites with low concentrations in LSM have been investigated by impedance spectroscopy.
The variations of the "bulk” semicircle reveal a strong alteration of the electrolyte conductivity by the
dissolution of the electrode components. It depends on the annealing temperature. At medium LSM
concentrations the behavior predicted by the Effective Medium Theories becomes observable.

Introduction

Various composites made up of LaySrxMnOQs.5 (or LSM) and Yttria-Stabilized Zirconia (or YSZ)
have been investigated (1-3) to assess the risk of detrimental chemical reaction at the SOFC cathode
interface. The main compounds which can form at the interface are La»Zr207 and SrZrO3. Both
materials are insulators and partly block the electrode reaction (4). Porous composites based on the
same materials are also recommended by Mogensen and his collaborators (5.6) as cathode materials.
So far, the reported studies have been focused on composites containing approximately 50 vol% of
each compound. The composition range investigated here spans from 0 to 20 vol% of LSM. Besides
the interest in the electrical properties of these materials, we have been encouraged 1o launch this
investigation because of recent and systematic studies (7) of alumina / YSZ composites and other
similar systems which have shown that the electrical behavior of composites with fairly low
concentrations in one component can be simple enough to be exploitable. This supposes that the grain
size distributions of both components are sufficiently narrow, their grain dispersions sufficiently
homogeneous and the densification of the composite fairly good.

Experimental

SAMPLE PREPARATION

The composites investigated were mixtures of strontium-doped lanthanum manganite and YSZ
co-sintered conventionally. The initial sintering temperature was selected as low as possible to
minimize the chemical reaction at the interface before further annealings. A technical solution
frequently recommended to reduce the reaction at the interface, is the use of an A-site deficient
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manganite (that we will call LSdM). Most of the work reported here is relevant to this type of
electrode material. The selected compositions were (Lag g55r0.15)0.95MnQ3.g for the LSdM and
Lag.50Sr0.50MnO3 for the LSM that we will use for a few comparisons.

The LSdM and LSM powders were synthetized by ultrasonic spray pyrolysis (8). Essentially, the
technique was a pyrolysis at 1173 K, in a tubular furnace, of an aerosol produced by a quartz
vibrating at 850 kHz. The precursor was an aqueous solution of La(NO3)3.6H20, Sr(NO3); and
Mn(NO3)7.4H0. The total nitrate concentration was 5. 102 M. A preliminary investigation in a
NETZSCH STA 409 thermal analyser showed that the total decomposition of these nitrates occured at
848 K.The powders obtained were examined by transmission electron microscopy (JEOL 200CX -
200 kV). The micrographs show spherical aggregates with average diameters ranging from 0.5 to 3
Hm and crystallite sizes from 75 to 100 A. The X-ray diffraction patterns confirm that the phases are
pure. The broad picks also indicate that the crystallites are small.

The YSZ powder was purchased from TOSOH Europe (TZ8Y).

Various LSdM / YSZ composites were prepared. Their cox:npositions are listed in Table 1. They
are called Ldx, x indicating the content in vol% of LSdM in the material, (for instance LdS contains 5
vol% of LSdM). For each composition, appropriate amounts of the components were mixed in
ethanol. After solvant evaporation, the mixture was co-grinded. Note that this process introduced
additional impurities. Then, it was uniaxially pressed at 40 MPa and isostatically at 250 MPa. The
pellets were sintered at 1573 K for 2 hours in air. In a previous study (9), this sintering temperature
was found sufficient for a densification of about 98% of the TZ8Y powder. For reasons which will
become clear below (the partial dissolution of the electrode material in the electrolyte), it was difficult
1o determine the exact density of our composites by conventional techniques. The scanning electron
micrographs revealed a non-negligible porosity.

One composition containing 15 vol% of the LSM, referred to as L15, was also prepared in the
same way.

Samples of the Ld15 composite were further annealed at 1673 and 1773 K for 2 h in air,

SAMPLE CHARACTERIZATION

Composite surfaces were examined by scanning electron microscopy (JEOL JSM-35). (On the
micrographs the YSZ matrix appears as a grey background, the 1.SdM grains are clearer and the pores
are black (Fig. 1a and b)). The YSZ grain sizes are in the 0.2-2.5 um range, the larger the LSdM
content, the bigger the YSZ grains. The LSdM grains were smaller than the YSZ, for instance in the
Ld20 composite the average LSdM grain size is 0.4 pum and that of the YSZ is 2.5 Hm,
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Electron micro-probe analysis (EPMA CAMECA S$X50) was carried out to quantify the
dissolution of LSdM in the YSZ grains. Six composites (Ld1 to 20) were investigated by EPMA.
Five elements were analyzed: La, Sr, Mn, Zr, and Y (the standards used for this will be detailed in
another paper). For each composite, the measurements were taken in 10 points from inside the YSZ
grains (measurement duration: 30 s).

Powder X-ray diffraction patterns were obtained with a Siemens 6/26 D500 diffractometer using
the CuKg radiation (A= 1.5406A).

ELE AL MEA EMENT

The electrical behavior of the composites was investigated by impedance spectroscopy analysis
using a HEWLETT-PACKARD 4192A LF impedancemeter in the 5 to 107 Hz frequency range with
a signal amplitude V= 50mV. The samples were small cylinders of 8.4 mm in diameter and 2.6 mm
thick. Silver paint (Demetron # 204) was used as the electrode material. The measurements were
carried out in the 605 - 783 K temperature interval, most of them at 717 K. At this temperature the
electrical response of interest is fully covered (Fig. 2a and b)

Results and discussion

GENERAIL FEATURES

* Figure 2a and b compare the impedance diagrams of a pure YSZ sample and of the LSdM
composites. At this stage, the main observations to be noted are:

- The general aspect of the nominally pure YSZ diagram, with its bulk and grain boundary
semicircles, is not markedly altered by the addition of the electrode material.

- Up to LSdM concentrations slightly higher than S vol%, both semicircles swell. The relative
magnitude of the semicircles is maintained (with a slight relative decrease in the blocking-effect
semicircle). The degree of their separation is not significantly modified, either.

- With higher LSdM concentrations, the evolution radically changes with a shrinkage of the specific
semicircle, a relative increase of the blocking-effect semicircle and a deeper valley between the two
responses, indicating an increase in the ratio of their relaxation frequencies.

* On the SEM micrographs no LSdM grains are visible when the LSdM content is low (Fig, 1a).
They are clearly visible when it is high (Fig, 1b). Here again the limit between the two regimes is an
LSdM content slightly higher than 5 vol%.

ELECTRODE MATERIAL DISSOLUTION IN THE ELECTROLYTE

The chemical analysis of the inside of the YSZ grains, which is summarized in Fig. 3, shows that
the low LSdM contents are fully dissolved into the YSZ matrix, as suggested by the SEM
observations. It can be addeq that the dissolution of the Mn, La and Sr oxides in the matrix is also
detected by a tiny shift of the X-ray peaks (for instance 0.31° for the 511 peak, expressed in 26,,
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between the compositions Ldl and Ld10), as previously observed by Wiik et al (3). With high
contents, the dissolution of the oxide components seems to reach saturation. Note that the saturation
levels shown in Fig. 3 should not be regarded as the thermodynamic solubilities because the
annealing times were short and equilibrium was probably not reached.

We can therefore conclude that the electrical behavior of the low-LSdM-content composites simply
describes the effect of the dissolution of the manganese, lanthanum and strontium oxides on the
electrical properties of yttria- stabilized zirconia.

The first notable consequence of this dissolution is a marked decrease in the YSZ conductivity
indicated above by the swelling of the specific semicircle (Fig. 2a). This is more clearly shown by the
first part of the "bulk" conductivity curve in Fig. 4. A similar observation was made by Kawada et al
(10) for the dissolution of the manganese oxide. 7

The impedance diagrams (Fig. 5) of the Ld15 composite samples which were annealed at 1673 and
1773 K clearly show that the amounts of oxides dissolved in YSZ and their effects on its conductivity
significanily depend on the annealing temperature, the higher the temperature, the larger the decrease

in conductivity.

On the positive side it is to be noted that the chemical interaction of a small quantity of strontium-
doped lanthanum manganite has a favorable incidence on the blocking factor of the electrolyte (see the
first part of the curve in Fig. 6). Relatively speaking, the blocking effect decreases with the
dissolution of small quantities of L.SdM.

In terms of technical consequences, the decrease in conductivity induced by the reactivity with the
electrode material, results in:
- an increase in ohmic drop; this might not be important in a fuel cell if the manganese, lanthanum and
strontium ions do not diffuse deep into the electrolyte during the high temperature curing,
- an increase in the cathode overpotential; this has not yet been established but is very likely to occur.
Changes in the electrolyte resistivity are frequently acccompanied by similar changes of the cathode
overpotential resistance,
- a decrease of the electrolyte conductivity in the vicinity of micro-electrc des. This should be
remembered when the Newman formula is applied:

1
r=s—
4oeiPel

This formula is frequently used to determine the average radius r of the micro-electrode investigated
from the measurement of the electrolyte resistance Rej and the knowledge of the electrolyte
conductivity Gej. If this last parameter is altered in the experiment, the application of the formula may

lead 1o an erroneous value for the radius r.
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COMPOSITE BEHAVIOR

A recent analysis (11) of the theoretical predictions of the Effective Medium Theories has
demonstrated that composites made of materials with conductivities as different as the manganites
investigated here and the YSZ give a single specific semicircle on their impedance diagrams. These
theories have established that the corresponding "bulk” conductivity ¢ varies as:

20m + oin - 2vin(Om - Gin)
20m + oin + vin{Om - Oin)

O = Om

where 6, and Oy are the conductivities of the matrix (YSZ) and the inclusion (LSdM) and vi, the
inclusion volume content which is supposed to be "sufficiently” low.

In the case of our composites, the inclusion conductivity Oj, (that of the LSdM) is much higher than
that of the matrix &y, (that of the YSZ). Under these conditions, the above equation can be simplified
into:

1+ 2vin
1-vin

O =0Om
This expression indicates that the bulk semicircle should decrease with the additions of LSdM. The
experimental observations summarized in Fig. 2b confirm this prediction. When an excess of LSdM
remains present in the material as a separate phase (as shown by the SEM observations and the
analysis reported in (Fig. 3)) the bulk semicircle shrinks with the increase in the LSdM content. If
one assume that about 7 vol% of LSdM is dissolved at saturation, in the Ld20, for instance, the
concentration in the LSdM phase should be around 13 vol%. The application of the above formula
predicts for this material a decrease in conductivity of about 40%. The diagrams of Fig. 2b give 30%.

BLOCKING EFFECT and CHEMICAIL REACTION PRODUCTS

It is clear from the observations reported above that, as soon as the LSdM material is present as a
separate phase, the blocking effect increases markedly. This is most likely to be ascribed to the
presence of reaction products which develop at the contacts between the two conductors forming the
COmposite.

The comparison of the diagrams obtained with the Ld15 and L15 samples (Fig. 7) shows that with
the electrode material richer in strontium and with no manganese excess, the effect of the dissolution
on the electrolyte conductivity is less important (probably because less manganese is dissolved). On
the other hand, the relative magnitude of the blocking effect is greater (Fig. 6). An X-ray analysis of
these compounds (Fig.7) shows that the concentrations in the blocking species SrZrO3 which results
from the chemical reaction between the composite components is, in fact, higher in the L.15 material.
In this material, the presence of the species is visible on the X-ray patterns; for the Ld15 its
concentration is too small to make it detectable.
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Composite x LSdM (1-x) YSZ
(vol%) {vol%)
Ldl 1 99
Ld2 2 98
Lds 5 93
Ldio 10 90
Ld1is 15 85
1820 20 80

Table I : Compositions of LSAM/YSZ composites
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Abstract

With "point” micro-electrodes requiring no pre-sintering or annealing, the chemical reactions
which occur at the cathode interfaces, can be monitored from their very start. Preliminary resulis
obtained with sironium-rich La].xSrxMnQ3 on YSZ are reported. They indicate that the electrolyte
response may exhibit additional semicircles which characterize voids present along the electrode
interface or reaction products. Even at 1373 K the electrode characteristic proper shows a marked
degradation which increases with time. Surprisingly enough, at this relatively low curing temperature,
the degradation appears reversible after a cooling down of the electrode.

Introduction

The operating temperature of the conventional SOFC's is around 1273 K and their components
must be sintered at higher temperatures. These operating and processsing conditions induce
detrimental chemical reactions between the electrode materials and the electrolyte. The paper deals
with the reactivity of the La]-xSrxMnO3/YSZ couple. The chemical reaction products which form
between these materials have already been thoroughly investigated by various groups (1-15). With a
low strontium content (x smaller than approximately 30 mol%), the main component obtained is
La2Zrp07, with a high content, it is SrZrO3. The formation of Sr2Zr207 has also been observed.
The experimental procedures reported are based on the use of composites or bi-layers of the two
materials. Typically the samples are cured under selected temperatu. 2 and time conditions, cooled
down to room temperature and then examined by appropriate microscopies and X-ray spectroscopies.

The technique presented here aliows us to monitor the interface chemical reaction as it develops
from its very start and to determine its effects on the electrode reaction rate. Furthermore, any change
in the electrical properties of the electrolyte, in the vicinity of the interface, can also be characterized.

Strontivm-rich manganites have been selected in this study as electrode materials to favor the
formation of SrZr03.



Experimental

SAMPLE PREPARATION
The electrolyte pellet was prepared from a YSZ commercial powder containing 8 mol% of Y203

(TZ8Y from Tosoh Corp.). The compacted powder was isostatically pressed under 400 MPa and
sintered at 1773 K for 2 hours in air. The final density of the sample was around 98 % of the
theoretical value.

The electrode material compositions under study were La( 45Sr0.55MnQO3 and
LaQ 40Sr0.60MnO3. They will be called respectively, LSM5S and LSM60. The samples were
synthesized by calcination of appropriate mixtres of SrCO3, MnCO3 and La203, at 1673 K for
4 hours. The products were then ground, compacted at 0.2 MPa and isostatically pressed at 300 MPa.
They were sintered at 1673 K for 4 hours in air. This procedure was repeated twice in order to obtain
single phased samples of relative density higher than 95 %. The final grairi size was less than 5 um.
The working electrodes were shaped as shown in figure 1 with diamond tools.

The counter and reference electrodes were made of platinum paint (Degussa 308 A).

The measurements were carried out in synthetic air.

IMPEDANCE MEASUREMENTS

The impedance spectroscopy measurements were carried out in a 4-electrode cell (Figure 1) which
has already been described elsewhere (16). Two working electrodes can be investigated
simultaneously. The counter electrode is annular and broad enough to cover the area opposite the
working electrodes. The reference electrode is central and smalil.

The impedance diagrams were recorded under zero dc conditions. The electrode characteristics
were obtained with an Autolab potentiostat/impedance frequency analyser (Eco-Chemie) in the
frequency range 10-3-104 Hz. The amplitude of the measuring signal was 30 mV. The electrolyte
responses corresponding to the 2-electrode cells formed by the working and the counter electrodes
were plotted by using a Hewlett-Packard impedancemeter (HP 4192 A LF) in the frequency range
5-1.3 107 Hz. The amplitude of the measuring signal was around 100 mV to obtain well defined
diagrams. It was checked that both pieces of apparatus give the same impedances for the same cells in
the common frequency interval.

EXPERTMENTAI PROCEDURE

Two reference temperatures were selected:
- 823 K for the electrolyte. At this temperature, the interesting part of the electrolyte response is
fairly well described in the frequency range of our equipment (Figure 2.a).
- 1173 K for the electrode. This is the lowest temperature where we can get a reasonably complete
description of the electrode characteristic (Figure 2.b) in the frequency range extending to 10-3Hz.
Furthermore, at this temperature the electrode was found to be stable after heating from room
temperature.

The procedure we applied was the following:
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- Preliminary measurements were carried out from 773 K up to 1123 K (impedance diagrams were
recorded every 12 bours during 2 days).

- Then, impedance measurements were performed systematically during heating and cooling cycles
between 673 K and the chosen curing temperatures: 1223, 1373 and 1473 K.

- The annealings at 1373 and 1473 K were investigated in more detail. During each annealing, the
diagrams were plotted, over the all frequency range of our equipment (10-3-1.3 107 Hz), every
24 hours. After each annealing, diagrams were also plotted at the reference temperatures: 1173 and
823 K.

The annealing times were of the order of 10 days (Table I). The heating and cooling rates were of the
order of 200 K/h.

Results and Discussion

DIAGRAM COMPONENT ASSIGMENT

Typical diagrams recorded at 823 K and 1173 K are shown in figure 2. The low frequency part
visible in figure 2.b is a typical electrode characteristic and this assignment was not regarded as
questionable. On the other hand, the diagram shown in figure 2.a is rather unusual. It is in fact
composed of three components: two are easily detectable on this figure, the third one is at the high
frequency end of the diagram. It can be viewed by magnifying this part and more easily on diagrams
recorded at lower temperature (Figure 3). To assign these three components we referred to the
relaxation frequency criteria (17-19). According to these criteria, the bulk and grain-boundary
relaxation frequencies are independent of the geometrical factor of the sample. Therefore, at 2 given
temperature, the semicircle which characterizes the bulk of the electrolyte should relaxe at a frequency
of the order of that of the bulk semicircles obtained with symetrical cells (20). These criteria indicate
unambiguously that the bulk component is the high frequency additional semicircle (that more easily
visible in figure 3). Furthermore, the application of the Newmann equation (21):

r=—t (1]
40elRel

which relates the electrolyte conductivity og] and the measured electrolyte resistance Re] to the

electrode interface radius r, gives, with this assumption, electrode interface radii of the order of

400 pum which are in concordance with the optical observations (the Newmann equation can be

applied either with the bulk or the dc parameters).

The criteria alsc indicate that the low frequency semicircle visible in figure 2.a relaxes at the same
frequencies as the grain boundaries of the electrolyte investigated and that the medium frequency
semicircle could be the characteristic of thicker blockers such as small pores. However, in terms of
magnitude, the low frequency semicircle is far too large compared to the bulk one to be the
conventional electrolyte grain-boundary response. For further informaticns, the diagrams examined
here can also be compared to other reported results:
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- Figure 4 shows a diagram obtained with a bi-crystal of YSZ (18). It characterizes the responses of
the bulk and that of two families of blockers (very thin voids and pores) present along the interface
between contacted single crystals. After "normalisation” to the temaperatures of our measurements,
the coincidence with the relaxation frequencies of our point electrodes is significant.

- Steil (22) also reports a diagram similarly shaped obtained with electrodes made of silver foils
imperfectly pressed in contact with the electrolyte sample. The analysis given in this document
demonstrates that the voids present along the electrode interface generate an additional semicircle
which squeezes in between the bulk and the grain boundary semicircles of the electrolyte.

- The theoretical analysis by Fleig and Maier (23) also demonstrates that imperfect contacts at
electrodes can generate additional semicircles of the blocking effect type.

Accordingly, we will interpret the semicircles shown in figure 2.a as the responses of voids present
along the electrode interface i.e. as a characteristic response of the microstructural imperfections of the
electrode contact.

An important point to be stressed is that the resistance which can be measured at the "valley”
between the electrode reaction characteristic (Figure 2.b) and these "interface blocking effects” should
not be confused with the dc resistance of the electrolyte. Applying the Newmann equation with this
resistance gives electrode interface radii which are far too small. This remark is especially important
for the high temperature data processing. At such temperatures, the detail of the "electrolyte response”
(shown in figure 2.a) are not accessible and one may be tempted to extrapolate the electrode reaction
characteristic to get the electrolyte de resistance. According to the results reported here, this is likely to

give erroneous data.

MICROSTRU! TRAL DEFECTS AT THE ELECTRODE INTERFACE

The results shown in figure 5 clearly indicate that a curing at high temperature reduces the
importance of the blocking effects by the interface microstructural defects. The evolution is already
significant after the annealing at 1223 K. It is greater after that at 1373 K.

On the other hand, during the annealing at 1473 K, a new blocking effect develops. This is likely
to be associated with the formation of a chemical reaction product such as SrZr0O3 at the electrode
interface. Figure 6 shows the evolution of the corresponding semicircle, for the LSM60 electrode. It
was obtained by mathematical difference between the diagram recorded at time t and the initial one
chosen as the reference. With the LSMS53 electrode which contains less strontium, the results are
qualitatively similar but smaller (by a factor of about 10). By assuming that the relaxation frequencies
of all semicircles vary with an activation energy of 1 eV as a function of temperature, one can deduce
that this additional "SrZrO3" semicircle is located on the low frequency side of interface
microstructural defect response that we have examined before. The results obtained at 823 K show
that they strongly interfere with each other.

All these last results indicate that, as for the grain boundaries, voids and second phases may
generate blocking effects at the electrode interface.

Concerning the blocking effects due to the interface microstructural defects, an important
observation should be noted regarding the cathode reaction rate: there is apparently no simple
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correlation between the evolution of these blocking effects and the characteristic of the cathode, and
especially the corresponding overpotential resistance. Figure 7 shows the LSMS55 electrode
characteristic recorded initially at 1173 K and that determined at the same temperature, after the first
annealing at 1373 K. Despite the strong decrease in the blocking effects at the interface shown by
figure 5, there is no significant evolution of the electrode characteristic ( a decrease of only 15 % is
observed).

AGING OF THE CATHODE CHARACTERISTIC

Intermediate measurements at 1273 and 1323 K over periods of 5 days showed that, up 1o
1323 K, the electrode characteristics are stable (within about 20 %). On the other hand, at 1373 K,
they exhibit a marked aging as shown in figure 8. At this stage, the features we have noted are the
following:

- The curves are not homothetic with each other. Therefore, the evolution is not related to a simple
reduction of the active electrode reaction zone. It is an alteration in the electrode reaction mechanism
itself.

- There is a significant shift in the frequency distribution indicating that the observed "swelling" of
the loops is due to an increase of a low frequency component. Figure 9 shows the evolution of the
"maximum" frequency measured at the top of the loop as a function of the curing time.

- According to this observation, we have examined quantitatively the variation of the electrode
overpotentials ARy that we determined by mathematical difference between the loop characteristics
measured at time t and the initial ones. Figure 10 shows their variations with curing time. It seems
that for both electrodes, a square root law is obeyed, suggesting a diffusion controlled of the
phenomenon described. The variation is significantly greater for the electrode with the high strontium
content (LSM6O0).

A peculiar feature that we could verify several tmes is the reversibility of this aging after a cooling
at medium temperatures. For instance, after the first annealing at 1373 K the system was cooled down
to 823 K (where we recorded the interface characteristic) and then re-heated to 1373 K. The interface
diagrams which were recorded on reaching this temperature for the second time were very similar to
the initial ones, and afterwords approximately the same agings were observed (The second time they
were slightly more rapid).

At 1473 K, where ch > .’} reaction products start to be detectable in the high frequency part of the
electrolyte diagram:

- similar agings were observed with similar square root laws (Figure 10)

- the aging rate is markedly greater for the LSM60 electrode

- the reversibility is no longer complete. A permanent aging remains after the cooling down of the
electrode.
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annealing temperature /K ime /min
LSMS5 LSM60
HT1 1223 3990 3590
HT2 1373 15680 15585
HT3 1373 18385 18245
HT4 1473 14320 14320

Table 1. High temperature curing conditions of LSMS5 and LSM60 electrodes.

alumina
platinum — tightening
wires N rod
| alumina
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electrodes / 7 peliet
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Figure 1. 4-electrode cell using pin-shaped working electrodes.
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Figure 2. Impedance diagrams of (a} LSM35 electrode interface, a1 823 K in air, and (b) LSM55

electrode, at 1173 K 1in air (the overall resistance of the interface has been substracted).
(Diagrams recorded after preliminary measurements and before any annealing.
The numbers indicate the logarithm nf the measuring frequency).
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Figure 3. Impedance diagram of the LSM5S5 electrode interface recorded at 673 K in air.
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Figure 4. Impedance diagram of two contacted single crystals
of YSZ (10 mol% Y203) at 673 K in air.
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Figure 5. Characteristic of the LSMS55 electrode interface before and after
annealings at 1223 and 1373 K. Impedance diagrams recorded at 823 K in air.
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Figure 6. Response of SrZrO3 formed at the LSM60 electrode
interface during annealing at 1473 K in air.
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Figure 7. Characteristic of the LSMS55 electrode recorded at medium temperature
before and after annealing at 1373 K and cooling to 773 K.
(The overall resistance of the interface has been substracted).
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Figure 8. Characteristic of the LSMS5S5 electrode as a function of curing time
at 1373 K in air. (The overall resistance of the interface has been substracted).
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Figure 9. Frequency determined at the top of the LSMS5S electrode charactenistic
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abstract

The materials behavior under a real cell operation has been examined from viewpoints of
overpotentials, temperature distribution and oxygen potential gradient which provide
driving forces for chemical reactions and diffusion. Particularly, an emphasis is placed
on the roles of oxygen as (1) oxygen potential dependent phase relations, (2) reactants or
products which need oxygen path for transportation, and (3) oxygen potential gradient
causing an inverse gradient of elemental chemical potential which allows cations to
diffuse to the oxidative side.

1. Introduction

Materials problems associated with solid oxide fuel cells can be categorized as

follows;

1) stability of cell components during fabrication processes

2) stability on heat cycles

3) stability under cell operation

In the early stage of development of SOFC materials, the firs two aspects of materials
problems have been of the primary concern. During a fabrication process, chemical
reactions at interfaces between cell components are to be avoided. On heat cycles,
significant mismatch in the thermal expansion may give rise to the mechanical instability.
Even so, recent successful construction and operation of SOFC stacks makes it necessary
to investigate the materials behavior of the cell components for a long operational period
of time.

To predict the material behavior for a long period of time, the thermodynamic
considerations based on chemical reactions and diffusion will be of the technological
importance. The equilibrium properties tell us the ultimate chemical forms when the
equilibrium can be fully e¢stablished. On the other hand, the irreversible thermodynamics
provides a basis of investigating driving forces for mass transfer and resulting
concentration distribution. In the present paper, recent results of investigations are
reviewed with an emphasis on stability under an operational condition.

2. Thermodynamic features of Electrochemical Cell
2.1 Mass flows across cell components and associated potential distribution

Figure 1 shows schematic mass flows and related electrochemical reactions in a
high temperature electrochemical cell. Since the fuel cell can be characterized as an
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energy converter from chemical energy to electricity and heat, flows of chemicals,
electricity and heat arise together with corresponding respective gradients of chemical
potentials, electrical potential, and temperature. When an oxide ion conductor is used as
electrolyte, the oxygen potential becomes of importance. In Fig. 1, the oxygen potential
distribution across the cell components is given.

As shown in Fig.1, one of the most important materials problems is the interface
stability[1]. A solid oxide fuel cell consists of the major four cell components, namely,
electrolyte, cathode, anode and interconnect; for a planar SOFC, sealing raaterials and gas
manifold materials can be the fifth and the sixth components, respectively. Any
interfaces between two components should be stable in chemical, mechanical and
morphological senses.

Another important materials problem is the behavior under an oxygen potential
gradient. Inevitably, electrolyte and interconnect should be placed in a large oxygen
potential difference. In addition, a electrical current with a high density passes through
such materials. Overpotential caused by this high current density lead to changes in
oxygen potential distribution around the electrode/electrolyte interface. Since electrode
reactions emit or absorb heats, temperature distribution may also arise in the electrode
vicinity. These gradients give rise to driving forces for cation diffusion. Usually,
cation diffusion is not significant at 1273 K for a short period of time but may become
significant after a long term operation.

2.2 Requirements of SOFC materials

The SOFC materials should meet many requirements to realize a compatible
energy converter.  Particularly, the high current density and the high power density are
required. For this purpose, for example, the electrolyte should be a good oxide ionic
conductor to minimize the Joule loss.

In addition to such requirements as respective cell components, the SOFC
materials should meet the following requirements as well.

1) Chemical stability; Gibbs energies of compounds involved are required to construct
those chemical potential diagrams which provide information of the interface stability
or of the phase stability in various chemical environments.

2) mechanical stability; in addition to the mechanical properties, volume daia as
functions of temperature and oxygen potential are required to evaluate stresses
caused by thermal cycles or oxygen potential gradient.

3) morphological stability, information on diffusion and chemical reactions is required.

These stabilities are required not only for the normal chemical environments but also for

cases under a steep oxygen potential gradient and at high current density.

2.3 Important roles of oxygen
Since the high temperature SOFC is based mainly on the oxide-ion conductor such as
yttria stabilized zirconia, oxygen plays key roles in materials chemistry associated with the
SOFC materials. These can be summarized as follows;
1) Oxygen potential dependent physical properties/phase relations
The SOFC components have to be optimized by changing composition to meet many
requirements. Very often, their physical properties show strong dependence on the
oxygen potential because the valence can be changed over a wide oxygen potential
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3.

range of the SOFC operation and as a result, the concentrations of main defects may
change correspondingly. One particular example is the volume expansion of doped
lanthanum chromites or doped ceria at the reductive environment[2,3].  This is due
to the change in the valence and resulting increase of the number of the oxide ion
vacancies. In addition to such effects in the defect chemistry, the oxygen potential
is one of the fundamental thermodynamic variables which affect phase relations for
compounds with changeable valence. For such relations, the valence stability of the
binary oxides and the stabilization energy of double oxides are useful[4].

Oxygen flow as reactants or reaction products

When reduction or oxidation takes place in the oxide systems, the valence should
change and as a result, oxygen gas should evolve or is absorbed. This means that
oxygen gas itself is quite import reactants or reaction products. Therefore, the
availability of the oxygen path is one of the major factors of determining the materials
behavior. As important oxygen path, the gaseous channel in electrode and the grain
boundaries in solid materials can be considered. For the chemical reaction between
YSZ and LSM, the difference in porosity in LSM affects the reactivity[S].

Oxygen potential gradient as driving force for cation diffusion

Inside electrolytes and interconnects, there arise steep gradients of the oxygen
potential. On the other hand, around cathode and anode, some oxygen potential
distribution can be developed depending on the oxygen flows in the
electrode/electrolyte interfaces. Inside the SOFC materials(AB,0,), the local
equilibrium condition can be established within a reasonable approximation.

| 4(A) + m u(B) + n 4(0) = AG*(AB,0,) [1]

This suggests that a steep gradient of the oxygen potential developed in electrolyte
and interconnect should be accompanied with inverse gradients of the chemical
potentials of their constituent elements.

1 du(A) + m du(B) + n du(0) =0 2]

This may provide a driving force of cation migration in such materials[1}]; this is the
same driving force as in the kinetic decomposition or kinetic demixing investigated
first by Schmalzried and coworkers{6].

Stability and Mass Transfer Associated with Electrode Reactions
Here, we consider the mass transfer which is caused indirectly by the electrode

reactions. In an elemental elecirode reaction, charge transfer occurs, some chemical
species is incorporated and heats are emitted or absorbed. This produces the oxygen
potential drop and temperature distribution in addition to the electrical potential drop
(that is, overpotential) as illustrated in Fig. 2, which can in turn provide driving forces for
mass transfer of other species.

3.1 Cathode Overpotential and Related Mass Transfer

The following features on the lanthanum manganite based cathode have been clarified

70



recently;

1) the oxide ion conductivity is not large in the lanthanum strontium manganite in the
“oxygen-rich” region because of a small number of oxide ion vacancies{7,8];

2) the oxygen gas therefore is incorporated into the electrolyte along the
electrode/electrolyte/gas three phase boundaries[9];

3) the cathode overpotential corresponds to the oxygen potential drop in the cathode
layer which should be a driving force for oxygen (gas or adsorbed atom) to
migrate to the three phase boundaries.

These features, particularly the oxygen potential drop, affect the mass transfer in the
cathode/electrolyte interfaces. In recent years, the chromium migration from alloy
interconnect and the La,Zr,0O, migration at the LSM/YSZ interfaces have been clarified.

3.2 Chromium migration

When an alloy interconnect is used, cathodes will degrade soon because of the
chromium evaporation from the alloy interconnect and migration to the cathode[10].
This phenomena can be discussed in terms of the following steps;

a) vaporization from interconnect and diffusion barriers

b) chromium getter

c) gaseous diffusion through gas channel in cathode

d) deposition on the cathode
Hilpert et al.[11] reported that the presence of water enhances the vaporization of the
chromium component from alloys. Although the vapor pressure is one of the most
important properties in this phenomena, the magnitude of the vapor pressure alone cannot
explain the phenomena fully. The diffusion or migration process is quite important.
For example, Akiyama et al.[12] in Sanyo found an interesting tendency of the cathode
degradation due to the chromium vapor. They changed temperature and cathode
materials; they found that the most useful variable to interpret the degradation was the
oxygen activity derived from the cathode overpotential, 7", and temperature; that is,

log a(0,) = (4F/2.303RT) 7 [3]

This strongly suggests that the major factor is not the magnitude of the vapor pressure
but the oxygen potential drop inside the cathode layer. Instead of the normal cathode
reaction, the following reaction can occur at the three phase boundaries;

2 CrO4(g) + 6 €(in Cathode) = Cr,04(s) + 3 O*(in Electrolyte)  [4]

As a result, chromia has to be deposited at the three phase boundaries which are the most
important position for the electrode reaction.  After the deposition of Cr,O;, the cathode
activity should be degraded and the overpotential should increase resulting in the
erthanced driving force for the above reaction. In this sense, the chromium migration
can take place catastrophically.

On the other hand, the chromium migration has not attracted attentions for the oxide
interconnect. This is due to the difficulty in diffusion of the chromium component in the
lanthanum chromites. As Sasamoto et al[13] clarified, the vaporization of the
chromium component from the lanthanum chromite based materials leaves the
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chromium-poor layer on the top of the surface so that this layer prohibits further
vaporization. This is the main reason why the chromium migration cannot be observed
in the oxide interconnect. A similar phenomenon was observed by Akimoto et al.[10]
who tested alloys after the chromium oxide scale was removed. Since the formation of
chromium oxide created a chromium-poor layer, they observed the less degradation of
cathode by using this alloys.

3.3 Manganite/YSZ interface

Not only the three phase boundaries but also the inside cathode/electrolyte interface
becomes more reductive during a cell operation. This tendency becomes more
significant with increasing the current density because the overpotential is usually more
significant at higher current density. This affects the stability of the lanthanum
manganite/YSZ stability. There should occur two chemical processes at the interfaces;
thai is, the oxidative La,Zr,0, formation and the reductive manganese dissolution from
the manganite into YSZ[5,14]. Since the dependence on the oxygen potential is
different between the two processes, we can see the interesting features of the interface
chemistry depending on the chemical conditions.

1) Roosmalen et al.[15] observed that no manganese dissolution was detected when
rather dense LSM was used with YSZ. On the other hand, Kaneko et al.[16]
observed a significant manganese dissolution into YSZ after an operation of an
electrochemical cell consisting of YSZ and porous LCM (lanthanum calcium
manganite).

2) The above two observation by SEM has been distinguished in a more significant
and impressive manner by TEM.  Tricker and Stobbs[17] observed by TEM the
difference in the geometrical features of the La,Zr,O; phase formed at the
LSM/YSZ interface between a sample just after a heat treatment in air at a high
temperature and another sample after a 24 h cell operation at 1273 K.

3) These observation by TEM can be well interpreted in terms of the thermodynamic
properties described above in combination with considerations on the plausible
oxygen potential distribution in the interface vicinity.

4) The prediction based on the thermodynamic considerations that the formed
La,Zr,0, will disappear from the interface to the inside of LSM or to the three
phase boundaries has been confirmed by the TEM observation made by
Siemense[18] that the La,Zr,O; phase formed at the fabrication process
disappeared from the interface after a long term operation at 1273 K.

5) These features are consistent with the observed long term stability of the cell
performance. It is also interesting to compare with behavior of LSM in
electrolyzer. Koshiro et al.[19] in MHI reported that LSM is degraded in
electrolyzer because of the formation of La,Zr,0,. Even for the A-site deficient
LSM, La,Zr,0, can be formed according to the oxidative nature of this reaction.
In view of this, it is quite interesting to point out that Dornier has adopted a
La,.Ca,sMnQ, cathode probably because they started using this materials as air
electrode for water electrolyzer.

3.4 Endothermic Anode Reaction and Silica Transfer
Hishinuma et al.[20] observed that silica migrated significantly on anode specially when
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methane is used as fuel. When hydrogen gas is used as fuel, the temperature distribution
across the cell is not significantly large. On the other hand, the endothermic reactions
should take place at anode for methane so that the anode electrode can be significantly
cooled. If silica is present, the temperature drop can be a driving force for silica
migration. In a reducing atmosphere, silica can be decomposed as follows;

Si0,(s) = SiO(g) + 0.5 O4(g) 51
The evolving SiO(g) migrates to the anode and may react as follows;
SiC(g) + O*(electrolyte) = SiOy(s) + 2e(in Anode) [6]

Although the equilibrium partial pressures of two gaseous species on SiO, are less than
10 atm[21], the silica migration can be taken place inside the anode atmosphere at 1273
K. Again, this strongly suggests that the migration via the gas phase can be taken place
under a steep gradient of temperature or other thermodynamic valuables even when the
vapor pressures themselves are quite small.

Takagi et al.[22] in Murata successfully used zircon ZrSiO, as additive to NVYSZ
cermet anodes in order to adjust the thermal expansion coefficient without anode
degradation. In this case, any silica migration was reported. This seems partly because
the vapor pressure is lowered by forming double oxides and partly because the silica poor
region can be formed after a small part of silica evaporated in a similar manner to the
chromium vaporization in lanthanum chromite described in 3.2.

3.5 Platinum migration in cathode/electrolyte vicinity
In experimental investigations on the SOFC materials. platinum is often used as
electrode and or as lead wire.  From our experience, the followings should be noted;

1) After a test on stability of lanthanum calcium chromite between air and fuel at a high
current density, platinum particles were observed along grain boundaries outside an
effective platinum electrode area. This can be interpreied as one of possibilities as
follows;

Pt(wire) + O(g) = PtO,(g) {71
PtO,(g) = Pi(on LCC) + O4(g) [8]

Platinum in lead wires is self-heated at a high current density and reacts with oxygen
to form PtO,(g). Vapors are deposited on cooler surfaces of LCC.

2) A similar platinum migration has been recently observed when platinum electrodes
and platinum lead wires were used for measuring the electrochemical cell
performance of (LageSty )(GaysMgo2)0sss clectrolyte. A significant amount of
platinum was observed along grain boundaries. Compared with Pt on LCC,
platinum on LSGM is not in particles. In addition, platinum was spread over
surfaces; some of them were detected in the oxide state. These observations
suggest that there appears chemical interactions between Pt and LSGM. ltis hope
to investigate such platinum migration from the points of view of surface diffusion of
Pt and solubility of Pt in perovskite phases.
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4. Stability and Mass Transfer through Electrolyte and Interconnect
4.1 Oxygen potential profiles under OCV condition and at a high current density

Under the zero current condition, the oxide ion flux in electrolyte and interconnect is
determined by the following equations;

J(O*)-2J(e) = 0; [9]

_RT _o(0%)o(e) dlnp(0y)
4F 0(02')+ a(e) dx

J(0%) [10]

where o(O%),0(€) are the conductivity of oxide ions and electrons, respectively. In a
steady state, the oxide ion flux can be constant throughout the material so that the oxygen
potential can be calculated from the above equation as a function of location.

Under a cell operation, the current is no longer zero but at the finite value. Insuch
a case, the external current flux can be related with those for oxide ions and electrons;

J(0%) - 2J(€) =g [11]

Since the flux changes, the oxygen potential should correspondingly change with the
external current density.

In Figures 3 and 4, profiles of oxygen potential and electrochemical potentials of
oxide ions, electrons and holes are shown for YSZ and calcium doped lanthanum
chromite. In YSZ, the oxide ions move fast so that the electrochemical potential of
oxide ions is rather flat. On contrary, the electrochemical potential of electrons has a
steep gradient at the oxygen potential region where both clectrons and holes have low
conductivity. In the calcium lanthanum chromite, the electrochemical potential of
electrons is rather flat, whereas the electrochemical potential of oxide ions shows steep
gradients particularly in the oxidative side.

4.2 Diffusion of impurities
1) Manganese dissolution into YSZ

In an atmosphere with a fixed oxygen potential, the manganese dissolution into YSZ
from LSM can be treated as a normal diffusion process so that the concentration profile
can be obtained by assuming that the manganese activity n LSM does not change;

C(Mn) = Cy(Mn) [1- erf(a%.t—ﬂ [12]

Within an infinitely dilute solution approximation, this concentration profile can be
translated into that of the chemical potential of manganese chemical potential as follows;

#(Mn) = #°(Mn) + RT In c(Mn) [13]

This is plotted in Fig. 5. The manganese chemical potential decreases linearly in the
diffuison front, whereas this becomes rather flat in the interface with LSM. Inside an
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electrolyte, the electrochemical potential of electrons is no longer flat so that the relation
between g(Mn), n(Mn™) and n(e’) should be satisfied as follows;

n(Mn™) + n n(e) = w(Mn) [14]

As described above, the distribution of 7(e’) inside an electrolyte depends on the SOFC
operational condition. At the zero current density, the steep gradient in 7(e’) appears in
the oxidative side, whereas a nearly linear change in 7(e’) is developed at a high current
density. Such gradients appearing in 7(¢) makes the gradient of 7(Mn™) steeper than
that of @(Mn). This can give an explanation for why Kaneko et al[16] observed a
significant dissolution and diffusion of manganese in YSZ after a cell test at 1273 K.
Note also that the manganese solubility limit in YSZ is expected to increase with lowering
oxygen potential[23]. This is also one of the reasons for significant manganese
distribution{5].

2) Manganese migration in strontium lanthanum chromite

Recently, Suzuki et al.[24] in Osaka gas have reported that a significant manganese
diffusion occurred deeply into a thin layer of strontium lanthanum chromite from
strontium lanthanum manganite at 1273 K for 2000 h.

3) Effect of impurity diffusion on oxygen permeation

Although the amount of impurities which diffuse along the oxygen potential gradient
is expected to be small, they can affect seriously the characteristics required as the SOFC
materials.  Particularly, oxygen permeation is important for both electrolyte and
interconnect. For the case of the manganese dissolution in YSZ, this does not give rise
to serious effects on the electrochemical characteristics{25]. As shown in Fig. 4, the
oxygen potential difference in LCC is maintained by a quite thin layer of the oxidative side.
If the conductivity of the oxide ions in this part would increase by impurities diffusion,
oxygen permeation should be affected seriously by such phenomena, Unfortunately,
experimental information is limited for the manganese dissolution in LCC or LSC.

4.3 Diffusion of the main components

Schmalzried et al.[6] found that the non-oxide ion conductive double oxides undergo
kinetic decomposition or kinetic demixing under an oxygen potential gradient. This is
due to the difference in diffusion coefficient between two cations. At present it is
recognized that this phenomena generally occur under a gradient of any thermodynamic
variables. Actually, Monceau et al.[26] observed the concentration demixing in yttria
stabilized zirconia at a high current density at a high temperature. This suggests that
similar phenomena might occur even under an SOFC operational condition.  Even when
cation diffusion cannot be detected because of their small diffusion coefficient, the
chemical potential of elements should develop the gradient across the plate from the air
side to the fuel side. In the electrolyte or interconnect, the oxygen potential gradient is
developed so that the chemical potentials of the main metallic elements should have the
inverse gradient so as to give a rather constant values of the chemical potential of metal
oxides.

In an electron conductor such as LCC, the electrochemical potential of electron,
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7€), is nearly constant.

dn(e) = d{p(e) - Fg} =0 [15]
Fd¢ = du(e) [16]

The change in electrochemical potential of cation, M™, is therefore written as

dn(M™) = d{p(M™) + nF'¢ } = d{s(M™) + np(€)}
= du(M) (7]

This equation shows that under a steep oxygen potential gradient in electron conductors,
cations have also a large gradient in electrochemical potentials as driving force for
diffusion. )

On the other hand, in an oxide ion conductors, the electrochemical potential of
oxide ion becomes nearly constant;

dr(0*) = d{u(0*) - 2F ¢} =0 (18]
Fdg=0.5 du(0%) [19]

In such a case, the change in 7(M™) is given as

dn(M™) = d{p(M™) + nF¢ } = d{u(M™) + 0.5n4(0%)}
= du(MO, ) [19]

This means that the magnitude of the oxygen potential gradient is not a good measure for
cation diffusion. Fig. 3 shows that at a high current density, dn(O*) has some gradient
in electrolyte. This suggests that even when u(MO,,) is nearly constant, the driving
force arises for cation diffusion to the cathode. In Table 1, the behavior of the
electrochemical potential of cations are compared between the cases in interconnects and
in electrolytes.

Table 1. The gradient of the electrochemical potential of cations as driving for ce for
cations diffusion in interconnects and electrolytes.

in Interconnect in Electrolyte
dn(M™) du(M) du(MO,5,)
dependence on du(O,) | in the same order of du(0,)  does not depend directly on
du(O,) but on dn(0*)
Effect of valence no large
Effect of current density essentially no linearly dependent

1) Calcium migration in calcium lanthanum chromite

Caicium doped lanthanum chromite can be air sinterable when the composition of the
calcia excess is adopted[27]. This implies that in the caicium doped lanthanum chromite,
the activity of CaO is close to unity throughout the materials placed between air and fuel.
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As described above, the electrochemical potential of the oxide ions in calcium doped
chromite exhibits a significant steep gradient in the air side and a rather flat one in the fuel
side as shown in Fig. 4(a). When the activity of Ca0 is almost unity, the chemical
potential of CaO can be regarded as constant. This leads to the following relations;

7(Ca™) + n(0%) = w(Ca0) ~ constant [20]

From this equation, the extremely steep gradient of 7(Ca™) should appear in the air side,
which is shown in Fig. 4{b). Since the diffusion coefficient of calcium ions along the
grain boundaries is high, the calcium migration to the surface in the air side has been often
observed under an SOFC operational condition[28].

2) Chemical reactivity of LSM/LCC interface caused by calcium migration

As a result of the calcium migration, calcium arrives at the interface with the
lanthanum manganites.  Since the features of the reactivity at the interface between LCC
and LSM depend on the porosity of LSM and the A-site nonstoichiometry of LSM[25],
the role of the migrated calcium can be categorized as follows;

i) Catalytic activity for the precipitation of manganese oxides at the interface of a dense
and A-site deficient LSM with LCC. Since the dense A-site deficient LSM has a
oxygen potential drop ib it, the interface with LCC shifts to the reductive side. This
implies that migrated calcium may be in the chemical form of calcium oxide.

if) Catalytic activity for the reaction between LCC and porous LSM.  The porous LSM
has an interface with LCC at the oxygen potential in air. This suggesis that the
migrated calcium forms the calcium chromate which is very close to the melting point.
This substance can be considered as catalyst for the chemical reaction at the interface
which occurred only when the porous LSM is used.

3) Kinetic decomposition of Sr doped Ceria

Milliken et al.[30] in SOFCo recently reported that the strontium doped ceria was
degraded seriously under the cell operation condition (1073 K for 1000h), whereas no
changes have been observed when they exposed these materials in air or fuel and placed
between air and fuel. This suggests that the electrical current or related properties may
affect this phenomena from the kinetic or the equilibrium reasons. Possible reasons can
be given as follows;
i) Change of the solubility limit of SrO in CeO, as a function of oxygen potential:
ii) Difference in diffusion coefficients between strontium and ceria.
iy possible kinetic effect of passing electrical current.
Since no such a catastrophic degradation has been reported for ceria doped with other
than strontium, the above possibilities should be carefully examined from various points
of view.

5. Some remarks on alloy interconnect

Across alloy interconnects for planar SOFC, the oxygen potential distribution is also
developed in a similar manner to that in the oxide interconnects. However, there are
several differences in the oxygen potential distribution and the mass transfer in ailoys and
oxide scales as follows;
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1) Inside alloy interconnects, the oxygen potential should be extremely low so that steep
oxygen potential gradients should appear in both air and fuel side as shown in Fig. 6.
2) Such a steep oxygen potential drop should be maintained by the formation of an
oxide layer or by coating an oxide layer. In the air side, the dense film of a
conductive oxide such as lanthanum chromite is to be coated, whereas no good
coating material has been proposed for the fuel side so far.
Control of the mass transfer through these oxide layers is crucial in developing alloy
interconnects which can be used for a long term operation. Since the electrical path
should pass across alloy interconnects of a planar SOFC, these oxides should be electron
conductors. When the oxide ion conductivity cannot be neglected, this makes &
significant cortribution directly to the oxygen permeation. In this case, permeated
oxygen cannot penetrate the alloy region and can be blocked. This leads to the
accumulation of the oxygen at the interface between alloy and oxide. In other ward, the
growth of another oxide may happen at the interface; typically this may be Cr,0,. When
this oxide is not electron conductive, the resistivity of the interconnect should increase
with increasing the amount of the permeated oxygen. To avoid it, the oxide with lower
oxide ion conductivity should be used as coating materials. For this purpose, lanthanum
chromite-base perovskite is most plausible. This implies that the mass transfer
phenomena through lanthanum chromite is crucial even for alloy interconnects.

6. Conclusive Remarks

Since there arise inevitably steep gradients of chemical potential, electrical potential
and temperature in any SOFC stacks, it is quite important to control the mass transfer in
stacks caused by slow diffusion of cations.
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Fig. 2 Schematic distribution of oxygen potential, and electrochemical potentials of oxide
ions and electrons inside an electrolyte including edge parts of effective electrode area.
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Fig. 3 140,), n(0%), 7(¢) in yttria stabilized zirconia(0.3 mm thick) at 1273 K between air
and fuel. (a) for a case of zero current; (b) for i = 0.88 Alcm’.  Overpotentials at clectrodes
are neglected here.
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Fig. 4 (a) w(0,;), n(0?), m(¢) in lanthanum calcium chromite at 1273 K between air and fuel.
These profiles do not change even with increasing current density. (b) Change in the electrochemical
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Fig. 5 Schematic distribution of manganese after diffusion from LSM at x=1 and
changes in the electrochemical potential of Mn* and Ma™ at j = 0.88 mA/cm’ for
which case, the electron electrochemical potential is given in Fig. 3.
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Abstract

The design of a synchrotron diffraction experiment on a working LSM-electrode is outlined.
A massive body of data were successfully collected from LSM/YSZ/Ag cells under
polarisation at 850°C. The strategy for data analysis is given. Only preliminary results and
interpretations are given in this paper. Reproducible changes in lattice parameters, integrated
intensities and FWHM’s of the LSM phase were observed, when the LSM air electrode was
polarised electrochemically in reducing or oxidizing direction. The peak positions from YSZ
are unchanged. This is the first experimental proof that the oxygen stoichiometry of LSM can
be strongly influenced by the electrochemistry taking place. The lattice expands under
reducing conditions, presumably due to a decrease in the oxygen content in LSM.

Background.

The kinetics of oxygen reduction at high temperature in solid oxide fuel cells is currently
under discussion. The air electrode is typically a Sr-doped lanthanum manganite perovskite
(LSM) deposited on yttria stabilised zirconia ceramics (YSZ). Oxygen from the gas phase, as
well as oxygen from the air electrode material itself, may be involved in the reduction. The
latter possibility seems relevant to consider for situations such as i) high cathodic polarisation,
ii) depletion of gaseous oxygen in closed pockets/crevices at the LSM/YSZ interface, iii)
polarisation at lower temperatures, where O, reduction may be inhibited, and the lattice
oxygen in LSM remains the only exploitable source.

In a preliminary synchrotron experiment in 1995 we used Pt-paint as cuirent collector,
allowing us to do in-situ electrochemistry/diffraction up to 1000°C. Pt as current collector,
however, had the disadvantage that some of the diffraction peaks of metallic Pt coincides (at
high temperature!) with those of LSM. In the present experiment { August 1996) we used
silver as current collector and anode and no peak overlap occurred, however now we were
limited with respect to high temperatures by the high vapour pressure and low melting point
of Ag (960°C).

Experimental details.

Diffraction studies were performed at the BWS5 diffractometer at Doris, Hamburg (DESY).
This is still one of the very few hard x-ray diffractometers available throughout the world. A
versatile, vertical furnace with quarts windows (max. operating temperature 1000°C}, housing
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a plug-in sample holder system has been developed and successfully tested. The transmission
through windows and the electrochemical cell at BWS5, using 0.124A radiation ( approximately
100 keV), is ~50%. In a conventional two-axis set-up we used a CCD 2D detector (Photonic
Science) at a distance of 3.6 m from the sample, allowing inspection of the 2@-range from
2-4°. Images were acquired at 1 to 10 min intervals, with corresponding exposure times. The
beam size, at the sample position was confined by means of slits to 3 mm height and .3 mm
width. A total of approx. 2000 images were recorded from 6 different electrochemical cells.
The stored data, obtained during 5 days (and nights), corresponds approximately to 1.5 Gbite.

The cells had silver foil/net current collectors on both sides - a silver painted counter electrode
and a 5-50 um LSM layer on a 150 um thin YSZ ceramic plate. Active electrode areas were
1 cm?. Cells were mounted in a pseudo 4-wire circuit. Reduction/oxidation was driven by an
external constant current source. Here we report on experiments with the two sides of the cells
being exposed to the same atmosphere (.21 atm O,). Cell current, total cell voltage,
temperature of furnace, temperature of cell and a clg:nal propomonal to the synchrotron
current {ec beam intensity) were simuitaneously datalogged.

Some cells were characterised by impedance spectroscopy prior to the diffraction experiment
and some only post mortem to check for short circuit and/or bad contacts between current
collector and cell, and between silver counter electrode and the YSZ. It was decided to be too
ambitious to due simultaneous polarisation, diffraction and impedance spectroscopy at the
same time, although this in general should be recommended.

Data analysis.

Integration of sections of the Debye-Scherrer pictures allows conventional powder
diffractograms to be obtained, cf. fig 1. As seen on the left hand side of Fig. 1 the
Debye-Scherrer rings are very uneven in intensity in certain directions. This is especially the
case for the diffraction peaks from metallic silver, indicating a very coarse and non-randcm
texture of this metallic component. The diffraction rings from YSZ and LSM show much less
(if no) texture. Careful analysis will be done in the future.

Figure 1. Debye-Scherrer CCD-picture and corresponding "conventional” diffractogram from
a LSM/YSZ/Ag cell in synchrotron beam. Integration of intensities is performed between the
two horizontal lines.



The "raw" diffractograms then have to be converted: intensities must be normalised with
respect to the beam intensity (Doris current); the x-axis, sofar being a pixel-scale, will have
to be transformed into a true 2@ scale. Especially the latter transformation is quite involved,
since we have to "reconstruct” the zero point/centre for the Debye-Scherrer rings (actually
ellipses) by a complicated matrix-calculus.

Results.
Figure 2. shows a series of diffractograms obtained during the initial heating of a cell.

Peak positions shift to lower <20-values upon heating, due to thermal expansion. The shift
1s much higher for metallic silver as for the ceramic components.

840°C

[ e'flf b4

=z l.SM‘ YSZ ' Slver LM '; Sihay v
20
Figure 2. Diffractograms of a LSM/YSZ/Ag cell during heating.

At the max. temperature the cells were then polarised in cathodic and sometimes also in
anodic direction. Figure 3 displays such an experiment.

Systematic changes in lattice parameters, integrated intensities and FWHM’s of the LSM
phase are observed, when the LSM air electrode is polarised electrochemically in reducing or
oxidizing direction, cf. Figure 3. The peak positions from YSZ are unchanged, eliminating
the explanation that peak shifts were due to Chmic and/or Peltier heating. This is the first
experimental proof that the oxygen stoichiometry of LSM is strongly influenced by the
electrochemistry taking place. The lattice expands under reducing conditions due to a decrease
in the oxygen content in LSM. The changs in lattice parameter of LSM is however below
.5%, proving the sensibility of our diffraction technique. Rietveld refinements on the data are
in progress; we assume a rhombohedral indexing for LSM at the high temperature to be valid.
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Results

Figure 3. Diffractograms from a LSM/YSZ/Ag electrochemical cell under cathodic ( -
360mAfcm2) and no polarisation. Cell at 850°C in air. Transmission experiment at BWS5 with
0.124A radiation. Snapshots were obtained at 1-2 minute intervals.
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BEHAVIOUR OF OXIDE CATHODES
OXYGEN SURFACE EXCHANGE KINETICS AS A SELECTION CRITERIA

B.C.H.Stecle, Imperial College, London SW7, UK
e-mail < b.steele@ic.ac.uk>

It will be argued that the following reaction almost always controls the rate of the
cathodic reduction of oxygen on oxide cathodes, and oxygen surface exchange data can
therefore be used to select and optimise oxide cathode materials:

KO, +V; +2e” =0 (0,0% 0;)

T——" surface, bulk

It is important to realise that the above reaction is NOT a charge transfer reaction as it
mvolves the neutral combination of charged species. At equilibrium it is possible to
measure this neutral flux density via the surface exchange coefficient, k cm.s . Steele et al
(1) first used values of k to interpret the cathode kinetics on Bi,05-Er,0; electrolytes more
than 10 years ago. In the intervening period further papers (2,3,4) have provided semi-
quantitative interpretations of a variety of oxide cathode/electrolyte structures, and more
recently a detailed quantitative analysis of this approach has been published (5).

The pathways available for the cathodic reduction of oxygen are depicted in the
following diagram Gas Electrode Gas

P8

. i b l, Fig. B Cathodic reacuon pathways for oxygen reduction and
injection snto ceramic elecirolytes.

VT i +Oy

Reaction pathway (j:) is not important except at very high temperatures. when
significant electronic charge carriers become available at the electrolyte surface. This
pathway is not considered further in the present discussion.

Reaction pathway (j.) involves the dissociative-adsorption of OXygen melecules and
surface diffusion of the oxygen ion surface species towards the triple-phase-boundary
(tpb) designated b in Fig 1.

Reaction pathway (33) involves the the surface exchange reaction followed by
dissolution and diffusion of oxygen ions within the oxide towards the cathode/electrolyte
mterface It should be noted that the changeover from surface to bulk control is given by,

L. = D/k (3). As the value of L. is typically between 1-100 microns for mixed conducting
oxides, and the grain size in porous oxide cathodes is ~ 1 micron, then the surface
exchange reaction is invariably rate-controlling.
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DISTRIBUTION OF OVERPOTENTIAL

The contribution of the electronic charge-transfer reaction at the current collector/oxide cathode interface
to the overpotential will usually be quite small. Whiist the jonic charge transfer at the electrode/electrolyte
interface will often provide a significant fraction of the overpotential, it is the chemical changes associated
with the nonstoichiometric oxide cathode that often make the major contribution to the total cathodic
overpotential. These chemical changes are associated with the difference between the electrochemical
potential of the electrons (8je) and oxygen ion vacancies (5uv) as indicated on the acompanying diagram.

CHARGE TRANSFER LOSSES

Electrolyte

KO, +V 42" =

FU Electronic charge transfer

¢ No net-charge transfer

surface and bulk diffusion. gas diffusion
o’ mterfacial chemical reaction and
° generation of non-stoichiometry

ionic transpon
Ionic charge transfer

CHEMICAL LOSSES

6“02/4(1'116) ~

KO, +V 32" > O
ie: Apy = V200 + oy + 24,
-.8u0/4 = -8y, - 8. /2

Tonic migration

GAS

Chemical reaction

Gas vhase diffusion

AG = RTInPo; = -4nF
ie: 1 = RT/4F In(Po.)"
Alsoja [V, ]a (Poy)'”
SnaRT2F Ing
It follows that an apparent Tafel Law

behaviour 1s not necessarily associated
with a charge transfer process
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INFLUENCE OF OXYGEN SURFACE EXCHANGE KINETICS (k cm.s™)

Low field approximation of Butler-Volmer equation

i =jzFn/RT .....[A] R.=1/j =RT/zF.j, coueu. (B}

Surface exchange coefficient (kem.s') = neutral flux density for following
reaction at equilibrium:

KO, +V; +2e” = O
J=k/V, mol.cm™s’

This can be represented as a surface exchange current density: j, =zFk/V, Acm™

By analogy” with [B], R.=RT/zFj,, ie: R, = RTV./(zF)’k
eg: k=10"cm.s?, T =1273K , R, = 9.38Q cm’

NOTE
At a disordered surface, k expected to be a weak function of [¥, | and Po,

contrast, D* is obviously a strong function of [V -] and Po,
g v )

Therefore probably appropriate to consider k as a constant over small changes
in Po;, eg: APo;= 10°~ 100mV (1000K)
Approach thus relevant for SOFC operation around 0.7V, where cathodic
over-potentials should not exceed 100-150mV

“Care should be exercised in taking analogy wth expression [B] too far, see:
Adler et al. , J. Electrochem. Soc. 143, 3554,1996
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MICROSTRUCTURAL PARAMETERS

cubic grains of size w. Clearly in the previous example, when k = 10" cm.s™'. the derived surface
resistance is reiatively high, 9.38Qcm’ It is necessary therefore to have an
extended area over which the rate controlling surface exchange reaction can
take place so that higher oxygen fluxes can be provided at the
electrode/electrolyte interface. Assuming that surface diffusion is not rate-
controlling , then on a single grain surface this area will be bounded by the
iength of the tpb and a collection height, Ic.

Collection lengrh !

teshic grinn = hatched areas. P=pore). aumber of
grasns per cm’ s 0/2- /w7 length of TPB per grain
~4w Total TPB length in 1 em™ = (1/2-1/w’)-4w =
2w em-em . Assume an area of | cm” and cumrent
density () of 0.7 A-em 7.

wum TPBcem-cm °  TPB cument mA-cm '
1 2x10° 0.035
s axt10' 0.175
10 ax 10! 0.35
R.=R.xw/2x 1A,

Changeover from surface to bulk diffusion control
L.=D/k cm (10*- 107%cm, ie: 1-100 micron)

R, = LuV.RT/D*@zF)’

Extension of TBP zone (3.)

8.= J(1- g)L, / 7.5, where ¢ is the fractional porosity, 1 is the tortuosity, and s cm’
represents the mternal surface area/unit volume

OCCAM,S razor
‘Concepts should not be more complicated than necessary’

William Ockbam (1309-1349)

B.C_H.Steele ,Solid State Ionics, 86/88, 1223, 1996
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LSM/YSZ
R.=R;xw/2 x1/1,
= RTV,/(zF)’k x w/2 x 1/1,

At 1000C(1273K)
k=10"cms?, R,=9.38Qcm?

Microstructural examination, w(grain size) ~ 1 micron
Also know that optimal thickness of cathode is ~ 25-30 micren
Allowing for tortuosity factor of 3-4, then 1. ~ 100 micron
ie: R, =9.38 x 1/2 x 1/100 = £.47Qcm’®

Temperature dependence
k = 5.5x107 exp(-1.44eV/kT)cm.s™*

1. G.E.Youngblood, C.F.Windisch, and J.L.Bates
p-479 in Proc. 14th RISO Intl. Symp. on Materials Science
(RISO National Lab., Roskilde, Denmark,1993)
2. C.C.Chen, M.M.Nasrallah, H.U.Anderson
p-598 in Proc. 3rd Intl. Symp. on SOFC, Proc. Vol. 93-4
(Electrochem. Soc., New Jersey, USA, 1993)

Data published in the above papers does indicate activation energies around 1.4eV,
and it may be significant that the fabrication routes used in these publicaticns
involve relatively iow temperatures thus minimising the chance of any reaction
between the electrolyte and cathede. However many other papers report higher
activation energies ( 1.6-2.0eV).
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HIGHER AE VALUES (1.6-2.0eV) REPORTED IN LITERATURE

e PRESENCE OF SiO; AT TPB

* REACTION AT TPB (HREM examination necesary)

e k VALUES FOR PELLETS NOT SAME AS FOR PARTICLES?

93



ELECTRODE KINETICS AT INTERMEDIATE TEMPERATURES
LSM/YSZ, LagsSre,MnO;.,

k =5.5 x 10%exp(-1.44/kT) cm.s™!

R, =RTV,/@zF)’k Qcm?

R.=R,x w2 x 1/. Qcm?

T(C) T(K) kems'  R,Qem®  wmicron Lmicron R, Qem?
1000 1273 1.1 E-7 85.28 1 100 0.43
900 1173 3.6E-8 2405 1 100 1.20
8090 1073 9SE-9 8296 1 100 4.15
700 973 26E-9 3737 1 100 18.63

Strategies to reduce R, at intermediate temperatures
* noble metal catalysts to enhance k

* composite (electrolyte/electrode mixtures) electrodes
to increase effective interfacial area
Area increases limited to around 3x ?

e dense mixed conducting thick film interfacial layers
as diffusion barriers with porous layer of alternative
superior electrocatalyst

The last strategy could be appropriate for 700C as otherwise it is
difficult to understand how LSM can provide sufficient oxygen flux to
sustain the high power densities (0.5Wcm™) reported by Minh (Allied
Signal) at this temperature.
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MIXED CONDUCTING OXIDES AS DIFFUSION BARRIERS

porous electrocatalyst
dense diffusion barrier ITO, IZO, U0, ss

R4 =L,V RT/D*(zF)>

T(K) D*cm™ Lgmicron R, Qcm?
1073 10 1 0.07
973 107 1 0.72

Provided D* > 10%cm ™ then R, has a low value and may be neglected
ITO, 120, and U, ss satisfy this requirement at 800C
and are compatible with YSZ, but the resistance values are marginal

at 700C
A similar approach has been suggested by:

P. van Den Berghe and H. Tannenberger
US Patent No. 4,130,693 (19.12.78)
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AC IMPEDANCE STUDIES ON LSCF/CGO STRUCTURES

T(°C)
Role of SiO2 800 700 600 500 400
4 —t + + +
o
3 -
B » o] non-etched CGO20(SSC)
< 2 o ¥ o etched CGO20(ssCy (200ppm Si02)
I~
% . o % X non-etcbed CGO10(RP)
; o g A ctched CGOWORP)  (30ppm S102)
= a
0 ~ o 6
ol &
1 a Rﬁ
x8
-2 ] 1 1 3 ¥
08 1 1.2 1.4 1.6 1.8

1000/T(K}

Figure €. Electrode resistivity of LSCF double layer on etched and non-etched

CGO electroiyte.
Lag (Sre.4C0e1Fey50;5; (LSCF)
k =93 exp (-1.1eV/KT) em.s” SEE REFERENCE 6
D = 3.8 exp (-1.8eV/T) cemIs?!
700C
k =1.9x10° cm.s™
R.=R, x w/2 xi/l, w = 1 micron
=0.38x1/2x 1/1 I =1 micron
= 0.19Qcm’
T(°Cy
800 700 600 500 400 300
4 ¢ + + + }
3 - g Singie LSCF layer o
(o] doublc LSCF layer o o
N; 2 -
& 8] (o]
gl R 1.2 eV o
3 8 o
~°7 g oo
J oBs°
973K (1/T = 1.03 E-3) o©
logR=-08 2 ' r Y
R = 0.16 ohm.cm2 1 .25 1.5 1.75
1000/T(K)

Figure 9. Electrode resistivity of single(thick) and double layer LSCF on etched
CGO20(SSO).



CONCLUSIONS

The kinetics of oxygen surface exchange (k cm.s™?) can
provide an appropriate interpretation for the cathodic
reduction of oxygen on oxide electrocatalysts, at least, for
small overpotentials. Ii is necessary to consider this alternative
approach (paradigm) as a replacement for classical
electrochemical concepts in order to make progress in the
optimisation of fuel cell cathodes.
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Lag ~:Srp-Mn 6Co0g ;05 AS A POTENTIAL CATHODE MATERIAL FOR
SOFC

G. Stochniol. A. Gupta. A. Naoumidis and D. Stéver
Institut fir Werkstoffe der Energietechnik (IWE)
Forschungszentrum Jiilich GmbH,
D-32425 Hilich. Germany

INTRODUCTION

The high SOFC operating temperature of about 1223K can cause degradation during a iong
term service life because of chemical interactions between cell components. LaMnO;-based
cathodes are known to be chemically compatible with the electrolyte 8 mol% Y>Oj; stabilised
Zr0- (YSZ)y when La is partially replaced by Sr or Ca (1-8), especially when
substoichiometric perovskites are used. LagesSrosMnOs (LSM) is presently used for the
cathcde of the SOFC substrate supported system of Forschungszentrum Jiilich because of does
not form low conducting zirconates at the interface between cathode and the electrolvte YSZ
{6} and exhibits excellent electrochemical performance (9,10).

The main interest n the SOFC investigation is the reduction of the operating temperature to
1073K or even below. At this temperature chemical interactions are less problematic but the
eiectrochemical perforinance of the cathode decreases. Co-containing perovskites Laj.
SrMn, L, Co.0: (LSMC) exhibit a high oxvgen reduction ability but these compositions are
also known to form zirconates at high Co contents. The present investigation introduces
Lap-<Sry:MnesCo0q ;05 as a potential candidate for reduced temperature SOFC application
having good chemical compatibility with the electrolyte material YSZ.

EXPERIMENTAL

Nitrate salts (Merck. p.a) in appropriate mixtures were dissolved in water and the perovskite
powder was then produced using the spray-drying technique. The partially decomposed and
dried powder was calcined at 900°C in flowing air. X-ray analysis (Siemens D500) was used
for phase analysis of the produced perovskite powder. Chemical compatibility was studied by
XRD on powder mixtures of perovskite and YSZ in a molar ratio cf 1:1. Interfacial reactions
were studied with SEM (CamScan) equipped with EDX (Noran) on cross-sections of
perovskite-YSZ double-lavered pellets. The electrical conductivity was measured in 4-point
d.c. technique on bar-shaped bodies fired at 1573K for 5 h. Ag wires and Ag paste was used
for contacting. Electrochemical performance was tested in the potentiostatic mode using a
Bank LB81IM device on screen printed perovskite layers on YSZ tape cast substrates. The
correction of the current-potential curves due to ohmic losses in the electrolyte was performed
by subtracting the ohmic resistance obtained from impedance spe-‘ra determined with a
Schiumberger Solartron 1255. Contacting was carried out with Pt paste and Pt wires.

RESULTS AND DISCUSSION

The X-ray analysis of the long term annealing experiment at 1223K for 2300 k confirmed the
chemical stability according to the formation of zirconates. In addition to the reflections of
reactants. additional reflections of monoclinc ZrQO, (m-ZrO;) were observed in the diffraction
pattern, indicating an instability of YSZ in contact with Lag 75510 2Mng 5Coo 1 Os.

Afrer a reaction time of 200 h at 1473K no reaction product could he detected by XRD in the
powder mixture experiments. The result in Fig. 1 is correlated with previous experiments (11)
and the thermodynamic calculation of Yokokawa et al. (12) for substoichiometric Sr-free
perovskites La,.xMnOs.
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Fig. 1: Results of chemical compatibility tests between various substoichiometric LSMC
perovskites. 0: Lag sMnO; which will not form La;Zr,0; with YSZ at 1573K after Yokokawa
etal. (12)

The perovskite Lag 75Sro2Mng9Co00 105 can be seen in the middle of a regime of compatible
compositions that do not form any zirconates. Therefore it can be regarded as a highly inert
perovskits although containing 10% Co on Mn lattice sites. In comparison to earlier results for
YSZ/perovskite powder mixture experiments with Co-free substoichiometric perovskites La,.
St MnO; (7) the centre of the inert regime was shifted from a Sr content of 30% on Mn-
lattice sites to a lower Sr content of about 20% in connection with Co. The increased tendency
to form SrZr(Q; with increasing the Sr content for Co-containing LSMC can be
thermodynamically explained by the instability of unusual and high oxidation states of d-
group elements. In LSMC perovskites Co*" will be formed for electroneutrality reasons. In
combination with high Sr contents the SrZrO; formation can be described according to:

SI’MO3 + 710 &> SI'ZIO3 + MO, (1)
2ZMO; <> M,043 + 1720, 2
M,0; <> 2MO + 120, (3)

with M = Mn or Co. The remaining oxides will dissolve in ZrO,.

No reaction products for the powder mixture YSZ/Lag 75S15:Mng 9Co0.10; were detected after
an exposure at 1673K for 20 h. Small amounts of LayZr,0; were detected by XRD after 95 h
annealing time, whereas Lag45S1g3MnO; is known not to form zirconates (6). The higher
reactivity of Co-containing LSMC perovskites with YSZ for the formation of La,Zr,0O4 can be
explained in the same way as discussed by Yokokawa et al. (13) for the different La;Zr;0,
formation behaviour of LaMnQOj; and LaCoO:s.

The interface of a YSZ/Lag7sSr2MngsCo010; double layered pellet was investigated by
SEM/EDX on a cross-section. Frame scans of 5x20 pm’ were used to analyse the chemical
composition of YSZ and the perovskite at an average distance 5 um parallel to the interface
area in comparison to the buik material 20 um away from the reaction zone. Y could not be
detected in the perovskite material because of the overlapping EDX signals for Srand Y. On



the other hand. small amounts Zr were found in the perovskite close to the interface.
Additional point measurements were carried out on YSZ about 2 um from the interface in
Y SZ. which confirmed the diffusion of the perovskite elements La and Mn.

The single point analvsis resulted in a changed ratio of Zr’Y in YSZ. confirming a diffusion of
Zr into the perovskite. as was detected. The relative enrichment of Y in YSZ at the interface
even stabilises the cubic medification of YSZ. The results of SEM/EDX analyses on the
YSZ LSMC cross-section indicate a change in the phase siability of cubic YSZ which occurs
when further elements are added to the system Y,0;-Z1r0s.

The linear thermal expansion coefficient o was determined to be 11.5x10° K" at 1273 K, a
value that matches the value of 10.7x10° K™ for the electrolyte material.

The result of the electrical conductivity measurement of Lag-:Sr;:MngeCog:0; in
comparison with Lag ¢sSrp sMnO; can be seen in Fig. 5. 100 Sxcm’' was reached in a p-type
characteristic by the Co-containing material at 1213K in air, about half the value of the
standard perovskite composition used in Forschungszentrum Jilich but sufficient for the in
plane conductance of the porous perovskite/YSZ composite cathode layer.

T
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Fig. 3: Electrical Conductivity of Lag -sSry 2Mng 9C09.105 in comparison to Lag ¢sS10;MnO;

(left) and Arrhenius plot (right) for LSMC

The Arrhenius plot showed a change in slope at about 700K that might be attributed to
thermally induced spin transitions from low-spin to high-spin states for Co or Mn, known for
such perovskite materials materials (14).

3
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Fig. 6: Current-voltage measurement for Lag 75Sro2Mng Co0,105 sintered on YSZ at 1273K
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The result of electrochemical measurements for two perovskite layers annealed at 1273K can
be seen in Fig. 6. The characterisation was investigated at 1123 and 1223K. The dotted line
presents the limitation of 100 mV for acceptable cathode overpotentials. The variation in the
I-U characteristic indicate that the microstructures of the cathode lavers were not optimised.
Thus Co-containing perovskite measured was not optimised for its microstructure and
porosity the current density data are within the regime of pure standard perovskite
Lay z:81¢ :MnO: used in Forschungszentrum Jiilich.

CONCLUSION
Las-sSr: -Mn; 2Co: 0= has shown a high chemical compatibility with the electrolyte material
YSZ. An acceptable sufficient electrical conductivity. a thermal expansion coefficient
matcning the other electrolvte material and a good cathodic behaviour may bring an
advantageous performance of a perovskite YSZ cathode composite in reduced temperature
SOFCapplication.

ACKNMOWLEDGEMENT
The authors thank W. Jungen for the preparation of perovskite powders. P. Lersch for X-ray
measurememnts and T. Kloidt for electrochemical m.casurements.

REFERENCES

(1)SK. Lau. S.C. Singhal, in Fuel Cell Seminar Abstracts p. 107, Courtesey Associates,
Washington D.C. 1985.

(2) H. Kaneko, H. Taimatsu. K. Wada, E.Iwamoto, The Electrochem. Soc.. Proc. of the 2nd

Int. Svmp. on SOFC; Athens (1991) 673.
{3) E. Ivers-Tiffeé, B. Jobst, I. Kraus, R. Schachtner, M. Schiessl, The Electrochem. Soc.,
Proc. of the 2nd Int. Symp. on SOFC; Athens (1991) Addendum, 97.

(4) J.A.M. van Roosmalen, E.H.P. Cordfunke, Solid State Ionics, 52 (1992) 303.

(3) Y. Takeda, Y. Sakai, T. Ichikawa, N. Imanishi, O. Yamamoto, M. Mori. N. Mori, T. Abe,
Solid State Ionics, 72 (1994) 257,

(6) G. Stochniol, E. Syskakis, A. Naoumidis. J. Am. Ceram. Soc., 78 [4] (1995) 925.

(7) D. Kuscer. J. Hoic, M. Hrovat, S. Bem'k, Z. Samarzija, D. Kolar, Solid State Ionics, 78
(1995) 79.

(8) G. Stochniol, H. Gritbmeier, A. Naoumids, H. Nickel, The Electrochem. Soc.. Proc. of the
4th Int. Symp. on SOFC (1995) p. 993.

(9} L.G.L de Haart, Th. Hauber, K. Mayer, U. Stimming, Proc. of the 2nd European SOFC
Forum, p. 229, Oslo 1996.

(10) R. Wilkenhdhner, W. Malléner, H.P. Buchkremer, Th. Hauber, U. Stimming, Proc. of the
2nd European SOFC Forum, p. 279. Osio 1996.

(11) G. Stochniol, E. Syskakis, K. Wippermann. W. Schaffrath, A. Naoumidis, H. Nickel,
Proc. 6th TEA Workshop, Edis.: M. Brocco. G. Cosoli, H. Nabiele, M. Ronchetti, E. Scafe,
Rome 1994, 211.

{12) H. Yokokawa . N. Sakai, T. Kawada, M. Dokiva, J. Electrochem. Soc., 138 {9] (1991)
2719.

(13) H. Yokokawa, N. Sakai, T. Kawada, M. Dokiya, Denki Kagaku, 57 {8] (1989} 821.

{14) M.A. Sefiaris-Rodriguez, J.B. Goodenough, J. Solid State Chem., 116 (1995) 224.

101



Transport Processes and Methane Reforming Reactions in the
SOFC-Cermet Anodes

J. DIVISEK. D. FRONING, W. LEHNERT, J. MEUSINGER, U. STIMMING
Insritute of Energy Process Engineering
Research Centre Jiilich, D-52425 Jilich, Germany

Abstract

The values of the volume reaction constants of the steam reforming reaction, which
takes place inside the SOFC cermet anode prior to the electrochemical anodic
oxidatior of the natural gas, were estimated for the first ime. The experiments were
performed by evaluating the gas concentration changes after variation of the anode
thickness at constant temperature. The computer simulation of the reforming reaction
was performed using the Finite Integration Technique. With a steam/methane ratio of
3:1, the depth of the reaction zone is 300 - 400 um at 800° C for the standard
composition of the SOFC anode cermet structure.

List of Symbols

surface of the control volume [cm’]
dliffusion coefficient [cm®s™]

velocity gradient [cms™]

molar flow rate in x direction [mol 5]
Faraday constant [C g-eq’]

Gibbs reaction enthalpy [Jmol™]
current density [A cm?]

surface current density [A cm™]
reaction constant {mol cm™ bar? s}
equilibrium constant of the shift reaction
right x boundary

lower y boundary

type of component

vector of molar flux density [mol cm™s?]

pressure  [bar]

source or sink [mol cm’s™]

gas constant [J deg™ mol™]

stream potential function [ecm’®s™]

time {s]

temperature {K]

volume [cm’]

molar fraction of the single component

length coordinate of the anode [cm]

thickness coordinate of the anode [cm]

width coordinate of the anode [cm]
Y.Z scalar lattice points in the space directions x, ¥, z
Y, Z" flux density lattice points in the space directions x, v, z

PPN Ny N R R o A SR ESQ Ty, O
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Greek symbols

X conductivity constant [mol cm™]
Subscripts

D diffusion flux index

i index number in the x direction

j index number in the y direction

k index number in the z direction
m multicomponent diffusion index
n type of component

p index of the pressure equilibrium constant
r reforming reaction

r.+ reforming reaction, forward direction
- reforming reaction, backward direction
s shift reaction
5+ shift reaction, forward direction
5,- shift reaction, backward direction
x length coordinate of the anode
hY thickness coordinate of the anode
Superscripts
Cco CO reaction index
H hydrogen reaction index
s index of the pressure equilibrium constant of the shift reaction
1. Introduction

Solid oxide fuel cells (SOFC) operate at temperatures between 800 and 1000° C using
hydrogen as the fuel and atmospheric oxygen as the oxidant. Since pure hydrogen is
expensive for this purpose, hydrocarbons must be used instead. The most interesting
hydrocarbon is natural gas consisting mainly of methane. It was shown, however, that
the direct electrochemical oxidation of methane

CH, + 40° = CO; + 2H,0 + 8¢ @

causes practical difficulties even at the high temperature level involved {1]. For this
reason, a methane steam reforming reaction according to the overall reaction scheme

CHs; + 2H:0 = 4H, + CO, 2)

is used as the source of hydrogen, which can be oxidized electrochemically according
to the reaction
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H: +0" = H.0 + 2¢ (3)

In order to achieve a high energetic efficiency of the fuel cell, internal reforming of the
methane is necessary, which takes place directly within the anode. Due to the great
difference between the reaction rates of the endothermic methane reforming reaction
(2) and exothermic electrochemical hydrogen oxidation (3), cooling effects arise with
resulting intolerable temperature gradients inside the anodic structure in this case. At
the usual working temperature of SOFC, e.g. for 1000°C, the relative mutual reaction
rate of both reactions (2) and (3) is about a factor of 80 [2]. Based on the constant
c.d. of the fuel cell as a measure of the electrochemical reaction rate, it was shown
that the mutual velocity ratio of reactions (2) and (3) is a function of temperature,
being sull 7.5 at 700°C [2]. It can therefore be supposed that both reactions will
become comparable below a certain temperature level. There is only a small amount
of kinedc reforming data available obtained from Ni cermet material {2.3.4]. Up to
now, only surface phenomena have been investigated [2.3.5]. In order to control the
course of reforming, detailed knowledge of the space reaction rates is necessary,
which are still unknown at present. This study deals with this problem.

2. Experimental details

The purpose of the experiments was to determine the values, temperature
dependences and activation energies of the velocity constants of the chemical reaction
(2) as a volume reaction. The experiments were therefore performed isothermally at
various temperatures, with the heat exchange being treated so intensively that the
endothermic properties of the reforming reaction (2) were practically eliminated. It
was possible to keep the reaction temperature constant up to 1000 °C. Reaction
constants in the range of practical interest between 800 - $00 °C were to be calculated
so that the measurements were performed in this temperature range.

Both the experimental details and a full description of the experiments are given in
[5]. The setup of the apparatus for sicam reforming experimenis was analogous to
that described in Ref. [2]. It consists of a gas supply section, an electric furnace and a
gas analysis system. The anode material consists of Ni/YSZ cermet formed originally
from a sintered heterogeneous mixture of NiO and Zr0O.(8% Y-0s) powder particles.
Methane stearn reforming takes place on the nickel particles, which act as a catalyst.
For this reason, the NiO-containirg cermet anodes were prepared as described in
Ref. [6] and the NiO was gradually reduced in situ to metallic Ni in a gas stream
consisting of 5 % H: and 95 % N at 600° C. The resulting anode samples with a
thickness of between 0.36 and 1.90 mm were placed in a tube of stainless steel
(Incoloy 800) with an inside diameter of 12 mm and a length of approximately 1 m.
The investigated anodes with a uniform length of 10 mm were fixed vertically in the
slit of 2 metallic stip at a distance of 30 cm from the tube inlet. Hydrogen and
nitrogen feed gases from bottles were used for heating up and reducing the primarily
formed NiO to metallic Ni in the cermet structure. Pure CH. was used for the
reforming reaction. The necessary steam was produced by an electric heater. All the
gases were mixed together immediately before entering the test tube. It was assumed
that after an entrance length of about 30 cm a complete gas mixture can be achieved
which contacts the anode surface. The anode was exposed to the reaction mixture
from both sides. The temperature decrease along the cermet anode caused by the
endothermic reforming reaction was detected by means of three thermocouples
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located inside the sample cartier or in the gas stream beside the anode, whereby the
temperature 1 the centre of the anode was taken for temperature evaluation. This
value was considered to be the reforming temperature. The product gases were
cooled down to room temperature to remove the water by condensation and for
separation of the steam. The resulting dry gas mixture was contnuously analysed for
CHs. CO. CO; and Ha.

In order to obtain the data necessary for evaluating the space reaction rate of the
reforming reaction. the methane conversion rates were estimated as a function of the
anode thickness by measuring the concentrations of the species in the outlet gac
stteamn and compared with the theoretcal ones. Tc perform the calculations, ¢
onginal comparative composition of the outlet gases prior to the water condensatio,
was estimated as will be shown in the discussion section.

Details concemning tie conditions of the experiment and the anode geometry are given
in Tab. 1.

It can be seen from the values given in Tab. 1 that a change in the methane conversion
rate takes place up to the double sided anode thickness of 0.66 mm. In the thickness
range from 0.66 to 1.9mm no significant difference in methane conversion was
observed.

3. Theoretical analysis of the reforming reaction

The methane steam reforming reaction (2) is actually a two-  .ge process taking place

according to the scheme
k

xS

CH, + H,0 & 3H, +CO

x,

S0
CO+H,0 & C(CO,+ H,

The first reaction is the reforming reaction characterized by the reforming constants
k.. and k., and the subsegquent reaction is the shift reaction characterized by the
constants k.. and k,. Both reactions produce the actual electrochemically active
gases, H; and CO, which cause the oxidation products H,O and CO, to be formed in
the anodic reactions

H, +0" - H,0+2e

CO+ 0" — CO, +2¢ ©

The first reaction (5) is identical with reaction (3). Both reactions (4) and {5) can only
take place inside the anode structure of the fuel cell. This anode consists of a Ni/ZrO»
cermet, which has catalytic properties for both the chemical reactions (4) and the
subsequent electrochemical reactions (5). The total reaction scheme is shown iIn
Fig. 1.

The flow scheme of the reforming reaction in the SOFC anode can be described as
follows: the reforming gas flows through the gas channel from left to right in the
direction of the x-coordinate (Fig.2). The coordinate x = 0 is assigned to the gas inlet
point. The gas outlet is at the coordinate x = L; with a gas composition which can be
determined by gas analysis [5]. The bottom boundary of the gas channel is given the
coordinate y = (. In order to describe the volume processes in an uncomplicated
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manner. it is assumed here for the sake of simplicity that the z-direction has
homogeneous properties. This assumption does not restrict the basic considerations of
the method. The reactions involved (4) and (5) proceed in the anode cermet which is
then defined in the x-y region beiween [0<x<L;;0<v<L,]. Inthe gas channel, a
laminar flow takes place along the coordinate y =0 in the x-directicn. Due to
diffusion and convection, the introduced gases CH, and H.O migrate in the
y-direction where they are consumed by reactions (4) and (5). Assuming that F,. is

-3
the molar flow rate of the component n in [mol s} in the x-direction, N the
p n.y

convective molar flux density of the component 7 in [mol cm™ s} in the y-direction
and p, is the corresponding partial pressure, the relation

dF,, D, ( ~
1 a .,.apn\x,0)+N

z ox RT 3y ny

6

is valid for the change in F,., which implies that the change of the flow along the
channel bottom equals the sum of the diffusive and convective flows in the
y-direction. D, .. is the effective multicomponent diffusion coefficient, which is defined
in Ref. [7] and can be calculated using the software according to Ref. [8].

For first value assignment, the integral values are important which are determined by
the relation

=

19 F,
a;‘dx = jAfR,,dA (7

1

D Sy

where R, represents all the chemical and electrochemical sources and sinks in the
cermet region. Assuming that X, is the molar fraction of the component n of the gas

mixture, defined as X, = p_/ 2 P: » the Stefan-Maxwell equation applies to the
k

vector of the molar flow N, in the form of

> - Do s 2 4
N, = —-=2.p Vi +%, 3N,

-3
div N, = ZRCA,&
Here the multicomponent diffusion coefficient D, is used instead of the binary

diffusion coefficients [7]. The total pressure of the system iS p.: , Resz. are the
corresponding chemical and electrochemical sinks. When using the Stefan Maxwell

equations in the form (8), it must be noted that the vector of the molar flow N, is

composed of a diffusion and a convection term, which gives too complicated a system
of equations. For this reason, the fact is used that the gas mixture in the cermet

—
moves without eddy formation, so that a vector field with the velocity gradient E is
formed there, for which the equations

curl E = 0; E = —grad$ (9)
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ars valid. A scalar funcdon S (strcam potential) then exists in this region, which has

- -

the properties of a potential function [9]. According to the definiion N =«x E,
where x is a fictitious relative conductivity constant that drops out of the calculations,
-5

the potential function S can then be used for calculating the total molar flow N

- -

independently of eq. (8). Then the vector N = ZN ¥ no longer has diffusive
P

terms, so that the calculations are simpler. For its determination according to (7) all
the chemical and electrochemical sinks and sources present in the systemn must be
defined. The chemical sinks R, and R, [mol cm” s'] are postulated as the reactions

R, = -E'—"g%’i .=k, . Poys Puro — K- Pco Phn "
v\}'
1 dpco »
Rs = —'R—:r— P = ks"‘ Pco Puizo — k:,— Pcoz Puz

Since only the chemical sinks (4) are associated with a volume change and not the
elecarochemical ones (5), the following is generally true for each volume element

divN = div(-x gradS) = 2R an
with the boundary conditions
y <O S=0; x=0: —a-£=0
dx
x = L 95 _ g y = L;: 95 Lo (12)
dx y

‘Whereas only the chemical sinks are relevant for the calculation of the total molar

flow N, this can be different for the partial flows N,.. In this case, the
electrochemical reactions (5), which can take place in the entire volume of the anode,
must also be taken into consideration. Assuming that #; is the electronic current
throagh the metal phase of the cermet and i; the corresponding ionic current flowing
through the ion-conducting ZrO, phase, the divergence condition generally applies
between the two currents

Vei, + Vei, = 0 (13)
The electronically and ionically conducting phases in the respective potentials P, and
®; are governed in each elementary volume AV by the Butler- Volnier equation which,
however, is not dealt with in this study. Moreover, for the H; and CO oxidation
currents, the following is valid:

Vei, = Veif +Veil® (14)
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The currents 77 and i{° can be separately determined. With the expression

D, -
div{ -—=Vp, - £,x VS } div N»  the baiance eqguations for the

RT
individual gases read as follows:
-
CH,: divNcys = -R,
> Vei®
CO:  divN = R —-R, - z
v ee P~ % T TOF
= Veif
H,: divNgs = 3R, +R, - 2 (15)
2F
iy Veiy
H,0: divNuo = -R, - R, + 2.;_'2
> Veif?
CO,: div N = R, + 2
> coz2 s o F

The set of equations (15) still has to be completed by defining the boundary
conditions. The following boundary conditions apply to the individual partal
pressures p;:

CH,: y=0: p, = Prcrame (X); y=1L,: 981;,, = 0;
x=0: aai" = 0; x=1L: 381;,, =0

CO:  y=0: pr = Prchamea (1) y=L - D, aaif =é9F°-;
x=0:aa—p;=0; x=L: aai::()

Hi 320 pi= P ()i y=Li =D, S =22y o)
x=0 E;p; = 0; x=1L;: aali" =0

H,0:  y=0: P, = P, chamt (XD y=L,: - D,, aal;" =~ ;";;
x=0: %%’-’-=O; x=1L: Bap)v: =0

€O, :  y=0: P, = Drcronat (%) y=L: -D,, %P; = - ;g;
*=0 aaliﬂ =0 *= ke aai" =0
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The charge balance is performed together with material balancing. It is based on the
applicaton of the divergence equation (13). This will also be performed in the next
study, so that the electrochemical sources and sinks as well as the cormresponding
boundary conditions were set equal to zero here for determining the chemical
constants.

4. Numerical approach

The model assumptions essentiaily proceed from two equations:

the Butler-Volmer equation for the electrochemical sinks and sources, and the
Stefan-Maxwell equation for the mass flux. In connection with the laws of
conservation of charge and mass, these equations are set up in the following way: the
cermet anode is subdivided into individual control volumes AV, for each of which the
balance equation

|| fux aa = msourcas iv an
oV AV

should be valid according to the Gauss theorem. In this equation, AV represents the
control volume with dA as the element of the volume surface A. Equation (17) is valid
both for mass and also for charge fluxes. The discretization of the equations is shown
by Fig. 3. For this purpose, a dual grid is defined after Steffen [10], in which the
scalar values S;; are defined in the lattice points[X/; ¥/ ; Z; | and the flxes N, ,N,
in the lattice points [ X; ;¥; ; Z,]. Points Z, , Z; were kept constant. As a first step,
equation {11) has to be calculated for the stream potential S, which in the
Stefan-Maxwell equation (8) represents the mass flux caused by the increase in mass.
It can be seen from the form of eq. (11) that the overall reactions (4), (5) are
associated with an increase in volume, whose source is only to be found in the first
chemical reactions (4). At the same time, it follows from Fig. 2 that the direction of
volume increase proceeds in a positive direction from bottom left to top right (shown

in Fig. 3 by the direction of the arrow). The following defining equations result for
positive flux directions

- - _ S'-!-l . S. . - oy _ S. ‘1 -S. .
Nzt =Nis1j = Kin "t,;"#:', Nyn =Nijn = K i l—j,—""""f_
X — X Y, — %
(18)

The following relations are valid for the average hanmonic conductivity coefficients X
in the lattice points [X; ;Y;:Z,]
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Ki’u,j 'K;.j (X/a—-X))
r
Kin X — X)) +x]; (X - X))

KH—I -

(19)
= _ Kijn X O =Y))

K., =
J+i
K;.j-!'l (Iji'i—le) +K£.] (Y}.""PI -Xj+l)

where the scalar measurable conductivity values x” are defined in the lattice points
[X,—'; Y/; Z;]. In the terms of equation (11), equatiocn (17) then takes on the
following discretized form:

- - - -
(Nx+l - Nx) T —-Y) + (N.v - Nyﬂ) Xiu-X) =

2R (G, DX Ty =Y )( Xy — X))
(20)

In the second step, the diffusive terms of the Stefan-Maxwell equation are calculated
with the aid of eq. (15). The corresponding mass fluxes for the x and y coordinate
directions are as follows

= = 1 Py — Pij
N p(» = =Dy — —/—;
D ' RT X}, - X/

H

= — 1 Diju — Pij
Npgsy = D, — 22— 2
j¥l ’ r
RT Yj+1 - YJ-

@21

D, ,, ; is the average harmonic diffusion coefficient at the phase boundary i/i+1. This

is correspondingly tue of 5 +1- 1ts calculaticn comresponds to that of the average
conductivity coefficient X according to formula (19).

The operator expression div N, in the conditional equations (15) then takes on the
following form

= - - . - L=
divN, = Np@uy — Npayy + X,y Nxa — X, Niy T —Y;)

(22

- - -

—-)
+ ND(x,y) - ND(y+1) + fy I‘]x.y —iy+1 N)H-I (Xi+l "‘Xi)
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The mass flux equations can thus be calculated according to eq. (15). In principle, the
same procedure can be used in calculatng the electrochemical equations. The
appiication of equations (18} to (22) in the cermet anode space as an overall scheme
follows from Fig. 4.

5. Discussion and results

The SOFC anode material consists of a sintered Ni/ZrQ; cermet (ceramic-metal)
formed from a sintered heterogeneous mixture of Ni and ZrO(8%Y.0s) powders.
The steam methane reforming rezction only proceeds on the Ni particles distributed in
space and is thus a function of the current state of aggregration of Ni in the anode
cermet. The results must also be evaloated in this sense.

The original gas compositon of the gases leaving the reaction tube must first be
calculated to determine the reaction constants of the reactions {4). This can be
determined from the expected behaviour of the two parts of the overall reforming
reaction (4). The overall course of reaction (2) can be represented as t.e sum of the
two parts of (4), where the shift reaction is assumed to be much faster than the
reforming stage so that it was formulated as an equilibrium reaction {11]. The original
gas composition is calculated by balancing the two reaction stages of (4), where the
entrance composition of the gases should correspond to the molar fractions
H,0 : CH; =3 : 1 (equal to A in total), so that the molar fractions result as:

CHe A-x, H:O:3A-x-y, Ha3x+y, CO:x-y, COxy.

Balancing of reaction (4) leads to a volume change in the ratio 4 A : (4 A + 2x), ie.
volume is produced. On the basis of the analytical values from Tab. 1, the original
composition of the escaping gases can be determined by this balance equation with a
simple rule of three and used as a control criterion for the distribution of the gas
concentrations.

Equation systems (10) - (12) and (15) - (16) were calculated by the Finite Integration
Technique (control-volume approach) (FIT) [12] to describe the process flow in the
SOFC cermet structure. The electrochemical terms were set equal to zero for merely
determiring the velocity constants kr. , K., &y and k. In equations (15), (16). The
values for the individual reaction rate constants k., £., k.. and k,. were obtained by
comparing the calculated and analytically determined concentration values in the gas
inlet and outlet channels by means of the usual vector-gradient method with the least
squares approximation as the criterion. The allowed relative differences between the
experimental and calculated concentrations were as high as 10 % for the CO and CO,
and less than 1 % for the H,, CH; and H2O. In this way, it was possible for the first
time to determine the velocity constants of the methane reforming reaction and the
shift reaction as volume reactions thus enabling the computational fitting of the SOFC
anode properties to the internal reforming process.

The calculated concentration profiles of the individual CH,, Ha, CO and CO; gases in
the SOFC anode cermet and in the gas channel are shown in Fig. 5 for the
temperature of 802 °C and the anode thickness of 1900 pm. Due to the high rate of
the shift reaction [11}, the foilowing formulation was chosen for the constants &y , k..
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. -l
K:= k., _ Pco2 P —p XT 23)

k_  Dco Puro

with AG =-39.258 + 40.55 T - 0.00438 T* [12] so that only one of the two constants
had tc be calculated even outside of equilibrium.

By comparing the calculated and analytically determined concentration values in the
gas inlet and outlet, the following values for the individual velocity constants shown in
Tab. 2 can be obtained on the basis of the mass balances.

The activation energies shown in Tab. 3 for these velocity constants are obtained from
the data in Table 2. The composition of the escaping gas does not permit a reliable
numerical calculation of £, so that their activation energy was not calculated.

Due to the experimental difficulties, the accuracy of the experiments is not yet
completely satisfactory and must be improved. For this reason, the above values of
the reaction constants must be considered as first approximations which are to be
checked in the near future. It should also be mentioned that the three-point
temperature dependency can only give a rough estimation and a first approximaticn of
the activation energies. The activation energy of methane reforming shown in Tab. 3
is about three times as great as previously assumed [2,3]. However, in these studies
the reactions (4) were regarded and evaluated as surface reactions, which is not
completely correct. The activation energy is about twice as great as that of
electrochemical hydrogen oxidation {14]. This may explain the relative approximation
of the two reaction rates when the temperature is lowered.
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Tab. 1 Experimental conditions and rest gas analysis of the reforming reaction

Experimental Conditions Rest gas analysis (vol.%)
temp. | pressure CH; CH, area load | HO/CH,| H, CO CH, CO;
°C) | (bar) velocity | Nem®.cm®.s™) | mol. ratio
Nem’.s™h)
Anode thickness 0.36 mm
888.5 1.5 5.166 2.78 3 19.0 1.98 75.4 3.63
8539 1.5 9.166 2.78 3 11.8 1.38 84.8 2.03
Anode thickness 0.66 mm
884.7 1.5 9.588 2.78 3 33.1 3.7 57.5 5.2
851.5 1.5 9.588 2.78 3 26.2 2.5 66.7 4.4
802.3 1.5 9,588 2.78 3 17.8 1.5 78.9 3.3
Anode thickness 1.35 mm
89211 15 10.800 278 3 32.1 3.86 58.4 5.34
848.8 1.5 16.800 2.78 3 25.8 2.67 67.0 4.50
798.5 1.5 10.800 2.78 3 16.2 1.47 80.2 2.98
Anode thickness 1.90 mm
893.5 1.5 8.366 2.78 3 34.8 3.32 £3.9 5.94
847.6 1.5 8.366 2.78 3 26.9 2.82 65.0 4.47
802.3 i.5 8.366 2.78 3 18.6 1.88 75.9 3.06
Tab. 2 Reaction rate constans of the reforming and shift reactions in bulk
Temp. | . ke ks
°C__| [mol.em®.bar’s"] | fmolcm?®bar*.s™] | [molem™®bar®.s™] | [moLem™.bars.s7]
890 1,6 x 10° (1,5x 10 3,6 x 10~ 43x 107
830 8.0x10* (1,5 x 109 3.2x 107 3,5x10°
360 2.3x10° (1.4x 10 1.5x 107 14x10°

Tab.3 Activaticn energies of the reforming and shift reactions

Kee [KI/mol]

k.. [kl/mol}

k. [KJ/ 'mol}

k. [kJ/mol]

Ej)

230

90

125
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Fig. 1: Scheme of the reforming and electrochemical reactions in the anocde space
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Fig.2: Schematic of the reforming reaction in the anode space
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Fig. 3: Discretization scheme of the anode space as a dual grid
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Fig. 4. Discretized scheme of the reforming reaction in the bulk of the SOFC anbdc
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Fig. 5a: Concentration profile of the reformer gases in the cermet
t = 802°C, anode thickness 1900um
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Long-Term Changes in Microstructure and Electrical
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introduction

Degradation phenomena during long-term operation of solid oxide fuel celis
(SOFCs) at temperatures of about 950 °C result in a steady decrease of power
output. The cell voltage usually decreases with a rate of several percentages per
1000 h operating time [1]. The reasons for the increasing electrochemical losses
with time are versatile and can be regarded as the sum of ali degradation
mechanisms occuring in an SOFC. For each SOFC component deteriorations with
time have been observed: i) formation of pyrochlore compounds at the cathode-
electrolyte interface [2], ii) decrease of ionic conductivity of the solid electrolyte
(8 mol% yttria-stabilized zirconia, 8YSZ) due to ageing [3,4], iii) agglomeration or
coarsening of Ni particles within the Ni/8YSZ ancde cermet [5], iv) corrosion of
metallic interconnector materials [6] and v) chromium evaporation from Cr
containing interconnector materials and contact layers [7,8]. However, today it is not
clear which of these processes significantly contribute to the electrical losses and o
which extend.

In the case of anode cemmets containing metallic nickel and 8YSZ it is known that
Ni shows a rather bad wettability of the ceramic component [9] and tends to
minimize its surface energy by agglomeration of Ni grains. For an investigation of
the long-term stability of anode materiais various specimens were exposed at
1000 °C for 1000 h and the microstructural as well as the electrical properties were
used to evaluate the stability of these materials. This work reports the resuits of
three anode materials in more detail: screen-printed thick anode layers made from
1} conventional powders and 2) from xerogel-powder as well as 3) an anode
substrate synthesized by the coat-mix process.

Experimental
For the preparation of screen-printed anodes each mixture of starting powders has
to be pre-conditioned (milling, calcination etc.) to obtain well sintered oxide iayers

without sintering fissures. Furthermore, preparation parameters like sintering
temperature and dwell time can be used to optimize the surface structure of the
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ancde layers. In the following the two kinds of screen-printed specimens made of
conventional powders (NiO from J. 7. Baker, USA and 8YSZ from Tosch, Japan)
and xerogel-powder are abbreviated as A66 and AS0, respectively. The xerogel was
synthesized by dissolving Zr{OC3H7). in acetic acid, to which alcoholic solutions of
Y{(NO3)3-6 HO and Ni{Ac),-4 H,O were added, followed by subsequent gelation and
drying [10]. With increasing drying temperature NiO and ¢-ZrO, are formed. The
NiO content in the oxide mixture was 55 wt%. For the screen-printing paste A30 the
xerogel was calcined at 1400 °C and small quantites of the commerciai powders
were added to adjust the sinterability. The other paste, A66, contained 65 wi% NIO
in the powder mixture,which was calcined at 1300 °C. Anode strives (4 x 0.5 cm)
were screen-printed onto tape-casted 8YSZ foils and sintered at 1500 °C for 4 h.
The fabrication of anode substrates by the coat-mix technique is described
eisewhere [11]. Rectangular substrate samples were cut from: large substrate plates
sintered at 1400 °C.

All samples were reduced at 900 °C in Ar / 4% H, atmosphere for 2 h before long-
term annealing. For each kind of sample at least 5 specimens were exposed in Ar /
4% Hz / 4% 4,0 atmosphere at 1000 °C for 1000 h. After each expcsure time, i. e.
after 0, 100, 300 and 1000 h, one specimen of each sample set was contacted with
Pt paste and wires. The sintering of the Pt paste was carried out at 1000 h for 0.5 h
in Ar / 4% H; atmosphere. The electrical conductivity of the freshiy contacted
samples was then measured at room temperature by a standard four-probe d.c.
technique.

Screen-printed ring anodes of pastes A66 and AS0 as well as a graded A66/A80
sample were tested electrochemicaily at various temperatures in Ar / 20% Hz /
3% H2O atmosphere up to 120 h. The configuration of the cell test is described in
[12]. LSM cathodes were used as counter electrodes.

Results & Discussion

Electrical Conductivity

The electrical conductivity data obtained after different exposure times is shown in
Fig. 1. The screen-printed anodes show a much lower conductivity of about one
order of magnitude and a completely different behaviour with annealing time
compared with the coat-mix samples. It is emphasized here that the measured
conductivity data are effective in-plane conductivities, which are not corrected for Ni
volume fraction or porosity. Therefore it is worth to note that the coat-mix substrates
have a higher porosity (about 45%) and nevertheless better electrical properties.
The anode layers all have a porosity between 20-30% and show an increasing
electrical conductivity with annealing time. Instead, the coat-mix samples locose
about 9% of the initial conductivity.
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Fig. 1: Roorn temperature conductivity of exposed coat-mix
substrate (CM} and screen-printed anodes (A66 and A90).

This different behaviour may be explained by percolation-based theories of
composite materials [13,14], in which the conducting phase is separated into two
parts, namely a contiguous fraction contributing to the electrical properties and a
fraction isolated from the conductivity pathways. With increasing time of exposure
and ongoing agglomeration it is assumed that in microstructures with low porosity
the latter fraction gets contact with the continuous Ni fraction and is therefore
improving the conductivity. On the other hand, in microstructures with high porosity,
there is enough empty volume to be filled with creeping metal particles leading to
an iricrease of the isolated Ni fraction and tc lower conductivities. However, this is a
first attempt to describe the phenomena shown in Fig. 1 and further experimental
evidences are necessary to confirm this hypothesis (see also section Micro-
structure).

Electrochemice! Testing

in the case of the substrate samples no electrochemical testing could be performed
so far due to difficulties in the preparation of samples with adequate electrode
geometry. However, with respect to the stack performance and the low decrease of
power output under operating conditions [15], it can be assumed that the small
decrease in electrical conductivity of the anodes merely effects the in-
characteristics of anode-sunported SOFCs.

The selected screen-printed anodes were tested at different temperatures. In Fig. 2
the cell voitages at 950 °C for the three samples A66, AS0 and A66/90 are shown in
dependence of the testing time. In this case a current density of 200 mA/cm? was
applied and air was used as cathode gas. The fluctuations of the cell voltages are
smaller than 1.5 % and refiect the temperature variations within the testing rig

121



0.85

084t

AS90/A66

AU(,‘\Ea-f’(Ek) /v

0 24 48 72 96 120
time/h
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Fig. 3: i-n-characteristics of screen-printed anodes. Experi-
mental conditions: T = 800 °C, all others see Fig. 2 and text.
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Experimental conditions see text.

(AT = 2.5 K). Therefore, the performance of the screen-printed anodes can be
regarded as stable over the whole period of testing and the i-n-characteristics
before and after annealing for 120 h are nearly identical. in an i-n-diagram for T =
950 °C the three anodes have the same electrochemical quality with 60-65 mV and
110-130 mV at i = 300 and 600 mA/cm?, respectively. At lower temnperatures, e. g.
at T = 800 °C (Fig. 3), there are significant deviations indicating different activation
energies for the electrocatalytic reaction mechanism.

For A90 the temperature dependence of the i-n-curves is shown in Fig. 4. Looking
at a constant overpotential, e. g. 100 mV (dashed line in Fig. 4), the obtained
current densities reveal an excelient performance of the cell for temperatures >
800 °C.

Microstructure

Samples were characterized by ceramography and quantitative image analysis at
different stages of exposure (0, 100, 300 and 1000 h). The strongest changes in
microstructure were observed after 1000 h of annealing. in all samples investigated
Ni particle coarsening was detected by measuring the grain size distribution.
Furthermore, the shape factor of the Ni particles tended to smaller values indicating
elongated grains instead of spherical shapes. The coarsening can be observed
easily from ceramographic images of the microstructures ac given in Figs. 5 and 6
for coat-mix samples and screen-printed anode layers, respectively.
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Circularity shape factor: 0.74 Circularity shape factor: 0.74

Fig. = Microstructure of the reduced coat-mix substrates before and after long-term
exposure at 1000°C for 1000 h (grey: YSZ. white: Ni. black: pores).

Fig. 6: Microstructure of the reduced screen-printed anodes before (top) and after
{bottom) long-term exposure. left: A90, right: AG6.



In the case of the coat-mix samples it is evident, that the very fine Ni particles
nearly disappeared in some areas after 1000 h at 1000 °C, but the shape of the
grains remained unaffected. The resuiting microstructure is still interwoven by the
two solid phases. The Ni particles have grown due to Oswald ripening and the
mean particie size of Ni, dso(Ni), increased slightly from 1.50 pm to 1.55 pym.

The dso(Ni) values of the screen-printed anodes initially were nearly the same, 1.48
and 1.40 pm for AS0 and A66, respectively. After the exposure the values were
significantly higher (1.82 and 1.96 um), also compared with the coat-mix sample. in
both layer materials the agglomeration of Ni grains led to better interconnection of
the Ni phase as can be seen in the two lower photographs of Fig. 6 and therefore to
a higher electrical conductivity (Fig. 1). However, the agglomeration is more
pronounced in A66 containing more Ni. This fact confirms the good long-term
stability of sol-gel material observed previously on exposed pressed pellets [10].
With respect to the coarsening tendency, parameterized by the dso(Ni) values, the
maierials investigated can be ordered in the following row: CM < AS0 < A66.
Although the coat-mix substrates are also made from commercial powders, their
tendency to agglomerate is low. This has to be attributed to the unigue formation of
two-phase agglomerates during the powder-coating procedure of this process [15].
These agglomerates lead to a geometrical stabilization of the metallic Ni by the
ceramic YSZ in combination with excellent electrical conductivity.

Conclusions

The screen printing of anodes was optimized for various powders. The resulting
Ni/'YSZ cemmets show a good long-term stability of the electrical conductivity and
electrochemical activity. The latter property has to be tested for longer exposure
times. Especially the anodes made from xerogel powder showed smaller
agglomeration rates indicating the ageing of the anodes. Proper materials selection
as well as optimized microstructures are the ways leading to stable physical
properties and therefore to long service times of an SOFC.
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Workshop session - Wednesday
Chairman - J.A. Kilner

Discussion highlights on cathode processes targeted first the appropriate diffusion coefficient for
the steady state, it being self-diffusion for membranes. The surface exchange coefficient for
oxvgen transfer led io discussion of active siies: are ithey vacancies? how much is surface dif-
fusion involved? Classical electrochemistry does not explain oxygen transfer across these sur-
faces.

On interfaces, H. Yokokawa brought up the question of mobilities of silicon and chromium ox-
ides, the zirconate formation problem and manganese diffusion. The significance of in-situ ex-
perimental methods was emphasised. since otherwise it is mere extrapolation and deduction,
with no direct observation.

On the appropriate diffusion coefficient, it was stated that the chemical diffusion coefficient is
used in the presence of a concentration gradient in the transient, non-steady-state case. In a
steady state situation it is self-diffusion. But in a cathode, with also a stoichiometry range, the
diffusion coefficient may not be constant since there is a steady-state gradient situation. Nisan-
cioglu agreed with this perspective, that if nonstoichiometry can be integrated into the model
there will be no difference, but if the thermodynamic data is missing the chemical coefficient
must be used even in steady-state conditions. Steele stated that this was addressed in 1972, and
nothing has changed since then. Bossel raised the issue of interface transport, and it was admit-
ted that effects in pores are important. The case can be regarded as heterogeneous catalysis.
Kilner questioned the extent of oxygen coverage on perovskites at that temperature. Van Heu-
vein noted that diffusion limitations are not seen, so there are not too many gaseous molecules in
the surface. McEvoy asked about oxygen mobility at grain boundaries. Kilner presented trans-
port in a LSMnCo, governed by LeClaire's equation for grain boundary diffusion, ref. Brit. J.
Appl. Phys., 14 (1963) 351, when lattice diffusion distance is small compared to grain size, and
there is a /5 power of time dependence. When plotted on this scale a linear plot is evidence of
grain boundary transport.

Yokokawa dealt with cation diffusion on grain boundaries, with a presentation of images on
chromites.

Diffbulk Diffgp
o 1.6x 10 7.1x 10"  cm’s’ @ 1273K
CatF, Sr++ 5x10 64x 10"  cm’s' @ 1273K

Steel pointed out the grain boundary is seen when bulk diffusion is slow.

Surface exchange coefficients. Kilner presented O!8 anneal results at 1000°C with the
consequent concentration profile. In mixed conducting perovskites the activation energy for
surface exchange and for diffusion are related. Vacancy concentration is a controlling parameter
for both!

Some ideas on oxygen transfer: low energy ion scattering (LEIS) shows the <100> AQ surface
is energetically favourable. This surface is essentially SrO since Sr segregates to the surface.
This surface is not inactive; a surface O vacancy reveals a transition metal cation (Mn} below.
But Goodenough says the BO chains are at the origin of conductivity. LEIS can reveal surface
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vacancies. e is fed up from B cations to a neutral surface. Surface disorder can be higher than in
the bulk. Consequences: high surface diffusivity, then exchange occurs with vacancy pairs.
Hence isotope exchange where O,!8 goes in 0,6 comes out without mixing. Kilner also pre-
sented LSM images showing texture of grains by thermal etching.

A question from Divisek was on incorporation into the lattice as rate-determining step. Then is it
not difficult to compare this to the electrochemical rate, since it is purely a "surface state” effect
in the chemical case?

Steele recalled as rate controlling factor the surface exchange, explaining why LSM cannot give

reasonable current densities at 7000C. Bossel countered that the cathode is not the problem as

evidenced by the LBL published result of 2W cm2 at 800°C. McEvoy noted that even for zero
electrolyte ohmic resistance the interface polarisations normally observed do not permit that
performance. While Thringer recalled that in the LBL work all the losses are cathode side, van
Heuveln repeated that the limitation is the interface.

On_materials qualitv  Steele mentioned silica contamination of electrolyte, up to 200 ppm in
some powders. He also reported on work on LSCF, where etching a CGO surface reduced re-
sistivity by a factor of 3. With a Rhone-Poulenc powder etching was not necessary, the per-
formance of an etched SSC powder being achieved directly. McEvoy recalled similar observa-
tions of YSZ; Will of ETHZ pointed out that silica could come from the surfaces, and Bossel
said it could be from seals. Kleitz stated that some results are taken in quartz tubes.

Yokokawa introduced the LSM/YSZ interaction topic. The best cathode of Osaka Gas by EVD

never sees a temperature >12009C. For a good cathode we must develop processing at these
lower sintering temperatures. Following a remark by Kleitz, McEvoy recalled the observation of
Ivers-Tiffee that redissolution of interphases may occur during electrochemical operation. Kilner
stated that then Mn is getting mobile, with a liquid phase formed. Naoumidis questioned the
source of the Mn, given that composite cathodes rapidly reach equilibriom. McEvoy pointed out

that if the field pushes O™~ in one direction, it pushes Mu*+ in the other, as mentioned in the
morning talk of Yokokawa.

On diagnostics Naoumidis queried the significance of EIS on cathodes in air, since in operation
there is a different local PO, Effective than in air. Kilner stated that data are scarce, the isotope

exchange work being done at 1 atin pressure.

Badwal wished to discuss thin electrolytes: 50m => 50 mV loss @ 0.5 Acm”. There is no ap-
preciable gain for thickness <15m. Zirconate does form, maybe 4m once the temperature is

>1100°C, but it may not be continuous. In a reducing environment zirconate will decompose.
Mnl! dissolves easily in YSZ whereas Mn!ll precipitates out. On silica, there is always a migra-
tion to the surface, the rate a function of oxygen partial pressure. So it may pose a cathode
problem while the anode is immune. 20 - 50 ppm Si in powder cannot lead to surface coverage,

so O~ transport is then maintained. This gives us a quality control parameter for the materials.

At that point a very lively discussion was suspended due to pressure of time.

AJ. McEvoy,
LPI-DC, EPFL
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The relationship between the steam-methane ratio, anodic reaction
and overpotential in SOFC

Manabu Ihara, Abulet Abudula, Ryuzaburo Kato, Keiji Sakaki,
Hiroshi Komiyama and Koichi Yamada
Department of Chemical System Engineering, University of Tokyo,
Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan

Abstract

The power generation experiments of solid oxide fuel cell (SOFC) were carried out changing
the water to methane ratio in fuel. The pre-mixed gases corresponding to the thermal equilibrium
composition were used as fuel to separate electrochemical reactions on an anode from the steam
reforming reactions. A kinetic behavior of the Langmuir-Hinshelwood type was observed for
the anodic reactions. The reactions on the anode were quantitatively clarified at different steam
to methane ratios by using the electron mass balance and the anode exit gas composition. The
relationship between the steam to methane ratio and the overpotential could be explained by

reaction mechanisms.

1. Intreduction

Hydrocarbons(HCs) fuel have many advantages for SOFC including lower cost and
lower storage pressure. However, the deterioration of the anode duc to carbon deposition by
therimal decomposition of HC has been pointed out. An internal steam reforming system has
been suggested to prevent the carbon deposition on the anode. This reduces the power density
of a cell and the fuel efficiency, and also requires a heat recovery svstem for heating the steam in
the feed gas. If we can operate SOFC in dry methane fuel without carbon deposition, it increase
the energy efficiency of SOFC.

In our previous reports [1,2], methane was found to be completely oxidized to carbon
dioxide and water without carbon deposition on the three phase boundary under high current
density and in low concentration fuel of dry methane (4~9%). The mechanism determining the
threshold current density for the complete oxidation was also clarified.[3] But, in high
concentration dry methane fuel, the threshold current density is estimated to be very high
according to our suggested mechanism. Because the minimum addition of steam to fuel must be
considered for the present SOFC, the anodic reaction mechanism is very important.

In this report, the relationship between the steam-methane ratio in the fuel, anodic
reaction and anodic overpotential was investigated.
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2. Experiment=a!

The structure of the cell used for the experiments was shown in our previous reports

[1,2,3]. The material of anode, cathode and electrolyte are Ni/ 8-YSZ cermet, LaossSro.1sMnOs
and discs of 8-YSZ respectively. Operating temperature, feed rate of oxidant and total feed rate
of fuel were 1000 °C, 50 mINTPemin’(0, -100%).and 65.3 mINTPemin” respectively. The
pure H., puie CO, H,0-CO and H,0-CH, whose H,0-CH, ratio (5/C) were 0, 0.5, 1, 1.5 and
2 were used as fuel. For H,O0-CH, fuel, the pre-mixed gases corresponding to the thermal
equilibrium composition were used to separate eleatrochemical reactions on an anode from the
steam reforming reactions. The equilibrium composition of H,0-CH, fuel at 1000°C were
shown in Table 1. The anodic overpotential was calculated from the potential difference between
the anode and cathode, that between two reference electrodes, IR drop and cathodic
overpotential measured by a current

Table ! Equilibrium compositions of CH.-H.O fuel at 1000°C N .
interruption method [3]. The product

CH. CO H CO, H0 Ar
sA\| ® @& @ ) (B (% |coH

gas analyses were done by a gas

0 297 70.8 chromatography to determine the
05 | 115 115 339 231 | 034 | product rates of carbon monoxide (CG),
1 1835 354 26.1 | 0.33 | carbon dioxide (CO,), hydrogen (H,),
L5 169 569 1.5 78 169 | 030 | methane {CH,) and other hydrocarbons

[£%)

134 585 3 154 77 )03 (HCs). Water(H,0) formation rate in
the cell were calculated using the mass balance (H,O) and the electron balance carried by the

current.

3. Results and Discussion

3-1. S/C and anodic reaction

At §/C=0, the product gas on anode were H2 and CO. The complete oxidation of
methane with oxide ion {1,2,3] was not occurred because the concentration of CH, (29%) was
much higher than that (4.6%) in our previous report. At $/C=0.5, H,0 was detected besides H,
and CO. CO, was not produced. At
S/C21, the products were CO, and H,. Figure 1 shows the exit gas composition at S/C=2. The
ratio of CO, production rate to H,O production rate was shown in Fig. 2. The ratio at S/C=1
was much smaller than that at $/C=1.5,2.

The anodic reactions at each S/C were decided as fellows by the analysis of anode exit

gas composition.

S/C=0 CH, — C + 2H, o))
C + OO = CO + 2 ©)
S/C=0.5 CH, — C + 2H, 1)
C + O — CO + 2 0]
H + 0- — HO + 2¢ 3)
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sCz1 2C0 — CO, + C C)]
H + O — HO + 2 €)
CO + O° — CO, + 2 3)

3-2. The dependence of anodic overpotential on the concentration of CO and H,

The dependence of anodic overpotential on the concentration of H, was shown in
Fig.3. The overpotential at a current density was constant at the H, concentration ranged from
100 to 20 % and it increased with decreasing H, concentration from 20 to 5. The dependence of
CO concentration was almost same as that of H,. This dependence indicate that the anodic

reaction determining the overpotential is Langmuir-Hinshelwood type reaction.

3-3. Relationship between anodic reactions and anodic overpotential
3-3-1. Anodic overpotential and carbon deposition by CH, and CO

Figure 4 shows anodic overpotentials with CH,-H.O, pure H, and 20% CO. The
highest, second and the lowest overpotential at a current density were with CH, , CO and H,
respectively among the three kind of fuel (CH,, CO and H.). The dependences of anodic
overpotential on current density with H,O-CH, fuel were classified into two groups, which
were the high overpotential group in S/C < 1 and the low one in S/C=1. The fuel at S/C < 1
contain CH,. On the other hand, the fue] at S/C=1 don’t contain CH,. The difference of
overpotential between two groups could be explained by much higher carbon deposition rate of
CH, than CO because the carbon deposition increase the anodic overpotential. Furthermore, the
dependence of overpotential with S/C = 1was likely to that in H,.
3-3-2. Anodic overpotential and the ratio of reaction rate with CO to that with H,

The anodic overpotential should be related to the oxidation rate of fuel by oxide ion.
The relationship between the anodic overpotential and the ratio of reaction rate with CO to that
with H, was investigated at S/C = 1. The ratio of CO, production rate to H,O production rate at
S/C=1 was much smaller than that at S/C=1.5,2 as shown in Fig. 2. The shift reaction after the
electrochemical reactions has to be considered to estimate the ratio of reaction rate with CO to
that with H. using the CO, and H,O concentration in anode exit gas. But, at least the ratio of
reaction rate with CO to that with H, at S/C>1 is higher than that at S/C=1. Although the ratio of
reaction rate was change between at S/C=1 and at S/C>1, the change did not effect on the
anodic overpotentials. It is expected to be involved with the removal of carbon on three phase
boundary by steam in fuel.
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Mixed Conducting SOFC Electrolytes
M. Godickemeier and L.J. Gauckler

ETH-Ziirich, Department of Materials, Nonmetallic Matenials
CH 8092 Ziinch. Switzerland

Abstract

Several mixed ionic electronic conductors exhibit a considerable ionic
conductivity higher than the one of yttria stabilized zirconia, the most
commonly used solid oxide fuel cell (SOFC) electrolyte maierial. The
use of these materials would reduce the internal resistance of sohd
oxide fuel ceills and allow for lower operating temperatures.

The tolerable amount of electronic conductivity within an electrolyte,
and its influence on system design and performance are derived from a
electrochemical and defect chemical model. The model is illustrated
with the example of a fuel cell using ceria solid solutions as
electrolytes. Model calculations for this electrolyte predict an open
circuit voltage and a conversion efficiency in SOFCs which depends
strongly on the thickness of the mixed conducting membrane and on the
performance of the electrodes.

1. Introduction

Mixed ionic electronic conductors have not been considered as solid oxide fuel cells
(SOFC) electrolytes due to their transference number. However, the commonly used
electrolyte material yitria stabilized zirconia (YSZ) has a relatively low ionic conductivity.

Some mixed ionic electronic conductors (MIEC) like ceria solid solutions or 8-Bi,0;
exhibit an jonic conductivity which is 3 to 5 times higher than the one of YSZ [1, 2].
However, These materials are slightly reduced at low oxygen partial pressures and
develop electronic conductivity besides their ionic one. The influence of this mixed
conductivity in SOFCs on current-voltage characteristics was analyzed before [3] for an
ideal system. Recently, also electrode contributions to the current-voltage characteristics
were studied [4].

The aim of the present paper is to describe performance and efficiency of SOFC systems

with mixed conducting electrolytes under real conditions, also taking into account
electrode overpotential and varying electrolyte thickness. The electrolyte materals
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considered are mixed ionic electronic conductors which are ionic conductors at high
oxygen partial pressures p(O-), but develop electronic conductivity when exposed to low
p(0,) due to partial reduction. CeO, solid solutions with SmO, 5 are a good example for
such a material.

Experimentzlly. a decreasing open circuit voltage Vi is found in fuel cells with mixed
conducting electrolytes by reducing the thickness of the electrolyte. This finding is
explained by a electrochemical and defect chemical model considering the electronic and
ionic conductivity of the MIEC and the electrode overpotentials as a function of the actual
operating conditions (cell voltage, applied p(O5)).

2. Mixed ionic electronic conductors as SOFC electrolytes

If our mixed ionic electronic conductor is exposed to a oxygen partial pressure gradient,
an jonic current will flow in direction of the p(O,) gradient and an electronic current will
flow opposite (Fig. 1). Under open circuit conditions these currents are equal. The ionic
current in this MIEC is driven by the oxygen chemical poteniial gradient. The electronic
current is driven by the electric field built up between the surfaces of the MIEC facing the
high and low p(O,)} side according to the Nernst-equation. The total cell current, I;, is
always the sum of these ionic, I;. and electronic, I, currents (/=I;+1,).

The driving forces for both the jonic and the electronic current obviously depend on the
p(O5) on either side of the MIEC. These p(O,) are depending on the actual cell operating
conditions, cell voltage (Vi) and electrode overpotential 6V, ¢ at the cathode and
SV, 4 at the anode. In accorance with [4] the ionic current is expressed as:

Va Vea — &, #.C sy

_ thapp -
= = )

(4

The expression for the electronic current is more complex. It takes into account the
dramatic changes in electronic conductivity upon a change in p(O,). It is expressed as {4]:

L=-S(v, _v_ -sv._—sv )ot sl

¢ __Z( thapp  TCel T Ve T thﬁ)o.t 1—e‘ﬁ4{V»m~‘Za-5Va.c~5‘~’M) )
, oV,

with Gj. = oe(P(oz)kgb)exP(—q—k-?m'g) ®

In Egs. (1) and (2} Vy;, 5y, denotes the Nernst voltage given by the applied p(O,)high at
the cathode and p(O,)°* at the anode, F; is the ionic resistance of the MIEC, § is the
effactive electrode area B=1/kT and L is the MIEC’s thickness.
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In electrochemical fuel cell measurements only Vi, and /; are immediately accessible to

the measurement. /; and I, have to be culculated using Egs. (1) - (3).

Based on Egs. (1) - (3) the electrical conversion efficiency of a fuel cell with respect to the
Gibb's free enthalpy of formation given by the difference of the oxygen chemical
potentials on cathode and anode side can be expressed as:
_ Veu L.
V. I

th.app i

4

For the calculation of the efficiency as a function of operating conditions from Eqgs. (1) to
{4} we need to know:

s the electrode overpotentials as a function of the ionic current 8Vy;, ¢ and 8V, 4
s the electrical conductivity of the MIEC
e the geometrv of the fuel cell (L. S}

s the cell operating parameters Ve, V, T

th.app’

3. Electrode overpotentials

The oxygen partial pressure at the edge of the mixed conducter on the cathode (p(Oy)b)
and anode side (p(0,)0), respectively. have a strong influence on the electrical
conductivity of the MIEC. This oxygen partial pressure is defined by the electrode
overpotentials which are a function of the ionic current in the MIEC (the influence of the
electronic current on 8Vy, ¢ and 6V, » is assumed to be negligible).

The electrode overpotentials can be measured either by impedance spectroscopy or by
current-interruption method, by the use of a 4-electrode setup with working and reference
electrodes on either side of the electrolyte. This measurement, however yields a measured
overpotential Ty (cathode) and 1, (anode) versus the total current /. Cbviously, a mixed
conductor in an oxygen chemical potential gradient exhibits already a considerable ionic
current even under open circuit conditions. This causes an additional overpotential which
is mot accessibie by the above mentioned measurements. Therefore the measured data
have to be transformed by converting the measured total current to J; (Egs. (1) - (3)) and
by adding a constant to reflect the initial overpotential:

Vic=Nc+C and WVipa=Na + A (5)
The processing and measurement of electrode overpotentials is reported elsewhere [5].In
Fig. (2) the overpotential of an Lagg4Srp14C003 (LSCo) cathode and an Ni-
Ceg gCag 10} 9.x (NCC?} anode are plotted against /. The solid lines are a fit indicating an
electrochemical reaction mechanism inchiding Butler-Volmer type charge transfer at the
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cathode and a superposition of charge transfer and diffusion of H-atoms at the anode side
[6]. The electrochemical reaction mechanism is expressed by Egs. (6) for the cathode and
Eq. (7) for the anode {7].

3 {1
&, .= d a:sinht d (6)
T 2q0, 21, ¢
kT H, } i (1
a = —z—in 4 . 2) 5 i+ > arsmh[;;~} Q)
gl ((P(Hz ))vh - Ain) J 994 Trea

where I - and ] 5 are the exchange current densities at cathode and anode, respectively,
o and o, are the transfer coefficients p(H,) is the applied hydrogen partial pressure and
A, is a constant.

4. Results and Discussion

4.1 Efficiency and power output

Fig. (3) shows the measured power output together with the calculated efficiency of a
fuel cell with a 240 pm thick Ceg gSmg 0, ¢ (CSO) electrolyte, a LSCo cathode and a
NCC anode. The conductivity data for the electrolyte and the electrochemical parameters
describing the electrodes are given in Table 1.

Electroiyte Cathode Anode
G, 3.47 S/m| Oxidant: air Fuel: Ar-H,-H,0
O, (p(0,)=0.21 atm) 5.610°5 S/m| I, =0.18 Alem? |I; 4=0.3 Afcm?
6, (p(04)=1.510-20 atm)} 3.47 Sim} o =0.45 o=l
A,=0.318 cm?atm!/Z/A

Tabie 1 Elecrical and electrochemical parameters for the electrolyte, the cathode
and the anode at 700 °C.

The fuel cell exhibits ¢ maximum power output of 0.24 W/cm? at a current density
corresponding to about 1/2 of the short circuit current density. The maximum in efficiency
(57%) is found at 1/3 of the short circuit current. The power output at maximum
efficiency is 0.2 W/cm?2. Driving the cell in a current density range below the maximum
in efficiency or above the maximum power output results in waste of fuel and low power
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output. The maximum efficiency of fuel cells with mixed conducting electrolytes is below
that of fuel cells with SOFC using pure ionic conductors. They therefore might be
considered for small combined heat/power co-generation systems rather than for large
power plants.

4.2 Oxygen chemical potential across the MIEC

The variation of the oxygen chemical potential across the MIEC used as electrolyte can be
expressed for the assumption of reversible electrodes as [6]

1 ’S‘(Vn:w“vcm‘_
(0, Xx) ¢
27 kTl 1- (1-e#m)
1”(02 X0) (1 - e‘ﬂ'r”’m“’cm))

6]
Where u(0,)(x) is the oxygen chemical potential at the location x across the MIEC, is the
oxygen chemical potential at the anode (x = 0) and x/L is the dimensionless coordinate.
The cathodes is at x = L.

For the case of non-reversible electrodes Eq. (8) has to be modified, since electrode
overpotentials lead to a change in p(O,) at the interfaces just inside the MIEC. This jump
in oxygen chemical potential is located within the electrochemical double layers at cathode
and anode. The variation of u(0,) across the MIEC can be given for non-reversible
electrodes, provided the overpotentials are known as:

HO®) _ gt 1_(1_e—qpv,mc>)1—e"’ﬂ Hamer VIO | =8
(O, X0) 1 — o3BT MIC-VMO)

9)
where B = 1/kT. Eq. (9) describes the variation of the oxygen chemical potential where
u(O,)(0) is the oxygen chemical potential in the fuel atmosphere.

In Fig. 4 the variation of the oxygen chemical potential versus dimensionless coordinate
x/L is presented as log(p(0;) (with u(0;) =T In(p(0,))) using the electrode
overpotential of a fuel cell with CSO electrolyte with a thickness of 239 um, LSC cathode
and NCC anode. The electrolyte parameters used for the calculations are from Table 1.
Small numbers in the plot indicate the corresponding cell voltage V. in [V1. The dotted
line indicates the location of the electrolytic domain boundary (EDB) in the MIEC. At
700°C, the maximurm efficiency is at a cell voltage Ve = 0.656 V, where ~75% of the
MIEC’s cross-section is predominantly ionically conducting.
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4.3. Fuel cell design

By using the electrical and electrochemical data summarized in Table 1 together with Egs.
(1) to {7} we now can make predictions for the effect of the electroivte thickness on power
output and conversion efficiency of fue! cell with mixed conductors as electrolvies.

In Fig. (3) the maximum in efficiency and the corresponding power output are given in
dependence of the electrolyte thickness for a fuel cell air/LSCo/ CSO /NCC/( H,- H,0) at
700 °C. These calculations predict a lower efficiency with decreasing electrolyte
thickness. The power output also decreases at Jow electrolvte thickness, due to the rapid
increase of the electrode overpotenual at high ionic current densities. These findings are
supported by experimental results which show a decreasing open circuit voitage for
decreasing electrolyte thickness (i.e. increasing ionic current at Vo) or for a decreasing
electrode performance (i.e. higher overpotentials) [4]. From Fig. (5) the optimum
electrolyte thickness can be determined for the given electrodes. if either the required

maximum efficiency or the corresponding power output is specified.

6. Conclusions

Fuel cells with mixed ionic electronic conducting electrolytes exhibit high power output
already at temperatures as low as 700 °C. Due to the muxed conductivity of the electrolyte
they exhibit a maximum eiectrical conversion efficiency which is around 60%. The mixed
conductivity leads 10 an operating range which is restricied to the cument densities
between maximum power output and maximurm efficiency.

Model calculations predict a decrease in efficiency and power output with decreasing
electrolyte thickness. To obtain an optimum fuel cell design the following procedure is
suggested:

1. Determine the electrical conductivity of the MIEC as a function of p(O,).

2. Determine the electrochemical properties of the electrodes 1o be used (overpotentials).

. Calculate the maximum efficiency and the corresponding power output.

W

o

. Specify the desired power output or efficiency and determine the corresponding
electrolyte thickness.
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Fig. 1 Ionic (O%) and electronic (e) cumrents in a MYEC exposed to an oxygen partial
pressure gradient. The oxygen partial pressures at the cathode and anode side are
denoted as p(O,)high and p(O,)lo%. p(O,)L and p(O,)® are the oxygen partial
pressures just inside the MIEC on cathode and anode side, respectively.
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Fig. 2 Overpotential of a LSCo cathode (air) and a NCC anode (87.3% Ar + 9.7% H, +
3% H,0) at 700 °C. The true overpotentials 8V, - and &V, o versus ionic
current are shown here.
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Fig. 3 Efficiency (left axis) and power output of a fuel cell (nght axis) with a L.SCo
cathode and an NCC anode at 700 °C. The electrolyte is a CeggSmg,0, 9
membrane with a thickness of 240 um. The shaded area indicates the useful
operating range.

140



.Ar R 1 \ i . ) . 1 . i
0.0 02 04 06 08 1.0
x/L

Fig. 4 Vanation of oxygen chemical potential across a fuel cell with LSC cathode CSO
electrolyte (239 um) and Ni-CCO anode at 700°C. Anode side is on the lefi (4),
cathode to the right (C). The numbers indicate the actual cell voltage in volts.

£(max) or pmax(e) [W/cm?2]

10 100 500
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Fig. 5 Maximum efficiency and corresponding power output as a function of the
thickness of the mixed conducting electrolyte. The electrochemical parameters for
this calculation were taken from Table 1.
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Morphology of the Pt-YSZ Interface

L.Bay and T. Jacobsen
Department of Chemistry,
Technical University of Denmark,
DK-2800, Lyngby, Denmark.

Introduction

In previous works [1,2] it has been shown that the SOFC cathode reaction on the
platinum-zirconia interface exhibits a pronounced inductive hysteresis. The phenomenon
is illustrated by the sequence of linear potential sweeps shown in fig. 1. Taking the fact
that RT /F=110 mV at 1000°C into consideration the current voltage relation is very non-
linear and a notable inductive hysteresis is seen. Decreasing the sweep rate the current
increases, contrary to the normal behaviour of simple electrode reactions. Furthermore,
it has been argued on the basis of the large time constants and charges involved, that
this deactivation of the electrode at equilibrium and corresponding activation when the
electrode is polarized can not be due to accumulation of catalytic active intermediates.
Hence, it is not an inherent property of the reaction mechanism. And so far the effect
has not been understood.

When the electrode reaction itself is excluded as responsible for the phenomenon
another suggestion might be a modification of the three-phase boundary, induced by
the transfer of oxygen ions across the Pt-YSZ interface. After all the main volume
constituent of zirconia is the mobile oxygen ions. To investigate this possibility an Atomic
Force Microscopy (AFM) study of electrode and electrolyte surfaces was carried out for
platinum point electrodes.

Part of the investigation is described in more detail elsewhere [3]

Potential sweeps on YSZ-Pt, 1000°C.

20 T T T T

pA

Figure 1: Linear sweep vol-
tammetry for Pt-YSZ point

: . e B00 mvs
electrode in air at 1000°C. =" 7 0 e 0.050 mys™
Contact area ~ 3 - 107%cm?. —m 0500 MvS"

s - - Staticnary

Sweep rates and steady state
poteniials as given in inserts.
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Figure 2: Eksperimental setup. ‘ ‘ ‘

WE cathode, CE anode. NC YSZ

equilibrium electrode, i=0
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Experimental

Three ball shaped Pt point electrodes were mounted on the surface of a 8 mol% Y,0;
stabilized zirconia disk (Viking Chemicals) furnished with a separate Pt-paint reference
electrode as outlined in fig. 2. After heating to 1000°C in air one of the electrodes, WE,
was polarized to -0.15V vs.air under potentiostatic control. During polarization the
counter electrode, CE. was driven to an anodic overvoltage not exceeding 0.12V. The
third electrode serving as a blind was not connected. 50 hours later the oven was cooled
down. the electrodes were removed from the disk and the surface was inspected by Atomic
Force Microscopy {AFAL).

Results and discussions

Fig.3 shows AFM images from the YSZ surface recorded on the edge of the Pt-YS5Z
contact zone for the three electrodes. For the unpolarized electrode in fig. 3a-b it is
seen that both the YSZ and the Pt surface are fairly smooth. This is in contrast to
the pictures of the interface at the cathode shown in fig. 3c-d. Here the Pt surface has
apparently been bonded to the zirconia, and EDX-analyzes reveals grains torn from the
other phase to adhere to the surface. However. along the three-phase boundary a border
of YSZ peaks has grown from the bulk. The width is around 5p:m and the height 0.5pm.
The composition determined by EDX can not be destinguished from that of the surface
further away from the contact point and does not show any presence of Pt. Below the Pt
anode (fig. 3e-f) a big crater in the YSZ surface was found. Again a rim of YSZ surrounds
the contact zone. But, unlike that of the cathode it is shallow with a width of 5-20um
and 0.1um high.

Apparently the reaction at the electrodes implies a modification of the electrode-
electrolyte interface. Impedance measurements show a large low frequency capacity at
anodic potentials which can be explained by the presence of a gas volume in the interface.
If this volume is evolving when current is passed across the interface and forms a channel
structure it may extent the triple-phase boundary considerably. Since the transport
of zirconia is slow this activation process will have large time constants in accordance
with the experimental observations [2]. Reshaping of the structure interface at porous
{La. Sr}MnOj3 electrodes on YSZ has recently been reported by Mitterdorfer et al. [5.6].
They identified a phase of LaxZr,O; growing from the zirconia at the interface, which
may originate from interdiffusion of the phases rather than the electrode process itself.
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Figure 3: AF) images from the electrode-electrolyte configuration shown in fig. 2 after
polarisation for 30 hours at 1000°C.



The change in the surface structure could a reversible phenomenon - in the sence that
surface forces would smoothen the "mountains” under no load conditions - depending on
the mobility of the surface. To investigate this possibility, surface structures prepared at
anodic as well as cathodic conditions were annealed at 1000°C for 35 hours. The following
AFM investigation did not show anv significant effect of the annealing process.

Conclusions

It has been shown that the electrode-electrolvte interface is a dvnamic entity. the structure
of which changes during the passage of charge. whereas it is stable without current. At
present the driving force for these modifications of the surface close to the triple phase
boundary has not been identified and it is still an open question whether the phenomenon
is responsible for the activation-deactivation of the SOFC cathode.
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ABSTRACT

Some attempts were made to investigate the electrochemical reaction kinetics on solid
oxide electrolvtes. Electrodes of well defined structure were prepared to eliminate the effect of
electrode morphology. Isotope exchange experiments combined with three dimensional SIMS
analysis were carried out to visualize the distribution of preferable electrochemical reaction sites
on the electrolyte. In-situ measurements of oxygen potential on an electrode surface was
attempted by using a porous oxvgen sensor. Several examples of the measurements are
reviewed.

INTRODUCTION

Steady state polarization measurement and impedance spectroscopy are the most general
techniques to study electrode reaction kinetics for vanous electrochemical systems. Recently,
in-situ techniques have been developed to observe electrode surface using optical spectroscopy
or probe microscopes. However, experimental techniques are limited for a solid oxide fuel cell
electrode since it must be operated at high temperature. The authors have been making attempts
to develop new expenmental techmques which give further mformauon than usual dc/ac
polanzation measurements.

A characteristic feature of a solid oxide electrolyte / electrode system is that the
electrochemical reaction site is not uniformly distnibuted around the interface. Triple phase
boundary (TPB) is the most active reaction site where gaseous species, ions, and electrons meet
together. However, the reaction site can expand from TPB to a wider area on the clectrolvte
and/or on the electrode surfaces according to mass transport properties. As Kleitz et al.1’ have
suggested, misunderstanding of the reaction pathway may lead 1o a wrong result in a kinetic
study. Thus, it is important to determine the mass flow path and the location of the reaction site
by an experimental method. The following techniques have been atiempted for that purpose;
(1) use of an electrode of a well defined structure, (2) visualization of iomic current flow around
the electrode, (3) in-sitt measurement of oxygen potential on the working clectrode. Some
results obtained with those methods are reported.

USE OF A WELL DEFINED ELECTRODE

In a practical SOFC, porous electrodes are used in order to obtain large current density.
However, a simpler elecirode is preferred to perform the kinetic studies in a quantitative way.
mixed conductor oxide electrode

As for mixed conductor oxide electrodes, dense film electrodes were used in several
reports2-3) 1o study kinetics. Recenty, the authors have succeeded in making a dense
(La,Sr)CoOs electrode by a laser ablation method. By comparing the electrodes of different
thickness, the following three resuits were obtained.

{1] The electrode resistance did not depend on the electrode thickness.

2] The electrode capacitance was proportional to the elecode thickness and was atributed to
the nonstoichiometry change of the electrode material.

[31 The electrode resistance showed a large temperature dependence.
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The result { 1] means that the oxide ion diffusion in the electrode bulk is fast enough and is not
the raie determining step. The result [2] suggests that the oxygen potenual gap is located at the
surface of the electrode or in the gas phase. From the result [3], gas phase diffusion is not the
rate determining step since the temperature dependence of gas phase diffusion is small.
Therefore. it 1s concluded in a distinct way that the surface reaction on the electrode is the rate
determining step. The kinetic parameters for the surface reaction rate can be obtained
quantitatively since the surface area can be measured easily.
metal electrode

Kinetic study for a metal electrode (eiectronic conductor electrode) 1s much more
difficult than for the mixed conductor electrode. Attempts have been made to control the length
of TPB by using a point contact electrodes 1-4). Most of those electrodes, in actual, are not real
"point" electrodes. They have rather large contact area with the electrolytes. In the analysis
with such electrodes, current distribution inside the electrolyte is important. When high
frequency ac current is applied to the electrode, current will distribute under all the contact area
of the electrode / electrolvie boundary. On the contrary, dc current will be concentrated into the
triple phase boundarv. If the electrolyte impedance is estimated from the high frequency
intercept of the complex impedance plot, the remaining part which is usually treated as the
electrode impedance will include the electrolyte impedance due to the current concentration. The
additional electrolyte impedance is a function of the width of active reaction site around TPB. It
was calculated by finite element method and plotted 1n Figs. 1(a) and 1(b) for the electrodes of
different shapes. In case of the point contact electrode (0.4 mm in diameter), the additonal

impedance is as large as 100 Q when the reaction site width is less than lum. This effect
should be taken into consideration in the data analysis. Another approach is to make an
electrode of finer dimension. Mizusaki et al.©) used a patierned Ni electrode made by ion cluster

beam and photo risography. From the calculation, the electrode of the line patterns, 20um
width and 20um blank, shows much smaller additional impedance. The effect of the current
concentration is negligibie if the electrode resistance is larger than 1Qcm?.

250 T T )i T T 0.10 T T T L1 T
lonic conckctiity = 0.1 Scm fonic conductivity = 0.1 Sem’
Electrolyte radns =0.8 cm Electrolyte thickness = 0.02 cm
200 thidmess =0.2 cm H .08 Electrode width = 0.002 e}
¢ | Blectrode radius =0.02 crm spacing = 0.002 cm
e
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Fig 1 Calculated "additional” electrolvie resistance in an "electrode arc” in a complex impedance plot. It appears due ©
the different current distiibution under ac and dc conditions. These are the result of FEM calculations for {a} point

contact electrode (0.4mm in diameter) and (b) line pattern electrode (20um width / 20um imterval). Uniform
electrochemical potential of cxide ion was assumed in the length & from TPB.

ISOTOPE EXCHANGE AND SIMS ANALYSIS

In oxide materials, oxvgen isotope diffusion coefficients have been measured by using
18G as a tracer. Secondary ion mass spectrometer (SIMS) is a powerful tool to analyze the
isotope profile. From the profile, both the isotope diffusion coefficient and the surface isotope
exchange rate can be obtained. The surface isotope exchange coefficient and the electrochemical
impedance can be correlated if a reaction model is assumed.
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Sirman and Kilner et al.® have been
applving this method extensively to many oxXide
svstems. Recently, they reported that the surface oo %o LG, onca-c] 3
reaction rate of Ce(» was enhanced by addition of
porous (La.Sr)}(Co,Fe)O; electrode. The present .
authors have obtained a preliminary results with ™
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electroiyte. As mentioned above, the 1 VR ¢
electrochemical measurements suggested that the . ertor o
rate determining step for this electrode is surface ™ ¢ L E
reaction. This was confirmed by isotope exchange i L2070 Aess ~rem ey
/ SIMS analysis. Fig. 2 shows the depth profile *  [omuvwotavdeevnrst ]
obtained for oxygen isotope and other metal R P
elements. The isotope oconcentration is almost '° F AL 3
constant in this depth range, but much smaller than F seso %’ 3
in the gas phase (98%). Together with the deeper i 1 1
diffusion profile in the electrolyte, the surface :
reaction rate was obtained. w0

Isotope diffusion / SIMS analysis can be 3

applied also to determine the location of the
reaction site on the electrolyte surface. Kawada et
al.”) have attempted to visualize the active reaction  19°;
site in porous Pt /YSZ system. Though bulk ;
diffusion of oxygen is fast in YSZ, the surface Fig(2) Depth profile of oxygen isotope and metal
reaction rate is slow without catalyst. This results clements obtained by SIMS. The sample,
in a small concentration of isotope at the surface m%& le;i:?‘?de (m) o KC60725'
during isotope exchange reaction. The surface e ramer yle. was 2 m
isotop concentration varies with the existence of a ‘" 0z (98%) for 300 sec.
catalvst or an electrode. If TPB is the preferable
reaction site, the isotope concentration a: TPB will be higher than that in the other parts. By
applying cathodic current, the contrast of the isotope concentration will be enhanced If the
sample 1s quenched quickly, the isotope concentration profile will maintain the information
about the active reaction site. Fig. 3 shows the secondary ion images for 160 and 130" at the
. surface of the sample which was treated
under cathodic overvoltage (-0.5V) in
180, (S0torr) atmosphere. The dark part
in the 160 image is the place covered with
Pt electrode particle. It is found that 20
5 0 | is distributed at the peripheries of the Pt
. : . d particles, which means that the active
<

- oy R § \, L

. P
B : ~ )
L RO
T ]
-

o
3
A S

. A reaction site is distributed around TPB.
. LI More quantitative analysis will be possible
' RIS if the clectrode morphology is controlled.
@ 160 o 18 MEASUREMENT OF SURFACE
Fig 3 Oxygen isotope distribution at the surface of the OXYGEN POTENTIAL
poroes Pt { YSZ treated at 973 K in 50 torr **0, (98%) for
300 sec under cathodic polanizaton (m=05V)  The In-situ observation of the electrode
scanning area is 50mm x 50mm  Cs+ primary ion beam surface gives many information on the
{0.3um in diameter) was used. electrode kinetics. The authors have

reported that the surface oxygen potential on
an electrode can be deiected by a potentiometric method using a porous oxygen sensor (POS).
Fig.4 shows a schematic view of the in-situ measurement of surface oxygen potential. The
highly porous pellet of YSZ or doped CeO2 was placed on the working electrode. A reference
Pt electrode was formed on the upper side of the porous sensor. If the oxygen potential at the
electrode surface was out of equilibrium during the polarization, it is detected as the emf over
POS.
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Fig - Schematic diagram of surizce oxygen poiential measurement with a parous oxygen sensor (POS).

Kawada et al.8 have applied this method to investigate porous Pt electrodes and Ni. PX

or other meial wire clectrodes. The P — S—

other example of the POS measurement | ¥

is shown i Fig.5, which are obiained f i b

with the dense (La, S1)Ce(; electrode. ] ,
In this case, doped CeO, was used as D/

gl ﬂ I [ :l' i

073K

-2

the sensor matenal to avoid the reaction
with the electrode material. In Fig.5,
the large response was observed on
POS as expected from the impedance

4/ mAcm

analysis and isotope exchange / SIMS asp i | electrode potential
analysis. At higher emperature, the g ortace Gy potert

POS response was close to the 20 ; : ! . L 7
polarization potential which means that 250 -200 -150 -106 50 0 50 100
the electrode overvoltage comes {rom £ /mVys. 1m0,

the deviation of the surface oxygen

potential due to the slow surface 5 T T T Y 7 T
rexction. Al the lower temperature, 7
however, the deviation of the POS and OF =y
the electrode potential was large. There
may be some potential barmer for the
adsorbed oxvgen to be incorporated
into the electrode layer. 10

-2

S - 7 ]

J/mA cm

F1B73 K

T : 3 B i i
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The IEA Advanced Fuel Cells Programme
Background

The International Energy Agency (IEA) Implementing Agreement for a pro-
gramme of research, development and demonstration on advanced fuel cells
was signed by seven countries in Paris on April 2nd, 1990. Since that time a
further eight countries have signed the Implementing Agreement and the
programme has grown from two to ten annexes. Each annex defines a dif-
ferent task and is managed by an Operating Agent.

The aim of the IEA Advanced Fuel Cells programme is to advance the state
of understanding of all Contracting Parties in the field of advanced fuel
cells. It achieves this through a co-ordinated programme of research, tech-
nology development and system analysis on Molten Carbonate (MCFC),
Solid Oxide (SOFC) and Polymer Electrolyte Fuel Cell (PEFC) systems.

There is a strong emphasis on information exchange through Task meet-
ings, workshops and reports. The work is undertaken on a task-sharing ba-
sis with each participating country providing an agreed level of effort over
the period of the Task.

Participants

There are currently fifteen signatories to the Implementing Agreement:
Australia, Canada, Denmark, France, Germany, Iicly, Japan, Netherlands,
New Zealand, Norway, Spain, Sweden, Switzerland, United Kingdom,
United States, and the programme continues to actively encourage new par-
ticipants.

Programme {1990-1895)

The first phase of the programme ran from April 1990 to December 1995
and comprised the following tasks.

Apnnex ! Molten Carbonate Fuel Cell Balance of Plant Analysis
Annex I Solid Oxide Fuel Cells Modelling and Evaluation

Annex 111 Molten Carbonate Fuel Cell Materials and Electrochemistry
Annex IV Polymer Electrolyte Fuel Cells

AnnexV  Systems Analysis

New Programme {1996-1998)

During 1996, the programme initiated five new tasks which form a cc-ordi-
nated programme for the period 1996-1998 covering fuel cell technology and
its potential applications in stationary power generation and transport. The
new tasks are as follows:

Annex VI Molten Carbonate Fuel Cells under Real Operating Conditions
Annex VII  Solid Oxide Fuel Cells under Real Operating Conditions
Annex VIII Polymer Electrolyte Fuel Cells

Annex IX  Fuel Cell Systems for Stationary Applications

Annex X Fuel Cell Systems for Transport Applications



IEA Advanced Fuel Celis Programme 1996-1998

No. | Annex Subtasks and Activities Operating Participating
, Agent Countries
VI | MCFCUnder |1  Stack Performance and Dr L Plomp Germany
Real Operating Endurance ECN Ttaly
Conditions The Netherlands | Japan Netheriands
2 Test Procedures and
Standardisation
3  Development of Balanee of
Plant Technology
VII { SOFC Under 1 - Balance of Plant Technology | Dr H Nabielek Australia
Real Operating . KFA Julich Denmark
Conditions 2 . Stack and Cell Operating Cermany | France
Conditions Germany
Japan
3  Materials Under Operating Netherlands
Conditions New Zealand
Norway
4  Materials Innovation Switzerland
UK
Usa
VII | PEFC 1 Improved Single Cells Dr R Rumar | Canada
‘ Argonne National | Germany
2  Improved Stack Materials and | Laboratory Italy
Concepts Usa Japan
Netherlands
3  Operating Parameters: Effects Switzerland
on Performance and Lifetime UK
4  Balance of Plant Componenis
and Systems
5 Direct Methanol Fuel Cell
X' | FuelCell 1 Parameters Affecting the Eco- | Mr L Sjunnesson | Germany
] Systems for nomy and Competitiveness of Sydkraft AB Italy
Stationary Fuel Cells Sweden Japan
Applications ~ Netherlands
2  Current Technology Level to Norway
Commercialisation Sweden
3 Environmental Analysis
X | FuelCell 1 E cpomics and System Dr B Hahlein Germany
Systems for Analysis KFA Jildich Netherlands
Transport Germany usa
Applcations 2 Balances of Life Cycles
3 Fuel Supply Systems
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Annex Vii: Solid Oxide Fuei Cells
under Real Operating Conditions

Materials and Processes

10" SOFC WORKSHOP
A J McEvoy and K Nisancioglu

Date  28-31 January 1997 Les Diablerets, CH

INTERNATIONAL
ENERGYAGENCY




IEA Anunex VII “SOFC under Real Operating Conditions” 1996-98 |

The main objective will be to assist - through international cooperation - the development of
natural gas-fuelled Solid Oxide Fuel Cell (SOFC) technologies through:

{a) the exchange of information to tackle complex probjems in stack and systems design
and operation;

(b)  the consideration of end-user requirements on stack operation with the goal to optimise
tifetime of cells and stacks; :

{c) a better understanding of interfacial and bulk charge and mass transport mechanisms to
optimise cell components under actual SOFC operating conditiens; and

(d)  the study of alternative materials in case traditional concepts are too expensive oOr are
t00 short-iived. ‘

Participating countries are Australia, Denmark, France, Germany, Japan. Netherlands, New
Zealand. Norway, Switzerland, United Kingdom, United States. The work in the Task is di-
vided into the following four Subtasks:

Subtask 1:  “Balance-of-Plant Technology”

Activity 1.1 “Balance-of-Plant Optimisation by Modelling”

Tackle complex problems in stack and systems modelling by exchange of information. Main
Workshop September 1996.

Activiry 1.2 “SOFC Activities World-Wide” ,

Establish an information directory to encourage information exchange on critical aspects of
SOFC development (1996, update 1998).

Activity 1.3 “Regulatory Requirements”

Collection of legal, utility and user regulations for installing and operating SOFC plant with the
goal to provide SOFC system design code and statutory regulation compliance.

Subtask 2:  “Stack and Cell Operating Conditions™

Activity 2.1 “Stack Operating Experience and Evaluation”

Enable comparison of stack performances on a common basis.

Activity 2.2 “Lifetime of Cells”: Evaluate effects of operating conditions typical for end-user
applications with the goal to improve and demonstrate SOFC lifetime. Main Workshop Octo-
ber 1997.

Subtask 3:  “Materials under Operating Conditions”

Develop a better understanding of interfacial/ bulk charge and mass transport mechanisms to
optimise cells under actual SOFC operating conditions. The emphasis will be on novel designs
and performance of components based on relatively well known materials. Main Workshop
January 1997.

Subtask 4:  “Materials Innovation”

Develop and qualify new SOFC materials for long-term stability and reduced manufacturing
costs. Investigate materials for low-temperature opsration < 800°C (Catalogue January 1997,
main Workshop May 1598).

Dr. Heinz Nabielek from the Research Centre Jiilich, Germany, acts as Operating Agent.
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Annex VII: SOFC under Real Operating Conditions
January 28 - 31, 1997
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A.J McEvoy Introduction
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from Annex II and targets of annex VI
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jode/Electrolyte Interface by
Chromium Forming Alloy Interconnects in a Solid
__.Oxide Fuel Cell

O O AR e I TR s g v

SPS Badwal, R Deller, K Foger, Y Ramprakash and JP Zhang

Ceramxc Fuel Cells Limited
16 Biackburn Road

Materials : Ceramics. alloyvs and cermets

Requirements :
- High density. no open porosity impervious 1o gases te avoid mixing of air and fuel.
-+ High electronic conductivity to avoid short circuiting.

High thermal conductivity (above 20 W/mK).

High creep resistance .

Stability in both oxidising and reducing environments at $60-1000°C.
Low thermal expansion mismatch with other fuel cell components
(TEC for other fuel cell components ; 16-12 x 10¢ K1)

¢4 ¢ 4+ 4

and imposes severe thermal gradxents in the fuel cell stack, and it has different thcrm'a! ex
oxxdxsmrr and reducmrf env;ronments nnposmnr stresses on the material itclf. Also cost af




Cathode : LSM

Electrolyte : TZ3Y
Anode : Ni-Zirconia
Interconnect : Cr5FelY,0, (Plansee-Siemens)

Oxidant :
Fuel : :

By ot B LA L SRS S S S i

Problems W1th Metalhc Interconnect

High coefficient of thermal expansion, much higher that other fuel cell components.
High creep rates.
High corrosion rates.

Need to use high temperature oxidation resistance alloys with built in protection
mechanism and/or protective coatings are required.

+ 4+ 4+ 4

High temperature ox:datxon resistant alloys
+ Chromia formmg alioys (reasonable electrical conductmty}
+ Alumma formi , al!oys (insulator)

o+ Szhca fonmng all ‘vs (insulator).

‘Alumina and smca formmg alloys cannot be used as these form insula
_conduction path.

For thxs reason chromia for‘mmg allojs are preferred. .

other fuel cell components.
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Electrochemical Experiments

Cell Evaluation
Somm v 3 mam single colls
with and without the interconnect in voentact with
Galvanostatic Current Interruption
Halt cells (no fuel electroder - 12 mm dieclhs
Pt - counter and reference electrodes
With and without LSM in contact with the intere
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Flectrochemical Expermments

Coob b v lnarion

St oy S s st

soith and without the intorconoect incnnta i olootr

Coabvanostatic Current interruption
Fhalt colls mno fuel electrode: - 12 mam dis celis
Pt - counter and reference clectrodes
With and without LS8N in contact with the intercon
[mpedance Studies
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Cell Degradation as a Function of Current Density
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Electrochemical
< In the absence of a Cr-based interconnect plate in contact with electrodes, the cell
voltage degradation with time was relatively small,
<+ In the presence of a Cr-based interconnect plate, the cell voltage degraded rapidiy with
time, during current passage.
— The degradation rate more related to the period of current passage and less
dependent on the time when no current is flowing through the cell.
— The voliage degradation occurs due to 2n inerease in the cathodic overpotential
losses. Ohmic losses increase insignificantly by comparison.

—~ Higher the current densm higher the cathode losses and faster, %?1
detenoratzan.




EDS Spectrum of Faceted Crystais at LSM/Cr5Fe1Y,0; Interface
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Spinel phase formation at LSW/Electrolyte Interface

T -

EE AR (LaSr)MnO.
{CrMn).0O. Spinel

Zirconia-Ytiria

Spinel crvstals on top surface
of Zirconia-Yttria after
| - removal of (LaSr)MnO; layer

Dark areas: Spinel
Light areas: LSM

Fractured cross section
(CrMn);0, Spinel Phase
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05 deposxtmn & Spinel formatmn‘ at LS\fYSZ Interface

Polished Surface

ractured Surface
Cr,0; + Spinel
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Dense layer of Spinel phase
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Partial pressure of most abundant Cr containing
vapour species over Cr.Oj; in humid air.
pO: = 0.213 bar, p(H,;0) = 0.02 bar (Hilpert - KFA)
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Cr,0, is formed at the surface of Cr containing alloys

LSM in contact with Cr,0; will react to form (CrMn),0, and (LaSr}MnCr)O,

Cr(6+) species eg CrO;(g) and Cr(OH},0,(g) have significant vapour pressure
Significant amount of Cr{6+) species is swept through by flowing air and depaosit in the
air exhaust

Cr(6+) species also migrate through the porous LSM structure and react with LSM to
form (CrMn),0, and (LaSrYMnCr)O, and also electroplate at the interface

In the LSM porous structure before spinel phase is formed surface modification occurs

The electrode surface modification near the interface has the potential to jpadifc oS
adsorption/surface diffusion kinetics ‘
The electroplating of Cr,0, or formation of the spinel phase at th
slowly bleck active sites available for oxygen transfer reaction
Overall cell degradation behaviour is intricate and explained by se
increasing in complexity eventually Ieading to cell fractare

Lower operating temperature - short-term selution?
Change air electrode material
— Cr,0, plating would still occur
Use Cr-free alloys -
Use protecﬂve coatmgs but strmvent requlrements on the type and quoality of coatings
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+

Mechanism for Cell Degradation

Cr,0; is formed at the surface of Cr containing alloys

LSM in contact with Cr,0, will react to form (CrMn),0, and (LaSr}(MnCr)O,

Cr(6+) species eg CrO,(g) and Cr(OH),0,(g) have significant vapour pressure
Significant amount of Cr(6+) species is swept through by flowing air and deposit in the
air exhaust

Cr(6+) species also migrate through the porous LSM structure and react with LSM to
form (CrMn),0, and (LaSr)(MnCr)O‘ and also electroplate at the interface

In the LSM porous structure before spinel phase is formed surface modification occuxs

The electrode surface modification near the interface has the potential to_madifc g
adsorption/surface diffusion kinetics

The electroplating of Cr;O; or formation of the spinel phase at thy
slowly block active sites availabie for oxygen transfer reaction

Overall cell‘ degradaﬁon

Lower operating temperature - short-term solution?
Change air electrode material
~ Cr,0, plating would still occar

. UseC

entreqmremen v»on the type and qnahty of coatmgs




Microstructural

+ Microstructural analysis showed a new phase is formed :
- at the interface between Cr5FelY,0, interconnect and LSM
~ within the porous layerofLSM and
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Processing of Ni-alloy-Alumina-Cermets as Interconnect Materials

U. von der Crone, R. VaBen, H.-P.-Buchkremer

Introduction

Interconnects of the solid oxide fuel cells (SOFCs) separate the gas atmospheres and provide
the conduction of electrons. Established materials are doped LaCrQs-perovskites [1] and Cr-
based alloys [2]. Some groups presented cermets as interconnect materials [3,4,5]. All these
materials were developed to match the thermal expansion of the 8YSZ electrolyte of about
10.8 x 10%/K to avoid thermal stresses between the components. At the Forschungszentrum
Jiilich GmbH an anode supported planar SOFC concept was designed [6]. The electrolyte has a
thickness of only about 15-20 um instead of 100-300 pm while the thickness of the anode is
increased to 2 mm. Because of this concept the electrolyte does not determine the thermal
expansion of the PEN, but the anode becomes dominating. The average thermal expansion
coefficient (TEC) of the anode up to 1000°C is about 12.3 x 10®/K. Therefore the mentioned
interconnect materials possess too low thermal expansion coefficients. At the reduced
operative temperatures, which are made possible by the thin electrolyte, alternative materials
are ferritic steels or cermets.

Cermets can cover a wide range of thermal expansion coefficients due to the variability in the
choice of their composition. Hence they remain interesting even if the materials of the other
SOFC components are modified. The metal provides the electrical conduction and the ceramic
reduces the thermal expansion coefficient. To keep the processing easy it was tried to find a
way for pressureless sintering of the cermets to high densities. In the Ni-alloy-alumina cermets,
which were investigated in the present study, this was tried to achieve with AL, Os-powder of
high sintering activity. This seemed necessary because due the poor wettability of alumina by
nickel melt [7] no liquid phase sintering will occur. A further problem is described by the
percolation theory [8] which shows that high amounts of a rigid second phase obstructs
denstification.

Different compositions of AlOs; and Ni-alloy were investigated concerning their sintering
behaviour, their gastightness, their electrical conductivity and their thermal expansion.

Experimental

Different Ni-alloys and alumina were used as starting materials. For the Ni-alloy Ni80Cr20
(3-22 pm, Valco), Ni-SA 625 (<20 pm, H. C. Starck) and Hastelloy X (<150 um,
Coldstream) were used. The used ALO: (TM-DAR, Taimei Chermicals, Tokyo, Japan) has a
particle size of about 0.22 pm. The starting powders were mixed with additions of PVAC as
binder and acetone. After drying the powders were sieved through a 1 mm sieve, uniaxial
pressed and sintered in vacuum. Some samples were hot isostatically pressed {hiped) 10
complete density. The relative densities after sintering were determined geomerrically.

The electrical conductivity was measured at room temperature using the 4-point method.

The thermal expansion was measured with a high-temperature push-rod dilatometer in flowing
Az/ 4% H; atmosphere between room temperature and 1100°C.

The gastightness was measured using a two-chamber apparatus where the sample divides the
chambers. The chambers were evacuated, one chamber was afterwards filled with Helium. On
the other side of the sample the increase of pressure after a certain time was measured. The
applied difference in pressure was 200 mbar.

X-ray diffraction (XRD) was performed at a sintered sample of 60 vol% Ni€0Cr20 and 40
vol% ALLO:; after heat treatment in air at 1200°C for 100 h,
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Results

Figure 1 shows the comparison of Hastelloy X with a particle size of about 150 um and the
Ni80Cr20 with particle sizes between 5-22 um. While the use of the large particles resulted in
isolated metal grains the smaller grains had more contacts to each other.

The use of Ni-SA 625 resulted in melting of the alloy at temperatures of 1280°C and above. A
sample with 50 vol% ALO; and 50 vol% alloy, that was sintered at 1250°C. attained only a
relative density of about 85%.

The pure Ni80Cr20 sintered to about 90 % relative density at temperatures between 1250 and
1340°C (fig. 2). The porosity was closed. The main difference between samples sintered at
1250°C and 1340°C lied in the pore-structure. While the sample sintered at 1250°C had many
small pores within the grains, sintering at 1340°C led to less but bigger pores at grain
boundaries. On the contrary the density of the alumina samples was strongly influenced by the
choice of the sintering temperature as shown in figure 2. After sintering at 1340°C a relative
density 0f 97 7 % was measured.

Cermets of 50 vol% allov and 50 vol% ALO; also showed a strong dependence upon the
sintering temperature (fig. 2). With a sintering temperature of 1340°C relative densities up to
95.5 % were attained. However. none of the samples was completely gastight. The leakage
decreased with increasing relative density. The lowest measured value was
7.8 x 10” mol /s cm” for the sample with 955 % relative density.

Figure 3 presents the dependence of the TECs on the amount of Ni80Cr20. The TECs are
lower than predicted by the rule of mixtures. Samples with less than 50 vol% Ni80C:20
showed onlv a slight increase in TEC with increasing Ni80Cr20 content. Between 50 and 70
vol% of Ni80Cr20 a strong increase in TEC occurs. At higher contents of Ni80Cr20 the
results are similar to those calculated from the rule of mixtures. This behaviour seems to
depend on the change of the matrix. At AL,O: contents of more than 50 vol% the alumina
determines the thermal expansion. The composition for matching thermal expansion
coefficients of cermet and anode is in the range of 55-65 vol% Ni80Cr20. The exact
composition seems to depend on the used powders and the distribution of the components in
the specimen.

Figure 4 shows the electrical conductivity in dependence upon the Ni80Cr20 content. The pure
Ni80Cr20 has a conductivity of more than 10000 S/cm while alumina has a conduciivity of less
than 107" S/em at room temperature [9]. All samples with more than 30 vol% Ni-alloy had
conductivities of more than 1000 S/cm.

XRD (fig. 5) revealed the presence of a spinell after heat treatment in air. The exact
composition of the spinell could not be determined because of the low ntensity. It did not
seem to be pure NiALO, or NiCr,O; but a mixture of both.

Conclusions

Alumina seems a good choice for the ceramic of the cermet. It has to be evaluated if other
ceramics, for example of ternary systems, have advantages concerning the sintering activity
without causing problems with too many chemical reactions.

Because of the high discrepancy between the melting points of alumina and Ni-based alloys it is
difficult to sinter the cermets to densities near theoretical density. Alumina powders with very
high sintering activity seem to be necessary. Furthermore the Ni-alloy needs a high solidus
temperature. The particle size of the nickel alloy should be small to increase the number of
contacts between the particles. The use of binder was obligatory to avoid breakage of the
samples directly after uniaxial pressing. With uniaxial pressing and sintering in vacuum relative
densities of 95.5 % with gastightness of about 8 x 107 mol / s cm® were attained for mixtures
of 50 vol% ALO: and 30 vol% Ni80Cr20. Because of the melting of the Ni80Cr20 it seems
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difficult to achieve higher densities. It might be necessary to use other ways for processing of
fullv gastight interconnects like the use of additional pressure during sintering.

At Ni-allov contents between 30 and 80 vol% the TEC increases strongly. It seems to depend
significantly on the distribution of the components in the cermet. This dependence demands
that for every new powder and processing the right composition has to be determined.

The electrical conductivity of more than 1000 S/cm seems reasonable well for cermets with
more than 50 vol% Ni-alloy compared with 0.15 S/ecm at 1000°C for the electrolyte or 30
S/cm at 1000°C for ceramic interconnects [10].

The XRD data showed that some reactions between Al-O; and the alloy will occur. Long-term
experiments have to reveal if this will significantly deteriorate the function as an interconnect.
Reactions with the atmospheres will depend mainly on the chosen Ni-allov. Ni80Cr20 might
not be the best Ni-alloy concerning the resistance against corrosion. On the other hand Ni-SA
625 has a too low melting temperature.

The chromium evaporation is not expected to decrease by replacement of chromium allovs by
cermets. Also for cermets a laver for the reduction of the evaporation will be needed.
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Figure 1
Microstructure of hiped samples with different starting powders. The left micrograph shows a
sample with 60 vol%e Hastellov X (<130 um) 40 vol®s Al:O: and the right micrograph shows 2
sample with 60 vol®e Ni80Cr20 (5-22 um) and 40 vol%e ALOa.
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Development of a ferritic alloy separator for a planar SOFC

Shunsuke TANIGUCHI, Masataka KADOWAKI, Takashi YASUOQO,
Yukinori AKIYAMA, Yasuo MIYAKE and Koji NISHIO

New Materials Research Center, SANYO Electric Company

Heat-resistant ferritic alloys were investigated for use as a SOFC separator
material in order to reduce the difference in thermal expansion between the
electrolyte and separator. Furthermore, the material cost for iron-based
ferritic alloys is lower than that for nickel-based austenitic alloys. The heat
resistance of ferritic alloys were improved by adding a small amount of
lanthanum, making it possible to use them as a SOFC separator. The
thermal cycle characteristics were improved in a 30 mm X 50 mm single cell
using this ferritic alloy in comparison with a cell using a nickel-based alloy.
The single cell was operated for about 7000 h. Degradation of the cell
performance was apparently caused mainly by gas leakage.

Table 1 Specifications of the alloys.

Therma! expansion

o coefficient/°C™
Alloy Composition {30°C~1000°C)

A Ni-based, Cri6,Fe9(wts) 16.7%x10°¢
B Fe—based, Cr22(wt%) 13.0xX 1076
C Fe-based, Cr22wt%), la 12.7x 1078

(YSzZ 10.5x1079)
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Fig. 1 Change in weight increase in alloys
after heating at 1000 °C in air.
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Oxygen Permeation through (La,Ca)CrO; Interconnects

N. Sakai, T. Horita, K. Yamaji, H. Yokokawa, M. Dokiya and T. Kawada*
National Institute of Matenals and Chemical Research
1-1 Higashi Tsukuba Ibaraki 305 JAPAN
*Research Institute of Scientific Measurements. Tohoku Umiversity,
2-1-1 Katahira. Aoba-ku, Sendai, 980-77 JAPAN

Abstract: The oxvgen permeability through La;.Ca.CrO;;s is determined using an
electrochemical method as a function of oxvgen potential gradient. The experimental data can be
well explamed by using oxygen tracer diffusion coefficients (D" determined by SIMS analysis
under a wide range of oxvgen partial pressure. The assumption of the simple point defect model
and constant D is found to be insufficient to explain the oxvgen permeability for heavily doped
La, Ca.CrO; s under a large p(0-) gradient.

Introduction

Lanthanum chromite-based materials have been focused as interconnects of Solid Oxide
Fuel Cells (SOFC) in recent a couple of decades. The base material LaCrQ; has good chemical
stabilitv in the wide range of oxygen potential at high temperature. which is one of the most
imiportant requisites for SOFC interconnects. Furthermore, its thermal and electrical properties can
be regulated by selecting suitable dopants concentration, which is a reason why it has a good
compatibility with other SOFC components such as YSZ electrolytes.

The most suitable dopant concentration must be determined by taking into account SOFC
types and operation conditions. High electrical conductivity is raised by substituting ianthanum or
chromium with alkaline earths such as calcium, strontium, or magnesium, which result in the
formation of Cr(IV) as a hole carrier. However, Cr(IV) is no longer stable in reducing atmosphere
at high temperature, so that it normally is reduced to Cr(Ill) and the charge neutrality is maintained
bv the formation of oxvgen

vacancy (). This reaction

is represented by using Kroger- 0.6 F—r ; i
Vink notation as: S
os5¢ |
zcr(;r + OO : - r \',
04+ T
2Cr, +~ V5 + l02 £ %
2 T osl
. The oxygen vacancy = o2}t 5T E TS o
formation results in some D =15x107° m's” .
undesirable effect on thermal 01k P 6 2 4 .
and electrical properties of ' o D, =1x10 m's
doped lanthanum chromites. 00 D.=1x10" m’'s’"| FeaRTem
The lattice expansion generated 12 <10 -8 ] 4 2 Y
by oxygen vacancy Imay cause log(F,,/ bar)
a large stress on an Oxvgen Permeability through La Ca,  /CrO, ; normalized by sample thickness
interconnect plate, which must (L = 1.371 mm): Solid and dashed lines are theoretical JZ with different D,
be considered preferentially for P, =45%10" bar, K =322x 10" bar”.

utilization of a planar-type
SOFC interconnect. On the
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other hand. the effect of oxvgen permeation generated by ambipolar diffusion of oxygen vacancy
and hole is much more significant for tubular-type SOFC interconnect, which is attached as a thin
laver on a porous substrate tube. There are several reports of oxygen permeability of LaCoO;
based materials with technological interest as the dense ceramic membranes for oxygen separation
[1]. however verv few for LaCrO; based compounds. This paper reports the research activities
done for oxvgen permeation and materials transport phenomena in calcium doped lanthanum
chromite, La; ,Ca,CrO;.

Oxygen permeability determined by an electrochemical method

Oxygen
permeabihity
normalized by sample 50
thickness (JL) through 1
LagsoCa0 1 Cr0;s  and 401
Lag75Ca 2sCr0s 5 at |
1273 K is determined -

‘= 30+
under a OXygen £
potential gradient by ‘é
using an  electron 3 201
blocking method, and o 10

the results are shown
as symbols in figure 1
and 2 [2,3]. The solid
lines mn figures

0 ‘ I
14 12 10 -8 6 -4 2 0

th jog(P_/ bar)
Fepreseqts e Figure 4 Oxygen Permeability through La, . Ca ,.CrO, ; normalized by sample thickness
“theoretical values™, (L =0.521 mm), P, atmosphere: © CO-CO_or OfAr. ¥ H.-CO,
and they are derived Solid lines are theoretical JL, with different D, P_ = 4.8 x 10” bar, K, =322 x 10% bar””
from oxygen vacancy
content (5 = V' in

La,.Ca.CrO;5) determined by the point-defect model and vacancy diffusion coefficient (Dv) which
is assumed to be independent from oxygen partial pressure, p(0;). The experimental and
theoretical value have good coincidence at vacancy diffusion coefficient Dy = 1.5 x 107° m’ s
which Dy value is very similar to the literature value reported by Yasuda er a/.(3.01 x 10" m%™
(4D

However, both figure show that some deviation is observed: experimental value becomes
larger than theoretical value at p(0;) > 10°°, which probably represents the effect of fast oxy gen
transport via grain boundary. In contrast, expemnental JL is depressed when p(0») < 10™° bar.
Such deviation becomes more significant for Las;sCao2sCrOs5 having large JL, which indicates
that the simple treatment with point defect model and constant Dy is no longer sufficient to explain
the experimental values. The oxygen permeability through an 1mm-thick interconnect is estimated
by extmpolatmg the experimental value, and result in 10 mA/cm’ for LagsoCao;Cr0ss and 30
mA/cm” for Lag7sCao2sCr0sss .

Oxygen transport investigated by tracer diffusion and SIMS analysis

In the previous chapter, we showed the assumption of simple defect model and a constant
Dv is not sufficient to explain the p(0;) dependence of oxygen permeability of La, .Ca,CrOss.
Since the uncertainty is included both in oxygen vacancy content (8} and in oxygen vacancy
diffusion coefficient (Dy), investigation must be carried out for determination of the diffusion
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coefficient of oxygen (5) itself. If the effect of surface reaction is assumed to be negligibly small,

the oxygen permeability can be derived from the following equation:

4F
JL=-——[o.dlnp(©.)

(3-8)D4aF?
O ; = ———————
° V_RT

Although there are some reports for D la,.
LaCr0O;s derived from the relaxation
behavior of electronic conductivity [5], or
for tracer diffusion coefficient (D") of La,
£a,Cr0:s [6]. however, the obtaned
diffusion coefficients are quite large than
expected values from JL. We have obtained
the p(0O.) dependence of oxygen tracer
diffusion coefficient 12)) for
Lag 50CaCrOs 5 in the p(0;) range of 1 ~
10" bar by using Ar-*0- or H:-C?0. gas
mixture and secondary iom  mass
spectrometry (SIMS, CAMECA ims5f), and
the results are shown in figure 3. The data is
also plotted as a function of calculated
oxygen vacancy content (8) in figure 4 in
which the & is estimated by using the
following equation originated from the point
defect model with the equlibrium constant
Koo =322 x 10°% bar®”.

K. (x-28)*(3- 5)}2

p(Oz)Z‘: (1-x+25)5

The slope of log D° vs. log & should
be almost unity if the comstant Dy is
assumed on the relation (3-O)D° = &Dv.
However, the present data show the slope ca.
0.7 in the & range of 10° ~ 10", This
deviation is probably due to the uncertainty
of & or some p(0;) dependence of Dy.
Future investigation is required to solve this
problem.

The oxygen permeability derived
from the obtained D° (=D) is shown in
figure 5 as a dotted live, which exhibits
much better coincidence with the
experimental data than theoretical values. A
little lower oxygen permeability is estimated,
which is definitely because the D" data are of
Lag50C02Cr0ss. Lao.vs'cao.zscros-a is
supposed to have larger D which may result
in better coincidence with expenimental data.
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CORRELATED PERCOLATION MODEL OF SOFC ANODES.
PATTERNS OF DEGRADATION

J Abel*, A Ioselevich’, A A Komnyshev*, and W Lehnert*

*Institut fiir Energieverfahrenstechnik, Forschungszentrum Jilich GmbH

* Institut fur Theoretische Physik, RWTH Aachen

A problem for solid oxide fuel cells (SOFC) is their performance vanation in time".
“Degradation” of the porous metal-solid electrolste anode due to changes in the composie
structure may give a key contribution to such vanation. Characterization of these changes in
relation to performance is a subject of great current interest. At SOFC typical operation
temperatures (x930°C), high enough to provide fast anion transport in the electrolvie but lower
than the melting temperature of the metal in the cermet, the metal exhibits high plasticity. Foor
“wetting” of solid electrolvte grains by the metal may result in a spontancous sintering’ of
neighboring metal particles. This affects the three phase boundarv where the anode reaction
takes place; the amount of the boundary usually decreases which diminishes the generated
wm.ﬁeprocssmoonmlexbemuseanmcmenoeofmchshneﬁngamdepmdsmme
surrounding of the grains to coalesce, whereas the surrounding changes in the course of the
zgglomeration. A dvnamical correlated percolation model of the process was developed and
investigated in Ref * using computer simulation.

The model of Ref.* considers sites on a densely packed fcc lattice, which are occupied
randomly by either a metal or a solid electrolyte particle, or a pore. Sintering (fusion} of two
given metal particles was assumed to depend on the neighbors of the bond between them. As in
the fcc lattice every bond has four nearest neighbors, on¢ may distinguish stronger or weaker
constraints on sintering, depending on how many solid electrolyte neighbors is sufficient to
block the fusion event. The cases of hard and weak constraints where distmguished in Ref 4.
Under the hard one it is enough to have only one solid electrolvte neighbor to block the fusion,
while the weak constraint requires four such neighbors. Two extreme modes of sintering were
considered separately: a weak sintering act detaches one of the fusing particles from its metal
neigbors, while a strong sintering act opens a pore behind the particle. An algorithm for the
simulations of a sequence of sintering events in real time was developed, and their effect on the
variation of the amount of the chemically active three phase boundary was simulated for the
two extreme modes of and the two constraints on sintering.
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The problem of anode performance {(or anode resistivity) reduces to the problem of
correlated statistical geometry (to the calculation of the acrive three phase boundary) if one
assumes that there is no diffusion limitations for the O ions. i.e. the overall process is
reaction-limited. The active boundarv is proportional to the number of active bonds. a key
notion in Ref*. A bond between two neighboring sites. one of which occupied by a metal and
the other one by a solid electrolyte particle. will be called acrive if -

o the metal sites belongs to a cluster connected to the current collector,

o the solid electrolvte site belongs to a cluster connected to ths membrane,

e the bond has an empty site as neighbor, a “pore”, which belongs to the cluster of empty
sites connected to the current collector with gas channels.

The subject of Ref * was the calculation of the variation of the number of active bonds in the

course of the spontaneous sintering process. The plots shown in Ref® give the following

lessons.

e The active three phase boundary in SOFC anodes does degrade with sintering of metal
particles. The degradation 2lways reaches sawration once the number of particles capable
for sintering is exhausted.

o The degradation is catastrophic when the content of the metal component is clese to the
percolation threshold®. Then. after a few sintering events the electronic percolation path
between the current collector and membrare breaks down, and the three phase boundary
scales as a surface. while it starts from the volume-scaled valuve.

e The same is true when the system is initially close to the percolaticn threshuld in porosity,
unless the sintering open new pores. as in the “strong sintering” mode when one observes a
rise in amount of the active three phase boundarv, ie. anode improvement rather than
degradation. However, in the case of light constraints on sintering such an increase is
alwavs overwhelmed by degradation driven by further agglomeration of metal particles.
Observations of non-monotonous changes would be indicative of this type of sintering.

e The degradation is sensitive to the constraints imposed by the solid electrolyte backbone on
the elementary act of fusion of two neighboring metal particles. The vacancies in the sohid
electrolvte matrix in the neighborhood of the pair of metal particles make the fusion
possible. The constraint, which requires only one such vacancy for the elementary act of
sintering to take place leads to catastrophic degradation. “Harder” coustraints make the
probability of the elementary acts less probable, and - unless the starting composition is
very close to the percolation threshold - the degraded values of the three phase boundary
have the same order of magnitude as in the starting configuration.
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e Froviding stromger constraints on sintering is shown to be crucial for depressing this
degradation mechanism. Therefore. special procedures to hamper the spontaneous sintering
of metal particles in the composite would be of primary importance for manufacturing long-
term-stable anodes. The temperature increase would likely to reduce the constraints on
sintering. and thereby stimulate degradation.

e Even when the measures providing “hard constramts™ on sintering are undertaken. the
porosity and the relative portion of the metal component in a sample must not lie too close
to the correspording percolation thresholds. Otherwise. there will be a a moment when the
active three phase boundary will drop down catastrophucally. Ref * shows the diagrams
determining the range of proportions of metal, electrolvte and pore components which would
retain the volume-scale magnitude of the active three phase boundary after degradation.
Though the particular values depend on the lattice structure they may be. nevertheless. used
for onentation.

Ref® focused entitelv on the statistical geometrs aspects of the problem. An
investigation of the degradation in the correlated resistor network (which attributes (i} reaction
resistors tc the active bonds between the metal and sohd clectrolvte particles, (1) fon transport
resistors to the bonds between solid electrolvte particles and (i) electron transport resistors
to the bonds between the metal particles) is in progress’. It illminates the interplay between the
ion transport and the geometry of the reaction-active space, provides an estimate of the actual
thickness of the reaction zone measured from the edge of the membrane, and describes its
changes in time. The resulis reported in the Ref* have a direct significance only for sufficiently
thin samgles. for which the ion diffusion limitations could be assumed negligible. The
investigation of the more general case® allows to establish the validity criteria of this
assumption. In ref 6 we calculate the current through the active bonds and show;, thereby, that
the sironger the reaction limitations the deeper lving fragments of the three phase boundary
inside the anode are involved into the current passage, while when the ion diffusion limitations
dominate ouly the portions of the threc phase boundary very close to the membrane are used.

The statistical geometry study performed in Ref* and the correlated resistor network
calculations of Ref.6 deal, of course, with a strongly idealized model: just let the metal and the
solid electrolyte particles be of significantly different size, the whole “fec-construction” would
fail. However, it would nut have been wise to start with a percolation model on a more
complicated, disordered, random or even fractal lattice, before understanding the basic effects
on the fce lattice. Furthermore, the fec lattice is certainly a better model for 2 random packing
than the cubic laitice.
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A comparison of the cross-section microphotos for anodes before and afler degradation

as a function of the current-voltage history could be instructive for understanding degradation.

However. the structure monitoring. which would not use such brutal, destructive methods as

tmaging of the composite cross-sections or cracks. but could distinguish metal. ceramic and

pore components iz situ is. today. 2 pressing necessity and a challenge for matenal science.

The studv performed m Refs.*® shows the relevant structural features of the particle

agglomeration to focus on in that type of studies.

REFERENCES
| Fuel Ceil Svstems. L.J M.J Blomen and M.N Mugerva. Editors. Plenum. New York, 1993
J.Appleby and F R Foulkes. Fuel Cell Handbook. Krieger. Malabar, Flonda (1993).

2

~
3

W

_ N.Q.Minh. J Am.Ceram.Soc. 76. 363 (1993)

Ja.E.Geguzin. Physik des Sinterns. VEB Deutsche Verlag fiir Grundstoffindustry. Leipzig (1973).
in German: origiral: Physics of Sintering. Nauka. Moscow (1967). in Russian.
A Joselevich. A A Komvshev. and W .Lehmert. J Electrochem.Soc. 1997 (in Press).

_ D .Stauffer and A Aharony, Introduction to Percolation Theory (Taylor and Francis. London.

1992).
A Abel. A A Komnvshev, and W.Lehnert (in Preparation).

185



Improved power density at 800°C with standard SOFC components,
emphasizing the anode

J. Van herle, R. Ihringer, A.J. McEvoy

Laboratory of Photonics and Interfaces, Department of Chemistry,
Swiss federal Institute of Technology EPFL, 1015 - Lausanne

The ideal receipe for INi-YSZ cermets is still controversial. Several

solutions exist and may differ as widely as (i) mixing fine NiO with coarse
YSZ particles or (ii) rather the inverse, mixing coarse NiO with fine YSZ
powder. It is plausible that both fine and coarse YSZ particles are required,
the latter to fix the frame of the cermet structure through which small NiO
can percolate and assure electronic conductivity after reduction, the former
to improve the adhesion to the YSZ electrolyte upon sintering of the anode
and, during operation, to avoid nickel aggomeration to some extent.
Adding to this the facts that (i) lower nickel amount in the cermet will delay
agglomeration (hence degradation) and (ii) that the use of smaller Ni
particles will increase the TPBL (hence lower the interface resistance), we
formulated our standard receipe as follows : 56 wt% of fine NiO (1-2 ym)
mixed with 44 wt% of crushed 8YSZ of very broad particle size distribution
(0.2-15 pm), to give 40 vol% Ni in the reduced cermet.

Screenprinted anodes of these mixtures were fired at 1300°C on 8YSZ
electrolyte tiles (30 x 30 x 0.125 mm), fabricated in our lab by tape casting, and
tested at 700-900°C in Hy/H>C (3%) by current-overpotential and impedance
measurements. As presented in the figures on the foliowing pages, the
anode voltage loss at around 800°C amounted to typically 150 mV for 1
A/cm? current density. This behaviour was reproduced from one screen-
printing ink to the other. After initial activation, no degradation over test
durations of up to 400 h was noted. Impedance spectroscopy evaluation with
varying current featured a rapid and important decrease in high frequency
interface resistance as well as the appearance of an inductive loop at low
frequencies. The latter is related to the adscrbed intermediates, H*34 and
H0O.4, whereas the former corresponded to charge transfer limitation across
the TPB region, involving adsorbed hydrogen on the nickel and surface
oxygen species on the YSZ ceramic. Current-overpotential curves could be
fitted with the Butler-Volmer type equation as established in the literature.
The most effective anode will consequently be one that shows the highest
possible TPB length. This has to be weighted against the need for
stabilisation against nickel agglomeration, which implies reducing the TPBL
to some extent.

Cell tests were conducted against Lage55rg.3MnO3 cathodes,
screenprinted and fired at 1100°C. Acceptable power output of 0.35 W/cm? at
800°C was obtained. By impregnating both sintered cathode and anode with
silver (1 mg/cm?) and ruthenium (0.15 mg/cm?) metal catalysts respectively,

186



this value further improved to 0.48 W/cm? at the same temperature. As the
OCV of our small cells lay rather low due to an "open flow" testing
arrangement, higher values can still be expected. High power densities of 0.5
W /cm? with low fuel utilisation conditions, as was the case here, have to be
demonstrated in order to achieve practical power output (0.2 W/cm?2) at
realistic operating conditions {(us 70%).
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ANODE IMPEDANCE UNDER CURRENT LOAD
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Impedance Modelling of Composite Electrodes

Svein Sunde’
Materials Department. Riso National Laboratory. DK-4000 Roskilde. Denmark

Introduction
Composite electrodes consisting of particles of an electronic conductor and a solid electrolyte
are used in solid oxide fuel cells (SOFCs) operating at high temperatures {tvpically 800 to
1000 °C) [1.2]. For the SOFC anode, cermets of Ni and vtria-stabilized zirconia (YSZ) are
common. The principal arguments for the use of such electrodes in SOFCs, are associated
with: stability and compatibility [1.2]. but many authors now agree that the electrolvte particles
may plav an active part also in reducing polarization losses in composite electrodes [2.3].

Impedance measurements are frequently used for characterizing composite anodes and
cathodes for SOFCs, as well as in studies of single-phase porous cathodes or electrodes with
simplified geometry on solid electrolytes (References in [3] through {6]). Often. the spectra
are merely used as instruments for obtaining the polarization resistance of the electrode, by
separating out the ohmic resistance. In other studies attempts are made to interpret impedance
data in terms of reaction mechanism. despite the fact that composite electrodes possess a very
complex structure, in some respects resembling porous electrodes in aqueous electrochemistry
[3] In this work, we intend to show by computer simulations that the shape of the impedance-
plane plot for a composite may deviate significantly from that for the corresponding single
electrolvte-electrode interface, and discuss the origin of these differences.

Impedance Model

For the calculation of the impedance of the composites it is assumed that the electrode and
electrolyte particles occupy the nodes of a continuous lattice. The lattices are generated on
computer by sequential deposition of such particles in random order to create a random
packing of particles ([5] and references therein). The composites are made in the shape of
sheets, which are furnished with current collectors at opposite ends (x=0 and x=L, L being
the composite thickness) and connected to the outermost layers of particles {4]. In the precent
work, one of the current collectors was always taken to consist of the same metal as the
electrode particles, whereas the other was taken to be 2 bulk electrolyte of the same material
as the electrolyte particles. The dimensions for all lattices were equal in all directions. The
x-direction was taken as the average direction of current flow. In y- and z-directions, cyclic
boundary conditions were employed for all lattices.

Between each pair of particles i and j in both lattice types, current is conducted through a
*bond admittance” Y, the value of which will depend on which particles reside in sites i and
j. (We use a dimensionless formulation of the model here, and Y is, as all other variables,
dimensionless. For details, see Ref. [6].) All nearest neighbours are therefore identified after
having produced the particle packings as described above [5]. From the list of neighbours an
impedance network is constructed. Between particles i and j of the same kind Yj is ohmic,
and the conductance of such a contact has been estimated as kl/4, where the particie

* Present address: Centre for Materials Science, Department of Chemistry, University
of Oslo, Gaustadalléen 21, N-0371 Oslo, Norway
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conductivity is x and the neck circumference is I; [3]. Therefere, we use

Y, = KAJ4 1)

for a dimensioniess bond conductance in this case. In Eq. 1, K is a dimensionless conductivity
and A a dimensioniess neck circumference [6]. For the admittance Y., of a bond between an
electrode and an electrolyte particle we will use (see References {3] through [6])

Y, edel

= [QK;; +2K + ¥, ]'1 2)
where K, and K_, are the conductivities of electrolyte-electrolyte bonds and electrode-
electrode bonds, respectively. Y, is the admittance associated with the adsorption, desorption
and electrochemical steps occurring at the contact, plus a double-layer admittance. We assume
that a potential varying harmonically with time and with the dc value kept at the open circuit
potential with respect to some reference electrode is applied. Application of the Kirchhoff
current-law to site i now gives [3-8]

I =xi -3H-1)Y, 3
where H is the complex amphtude of the voltage at site 1, H] is the dimensioniess complex
amplitude of the voltage at site j, I the dimensionless complex amplitude of the external
current going into site i, Izgnd I the complex amplitude of the current flowing through the
bond (all dimensionless). I; is zero for all sites except at the current collectors, into which a
finite current flows. As boundary conditions for the set of coupled difference equations, Eq.
3, zero voltage amplitude at one end of the lattice and a finite value at the other were used.
This system of equations was solved numerically by writing complex versions of the routines
for solving linear sets of equations by the preconditioned biconjugate-gradient method in Ref.
[9]. The total current was then calculated by summing all (complex) currents entering the
current collectors at either side, and the impedance caiculated as the ratio between the
complex amplitude of applied voltage and the resulting total current amplitude.

Results and Discussion
The majority of published impedance data for SOFC electrodes are presented in impedance-
plane plots, i. e. plots of minus the imaginary part v. the real part of the impedance. We will
therefore use a similar representation here, and concentrate on the features apparent in these
plots.

In Figure 1 is shown the imaginary part v. the real part of the impedance Z,=1/Y, for a single
electrode-electrolyte contact, calculated from the generic three-step reaction model in Ref. [6].
The details of this model is not important here, but we note that one arc dominates the
spectrum, and that the impedance was in this case excellently approximated by the impedance
of a resistor in series with a parallel circuit with a capacitor in one branch and another resistor
in the other. In Figure 2 is shown the corresponding plot for a composite with a ratio between
the electrolyte-particle radius and the electrode-particle radius equal to 1/2. The volume
fraction of electrode-particles is 0.5. The plot now contains two clearly distinguishable arcs.
The low-frequency arc corresponds in shape and frequency range to the impedance shown in
Fig. 1, whereas that at high frequencies has no equivalent in the single-contact spectrum, Fig.
1. The impedance spectra of composites were for the parameter set used in Fig. 1 completely
insensitive to the value of the double-layer capacitance, and it made no difference whether the
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Fig. 1. Imaginary part v. real part of the impedance Z, for a single electrode-electrolyte
contact. Dimensionless angular frequencies 1 and 10 are indicated.
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Fig. 2. Imaginary part v. real part of the impedance Z of a composite with volume fraction
of elecrode particles of 0.5. Thickness is 40 particle radii, and the ratio between electrolyte-
particle radius and electrode-particle radius is 1/2. Dimensionless angular frequencies 1 and
10 are indicated.
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calculations were performed with the simplified equivalent circuit or the full expression for
Y, [6]. (As a consequence of the large number of electrolyte-electrode contacts in the
composite, the impedance of the composite is at any frequency much lower than that of Fig.
1, see Refs. [3.4])

From Figures 1 and 2 it thus appears that features not solely associated with the
interfacial impedance of a single electrode-electrolyte contact appear in the impedance of the
corresponding composite. This result may be rationalized in terms of the different types of
interfaces present in the composite, as introduced in Ref. [3]. The interfaces responsible for
reducing the polarization resistance at intermediate volume fractions of electrode particles are
those between electrode clusters connected to the current collector and electrolyte clusters
connected to the bulk electrolyte [3]. The impedance of these corresponds roughly to a
number of single-contact impedances in parallel. and results in a low-frequency arc in the
spectrum of the composite which has its equivalent in the single-contact spectrum. In addition,
the composite may contain electrode clusters entirely surrounded by electrolyte particles [3].
These clusters are also electrically connected to the surrounding electrolyte particles by a
number of single-contact impedances in parallel, but are not in contact with the current
collector. When current is passed through the composite, these electrode enclaves are at low
frequencies simply bypassed by the surrounding electrolyte clusters due to the high interfacial
impedance, insulating them from the surrounding electrolyte cluster. With increasing
frequency, however, the interfacial impedance drops (Fig. 1), and the enclosed electrode
clusters do to an increasing extent conduct current. (Usually the conductivity of electrode
particles 1s by orders of magnitude larger than that of the electrolyte particies, see Refs. [3-5]
and references therein.) In this case, new time constants may appear in the system, formed
between the impedance of an enclave’s interface with the surrounding electrolyte cluster, and
the ohmic resistance of the latter. This explanation was found to agree well with 2 more
extended set of calculations than those presented here [6].
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CERMET CATHODES COMPOSED CF SMALL PARTICLES:
MODEL AND VALIDATION

P. Costan. ma®, V. Antonucci’, P. Costa’, E. Arato’

* ISTIC. Istituto di Ingegneria Chimica e di Processo ‘G. B. Bonino’
via Opera Pia 15, Genova, Italy

® CNR - TAE, Istituto Trasformazione e Accumulo Energia
via Salita Santa Lucia 39, Messina, Italy

INTRODUCTION

Cermets formed by a mixture of electronic and ionic conductor particles are at present
under study as possible solid oxide fuel cell (SOFC) electrodes (Fig. 1). In order to correctiy
evaluate the electrode performance, simulation models have to take into account the electrode
composition and granulometry, in particular with reference to the percolation thresholds of the
electronic and ionic conductor phases.

The evaluation of the electrode performance for a low ratio electrode thickness/particle
diameter {a/d) requires a Monte Carlo technique [1]. In the following the simulation of an
electrode characterised by a/d>100 will be presented on the basis of an analytical model [1,2]
and a comparison with literature experimental data will be discussed as well. Some
considerations conceming the electrode optimisation will also be presented

THEORY
The model [2] is based on the following assumptions:
steady state conditions,
» one-dimensional model as a function of the x co-ordinate (Fig. 1),
o each of the two conducting phases is considered as continuous and homogeneous, having a
resistivity independent of the x co-ordinate,
« uniformity of temperature, pressure, reactant and product concentration over the x co-
ordinate.
The following equations have been considered:
e Ohm’s law for the charge transfer along the two conducting phases:

V=0 Eq. 1
e charge balance:
div(i;o)=-div(ia)=Ai, Eq. 2
e linearised form of the Butler-Volmer equation for the electrode kinetics.
L=ionF/(R,T) Eq. 3

The above equations can be integrated analytically. The results can be expressed on the
basis of the total electrode resistance R:

1 Iy Tsinh(T)
R 7 a(pf +pd ){cosh(l") +Q{2 +Tsinh(T") - 2cosh(I')}}

In cermet electrodes, ohmic and polarisation phenomena are not strictly “in series’ with
each other, and consequently the total electrode loss is not given by a univocal sum of ohmic
losses and polarisation losses. So, we used the above definition (Eq. 4) for the electrode
resistance R, where 1 is the overall electrode overpotential:

o = (V2 V)= (Vi - V) Eq.S

Eq. 4
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and where I can be named as ‘Thiele modulus’ 3], in analogy with chemical catalysis, and is
the ratio between the electrode thickness and the characteristic thickness where the
electrochemical reaction takes place:

3
I = Eqg. 6
T RI 1

{

Vi AF(pF +p5)

Finally, in Eq. 4 Q1s:
Q= Pf P:ﬁ _ Eq. 7
(pio +Pa ).
A few parameters appearing in the model, i.e. the effective resistivities 0%, P and
the overall active area for the electrochemical reaction A, have been expressed [2] as a
function of the elecirode composition by means of the theory of particle co-ordination number
in a random packing of spheres [4,5], together with percolation theory [6] In particular A has
been calculated considering the overall contact area between electroric and ionic conducting
particles being electrochemically active; the fact that small particles have been considered in
the following (d=0.1 um) supports this hypothesis.

RESULTS

The model previously discussed has been applied to the simulation of a cermet cathode
composed of a mixture of EDB, i.e. (BizOs)e#(Er20s)03, and Pt. We set the exchange current
density at ip=400 A/m’; the electrical concductivity of pure Pt was set at 2,2 1067 S/m [7].
Literature data [8] indicate a conductivity of 37 S/m at 700°C for EDB; below, the EDB
conductivity has been assumed to be equal to 20 S/m at 900°C. The diameter of Pt and EDB
particles has been taken to be 0.1 um.

In Fig. 2, IR is piotted as a function of the electrode composition: the percolation
thresholds are clearly visible at a volume fraction ¢=0.294 for each of the phases present in the
structure. Maximum performance is achieved when @™ = 0.37, for an electrode thickness of
90 um. The 1/R value is about 8.2 10* S/m’, corresponding to an overvoltage of 0.037 V at a
current density Itor=3000 A/m’.

Some optimisation considerations can be made on the basis of the theoretical model. it
can be demonstrated that the maximum value of 1/R is reached near to the percolation
threshold of the electronic conducting phase for a thick electrode (a=90 umy}, and for @el|=0.5
for a thin electrode {a=~10 pm).

In the region outside the thresholds the model gives the approximated result 1/R=0,
while literature experimental data [9] show 1/R=~0.4 10* S/m* for a pure platinum electrode
coupled with an EDB electrolyte. So, performance outside the thresholds is much lower than
the values obtained within the thresholds; the model result 1/R=0 is affected by a degree of
uncertainty and it only indicates an electrode with such charactenstics as not to be very
interesting from an applicative point of view.

In Fig. 3 and 4 the preceding theoretical results for 1/R have been compared with the
literature experimental data [9]: the agreement is satisfactory. As the experimental data co not
take the ohmic contribution into account, the ohmic loss has been roughly evaluated as the
total electrode resistance in the case where zero polarisation losses arise, i.e. for ig—.
Having ascertained that ohmic loss is negligible for each of the compositions under analysis,
the comparison herein presented has real interest and validity. EDB/Pt values are weight ratios:
EDB/Pt=0.2 corresponds to ¢ ~0.6, EDB/Pt=03 to 9 ~0.5, EDBE/Pt=0.4 to ¢,~0.4, and
EDB/Pt=0.6 corresponds to ¢~0.32.
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Fig 5 directly derives from Fig. 2; 1/R is plotted against the electrode thickness for
various elec*rode compositions. In agreement with the results shown in Fig. 2 the curve for
£:4=0.37 has the highest values.

Two composition ranges can be differentiated: if 0.294<p.<0.31 (that corresponds to
0.1<Q<0.25) a visible maximum is present {for a thickness corresponding to I'=(10Q)"?) that
represents a compromise between a sufficiently large active area for the electrochemical
reaction and accepiable ohmic losses. If 0.31<0q<0.706 (i.e. €3<0.1) each curve increases up
to a maximum value (corresponding to I'=3) and then remains almost constant (for an
electrode thickness vp to I'=2-+(10Q)"): in this range the charges can flow on the electron
conducting phase with negligible ochmic losses; in such conditions the electrochemical reaction
takes place in a thin area in the vicinity of the electrode/bulk electrolvte interface.

The theoretical model applied to the YSZ/Pt electrode (YSZ is (Zr02),,,(¥Y203)o.0s ,
all model parameters to be the same as for EDB/Pt electrodes, except for the ionic
conductivity of pure YSZ, that has been assumed tc be 6 S/m), for a composition 9=0.6
(weight ratio YSZ/Pt=0.2) would allow the calculation of 2 value 1/R=1.5 10° S/m® almost
constant for an electrode thickness a>10um, that is in close agreement with the literature
experimental data [9] as shown in Fig. 6.

CONCLUSIONS
An analytical model has been discussed for the simulation of SOFC electrodes, with
particular reference to EDB/Pt and YSZ/Pt cathodes. Comparison with the available literature
shows a close agreement between simulation data and experimental results. Some
considerations concerning the optimisation of the elecirodes have been made on the basis of
the model: the composition and the thickness of the electrode have to be optimised at the same
1ime in order to get the best performance.

NOTATION
a electrode thickness [m]}
A active area per unit volume [m* m™)
d particle diameter [m]
F Faraday’s constant {C mol™]
i current density [A m?]
i, exchange current Jdensity [Am]
i, transfer current density per unit of active area fA M
ot overall current density {Am7]
R total electrode resistance {ohm m™]
Rg gas constant {J mol” K]
T temperature K}
v potential Vi
b spatial co-ordinate along the electrode thickness [m]

Greeks

n overpotential V]
Mo overall electrode overpotential v}
o) volume fraction -
o resistivity [ohm mj
] conductivity [SmH
r dimensioxnless variable defined in Eq. 6 -1
Q dimensionless parameter defined in Eq. 7 -1
Index Apex
el electronic conductor eff effective
o ionic conductor eq equilibrinm
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Current distribution and partial blocking at cathode/electrolyte interfaces
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Introduction

The causes of potential losses on the cathode side of SOFC’s are not fully understood.
Most of the existing information about SOFC cathode kinetics is based on work on noble
meial elecirodes f i- :Z Cathode polarization data for metal electrodes interfaced with an
Y'SZ electrolvte have been attributed to various rate limiting steps. such as diffusion at the
electrode/electrolvte interface (1-3]. and on the porous Pt surface [4! or a combination of
slow adsorption of oxygen and Surfa,ce diffusion limitations bi

Previously. we developed a model for the porous SOFC cathode incorporating these limiting
steps (6 by use of the well known porous electrode theory [7]. However. this one-dimensional
approach did not allow for a proper treatment of lateral dxﬁuc ior of adsorbed oxvgen along
the electrode, electrolyte interface. although its importance was suggested in a noarigorous
manner. In the present work. we study this effect further by developing a two dimensional
model of the metal electrode/electrolvte interface. including two dimensional treatment of
the potential distribution in the electrolyte. the latter resulting from constriction at the
cathode/ electrolvte interface.

Theory

A cell which consists of a porous metal electrode placed on top of a slab of vttria stabilized
zirconia { YSZ) electrolvte is considered. A counter electrode (CE). assumed to be rev ersible.

covers the bottom surfzce of the electrolvte entirely. The overall oxygen exchange reaction
can be writien as
O2(g) = 2(V5)T + 4™ = 203)T (1)
where superscript T refers to the electrolyte phase. A segment of the three phase region of
the porous electrode-electrolyte system is depicted in Fig. 1

It is assumned that oxygen adsorbs on the pore walls of the porous metal electrode according

to the reaction
k::s

OQig} +2ads & 2044
kv:'ss

The adsorbed species is thus assumed to be neutral. monoatomic oxygen. The equilibrium
concentration of the adsorbates is assumed to be expressed by the Langmuir adsorption

"o
W
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isotherm. The adsorbates diffuses along the pore surface towards the electrode/electrolyte
interface, and thev obey a steady state material balance of the form

46,

Dy, Fl@;

+ Ry(6:. Po,) =0

—
e
S

where D; is the surface diffusion coefficient, [ is the density of adsorbtion sites [mol cm~7],
6 is the degree of coverage, and subscript 1 refers to the gas /metal interface. Hs is the net
adsorption rate. given by

Ré = k:zispagr%{l - 91)2 - kziesrgeg =0 (4)

Adsorbed oxvgen atoms are also allowed to diffuse along the electrode/electrolyte interface
as shown in Fig. 1. They exchange with vacancies from the electrolyte according to the
reaction
k."a
Ouss + (V5T + 267 = ads +(00)T (5)
Koa

where the electrons are provided from the metal phase. The possibility of a similar elemen-
tary step at the gas/YSZ interface is neglected due to the low electronic conductivity of
YS7Z. The material balance for adsorbates at the electrode/electrolyte interface is given by

o, _ils)

Desloger T 3F =

0 (6)
where subscript 2 refers to the electrode/electrolyte interface. The current density through
the electrolvte will be nonuniform, as is schematically illustrated in Fig. 1. The local
current density at the interface obey the Butler-Volmer relationship

—38)2 -32
it2) = i exol S, 2)) — exp( Tz ma(2))] g

The exchange current density, as well as the concentration overpotential

. RT__ 6167
n#) = 57 nlgmn—ay) ®)

are functions of position.

At the tpb, i.e. at z = L®, y = 0, the following continuity conditions apply

02(L%) = 6,{0) (9)

AN a8,
(19521“2—&;) - (991F1 dy) . (10}

Blocking conditions are assumed at the boundaries z =0 and y = L™.

and
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In the absence of concentration gradients, Laplace’s equation is applicable for the potential
distribution in the electrolyte,

Ve =0 (11)
The boundary conditions are
ae . .
5 = ¢ at z = 0, L {symiaetry condition) (12)

0% ; LY = €
{z(x} aty=0,0<z <L (13)

ey T 10 aty=0I°<z<l

oy
® 0 at y = —4 (reversible electrode) (14)

where L° is the length of the electrode/electrolyte interface as depicted in Fig. 1, L is the
width of the segment, and ¢ is the thickness of the electrolyte. The overpotentials as well
as the ohmic potential drop of the electrolyte all vary locally, but at each location they
have to sum up to the total cell voltage

V-cell — ns{l) + T]c(-r) + @(IE. 0) (15)

where ®(z,0) is the potential distribution along the upper electrolyte surface. Equations
(3). (4) and {6) through (15) are solved by a numerical iteration procedure.

Results and Discussion

In Fig. 2 the local current distribution is depicted at various cell voltages, V/ ! for relatively
slow interfacial diffusion, Dg = 107 cm?s™. The other paramaters used for the calculation
are given in Table I. As expected, the current distribution becomes more nonuniform as
the polarization of the cell is increased. The corresponding dimensionless interfacial con-
centration profile is shown in Fig. 3. As is clearly illustrated in the figure, the adsorbate
concentration at the interface is depleted with increasing polarization, whereas the concen-
tration of adsorbates is close to its equilibrium value at the tpb. We have not yet been
able to obtain the current distribution at higher cell voltages, but Figs. 2 and 3 suggest
the possibility of a partial blocking of the interface, which is further expected to cause an
increase in the measured electrolyte resistance. Such behavior has been reported by 8] for

Pt/YSZ cells.

In Fig. 4 a concentration profile is shown for the same cell parameters as in Fig. 3, but the
interfacial diffusion process is assumed to be much faster. The profiles are nearly uvniform,
shifting to lower levels with increasing polarization.

For an experimental evaluation of possible reaction mechanisms, the polarization resistance
is frequently plotted vs. oxygen partial pressure, Po,, and the relation B, < Pg" is
assumed. The polarization resistance obtained from the current-voltage relationship at
small currents is plotted with respect to the logarithm of the oxygen partial pressure in
Fig. 5 for various interfacial diffusion coefficients, Dys. The value of m is found to increase as
the interfacial diffusion coefficient decreases. However, the results obtained for Dy = 1076
and 10~ cm?2s~! are close, indicating that other processes than interfacial diffusion are rate
limiting.
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Table I. Parameters.

| Parameter Value J
Eods 10 atm~'mol *cm?%™!
Eges 10'® mol~tem?® st
Fo, 1 atm
D91 19‘6 CI'H?S‘1
T 107° mol cm™?
ko - kos 108 mol™! cm®s™?

K 0.1 Sem™?
L 0.5 pm
Ie/L 0.1

5/L 100
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vening Workshop. n 7
Report by T.Kawada, Tohoku University. Japan
Chairman H. Yokokawa

The following three topics were the principal points of discussion:

1) Reaction site in composite (cermet) electrodes.

2) Electrode reaction kinetics and morphology change of the
interface.

3) Use of mixed conductors as electrolyte.

1) Reaction site in composite {cermet) electrodes

In the "modeling” session, some reports dealt with the
effective reaction site in a composite electrode or a Ni-YSZ cermet
anode. They concluded from a percolation theory that the reaction
site can penetrate into the electrode layer to some extent from the
electrode / electrolyte boundary. The workshop discussion started
from a comment to those reports: i.e."The penetration of the
reaction site seems not realistic.....”. The comment was based on
such an experience that the electrode resistance is comparable to
the electrolyte resistance in a usual SOFC with a thin YSZ electrolyte
of about 30 micron. If so, the penetration depth must be less than
1 micron since the resistance of the ionic path in the electrode must
be 30 to 100 times higher than that in a dense electrolyte. Though
the percolation theory predicted a possibility of the penetration, it
was hardly understood intuitively. A lively discussion was held on
the effective resistance of the ionic path, the possible penetration
depth, and the electrical field distribution inside the eclectrode. The
discussion did not reach the thorough agreement but gave some
common understandings: (1) The penetration depth is dependent
on the ratio of the effective electrode resistance and the
electrochemical reaction impedance. (2) Relatively large
penetration is possible around the percolation threshold.  There
were some additional comments on the related topics as follows:

* The penetration depth may vary according to the current density
since the electrochemical resistance has a nonlinear nature.

* [f some isolated YSZ particles exist in the electrode layer, they can
act as micro cells, which affect the mass transport inside the
electrode.

* The important thing is not the total number of three phase
boundaries but the number of “active" three phase boundaries
which have connections both to the current coliector and to the
electrolyte.

* The analysis by percolation theory gives the reason of electrode
degradation after operation. However, it is difficult to forecast the
possibility of degradation without destroying the electrode.
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2) Anode reaction mechanism and electrolyte

As for the anode reaction mechanism. the discussion focused
on whether the electrolyte surface contribute to the electrode
reaction Kinetics or not. The first comment on this topic was on the
paper presented in the "anode” session. In that paper. an anode
reaction mechanism was studied by electrochemical measurements
and a reaction model was proposed in which proton dissolved in
the electrolyte plays an important role. The proposed rate
determining step was the desorption of water molecule which was
produced on the electrolyte surface by the reaction:

Hi+ Hj + Og (or O3d) => H20.

If this kinetic model is real, the electrolyte surface must have
strong effect on the reaction rate. On the contrary, an opposite
experimental result was reported in ths discussion. Point contact
Pt electrode was put on YSZ surfaces with and without Ce02 coating
films. and the ac and dc polarization behaviours were compared.
Almost no difference in the electrochemical properties was
observed between them suggesting that the modification of the
electrolyte surface did not change the cartalytic activity for
hvdrogen oxidation. The contradiction between those two reports
were briefly discussed.

Then, the discussion shifted into another topic: i.e. morphology
change of the electrolyte during polarization. In the "anode”
session. there was a report on morphological change of YSZ under
point contact platinum electrode. The similar phenomena were
observed in the experiment with the CeO7 film on YSZ. After
experiments in a H2-H20 mixed gas, the CeO2 layer was found to be
separated Intc cubic grains, and some of the grains peeled off from
the surface. Though the morphology of the solid oxide electrolytes
are usually expected to be stable. it may change during operation.
Some comments were made on the morphological stability of the
electrode / electrolyte boundary.

* Thermal expansion mismatch and the lattice expansion in a
reducing atmosphere are possible reasons of the damage of the
ceria coating film.

* Internal gus evolution might happen at YSZ/CeO2 boundary since
CeO2 is an electronic conductor in a reducing atmosphere, which
could be a reason for the breakdown of the CeQO7 laver.

* Mass transport of cation can be important in a long term
operation.

(3) Use of a mixed conductor as the electrolyte

The use of ceria based electrolyte was discussed from two
view points; i.e. the problem in evaluating the overvoltage in a
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basic study and the problem which may arise in a practical
application.

To study the electrode polarization on CeO2 based electrolyte,
it is difficult to evaluate the overvoltage and ionic current because
the electronic conductivity causes electronic leak current and
oxvgen permeation through the electrolyte, and the resulting
polarization of the
electrodes are not negligible even at an open circuit condition. In
the “electrolyte” session, a report was presented on a novel
technique to evaluate anode and cathode polarization. They
measured the external current density and the apparent
overvoltage by current interruption method and converted them
into the 1ionic current and the real polarization by using a
parameter fitting. Some questions were asked on their method.

Q. The ionic current must go to zero when the Mernst voltage is
applied between the electrodes. Was it confirmed experimentally ?
A. Yes.

Q. Is their any simpler technique to evaluate the overvoliage ?

A. No.

Several problems were pointed out in practical use of ceria based
electrolytes.

* Mechanical strengith may be a big problem in the fabrication and
the operation.

* Reduction induced lattice expansion can be a problem.

* Electronic leak current (oxygen permeation) causes the efficiency
loss.

Encouraging comments were also made.

* The expected large power density is the advantage of a ceria
based electrolyte.

* There must be application fields where the power density is more
important than the efficiency.

Though the topics on the interconnect materials were also to be

discussed, time was not enough to proceed to the next topic, and
the workshop was closed.
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Abstract

T} zre are several elecoode geometries that can be used to characterise the electrode
losses. The potential diswibution of the electrode geometry used at ECN is calculated znd
the results are compared with those from other electrode geometries. Several critical pa-
rameters influencing the quality of the measured polarisation loss of the working electrode
are identified.

1 Introduction

Screening of the electrochemical properties of electrode materials is usually performed by
measuring the electrode material in an out-off-cell arrangement, e.g., a three-electrode setup.
The electrode material that has to be investigated (working electrode) is placed together with
electrolyte and counter electrode in one and the same gas environment. Such a measurement
setup is referred to as the undivided setup in contrast with the divided setup in which both
the working and counter electrode have their own gas environment. The divided setup, for
example, a solid oxide fuel cell, is much more complicated because different gases need to be
kept separate. The fuel cell configuration is therefore less attractive for screening of electrode
materials in a short time. The undivided three-electrode setup is more suitable for this purpose.

At ECN screening of electrode materials is performed by ac-impedance measurements and
I — V characteristics at different gas or temperature conditions [1-3]. Ac-impedance measure-
ments are performed, e.g.. to measure the effective cross sectional area A, of the electrolyte,
which relates to the electrochemical performance. The higher the valve of A, the lower the re-
sistance when a dc-current is passed through the celi {2]. I-V characteristics are used 1o support
electrode modelling. However. this is only useful if the electrode performance is measured in
such a way that the measured potential difference reflects in some way the true overpotential
at the electrode or that a valid correction can be carried out for the electrolyte loss when this
is included in the measured potential difference. The reliability of the electrolyte correction
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depends on the elecirode geometry used. In the literamre, different electrode geometries are
described.

The classical way to measure the elecirochemical characteristics of the working electrode
is to pass a current between working and counter electrode, measuring the potential difference
between the working and the reference electrode. The reference electrode is preferably placed
within the electrolyte near the working electrode, i.e., in a region where the potential distribution
is homogeneous and well defined. Unfortunately, for a sample configuration like a solid oxide
fuel cell, consisting of thin dense ceramic plates with thicknesses around 150 um, and having
electrodes on both sides with thicknesses of about 50 pm, it is not possible to place the reference
elecode within the electrolyte. The question then arises: what is the preferred position of the
reference electrode and what is the physical significance of the potential difference measured
between working and reference electrodes?

In this study different electrode geometries that can be used in a half cell arrangement for
characterising thin electrolyte/electrode structures are described and compared with respect to
their ability to determine the correct electrode overpotential. The electrode corfiguration of a
fuel cell with one or two reference electrodes is discussed elsewhere [4].

2 Electrode geometries

Different electrode geometries that are used for half cells are shown in Figs.1 and 2. The ge-
ometries given in Fig.1 are those for circular electrodes, which are used most often. Rectangular
electrodes are not shown but for all electrode geometries a comparable rectangular configuration
can also be considered. Literature references for the different geometries are given in Table 1.
For the electrode WE under investigation, we want to know the correct overpotential n,,
or its resistance, R,,, also called polarisation resistance. What is measured in practice, is the
potential difference ¢, — ¢, between the working WE and reference electrode RE, defined as

Uw =@y, — ¢ [1]

It is assumed that U, contzins a contribution from the electrode itself, the overpotential 17,,, and
a contribution from the electrolyte, U,;

Uy =1+ Ua {21

To measure correct values for 7., the potential ¢, and thus U,, should be well defined. The
overpotential 7, is usually obtained by measwring U,, and subtracting the electrolyte loss U,
The electrolyte loss can be obtained from impedance measurements as the intercept at the real
axis of the impedance diagram when the frequency v goes to infinity. This intercept is usually
referred to as the high frequency intercept, Rys. If other ohmic contributions are negligible Ry
can be used to calculate the electrolyte loss U, = i - Ryy, where [ is the current density. An
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alternative way to determine U,; is by measuring the ohmic drop from relaxation measurements
as used in the current interruption method [5].

The differences between these geometries con be “-.nd using 2 model in which the elec-
troiyte has a finite resistance, the electrodes being considered as ideal metallic non-porous
media, with the current at the electrode/electrolyte interface perpendicular to the electrolyte
surface. Lateral currents in the electrodes are not considered. Both electrodes are assumed to
be equipotential in the immediate interface with the electrolyte. An effective resistance can
be attributed to the working or counter electrode to model the overpotential at the electrodes.
Using a numerical method to solve the Laplace equation, potential distributions and current
distributions can be caiculated for different electrode geometries. A recent example of such a
modelling study was given by Winkler et al. [6].

Table 1: Literature refererces for electrode geometries, shown in Fig. 1, which are used to
measure porous electrodes.

electrode  hiterature remarks
geomerry reference

1 [2.7-9]

2 {7.8,10,111

3 {12} 2mm thick electrolyte
4 {i3-16]

5 [17]

6 [18,19}

7 [i8]

8,9 6]

A usefuol distinction is that between the primary and secondary distribution of the current and
the potential [20]. The primary distribution is defined as the potential (or current) distribution
when the working and counter electrocdes have zero polarisation, ie., R, = 0and R, = 0
respectively. For ac-measurements, such as impedance spectroscopy, this corresponds to the
situation where the frequency tends to infinity. At high frequencies the polarisation resistance
is short-circuited through a paraliel capacitance and only the ohmic electrolyte resistance
remains. The secondary potential or current distribution is obtained when there is a polarisation
resistance present at the electrodes. i.e.. R,,, R. # 0. For ac-measurements this corresponds to
the situation where the frequency tends to zero. Thus, one can simulate frequencies of zero or
infinity by excluding or including the polarisation respectively.

2.1 Electrode geometry |

For electtode geometry 1 the dimensions and symbols are shown in Fig.3 along with the
sectioned area used in the calculations. This geometry is used at ECN for screening the
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top view bottom view

WE = working clectrode
RE = reference electrode
CE = courmer electiode
El = electrolyte

23"53___2‘0

.,Z - !. i
i i i
Y

i

WE

Figure 1: Hlustration of different electrode geometries. On the left hand side a cross section is
shown and on the right hand side the corresponding top and bottom views are given for circular
elecrrodes.
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Figure 2: Continuation of Fig. 1. Alternative electrode geometries, developed at RISD, to
measure the true polarisation resistance of the working electrode [6].

electrochemical performance of cathode and anode.

Calculations were performed using an electrolyte thickness of 150 um and a specific
conductivity of 0.1 S/cm. The interfacial resistance of the working electrode was fixed at 0.15
Ohmcm?. These are close to the values for solid oxide fuel cell components. To investigate
the influence of the counter electrode resistance the value for R, was varied. The potential ¢,
at the working electrode was fixed at 0.4 V and that at the counter electrode ¢, at § V. Details
of the method including a full presentatior. of the resulis is given elsewhere [4].

2.1.1 Primary distribution

The calculated primary potential distribution is shown in Fig. 4 for the simation where d >> L
as defined in Fig. 1. As can be seen from Fig. 4, the potential distribution in the electrolyte is
homogeneous in nearly the whole region between CE and WE. Only near the edge at WE there
is ar: inhomogeneity that would give erroneous potentials if the reference potential would be
probed in that region. This region is about 2-3 times the electrolyte thickness L. The reference
potential, which is probed at the top of the electrolyte at position 0, is equal to the potential at
the counter electrode that was fixed at 0 V. Hence, R™*%%¢¢ — R ;.  There remains only a small
error in the determination of R,; which is due to the inhomogeneity of the current near the WE
edge, this error is estimated at about 1 %.

For d « L the measured resistance at the working electrode contains only a part of the
electrolyte resistance, the extent of which depends on the ratio d/L. Therefore under these
conditions the electrode geometry is not suitable for measuring electrolyte resistances.

214



part used for calculations:

-,

Y R

Figure 3: Dimensions (mm) and symbols shown for elecirode geometry 1. Also shown is the
part of the cross section used for the calculations of the potential distribution.
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Figure 4: Contour plot of the primary potential distribution in the electrolyte cross section of
the three-electrode geometry 1, see Fig. 3. Potential values are indicated at the lines.
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2.1.2 Secondary distribution

In Fig. 5 the secondary potential distribution is given for the case that R,,/R, = 1. This figure
show that the potential distribution and hence the current distribution is homogeneous opposite
the working electrode, but inhomogeneous opposite the edge WE/electrolyte and zero opposite
the bare electrolyte. Since there are no current lines in the latter part of the electrolyte the
potential will be constant and the potential probed at the reference electrode will be equal to

tire appiied poieniia: of the counter electrode. It follows that
_— Uapplied — 3
¢w - ¢c - = ¢y — & [ ]
and for the resistance
Uy = ny+n.+i-Ry or Rreaswred Ry, + R. +Ry (4]

Thus, after correction for the electrolyte loss U,, now includes the overpotential of the counter
electrode. This means that the polarisation resistance of the working electrode, R™, will be
measured erroneously with respect to the true polarisation resistance, R,,. The error in R” is

defined as
R} — R,

Ry
As shown in Fig. 6 the relative error increases rapidly with decreasing ratio R, /R,, e.g., when
R,/R. = 1 the error is about 90 % and for R,/R. = 2 is about 50 %. It is therefore
recommended that the counter electrode should perform better than the working electrode by
at least a factor 10, i.e., R, /R, > 10.

Therefore, one should be careful in using absolute values of 7, or R,. If possible a
correction should be made for the contribution of the counter electrode. However, correcting
the data will be difficult because . cannot be measured directly. Although a too high resistance
will be measured at the WE electrode geometry 1 can still be used in a comparative way for
screening electrode materials when all samples have comparable counter electrodes. Errors
in the calculated resistance may yield about 10 % due to differences in inhomogeneities of
the potential distribution because of different ratios R,,/R, in a series of samples [4]. For
impedance measurements the parasitic contribution of the counter electrode will also depend
on the measuring frequency. At every frequency the value of R, changes thereby causing a
redistribution of potential lines in the electrolyte.

When d < L the measured resistance at the working electrode onty contain part of the
electrolyte resistance, its magnitude depending on the ratio d/L. In this sitnation there is no
contribution from the counter electrode resistance anymore because the potential probed at RE
corresponds to a potential level somewhere in the electrolyte instead of that of the counter
electrode. Since this position will depend on R, /R, it is not possible to determine U, in a

(51

Error =

separate measurement, e.g., in impedance spectroscopy using high frequency measurements.
Therefore at this condition the electrode geometry is not useful at all.
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Figure 5: Contour plot of the secondary potential distribution in the electrolyte cross section

of the three-electrode geometry 1, see Fig. 3. R,/ R. = 1. Potential values are indicated at the
lines.
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Figure 6: Relative error in the measured polarisation resistance as a function of the ratio
R./R..
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Summarising the above we can say that in order to measure true overpotentials at the
working electrode for electrode geometry 1 the following requirements have 1o be fulfilled:

1. the distance between the working and reference electrode should be at least five times the
thickness of the electrolyte, i.e,d/L > 5

. the resistance of the counter elsctrode should be lower by a factor of at least 10 compared
to the working electrode resistance, i.e., R,/ R, > 10.

[

2.2 Other geometries
2.2.1 Electrode geometry 2 and 3

In geometries 2 and 3 the counter and working electrode are symmetrically placed opposite to
each other. For both geometries the discussion with respect to the ratio d/L is similar as for
geometry 1. Model calculations, with similar conditions as used in the previous section were
performed to calculate potential and current distributions. These calculations showed that if the
electrodes are at exactly symmetrical positions opposite to each other and if R, = R,, = 0, then
the lines of the primary potential distribution lie symmetrically with a mirror plane in the centre
of the electrolyte. The consequence is that half of the true electrolyte resistance is measured;
Rmeasured .. _;‘x; Rel-

However the situation changes when there is a displacement § of both electrodes as indicated
at 2a and 2b of Fig. 1. Depending on the direction of the displacement of the working electrode
relative to the reference electrode the electrolyte resistance that will be measured, lies between
0 and R,; in case of the primary potential. For example, when the displacement § is 0.2 - L into
the direction of RE (2b of Fig. 1) then 13 % of the electrolyte resistance is measured instead of
50 %. This means that for an SOFC electrolyte, having a thickness of 150 um, a displacement
of 0.03 mm already induces a significant error in the measured electrolyte resistance.

When polarisation of the electrodes is taken into account the effect is even more pronounced
[4]. In this case the potential at the reference electrode does not necessarily correspond with
a potential between the electrodes. At a given displacement & the potential difference will
depend upon the ratio R,,/R. and the error in U, can be several times the electrolyte loss U,;.
What is measured too much at one electrode is missing at the other electrode. In Fig.7 the
relative error, defined by Eq.5, is shown as a function of R, /R, for different values of the
displacement 8. As can be seen from this figure for a similar resistance of working and counter
electrode an error of ~10% is made at already a displacement of only 20% of the electrolyte
thickness. This means for example in case of thin electrolytes of 150um that errors larger than
10% occur at displacements larger than 0.030 mm! During fabrication of porous electrodes it
is practically impossible to avoid displacements of this order of magnitude. Even if this would
be possible, such displacements often occur during testing because of microstructural changes
such as sintering of the electrode. It is therefore not recommended to use this geometry for thin
electrolytes.
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Figure 7: Relative error in the measured polarisation resistance as a function of the ratio R,/ R,
Jor different values of the displacement distance § between working and reference electrode,
see right hand sight of Fig. 1.

For thick electrolytes and satisfying the condition 4 > L the displacement error can be
avoided because the ratio 6/ L can be kept small. In this case one always measures, independent
of the ratio R,,/R., half of the electrolyte loss, ie., U, = n, + %U,_,,. However, for thick
electrolytes it is a practical problem to satisfy the conditiond/L > 5.

For geometry 3 the discussion is similar to that of geometry 2 except that in case of the
displacement the errors have an opposite direction compared to geometry 2.

2.2.2 Elecfrode geometry 4

This geometry is similar to 1 except that WE and CE are interchanged from position. For a
thin electrolyte and no polarisation one measures a zero potential difference U, == 0 because
both WE and RE are at the same potential; ¢, = ¢,. For a thick electrolyte one measures an
unknown part of the potential drop across the electrolyte U,;. This means that this geometry
1s not suitable for measuring the electrolyte resistance. When the electredes are polarised and
d/L = 5 itstill holds that ¢, = ¢, and consequently U, = 0. For polarised electrodes and
d « L one measures an unknown fraction of 5, <+ U.;.

223 Electrode geometry 5

In this geometry the displacement is intentionally made to compensate partially for the chmic
drop in the elecirolyte. According to the authors in Ref. [17] this geomewry would reduce the
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electolyte loss. The displacement between WE (diameter 10 mm) and CE was 1 mm at an
electrolyte thickness of 130 um. For thin electrolytes the discussion for this geometry is similar
to that for geometry 2 but now including a large error due to the displacement between WE
and CE. It should be noted further that for this geometry the electrolyte loss wiil be dependent
on the ac frequency. Therefore for thin elecwolytes this geometry is highly unsuitable. For
thick electrolytes the dispiacement error disappears only when the electrolyte thickness is much
larger than magnitude of the displacement, i.e., L 3> 6.

224 Electrode geometry 6 and 7

Geometry 6 does not differ significantly from that of 2. Thus, the discussion is also similar
except that for this geometry the displacement factor may be higher because of a total perimeter
which is 2 times that of the electrodes 1n geometry 2. The error may differ little from that
of geometry 2 because 1 ::: current and potential distribution will be different for the ring-like
electrodes compared to tire electrode shape of geometry 2. The potential distribution was not
calculated for this shape but from calculations on other different geometries it is expected that
this will only have a minor effect [21]. The discussion for geometry 7 is similar to that for
geometry 1. For thick electrolytes the discussion for geometries 6 and 7 is also similar to that
for 2 and 1, respectively.

2.2.5 Electrode geometry 8 and 9

In a recent paper Winkler et al. [6] discussed the implications of improperly placed reference
electrodes and presented two alternative configurations in order to measure the correct electrode
overpotential. These configurations are shown in geometry 8 and 9 of Fig. 2. Both geometries
consist of a thick electrolyte. Geometry 8, called the Risg 3-electrode pellet geometry, is based
on the classical approach, i.e., the reference ¢clectrode is preferably placed within the electrolyte
near the working electrode in a region where the potential distribution is homogeneous and well
defined. Optimum values were calculated for the distances between WE and RE. It was shown
that at distances smaller than / = 2 mm (and b = 1.5 mm) the current distribution becomes
inhomogeneous and, hence, the emor in 7, increases. Calculations show that geometry §,
with optimised dimensions, can be used to measure the correct polarisation loss at the working
electrode within an error of 3 % with respect to the true polarisation loss. The disadvantage of
this setup is the large serial resistance because of the thick electrolyte used in this geometry. A
large serial resistance, especially the resistance of the electrolyte part between the working and
reference electrode, causes relatively large errors when the polarisation loss at the electrode is
small. To reduce the electrolyte loss geometry 9 was developed. The reference electrode is
now positioned on a ridge at the outside of the electrolyte cylinder. Using this configuration
the clectrolyte series resistance was reduced by 33 % and the total resistance was reduced by
69 %. Errors in the polarisation resistance, which could be measured down 1072Q cm?, were
within 5 % of the true values when using optimised dimensions.
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2.3 Summary and some practical implications

The use of electrode geometries 1 to 7 illustrated in Fig.1 have the advantage that they can
be combined with the use of thin somponents and thus they can easily satisfy the requirement
listed at the end of section 2.1. From the geometries 1 to 7 electrode geometry 1 is preferred
when one wants to measure the electrolyte resistance. This geometry can be used to obtain
correct values of the electrolyte resistance. This geometry has shown to be satisfactorily in
practice at our institute and can be used to screen the electrochemical performance of different
electrode materials [1-3].

The condition of having a distance of at least 5 times the electrolyte thickness can also be
easily satisfied for these geometries using thin electrolytes. For polarised measurements, e.g.,
I-V characteristics, one should be aware that the counter electrode should perform better by
a factor of at least 5 times that of the working electrode, otherwise erroneous results will be
obtained. This condition is difficult to verify because the counter electrode cannot be measured
separately. If the counter electrode condition cannot be satisfied one can still use geometry 1 in
a comparative way as long as the counter electrode in a series of samples is the same.

Symmetrically placed electrodes should be avoided for measurements on thin electrolytes,
because small displacements of the order of the electrolyte thickness already induce significant
errors. Such small displacements, e.g., 0.03 mm cannot be avoided during fabrication or even
during testing, .g., shrinkage due to in situ sintering of the electrode material at a high operating
temperature. '

Alternative geometries, using thick electrolytes, were developed at RIS@ to measure true
polarisation resistances. These cell configurations are very useful for modelling I-V charac-
teristics for example. Disadvantages of these geometries are: 1) because of their relatively
complex configuration they are not suitable as a fast and simple method to screen a large set of
electrode materials and 2) the electrode is supplied to an electrolyte pellet and thus it will very
likely have a different interface than the same electrode supplied on a thin electrolyte plate.

From the literature it is known that the interface piays a key role in the electrochemical losses
and this interface is determined mainly by the manufacturing method. Part of the properties are
even determined in the green (unsintered) state of the samples. Therefore, screening of different
electrode materials in a half cell configuration should be done on samples that are made with
the same fabrication method adopted for real fuel cells. Preferably these samples should be
prepared from the same stock as the single fuel cells. We consider this an absolute requirement
for screening different clectrode materials on their electrochemical performance. If this is not
done it will always be questionable whether results from half cells can be translated to single
fuel cells or not. This is a serious disadvantage of electrode geometries using thick electrolytes.

Summarising, calculation of the primary current and voltage distributions, as described in
this appendix, has shown that under polarisation conditions serious errors are introduced in the
measured overpotentials depending on the electrode geometrv. For the evaluation of mecha-
nistic pathways and reaction models of electrode materials these problems clearly need to be
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solved. A reliable electrode configuration for thin samples is urgently required. The theoretical
calculations should be extended by including the 1) details of the electrolyte microstructure,
2) non-ohmic polarisation losses occurring at the electrodes and 3) influence of mass transport
effects.

3 Conclusions

. Forall three-electrode geometries discussed the distance d between working and reference

electrode should be at least 5 times the electrolyte thickness L; d/L > 5.

For impedance measurements in which only the electrolyte resistance has 10 be measured
of thin electrolyte discs electrode geometry 1, as used by ECN, is preferred.

. Erroneous values for the polarisation resistance R, will be measured when the counter

electrode resistance R, is comparable with or higher than R,,. It is recommended that
R,/R. > 10.

. The electrode geometry 1 can be used in a comparative way to distinguish between the

electrochemical performance of several electrodes in a series of samples when all samples
have similar counter electrodes. Absolute values of R,, cannot be obtained.

. Electrode geometries with symmetrically placed electrodes on both sides of the elec-

trolyte should be avoided for thin electrolytes, because displacements of the order of the
electrolyte thickness already cause significant errors.

Currently there is no suitable geometry to measure correct overpotentials of thin elec-
trolyte/electrode structures.

Alternative geometries, as developed at RIS, using thick electroiyte pellets can be used
to measure the correct overpotential at the working electrode. These methods cannot
be used in combination with thin electrolytes. It is doubtful of the results from these
geometries can be translated to similar electrodes on thin electrolyte plates.

List of abbreviations and symbols

SILM 15 mole % strontium-doped lanthanum manganite
SOFC Solid Oxide Fuel Cell

pb Three-phase boundary

WE ‘Working electrode

CE Counter electrode

RE Reference Electrode

El Electrolyte
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) Displacement of symmetrically ~laced electrodes

p Specific resistance
[ Local potential imposed at working electrode
@ Loczl potential imposed at counter electrode
@ Local potential sensed at reference electrode
Buslic Overpotentia: of working and counter electrode respectively
v Frequency of a.c. voltage
A Electrolyte effective cross sectional area used as a relative
measure for the 1pb area
d Distance between working and reference electrode
i Current density
L Thickness of electrolyte
R,, True resistance at working electrode
R.. Resistance measured at working electrode {(calculated from U, and i)
R, True resistance at counter electrode
Rys High frequency intercept on the real axis in the impedance diagram
R, True electrolyte resistance
U, Potential difference measured between WE and RE
U, Potential difference across the electrolyie between WE and CE
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Errer Resulting from Ohmic Resistance Compensation in a Single Cell

Ann Mari Svensson and Kemal Nisancioglu
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Norwegian University of Science and Technology
N-703] Trondheim, Norway

Introduction

Nonuniform current and potential distribution at an electrode may cause difficulties in the
interpretation of electrochemical data [1-3]. The nonuniform reaction rate may result from
the particular cell geometry, reaction kinetics, mass transfer limitations, or a combination.
Measured quantities such as polarization resistance, and other kinetic parameters might
deviate considerabiv from their true values based on material properties. A mathematical
model can thus be a useful tool to relate measured guantities to the material and kinetic
properties of the cell components.

An evaluation of the error in the measurement of electrode kinetics caused by nonuniform
ohmic-potential drop to a disk electrode was presented by Tiedemann et al. [1]. A sim-
ilar approach was applied by Nisancioglu [2] to investigate the discrepancy between true
and measured corrosion rates. West and Newman (3] considered a channel geometry and
investigated possible errors in the measured exchange current density and charge transfer
coeflicient with respect to the placement of the reference electrode, assuming linear or Tafel
kinetics.

Here, we consider rectangular shaped geometry of arbitrary size, thought to represent typi-
cal solid state electrochemical celis, like those used for the evaluation of electrode materials
for application in a SOFC. Possible errors in the measured polarization resistance are in-
vestigated for various cell geometries. kinetic parameters and positions of the reference
electrode. Emphasis is given to problems related to the use of thin electrolytes.

Theory

Basic Eguations. When formulating the problem mathematically, chmic losses in the elec-
trode and concentration gradients are neglected. It is furthermore assumed that the ex-
change current density is a constant.

A single cell as depicted in Fig. 1 is considered. with a dense working electrode well adhering
to the electrolyte at the top (WE), and a dense, well adhering material, acting as a counter
electrode, CE, at the bottom. Two possible placements of the reference electrode, RE, are
indicated in Fig. 1. The reference electrode probes the potential of the working electrode.
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In the absence of concentration gradients, the potential in the electrolyte obeys Laplace’s
equation

V=0 (1)
The relevant boundary conditions are
%‘g = { at z = 0 {symmetry condition) (2)
T

0% . e
5 0 at £ = L (symmetry condition) (3)
0% | ¥(e) aty=18,0<z <L (4)
h@y R aty=26. [¥* <z < L \*
_K_aﬁg _ | =) aty—"—gzg Oﬁ<x<Lv (5)

Sy 0 aty=—36,L°<z <L

where L is half the width of the model cell, § is the electrolyte thickness, x is the conductivity
of the electrolvte, 7 is the current density, and superscripts w and ¢ refer to the working
and counter electrodes, respectively. Due to the symmetry of the problem, see Fig. 1, the
Laplace equation is solved only for one half of the cell. The current distributions along the
electrodes, ¥ or i°, are assumed to obey the linear relationship:

nF(a, + ac)

?:(3:\3 = io—ﬁ;ns(l‘) (6)

where i, is the exchange current density, and n,(z) is the surface overpotential, defined by
i 1, 1., -
(e)=V-0z36) ad i) =0z, —30) (7)

Here, V is the cell potential, and the potential of the CE is arbitrarily set equal to zero.

Measured and True Polarization Resistance. The potential measured by the reference elec-

trode can be expressed as
VEE = ¥ + &y — 9FF (8)

where ®¥ is the potential at the surface of the WE, and @FE is the potential at the location
of the reference electrode. To obtain the surface overpotential, VZ has to be corrected for
the ohmic drop. The measured surface overpotential is then given by [1]

Tfsf—vRE-A@RE (Q)

where
ABRE = @ — BFF (10)

is the measured ohmic potential drop. and the subscript () refers to the primary potential
distribution.
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The effective polarization resistance is given by

err mfT VEE —(9g - 9FF) V- 0FF — (8 — BFF) \

where I is the total cell current. The latter equality s valid since the CE is assumed to be
grounded. The true polarization resistance. on the other hand, is given by

RT
1% (g, + anFW L

R, = (12)

where W is the width of the cell perpendicular to the paper plane.
P paper p
Results and Discussion

As is shown in the foregoing section, the measured and true values of the polarization
resistance can be different. The measured value differs from the true value depending on
the reaction kinetics and geometrical factors, such as the position of the reference electrode,
and the nature of potential distribution in the electrolyte. Mathematical analysis of the
potential distribution problem indicates that the effect of kinetics can be expressed by a
dimensionless reaction rate constant for each electrode, expressed by [4]

(. +a.)nFL
«RT

As shown in earlier work for other cell and electrode geometries [3], the error in the measured
polarization resistance increases with increasing J*. Depending on the cell geometry. the
error can be significantly affected by the kinetics of the counter electrode, /¢, as demon-
strated in Fig. 2, which compares the results of two cells with identical geometry, but
different reaction kinetics at the counter electrode (J° = 10 and J¢ = 100}.

J =

(13)

The deviation from the true value is not significant unless the electrode reactions are fast,
or the electrolyte conductivity is extremely low. For an YSZ electrolyte the conductivity
at T = 1000°C is approximately x &~ 0.1 Scm™!. Typical exchange current densities are of
the order 0.001-0.1 Acm ™2 Thus J¥/L lies in the range 0.2 — 20 cm™" which implies that
J¥ is not likely to be very large for ordinary cell geometries. The error does not seem to
depend much on the placement of the reference electrode.

Figure 3 illustrates how the kinetics of the counter electrode affects the current distribution
along the working electrode for the same cell as in Fig. 2. The results in Figs. 2 and 3
correspond to a relatively thin electrolyte (§/L=0.1). For such cases, the kinetics of the
counter electrode distorts the potential distribution at the working electrode and thereby
affecis R;f f. An investigation of the same cell geometry, but with a thick electrolyte
{§/L=1), revealed a negligible dependence of R/ on the kinetics of the CE.

In Fig. 4 the primary and secondary potential distributions along the upper surface of
the electrolyte, and the total cell voltage are plotted for a cell with a reversible counter
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electrode. The cell geometry is similar to the one considered in Figs. 2 and 3. The true
value of the surface overpotential is indicated with an arrow. A more realistic situation is
plotted in Fig. 5 for the same cell geometry, but where the finite kinetics of the counter
electrode has been taken into account {(J¢ = 10). The additional overpotential at the CE
leads to an increase in the total cell potential compared to Fig. 4. The values of VERE,
A®RE and 7/ are indicated with arrows for a reference electrode placed at zRfE = 0.7L.
The discrepancy in ¢/ with respect to the true value of 7y’ is considerable. This is related
to the fact that the secondary, and primary potential distributions rapidly decrease to zero
outside the domain of the WE. and the overpotential measured by the reference electrode
becomes the sum of the overpotentials at the working and counter electrodes.

The problem is related to the specific cell geometry considered. The influence of the counter
electrode on the measured polarization resistance can be minimized, e.g., by use of small
working electrodes or symmetrical cells. The types of errors discussed in this paper are
expected to occur in cells with thin electrolytes and where the reaction rate limitations at
the two electrodes are of the same order of magnitude.
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Figure 1: Single cell with partly covering working and counter electrodes (£ and CE).
Two possidle placements of the reference electrode. RE, are indicated.
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Figure 2: Calculated values of Rg/‘/R, vs. dimensionless position of the RE for various
values of J¥. Cell parameters: L"‘/i_ 0.5, L°/L=0.9, J°=10, and §/L=0.1.
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Figure 3: Current distribution on the WE of the cell geometry used in Fig. 2 for various
values of J°.
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Figure 4: Comparison of primary and secondary potential distributions, and total cell
voltage, V, for the cell in Fig. 2 with reversible CE, and J¥ = 10.
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Fabrication and properties of new materials
for low temperature operation

K. L.Choy, W Bai, and B.C H.Steele
Department of Materials
Imperial College of Science, Technology, and Medicine
London SW7 2BP UK

The high oxygen-ionic conductivity and thermochemical stability of solid electrolytes are
necessary to provide good electrochemical performance in solid oxide fuel cells. In the
search for a new oxvgen ion conductor, ABO: perovskite offers an interesting alternative
because its structure is very tolerant to changes in the radii of the A and B ions and it can

also accommodate large concentrations of cation vacancies particularly on the A sites! |

Recently, Ishihara et al " have reported that the LaGaO: perovskite with the A site
substituted by Sr and B site by Mg exhibits good oxygen ionic conducting properties at
elevated temperatures. This electrolyte is commonly known as LSGM. This new material is
reported to be stable in both reducing and oxidising atmospheres up to 1223K, and the
highest conductivity is observed in Lag sSro1Ga0sMgo 20z The chemical reactivity between
electrolyte and electrodes is eliminated if both components are perovskites™ .

At present, all investigations on LSGM have been focused on the bulk materials. There has
been no reported literature on the study of LSGM films. This may be because it is difficult
to deposit multicomponent oxide films using the conventional CVD and PVD techniques or
the wet chemical routes as a high sintering temperature is required (~1500 °C). This paper
reports the feasibility of producing LSGM film using a novel and cost-effective deposition
method called Aerosol-assisted Chemical Vapour Deposition in an electric field
(ACVDe)®™™. The ACVDe process involves spraying atomised precursor droplets across a
heated environment where the droplets undergo combustion and chemical reaction in the -
vapour phase near the vicinity of the substrate. This leads to the formation of a stable solid
film with excellent adhesion onto a heated substrate in an open atmosphere. The technical
and economical viability of the ACVDe technique to produce SOFC components such as
the dense Zr(Y)O... electrolytes, porous Ni-YSZ anode, porous La(Sr)MnO; cathode
structure, and multilayer La(Sr)MnO; /Zr(Y)O.» /Ni-YSZ PEN structure have been
reported in this workshopm]

This paper reports the preliminary study on the ACVDe of LSGM films. A dense and free-
crack LSGM film without pinhole has been successfully deposited onto a porous electrode
LSM at 350 °C, followed by sintering at 1000 °C. The sintering temperature is lower than
the sintering temperature in bulk LSGM matenials (1500 °C). The microstructure of the
LSGM film depends on the deposition process and the sintering temperature. XRD result
indicates that the deposited LagoSry 1GaosMgo20x film has the LaGaOs-perovskite phase.
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Both Sr and Mg dopants have been dissolved substitutionally into the lattice of A and B
sites in LaGaO; to form a solid solution. The ionic conductivity of LSGM film is higher than
that of the 9mol%YSZ, but the ionic conductivity values of the bulk CGO (CepsGdo201.9)
are comparable with the LSGM film in medium and high temperature ranges as shown in
figure 1.

This preliminary study has demonstrated the feasibility of the cost-effective ACVDe method
to produce dense LSGM films with good ionic conductivity. Further work is in progress to
optimise the precursors and the processing parameters, in order to deposit LSGM i a
single step, without further hear treatment.
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Electrostatic Spray Deposition of Doped YSZ
Electrode Materials for a Monolithic Solid
Oxide Fuel Cell Design
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o
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Laborarory for Applied Inorganic Chemistry, Delft University of Technology,
Julianalaan 136, 2628 BL Delft, The Netherlands

ABSTRACT

The recently in our laboratory developed Electrostatic Spray Deposition (ESD) technique is a
cheap and powerful tool for synthesis of doped vttria-stabilized zirconia thin films. The influence of
different deposition parameters on the morphology of Tb -YSZ, Ti-YSZ solid solutions, and a NiO-
YSZ cermet is discussed. Dense and porous thin films of doped YSZ and NiO-YSZ electrode
materials deposited on YSZ can be obtained by controlling the deposition parameters. A monolithic
fuel cell design based on YSZ as electrolyte with Th-YSZ as cathode and Ti-YSZ or NiO-YSZ

cermet as anode prepared by ESD is proposed for its use in a mixed gas atmosphere.

INTRODUCTION

Electrostatic Spray Deposition (ESD) recently developed in our laboratory [1], and more recently
referred to as Aerosol-Assisted Chemical Vapour Deposition [2], is a2 non-vacuum thin film method
based on electrostatic atomization of liquid precursors. It has been applied for preparing thin film
metal oxides for application in Solid Oxide Fuel Cells (SOFCs) and lithium-ion batteries, such as
yitria stabilized zirconia (YSZ), Tb-YSZ and BaCeO;, as well as LiMn,0, and LiCoO,,
respectively [3-7]. This technique has the advantage of requiring only a simple and cheap set-up

compared to conventional gas phase deposition techniques like Chemical and Electrochemical
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Vapour Deposition (CVD) and (EVD) [8]. Due to a well defined trajectory of spray droplets
towards a grounded substrate by the electric field, a high deposition efficiency and reliability for
controlled layer compositions and morphologies can be obtained. In this respect, it is similar to the
so-called corona spray pyrolysis technique [9]. ESD is a promising route to the synthesis of dense as
well as porous thin films at relatively low deposition temperatures and, therefore, lower materials
processing and fabrication costs. There are various chemical and physical processes involved which
influence the morphology of the deposited layers.

Yttria-stabilized zirconia, doped either with terbia or titania, has been reported to exhibit mixed
conductivity at elevated temperatures. Terbia-doped yttria-stabilized zirconia (Tb-YSZ) exhibits
oxygen ion and p-type conductivity at high oxygen partial pressures and elevated temperatures (e.g.
Py, >0.21 atm at 800 °C) [10]. The oxygen ion conductivity in Tb-YSZ is due to the high
concentration of oxygern ion vacancies in the lattice, which have significant mobilities at
temperatures higher than 600 °C. The p-type conductivity in terbia-doped zrconia-based cubic
fluorite structured solid solutions, such as (ZrO,),_,_ (Tb,055), (Y205), . is believed to be due to
hopping of mobile electronic charge carriers [8]. Titania-doped yttria stabilized zirconia (Ti-YSZ)
exhibits oxygen ion and n-type conductivity at low oxygen partial pressures and elevated
temperatures (e.g. Py, < 1075 atm at 800 °C) [11]. With respect to their mixed conducting
behaviour, these doped YSZ materials may have potential electrode and catalytic applications in
high-performance solid oxide fuel cells (SOFCs) [12]. Therefore, the fabrication of a monolithic
fuel cell based on YSZ as electrolyte, using Tb-YSZ as cathode and Ti-YSZ as anode material
becomes straightforward.

In this paper, we report the use of the electrostatic spray deposition (ESD) technique to deposit
porous and dense Tb-YSZ, Ti-YSZ, and NiO-YSZ cermet on YSZ. Butyl carbitol / ethanol mixed
solutions containing terbium-, titanium-, nickel-, yttrium- and zirconium metal organic precursors
are used. The influence of the different deposition parameters for ESD is discussed. The control of
the morphology formed under certain deposition parameters is investigated. A monolithic fuel cell
design based on YSZ as electrolyte with Tb-YSZ as cathode and Ti-YSZ or NiQ-YSZ as anode

prepared by ESD is proposed for its use in a mixed gas atmosphere.
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EXPERIMENTAL

An ESD set-up with a vertical configuration, as shown in Fig. 1, was used for the deposition of
thin Tb-YSZ, Ti-YSZ. and NiO-YSZ layers. A resistively heated substrate holder was used to
control the substrate temperature. Stainless steel and YSZ (Z154,Y416019>. ECN, Netherlands) disks
(iZ or 20 mm in diameter) are used as substrates. The metal disks had a thickness of 1 mm, while
the YSZ substrates had a thickness of 0.13 mm. A thin stainless steel disk was used to obtain a good
contact between the thin YSZ substrates and the heated substrate holder. A positive high voltage of
+10 kV was applied to the nozzle. The nozzle-to-substrate distance was 30 mm. The feed rate of the

precursor solution was set to 0.5 ml/hour using a syringe pump.

Zirconium-~(I'V)-acetyl  acetonate (Z;'(()2C5H7)4 . Alfa), yttrium-(IID-acetyl acetonate
(‘./'(02(3 5H7)3, 99.9%, Alfa), terbium-IIl)-acetate hvdrate (Tb{CH 3COO)3 -H,0, 99.9%,
Aldrich), titanium-(IV)-ethoxide (Ti(C,H;0),, Aldrich), and nickel-(Il)-acetate (Ni(C,H;00),,
Aldrich) were used as precursors. Butyl carbitol (99.9%)-ethano! (99%) mixtures with ratios of
50:50 vol% and 80:20 vol% were used as solvents for precursor solutions. The cation ratios were set
10 Zrys55Y018 027> ZT97 Yp131 g1 10t the solutions with total metal concentrations of 0.09 M and
0.05 M. For the NiO-YSZ a Ni:YSZ ratio of 60:40 vol% in a 0.05M solution was prepared. The
morphology and composition of the layers were analyzed using a scanning electron microscope
(SEM) (JECL JSM-35 model) equipped with an energy dispersive X-ray microanalyzer (EDX)
{Link ISIS, Oxford Instruments Ltd.).

Elemental analysis by EDX for Tb-YSZ, Ti-YSZ, and NiQO-YSZ layers confirms that the overall
composition of the laver is the same as that of the precursor solution within experimental error. This
is in agreement with earlier investigations on various oxide compounds [13] and shows another

advantage of the ESD technique compared to other deposition techniques.

ESD PARAMETERS

During our investigations of the ESD of Tb-YSZ thin layers, five types of layer morphologies
are observed. Type | is a relatively dense but cracked layer, type Il is a dense layer, type 1] consists
of a dense bottom layer with some particles incorporated or some lamellar particles on top of the

dense layer, type IV is a porous layer, and type V is a very porous layer of fractal-like agglomerates.
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These five types of morphologies can be formed under certain deposition conditions. In the

following we will give a comprehensive overview about the deposition parameters and their

influence on the morphology of electrostatic spray deposited thin films.

A)

B)

0

D)

E)

F)

G-H)

With increasing deposition time, and accordingly increasing layer thickness, more
agglomeration at the surface will occir resulting in a more porous laver. Therefore, the
shorter the deposition time, the more dense the deposited layer.

The size of the droplets and their mass determine the deposition process that occurs above
the required decomposition temperature. The larger the droplets, the more heat will be
necessary to evaporate the solvent and o enable precipitation at the substrate. Therefore,
with increasing precursor concentration the deposition temperature has to be increased to
obtain a layer with same morphology.

The depositicn temperature is one of the most important deposition parameters. By
increasing the deposition temperature, the morphology of a layer deposited on a certain
substraie usuaily shifts from a dense to a highly porous structure.

The applied voltage between needle and subsirate is important to obtain a stable Taylor cone
and thereby. to increase the reliability of the deposition. Within a voltage window, a higher
voitage resuits in 2 more dense laver due to an increase in still wet incoming droplets ai the
substrate surface.

The boiling point of the solvent determines the spreading behaviour of the solvent droplets
on the substrate. By using a solvent with a high boiling point the morphology of a layer
becomes more dense due to the slower evaporation and precipitation rate of the droplet. At
the same time a higher deposition temperature is required in order to obtain a certain
evaporation rate. Otherwise, a cracked layer will be obtained.

The flow rate of the precursor solution can have the following influence on the layer
morphclogy . To obtain a dense layer morphology a low flow rate is recommended, while
for high flow rates porous and reticular structures can be obtained.

The substrate can influence the morphology of a deposited layer due to its porosity, surface
roughness and surface tension. These properties may change during deposition duc to the

different properties of the deposited layer. Tae porosity of a substrate can affect the
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morphology of a deposited layer due io the lower thermal conductivity which lowers the
heat necessary for the evaporation of the solvent near or at the surface of the substrate. A
higher surface roughness will enhance preferential landing of the droplets leading to more
agglomerates. A lower surface tension may result in the formation of discrete particles
which also increases the surface roughness and theicby lead to preferential landing of the
droplets.
Therefore, with increasing substrate density a more dense layer can be obtained. By
changing the substrate from a conduciive metal to a non conductive metal oxide, the
temperature has to be increased to obtain the same morphology.

The above mentioned deposition parameters for ESD (shown schematical in Fig. 2) have to be

controlled to obtain the desired layer morphology.

RESULTS

Effect of Deposition Temperature

Typical surface morphologies of Tb-YSZ and Ti-YSZ thin films deposited at different
temperatures on YSZ substrates are shown in Fig. 3. It can be seen th.at for solutions with a total
metal concentraiion of 0.09 M in 80 vol% butyl carbitol + 20 vol% ethanol mixed alcoho! the layer
deposited at 360 °C for 1 h [Fig. 3(A)] is cracked and tends to spill-off from the YSZ subsirate. This
morphology (type I) is always found to be present if the deposition temperature is too low. By
increasing the deposition temperature up to 400 °C [Fig. 3(B)] a dense Tb-YSZ laver can be
obtained, belonging to the type Il morphology. Further increase in deposition temperature to 420 °C
leads to minor agglomeration on top of a dense bottom layer and the deposited film [Fig. 3(C)]
shifts t¢ a type ITI morphology. At a deposition temperature of 450 °C [Fig. 3(D)], the deposited
layer shows a porous type IV merphology. With increasing deposition temperature the morphology
of the deposited layer changes from type I to type V (see Fig. 5).

As shown in Fig. 4. the dense To-YSZ layer deposited at 360 °C for 2 h on a stainless steel
substrate, using an 80 vol% butyl carbitol + 20 vol% ethanol mixture as solvent for a 0.09 M

precursor solution exhibits good adherence. Dense Tb-YSZ and Ti-YSZ deposited on YSZ showed
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no change in their laver morphology after thermal cycling between room temperature and 1100 °C

with heating and cooling rates of 300 °C/h.

Effect of Solvent

By changing the solvent composition, the physical properties such as boiling point of the solvent,
solubility of the precursor solutes, spreading behaviour on the substrate of incoming droplets, and
the electrical conductivity of the solution will change. Therefore, the morphology of a deposited
layer may also be modified. As shown in Fig. 5 the morphology changes quite radically from a
fractal-like type V to a dense type I layer by using a mixture of 80 vol% butyl carbitol + 20 vol%
ethanol instead of a mixture of 50 vol% butyl carbitol + 50 vol% ethanol as the solvent.

This extreme change in the layer morphology can be explained by the higher boiling point of the
80:20 alcohol mixture. Using high-boiling point solvents causes the evaporation rate to decrease
and the spreading of the stiil wet droplets on the substrate will be slower than using butyl carbitol-
ethanol mixtures with higher ethanol content and accordingly lower boiling point. Therefore, a
relatively dense layer can be obtained.

Preliminary results showed that with the 50 vol% butyl carbitol + 50 vol% ethanol mixture no
dense layers could be obtained on stainless steel and YSZ substrates. A very narrow temper-iire
range, i.e. around 10 K, was found, in which the morphology of a deposited layer changes from type
I to type IV on stainiess steel, respectively, type I to type V on YSZ substrates.

NiO-YSZ by ESD

A NiO-YSZ cermet has been deposited at 380 °C for 2 k on YSZ, using an 80 vol% butyl
carbitol + 20 vol% ethanol mixture as solvent for a 0.05 M precursor solution. As shown in Fig. 6, a
porous type IV morphology has been obtained. With respect to the morphology-temperature
diagram in Fig. 5, the morphology of the NiQ-YSZ layer fits very well into the curve for the 8§0:20
alcoho! mixture of 0.05 M doped YSZ layers deposited on YSZ. This result implies that ihe
determined morphology-temperature diagram might be also used to control other YSZ based

matenals.
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MONOLITHIC SOFC

Recently a moneolithic SOFC design was proposed by Worrel et al. [11]. Based on our results on
the synthesis of doped YSZ thin films by ESD, the general design of a Th-YSZ/YSZ/Ti-YSZ cell
with Tb-YSZ as cathode, YSZ as clectrolyte, and Ti-YSZ as anode becomes easy to prepare. As
shown in Fig. 7. we propose the use of this cell in a2 mixed gas atmosphere to investigate the

performance of the cell and the catalytic activities of the doped YSZ electrode materials [14].

CONCLUSIONS

Our investigation on doped YSZ and NiO-YSZ thin films prepared by ESD shows that the
electrostatic spray deposition {(ESD) technique is a verv promising synthesis method to lower
materials processing and production costs for SOFC fabrication.

The desired morphology of doped YSZ and NiO-YSZ thin films can be obtained by controlling
the deposition parameters. Dense and porous Tb-YSZ, Ti-YSZ, and NiO-YSZ can be deposited on
YSZ by ESD.

Electrostatic spray deposition shows an easy and cheap way to prepare a monolithic solid oxide

fuel cell.

ACKNOWILEDGMENT
N.H.J. Stelzer is grateful to the Delft University of Technology for a research fellowship. The
authors are indebted to Dr. F.P.F. van Berkel of the Netherlands Energy Research Foundation

(ECN) for providing the YSZ substrates.

REFERENCES
1. A.A. van Zomeren, E.M. Keider, J.C. M. Marijnissen, and J. Schoonman, J. Aerosol Sci., 25,

1229 (1994).

o)

K.L. Choy, W. Bai, and B.C.H. Stecle, this conference.
EM. Kelder, O.C.J. Nys, and J. Schoonman, Solid State Ionics, 68, 5 (1994).

P)

4. C.H. Chen, A.AJ. Buysman, EM. Kelder, and 1. Schoonman, Solid State Ionics, 86, 1

(1995).

242



5. C.H. Chen, E.M. Kelder, and J. Schoonman, J. Mater. Sci., 31, 5437 (1996).

6. C.H. Chen, K. Nord-Varhaug, and J. Schoonman, J. Mater. Synthesis and Processing, 4, 189
(1996).

7. N.H.J. Stelzer, and J. Schoonman, J. Mater. Synthesis and Processing, in press.

8. G.-Z. Cao, 1. Meijerink, H. W. Brinkman, K.J. de Vries, and A.J. Burggraaf, J. Mater.
Chem., 3, 773 (1993).

9. W. Siefert, Thin Solid Films, 120, 267 (1984).

10. P. Han and W.L. Worrell, J. Electrochem. Soc., 142, 4235 (1995).

11. S.S. Liou and W.L. Worrell, Appl. Phys., A 49, 25 (1989).

12. W.L. Worrell and P.K. Davies, U.S. Patent 5,298,235, March 29, 1994.

13. CH. Chen, EM. Kelder, P.J.J. van der Put, and J. Schoonman, J. Muter. Chem., 6, 765 (1996).

14. N.H.J. Stelzer, LN. van Rij, and J. Schoonman, to be published.

| power supply

LT — 0-20 kV

thermo-
couples

substrate

nozzle

t
drain
syringe
L] = ump

Fig. 1 ESD Set-Up

243



(A)
Timg
™ /
dense —> porous
©)
T

\

dense — porous
(E)
Tb.p.
Solvent

T

/

dense —

porous

©)

MeO

T

1\

B)

el

N

T
D)
Applied
i \
dense —> porous
¥
Flow
Rate /
dense - porous
&)
Substrate
- \
dense - porous

Fig. 2 Schematical graphs for morphology control of ESD thin films.

244



p

»

4

.
oy
L
Ny

Eain
O
e

(D)

Fig. 3 Typical surface morphologies of Tb-YSZ and Ti-YSZ thin films deposited on YSZ at
different temperatures for 1 h: (@) 633 K; (b) 673 K {c) 693 K; (d) 723 K. An 80 vol% butyl
carbitol + 20 vol% ethanol mixture as solvent for a 0.09 M precursor solution was used.
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Fig. 4 Cross section of a non-annealed dense Th-YSZ laver deposited at 360 “C for 2 h on stainiess

steel using an 80 vol% butyl carbitol + 20 vol% ethanol mixture as solvent for a 0.09 M

precursor solution.
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Fig. 3 Surface morphologies of doped YSZ layers deposited on stainless steel and YSZ using
precursor solutions with different solvent compositions: (A) 30 vol% butyl carbitol + 50
vol% ethanol solution; (B) 80 vol% butvl carbitol + 20 vol% ethanol solution.
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Fig. 6 Porous NiO-YSZ deposited at 580 °C for 2 h on YSZ using an 80 vol% butvi carbitol - 20

v0l% ethanol mixture as solvent for a 0.05 M precursor solution.
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Fig. 7 Proposed monolithic SOFC design for its use in a mixed gas atmosphere.
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MICROSTRUCTURED THIN FILM ELECTROLYTES
Raphaé! Ihringer, JanVan herle and Augustin J. McEvoy

Laboratory of Photonics and Interfaces, Dpt. of Chemistry
Federal Institute of Technology (EPFL}, 1015 - Lausanne, Switzerland

Apart from lowering the operating temperature, the thin film concept brings other
benefits. One of those is the very low potential drop observed on the anode. Therefore
the manufacture of thin film electrolytes co-fired on anode substraies, for example by
calendering, screen printing or dipping processes (1,2,3), begins to be widely developed.

A technique was developed in our 1ab to co-cast and co-fired thin electrolyte on
anode substrates.

To increase the effective surface of a thin electrolyte by a factor of two compared to
the projected area, we added a step in the manufacturing process. This technique, used to
make for instance microstructured ceramics (4,5), consists of embossing the green
ceramnic tape o obtain a three-dimensional shaped surface.

Qur ceramics are manufactured through water based slurries. Polyelectrolyte is
used as dispersant and PV A/glycerol as binder. Wetting, defoamer and viscosity modifier
agents are also added to the pastes. Water based slurries have the advantage to be
practically nontoxic, which 1mplies, ease of handling and disposal, without hazardous
vapor emissions.

YSZ films of 0.7 to 10 um (figure 3 a) and b)) are cast with a blade we shaped
especially for this application. On them, NiO-8YSZ green anode substrates are deposited,
with a conventional doctor-blade technique. After the sintering step (1350 °C/4h), pieces
of diameter 31 mm, thickness of 0.15-0.20 mm and relative density of 96-98 % are
finally obtained.

Structured samples are obtained by embossing the green tapes with a mold of
selected geometry. The negative form will then be reproduced (proportionally to the
shrinkage factor) on the sintered ceramic as it is shown in figure 4 a) and b). Here a thin
and dense shaped electrolyte about 5 pm thick covers the anode.

The use of water soluble and hygroscopic polymers such as PV A has the advantage, that
the plasticity of the tapes can be adjusted simply by changing the relative humidity of the
environment.

Table 1 shows the electrochemical results we obtained with a 7 ym thin electrolyte
layer. The cathode is a mixture of 50/50 wt. commercial 8YSZ and Lag g858r0.15Mn1.103

powders, which were sintered at 1200 °C for 2 hours. Its thickness is about 40 pm (6).

The cell power is clearly limited by the cathode potential drop. Conuarily, the
anode presents a very low potential drop even at reduced temperature (see table 1)
compared to conventional anodes sintered on thick electrolytes, which exhibit an
overpotental above 150 mV at 1 Afcm? at 750 °C (7). This could be explained by the fact
that the surface reaction is increased thanks to the percolation of the YSZ phase in the co-
fired anode.
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A degradation of the current density is always observed after a 48-100 hours testing

period, which is caused by an additional ohmic resistance of 40 to 300 mQcm? on the
anodic side. This loss was identified to come from the anode current collectors. We
noticed that each time a cell was reinstalled in our set-up, the degradation had disappeared
initially, to reappear later during the test. We found then firstly that the pressure on the
cell decreased drastcally because of creep in our testing set-up, and secondly the nickel
particulates of the collecting paste sintered during the test and did not collect the current as
efficiently.

Only a preliminary electrochemical test has been made on a structured sample. The
cathode was the same as for the cell presented above. The measured OCV of 1.0 (V)
implies that the electrolyte tape is sufficiently plastic to deform as shown without tearing
or punch-through.
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i

N owoe

AUr-a (mV) at AUr< (mV) at Power Density
o 1 Alem? 1 Alem? W/em?)
700 40 740 0.3 (a 0.45 V)
760 20 430 0.58 (at 0.42 V)
800 30 360 0.7 (3105 V)

Table 1: Potential drop of the electrodes and Power densities achieved at different
temnperatures for a (Hy/ HoO), Ni-YS8Z/YSZ/1. SM-YSZ, air cell
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Novel fabrication of La(Sr)MnO5/YSZ/NiO-YSZ PEN cells

Kwang-Leong Choy and Wei Bai
Department of Matenials, Imperial College
London SW7 2BP, UK

Exploitation of high temperature solid oxide fuel cell (SOFC) systems for efficient power
generation has sull failed to reach commercial viability due to two crucial technical
problems. These are (1) the relatively high fabrication costs of conventional tubular and
planar SOFCs, and (i) the long term degradation of SrQ and Ca0 doped LaCr(O3 ceramic
interconnects operaied at temperatures greater than 900°C.

Recently, Imperial College has developed a novel processing method called aerosol
assisted chemical vapour deposition in an eleciric field (ACVDe) ' . This method offers
a simple and cost effective method to manufacture planar supported thick film
electrolvte(STFE) and multilaver PEN (P=posttive electrode or cathode, E=electrolyte,
N=negative electrode or anode} cells, in order to overcome the above technical problems.
The ACVDe process invelves spraying atomised precursor droplets across a heated
environment where the droplets undergo combustion and chemical reaction in the vapour
phase near the vicinity of the substrate. This leads to the formation of a stable solid film
with excellent adhesion onto a substrate in a single production process. Dense <lectrolytes
and porous electrode films have been deposited by varying the ACVDe processing
parameters in order to control microstructure, porosity, grain size and composition.
Individual thick films were characterised using a combination of XRD, SEM, and AC
techniques for structural examination and electrical measurements.

The results from this study has clearly demonstrated for the first time both technical and
economical viability of the ACVDe technique to produce SOFC components as well as PEN cell
structure. Dense Zr{Y)Y02.x electrolvtes (Figure 1), porous Ni-YSZ anode, porous
La{Sr)MnO; cathode structure (Figure.2) and multilayer La(Sr)MnO3 /Zr(Y)072.x /Ni-
YSZ PEN structure (Figure.3) with well controlled microstructure and composition have
been successfully deposited cost-effectively on ferrite stee] bi-polar plate material and
porous ceramic substrates in a single production process. Such fabrication can not be
achieved by the existing vapour deposition technigues, including conventional CVD and PVD,
except the very expensive technique like EVD. AC results showed that the ACVDe of YSZ
films were dense and exhibit good electrical properties (bulk conductivity 0.8x10-3Scm™1
at 500°C)}* which are comparable to those fabricated using more costly methods, such as
EVD, CVD and PVD.
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In addiion, the ACVDe method has a lower processing temperatures {e.g. 300-330°C) than
conventional fabrication methods (e.g. CVD, PVD, EVD and tape casting). It can also deposit
SOFC components onto metallic substrates. Thus, it enables a greater use of metallic components
within the SOFC stacks which greatly reduces the operating temperature from 1000°C to 750-
800°C. Other kev advantages of the novel process over existing coating techniques include
low consumption of precursor {e.g. as low as 5 mi to produce 3 um thick film/cm?) and
minimal loss of the precursor 1o the surrounding. Multicomponent oxides, and doped
oxides can be manufactured with well controlled crystal structure and stoichiometry. In
addition, the deposition equipment used in this process 1s simple, flexible and economical.
This novel deposition method has the potential to be scaled up for large-area and large-
scale production. The study has demonstrated the promise of the cost-effecive ACVDe
technology mn revolutiomising the processmg technologv
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Figure I

SEM of dense Y-0:-ZrO- film on stainless steel substrate

Figure 3

SEM of multilayer La(SHMnO:/YSZ/NiO-YSZ PEN cell



RECENT IMPROVEMENT OF SOFC TECHNOLOGY IN MURATA

Hiroshi Takagi
R&D Division, Murata Manufacturing Co., Ltd.
2288 Chshinohara, Yasu,
Shiga 520-23, Japan

ABSTRACT

We have developed a fabrication process for planar SOFC. We are
conducting two R&D activities on planar SGFC, NEDO project and a joint
program with Osaka Gas Co., Ltd. In this paper, the recent status of these
activities is presented, especially, the long-term reliability and thermal cyclic
characteristics are discussed.

INTRODUCTION

In order to commercialize the SOFC in market, a thermal cvelic characteristics
and a long-term reliability are important. We must choose a proper stack design to
realize the good thermal cyclic characteristics. To estimate the long-term reliability, we
have to evaluate it under the practical condition of current density and fuel utilization. In
order to decide the value of current density, we should consider the balance of the
efficiency and the production cost of SOFC stack. For the fuel utilization, we must settle
the proper value considering a svstem desigr: such as an anodic cycling, a turbine used
and so on. From these aspects, we use 300mA/cm’” and 70% for the practical values of
current density and fuel utilization.

We have developed a fabrication process for planar SOFC through two R&D
activities. Through the project supported by NEDO, we intend to apply a cofiring
technique to a fabrication process of SOFC'™. There, we have been developing the
electrolyte/electrode cofired multilayer and improving irs long-term reliability. By a
joint program with Osaka Gas, we have been developing a Osaka Gas (OG) type planar
SOFC which has a new structure good for thermal cyclic characteristics®'®. In this
paper, [ would like to present our current status of two R&D activities on SOFC.

NEDO PROJECT

Large-scale electrolvte/electrode cofired multilaver

The planar SOFC, fabricated by a cofiring process can be expected to achieve
high power densities and low production costs. On the other hand, the cofiring
technique requires that the sintering temperature, the shrinkage profiles and the thermal
expansion characteristics of component materials should be compatible with each otiier.
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These technical hurdles have been tackled by manipulating the material composition,
powder characteristics and firing condition such as firing profile or atmosphere.

Fabrication of electrolyte/electrode multilayer involves forming, cutting,
laminating and cofiring of the thin green films. YSZ is used for the electrolyte, Ni-YSZ
cermet for the anode and (La.Sr)MnO; for the cathode. The tape casting technique was
used for forming the thin green films. These green ceramic films were cut into desired
size and laminated as green bodies to form 3-layered membranes. The green membranes
were then cofired below 1400°C and sintered into the rigid multilayers of 144, 225 and
400 cm”. Figure 1 shows the cofired multilayers with various surface areas. The single
cell testings were performed using the cofired multilayer and Ni-Cr alloy interconnects
at 1000°C. Small sized cells (30mm¢, active area:3cm?) were cut from 144 and 400 cm?
multilavers and tested also at 1000°C.

I-V characteristics of 400cm” (active area:353cm®) single cell is shown in Fig. 2.
Maximum power of about 80 W was achieved. Characteristics of the 400 cm® single cell
are compared with the celis with smaller surface area in Table 1. The power density
slightly decreased with increasing the surface area. On the other hand, the performance
of small sized cell cut from the largist multilayer (400cm?), shown in Fig. 3, was not
lower than that from the smallist multilayer (144cm?). Typical performance of small
sized cells cut from the edge and center portion of 400 cm” multilayer are compared in
Fig. 4. These two curves are almost same, therefore deviation of characteristics in the
same cell plane is scarcely. From these results, we can conclude that tere is not any
essential difference of microstructure among the single cells with various surface areas,
and the inferiority of single cell performance of larger multilayers was due to the
inferiority of gas sealing or current collection which was emphasized with increase in
the surface area. Problems of gas sealing and cwmrent collection still remain in
fabrication of SOFC stacks.

The fuel utilization dependence of terminal voltage at 300mA/cm’ is shown in
Fig. 5. The cofired multilayer of 144cm’® was used for the measurement. The fuel
utilization (Ug) was varied from 20% to 70%. And the calculated values were those
which were subtracted the nernst loss at correspondent utilization from the terminal
voltage of Us20%. From this figure, we can see a slight increase of the concentration
overvoltage at higher utilization, however, the effect is not serious even at U=70%.

$Long-term reliabilitv of cofired multilaver

Conductivity of 3, 8 and 10m.01% Y,Os stabilized ZrO, (3, 8 and 10YSZ) was
measured by DC and AC 4-probe methods in air and fuel atnosphere. Current density of
300 mA/em” was applied during the measurement. The size of sample was 3x1.5x30mm.
Conductivity of 3YSZ was also measured under the generation condition by current
interruption method. Small sized cell was used in the measurement.

The ume dependence of ionic conductivity of 10, & and 3YSZ in air is shown in
Fig. 6. While ionic conductivity of 10YSZ did not change even after 1000h, those of §
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and 3YSZ decreased with ime. However, the rate of decrease gradually reduced with
increasing time. and the conductivity have a tendency to be saturated to the constant
value after 2000-3000h. The conductivity of 3YSZ was smaller than that of 8YSZ, but
the rate of decrease was also smaller than that of 8YSZ. Ionic conductivity of § and
3YSZ measured in fuel atmosphere are shown in Fig. 7 and 8. For comparison, the
values measured in air are shown in these figures. The decreasing rate of conductivity in
fuel atmosphere was smaller than that in air. This means the decrease of ionic
conductivity depends on the atmosphere. Ionic conductivity of 3YSZ under the
generation condition is also shown in Fig. 8. It was measured with a small sized cell
prepared by a cofiring technique, and the conductivity was calculated from IR-drop
{ohmic part) of current interruption. The time dependence of the conductivity, shown in
Fig. 8, was similar to that in fuel atmosphere. It suggests that the oxygen potential in
YSZ under the operation condition deviates to the reducing (fuel) state. Conductivity of
YSZ was separated to those in grain and at grain boundary portions by AC impedance
measurement. The time dependence of resistivities, shown in Fig. 9, reveals the decrease
of ionic conductivity is due to the increase of resistivity in the grain, not at the grain
boundary. From these results, we can conclude that the ionic conductivity change of
YSZ is thought to correspond to the lattice change of YSZ, and it is the relaxation
phenomenon such as phase transition.

The anodic and the cathodic overvoltages of cofired multilaver was evaluated
using the small sized cell with the current interruption methode. In general, it is
important to supress an increase of anodic overvoltage with time. For this purpose, we
use highly dispersed Ni-YSZ cermet for anode where the aggregation of Ni particles and
the separation of them from YSZ are inhibited under the operation condition. The anode
was also improved to maintain the path of oxygen ion in itself for a long-term duration
in fuel. The time dependence of overvoltages is shown in Fig. 10. Both of overvoltages
decrease with increasing in time, and will be saturated to the constant values. The
overvoltage after 40.000h operation was calculated by extrapolation of the time
dependence of electrode overvoltages and electrolyte conductivity. Here, we assumed
3YSZ was used for clecirolyte. The estimated value is shown in Table 2. As a resuli, a
decrease of terminal voltage of cofired single cell is supposed less than 10% after
40,000h operaticn.

JOINT PROGRAM WITH OSAKA GAS

Stack design

Osaka Gas has been conducting to develop a new design of planar SOFC which
has a structure suitabie for stacking and good thermal cyclic characteristics. The
schematic design is shown in Fig. 11. Each single cell is made by bonding two cell
components, an anode/electrolyte/cathode multilayer and a separator ditched air
channels on one side. It is made separately from other cells so that it can be easily to
conwrol the quality of each cell. These single cells are sandwiched berween nickel felts,
which form fuel channels, and piled up. The nickel felts can release the thermal stress
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between cells. Each single cell is suspended by ceramic cell holder which form gas
manifolds, so that each cell is saved from loading of the upper cells. As described above,
the Osaka Gas (OG) type planar SOFC is characterized by easily stacking, good quality
control capability and good thermal cyclic characteristics. This new structure was
designed by Osaka Gas Co., and the technology of fabrication and staking has been
developing through the joint probram with Murata.

Fabrication and gualitv control

We concentrated our efforts on developing the fabricating method of the cell
and the stack without any crack and gas leakage. The crack-free cells could be
obtained by minimizing the mismatch of thermal expansion coefficient between
electrolyte/electrode multilayer and separetor. The size of multilayer and separetor
was 12x12cm (active area : 120cm?). The existence of cracks on multilayers and
delamination between multilayer and separetor were examined before stacking of
cells using acoustic micrography technique and thermography technique. After
checking the cracks and the delamination of single cells, 5-cell stack (a unit) was
fabricated. The sealing property of units was checked by a gas leakage test. The
stacks having various scales were composed by combinirg the units examined their
gas tightness. The OG type structure can examine the quality of individual cells
and units like tubular type cells, so that this structure is suitable for quality control.

Performance

The power density of single celi, a unit (5-cell stack) and 2-unit stack (10-
cell stack) are shown ir Table 3. The current density was 300mA/cm® and the fuel
utilization was 40%. The power density of these are almost equal, so that the
stacking can be carried out without any performance loss. This result indicate that
OG type structure is suitable for stacking.

Figure 12 shows I-V characteristics after performing 5 thermal cycles
between operation and room temperature. Degradation of the stack performance
can be scarcely observed. From this result, the good thermal cvclic characteristics
of OG type structure is confirmed. 4-unit stack (20-cell stack) is shown in Fig. 13.
Figure 14 shows the I-V/P characteristics of this stack. The fuel utilization was
70%. The power density was After 300h operation, 10 thermal cycles were
performed. After 10 thermal cycles, the average reduction of OCV was about
0.1%/cycle.

SUMMARY

1. The anode/electrolyte/cathode multilayers with surface area of 144, 225 and
400cm® were fabricated using cofiring technique. There were not any essential
inferiority of performance with increasing surface area of cofired multilayer. The
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effect of concentration overvoltage in cofired anode at higher fuel utilization such
as 70% was scarcely observed. The long-term reliability of cofired multilayer was
estimated by extrapolation of overvoltages measured after 1000-3000h operation.
The calculated degradation rate of terminal voltage was less than 10% after
40,000h operation.

2. The OG type planar SOFC stacks, which has a new design suitable for
thermal cyclic characteristics, stacking and quality control, were evaluated. The
stacking could be carried out without any performance loss comparing with the
performance of single cell. The degradation of a unit {(5-cell stack) after 5 thermal
cycles and 4-unit stack (20-cell stack) after 10 thermal cycles was scarcely
observed.
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Table 1 Single cell performance of cofired multilayer

Cell size/cm 12x12 15x15 20x20
Cell area/ cm’ 144 225 400
Active area /cm’ 121 195 353
OCV./V 1.035 1.019 1.021
Maximum power / W 30.2 44.0 77.7
Power density /Wem™ 0.25 0.23 0.22

Table 2 The evaluation of decrease of terminal voltage
at 300mA/cm’ after 40,000h operation

Fuel H,/H,0(30°C), U=70% Hy/CO»=4:1, Us=T70%
0.CV/mV" 1049 948
State Initial after 40000h Initial after 40000h
Electrolyte overvoltage/mV 108 150 108 150
Anodic overvoltage / mV 205 188-198 132 120-130
Cathodic overvoltage / mV 45 25-35 45 25-35
Other overvoltages / mV ¥ 50 50 50 50
Terminal voltage / mV 646 636-616 613 603-583
Degradation jate / % - 1.5-4.6 - 1.6-4.9

Operating temperature : 1000°C, Oxidant : Air, Uo=15%, Current density : 300mA/cm?,
Electrolyte : 3YSZ
1) calculated value by Nemnst equation

2) current collection resistivity ei al., empirical value

Table 3 The power density at 300mA/cm? of single cell, a unit and 2-unit stack
Single cell Single unit 2-unit stack
Number of cells 1 cell 5 cells 10 cells
Power density / Wem™ 0.21 0.22 0.21

Fuel : Hy/H,0(30°C), Ur=40%
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Figure | Cofired anode‘electrolyte/cathode multilayer
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Final Workshop - Jan. 31st.
Chairman Hugh Middieton.

Topics treated were reference electrodes, novel fabrication methods, and SOFC
modules. McEvoy asserted that the reference electrode responds to local oxygen activity, the lo-
cal equilibrium between gaseous oxygen and the YSZ lattice. Whiie Nisancioglu stated that there
is also an electrostatic component, Jacobsen said the reference electrode is at equilibrium with its
environment. Van Heuveln questioned the methods to measure overpotentials at a single elec-
trode. With a fuel cell it is impossible to characterise anode and cathode separately. There are
possibly alternative geometries, or the use of reversible counter-electrodes. There is a problem
with Pt counterelectrodes, which sinter with loss of three-phase boundary. Also if the tempera-
ture is low there are problems because Pt requires high activation. Skou mentioned symmetrical
cells as in battery research. A proposed test was a 4-point contact on a YSZ bar. Conventionally
the test current is applied between the outer electrodes and the potential measured between the
inner ones. If this arrangeinent is reversed and the potential measured between the outer elec-
trodes, the polarisation drop, being confined in the intimate junction region, would not be
measured across the bulk of the bar. McEvoy engaged to have this test carried out. According to
Yokokawa any space-charge region has a thickness iess than one grain size of the electrolyte.
Middleton confirmed that rearrangement of the zirconia morphology shows that the activity of
the interface is very ciose to the geometrical contact plane, and that local field strengths are very
high. At that point came a query on the definition of terms - electrical or electrochemical po-
tential. Bossel drew a distinction between fuel cell and oxygen pump mouss, bui Jacobsen stated
that the potential lines are the same in each case. In the vigorous discussion that followed, the
chairman suggested that the reference electrode problem should perhaps occupy a special session
of a future Workshop!

On fabrication methods Stelzer pointed out the cost advantage of the electrostatic
spray pyrolysis method - a capital cost of DM 10,000 to commence development. The mest ex-
pensive part is the high voltage power supply. It should be able to coat complex shapes, as a true
CVD, whereas PVD methods tend to be line-of-sight from source to deposit. Bossel queried the
coverage of pores, to which Choy replied that a modified process was required. McEvoy asked
about the field polarity, to be told by Choy that apparently it was not important but the details
were being investigated. Stelzer asserted that for ceria a negative spray source with the substrate
positive did not work, but that for YSZ both polarities are effective: Delft used a positive
source, GH Duisburg negative for YSZ. Bossel compared the situation with electroplating
where, due to electrostatic screening effects, the plating is most effective on peaks. Choy stated
that on the contrary with the technigue in question a very uniform conformal coating was ob-
tained. Tagawa reported on Japanese experience with charged particle deposition, where the
conductivity of the substrate is important. Choy stated that both conductive and nonconductive
substrates had been used.

Steele pointed out, in regard to stability of electrostatic spray films, that Westing-
house had demonstrated 70,000 hours with 35m EVD films. A concern for submicron structures
might be justified. Films >5m should be acceptable, at least for lower temperature operation. To
the question of the most important component for degradation, Badwal suggested the intercon-
nector, and after that the anode. Bossel pointed out that from a systems point of view 50,000
hours' service life may not be a favourable goal - it is chosen simply to compete with turbines.
Combined cycle units have efficiencies approaching 60%, so fuel cells should not be offered in
competition with such plants. Look for niche markets in order to launch the technology effec-
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tively: for emergency power supplies, only 20 hours’ service may be demanded, for small singie-
cylinder motors ("lawn mowers") 500 hours, and for automotive 3000 - 5000 hours. So markets
can be found if the costs are right - with cheap cells a 5000 hour lifetime can find applications.
The same consideration applies for efficiency - for some applications 30% is more than enocugh!
Steele said this was particularly true for <20 KW units, where IC engines are hopelessly ineffi-
cient. Here, however, heatup time and thermal cycling are important. The systems may be small
and of lower efficiency, but operational flexibility is a must! Dubal accepted that there are
niches, but these may be occupied by other types of fuel cell - for example PAFC, demonstrated
to 30,000 hours in Geneva. For the IEA action commercial - natural gas - fuels were indicated.
Natural gas is associated with stationary applications, for which lifetime is important. Badwal
noted the two different markets mentioned, but stated that with time we cannot be content with
niches, otherwise development funding will dry up. Bossel reaffirmed that these issues should
not prevent marketing preducts in the reasonably short term.

The Meeting then ended with a reminder by the Operating Agent of fuiure events:
an Annex Meeting in association with the International Symposium in Aachen in June; a
September Workshop in ECN specifically on these issues of lifetime and degradation which had
just been discussed; and in May 1998, at a location still to be determined, a materials innovation
joint workshop. There was aiso the possibility to organise a topical meeting on the issue which
had stimulated so much discussion - the reference electrodes and theoretical definitions - should
there be sufficient interest and motivation for that within the IEA SOFC group.

A4.J. McEvoy,
LP1-DC, EPFL, Lausanne

268



Reference electrode configuration

A comment to the discussion on potential measurements, friday
jan. 31.

First a few concepts dating back to the works of Bronsted and Guggenheim, but unfortu-
nately deteriorating in modern textbooks un Physical Ckemistry.

Electrockemical potential. Any charged species is subject to electrical as well as che-
mical interactions. The escaping tendency of a component, %, is described by the
electrochemical potential

ATl \

e = | =— = g + ZF @ (1)
ank Tp

ey

where ¢ is the electrical potential of the phase, ie. the work needed for transferring
a unity charge without any chemical properties from infinity into the phase.

Voltmeter. A voltmeter is an instrument measuring the affinity, per unit charge, for
electrons to pass through the instrument, from the biack to the red terminal. Hence
the reading is

.ae" ,red T .Ee‘ black ’
€ = Tred = Tilagck = ™~ T \2)

where 7= = —jl- /F, the electromotive tension - or Fermi potential, is the measurable
property, excluding contact potentials.

Electrochemical equilibrium. According to (1) the equilibriur: condition for the ge-
neral electrochemical reaction

Ox +ne” + Red (3)
is
Fox -+ Nite- = [Red (4\)

vielding the single electrode potential equation

T ]
(F_¢)€qx(w—~gb)e+£{é—-ln—‘1-o—x- (5)
nF  GRed

Non-equilibrium, overvoltage. Overvoltage, 7, is defined as the deviation from equi-
librium of the electrode reaction

n=(r—¢)—(r—¢)% (6)

Potential gradients. In a homogeneous phase potential gradients are connected to non-
equilibrium, i.e. to transport processes, and determined by

o~
)
~—
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where u; is the thermodynamic mobility (the reciprocal of the friction factor).

The statement here is:
If there is no gradient in the majority charge carrier concentration, (0% in YSZ),
any electric potential gradient in the electrolyte is entirely due to ohmic losses.
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Figure 1: Fred van Heuveln reference electrode setup.

The Fred van Heuveln elecirode configuration

In this electrode configuration the working electrode potential may be measured against
the reference electrode or the counter elecirode

€wr = Fwg — FReF = (7 — @)wg + (Owe — Orer) — (7 — &) rEF {8}
Ewe = Twep — T = (’T - ':5*) wg + (éWE - écf;) - {”7' - ,é)CE (9)‘

The difference between these two measurements are

ewn ~ €we = (7~ O)cg + (6ceg — Crer) — (T — @) rEF (10)

Considering that the current density in the left part of the cell is extremsly low, due
to the electrolyte dimensions, there is no potential gradient in the electrolyte where the
reference electrode 1s positioned, i.e.

(dce — Srer) =0 £11)

For the same reason the reference electrode, as well as the reaction on the left part of
the counter elctrode will be in equilibrium, and the difference between the two elecirode
potentials in eq.(10) is a thermodynamic quantity given by (3) - not depending ou the
overvoliage of the working electrode or the operating conditions of the counter electrode.

This brings us to the cosclusion

Irrespective of the nature of the electrodes, the electrode configuration with asymmetrical
working-counter electrodes is essentially o two-electrode configuration.

February 13, 1997

Torben Jacobsen, Dept. of Chemistry, Technical University of Denmark.
Eivind Skou. Dept. of Chemistry, University of Odense.
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First Announcement /

11% IEA SOFC Workshop: "SOFC Lifetime and Degradation” <€
Annex VII: SOFC under Real Operating Conditions
September 15-17. 1997
ECN, Petten, The Netherlands

This first announcement is to inform vou about the planning of the 11" IEA SOFC
Workshop in The Netherlands on 15-17 September 1997 and to invite for contributions
to the Workshop. The Workshop is dealing with lifetime and degradation of SOFC and
topics will include:

- Current status and demonstration of lifetime (systems, stacks, cells)
- Effects of operating conditions on lifetime

- Degradation strategy

- Materials aspects of degradation

- Improvement of lifetime

for which contributed papers are invited. Information about the format and submission
of papers will be given in a next circular.

Please, use the attached form for pre-registration and for submitting titles.

For more information contact:
Joep Huijsmans

ECN

P.O.Box1

1755 ZG PETTEN

The Netherlands

Phone : +31 224 564682
Fax : +31224 5634389
E-mail : huiismans@ecn.nl
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11% IEA SOFC Workshop: "SOFC Lifetime and Degradation”
Annex VII: SOFC under Real Operating Conditions
September 15-17. 1997
ECN, Petten, The Netherlands

PRE-REGISTRATION AND INVITATION FOR CONTRIBUTIONS

Name U
Address F A
TElEPROME T oveeieiem e e
Fax R
E-mail S R

O 1am interested to participate in the Workshop and would like to obtain the next
circular.

G 1would like to present a paper.

.......................................................................

Please, returmn to:

Dr. Joep P.P. Huijsmans Phone : +31224 564682
ECN Fax : +31224 563489
P.0.Box 1 E-mail : huijsmans@ecn.nl
1755 ZG PETTEN

The Netherlands

Distribution of copies of this form among interested colleagues is greatly appreciated.




The IEA Advanced Fuel Celis Programme
Background

The International Energy Agency (IEA) Implementing Agreement for a pro-
gramme of research, development and demonstration on advanced fuel cells
was signed by seven countries in Paris on April 2nd, 1990. Sincz that time a
further eight countries have signed the Implementing Agreement and the
programme has grown from two to ten annexes. Each annex defines a dif-
ferent task and is managed by an Operating Agent.

The aim of the IEA Advanced Fuel Cells programme is to advance the state
of understanding of all Contracting Parties in the field of advanced fuel
cells. It achieves this through a co-ordinated programme of research, tech-
nology development and system analysis on Molten Carbonate (MCF(),
Solid Oxide (SOFC) and Polymer Electrolyte Fuel Cell (PEFC) systems.

There is a strong emphasis on information exchange through Task meet-
ings, workshops and reports. The work is undertaken on a task-sharing ba-
sis with each participating country providing an agreed level of effort over
the period of the Task.

Participants

There are currently fifteen signatories to the Implementing Agreement:
Australia, Canada, Denmark, France, Germany, Italy, Japan, Netherlands,
New Zealand, Norway, Spain, Sweden, Switzerland, United Kingdom,
United States, and the programime continues to actively encourage new par-
ticipants.

Programme (1990-1995)

The first phase of the programme ran from April 1990 to December 1995
and comprised the following tasks.

Annex | Molten Carbonate Fuel Cell Balance of Plant Analysis
Annex II Solid Oxide Fuel Cells Modelling and Evaluation

Annex III  Molten Carbonate Fuel Cell Materials and Electrochemistry
Annex IV Polvmer Electrolyte Fuel Cells

AnnexV  Systems Analysis

New Programme (1996-1998)

During 1996, the programme initiated five new tasks which form a co-ordi-
nated programme for the period 1996-1998 covering fuel cell technology and
its potential applications in stationary power generation and transport. The
new tasks are as follows:

Annex VI Molten Carbonate Fuel Cells under Real Operating Conditions
Annex VII Solid Oxide Fuel Cells under Real Operating Conditions
Annex VIII Polymer Electrolyte Fuel Cells

Annex IX  Fuel Cell Systems for Stationary Applications

Annex X Fuel Cell Systems for Transport Applications



; IEAAdvanced F‘uel Cells ?rograme 19% 1998

. Fuel Sgipply Systems

| No. | Anpex Snbtasks and Activities : Operaﬁng
Agent | Countries
VI | MCFCUnder |1 Stack Performance and "Dr L Plomp Germany
Real Operating ‘ Endurance “ECN ; Ttaly
Conditions The Netherlands i Japan Netherlands
2  Test Procedures and :
Standardisation
3 - Development of Balance of
Plant Technology
i VIl | SOFC Under 1  Balance of Plant Technology - | Dr H Nabielek Australia
Real Operating ; : o KFA Julich Denmark
Conditions 2 Stack and Cell Operating Germany France
Conditions . Germany
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VHI | PEFC 11 Improved Single Cells Dr R Kumar Canada
Argonne National | Germany
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