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PREFACE -

For those who desire to learn about the objectives and results
obtained during the first two-year contract‘périod of this program, a
Past Program Summary is given in.Appendix A.

For purposes-of providing background -information to those
reaQ?FS'who may .be  unfamiliar with the operation, design concept and
some- possible applications of:the;high—temperature,~so]1d.oxideae1ectro-
lyte. (HTSOE) fuel cel],-Appendix'B'has-been,inc1Uded;in,thisrreport.~




Acknowledgements

The following personnel made important contributions to results

contained in this report:

1.

10.
11.
12,

13.
14.
1s.

16.

Lo

D. F. Bradley - EVD fabrication, life testing, other
outside processes .

J. J. Duffala - Porous support tube development.

W. D. Eagleson - Porous support tube deve1opment

G. M. Halgas - Porous support tube development

C. W, Hughes - SEM and EDAX analyses
R. C Kuzn1ck1 - X-ray d1ffract1on measurements

B. Lancaster - Sulfur tolerance estimation

R. W. Liebermann - Provided the computer program data thermo-

~ dynamic calculations of sulfur tolerance of nickel, cdbalt

and lanthanum chrom1te

R. J. McKeever - Density-measurements on lanthanum chromite
films ' '

‘J. N. Robinson: (deceased) - Fuel electrode development

J. Rudolph - Elemental analysis of interconnection films

M. G. Stratis - Oxygen loss measurements on 1nterconnection
oxide films and doped indium oxide, and sulfur tolerance
measurements

W. Summers (AES) - Cogeneration system analysis

G. G. Sweeney - DIMA analysis of interconnection layers

J. Va1ent1ch - Thermal expans1on measurements of air
e]ectrode mater1als

A. L Ho]fe and G. Gidick - Analytical determ1nat10n of
magnes1um and aluminum in lanthanum chromite interconnection
films -

ii



Prefaee

Abstract

TABLE OF CONTENTS

].0 Genera] COﬂC]USiOHS 0'0_;Q'fA’_""f""!‘.O,'QOOOctcooooo.oovooooootco-o

2.0 Program Summary ......... teerecnreeans S S

300 IntrOdUCtion e c'teo;oooocqo‘;.,...'. 0‘00"0‘ ooooooo ...."......».- oooooooooooo

4.0 Present Program ooooooooo ‘ooooo-00“0"‘;"‘-0000ooc‘o"c?:‘okooc‘oo«o‘" oooooooo es e

5-0 Overa]] TeChn‘lca] EffOl‘t oooocoq'.o-ooo:o{......... ..........

5.1
5.
5.

L]
N = Oy N ~
L] L] L] *

Task 1.

Development and Refinement .of Fabrication Processes

1.1 Subtask A. Interconnectton (1C) Fabr1cation eeeeennnan ,.;.;

1.

5.1.2.1

2

1

3
.1.3.1

1.3.2

4

]

4.1

Subtask B. 'Fuel Electrode Stack Process treseseecsennnannns

Fuel Electrode Sintering ........... Ceeesecrtacacetenne

Subtask C. Air Electrode-Stack Process .............. eeies

Indium Oxide Current Collector ......... PN
Lanthanum Manganite Air E]ectrode Current Collector .

Subtask D. Porous Support Tube Refinement Ceeesctereennans

SUppOY‘t TUbEEXperimeﬂtS 'oococcooo-.-.oo-cc-o.oo....&...

5.1.4.1.1 Powder Preparation .......eeeeeoe.. et ieeeneeneeans
5.1.4.1.2 Paste Preparation .......... cesens teedeeans teseces
5.1.4.1.3 Firing coiieneerernonoeceernnenessesancseeeennssses
5.1.4.1.4 Results and DiSCUSSTON +vuvvvvneerevnnornvennennnns
5.1.4.1.5 Future WOork .....veveveeccecceees Ceeriarenons Cereen

Task 2.

5.2.2.1

5.2.3.1

.1.5 ‘Electrolyte Fabrication by EVD ........ eees N eeeereerenian
.1.6 Subtask E. Fuel Cell Stack ........... Creeens Cererereneans

Life Testing of Cell Components and Stack ............

.2.1 Test Facility Design ..oeveiieireeeennennuneooneeccennnsnnnns
.2.2 Subtask A. Interconnection Testing in a Dual Atmosphere , .

Oxygen Diffusion Phenomena at 1000°C in a Bulk
Lanthanum Chromite Resistivity Specimen  ..............

.2.3 Subtask B. Fuel Electrode- Interconnection Interaction .,..

Resistivity of Interconnection Films on Stacks
Prepared by Improved Techniques ..........ecve.s ceerees

5.2.3.1.1 Preparation of the Specimen for Resistivity

Measurement .......................................

PAGE(S)

8-10
N -172
11 - 26
12 - 15
16 - 19
16 - 19
20 - 26
20 - 25
25 - 26
27 - 48

27 - 30
30 - 35

52 - 101




by .
S, 5 T, N T ’
. ') . . . ° .

v

TABLE OF CONTENTS '(CONT'D) =~ PAGE(S)
5.2.3.1.2 Results and DISCUSSTON ..veeiivnevuunrerenresnnnn, - 69
5.2.4 Subtask C. Air Electrode- Interconnect1on Interaction...... 71 - 98
5.2.4.1 Oxygen Loss From Lanthanum Chromite Interconnectlon B
« and Indium Oxide -- General Considerations ............ 71 - 73
5.2.4.2 Alternate Doping Agents for. Indium Oxide ...:.:......... 73 - 80
5.2.4.3 Alternate Air Electrodes ........ O S 80 - 84
'5.2.4.4 Oxygen Loss From Lanthanumichromite Interconnection . 8 - 94
5.2.4.5 High Temperature Resistivity of Iny _ggSng, 0403,x as o
a Function of Oxygen Partial PresSsure ....iciceeescsnes 94.- 98
5.2.4.5.1 Spec1men Preparation and Measurement e e eeeeenans .95
5.2.4.5.2 ResuTts and Discussion .............. veverereine.i 95 - 98
.2.5 Subtask D. .Single Cell Life Test Y FE TR T 99
.2.6 Subtask E. Small Stack Life Test ..... e Seen 99 - 100
Task 3. Stack Performance Evaluation ....... '..... ........... ..102 - 154
3.1 Five- and Seven- Cell Stack Performance (Stack #2) veecsenee 102 - 108
3.2 Five-Cell Stack Peiformance (Stack #3) ceereeiiiiiiiiiiaes 108 -
3.3 Fourteen-Celi Stack Performance (Stack #8) .evervivernnnnnn - 108
3.4 Conclusions-of Performance of Stack #2 and Stack #4 .,.....108 - 110
3.5 Eighteen-Cell Stack Performance (Stack #5) ........ ceveess 110 - 11
3.6 Twenty-Cell Stack Performance (Stack #6) ..... Ceterenesonan 111 - 120
3.7 Subtask A. Power OULPUE .......ceceveeenn. e 120-130
5.3.7.1 First Thin-Film, 10 Watt Stack (Stack #8) ....... R 123 - 126
5.3.7.2 Second Thin-Film, 10 Watt Stack (Stack #9) .......ccve.o.- .126
5.3.8 Stack Performance in the Electrolysis. Mode .,..............126 73130
5.3.9 Effect of Inter-Cell Electrical Leaking on the Cell
Open Circuit Potential .......ciiiciiiiiinnnnnenes veeresesa 131 = 132
5.3.10 Concentration Polarization at the Fuel Electrode .........133 - 136
5.3.11 Analysis of the Electrical Performance of an HTSOE _
Fuel Cell Stack with H2/H20 Fuel ...iiiiiiiiieieioceonenanns 137 - 142
5.3.11.1 Air and Hydrogen Overpotentials .......... teeecescaans . 138
5.3.11.2 Water Concentration Overpotential ........ Cereearenes .138 - 140
5.3.11.2.1 A Comparison of the Theory With Stack Data .......138 - 140
5.3.11.3 Diagnostic Technique Suggested by the Theory .........140 - 142
5.3.12 Subtask B. Effect of Fuel and Air Conditions ....... vie..143 - 154
5.3.12.1 Electrical Characterization of E1ectro1yte Layer~
Fuel Electrode Combination Specimens by Complex
Impedance Measurements ............. Cererercans verenns 143 - 153




TABLE OF CONTENTS (CONT'D). PAGE(S)

. 5.3.12.1.1 Specimen Preparation end Measurement .veeeveeesorss. 143 - 144
5.3.12.1.2 Analysis of the Data «.vvvevinnreresrrensnncssriesss 144 - 151
5.3.12.1.3 Interpretation of ResUTts (i iiveasnvvensnsarassersas 152 = 153

' 5.3.12.2 Effect 6f Fuel and Air Concentrations on Stack

, Performance and Life .ivereeivcrsccccccccnennaconcnss _ 154
5.4 Task 4. Reproducibility of 10 Watt Stacks siqevvreecvertnneqen. 155
5.4.1 Stack.Comparison Testing ..i...ceiiieiiieniineniinenennnens 185
5.5 Task 5. The Design, Cost and Benef1t of an Industria] '
Cogenerat1on System, Using an HTSOE Fuel Cell .,...... sravens «eo 156 - 159
5.5.1 Selection of a Promising Industrial Cogeneration ' ,
Application .................. Cerene Ceereneeceanrierteneans 157

'5.5.2 Preparation of a Conceptual Design of the Selected
System and Its Mode of Operation .., ., ......¢ccveevesresss 157 = 159

5.5.3 Estimate the Cost, Environmental and Conservation Benefits, 159

' 5.6 Task 6. HTSOE Fuel Cell Stack Tolerance to Fuel Impurities ... 160 - 172

5.6.1 Subtask A. Evaluate Effects of Candidate Fuel Gas
Impurities on Cell and Stack Performance and Life ., ,,.... 160 - 172

5.6.1.1 Tolerance of Stack Components to Sulfur Species
in the Fue] Gas ..."'.!l.l.i..!'."!Cl"!.&»l!'..O.'O0.0 ]6] -]72

6.0 FULUPE WOFK  +eueennonsensinnsnasnssnesnseneensenonrneenasneennens 173

7.0 References ...................,...,.......,.;.;............ ..... 174 - 175
8.0 Appendix A. PoSt Program SUTMAFY .............eeeeseeneenessenss A-l - A-d
9.0 Appendix B. Operation, Design Cdncept and Application ., . ....... B-l1 - B~12




‘Number

5.1

5.2

LIST OF ILLUSTRATIONS

Title
Ha11de Cartr1dge Des1gn for Fabr1cat1on of Inter-

'connect1on Material

Holder for Applying S]urry Coatlngs to Porous Tube
Surfaces

.New Cross-Flow CVD Reactors for Indium Oxide Current

Collector Deposition

Initial Phase of Contact Loss of Indium Oxide to
Lanthanum Chromite in the IC Area

Preheat Furnace for Plasma Spraying of Stack Components
Sintering Furnace and Sintered Support Tubes

Schematic of Samples During Firing 1n the High-
Temperature Gas Furnace

MSA Sed1mentat1on Part1c1e Size Analys1s of SCX Grade

'Zr02

SCX Grade Monoclinic Zr02 Powder of Magnesium
Elektron, Inc.

Surface Texture of Polycrysta]]ine Calcia-Stabilized
Zirconia Support Tube .

Fractured Surface of Support Tube, Showing Fused
Polycrystalline Grains of Calcia-Stabilized Zirconia

Cross Segtions of Sample 11A, Tested for Tensile and
Flexural Strength -

- Cross Sections of Sample 29F, Tested for Tensile and

Flexural Strength
Cross Sections of Flexural Stréngth Breaks of Sample 11A

Apparent Porosity Versus Bulk Dénsity of Porous Support
Tubes : ‘

Flexura] Strength Versus Bulk Density of‘Porous Support
Tubes - o ~ : : .

Flexural Strength Versus Bulk Density of Porous Support
Tubes ' ' S .

. Vi

21
22

24
28
29

32
33
59
40
41
42

43
45

46

47



Number

.5.18

5.19

5.33

LIST OF ILLUSTRATIONS (Cont'd)

Title

Flexural Strength Versus Apparent Porosity of Porous
Support Tubes

Schematic Diagram of Fa11 -Safe Gas P]umb1ng System for

-Test Facility

Wiring Diagram for a Fuel Cell Stack

General View of 5-Station HTSOE Fuel Cell Life Test
Facility and Control and Data Acquisition System

Detailed View of HTSOE FUel Cell Test Station #1,
Showing Furnace

A Front View Showing Four of the F1ve HTSOE Fuel Cell
Test Stations ,

A Rear View Showing Details of Gas Supply Lines, Wiring
Conduits and Water Supply System

Resistivity Data for a Bulk Specimen of Lag, qsMgg. 05
Alg.75Crp. 2503, Showing the Effect of Progress1ve Oxygen
Diffusion Into its Surface

Sketch of Electrode Arrangement for Measuring Effective
Interconnection Resistivity on a Segment of Fuel Cell

Apparent Resistivity Versus Temperature for an EVD
Deposited Interconnection Film, Measured on a Segment
of Fuel Cell

Change in Oxygen Content of Inz_ySnyO3+x When Oxygen
Pressure Changes

Change in Oxygen Content of Iny ggZr, 0403+x When
Oxygen Pressure Changes

Change in Oxygen Content 'of Iny ggTa, 0203+x When
Oxygen Pressure Changes

Sintered In] 96Sno 04O3 Air E]ectfode

Resistivity of Lanthanum Manganite with Stront1um and
Calcium Substitutions

Oxygen Loss at 1000°C from LaCr 75AT 23Mg 0203 as a
Function of pO2

vii

Page
48

53

57
59
60
61
64
68
70
75
77
78
81
83

86




Number

5.34

5.35

5.41

5.42

5.43
5.44

LIST OF ILLUSTRATIONS (Cont'd) -

T1t1e

Effect of .Heat . Treatment on 0xygen Loss froml
LaCr] 0303+y at 1000 C .

Oxygen Loss -From LaMg OZCr 75A1 230344 PoWder at
D1fferent Oxygen Part1a1 Pressures at 1000°C -

Oxygen Loss .From LaCr:ggsMg 3503 Interconnection Layer,
Stripped . From Nickel-Cermet E?ectrode, as .a Function of

e0,.
Oxygen Deficit x of La_ggSr 16Cr03_x Versus Oxygen
Partial Pressure ‘

High- Temperature Res1st1v1ty of a Bu]k Spec1men of
1"1,955"0,0403zx Versus Oxygen Partial Pressure

Life-Event. Plot of the First - 10 Watt HTSOE Thin Film
Fuel Cell Stack L o

Performance of Cell Stacks at 990°C in Air Using
H2/3% H,0 as Fuel (Stack #1 and Stack #2) - -

Polarization Losses in #1 and #2 Stacks of 5 Cells Each

Five-Cell Stack Test of Seven-Cell Module (Stack #2)
(Showing Flaking in the Dark Crystalline Bands) -

State-of- the-Art Performance of Cell Stacks (Stacks #3&4)
18-Cell Stack (Stack #5) Life Test Characteristic .

18-Cell Stack (Stack #5) Appearance After 1000 h Test
at 107T0°C (good s1de) 4

18-Cell Stack.(Stack #5) Appearance After 1000 h Test
at 1010°C, Showing Damaged Areas Resulting From
Butt-Joint Leaks in Interconnection-Electrolyte -
Interfaces

18-Cell Stack. (Stack #5) C]ose Up, Showing Unchanged ,
Appearance After 1000 h Continuous Operation at 1010°C

Lanthanum Manganite=-Lanthanum Chromite-Fuel Electrode
Sandwich After .1000 h of Operation at 1010°C

viii

o1

93
97
100

103

105
107

109
112
13

114

115

16




Number

5.49

LIST OF»ILLUSTRATIONﬁi(Cont'd)'ﬁ L
Title

_E]ectrolyte Lanthanum Chromite-Fuel Electrode. Sandwich

in Overlap Region, After 1000 h of Operation at 1010°C -

Lanthanum Manganite- E]ectro]yte Fuel E]ectrode Sandw1ch
After 1000 h of Operation..at 1010°C - : R

Critical Seal Area of Stack:, (E]ectrolyte Overlapping

Interconnection). Appearance After 1000 h of Operation
at 1010°C '

Performance of Cell Stacks #5 and #6 at 1010°C

Cross Section Through a) S1ntered b) Plasma Sprayed
Lanthanum Manganite Air. E]ectrode, Interfac1ng So]1d
Oxide Electrolyte ' i . .

Performance of 20- Cel] Stack #8 at 1000°C Under Var1ous
Fuel and Oxidant Conditions

Performance of 15 Cell Stack {of Stack #8) Under
Various Fuel Conditions :

Performance of Second 10 Watt HTSOE Thin Fi]m,FUe]'CeIL
Stack (Stack #9)

Demonstrat1on of the Revers1b111ty of a 7 Ce11 Stack,
Us1ng CO/CO2 Gas M1xtures

Demonstration of the Revers1b111ty of a 7 Ce]] Stack,
Using H2/H20 Gas Mixtures

Leakage Resistance Between Adjacent Nickel Fuel
Electrodes Versus Temperature in a H2/H20 Atmosphere

Schematic. of Experiment for Measuring Effective
Diffusion Coefficient for Gases Through the Fuel Cell
Support Composites

Theoretical Behavior of the Current-Voltage Charac-
teristics for a Cell, Showing the Ohmic and Concentration
Polarization Voltage Losses

Comparison of Experlnent and Theory for the Ciurrent-
Voltage Characteristics of .a Stack With Hydrogen-

Water Fuel

Method for Determining the Specimen Complex Impedance

ix

Page
117

118

119
121

122
124
125 -
127 .
128
129
132

136 -

139

147

145




[S 2 BN & 2 B4 )

Number
5.

64

.65

.66

.67
.68
.69
.70

71
.72
.73
.74
.75

.76

77

LIST OF ILLUSTRATIONS (Cont'd)

Title

Plot of Measured and Calculated Values for the. Complex
Impedance of Specimen #13 (Fuel Electrode, Solid
Electrolyte, Platinum. Electrode) at Frequenc1es from

1 Hz to 50 kHz

P]ot of Complex Impedance Data for Spec1men #15
(Fuel Electrode, Solid Electrolyte, Platinum Electrode)
Before and After Conditioning the Platinum E1ectrode

Plot of Complex Impedance Data. at the_Higher Frequencies

for Specimens #13 and #15

Equivalent Circuit for Specimen #13

Equivalent Circuit for Specimen #15

HTSOE Fuel Cell System Flowsheet (100% Steam Option)

Concentration of Sulfur-Containing Gases at Which a
Nickel Fuel Electrode Begins to Form N1S Versus Fuel
Cell Voltage at 1000°C

Concentration of Sulfur-Containing Gases at Which
Nickel and Cobalt Fuel Electrodes Will Begin to
Sulfide Versus the Fuel Cell Voltage

Tolerance of Nickel Electrodes to Su1f1dat1on as a
Function of Fuel Gas Composition

Tolerance of Nickel Electrodes to Sulfidation as a
Function of Temperature

Concentration of Sulfur- Containing Gases at Which a
Nickel Fuel Electrode Begins to Form N1S Versus Fuel
Cell Voltage at 700°C

Concentrations of Sulfur-Containing Gases at Ni—Nfo
Phase Boundary Versus Fuel Cell Voltage -- Calculated

Exposure of Lanthanum Chromite to Fuel Gas (H2/H20)
Conta1n1ng Sulfur

System for Measurlng Weight Changes at ]000 C of Anode
Chamber Materials in Fuel Gases Containing Water Vapor
and Gaseous Sulfur Species

Page
146

147

. 148

150
151
158
162

163
164
165
166
167

168

170




. Number

Bl
B2
B3
B4

B5

LIST OF ILLUSTRATIONS (Cont'd)

Title
Schematic Cross Section of a Thin-Film Fuel Cell
Schematic Diagram of a Solid Electrolyte Fuel Cell,

Indicating How Oxidation of the Fuel Generates E]ectr1c
Current to the Externa] Load

.Cross-Section of the West1nghouse Thin Film HTSOE

Fuel Cell Stack

Heat-Exchange-Generator-Power Conditioning Scheme

HTSOE Fuel Cell Auxiliary Systems

Xi

Page
B-4

B-5

8-7

' B-g

B-11




Number

5.1

5.2

5.3
5.4
5.5

5.6

LIST OF TABLES

T1t1e

Porous Support Tube Deve]opment Process

Flow Sheet

Compos1t1on of the M1xture for Extrud1ng
Porous Support Tubes

Phys1ca1 Properties of Support Tube Samp]es
trom Firiny Nos. 11 and 29

Physical Properties of Porous Support Tubes

- from Firing-No. 30 .
HTSOE ‘Fuel Cell Stack - State of Technology

of Mater1a1s and Processes

Estimation of Oxygen Diffusion Coefficient

from the Layer Th1ckness of. La0 95Mg0 05A10 75Cr0 2503 ;

xii

36

38

51

- 66




ABSTRACT

Work on the modified lanthanum chromite interconnection (IC)
proceeded in a number of areas. Toward determining the stability of the
'IC oxygen ion transport mechanisms were evaluated, as well as IC stability
under lTow oxygen part1a1 pressures (10” 6t 10’]8atm) -To produce long,
continuous, 20 to 50 um thick IC films on 0.3 m long porous support
tubes, improVements.were made in both the EVD‘apparétus and process,

The fuel electrode prpcess'was adapted to longer,tubes and
the sintering step was modified to prevent reduction of the zirconia
and weakening of the porous support tubes, '

Work on the air electrode current collector covered several

" areas. The high-temperature resistivity of doped indium oxide '
(In1.965n0;403) was studied at various doping levels, as a function of
oxygen partial pressure. The current collector has-been improved, with
respect to both lowering its resistivity and improving its air perme-
ability. Also, other possible current collector formulations were
investigated. Doped lanthanum manganite appears promising, as a possible
replacement for doped indium oxide, based on-initial fuel cell stack
performance data. ' |

Porous support tubes of cé]cia-stabi]ized zirconia were pro-
duced, up to 0.3 m long, for fuel cell stack fabrication. Here, also,
improved equipment and processes were used to enhance the final tube
quality. ‘

A 20~cell steck has been successfu]lv'fabricated and a section
~.of this stack is on-life test. This stack met the initial milestone
objectives (power and life goals) by'delivering 10 watts -of power,
' the target goal for coa] derived fuel, The stack is still
undergo1ng life test1nq Fifteen contiquous cells of this stack attained
700 h of stable life, delivering 0.73 V/cell at 400 mA/cm (program target:
0.66 V/cel], 1000°c, Hy-3% H,0 inlet fuel, air oxidant). Seven cells of
this stack are still stable after operating 4000 h of total test tlme,
~with about 2000 h under 85% fue] gas ‘consumption condition, 150 mA/cm ’
at ~ 0,62 V/cell, .

xiii




During 1ife testing to 4000 h (exceeding the second milestone), the
stack has sustained 11 thermal cycles to date (1 h, RT to 1000°C; 3 h,
1000°C to RT, per cyc]e) without any apparent damage or loss in pef-
formance. Data have been obtained on the 15-cell stack with various
fuel and oxidant conditions. With a simulated coal-derived. fuel gas
composition, corresponding to 85% fue] consumption of the inlet gas,
0.72 V/cell was obta1ned at 100 mA/cm ~ Also, the stack has operated
up to 800 mA/cm (at ~ 0.45 V/cell). without any noticeable damage.

Fabr1cat1on of this stack included a processing procedure to
enhance oxygen availability to the air electrode-interconnection inter-
face. This resultant interface structure precludes oxygen depletion
of the doped indium oxide, which can cause mechanical/electrical con-
tact failure.

Measurement techniques have been refined on the fuel cell and
its components. Realistic combination specimens, as fuel electrode-
interconnection layers on a porous support tube, have been used to
determine intercorinection apparent resistivity at 1000°C. From
po]érization tests on fabricated fuel cell stacks, major electrical
resistance contributors to the total cell resistance are the air

.electrode and the interconnection, with the latter being the largest
}contributor.

Measurements have been performed on realistic fuel electrode
porous support tube samples by using the complex impedance measuring-
technique. Equivalent circuits have been defined for several samples.

A second 10-watt stack has been constructed and demonstrated
stack reproducibility, partially fulfilling the final milestone objective
of the program (reproducing ten 10-watt stacks).

The cost, design and benefit study to evaluate ‘the nature and
worth of an industrial cogeneration application of the HTSOE fuel cell
is underway. Here, promising applications. are now being considered,
from which a single application has been selected as a basis for the
study -- an integrated aluminum production facility.

Xiv



Investigation of sulfur species and their effects on the.
HTSOE fuel cell stack performance and life is underway. Projected
maximum tolerance levels for nickel-cermet is ~ 70 ppm at 1000°C at a
cell OCV of 0.7-0.8 V. For. cobalt cenmet fuel eleetrOdes, the level
increaseé to 200 ppm' Tests on modified 1anthanum chromite indicate
it will be more tolerant (5 to 6X) than n1cke1 to su]fur 1n the fuel 9as.

An exper1menta1 scheme was dev1sed wh1ch can be utilized to
evaluate gas d1ffus1on coeff1c1ents -at- the fue1 e]ectrode in a fuel
cell stack. ‘ '

The HTSOE fuel cell stack was operated for a short time
(a few hours) in the electrolyzer mode with H2/H20 and with CO/CO
mixtures. The stack demonstrated it could sustain reversible operat1on
in this test at 1000°C without any harmful effects when returned to
fuel cell operation.




1.0 General Conclusions

1.

The electrochemical vapor deposition (EVD) process was improved,
with regard to both equipment and process procedures, and now
produce$ uniform ~40 um thick layers of modified lanthanum
chromite interconnection and yttria-stabilized zirconia solid
electrolyte on Tong (30 cm), fuel cell stacks.

Considerable effort has been directed toward understanding the air
electrode-interconnection interface behavior, through studies of
0~ transport and loss in the interconnection, as a function of
temperature and oxygen partial pressure, with no adverse'effects
found with respect to property or compositional changes, at oxygen
bpartial pressures from 10'7 to 10']7.atm.at 1000°C. The inter;
cdnnection film is stable, dense and of suitable electrical
conductivity.

Nickel diffusion and subsequent reduction interaction with zirconia
in the porous support tube has been suspected as a cause contribu-
ting to tube weakening and cracking, and the fuel electrode process
was modified to eliminate this problem. '

Air electrode resistance is being reduced by the uée.bf a plasma
spraying technique. for oxides other than indium oxide. Here;
lanthanum manganite is being used as an alternate air electrode
current collector, rather than tin-doped indium oxide. Lower
resistance in this'component should improve the power cabability
of the stack. Meantime, work on sintered 1"].9550;0403 air elec-
trode current collector has reduced its resistivity and improved
its air permeability.

A search for other,less expensive yet stabIe,air electrode

materials was undertaken. Doped-Tanthanum manganites appear promising.

Work on the porous support tube is leading to the preparation of -
more reactive calcia-stabilized zirconia batch materials which will
allow porous tube fabrication at lower final sintering temperature.




10.

11.

12.

In-house porous, ca1c1a stab1l1zed zirconia support tubes, about
0.3 m long, are being fabr1cated with 1mproved extrusion and
sintering equipment and with 1mproved processes, toward desired
dimenstonal and. physical properties

The interface and air access1b111ty to the air electrode-.

.. interconnection interface has been improved by modified proéessing
- procedures. . ‘ '

Measurements on interconnection films, on a section of ‘an actual,
fabricated fuel cell stack specimen (less the air*electrode) have

‘- shown. improvement. of the 1000°C resistivity from 30 @cm to 4,8 Qcm

(an acceptable level).

20-cell stacks (Stacks #8 and Stack #9) have been successfu]]y
fabricated on a 0.3 m long porous ‘support tube,

Stack #8 utilized component materlals and processes, as developed
for 5-cell stack #1 (which met'the initial 2 year program goe1s),
with improved air permeation in tne intercoohection,area to avoid
oxygen scavenging from the indium oxide air current.collector via
the interconnection (due to 1ts sl1ght oxygen penmeat1on in the
solid state). '

Performance tests on the 20-cell stack demonstrated 10 watts
maximum.power, using carbon:monoxide-hydrogen fuel and meeting
the 10 watts power objective of the program. ,-,‘ ‘[

Life testing on 15 contiguous cells of Stack #8 proceeded fo 1000 h
at 1000°C, using H2-3% HZO inlet fue],_a1r oxidant, 400 mA/cm with
the stack delivering 0.73 to O, 70 V/cell (0. 66 V start was the

program target, with less than 10% voltage degradation in 1000 hours).
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14.

15.

16.-

At 2200 h a seven-ce]] stack was de11ver1ng 0. 72 V/cel] at .
400 mA/cm 1000°C H + 3% H20 fuel, air ox1dant

From 2200 to: 4000 .h: the seven-cell stack operated under spent
fuel condition (15% CO/H )- N2 at 150 mA/cm 1000°C. Here it
de11vered a steady 0.63 V/ce]l

During the present 4000 h of testing to date. the seven-cell stack
has undergone 11 fast thermal cycles (RT to 1000°C in 1 h; 1000°C
to RT in.3 h, per cycle) wi;hout:anyeepparent physical or per-

formance. degradation.

Initial tests were performed on 20 cells and,. later," 15 cells of

this stack, under various inlet fuel or oxygen conditions.

a) Hy+3v/oH0 . -~ . ..
b) 33 v/o Hy - 64 v/o CO - 3 v/o H20
c) CO+3 v/o H 20
d) (36 v/o H2 - 64 v/o C0) as 11 v/o - 86 v/o N -3 v/o H,0
e) 'a) with 2.5-5 v/o 02 in the iniet air . | ;
»f) 45/48 v/o H - 3/20 v/o H20 - N2 ' : ’
g) 5/10 v/o H - 3/8 v/o HZO - NZ
h) 0/5 v/o Hy - 3/8 v/o H20 - N,
i) f) with 3/5 v/o 0, in the inlet air
i) g) with 4/5 v/o 0, in the inlet air
k) h) with 5 v/o Oé"in the inlet air
The general conclusions of these tests, having, rich-to-lean fuel
1n1et gas, normal-to-lean oxygen in the inlet air -are:

e fuel can be consumed totally in a 15-ce11 stack
by fuel flow adjustment

e a current density of 100 mA/cm2 (min) can be
expected with coal-derived fuel and 90% fuel
consumption at 0.72 V (min)/cell under exit
gas composition
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18.

19.

20.

21.

® a h1gh current dens1ty of 800 mA/cm (m1n) can:
be sustained w1thout not1ceab1e damage to '
1nd1v1dua] cel]s in short durat1on tests A ‘
~under the cond1t1on that suff1c1ent fue] 1s -
'ava11ab]e at the fue] e]ectrode ' '

¢ partial fuel dep1et1on (90%) for the short time
duration of this .test condition was .not -harmful -
to the fuel cell stack: . .

Procedures have been developed andcomponent and interfacial
electrical resistance measurements have been'made. Data correlate

" well with polarization data obtained by the-current intérruption

technique, in a tested 5 cell stack.

By using complex impedarce measurements (w/o DC bias current) an
equivalent electrical circuit has been derived for the fuel electrode/
electrolyte on the porous- support tube. Here the Warburg impedance

is associated with a diffusion-limited process, involving one of

the electrode reactant species and a psuedocapacitance is believed
due to an adsorption process (oxygen or hydrogen?) on one of the
electrodes. The series resistance is believed related to ohmic
resistance of the solid electrolyte and the lead wires.

A testing technique has been devised to measure effective diffusion
coefficients of fuel and air gases through porous components of the

/
fuel cell stack (fuel electrode and support tube),

The cost, design and benefit study to evaluate the nature and worth
of an industrial cogeneration application of the HTSOE fuel cell is
underway, with some initial system temperatures defined. Here,
promising applications were considered, from which a single
application, an integrated aluminum production facility, has been
selected as a basis for the study.

The investigatioh of sulfur-species in simulated, coal-derived fuel
is underway, with the high-temperature (1000°C) microweighing
apparatus installed and operational. Initial work on the tolerance
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~ of the HTSOE fue] cell stack to sulfur 1mpur1t1es in the fuel gas

indicates that the least tolerant component will be ‘the nickel of
the fuel electrode, at. ~70 ppm  at 0.7- 0.8 0CV at 1000°C Tests
on the IC material 1nd1cated that it w111 have more sulfur tolerance
'than the nickel fuel “electrode. Cobait fuel e]ectrode to]erance

is projected at 200 ppm in the fuel gas at 1000°C (0.7-0.8-0CV).

After 2000 h of life testing, the seven cell stack was: successfully
operated in the electrolysis mode at 1000°C, both with H /H20
and,CO/CO mixtures. Current densities up to 500 mA/cm2 were .
investigated This test did -not affect the stack performance,

upon further testing of the stack (still continuing) in the fuel cell
mode. ‘
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2.0 Program Summary

Highlights of progress,.upoh campletion of the present, two-
year continuation program, are now described.

1. A 20-cell stack was constructed, by using improved'EVD
process procedures and providing air permeability to the air electrode/IC
interface, that demonstrated 13 watts of power. This. test met the power
objective of.the'program (10 watts required) -- Milestone /. '

2., Thirteen cells of Stack #8 operated at 400 mA/cm for
1000 hours.at 1000°C, with H2-3% H20 inlet fuel, air as the ox1dant
source, and. de11vered 0:71 V/cell, exceeding the requirement of 0. 66 vV
start, O.GQ1V end of a 1000 h test for a single cell (Milestone Y@?)

and a stack of, at least, 3 series connected cells (Milestone \¥).

3. A second 20-cell stack (Stack #9) was fabricated and
delivered Iolwatts of power, meeting the minimum power requirement in
a stack constructed to show reproducibility of power capability. Since
10 such stacks were to be built in- the program, Milestone Y@7 was only
partially achieved.

Additional stacks are presently being constructed which will
be tested for performance and life capability, under a variéty of test
conditions, so that, in a follow-on program, confidence in reproducibility
of stacks will increase. ‘ ’
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3.0 INTRODUCTION

This report constitutes the thél Report, urider DOE Continua-
tion Contract No. DE-AC-0379ET11305. Presenting progress on work from
April 1, 1978 through March 31, 1980 this report. actually summarizes
the level of techno]ogy attained on the HTSOE fuel cell, during the
past 2 years of the present program for DOE whlch has been conducted
for the past 4 years.*

* Task 5, the Nature and Worth of an Industrial Cogeneration Application
using the HTSOE Fuel Cell Generator, will be reported, as required by the
contract, upon completion, on September 30, 1980.
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4.0 THE PRESENT PROGRAM

The present two-year research program (DOE Continuation Con-
tract DE-AC-0379ET11305, formerly DOE EY-76-C-03-1197), relating to the
development of the high-temperature solid oxide electrolyte (HTSOE) fuel
cell, has built upon the findings of the first two-year contract effort
at westinghousé.(]) Its purpose was to demonstrate extended performance
and life stability of thin film, HTSOE fuel cell stacks. The fuel cell
stack, a multiplicity of series-connected cells, constitutes the basic
building block of this fuel cell system. These stacks have been con-
structed, using the component materials and their fabrication processes,
developed in the past program, and those materials and processes that
were further optimizéd during the first year of this program. Extended
life has been demonstrated in single cells and small cell stacks, under
some conditions anticipated in the operation of stacks in a total fuel
cell system. A stack has been tested to determine power output capa-
bility and the effect of fuel/air conditions on performance. Also, the
reproducibility ofAstacks, with respect to cell-to-cell and overall per-
formance, has been demonstrated, in another 20-cell stack constructed and
evaiuated for that purpose.

Under the original continuation program, four milestones were
to have been attained. For Milestone ‘;7 all the five fuel cell compo-
nents -- porous support tube, fuel electrode, solid electrolyte, air
electrode and the interconnection -- were to be specified and the fabri-
cation sequencing and fabrication techniques were to have been established
in a "bench mark" stack, delivering 10W of power. " To attain

AR




Milestone §g7 at least a single cell, including an interconnection,

was to have demonstrated a minimum of 1000 hours of 1ife at 1000 C, under
the fo]low1ng conditions: - : o ,

e current density of 400 hA/tmzw
voltage st&bility - no more than 10 .percent degradation
from an initial operating cell voltage of 0.66V, m1n1mum,
in H2 +3% H20 inlet. fuel mixture,

Atta1nment of M11estone'§g7 was to show that the thin f1hm h1gh tempera-
ture fuel ce]] concept and design is v1ab1e and should show prom1se of -
further life 1mprovement toward that required for app11cat1ons as cited
in Appendix B. Achieving Milestone ‘;7 required that a small fuel cell
stack, having at least 3 series-connected cells, demonstrate'a minimum
of 1000 hours of operation, under the same conditions as for Milestone:
\37 . Milestone ‘@7 required that.-additional stacks (10 was the ori- -:
ginal goal) be fabricated and tested, for a short time, to demonstrate
reproducibility in materials fabrication and uniformity in cell and stack
performance. The same test conditions, as described for the other
milestones, were to be used to operate the 10W stacks.

In September 1979, two additional milestones were established
for the program. Milestone Y§7 relates to a Design, Cost and Benefit
Analysis of the HTSOE fuel cell in an industrial co-generation applica-
tion. Milestone'§;7 is aimed at evaluating the effect of impurities
in the fuel gas on the HTSOE fuel cell performance and life, as well as
setting minimum tolerance levels for these impurities.

Therefore, the present program evaluated the components and
verified the fabrication techniques developed to produce them. It
established the ability of these components to operate properly in
contact with each other in the thin film design under simulated service
conditions. Also it determined the long-time stability characteristics

both of the components and their interfaces and of a cell and cell stacks,
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under- simulated service conditions. Sufficient cell stacks were.fabri-
cated %oiverify their reproducibility, performance and life. With these
objectives attained, the basic building block of the HTSOE fuel cell .
generator has been firmly estab1ished

The study (Task 5) is.still continuing (until the 9/30/80
target date for complet1on). It will "identify an appropriate ‘industrial
cogeneration application'and determine its potential economic vélue.
Finally the effects of 1mpurities particularly,'su1fur bearing species,
are being determ1ned as well as tolerance levels of these species. This
impurity study (Task 6) w1ll be completed by 6/30/80, the targeted date
on the program.

Upon achievement of all 6 of the milestones of this program,

by 9/30/80, ’the high-temperature, solid oxide fuel cell development
program will have been advanced to the stage of generator system component
design, stack bundle assembly and eva]uat1on




- THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



5.0 OVERALL TECHNICAL EFFORT

The overall technical effort, originally, was aimed at ach1ev1ng
four m11estones in the two-year period of the contract. These included:

§;7 Specifying all five fuel cell components, their fabrica-
| tion sequencing and their fabrication“tethniques in a

"bench mark" stack, delivering 10 watts of power;

Y;? Demonstrating, at least in a single cell with an inter-
connection, a minimum of 1000 hours of life at 1000°C,
under the conditions of 400 mA/cmz, with no'more than 10 per-
cent voltage degradation from initial loaded voltage,
using H2/3% H,0 inlet fuel mixture; »

§§7 Demonstrat1ng §€7 in a fuel cell stack of at least
3 series connected cells;

Fabricating and testing, fqr a sufficient time, 10 stacks
to demonstrate reproducibility in materials fabrication
and uniformity in cell and stack performance. |

In September 1979, two additional milestones were added.

§57 Designing, costing and determ1n1ng the econom1ca1 and environ-
mental worth of an HTSOE fuel cell system in an industrial
co-generation app11cat1on,
§;7 Determining the effect(s) of fue] gas 1mpur1t1es to the
operation of the HTSOE fuel cell system and establishing
their safe tolerance levels.
5.1 TASK 1. DEVELOPMENT AND REFINEMENT OF FABRICATION PROCESSES

Work in this task includes:

1) fabrication of the cell interconnection by the electro-
chemical vapor deposition (EVD) process
2) definition of the fuel electrode stack process
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3) definition of the air electrude stack process
4) porous support tube refinement
5) cell stack preparation.

5.1.1 Subtask'A. Interconnection (IC) Fabrication

Work in this area dealt with improving the EVD reactor compohents
to insure better halide delivery, thereby more uniform EVD film growth over
the entire.substrate. o ’ S ’

"Both electrolyte (yttria-stabilized zirconia) and interconnection
(modified lanthanum chromite) materials are deposited as thin 1ayer§ by
EVD. MWork in this area has dealt with the improvement of the existing EVD
apparatus and with the investigation of deposition conditions for pro-
ducing films of modified lanthanum chromite on stack tubes, carrying a -

minimum of twenty cells.

Modifications made to the vapor deposition apparatus have
improved reliability and reproducibility in the deposited films. First,
to allow accurate measurement of oxygen activity in the H2/H20 mixture
that passes through the insidg of the cell stack tube during the
deposition process,-an oxygen gauge was added. Hydrogen and oxygen
are mixed at reduced pressure (~ 10 mm Hg) in the cold zone. Then this
mixture is passed through an alumina wool plug, that is positioned °
inside a quartz tube, and heated to 800°C. The resulting H2/H20"mixture
flows over a closed-end zirconia tube, serving as an oxygen sensor,. and
finally enters the EVD reactor. The oxygen sensor measures the oxygen
activity and activates safety vaives, when the oxygen activity increases
over a set point (excess oxygen). This feature introduces .increased
reliability to thé deposition process and eliminates the possibility
of nicke] electrode oxidation,* due to improper flow meter adjustment
or line pressure fluctuations.

In addition, an all new gas valving system was installed
on the EVD apparatus that reduces the possibility of leaks and increases

" *Fuel electrode oxidation had been experienced on several occasions in
past EVD runs, before the use of the oxygen gage,

!
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reproducibility in deposited films. The new system, made entirely of
glass and teflon tubing, minimizes the chances of leaks associated with
corrosion, as can occur when standard fittings are used. The majority
of connections are now ground glass joints. All carrier gases and non-
corrosive gases have been "hard" plumbed and pressure tested for leaks.

A fail-safe system has also been installed on the vacuum system
to protect stacks during the slow cool down period following the deposition
experiments. The equipment is left unattended for extended periods,
usually overnight, and, should there be a power failure, loss of the
stack in process and damage to the vacuum pump would result. Solenoid
valves have been installed that automatically close and prevent
accumulation of explosive gas mixtures. Also, a latching relay circuit
keeps the vacuum pump from restarting when power is restored. Should
pump failure occur, the pump, as well as the reactor, are back filled
with nitrogen and kept under a slight positive pressure to prevent
diffusion of oxygen.

The halide delivery cartridges have evolved into a design
that eliminates problems of previous designs and provides flexibility
in the development of improved IC deposits. Prior cartridges were con-
structed from a solid block of high purity graphite. Holes were bored
in the block for receiving the halide source. Thin wall sections
between each chamber allowed cross contamination from one component to
the next, due to graphite porosity, resulting in denosits whose composition
could not be controlled effectively. This "solid block" cartridge also
introduced a large heat sink into the hot zone of the furnace and pro-
duced undesirable temperature gradients.

To overcome these problems, single chambered cartridges were
developed that hold only one halide source. These individual chambers
can be bundled together in groups of 3 or 4, depending on the
composition or type of deposit required. Figure 5.1 shows an individual
chamber and a bundle of three. This design eliminates cross contamination,
reduces the amount of unnecessary graphite in the hot zone, and provides
flexibility in experimental design.
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Halide cartridge design for fabrication
of interconnection material.

Fig, 5.1
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A problem associated with poor EVD film adherence caused concern
and a number of exberiments were performed to investigate possible causes.
Contamination of stack surfaces, prior to actual deposition, was suspected
and proved to be a deterent to good f11m adherence. A stack tube was
exposed to the mounting and heat up procedure without halide introduction.
After cool down, m1croscop1c examination revealed evidence of surface
contamination. Adherence brobTems and highly resistive interfacial
layers that lead to undesirable IC characteristics could be explained by
this contamination. The source of contamination was caused by deposits on
reactor walls from the large number bt preceding EVD runs. We eliminated
predeposition contam1nat10n of substrate tubes by using clean Tinings
for each depos1t1on

Improvement of IC-layer adherence and sealing over the solid
electrolyte .layers has been achieved by the elimination of the surface
contamination.. Also, the electrical properties of interconnection
layers now approach that of bulk sihtered material. The improvement
of both characteristics of the IC deposits must be considered as a major
break-through in the present program, toward,achieviqg reliable stack-
performance for 10 watt stacks.

Conclusions

Work in this area dealt with imprdvemente in the EVD
equipment and with the investigation of the deposition conditions,
necessary to produce modified lanthanum chromite on 0.3 m long stack
tubes. Improved instrumentation, advances in reactor design, and
elimination of predeposition contamination have lead to well- -adhering
deposits with electrical properties that are adequate for successful
stack operation.




5.1.2 Subtask B. Fuel Electrode Stack Process

Work in this area has involved extension and improvement of
the fuel electrode technique, as applied to making stacks of series-
connected fuel cells. ‘ '

5.1.2.1 Fuel Electrode Sintering -

Work in this area has resulted both in the'extension and
1mprovement ‘of the fuel electrode fabrication technique to 20 and movre,
ser1es -conriected fuel cell stacks. These procedures have essent1a11y,
been fixed, to cons1stent]y produce f]aw]ess Ni- ZrO cermet fuel e]ec-
trode structures. \

The standard technique, by which the fue] e1ectrodes are pre-
pared,'1nvolves dipping of the porous support tube into a n1cke1 ox1de/
‘zirconia slurry, then drying and sintering this coating in an oxygen-
conta1n1ng atmosphere and, f1na11y, reducing the nickel oxide to
n1cke1 wh1ch with the z1rcon1a, forms the final cermet structure

As prev1ous1y mentioned, fuel. e]ectrodes are prepared by
d1pp1ng the porous support tube 1nto a Ni0- ZrO2 slurry. During.the
dipping process the tube ends are closed to prevent coating of the inside
tube wall. It has been found impractical to use this technique for tubes
much longer than 0.2 m. Dur1ng d1pp1ng, s]urry liquid will penetrate
through the porous tube wall and flow to the inside tube’ bottom After
removal of the tube from the slurry, this inside Tiquid washes the
coated film from the outside. The longer the tubes, the h1gher w111 be
the hydrostat1c pressure during tube dipping, caus1ng an exaggerat1on of
this problem, and resulting in non-uniform coatings over 1onger tubes
Fuel electrode performance, therefore, would vary over the stack length
because of this non-uniformity. '

Dipping, however, is a fast coating method and resu]ts in.
obtaining fuel electrodes of superior smoothness and strength. There-
fore, other methods have been rejected to coat long tubes, The search
for new dipping methods resulted in the construction of a new holder for
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porous tubes that is shown in Figure 5.2. An inflatable rubber sleeve (1)
is held in position by a stainless tube (2) which has holes to allow the
inflation of the rubber sleeve via a valve (3). This deflated assembly
is introduced into the porous support tube (4) and the rubber sleeve is
inflated, thereby;allowing safe handling of tubes of any length. During
dipping, liquid cannot accumulate on the inside of the tube and excellent
and uniform coverage of long tubes with fue] e]ectrode s]urry is achieved.
The coated tube is easily removed from the holder by pressure release
and co]laps1ng of the 1nf1ated rubber sleeve. This method of hand]1ng
appears to be 1dea1 for mov1ng a large number of tubes from process1ng
step to process1ng step, without danger of tube cracking.

The achievement of virtually-flawless surface cond1t10ns of
the e]ectrode has been accomplished through two precond1t10n1ng steps of
the tube pr1or to slurry dipping. First, the tube surface is rubbed with
the dipping s]urry to fill any ]arge defects and, second]y, through a
precoat1ng vacuum impregnation with the slurry carrier liquid. This
eliminates trapped gases in the porous support tube and prevents the
formation of holes in the electrode, due to gas bubble escape, after

13

slurry coat1ng

A change also has been made in the reduct1on scheme of the
sintered N10/Zr0 layer to the N1/Zr02 cermet electrode, Prev1ous]y,
th1s reduction took place with dry hydrogen/nltrogen mixtures. Th1s
caused porous support tubes to darken near the cermet e]ectrode a
pos1t1ve 1nd1cat1on of oxygen def1c1ency of the stabilized tube mater1al
Now, the nickel oxide reduct1on is accomp11shed by adding 30% water
vaporvto the NZ/H mixtures. The same results can be obtained through
the addition of C02, instead of water vapor. - Porous support tubes do
not darken under such conditions and the improved reduction scheme is
partially responsible for a drastic reduction in the incidence rate of
support tube fracture, during early stages of stack fabrication.
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Fig. 5. 2 — Holder for applying slurry
coatings to porous tube surfaces
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Conclusions

| Long nickel-zirconia cermet electrodes can now be fabricated
on 0.3 m long tube segments (or longer). The resulting electrodes
consisténtly have high quality surfaces charactériStics. uniform thickness
and ceramic skeletons with goqd mechanical strength. Fuel electrode
resistance values of below 0.1 2 (p/$) at room temperature, over 0.3 m
long tube segments, have regularly been achieved. A new sintering '
procedure prevents darkening’(reduction) of the«pb?ous support tubeiqnd
reduces the incidence rate of tube cracking, during early stages of
stack fabrication. ‘




5.1.3 Subtask C. Air Electrode-Stack Process

Work in this area involved scale-up of the formulation and
processes for fabrication of 20-cell stacks. ‘

5.1.3.1 Indium Oxide Current Collector

Past work oh the air electrode involved ektension and improve-
ment of the fabrication technique, as déscribed in the final report of
the past contract, to a stack of 20 series-connected fuel cells.

Figure 5.3 shows the CVD reactor for applying the doped .indium oxide
current collector. This'néw reactor has a 40 cm-long deposition zone,
compared to only 25 cm in the previous keactor It was not possible to
obtain electrically uniform coatings: at. the ends’ of 25-cell stacks in
the old reactor, due to reactant dilution effects at the end zones of
the cross-flow reactor. However, the-deposition conditigns and basic
constructional reactor characteristics have not been changed for the

+

new reactor design.

"Figure 5.4 shows the initial phase of contact deteribra;ion
of the In203 interconnection interface. The lighter coloked, spbtty
areas in the IC reg1on represent the- opt1ca1 effect of layer separation
(electr1ca1 contact loss) Several methods have' been 1nvest1gated,to
alleviate this problem: S T

1) intre&ging:tolieétbr'pofosity during CVD

2) applying microporous layers between the In203 ‘
CVD layer and the IC '

3) plasma spraying In203‘porous layers,

With regard to approach 1), the seeding .of InéOé-gﬁainé‘onto
the stack tube, before the CVD process, leads to nucleation centers for
oxide growth during the deposition and creates porosity. The contact
area of the large CVD crystals (+~10 to 20 um size) to the Ic, hqwevér,
is still too large and éven these layers will flake and lose_eleqtrica1
contact. |
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Fig. 5.3. New cross-flow CVD reactor for In203
current collector deposition.
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Fig. 5.4. Initial phase of contact loss of In,0
to lanthanum chromite in the IC area.
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Regarding approach 2), we applied thin metallic coatings of
indium-tin alloy to the surface of the IC (by painting at 200°C). This
alloy was- oxidized at 1000°C in air. The resulting oxide layer was '
microporous. However, the lateral resistance of this coating was too
high and an 1n203 CVD coating had to be applied over it. Due to rapid
nucleation, this CVD coating grew as a porous layer over the micro-
porous In203 film. Some samples had been obtained that showed stable
electrical contact. However, severe problems were encountered in
achieving uniformly painted metal layers. Variations of metal layer
thickness in edge and corner areas led to flaking during the oxidation
step. What proved to be possible on a flat-surfaced sample did not appear
to be reliable in overlap areas (surface "steps" in the IC region) of
stacks. It was concluded from this work, however, that the application
of microporous oxide layers between the In203 collector and the IC
could lead to stable mechanical and electrical contacts.

The objective of producing porous interfacial layers between
the ihterconnection and In203 ;o]]ector was then handled by structural
modification of the interconnection, rather than modification of the
In203 layer. The solution to this problem was found by depositing
plasma-sprayed lanthanum chromite, in porous form, onto the EVD layer
of the same material. By this technique the electrical contact to the
In203—co]1ector is now stable, because oxygen can diffuse through the
porous interconnection layer to the critical interface, which eliminates
the danger of flaking entirely.

With regard to approach 3), we experimentéd with plasma-spraying
of In203 collectors, as a possible method for producing porous interfaces.
However, this task was mainly directed to finding a possible replacement
technique for CVD. Since plasma-spraying of other stack .components .
was considered, it was logical to use this technique also for the air
electrode. Plasma-spraying was done on preheated stack tubes, to minimize
the danger of stack component fracture by thermal shocking. The preheat
arrangement is shown in Figure 5.5. Indium oxide current collector
layers on zirconia tubes have been produced in this fashion, yet no stack
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"has been tested with such collectors because they lacked sufficient
collector conductance. This, however, is a question of .layer thickness
and plasma-sprayed collectors will be tested in the future.

5.1.3.2 'Lanthanum Manganite Air Electrode Current Collector

As described in Section 5.1.3.1, we investigated methods of
:COntrol1ing,ihdium‘oxide flaking from the interconnection material.
Methods of increasing the porosity of,iodium oxide air electrode current
collector did not result in improvements of electrical contact stability
.(see Section 5.1.3;1). This led us, alternatively, to the investigation
of other oxides, that could be used as. intermediate layers between the
air electrode co11ector and the IC. The major problem arises when these
layers are to be attached to the IC,

.The first material that becomes apparent for this porous inter-
med1ate layer is the IC material 1tse1f as discussed previously.
Another possible material that has been used for air electrodes is
.strontium-doped lanthanum manganite. We developed a sintering method
that allows the bonding of these oxides to the solid electrolyte and
‘the IC. The sintering is accomplished in a controlled atmosphere with
the help of sintering aids. The sinterihg has to be accomplished
below the melting point of nickel (1453°C).

. 'Ne found in our tests that, by using lanthanum manganite, even
as a. current collector, and‘rep1acing the doped indium oxide altogether,
a good stack performance could be obtained, when the current collector
was impregnated with praseodymium oxide and/or cobalt- praesodymium oxide.
‘The stack performance, as shown in Section 5. 3.5, , was so stable and
"prom1s1ng that further investigation of this m1xed oxide and other
modified mangan1tes as air electrode materials will be tried, This
formu]ation and processing technique could lead to a potentially less
compllcated and less expens1ve air electrode. As one can easily see.
(Sectlon 5.3.6) the sens1t1v1ty to chemical reduction attack of such
an air electrode is reduced. Furthermore, it is not prone to vaporization
at temperature, as in the case of indium suboxide spec1es that can be
_,formed in the presence of fue] lTeaks.
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The application of lanthanum manganite by plasha-spraying was
also attempted, but stack performance was inferior, due to the dense
structure of the applied Tayer. Modification of spraying parametefs will
be attempted in the future to increase the porosity of this potentially-
useful air electrode candidate. Meanwhile the In203 air electrode
current collector will continue to be the standard component of the fuel
cell stack, since its performance characteristics are unsurpassed by any
other oxide. - |
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5.1.4 Subtask D. Porous Support Tube Refinement

Porous support tube work concentrated on improving materials
preparation, as well as improving extrusion and sintering steps,

Identification of fabrication techniques for porous support
tubes that will withstand the processing sequences of the fuel cell stack
was the major goal of this task. Several improvements have been achieved
in the quality of the porous support tubes fabricated during this period.
The support tubes have smoother surfaces, higher strength and more
uniform porosity over longer sections (>0.4 m). Strength of the porous
support tubes now exceed 10,000 psi in flexural strength, versus earlier
results of 5000-7000 psi.

5.1.4.1 Support Tube Experiments

Support tube fabrication experiments have involved both the
evaluation of starting materials, from which calcia-stabilized zirconia
was formulated, and the development of processing procedures, to effectively
control the physical properties of the extruded support tubes. A special,
high-temperatures gas-fired furnace was designed and constructed to fire long
tubes (~0.45 m), at temperatures high enough (>1850°C) to sinter the
porous support tubes, Special refractory shapes and materials were
engineered to support the tubes during the firing process and to assist
in the maintenance of the furnace. Figure 5.6 shows the furnace
arrangement and Figure 5.7 shows a schematic cross section to indicate
the hanging arrangement for tubes.

5.1.4.1.1 Powder Preparation

Calcia-stabilized zirconia (Zr‘02)0.85-(Ca0)0.]5 raw material
batches were prepared by reacting monoclinic zirconia powder (SC-grade,
Magnesium Elektron, Inc.) and calcium carbonate (reagent grade, Fisher
Scientific Co.) following an improved process flow diagram of powder
preparation for the porous support tube. Batches prepared by this
process produced stable, reproducible and contamination-free starting
material for the tube extrusion process.
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Fig. 5.6. Sintering furnace and sintered support tubes.
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Table 5.1 shows the improved, porous support tube process flow
sheet whiclleliminated four (4) processing steps, as compared to an
earlier process, thus saving time in the preparation of the calcia-
stabilized zirconia powder.

The monoclinic zirconia (Zr02) SCX-grade, supplied by Magnesium
Elektron, Inc., that was used for making calcia-stabilized zirconia tubes,
nroved to be the best starting material for achieving reproducibility
of tubes.

Figure 5.8 shows the particle size analysis of the SCX grade
monoclinic zirconia from Magnesium Elektron, Inc. The particle size
of this powder is very fine and, effectively, 98 w/o is under 20 micron
in size.

Figure 5.9 shows powder particles of the as-received SCX-grade,
monoclinic zirconia from Magnesium Elektron, Inc. The powder particles
appear as agglomerates, clustered together and speckled with a 1light dust
of the finer sub-micron powder particles.

The pulverizing process, using a tungsten carbide mill, has
consistently produced the desired range of particle sizes of calcia-
stabilized zirconia powder. It is no longer necessary to classify the
powder by screening to recombine the materials for batch preparation.

The screening operation listed in the process flow sheet (Table 5.1) only
refers to the recycling of the starting crushed material back into the
mill to break up agglomerates that accumulate during the pulverizing
process.

5.1.4.1.2 Paste Preparation

To obtain support tubes with the desired shape, size, pore
structure, strength and surface characteristics, the homogeneous plastic
structure of the extrudable paste must be controlled. Table 5.2 shows
the composition of the extrudable paste mixture. Paste preparation
started with the dry blending of the calcia~stabilized zirconia powder
with the starch binder and the water reducing agent in powder form,
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Table 5.1

Porous Support Tube Development Process Flow Sheet

10.

Xle

12.

13.

14.

Weighing

Ball Milling
Drying (partial)
Pressing (slugging into cylinders)
Presintering (1790°C)

Crushing (Jaw Crusher)

Pulverizing (Scatterbox)

Screening

Weighing

Blending (dry mixing)

Kneading
Extruding
Drying

Firing
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Table 5.2

Composition of the Mixture for Extruding
Porous Support Tubes

Materials Wt %

zirconia powder 85.4
(2r0;) g5(Ca0) 15

cellulose 0.8

organic binder:

corn starch 3.2
PVA 2.0

dispersant:
Lomar PWA 0.6
water 8.0
100.0
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After the dry blending process, the blended powder and the solution of
PVA is mixed in the kneading machine until the material exhibits the
proper plastic condition (~20 minutes mixing time).

The extrudable mix is stored in a plastic bag and extruded,
as soon as possible, to minimize moisture loss that affects the plastic
property of the batch material.

5.1.4.1.3 Firing

Porous support tubes were fired in the propane/oxygen furnace,
using various combinations of available muffle sizes and reflective
coatings on the furnace liner surfaces. The best combination appears
to be a thick wall muffle, made by pressing (1.3 cm thick wall), with a
reflective coating on the furnace liner made with zirconia fibers.
Muffles, utilizing cast crucibles with thin walls (+0.6 cm thick wall),
were serviceable for only one complete firing schedule,

5.1.4.1.4 Results and Discussion

After the development of an extrudable mix, refinement
efforts were concentrated on improving the firing process to attain
stronger tubes. Strength determinations, by flexure tests,
indicated stronger support tubes than the earlier aroup of fabricated
tubes. The flexural strength of the tubes are now in the 10,000 psi
range. Tensile strengths of a small sample lot did not show any major
increase and these results should not be interpreted as

conclusive,

Table 5.3 shows a comparison of the flexural strength and
tensile strength data of a twice-fired sample and a current processed
tube, Tabeled as a strong tube. The tensile strength of the two samples
are not in agreement, nor in agreement with the level of the flexural
strength. It is a well-known fact(z) that values of tensile strength
should agree more closely with those of flexural strength and improved
tension testing techniques should be developed to achieve reproducible

test data.
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Table 5.3

Physical Properties of Support Tube Samples
From Firings Nos. 11 and 29

Apparent Apparent Flexural Tensile

Density Porosity Strength Strength
Sample gl/cc (%) (psi) (psi)
11A% 3.69 20.7 10,200 4480
29F 3.70 23.9 9,520 2450

*
Sample 11A was fired twice. The second firing positioned the tube top
side down in the furnace.




The flexural strengths of the porous support tubes shown in
Table 5.4 are greater than 10,002 psi, mainly due to the use of a new
thick wall muffle and support system during firing, since the firing temperature
of 1910°C for four hours was well within the average time-temperature
schedule established for most of the tube firings. This experimental
firing also proved that the collar supports for the hang-firing of the
tubes are strong enough to fire tubes as long as four feet, An
experiment to fire "weighted" tubes was performed, in anticipation of
firing longer tubes that may be required in the future, for improving
firing efficiency and economic considerations.

To date only surface and bulk characteristics of the porous
support tubes have been observed microscopically and at low magnification.
Recent examination of surfaces and fractures of the porous tubes have
revealed the texture of grain surface boundaries, where grains have
fused together in the polycrystalline matrix, Figure 5.10 shows the
texture of the outside surface of a porous support tube with details of
the grains bonded together after fusing., A fractured surface of the
porous support tube with details of the fused polycrystalline grains is
shown in Figure 5.11.

Figures 5.12 and 5.13 compare the fractured surfaces exposed
on the samples that were tested for strength by flexing, as well as by
tension. Sample 29F, tested in tension, appears to have less fused area
or bonds as compared to sample 11A, which was fired twice. This may be
one of the reasons for low strength of 29F and the scatter in the test data.

In the flexure test only the extreme outer fibers on one side
of the specimen undergoes maximum tensile stress decreasing to zero
at the neutral plane. On the other side of this neutral plane the
compressive stress balances the tensile stress and provides a non-uniform
tensile stress field. Figure 5.14 shows exposed, failed surfaces, subjected
fo the tensile and compressive stress field, during the flexure test. |
Surfaces depicting the area of a compressive stress field show loose
polycrystalline grains of the support tube wall that were, apparently,
crushed during testing.
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Physical Properties of Porous Support

Apparent

Density
Sample (g/cc)
A* 3.69
B** 3.67

Table 5.4

Specific
Gravity

4.78

4.64

Tubes from Firing No. 30

Apparent Flexural
Porosity Strength
(%) (psi)
22.8 10,770
20:55 11,322

Note: Average of four determinations taken on four specimens from the

0.5 m length of tube.

*Sample weighted to simulate 0.9 m Tong tube during firing.
**Sample weighted to simulate 1.2 m Tong tube during firing.
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Figure 5.11 - Fractured surface of support tube, showing fused poly-
crystalline grains of calcia-stabilized zirconia (Sample 22B).
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Figure 5.12 - Cross sections of sample 11A, tested for tensile and flexural
strength. (Surfaces shown are those produced by fracture
during test.)
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Figure 5.13 - Cross sections of sample 29F tested for tensile and flexural
strength. (Surfaces shown are those produced by fracture
during test.)
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Figure 5.14 - Cross sections of flexural strength breaks of sample 11A.
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Linear regression analyses werc iua oi previously reported
data to investigate the correlation of grouped data on the fired
properties of the porous support tubes,

Figure 5.15 shows the linear regression analysis of the
apparent porosity versus bulk density from the data reported in
Table 4 of the Sixth Quarterly Report. This relationship shows good
correlation.

Figure 5.16 shows flexural strength versus bulk density of
grouped data based on Table 2 of the Seventh Quarterly Report,
The regression analysis shows good relationship exists between flexural
strength and bulk density.

The relationship of flexural strength and bulk density based
on grouped data from Table 4 of the Sixth Quarterly Report as shown
in Figure 5.17 did not have as good a correlation as compared to
Figure 5.16.

Figure 5.18 shows a linear regression analysis of the flexural
strength versus apparent porosity with lTow correlation. The grouped
data from Table 4 of the Sixth Quarterly Report was used for the
calculations.

The grouped data, which represent the range of firing condi-
tions, are from samples fired in four different batches.

5.1.4.1.5 Future Work

Future tube fabrication will be improved by a better die
assembly mouthpiece, larger die-containment, etc, as well as through
the availability of improved furnace installations. Future tube analyses
will include improved pore and surface analyses, as well as improved
techniques for tensile strength measurements.
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5,1,5 Electrolyte Fabrication by EVD

The formation of thin 1ayers of yttria-stabilized zirconia
has been achieved with .great reliability with many fuel cell stacks and
substrates of varying length, up to 0.3 m and longer, using the EVD °
process. This process has been constantly reevaluated and, concurrently,
changes have been made to improve film characteristics and reduce thé
incidence of support tube cracking. = . |

Previously, we reported that support tube fracturing became -j’
apparent during, or subsequent to, the deposition of zirconia electrolyte.
ICerosivé attack and.destabilizatfon of support tube material (calcia
leaching) was suspected. Tube fracture was also investigated, as related
~to fuel electrode fabrication, due to nickel-induced zirconia reduction. '
We are still not able to clearly attribute tube cracking.to'a sing]é‘
other cause. Also, we have found that reducing the e1ectr91yte deposi-
tion temperature, by as much as 150°C (from 1250 to 1100°C) greatly
reduced the severity of tube failure. This again suggests that the
EVD conditions are, possibly, too harsh at higher temperatures.

Recently, we developed a stack processing scheme that
considers all known aspects that can relate to tube cracking.
In this scheme we reduce fuel electrodes after sintering in wet hydrogen
(30% HZO) at 1300°C. This leaves the suppbrt tube unreduced. Secondly,
we start the electrolyte deposition at a low temperature (1100°C) until
pores are closed and no further halide or HCL attack on the.support tube
is possible. Also, during this initial start-up period, a small amount
of calcium chloride is introduced to help prevent calcia leaching
(calcium chloride is thermodynamically more‘stable than Ca0 which is the
stabi]izing agent of the zirconia support). Subsequent]y, after initial
film growth, the deposition temperature is raised to 1250°C to increase
the growth rate.

Adherence of the electrolyte film has also been improved by
preventing any pre-deposition contamination, as discussed in connection
with interconnection fabrication.
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In addition, a new approach has been taken for applying a
pdrous electro]yte layer (which becomes incorporated into the air
electrode) to the dense electrolyte. Before, a granular zirconia layer
was applied to the fuel electrode that was incorporated by the growing
electrolyte into a dense structure. By discontinuing the EVD process
early enough, a consolidated, but uncovered granular zirconia layer,
was left on top of the dense electrolyte. Although adequate, this porous
layer had some disadvantages (missing tortuosity and fine porosity)
because it was exposed to a two-hour deposition. Therefore, we
investigated another method. Here, a dense electrolyte layer was
deposited first, then the porous zirconia layer was applied and fixed
to the dense electrolyte layer by a short deposition run of only one-
half hour. Although this approach requires an additional processing
step, much better control over air electrode quality can be achieved,
by optimizing the'porous substructure of the air electrode. The
improved porous electrolyte Structure, that becomes a part of the compos-
jte oxide air electrode, results in air electrodes that exhibit adequate
performance.

Conclusions

The deposition of long electrolyte films is routinely
achieved. Improvements in processing have increased film uniformity,
adherence, and reduced the incidence of tube cracking.
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5.1.6 Subtask E. Cell Stack

The intention of this subtask was to define and reduce to
practice all the materials and fabrication procedures, needed to produce
fuel cell stacks that could meet the targeted performance gbals‘of the
program. As a result of the efforts over the past 4 years, these materials
and processes, leading to stacks that met the program objectﬁves, have
been defined, and are listed in Table 5.5. This listing does‘not rule
out improvements of materials and processes that can lead to enhanced
stack performance in the future.

Table 5.5

HTSOE Fuel Cell Stack
State of Technology of Materials and Processes

Component _ - Material . Fabrication Process
fuel electrode nickel-zirconia cermet slurry coat/sinter .
solid electrolyte yttria-stabilized electrochemical vapor
: zirconia deposition (EVD)
air electrode tin-doped indium oxide combination of EVD
current collector over (Zr07), CVD or plasma
porous zirconia, spray (In203) and
perovskite coated impregnat1on
interconnection _ magnesium-a]uminum doped ’ EVD

Tanthanum chromite

support tube calcia-stabilized zirconia extrusion/sintering




5.2 Task 2. Life Testing of Cell Compcnents and Stacks

- .. To enab]e 11fe test1ng of cell components, unit cells, and
ce]] stacks, a life test fac111ty had to be installed. The facility
had ‘to meet the fo]]owrng requ1rements.

1) be ab]e to accept severa] multicell stacks - -
o 2) have a comp]ete]y fa11 safe gas supply system o |
) “3) have the ablllty to monitor several tests
! simu]tanéous1y'and collect data automatica]]y
"j 4) operate re11ab1y for extended per1ods w1th a
' minimum of attention.

During the f1rst year of this continuation program, such a
facility;was designed and constructed in the laboratory.

5.2.1 ;TeSt Facility Design

The fuel cell test facility was designed to test up to 5
multi-cell Stacké, simu]tanedus]y, and to provide fail-safe, dependable
operafion, while requiring a minimum of attention. Furnace elements
were specified to operate several hundred degrees below their design
temperaturé, to extend:their 1ife and thereby, reduce their maintenance.
The furnace temperature controllers are of the power proportioning type,
supb]ying only the current necessary to maintain the set temperature.
Thermocouple break protection, which prevents overheatihg, should a
théﬁmocoup]e fail, a]so_extehds,furnace element life and increases
re11ab111ty

F1gure 5. 19is a schematic d1agram of the gas supply system.
Backup supp11es have been prov1ded to assure fa11 -safe- operat1on and
stack protect1on during power failures, or loss of house-supplied gases.
‘Under normal operation, hydrogen, nitrogen and air are obtained "in-house."
Shou]d.line pressure be 1ost,:a pressure switch activafes an electrical
solenoid Va]ve to permit backup cylinders tocontinue to supply the
réquired gases. During powér-Failures, a three-way so]énoidAva]vé fails
closed, cutting off all combustible gases, and allowing a low-combustible
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nitrogén/S percent hydrogen gas mixture to be supplied. This gas pre-
vents the formation of explosive mixtures at low temperatures, until |
alarm systems are reset and normal operation is restored. This same
three-way valve is also wired to a combustible gas detector. The
detector mounted in the cahopy hood ducting, monitors the exiting Qases{
As a preset percentage of the lower explosive level is approached, an

“audible alarm is sounded. If the sjtuationiis not corrected and gdses

continue to accumulate, the detector activates the three-way valve,.
stopping the flow of all combustible gases, and introduces the safe
forming gas atmosphere, until the system is manually reset. Air,
supplied by house compressors,land also lost during power failures, is
protected by a fail-open solenoid valve. Again, backup air is supplied’
from cylinders until power is restored and normal, automatic operation
is resumed. '

The electrical tésting of the stacks is accohp]ished through
the use of a specially designed and constructed test unit. The test
unit includes the oscilloscope sync and monitor inputs, as well as a
high speed, transistorized switch for increased accuracy in measuring
ohmic stack losses and slow polarization losses by the current
interruption technique. Also included in the panel is the stack load
device. Previously the stack current density was adjusted through the
use of a resistor bank. The new device accomplishes this by utilizing
the stack as a power source and stabilizing the current at a preset
level. The device will maintain this current until the stack vo]fage
drops below a preset adjustable limit. At the limit the instrument
cuts off the load and the stack can return to open circuit voltage. To
return the stack to Toad conditions, the instrument must be manually
reset. This feature prevents damage that would occur if, for example,
a continuous load was applied to a stack that was cooling due to a
furnace failure. '

The actual fuel cell stack can be wired into the system in any
number of ways. One possible arrangement, shown in Figure 5.20 would have
the cells wired in groups of 5. An individual cell could be left at

-
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each end of the stack and be used as an oxygen gauge to measure oxygen
activity of the fuel. This would establish the maximum achievable cell
stack voltage obtainable from the entering gas mixtﬁre and measure the
change in the exiting fuel composition,'as the fuel is depleted during
stack operation. Thermocoup]es, placed along the length of the stack,

are used for mon1tor1ng and controlling furnace temperature. Contlnuous'

monitoring and data collection is accomplished through the use of a '
Fluke model 2240B Data Logger. A patch panel, 1ocated at each test -
station, is yired into the 150 channel data loggef and provides each
station with 30 channels of input. Patch cords, wired to a terminal
strip on the stack to be tested, can be plugged into the panel to're1ayu
the information to the data logger. Each channel on the data logger

can be programmed,individually, to record temperatures from three types .
of thermocouples,or voltage up to 40 volts. A11 information from the
stack on test is scanned continuously and, at predetermined times,
printed on a paper tape, and, ultimately, stored on magnetic tape. This
§ystem is also an important part of the faii-safe operation. Each chan-
hel or function monitored can have a high or low limit set point. The
instrument»continually scans and compafeévmeasured'values to the set
limits. Should either be exceeded the time and values are recorded '
and an output is triggered that can be used to sound an audible a]arm,‘
open or close valves, or shut off furnaces.’ '

The completed life test facility is shown in Fig. 5.21. fhe
five test furnaces (1) can be seen on the left beneath thevcanoby -
hood (2). At the end of the bench is a white cabinet (3) which contains
;he'combustible gas cylinders. This cabinet is ducted into the canopy ;
hood and all exhaust is monitored_by the explosive gas mixture alarm
system (4). The instrument cabinets on the right contain the furnace
heating controls (5), the tester panels (6), and the data acquisition
'system (7). A1l wiring is carried from the test stations to the
instrument cabinets via the overhead ducting (8).

60




Fig. 5.21. General view of 5-station HTSOE fuel cell
life test facility (left) and control and
data acquisition system (right).
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Fig. 5.22shows, in detail, test station #1. At the bottom
left are the gas flow meters (1). Directly above them are the tempera-
ture controller (2) and level controller (3) for the water bubbler (4)
located to their right. At the center of the photograph can be seen
the patch panel (5) that is wired to the data acquisition system. It's
into these panels that all stacks must be wired.

Fig. 5.23 is a frontal view of four of the five test stations
and Fig. 5.24 is a rear view. In this rear view the gas supply regu-
lators (1) can be seen at the far left center. Gas is supplied to each
set of flow meters through the.seven parallel pipes (2) attached to the
bottom of the support frame. Beneath the gas lines is the electrical
conduit (3) that supplies power to the water bubbler temperature and
level controllers, and also to all of the gas solenoid valves. A1l
instrument wiring is carried from the patch panels (4) via conduit to
the larger (5) of the two square ducts near the top of the photo. The
wiring is then routed overhead to the data acquisition system. The
smaller duct (6) carries power to the furnaces from the control panels
and is isolated from the instrument wiring to prevent interferences.

At the center of the photo, near the top of the support frame, is the

deionized water supply (7) for the bubblers. A small flow of water is
continually supplied and allowed to overflow to maintain a constant

level. Water is carried from this reservoir via plastic tubing to each
of the five stations. This water supply system is so designed that, if
there is a failure in both the automatic level controller and its cor-
responding solenoid valve, the water bubbler will not overfill. This
design prevents water from ever being injected into a hot fuel cell
stack.
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Fig. 5.22.

I ¢ SRS }.“- - . w

Detailed view of HTSOE fuel cell test station #]
showing furnace. Flow meters (1), water bubbler
(4), bubbler temperature (3) and level (2) ;
cor.trols and patch panel (5).
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Fig. 5.23. A front view showing four of the five HTSOE
fuel cell test stations.
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Fig. 5.24. A rear view showing details of gas supply
lines (2), wiring conduits (3) and water
supply system (7).
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Summary

The five station fuel cell life test facility is operational
under fail-safe conditions. A1l gas supplies, both primary and backup,
that were plumbed in, had been leaked checked, and tested for fail-safe
operation. Furnace heating controls were calibrated and tested.
Installation, calibration, and testing of the explosive gas alarm system
was completed and the alarm system was wired into the data logger for
monitoring. All test station patch panels were wired into the data
acquisition system and are programmed to record the proper values.

During the past two years the facility has been used to test
a number of fuel cell stacks and, currently, a life test is being con-
ducted at one of the stations. The system is functioning, as designed,
and has provided protection for the stacks during several power failures
and loss of house supplied gases for over 8000 hours of operation. The
facility can be upgraded and modified to provide for operation under
various fuel conditions. including contaminated fuel.
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5.2.2 Subtask A. Interconnection Testing in a Dual Atmosphere -

. ~ The goal of this task was life and life performance predictions
qﬁj;heiintercbnnection, while in contact with the'air and fuel electrodes,
as required in the fabricated fuel cell stack.

-5:2,2.1 - Oxygen Diffusion Phenomena at 1000°C in a Bulk
Lanthanum Chromite Resistivity Specimen

In earlier work (July 1977 through January. 1978) on- thin,
sputtered films of Lag gsMgy ocAly 75Crg o503 it was found that the
equilibrium values of resistance in either air or hydrogen-water atmos-
pheres were reached within an hour at 1000°C. It was decided to. examine
the resistance behavior of a bulk specimen of this same composition in:
air and hydrogen-water atmospheres, to see whether or not the oxygen
permeat1on behavior would be greatly different.

The spec1men emp]oyed was a 2mm X 2mm X 14mm bar cut from a
much larger sample of hot- pressed La0 95Mgo.05A10_75Cr0.2503, prepared
by a homogeneous chemical reaction. (Similar material has been employed
~in. the microbalance oxygen weight change studies that have been reported.)
Platinum electrodes, 4 microns thick, were depos1ted on the bar by RF
sputtering. A two-terminal ‘resistance techn1que was employed, since the
correction for leads was, at most, 1-1/2 percent of the specimen resis-.
tance. The specimen was held at 1000°C in either air or hydrogen water
(p02.= 5 x 10716
a wide range below 1000°C, in order to determine its resistance-

atm) and, periodically, the temperature was varied over

temperature dependence.

The results shown in Figure 5.25 were at first found puzzling.
Equilibration with hydrogen-water appeared‘to occur quite rapidly (even
overnight at 600°C was sufficient), indicated by the attainment of a
stable, temperature-reversibie resistivity curve, having a high activa-
~ tion energy. This would be similar to the resistivity behavior obtained
with thin film specimens in a hydrogen-water atmosphere.
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in air, however, the "reversible" curve very slowly shifted
to lower values, depending on the amount of annealing time at 1000°C.
Initially the resistivity in air at 1000°C was 5.6 ohm-cm. After
110 hours of annealing it had decreased to only 3.5 ohm-cm. This is an
order of magnitude higher than that obtained for thin sputtered films
of this same material.

The results shown in Figure 5.25 are understandable if one’
assumes that only a thin outer layer of the specimen has equilibrated
with the air atmospheré for the times considered here. The specimen
would then consist of the low resistivity outer layer in péra11e1 with
the higher resistivity core. At temperatures bélow 400°C the core ‘con-
tribution would be negligible; consequently, the apparent resistiv%ty
would exhibit a temperature dependence, similar to that of“a'cdmplete]y
equilibrated specimen, but would be considerably higher in ébsolute‘va]ué,
since only a thin surface layer of the specimen would conduct effectivel&:

On the basis of this model one can estimate the equilibration
layer thicknesses for the various 1000°C equilibration times from the
resistivity data at 200°C. Also, from diffusion theory one would ﬁke-
dict that , ' 5

(ax)2 ¥ 4 pt | (1)

where AX is the layer thickness, D is the diffusion coefficient for
oxygen - (1000°C) in the lanthanum chromite, and t is the 1000°C equili-
bration time. Consequently, it is possible to obtain estimates of D from.:
the data. Vaides for thicknesses and diffusion coefficienf.appear in X
Table 5.6 below: '

—~—
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Table 5 6 ESTIMATION OF OXYGEN DIFFUSION COEFFICIENT FROM THE
LAYER THICKNESS OF La0 95MgO 05A20 75Cr0 2503

t(hrs) “AX(um) D(cmz/sec}
3 " 1.0 2.3 x 10713
22 2.2 1.5 x 10713

" 65 | 4.5 2.2 x 10713

The approximate constancy of values for D lends support to a
diffusion mechanism for surface equilibration. The value of
D, v 2 x 10'13 cmz/sec, is surprisingly small; however, the value for
oxygen diffusion in Ni0 at 1000°C is about this same magnitude.(3) It
should be noted that a sputtered 3 um thi¢k film of lanthanum chromite
was found in earlier work to equilibrate with air in less than 1 hour.

One might consider this to contradict the results given here.
However, the extremely fine grain size in such a film might lead to a
higher oxygen diffusion rate, via penetration of and irrigation from the
grain boundaries. |




5.2.3 Subtask B. Fuel Electrode-Interconnection Interaction

_ The purpose of this task was to study and undérstahd occurrences
at the fuel electrode-interconnection interface at high temperatures.

5.2.3.1 Resistivity of Interconnection Films on Stacks "
Prepared by Improved Techniques o

Early EVD-deposited interconnection films (specifically,
magnesium-doped Ténthanum chromite) exhibited high apparent resistivities.
Deviations from ideal film composition, occurring mainly during the
start-up of each deposition, were found to be the source of this problem.
Continued improvements'in the EVD process have greatly reduced these
deviations, resulting in a dramatic lowering the apparent resistivities
for interconnection films. In addition, advancements have been made
in the resistivity measurement techniques -- the values “reported here
were measured on a segment of fuel cell, rather than on a-specially

prepared film of interconnection material,

5.2.3.1.1 Prebaration of the Specimen for Resistivity
Measurement

The overall specimen, pictured in Figure 5.26, wa;'a.cell
segment taken from a partially-completed fuel.cell stack (air electrode

absent). At one end of the cell where the interconnection film was
exposed, three 5 um thick p]atinum e]ectrodeé, 1.6 mm x 1.6 mm, were
applied. The structure in this region contained the porous support

tube, the nickel-cermet fuel electrode, the interconnection film and

the platinum surface electrodes. Each surface electrode was contacted

by a two-terminal probe; consequently, four-terminal measurements between
‘the various electrodes yielded the interconnection film resistance be-
neath each surface electrode. A hydrogen-water atmosphere was employed
at temperatures ranging from 400 to 1000 C.
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5.2.3.1.2 Results and Discussion

A summary of resistivity data is presented in the graph of
Figure 5.27. The highest resistivity line represents the previous best
(1owest) values obtained for EVD-deposited interconnection films. The
intermediate solid line* refers to the interconnection film which
was prepared by EVD, using the Grafoil protective sleeve technlque (dis-
cussed elsewhere in: this report). The lTower (dashed) line represents
"1dea11y 1ou" res1st1v1ty va1ues for magnes1um-doped Tanthanum’ chrom1te,
measured on a “Film depos1ted by RF sputtering onto an alumina substrate
(see Annual Report, March 31, 1978 p. 123).. ; ‘

It. is“seen. that improvements in EVD techn1ques have lowered
the 1000°C resistivity value for 1nterconnect1on f11ms from 30 ohm-cm
to 4.8 ohm-cm, which compares veryafavorab]y w1th the “1dea1" value of
3 3 ohmi-cm obta1ned for the spec1a1 RF sputtered f11m of magnes1um-doped“
lanthanum chromite. The pronounced curvature (concave) in the log o vs
1/T plot for our present spec1men could be exp1a1ned by a film dop1ng .
level var1at1on with t1me dur1ng the EVD process Measurements on addi-
tional spec1mens shou]d clarify this matter and a]so prov1de 1nformat1on
on possible variations in dop1ng from cell- to-c ell, a]ong the length of
the stack.

“

*Resistivities were averaged for two electrodes which were in close
agreement; the third electrode gave anomalously high resistivities
(factor of 3) for unknown reasons.
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5.2.4 Subtask C. Air Electrode - Interconnection Interaction

Our present program has been aimed at improving stack per-
formance on 20-cell stacks, using the modified lanthanum chromite inter-

“connection material.

5.2.4.1 Oxygen Loss From Lanthanum Chromite Interconnection
and Indium Oxide -- General Considerations '

The previous DOE program(]) on the HTSOE fuel cell resulted in
the identification, fabrication, and testing of a five-cell stack, con-
taining a new interconnection material, lanthanum chromite, doped with
" magnesia and alumina. The present program set goals of improved stack
performance and lTife on longer stacks, having this cell interconnection

material.

From the earlier work it was fecognized that a‘maJOr improve-
ment in stack performance could be attained by reducing ohmic resistance
losses in the-interconnection section, particularly, at the Tanthanum
chromite/air electrode interface, where flaking of the indium oxide
(the air electrode current collector) had occurred during the first
100 hours of operation of small stacks. One of the prime goals of the
present program has been to eliminate this effect, which we attributed
to a very low rate of permeation of oxygen through the indium oxide
layer, as compared to that through the lanthanum chromite interconnec-
tion. This imbalance of oxygen permeation in these layers can result
in extraction of oxygen from the indium oxide at the interface with
lanthanum chromite, resulting in the formation of volatile In20, In
and Sn0 species at the interface. A small hydrogen permeation effect
might also occur with similar, potentially destructive, effects at the
interface, by reduction of the oxide and formation of HZO vapor pockets.

Therefore, work on the air electrode/interconnection problem
was focused on means of improving oxygen permeation through the indium
oxide, examining conditions determining oxygen permeation through




lanthanum chromite and investigating possibilities for substituting
other conducting oxides, either directly for the air .electrode or as
intermediate layers between the indium oxide current collector and the
lanthanum chromite .interconnection.

In éxp]oring these major areasweight different experimental
studies were made:

1) use of -a mechanicallyzporous layer of lanthanum
" chromite (magnesium- or strontium-doped) between
the indium oxide and the interconnection’
(This method proved successful in a stack which
has been under test for more than 3000 hours.)

2) use of altgrnate doping agents and different
amounts of tin doping to increase oxygen
permeability in indium oxide

3) ‘use of alternate air eléctrode materials which
could improve access of bxygen to the inter=-
connection interface and: perhaps reduce materials
cost of the air electrode

4) use of low melting (e.g.. 10006C) second phase
additives to bond air eléctfode powder partiéles
to each other and the 1nterconnect1on 1nterface
(to provide an air e]ectrode w1th 1mproved L
permeability for a1r) '

5) alternate methods for 1mprov1ng mechan1ca]
' porosity of air electrodes formed by chemical vapor
dep051t1on b ‘

6) study of electrical resistivity and oxygen.content:of '
doped indium oxides as a function of oxygen

partial pressure




7) study of oxygen composition changes in lanthanum
chromite, as related to the degree of doping, -
the oxygen partial pressure and the temperature.

~ (This affects the oxygen permeability of the
interconnection. ) |

8) chemical stoichiometry and stability of EVD
films of lanthanum chromite, as compared with
‘the corresponding, thermodynamically-stable bulk
form of the oxide.

In the following sections, those areas that were extensively
1nvest1gated with respect to improving the air electrode-1nterconnect1on
interface stab111ty, are described.

5.2.4.2 Alternate Doping Agents for Indium Oxide'

Indium oxide, containing two to four atohic percent tin, is
the major chemical component of the air electrode of the HTSOE fuel
cell. A 20 to 40 micron thick layer of magnesium-doped lanthanum
chromite is sandw1ched between an extension of both the indium oxide
and the n1ckel fuel electrode layers to prov1de a series, electrical
connection between adjacent cells of the fuel cell stack. A physical
barrier, preventing oirect reaction of'the fuel with oxygen (from air)
at the cathode, is also meintained by the interconnection of
these three layers comprising the e]ectr1ca1 junction, the lanthanum
chrom1te is (ideally) non-permeable to oxygen-, while the indium
ox1de and n1ckel layers are actual]y phys1ca1]y porous. ‘

In rea11ty, however, a small sol1d state permeability to oxygen
ex1sts, via vacant oxygen sites in the’ crysta111ne 1att1ce of the
lanthanum chromite. This permeab111ty is accentuated at low oxygen
partial pressures and in'the presence of the magnesium~doping component
that is used to enhance the electronic conductivity.' Actually, this
permeability by solid state diffusion is'small'and should present no
problem, unless oxygen access to the interface through the indium oxide
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layer is restricted. In this restricted case indium oxide itself be-
comes a parasitic source of part of the oxygen that diffuses through the
lanthanum chromite to the fuel side of the interconnection. In this
situation it is possible, due to the oxygen depletion, to form volatile
In, Inzo and Sn0 species, which may result in separation and spalling of
the indium oxide layer. If some hydrogen could permeate the lanthanum
chromite, a similar problem would arise with the additional formation
'of H20 vapor pockets Sufficient physical porosity of the indium oxide
would obviate either difficulty. Therefore, we examined methods to
increase the physical porosity, as well as the solid state permeability
to oxygen of the indium oxide.

Our data show that indium oxide, in which about two atomic
percent of the indium is replaced by tin, loses a small quantity of
oxygen when the oxygen partial pressure is reduced. The effect is
reversib]e for equilibration times of a few hours and oxygen pressures
of ]0-4 atm, and higher. At low pressures (e.g., 1 -12 atm) irreversible
losses were observed in controlled atmosphere microweighing experiments.
Thermodynamic data of others suggest that the irreversible losses may
be due to vaporization of In20, Sn0, and In, in particular, depending
on the oxygen partial pressure and temperature involved.

Figure 5.28 shows a comparison of the oxygen loss from In].84
S".]603tx’ In].%Sn_MO3+x and pure In203. It is seen that the oxygen
loss is greater at the higher doping Tevél but not proportional to the
tin content. In contrast to the doped specimens, oxygen loss from the
pure indium oxide is negligible below 072 atmosphéres. This behavior
suggests that perhaps "interstitial" oxygen; or metal ions, are involved,
The explanation is plausible from a consideration of the crystal structure,
which is C-type rare earth. This can be considered as a distortion of the
fluorite structure in which oxygen ions are arranged in simple cubic
packing with alternate "interstitial" positions filled with cations.
There is also an ordered rémoval of two of every eight oxygen ions in
the simple cubic packing of the oxygen-ions of the crystal. Thus one-
‘fourth of the potential oxygen sites, and one-half of the sites coordinated
to eight oxygen ions, which are potent1a] metal ion sites, are available
as "interstitial" sites.
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In our studies we have also examined the effect on the oxygen
content of indium oxide of additions of other dopents, incidding zircon?um,
titanium, niobium and tantalum. It is assumed that tin enters the lattice,
at least partial]y,,as a nominal Sn4+ species. This would suggest that
other species, such astZr4+, Ti 4+ Nb5+ Tasf may also dope indium oxide
in a similar manner. Figures 5.29 and 5.30 are plots analogous to
Figure 5.28 which show that for Iny o 7r 1,05, and Iny goTa 505, , the:
oxygen loss dependence on oxygen partial pressure is similar in nature

and magnitude to.;hatbof the tin-doped system,

As with pure and tin-doped indium oxides, exposure to very low
oxygen partial pressures, such as 10~ -14 atmospheres (provided by a
water/hydrogen mixture), resulted in irreversible weight losses. = No
irreversible weight losses were observed in our experiments in atmospheres
containing one to 100 percent oxygen. This behavior is anticipated from
thermodynamic considerations. = However, the oxygen loss dependence on -
oxygen partial pressure is not suggested by a simple mechanism. The
oxygen loss dependence on oxygen pressure is very small. In the case
this is approximated, as indicated in Figure 5.28.

of Iny 9650 0403.4
by the relation:

ko, /10 = x (1)

where x represents the "excess" oxygen (O;) in the crystal 1attice.' We
assume, in anaTOgy to the Y2-xzrx03+x/2 sysoem, which has the same
C-type rare earth crystal structure, that doping by a higher valence
ion, Zr4 in the latter case and Sn4 in the indium oxide case,'results
in excess -oxygen in the crystal. This excess is, presumab]y, located
in large "oxygen size" vacant s1tes in this type of crystal structure.
No simple model explains the pressure dependence indicated by Eq. 1,
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It could perhaps result from inactivation of the four nearest vacant

"oxygen size" sites to an excess oxygen ion, which is separated from

these sites in each instance by an intervening metal ion. This could
be written: |

N .
172 02-+ 5 |:]n.v.a. * []n.v +4 []n.v.i. (2)

where EJn v.a. represents 5 normally vacant accessible sites for excess

oxygen and [ represents normally vacant inaccessible sites for

excess oxygenTiXﬁ;ito occupation of the near neighbor "normally
vacant" site by an excess oxygen. By another interpretation, any
metal ion in this C-type rare earth crystal structure (which normé]]y
"has six nearest oxygen neighbors) can have 7 but not 8 nearest
neighbors of oxygen when excess oxygen is present, thus rendering four
sites unavailable for reaction in the equilibrium between indium oxide
(tin-doped) and oxygen. These four sites are coordinated crystallo-
graphically through a metal ion intermediate to the excess oxygen ion.

The equilibrium constant for the reaction would then be:

< 4
17200 - {Fny) (Onys)

P : (3)
%2 ( Cjn.v.a.)5

A major objection to this formulation is the consideration of the
inaccessible sites as separate entities. However, the presence of
metallic-1ike conductivity with modestly-large mobilities for an oxide
conductor could, perhaps, be responsible for such an apparent effect.

If we let x equal the excess oxygen, then 4x = [ , and, for x is

n.v.i.
sma]],[]n v.a is approximately constant and we may write:

kg, /10 = x (4)




In Figures 5.28,-5.29, and 5.30 we plot, vs P02’ the exper1mental oxygen
gain of the sample’ resu]t1ng from an increase in oxygen pressure from
P02 to one atmosphere. K in Eq. 4 represents the excess oxygen, x, per
y03+x at one atmosphere oxygen pressure. Although
Eq: 4 is not easily explained, it nevertheless gives a "reasonab]e"

mole, e. g., of In2 ySn

agreement with the data on In] 965" 0403+x’ as seen in F1gure 5.28.

Electrical conductivity studies by o'cherr‘s(5 6) suggest ‘that the

major effect of doping indium oxide with higher valence ions of tin,
zirconium, etc.; is to produce electronic charge carriers. In addition
thé number of electronic charge carriers increases as the oxygen pressure
is decreased. lhis effecl is discusscd in Section 5.7.4.5.2. :

Overall, the data suggest that no large improvement in oxygen
permeation of indium oxide is likely, due to simple doping by different
chemical species other than tin.

5.2.4.3 Alternate Air Electrodes

In addition to indium oxide air electrodes prepared .by CVD
(chemical vapor deposition), highly porous sintered layers of tin-doped
indium oxide were made for use as the air electrode current collector.
These studies suggest that sintered layers of tin-doped indium oxide can
be produced with the desired, more-porous structure than by the chemical
vapor deposited layers alone, but with a higher, though adequate, elec-
trical resistance. Figure 5.31 shows the temperature dependence of the
resistance of a 0.022 cm sintered layer of this type. Such layers are
continuous, adherent to the zirconia or lanthanum chromite, and as
indicated in the figure, can be produced with an ohmic resistence in
air at 10005C which is lower than the projected requirement of 0.4 ohm
per square for the air electrode. o

For operating conditions of the fuel cell (1000°C in air), tin-
doped indium'oxide, with the approximate composition In] 96 ng. 0403, has
the highest electrical conductivity of any oxide. It has previously been
prepared by the CVD technique to .give-a bulk resistivity as low as about
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5 x 10"4 ohm-cm’at 1000°C in air. However, a bulk resistivity as high as
5 x 1073
sintered indium oxide preparation described, as well as a few other

ohm-cm can, in principle, be tolerated, which makes the porous

oxides, potential candidates as air electrodes, provided thermal expansion -
characteristics are suitable. A number of differently doped indium
oxide compositions, such as the more heavily doped In] 84Sn0 16035
compositions doped with other species)such as In] 98Ta0 0203, and
multiply-doped compositions, such as In1.94Sn0.04Nb0.0203, are in this
class.

In addition, a variety of perovskite-structured manganites are-
viable candidates. For example, Cao.sLaO.sMnU3 has both the (bulk)
electrical conduction and thermal expansion characteristics which suggest
its use as an air electrode. A comparison of this material, with
strontium substituted lanthanum manganites, is made in Figure 5.32,
which shows that the calcium-substituted composition has‘the highest
conductivity.

Two techniques are being studied to apply Cao.‘sLao.sMnO3 to a
fuel cell stack: (1) sintered powder layers, and (2) plasma jet spraying.
In technique (1) an aqueous slurry of the powder, mixed with a liquid
sintering agent, is dried in air and sintered at temperatures up to
1350°C. The resulting layer is highly porous (e.g., 20%-30% of
theoretical density) and has an electrical resistance suitable for use
as an intermediate air electrode 1ayek but about four times higher
(1.6 ohms per square) than required for it to be the sole air electrode
~component. In technique (2), plasma jet spraying, a free flowing powder
is injected through a hot plasma and the hot, usually molten, particles
impact on the preheated, rotating tube, which has all but the air
electrode combonent already fabricated on it. This technique produces
denser, though still porous electrodes. Manganites of both calcium and
strontium have been applied by this technique, but, thus far, performance
of cell stacks with these materials is well below that presently attainable
with indium oxide electrodes prepared by the CVD method. It is also
possible to prepare indium oxide electrodes by this method, but such
electrodes have not yet been tested. '
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Alternatwe methods for applymg indium oxide and substitute -
oxldes, in part1cular the lanthanum manganites, though potentially use-
ful, will requlre further development before they can replace the
currently-used 'gnq)um_ox]de air electrode, prepared by the CVD method.
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5.2.4.4 Oxygen Loss“from Lanthanum Chromite'Ihterconhection'V

To ass1st in obta1n1ng a better understandlng of the lanthanum '
hrom1te/a1r electrode 1nterface 1nteract1on a study was conducted on
the oxygen Yoss from lanthanum chromlte at elevated temperatures '

In its pure form, lanthanum chromite has a very low d1ffus1on
coefficient for oxygen. It apparently also has a low oxygen vacancy
content, which changes less than one part in ten thousand for samples
pretreated at 1700°C and then heated at 1000°C over a pressure range
from 0.21 to 10']6 atm of oxygen, as indicated by our high temperature
microweighing experiments. ‘

If we add magnesium (or other alkaline earth ion) to increase
the electrical conductivity of lanthanum chromite, a different behavior
occurs. Near operating temperatures of the fuel cell (1000°C), the
oxygen content of the doped lanthanum chromite changes, from e$Sentia11y
the theoretical maximum in air to a small deficit at Tow oxygen partial
pressures. According to H. Anderson,(7) and in agreement with our
earlier assumptions; the maximum loss from the magnesium-doped compositions

approximates one mole of oxygen per two moles Mg (as MgZ+) in solid
solution. Figure 5.33 is an example of the oxygen deficiency as a func -
tion of oxygen partial pressure at 1000°C, as analyzed by the high-tem-
perature microweighing technique described in a previous report.

The oxygen loss decreases as the magnesium doping decreases. In practice
this suggests that insufficient access of oxygen to the lanthanum chro-
mite interface with indium oxide can result in a deficit of oxygen,

in lanthanum chromite, which implies the presence of oxygen vacancies.
These vacancies act as diffusion carriers to transfer oxygen from that
_interface to the fuel electrode. If the effective (thermodynamic)
oxygen partial pressure at the interface is too low, volatile indium
suboxide can form, damaging intimate electrical contact between the
Tanthanum chromite and indium oxide layers and resulting in increased
fuel cell stack resistance.
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Since the oxygen vacancy content is related both to the
oxygen permeability and the electrical conductivity of the lanthanum
chromite, wé are interested in any factors which affect this property.
Two additional factors, which might change the oxygen vacancy content
of lanthanum chromite, are: (1) preparation method and (2) non-
stoichiometry in occupation of the A and B sites by the metal ions of
lanthanum, chromium, and magnesium in the ABO3, perovskite structure.
Work of Anderson(a) suggests that either a stable or metastable lan-
thanum chromite with A # B may exist. 'If this can indeed occur, an
oxygen loss, due to metal ion vacancy "doping," similar in nature to
that of magnesium ion doping of lanthanum chromite, may be possible.
The analogous reactions for magnesium ion and "chromium vacancy" doping

are:

3+ 44, 2+ N 3+ 4+ . 2+ ° Ly
(a) LaCry , Cr Mg, 05 —— LaCry _px+2yCrx-2yM9y 03y y 130,

cr Cr |

3+ 4+ —_— 3+ 4+ .
(b) taCrylglra,l 1y 03 5= LaCry g Cry ool §y 03 L1, *+ %0,

Air Atmosphere Fuel Atmosphere

Cr 0
where is a chromium vacancy and is an oxygen vacancy in the

perovskite crystal lattice.

To examine this possibility, we obtained three samples of
lanthanum chromite with different La/Cr ratios. They had the nominal
compositions: (1) LaCr0, (stoichiometric), (2) La].O3CrO3.045, and»

(3) LaCry 4303 g45- These were prepared for us by H. Anderson, by

chemical interaction and oxidation steps, all occurring below 800°C.

Under these conditions metastable solid solutions may occur. To examine
this possibility, we examined each material in the high-temperature
microweighing apparatus in the following forms: (1) as-received powder
annealed for 63 hours at 1000 C in air, (2) pressed powder, heat treated at
1650°C for 17 hours in nitrogen, then annealed at 1000°C in air for

7 days. The powder samples of treatment (1) all showed a significant




oxygen loss at reduced oxygen partial pressures from 1 atmosphere to

107 -6 atmospheres oxygen. “However, after the high-temperature treatment
(2), a1l samp]es showed losses of 1ess than one part of ten thousand of
the total oxygen content over the same pressure range. ° Figure 5.34 illus-
trates this behavior for the nominal composition LaCr].0303+y, A rea-
sonable interpretation of these resu]ts is that: (1) surface desorption
is responsible for most: of the oxygen “Joss from' the fine powder samp]e
between'1 to 10° -7 atm oxygen; (2) that oxygen loss to form oxygen
vacancies at pressures below T0'7 atm-is largely due td the metastable
presence of metal ion vacancfes;'aS‘suggested by the previous equation
(b); and (3) cation vacancies are eliminated by appropriaté heat treat-
ment, creating nearly stoichiometric LaCrO3 tomposition. '

An oxygen loss attributable to surface was also seen in a
similar powder preparation of LaMg.OZCr_75A1.2303tx. This is i]lgstrated
in Figure 5.35. High-temperature heat treatment again eliminated. the
oxygen loss (below about 10'7 atmospheres) attributable to "surface
adsdrption." Figure 5.35 shows the normal behavior of a thermodyhamically
stable bulk sample of magnesium-doped lanthanum chromite.

We now compare these data with the analogous oxygen loss '
behavior of an actual lanthanum chromite interconnection film, pképared
by the EVD method and stripped from the fuel cell stack. ' These data
are shown in Figure 5.36. This data are consistent with that expected
for a thermodyﬁamical]y stable oxide bulk sample. Chem1cal analysis
of this film by atomic absorption showed the compos1t10n to be
LaCr 965Mg 03503 The film showed the expected orthorhomb1c crystal
symmetry by x-ray diffraction, and a high density (99% of ‘theoretical).

E]ectr1ca] conduct1v1ty measurements on such fllms show factors
of six to ten drop in conductivity as the oxygen partial pressure changes
from. that in air to"]o']6 atmosbhérés (watér/hydrogen mixtures). Suitable
resistance values (i.e., less thén ten 6hm7cm)\are maintained over this
range nevertheless. ' , IR - L
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~ The relationship between the oxygen loss from Tanthanum
chromite doped with either Mg++ or Sr'T is not explained by a simpie
model. For specimens annealed in air for a few hours at 1650 C to
1700 C, the oxygen loss behavior is approximated by the relationship:

]og'Po2 = 4 log 11525)-- log Kz ; - | (1)

Comparisons of exper1menta] data on LaCr 75A] 23Mg 0203 -x (Y = .0?) and
La 84Sr ]6Cr03 x (Y = .16), with curves calculated fromrth1s relationship
are illustrated in Figures 5.33'and 5.37. One hypothetical model,
consistent with this relationship, assumes that: (1) the a]kaling earth
dopant is, essentially, randomly distributed in the oxide; (2) an'oXygen
vacancy is trapped next to an alkaline earth ion; (3)'for each 0 vacancy,
one electron is associated with an alkaline earth ion plus a nearest
neighbor oXygen ion vacancy, and another electron is associated with an _
alkaline earth ion, without a vacancy, thereby eliminating two positive .
hole charge“carriers'which are normally associated with the presence of .
two Mg+f or srtt dopihg ions. We might indicate this by the fo]iowing '
equation, involving localized charge complexes: ' |

otttz 07 Ot + gt ortttes o)

(Mg-H'

+1/20, 2 2 (Mg*t-crtttnte3 07)

where there is a net charge change in two localized regions of the oxide
crystal for each oxygen vacancy C30= and where h+ represents a positive
hole charge carrier. Writing this in terms of an equilibrium constant:

ot

K = (Mg -cr 30)2
++ .+t

- = o
(g™ et 2 078 yng"cr™ 3 07 ) Py

7z ®

Writing th1s in terms of a logarithmic relation for graphing purposes and
setting Mg =Y and EJO‘ X we-obtain Eq. 1 which we have used to

96




.Oxygen Deficit ‘x m La' 84$r' 16(: rO3 ‘

.03

.020

.010

~ Curve 721867-8

Fig.5.37-Oxygen deficit x of La 84Sr

.. Solid Lines are Calcuiated From the Relation

Log Pg,, = 410 L=2XL - 1og

T T T T T T T T
Experimental Points 1000°C o
90°C O

80°C &

2
t

2 .
Log Kmoo"c = 17.94
Sr"-"“’ .

=y=.16

4 -6 . -8 =0 -0 -4 -16 -18 -2
Log Oxygen Partial Pressure in atm .

Cro

16 vs. oxygen partial pressure

3-x




calculate curves to approximately represent the data in Figures 5,33,
5.36, and 5.37. Log K2 for each of these curves was chosen arbitrarily
to provide approximate agréement with experiment. We note that Log K2

is smaller in Figures 5.33 and 5.36, representing two different Mg++
contents, than for the sr™* case. However the strontium doping level is
higher and this could perhaps account for at least part of the difference.
Since higher log Kz values (at similar doping levels) result in lower
oxygen loss, this could indicate an advantage of strontium, over magnesium
doping. However, as yet, low Sr2+ doping Tevels, comparable with that

of the magnesium-doped samples, have not been experimentally examined.

I[f a true difference between the Mg++ and Srit dopings does exist, it
could be related either to the different alkaline earth ion involved

or to the different crystal positions occupied by the small Mg++ and the
Targe Sr++ ions.

In summary, these oxygen loss data, along with those based on
direct chemical analysis-and pycnometric density techniques, indicate
that films can be produced by the EVD technique which are thermodynamically
stable, stoichiometric and very dense. Electrical conductivity measure-
ments of the films show values.within the useful range of the fuel cell
stack. The only troublesome feature is related to the small oxygen
deficit and accompanying small permeability for oxygen in fuel atmospheres.
In earlier stacks this caused indium oxide to flake -off those areas of
the interconnection where air-(qugen) access is poor,
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Due to the finite oxygen diffusivity within the lanthanum
chromite interconnection material there is the real possibility that a
Tow oxygen partial pressure condition may exist at the air electrode-
interconnection interface. It was, therefore, deemed important to
obtain infofmation on the high temperature resistivity of air electrode
material (tin-doped indium oxide) as a function of oxygen partial
pressure. '

5.2.4.5.1 Specimen Preparation and Measurement

Homogenized powder, corresponding to the composition
In]’965n0.0403, was ground, reacted at 1500°C, reground, and finally
sintered into disks at 1500°C for 6 hours. From this material a bar
specimen was cut (27 mm x 4 mm x 3 mm). Four electrode bands (platinum,
4 um thickness) were sputtered onto its surface and suitable platinum
wire leads were attached to these bands, completing a four-terminal
specimen. This test sample was mounted in the measurement furnace where
the desired oxygen partial pressures were achieved by the use of flowing
mixtures of oxygen-inert gas or hydrogen-water-inert gas. The specimen
resistance was determined by a standard four-terminal method.

5.2.4.5.2 Results and Discussion

Times for equilibration of the specimen with the atmospheres .
varied from minutes (1000°C, Pg, 2 1072 atm) to hours (900°C, Pos < 107 atm),




as judged by the time required for the specimen resistance to become
constant. Reversibility, indicated by the repeatability in resistance
when the sequence of atmospheres employed was reversed, was very good

at 1000°C. The results are presented in Figure 5.38, Due to the porous
character of the specimen, the resistivity was about one order of mag-
nitude higher than that of a dense vapor deposited film (see previous
contract Final Report),(])

The resistivity decreased with decreasing oxygen paktia] presf
sure, as would be expected for an n-type oxide semiconductor.. It was
found that the data for specimen resistivity, g, could be f1tted by an
equat1on of the form

p = p] POZ]/n + pz s ‘ (])
whére Pls P2s and n were constants. The values found for n were 7.0 at
900°C and 6.7 at 1000°C. The form of Eq. (1) is in agreement with theo-
retical work by Dew1t(9) for undoped In203 He predicts the first term
with n = 6 as a consequence of the non-stoichiometric decomposition

reaction
= :" 0 . 'l ‘ :
0 = 2%+ 50, (2)
= . . 0
where 0 is an oxygen ion, ~ is an oxygen ion vacancy, and e is an

electron. In addition he suggests that a significant grain boundary
resistance is present in polycrystalline specimens; this would lead to
the second term, p,, in Eq. (1).

This approximate agreement with Eq. (2) for the decomposition
reaction is surprising. As discussed elsewhere in this report, one would
expect to find the SnO2 incbrpofated'ﬁnto the 1n203 lattice, either via
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interstitial oxygen ions or via cation vacancies. In the former case
the decomposition reaction would be

ofﬁ 0, + 2e (3)

~Nj—

2

where 0; is an oxygen ion interstitial, while in the latter case the

reaction would be

_ 1 |
0 + %_ cat, —> 2 02 + 2e (4)
where cat. is a cqfionfsite vacancy. In either case, application

of the mass action 1aﬁ leads to p « POZ]/4 at the higher oxygen partial
pressures, in strong disagreement with the data; however, the expressions
for p do give an asymptotic value, p,, at low oxygen pressure without the
necessity of assuming-a grain boundary resistance. Further work would
obviously be required before one could specify the precise decomposition

mechanism,




5.2.5 Subtask D. Single Cell Life Test

The testing of single cells (including one interconnection) was
considered inappropriate, in view of the considerable problems that had
to be overcome in component fabrication for long stacks, which became
apparent during the course of our work. Thus, the achievement of major
life and performance goals of three, or more, interconnected cells made
this single cell task superfluous (milestone §é7 ).

5.2.6 Subtask E. Small Stack Life Test

Life testing is underway on stack #8, which represented
the first thin film stack that delivered more than 10 watts of power.
The stack 1ife history is shown in Figure 5.39, During the first 45
days of operation, the stack was cooled down several times for inspection,
since some erratic terminal voltage had been observed. Complete : y
temperature cycles are indicated by a double-arrow, while a cooling and
heating cycle is indicated by a downWard or an.upward arrow, respectively. -
It was found that'this voltage fluctuation was caused by 1eaking gold
seals in the test fixture, which allowed some fuel and air to mix. Gold
seals were used only as an expedient for test purposes. Some alloying may
have Towered the melting point of the gold (which is re-used several
times). During testing, three re-sealing procedures were required,
after which the stack performance had stabilized, but at a Tower terminal
voltage. During the re-sealing operation, the stack had to be shortened,
which resulted in the loss of several end cells. This accounts for the
fact that only 10, out of 20 cells, remain in the test fixture. This
is the reason for plotting the voltage curve, normalized for 15 cells
in Figure 5.39. For day 60 in 1980 (February 29) and later, the
performance is plotted for the actual 7 cells on test.

For 2000 hours of operation the stack was tested by using
hydrogen'as the fuel and operating at 400 mA/cmZ. During this period the
average cell voltage exceeded , considerably, the target of 0.66 V
(0.72 V>after 2000 h). Then the fuel, delivered to the stack, was
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changed to a lean-condition "coal gas," a mixture of hydrogen and

carbon monoxide, diluted with CO2 If one assumes the peak performance
of the stack at day 351 (Dec. 17, 1979) as 100%, then the stack per-
formance deter1orated by, approx1mately, 5% during the 2000-. hour test.

It can be concluded, however, that this deterioration was not directly .
attrlbutable to stack component deter1orat1on, since vo]tage fluctuations
seemed to be associated both with deter1orat1ng seals, as we]] as with _
1mproved sea11ng conditions. Further evidence that cell stack components
are stab]e in performance is shown by the steady voltage: ach1eved under
1ean fue1 cond1t1ons, start1ng day 63 (March 3, 1980) and cont1nu1ng
'throughout day 95 on the plot of the 1ife test (which is still continuing
‘at this writing). - This first "serious" life test of any thin film stack
and test equipment indicated only one major problem, namely, the reed

for a reliable seal design}for'tne test fixture. Thismorob]em has now
been solved. '

During the life test, the test station had to respond to
intermittent losses of housepower and air supply. The fail- safe .
features des1gned into the test equipment performed properly and .pro-
tected both the stack and the.test apparatus. Houseoower and air losses
did not adversely effect the stack performance.
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5.3 TASK 3. STACK PERFORMANCE EVALUATION

During the course of the two year continuation program we have
prepared, or attempted to prepare, a large number of fuel cell stacks.
Most of these attempts, however, were directed toward improvement of pro-
cessing parameters, rather than to produce stacks for test evaluation,
per se. Once a certain processing method proved to be advantageous or
promising, we fabricated a test stack, to investigate the influence of'a
change in a component or a change in a processing parameter, upon stack
performance. .Nine such test stacks have been prepared, of which eight
have been tested (#7 stack was not tested when it was determined that the
plasma sprayed porous zirconia layer of the air electrode was too
dense); '

5.3.1 Five and Seven Cell Stack Performance (Stack #2)

A 7-cell stack (stack #2) was prepared from the downstream end
section of a 25-cell stack, with respect to its location in the EVD reactor,
during the electrolyte and IC deposition. The performance of stack #2 was
compared with that of the first stack, tested under the previous contract
in February 1978.* The first and last cell of the stack were equipped
with current and potential Teads and the stack was heated slowly to the
operating temperature of 990°C with forming gas (to protect the fuel
Ae]ectrode from oxidation, until the gold-washer seals were tight).
Hydrogen/3% water was used as the fuel and air was the oxidant. Figure
5.40 shows the initial stack performance,

The stack was cooled slowly to room temperature for instrumen-
tation of individual cells. This was done after end sealing, in order to
avoid damaging the mechanically-unstable compression seal, This seal be-
comes stronger after the gold washers are compressed and conform to the tube
circumference. In Figure 5.40 stack #2 performance of five cells is com-
pared with that of stack #1. Cells 1 and 7 in stack #2 were used as
potentialfmonitoring cells, to determine inlet and outlet fuel potential,

*The first stack was produced from a .15 m long section, which represented
the front portion of a stack having both an interconnection and electrolyte
deposited by the EVD process.

106




Stack Voltage, (V1

Curve 7i44821-4

#2(7 cells)

#2(5cells) -

#1(5 cells)

| I | | | I

0L
0 100 200 3000 400 . 500 600

Current Density | mA/cm? |

Fig. 5.40 — Performance of cell stacks at 990°C in air using
H2/3% Ho0 as fuel (less than 5% fuel consumption)




Overpotentia] losses during stack operation were investigated,
using the current interruption technique. The results are p]otted 1n
Fioure 5.41 and, again, compared w1th results obtained from stack #1 The
comparison shows that both stacks behave similarly with respect . to slow
(concentration) polarlzatlon. - Stack #2 shows some improvement (5 to 10%)
over stack #1. -

However, considerable improvement is seen with respect to the
reduction of ohmic resistance‘of stack #2, which is only 50 percent of
the internal resistance of stack #1. The calculated IR characteristic
shows that a further reduction by 50 percent should be achieved wfth
present materials. This IR curve was calculated for the following
conditions: | o
' Temperature - 1000°C
Stack circumference - 4.15 cm
IC active band width - 0.25 cm
IC thickness - 40 ym
IC resistivity - 31 qQ-cm
Active cell band width - 0.43 cm
Electrolyte thickness - 20 um
Electrolyte resistivity - 10 Q-cm
Fuel electrode p/6 - 0.1 ¢ - A s
Air electrode p/6 - 0.4 9 .

Equalized conductor length for fuel and air ‘electrode

- (center of electrode to center of 1nterconnect1on) - 0.55 cm

Using these data one calculates average resistances for flve_lnterconnected
cell components as follows: '

Fuel electrodes - 0.066
" Air electrodes 0.265 @
Electrolyte 0.056 @
Intefcenneetions 0.598 @

TOTAL.  0.985 ¢
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The reduction of internal resistance of stack #2 was due to improvements
in debosition conditions for IC materials. Also, better-conducting air
and fuel electrodes had been fabricated. The épproximate calculation
showed, also, that resistance-related improvements in performance could
best be achieved by reducing air electrode and IC resistance. While air
glectrode conductance could be improved moderately; it was believed that
of the interconnection could be improved by almost one order of magnitude,
after proper doping levels had been obtained.

The calculations did not take into consideration the resistance
that was introduced by the poréus layer between electrolyte and air
electrode collector, due to the absence of measured data. It was assumed,
however, that this resistance could add as much as 0.1 @ to the total
stack resistance.

Slow, but steady, deterioration of stack performance was ob-
served from the beginning of the test. The deterioration was not caused
by leaks, as open stack voltage was near 99 percent of the theoretical
value: It had been observed that, during the first temperature cycle,
indium oxide flakes had fallen off the interconnection region, as seen
in the photo of stack #2 if Figure 5.42. This effect had been noted also
in stack #1, yet not to the degree as in stack #2. Stack #2 had a thicker
In203 layer than stack #1 and, when it 1ifted off the IC, it flaked in
much larger patches. During testing it became obvious that the stack
would not meet the 1ife performance goal after 1000 hours of operation
and therefore,_it was removed from the life test apparatus. The stack
was disassembled for analysis. The flaking of Ih203 - current collector
over the IC leads to additional lateral resistance losses in the
collector and introduces contact resistance between the air electrode
collector and the IC. None of these losses had been considered in the
~ cell resistance calculations, because of the inability of making valid
assumptions. These facts could explain the considerable discrepancy
between measured and calculated ohmic resistance of the cell stack.
After removal from the life test apparatus, the cell stack was leak
 tested. It exhibited similar gas tightness, as before mounting and
elevated temperature operation.
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Fig. 5.42.

Five-cell stack test of seven-cell module
(stack #2), (showing flaking in the dark
crystalline IC bands).
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5.3.2 Five-Cell Stack Performance (Stack #3)

Stack #3 was prepared with the specific goal of reducing the
IC resistance losses, using the latest improved deposition techniques
for lanthanum chromite. The air and fuel electrode performance of stack
#3 can be assumed to be similar to that of stack #2, because of identical
materials and fabrication techniques. The improvement in stack perfor-
mance was, therefore, attributed to the higher conductivity of the IC
layer, see Figure 5.43, curve A, The stack, initially, exceeded the
performance goal of this program (0.66 V at 400 mA/cmz), demonstrating
the correctness of our assumption that the reduction of internal resis-
tance, especially that of the IC layer, will improve stack performance
considerably. Similar to stack #2, the stack performance deteriorated,

due to In203 - flaking from the IC area.

5.3.3 Fourteen-Cell Stack Performance (Stack #4)

Durable air electrode-IC contact should lead to steady stack
performance. In order to test materials, that can be applied to IC's,
we chose strontium-doped lanthanum manganite sintered powder layers.
Since the resistivity of this material is close to 5 x ]0'3 Q cm (when
dense), we used it also as air electrode current collector. Curve B in
Figure 5.43 represents the stack characteristic. The stack performance
was steady (for seven days; four thermal cycles) and demonstrated the
possibility of using other oxides in contact with the IC. However,
performance goals could not be achieved, due to the higher resistance
in the air electrode current collector (porous LaO.QSrO.]Mn03) of the stack.

5.3.4 Conclusions of Performance for Stack #2 to Stack #4

It has been shown that performance goals of 0.66 V at 400 mA/cm2

can be obtained, yet IC contacting problems to In203 prevented steady
stack performance. Steady, yet insufficient performance was obtained with
doped lanthanum manganite IC contacts. The goal of our work, therefore,
was directed to combining both materials to meet stack target performance.
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Stacks were to be fabricated, that would connect the IC material with
the In203 air electrode current collector, via a porous layer of lan-
thanum manganite, sandwiched between these two layers. The short excur-
sion into testing doped La Mn03 as air electrode current collector,
suggests future work in trying to replace In203 altogether, by less
expensive and less attack-susceptible oxides.

5.3.5 Eighteen-Cell Performance (Stack.#5)

Interconnection-air electrode contact deterioration can be
prevented through the use of lanthanum manganite as the primary contact
to the modified lanthanum chromite IC*, based on test results obtained
in 14-cell stack #4. The introduction of this new cell component
necessitated immediate life testing, befbre a recommendation could be
made for incorporating it into a stack that could achieve a 1000 hour
life goal.

An eighteen-cell stack was fabricated, using the interconnection
over the electrolyte overlap technique.* A strontium-doped lanthanum
manganite layer was used as the air electrode, contacting the IC. The
layer was sinter bonded to the electrolyte and the IC material, using
sintering aids. The porous structure was impregnated with coba]t-préseo-
dymium oxide, which served as the active air electrode material. " The
finished stack was leak tested and leaks were detected in overlap areas,
due to layer delamination. Nevertheless, the stack was.tested, because
some leaks can be tolerated in the absence of indium oxide current col-
lector, since lanthanum manganite is relatively forgiving with respect to
reduction attack. Hydrogen-3% water vapor was used as the fuel (with less
than 10% consumption) and air as the oxidant. The stack failed to achieve
full theoretical voltage (actually, 94% of theoretical), yet the performance"
was relatively stable, increasing slightly over the first one hundred hours

* Right side of Figure 5.7, Annual Report, April 1979, p. 29.
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and slightly decreasing for the remaining 900 hours. The -ohmic stack
resistance was high, due to poor air electrode conductance and polari-
zation, so that the stack was operated at only 200 mA/cm2 (50% of -
design goal) at 0.63 V. average cell voltage (0.66 V, design goal).
Figure 5.44 shows the performance variation during the 1000 hour life
test. The performance stability in the presence of obvious-leaks is
impressive.

After test completion, the stack was disassembled and fnspected.
Figures 5.45 and 5.46 show the total stack and Figure 5.47 is a close-up
view, indicating no change in appearance due to test. Leaking areas,
however, were evidently eroded due to hot spot action, as seen in Figure
5.46. The visual inspection did not reveal any real problem, with respect
to using lanthanum manganite as the contact to the.air electrode stack
component. Confirmation of that impression was obtained through micro-
scopic analysis of polished stack cross sections. Figures 5.48, 5.49,
5.50, and 5.51 show views of three critical stack areas. None reveal any
solid state component interattion during the 1000 hour life test at 1010°C.
The stable nature of the components and their interfaces are very important,
with respect to potential stack-life-prediction. From these results, it
was concluded that these component combinations would probably be stable
for a much longer time than 1000 hours, with an order of magnitude
improvement in life to be expected within the next two years.

5.3.6 Twenty-Cell Stack Performance (Stack #6)

The encouraging life test data of stack #5 (sintered lanthanum
manganite air electrode) 1led to the fabrication of cell stack #6, using
plasma sprayed lanthanum manganite air electrodes. It was hoped that the
plasma sprayed lanthanum manganite layer would be more conducting than
the sintered layer, applied in stack #5, and thus raise the power out-
put to the targeted, 10 watt level for 20-cell stacks.




9Ll

Stack Voltage (18 cells), (V]

12.0

11. 04

10. 0

O =

Curve 71763L=-A

l , 1 T 1

Operatlng
Conditions: 1010°C £ 10°C " Ry,

400 mA ( 200 mA/ cm ) RO
0 - fuel, <10% Consumpﬁlon B

. H2 +3% H2
o Air -Oxidant, <10% Consumption = - B |
i Lag g Sro, M0, - Air Electrode =~ |
‘ Ni - Zr0, - Fuel Electrode- S
,. | . o ' 'AL,
1 [ S AR | j

10 ' 20 S30 40
ldaysl AR

Fug 5. 44 — 18 Cell stack ( Stack #5) life test characterlstac




Fig. 5.45. 18-cell stack (#5) appearance after 1000 hour test
at 1010°C (good side).
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Fig. 5.46.

18-cell stack (#5) appearance after 1000 hour
test at 1010°C, showing damaged areas resulting
from butt joint leaks in interconnection-
electrolyte interfaces.
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Fig. 5.47. 18-cell stack (#5) close-up, showing unchanged
appearance after 1000 hours continuous
operation at 1010°C.
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Lanthanum
Manganite

Lanthanum
Chromite

Fuel
Electrode

Fig. 5.48. Lanthanum manganite - lanthanum chromite -
fuel electrode sandwich after 1000 hours
of operation at 1010°C.
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Electrolyte

Lanthanum
Chromite

Fuel Electrode

Fig. 5.49. Electrolyte - lanthanum chromite - fuel
electrode sandwich in overlap region,
after 1000 hours of operations at 1010°C.
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Lanthanum
Manganite

Electrolyte

Fuel Electrode

Fig. 5.50. Lanthanum manganite - electrolyte - fuel
electrode sandwich after 1000 hours of
operation at 1010°C.
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Interconnection

Electrolyte

Fuel Electrode

Fig. 5.51. Critical seal area of stack (electrolyte
overlapping interconnection). Appearance
after 1000 hours of operation at 1010°C.




Stack #6 was tested and the performance characteristic is
shown in Figure 5.52. The poor performance of the stack #6, as compared
to #5, was due to the interface between the air electrode and the elec-
trolyte being masked by large areas by dense plasma-sprayed electrode
material. This structure is explained by the sudden quenching of the
molten, sprayed droplets that exit the plasma jet and impinge on the
much colder substrate. The sintered air electrode layer of stack #5
did not block the vital air electrode/electrolyte interface and showed
much reduced polarization, even though its lateral electrode resistance
was higher than that of the plasma-sprayed electrode. Figure 5.53 is a
cross section through the active cell areas of a) a sintered Tanthanum
manganite electrode and b) a plasma sprayed electrode in contact with
electrolyte. Figure 5.53 shows that the air electrode porosity is also
reduced by plasma spray coating, which may contribute further to stack
overvoltage.

The fact that both stacks did not achieve full stack voltage
can be explained by misalignment of air electrode coatings and electronic
shorting across insulating gaps between cells by the cobalt praseodymium
oxide impregnation. This caused short currents in both stacks. The
shorts, however, have no significant effect on the slope of the stack
characteristic, yet they do reduce stack voltage considerably.

In subsequent experiments on stack fabrication, plasma
sprayed layers of this material helped to improve cell resistances
downward, to ~0.13 Q/cell.

5.3.7 Subtask A. Power Output

The purpose of this subtask was to fabricate a fuel cell stack
that can deliver, at least, 10 watts of peak power, using H2-3% HZO fuel
inlet fuel and air as the oxidant source, at 1000°C.
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5.3.7.1 First Thin-Film 10 Watt Stack (Stack #8)

Stack #8 incorporated all the improvements we had made with
respect to processing parameters. especially through elimination of pre-
deposition contamination in EVD runs. Also this stack was constructed
with a porous interface at the air electrode current collector-IC interface.

The 20-cell arrangement (stack #8) delivered more than 13 watts
at half the open stack voltage; the 15-cell stack arrangement delivered
11 watts, under similar conditions (H2-3% H20 fuel inlet condition, air .
oxidant). Both exceeded the 10 watts, minimum, stack power requirement
for a 20-cell stack. ‘

As can be seen from the performance characteristics (Figures
5.54 .and 5.55), we tested the stack under fuél-rich, as well as modified
exit-gas compositions (with N, as the diluant instead of COZ)‘ During
these tests we established maximum-allowable current densities, as deter-
mined by the point at which the fuel electrode is anodically oxidized.
This point is easily found by current interruption techniques and by the
general "unforgiving" behavior of the cell stack. These crucial tests
were performed during the 8th day of stack operation. It was concluded
that a certain amount of stack deterioration was due to these stringent
tests. Also, volume expansion of the nickel fuel electrode, during anodic
oxidation; could lead to undue mechanical stresses in the solid state
structure and'could lead to separation from, or cracking of, the solid

electrolyte, while 1ife testing was progressing.

Due to the development of leaky seals in the test-assembly,

the stack was temperature-cycled eleven times for inspection and resealing
attempts. After the last sealing procedure, the stack arrived at a stab]é
performance plateau, having completed nearly 1800 hours of operation at
400 mA/Cm2 with hydrogen as the fuel. During this time period, the stack
showed a decline in performance of only 5%, if its peak performance durinrg
the ninth day of operation is assumed as 100%. As explained in Section
5.2.6 we had to eliminate end cells for resealing purposes, 'so that the

10 watt (plus) power output was achieved with 15-20 interconnected cells
for 650 hours. In conclusion, the observed performance deterioration was
caused by the leaky stack seals in the test fixture dnd not by component

interaction.
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After 2000 hours of operation, we converted from rich fdéT
(H2 + 3% H20) to a gas containing only 15% fuel (40% H2 + 60% CO)lmixed
with 85% carbon dioxide. Such a fuel compares, favorably, with near-
exit gas conditions that are anticipated in a practical fuel cell geénerator.
The performance of a 7-cell section of the stack #8 is shown in Fiqure
5.39 at a current density of 100 mA/cm® and 150 mA/cm®. The inlet fuel
gas potential is close to 755 + 5 mV versus air. The stack assumed a
stable, voltage performance plateau immediately and life testing is
continuing.

5.3.7.2 Second Thin Film 10 Watt Stack (Stack #9)

.Another‘stack wés fabricated, using the same processing sequence,
as for stack #8,’which had 18 interconnected cells, The stack performance
is shown in Figure 5.56. The stack performed for two days, using hydfogen
as the fuel, at 400 mA/cm2. The two end cells were then separately
instrumented, to determine inlet and outlet fuel potential. The stack has
been cooled and has been reserved for electrical testing, using complex
admittance measurements. This will be the first attempt to employ this
technique for electrical-stack analysis. The successful completion of
this stack shows the ability of reproducing processing and performance
parameters.

5.3.8 Stack Performance Evaluation in Electrolysis Mode

After having achieved the life- and performance-target goais
on the program with cell stack #8, we conducted an additional test, to
demonstrate the reversibility of the mode of operation. This short-time
test was done in order to obtain further information on the basic cap-
ability of an HTSOE fuel cell, that could be part of an energy storage
system, which would require the stack to operate as an electrolyzer.
Also, due to the fact that the cell is driven by a DC power source, one
can increase the current density, considerably, and thereby, test stack
resistive behavior. The test resu]fs, using CO/CO2 mixtures and H2/H20
mixtures, respectively, are summarized in Figure 5.57 and Figure 5.58.

i
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The open stack potential in these tests is equal for the fuel cell and
‘e1ectr01yzer mode of operation, because a flow of air was used even during
the electrolyzer mode of operation. A simple potential adjustment must
be made to arrive at the electrolysis cell voltage with pure oxygen on

the oxide electrode.
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5.3.9 Effect of Inter-Cell Electrical- Leakage on the Cell
Open Circuit Potential
It has been observed that, during the preparation of the fuel
| electrode, nickel oxide can diffuse into the stabilized zirconia of
the porous support tube and increase its electronic conductivity. This
would provide a current leakage path between adjacent cells and, conse-
qdent]y, reauce the cell open ciréuit potential below the theoretical

value.

To determine whether these effects actually occurred, a section
of porous support tube'containing only fuel electrodes was tested. The
specimen was placed in a hydrogen-water atmosphere and the leakage
resistances (through the support tube) between two sets of adjacent fuel
electrodes were measured over a temperature range of 400 to 1000°C. A
wide range of applied potentials were employed (20 to 1000 mV) but the
resistances measured were independent of the potential, and were nearly
identical for the two sets of electrodes. A plot of this resistance as
a function of temperature is presented in Figure 5.59. Activation ener-
gies for the conduction process were high, about 1.2 to 1.8 eV, and of
the magnitude expected for electronic conduction in these oxides. At
1000°C the leakage resistance was about 45 ohms.

The effect of a leakage resistance of this magnitude on a cell
comparable to those of the experimental five cell stack can be estimated.
One would expect the open circuit potentia],'vo, to'be approximately
27 mV lower than the theoretical value, Eo. From the actual stack data
one finds that Vo was about 38 mV lower than Eo' Considering the uncer-
tainties in the electrode gap spacings and the diffusion of the nickel
oxide which produced the leakage resistance, it is felt that this was

reasonable agreement.

One concludes that: (1) the fuel electrode preparation treat-
ment introduces a moderate amount of electronic conductivity into the
zirconia of the porous support tube and (2) this provides a current
]eakage path between adjacent cells which resu]ts in a 3 to 4% reduction
of ‘the open circuit potential below the theoretical value.
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5.3.10 Concentrafidn Polarization at'the Fuel Electrode

An understanding of the-COhcenfrat%dn.Bo1arizafiqn$"in our thin
£ilm fuel cell electrodes (and porous support tube) is important for two
reasons: (1) it will enable us to minimize stack voltage losses due to
concentration po]ar1zat1ons and (2) it will aid in ch0051ng an optimum-
support tube, having both adequate strength and good gas diffusion
characteristics.

In a previous report,(jo) a simple analysis was éresented for
the current-voltage characferistic of a HTSOE fuel cell stack, operating
with hydrogen-water fuel. A good fit of the theory to the'experfmental
data for a fuel cell stack was obtained. The results led to the interest-
ing conclusion that a significant amount of water concentration pblariza-
tion was occurring in the fuel electrode-porous support tube'étrqéture.

In the analysis, the parameter, SHZO; appeared, which was, essentially,
a diffusion conductance coefficient for water vapor in the porous.
electrode-support tube structure. It was found that a good f1t between
the theory and data was obtained by assuming 5H20 =2 ,015 mA/atm

SHp0 for water-hydrogen was then calculated, d1rect1y,.from the
pore geometry of the support tube and the gas 1nterd1ffus1on coefficient.
By definition

I .
Sy = ‘ (1)

AP
H20

where I is the stack current and APHZO is the correspondlng partial
pressure difference of water vapor across the fuel e]ectrode -support
tube structure. It can be shown that for a simple pore diffusion
mechanism, Equation {1) leads to




where A is the surface area of one cell, Deff is the effective inter- »
diffusion coefficient for water vapor-hydrogen in the porous structure,

& is the thickness of the porous structure, F is the Faraday constant,

and Q0 is the quantity of gas (cm3-atm) cofresponding to one mole at
1000°C. The effective diffusion coefficient, Deff’ can be related* to the
true interdiffusion coefficient for water vapor-hydrogen by

Detf = % Ph,0-H, (3)

where ¢ is the porosity (approximately 0.3 for our support tubes), t is
the tortuosity (approximately 3), and DHZO-HZ is the binary diffusion
coefficient for water vapor and hydrogen at 1000°C, extrapolated from
literature va]ues(lz) to be approximately 12 cmz/seé. One then.obtains
Deff v 1.2 cmz/sec. Using this value, plus the appropriate values fof
A and ¢§ for the first five-cell stack tested, one obtains a calculated
value of Sy, = 58,500 mA/atm. This is a factor of ~30 higher\than that
derived from early stack tests, mentioned above.

- *Estimation of the effective diffusion coefficient is greatly simplified
here ‘by the fact that the hydrogen and water vapor are counterdiffusing
in equimolar quantities; thus no bulk viscous flow is involved. See
reference (11). ' '




One possible explanation for the above discrepancy would be
incorrect assumptions about the pore structure on which Deff depends.
For example if a very large number of closed pores were present in the
bulk of the nickel cermet fuel electrode or porous support tube, or at
the interfaces, this would require one to revise D, ¢ to a much Tower
value, thereby reducing the discrepancy. '

A simple way to resolve the matter would be to measure Deff
in the porous support tube. This could be done at room temperature,
using a convenient pair of gases, such as Nz'and 02, since what one
actqal]y wishes to estimate is Deff/Dlz where D]2 is the true interdif-
fusion coefficient for gases 1 and 2. One possible way this might be
done is shown schematically in Figure 5.60. Pure nitrogen is flowed
through a section of porous tube plus fuel electrode. Oxygen from the
air diffuses through the tube into the nitrogen stream where it can then
be defected by an oxygen gas analyzer at the exit of the porous tube.
The differential pressure across the porous tube must, of course, be kept
smai], to avoid bulk viscous gas flow through the tube wall. A very
instructive set of experiments would start with the composite porous
support tube-porous fuel electrode, as it actually is used in the fuel
cell. Sequentially, various layers would then be removed by sandblasting
or etching (fuel electrode surface, entire fuel electrode, porous support
tube outer and inner surfaces) to reveal their contribution to Deff'
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Fig. 5 60— Schematic of experiment for measuring effective diffusion
coefficient for gases through the fuel cell support composites ( porous
su pport tube plus nickel cermet fuel electrode, for example).




5.3.11 Analysis of the Electrical Performance of an
" HTSOE Fuel Cell Stack with H2 H20 Fuel

To interpret experimental data for thin film, fuellcell stacks,
under test'withthydrcgeh-water fuel mixtures, a simple theory for the
stack current-voltage characteristic (V-I curve) was devised. Only
ohmic and concentration polarization voltage losses were Considered;
charge t}ansfer polarization was assumed negligible for hydrdgen-water
operation at 1000 é.(]3) The equations obtained for the V-I characteristicA
were as follows:

VoV IRy T Mate T Thydrogen T Mwater >
S P
n e EE 1 02 02 @
air T \4F) "\ S P, -1 b
0,0,
SH PH
(%) 1 2 )
hydrogen 2F B -1
. Hy H,
potho* ! :
- e H‘\o H"O |

where V is the stack voltage, V is the open circuit potentia] I is the
stack current, R is the ohmic re51stance, the n's are concentration
overpotent1als, R 1s the gas constant, T is the absolute temperature of
the stack, the S's are gas d1ffus1on conductances for the electrodes,
and the P's are partial pressures.




5.3.11.1 Air and Hydrogen .Concentration Overpotentials

e They produce curvature in the V-I characteristic which
is concave downward.

e They have limiting currents which correspond to 0,

or H2 starvation at the electrode-electrolyte interfaces.

e For typical fuel'cel1 parameters they are nearly linear
at low to moderate currents and become rapidly non-linear
(and large) at high currents.

5.3.11.2 HWater Concentration Overpotential

e It produces a curvature in the V-1 characteristic which
is concave upward.

e No Timiting current occurs; H20 pressure at the
electrodé-electrolyte interface can become large.

o For typical fuel cell test parameters, this overvoltage
is significantly large and non-linear at low currents.
It increases relativély slowly at high currents.

An example of the V-I characteristic and the contributions of
the various overpotentials are shown in Figure 5.61. These curves were
calculated from Equations (1) through (4) for a hypothetical fuel cell
having the parameters listed. Since the usual range for operation and/or
life testing with this cell would be below a maximum current of approxi-
mately 1000-1200 mA, the relative importance of the water concentration
polarization compared to that of air or hydroggn is evident.

5.3.11.2.1 A Comparison of the Theory with Stack Data

An important simplification in the equations can be made for
the case where the cell current is well below (< one half) the. limiting
air or hydrogen polarization currents. This is often the situation in
normal stack tests. Within this range, Equatiohs (2) and (3) for the
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air and hydrogen overpotentials are then almost iinear with current.
This permits one to write the V-I characteristic equation for Tow-tc-
moderate current as

H,0 H,O : )
RT 2 2
V=V - IR, - (——) In (5)
o '1 2F S P : .
» H20 H20
where
Rl = Ro + Rair * Rhydrogen (6)

so that there is only one non-linear term, the water overpotential.

A least squares fit of Equation (5) to the data for a five-cell
stack(]4) was carried out with the results shown in Figure 5.62. By
proper choice of parameters V R], and SHZO, a good fit of the V-I
character1st1c was obtained. The value of R] required, 1.55 ohms was
just slightly larger than the experimentally determined value of ohmic
resistance, R , which was 1.46 ohms. This is consistent with relatively

0

small air and hydrogen overpotentials (sma11 vaIues for Rair and
R )

hydrogen) which was postulated earlier.

5.3.11. 3 Diagnostic Technique Suggested by the Theory

A standard diagnostic techn1que employed in fuel cell work is

the current interruption method(]s)

 Atota1 concentration overpotential, n, from both electrodes. To determine

which enables one to determine the

' the separate fuel and air electrode contr1but1ons, "y el and Naips

requ1res a suitable reference electrode. For a single thin film fuel
cell this is difficult; for a multi-cell stack it becomes experimentally

impractical.
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One promisiﬁg‘application of the theory'is in a technique for‘

determining the overpotential components n for

air’? Anh‘ydro ‘en’ and Wwater
single or multi-cell units with no additional electrodes. According to.
Equations (2), (3), and (4), each overpotential component depends on
a different fuel or air component partial pressure, provided the

| current is heid constant. Therefore measurement of the total over-

potential at constant current for two (or more) values of a fuel or

air component partial pressure shou]d enable one to ‘determine the

\correspond1ng overpotent1a1 and 1ts diffusion conductance coeff1c1ent S.




5.3.12 Subtask B. Effect of Fuel and Air Conditions

This task is concerned with the testing of cell stacks and/or
stack components and/or their interfaces, under a variety of conditions,
to which they might be exposed-in the operation of an envisioned fuel
cell generator. Lo ' ' S

The pr1nc1pa1 techn1ques ava1]ab1e for th1s task are
(1) DC current-voltage characteristics measured under normal, r1ch and
lean fuel and air cond1t1ons, (2) 1nterrupted DC current- voltage measure-
ments for separating slow and fast cell po]ar1zat1ons and (3) AC comp]ex
impedance measurements for obtaining detailed information on the nature
of the polarizations.

Qur first application of the complex impedance technique to
" thin film fuel cells is described below. A major objective in the

vork has been to experimentally determine the resistance of
the fuel cell electrolyte layer, independent of whatever complexities

might be present in the electrode processes.

5.3.12.1 Electrical Characterization of Electrolyte Léyer—Fue] Electrode
Combination Specimens by Complex Impedance Measurements

A detailed description of the comp]ex impedance method may be
found elsewhere. (16,17) Basically it consists of three steps: (1) measure-
ment of the specimen complex impedance over a wide range of frequencies;

(2) deduction, from the data, of an equivalent AC electrical circuit for
the specimen and (3) identification of the AC circuit elements with
specific ionic or electronic processes occurring in the specimen and

its electrodes.

5.3.12.1.1 Specimen Preparation and Measurement

Each specimen tested was a segment of a partially completed
fuel cell, consisting of porous support tube, nickel-cermet fuel elec-

trode and EVD-deposited solid electrolyte, onto which was sputtered a
area). Platinum

small platinum counter-electrode (5 um thick, ~0.08 cm2




wire 1eads, attached to the nickel fuel electrode and platinum counter-
electrode, completed the two-terminal specimen whose effective area was
that of the small counter-electrode. A& hydrogen water atmosphere at 1000°C
was emp]oyed " The e]eEtrolyte layer for specimeh #13 was deposited by -

us1nq “the Grafoil protective sleeve techn1que (d1scussed in Sect1on 5. 1 1,

Subtask-A) ‘as a.-protection aqa1nst predepos1t1on contam1nat1on, the e
electrolyte. layer for spec1men #15 was dep051ted w1thout this precaut1on

The complex impedance measurements were made using the scheme
shown in Figure 5.63. As indicated, three measurements, taken directly
from the scope trace (which is a statipnary ellipse), plus the value of
the standard resistor emp]oyed are sufficient to yield the unknown
resistive component, R , and the reactive component, X , at a given
frequency. Nh11e th1s techn1que is not one of high prec1s1on, it is
fairly rapid, does not require the 1arge capac1tances of bridge methods,
and allows one to detect current,vo]tage non-linearity in the specimen,
if present For good results the oscilloscope employed should have
amplifiers which are well-balanced at all frequencies and which have low
common-mode error. The resistance and inductance of leads to the
specimen must, of course, be kept small. In our apparatus a duplicate
set of leads, shorted at the far end, was used for determining the
lead 1mpedance corrections. Measurements were made over a frequency
range of 1 Hz to 50/Hz, w1th a maximum rms voltage of 28 mV applied
to the spec1men ‘

5.3.12.1.2 Analysis of the Data

AY

The data consist of pairs Ru’ Xu (AC resistance, AC reactance),
measured at a number of different frequencies. These are then plotted
as points, R s Xu’ in a rectangular coordinate System (the complex
- impedance p]ane) as shown in Figures 5.64, 5.65, and 5.66. The locus of
points in this type of plot generally shows distinctive features which
aré very helpful in choosing an equivalent circuit for the specimen and
estimating the values for the circuit elements.
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In Figure 5.64 (specimen #13) the points from 1 Hz to 20 Hz
followed approximately a semi-circular arc which is characteristic of a
resistance and capacitance in parallel. From the diameter of the Circle'v
and the fréquency at -the apex of -the circular arc one estimates, ..
'apprdximately, the values of the resistance and capacitance. A second
‘region, showing distinctive.behdvior, occurred for the points between
1 kHz and 50 kHz: The low circular arc, h1ch intercepts the R -axis at
45 , is characteristic of a Warburg 1mpedance* and resistance 1n para]]e]
‘In this instance the c1rcu1t parameters could be estimated from the chord
of the arc and the apex frequency. The points ‘between 50 Hz and 500 Hz
;represent a trans1t1on between the two reg1ons described prev1ously,
‘which overlap in the frequency domain. Extrapo]at1on of the high fre- -
quency data to its intercept with the Ru-ex1sAy1e1ded a resistance value
which was primarily that of the electrolyte film.  This procedure was
}carried out on an expanded plot as shown in Figure 5, 66.

, The final result for the equ1va1ent circuit of spec1men #13 is
“shown in ngure 5 67 VIn1t1a11y -estimated c1rcu1;,parameters were ad- f
justed to give an optimal fit between the experimental points. and the _
ica]culated po1nts as ‘shown in Figure 5.64. o 1 .

‘ In Figure 5.66, the data are shown for specimen #]5 before and
after a "conditioning" of the p]at1num counter-electrode, by pass1ng a

% moderate DC current (125 mA/cm ) through the specimen. In terms of

the equivalent c1rcu1t Figure 5.68, the DC electrode resistance was
drast1ca11y altered by this treatment. The e]ectrolyte layer res1stance,»
determined by the extrapolat1on of high frequency data in F1gure 5.66,

was unchanged. The impedance Ze could not be represented by any simple
circuit element but showed behavior intermediate to that of a capacitor
and a Warburg impedance. | ‘ '

*The Warburg impedance is a special AC circuit element which often
appears in the equivalent circuits for diffusion-limited electrode
reactions. For further details see References (16) and (17).
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5.3.12.1.3 Interpretation of Results.

. As shown in the equ1va1ent c1rcu1ts of F1gures 5.67 and 5. 68;
the measurements y1e1ded e]ectro]yte layer resistances of 0.55 and 1 25
- ohms for spec1mens #13 and #15 respect1ve]y Comb1ned w1th the '
thlckness and area of the e]ectro]yte measured these va]ues gave
electrolyte layer resistivities of 7 ohm-cm for specimen #13 and 17
ohm-cm for specimen #15. The 7 ohm-cm resistivity is comparable to the
lowest literature values reported for Zr02-Y202 solid solutions and is
indicative of a high quality electrolyte layer. The 17 ohm-cm resistivity
value is still adequate for thin film fuel cells, but suggests that pre-
deposition contamination might have influenced the quality of this film.

Some limited conclusions, regarding the electrode polarization
processes, may be drawn from this present data. The choice of dense,
sputtered-platinum counter-electrodes for the specimens was unfortunate
since they obviously were blocking to oxygen flow, as indicated by the
high DC specimen resistance. The large reduction in the DC resistance
of specimen #15, produced by "conditioning" with a moderate DC current,
confirmed this. Such treatment has been shown to reduce blocking by
creating pores in an‘otherwise dense platinum fi]m.(]G) It was reassuring
to note that this treatment did not affect the high-frequency extrapolation
used to estimate the specimen electrolyte Iayer'resistance. We were not
successful in finding a combination of circuit elements for Ze which
would yield satisfactory predictions for individual data points, as was
done for specimen #13. Again, it is possible that the predeposition
contamination in specimen #15 was a factor in this case.

The Warburg impedance behavior observed in specimen #13 at the
‘higher frequencies indicates a diffusion-limited process, involving one

of the electrode reactant species. From our present data it is not clear
whether this too was associated with the platinum counter-electrode or,
rather, the nickel-cermet fuel electrode.




Additional measurements, embloying'non blocking counter-
electrodes in tests in which the temperature and hydrogen-water atmosphere
are varied, shou1d make it possible both to observe fue] e1ectrode
po]ar1zat1on processes 1n our specimens and to 1dent1fy them The
application of a DC bias current to the spec1men during measurement
will also be investigated.
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5.3.12.2 Effect of Fuel and Air Concentrations on Stack Performance

and Life

Stack #8 was tested under a variety of rich and lean fuel
(H or CO) conditions as well as normal and lean 02 conditions. These
results wére presented in Section 5.3.7.1 and the data have been presented

in Figures 5.54 and 5.55. During the past 1800 h of life testing of
stack #8 (seven cells), a lean fuel condition (15% CO/H in C02) has been
employed. Here the average cell voltage has been stable at ~ 0.62 Vv, at
150 mA/cm (Figure 5.39).




5.4 REPRODUCIBILITY OF 10 WATT STACKS

Originally,. the program required that, at least, 10 stacks
of about 20 cells each would be fabricated and tested, to demonstrate
reproducibility of 10 watt stacks. R

5.4.1 Stack Comparison Testing

Due to the emphasis needed in the program to refihé the
fabrication brdtedures, particulariy, in the intefcbnnéction; in the
air electrode and in the interconnection/air electrode ihférface areas,
these stacks were not constructed and tested. However a second stack
(Stack #9) was built, during the program, which, when tested, did
demonétrate 10 watts of power capability, showing that the performance
obtained in stack #8 was repeatable in other stacks (see Section 5.3.7.2).




5.5 -Task 5.7 The Design;-Cost and Benefit of an Industriai-
) Cogenerat1on System Using an HTSOE Fuel Ce]]
In September 1979, two add1t10na1 tasks were establ1shed for
the program. :Task 5,re1ates to a Design, Cost and Benefit Analysis of
“the HTSOE,fue] cell in an industrial cogeneration application. Task. 6
evaluates the-effect of impurities in the fuel gas on the HTSOE fuel .,
cell performance and life, and sets minimum tolerance levels for these
impurities.. '

In Task 5, a study is being conducted to identify an- appropriate
industrial cogeneration application and determine its potential economic
value. In Task 6 the effects of impurities, particularly, su]furAbearing
species, will be determined, as well as tolerance 1eveTs of these specCies.

Work on Task 5 is scheduled for compietion in September 1980
and a separate report w111 be prepared which summarizes all the. f1nd1ngs
of that study.

Task 6 will be comp]eted in June 1980 with respect to resg]ts
of testing a stack, using a simulated coal gas fuel that has su]fur -
species impurities.

The objective of Task 5 is to select a promising industrial
application for "commercial-size" HTSOE fuel cell modules, so that a -
conceptual design can be envisaged, to the extent necessary to estimate
the economic viability of the system. Three major efforts involved are:

1) selection of a specific cogeneration application -

‘2)' preparat1on of a pre11m1nary system design that
identifies all components and performance capab111ty

3) use of the above des1gn,to estimate cost,
environment, and conservation benefits.
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5.5.]. Selection of a Promising Industrial Cogeneration Application -

This subtask is comp]eted After a literature'search examination
of pertInent reports dealing with similar cogenerat1on applwcat1ons, it
seemed’ appropr1ate to select the integrated aluminum fac111ty at Corpus
Chr1st1, Texas as covered in the TRW report to DOE -- "Feasibility Study
for Industrial- Cogeneration Fuel Cell Application," Contract DE-AC-03-78-
€5-40227. This selection not only encompasses the themmal/ =
electric output of the HTSOE system, but will enable direct comparison’
with another fuel cell type to be made. Also, the temperature-thermal/
-electric requirement for this application is among the best for“a.variety
.of applications considered in other application studies, e.g., Institute
- of Gas.Technology for the Gas Research Institute. ‘

5 5 2 Preparat1on of a Conceptual Des1gn of the Selected System
“ " and Its Mode of Operation

A conceptual systems design, see Figure 5.69, has been prepared
te'provide the most effective means of preheating air and fuel for the
HTSOE fuél cell system, and for producing electric power and process steam
from the hot exhaust gases from the cell. The design requires a cell
construction that would permit partitioning of spent fuel, add spent air,
and.utilization of those two gas streams, separate]y, in the production
of. e]ectr1c power and steam.

 The design was reviewed to assess the type of HTSOE cell
construction that would apply to the separate production of spent fuel
and spent air. It was concluded that a more reliable, potentially more
econom1ca1 cell module could be constructed if the spent fuel d1d not
have to be isolated from the spent air. Thus, only a combined spent
fuel/air combustion product stream should be utilized for fuel preheat
and for steam/power production.
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The system in Figure 5.69 is presently being modified to pro-
vide the mosf effective means of utilizing such a combined HTSOE cell
off gas. A parametric study of waste heat steam and‘pewer production
is underway. The limiting cases,,iOO% waste heat to prdcess steam and
100% waste heat to electric power, will be assessed. A third case will
be included, to produce steam and power both, in proportions approprlate
for an 1ntegrated aluminum production plant. AT1 of the system des1gn
conditions are being keyed to the requirements of the 1ntegrqted,a1um1num
faciTity at Corpus Christi, Texas, as studied by TRW in their,report to DOE,
previously mentioned. The systems diagram and- performance character1st1cs
study is scheduled for completion. in June 1980 .j; :

5.5.3 Estimate the Cost, Environmental and‘Conservatidn Beneﬁits

Work on this task will start as soon as the abeveﬁfesk nears
completion. ‘ i
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5.6 Task 6. HTSOE Fuel Cell Stack Tolerance to Fuel Impurities :

The purpose of this subtask is to examine the effect of sulfur,
and other poss1b1e 1mpur1t1es, in fuel gas, as might be present in fuel
derived from coal gas1f1cat1on on the performance of the solid state |
fuel ce]] ‘ ’ ' ;

o,

5.6.1 Subtask'A. Evaluate Effects of Cand1date Fuel Gas Impur1ties o
on Cell and Stack Performance and Life-. : .
Prior .to testing an HTSOE fuel cell stack, with'an;inlet.fuel
gas having:a sulfur-specie as an added impurity, a preliminary investi-
gation was conducted to:evaluate stack component susceptibiiity to
sulfidation -- in particular, the fuel electrode and the.-interconnection.
Here the IC was tested because no known data exists to predict its
behavior at 1000°C in. the presence of sulfur-species. The fuel electrode
was studied since it is.the most vulnerable of the HTSOE . fuel cell com-
- ponents to sulfur attack.

This subtask consists of three general studies: (1) cdlculations
from available thermodynamic data of the possible reactions of sulfur-
containing species in the fuel gas with nickel, cobalt, lanthanuim
chromite and other constituent§ of the fuel cell stack which contact the
fuel stream; (2) microweighing measurements* near 1000°C (i.e., the
operating fuel cell temperature); to determine the threshold conditions
for sulfidation of individual or combined stack components exposed to
the fuel stream and (3) experimental examination of the. performance
(open circuit voltage and operating current and voltage of the fuel cell)

of solid state fuel cell stacké; as a function of sulfur content of the
 fuel gas, temperature and (H2 + HZO)/(CO + C02) ratios in the fuel gas.

*Measurements made as a function of fuel composition, temperature and
partial pressures of the sulfur species in the fuel,
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5.6.1.1 'Tolerance of Stack Components to Sulfur Species
in the Fue] Gas

~ Data from thermodynam1c calcu]at1ons .is presented graph1ca11y
in Figures 5.70 through 5.76, They illustrate the genera] magn1tude :
of sulfur- conta1n1ng gas concentrations in the coal-gas fuel, wh1ch could
cause sulfidation of a fue] electrode and of lanthanum chrom1te, for
varying operat1ng parameters of the fue] cell stack. Seven. s1gn1f1cant
results have been derived. from this study

1) ‘Nickel or cobalt fuel electrodes should showa
minimum tolerance for sulfur-containing gases at.
‘a fuel cell no load voltage between:0.70-0,75- - - - -
volt, depending on the temperature.. - ‘
(Figures 5.70 and 5.71). .

~2) Fuel gases higher in Hy/H,), as compared to’ "
CO/COZ; show a higher sulfur gas tolerance.” .- -~ '~
(Figure 5.72) ‘ '

' 3) Fuel electrodes show a much highér sulfur gas.
" tolerance at 1000 C, as compared with 700 C.
' (F1gure 5. 73) :

‘4) Cobalt electrodes show a cons1derab1y higher
sulfur gas tolerance than n1cke1 electrodes.

(Figure 5«71)

*'6) The major sulfur gas species in a fuel gas of
‘the fuel cell are expected, thermodynamically to
- be SO2 at voltages below 0.7 volt, and HZS and
to a lesser extent COS at voltages above 0.8
volt (no load voltage). (Figure 5.75).
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6) As a typical examp]e, for a fuel cell composition
of . H2 + H20 = 24 mole % and CO +. CO2 = 76 mole %,
sulfidation of nickel should occur at about 90 ppm
by volume of sulfur conta1n1ng gases at atmospheric
pressure and 1000 C, and at about § ppm at 700 C in .
the minimum tolerance region which occurs in the
no load fuel cell voltage range of about 0.7 to
0.8 volt.

7) The minimum sulfur gas concentration level
required to sulfidize lanthanum chromite, over the
fuel cell voltage range of 0.7-1,0 volt, is greater

~ than that of nickel (Figure 5.76).

The high-temperature microweighing apparatus was altéred to
measure thresho]d‘su]fur contents in a hydrogen or carbon monoxide con-
taining fuel gas, required to just cause the onset of suifidation of
nickel, lanthanum chromite and other stack components. Figure 5.77

is a schematic drawing of this apparatus. As indicated, the fuel gas
passes through a thermostated tube for cOntrol]ed addition of water

vapor, to provide a fuel with a flxed HZ/HZO ratio, which can be blended
with a CO/CO mixture. The nlckel ‘or other specimen, is suspended. from
the microbalaﬁce within a heated alumina tube, in contact with a

flowing fuel gas stream. The start of reaction with sulfur containing
gases’js detected by an increase in weight of the sample with time, as
the sulfur content of the fuel gas is increased.

The entire microweighing system is heated to 40-50°C, to
permit use of higher vapor pressures of water than was poss1ble in our
earlier apparatus -which operated at _room temperature

where data requiring water vapor pressures of more than '»5x10"2

atmosphere are needed, the lower pressure data are related to the higher
pressure region by- thermodynam1c calcu]atlons
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In our first éxperiments using the modified microweighting
systém,we examined the reactions of sulfur-containing water/hydrogen
fuel gas mixtures with nickel and lanthanum chromite near 1000°C. The
results are compared with thermochemical calculations for critical '
oxygen pressure regions in Figures 5.70 and 5,76 for nickel and Tanthanum
chromite, respectively. The available thermodynamic data for the NiS/NiSx
phase boundary appear suitable for such a comparison, but corresponding
data for the lanthanum chromite system are incomplete. For the latter
system the free energy of formation of LaCrO3 is of uncertain accuracy
and the sulfur-containing phase at the boundary between LaCrO3 and the
first related sulfur-containing phase is not known. However, using an
analogy to the formation of LaZOZS’ we might anticipate formation of the
oxysulfide of lanthgnum chromite, namely LaCrOZS, and that its Gibbs free
.energy of formation from known species, i.e.,

1/2 La,y0,S + 1/3 Cr 05 + 1/6 Cr,05 LaCr0,S (Reaction 1)

2

might be of the same magnitude to that for the somewhat similar reaction,

1/2 ngo3 +1/2 Crzo3 + La§r93. ' : (Reaction 2)
for which data of Meadowcroft and'wimmer(18) suggest a value of about
-5.09 kcal/mole at 1000°C. However, no sulfidation of lanthanum chromite
was detected in our experiments (see Figure 5.76) at "equivalent fuel cell
voltages," up to 0.925 V in (H2 + HZO) mixtures and up to 1500‘ppm by
volume of (H2 + HZS) in the fuel gas, at 1000°C,

By comparison, thermochemical calculations (sée Figure 5. 76,
even using as small a negative value of the Gibbs free energy of formation
as -3.2 kcal/mole for the hypothetical Reaction 1, would predict
(assyming the data of Meadowcroft and Wimmer for Reaction 2 is correct),
that "LaCrOZS" should form above about 600 ppm by volume of sulfur-
containing gases in (H2 + H20) at 0.9 V and 1000°C.
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Therefore, the experiments lead us to conclude that existence of a
: "LacrOZS" phase: is doubtful, and more importantly, over the probable
operating voltage range:of the fuel cell- (0.7-1.0 V) at 1000°C, the -
nickel fuel electrode, rather than the lanthanum chromite -interconnection,
will determine the maximum a]]owab1e sulfur content of the fuel gas.
For the. future, extended data will be obta1ned for both the nickel and
lanthanum chromite systems, for the z1rcon1a support tube and for actual
sections of the fuel ce]] stack. 0perat1ona1 data of the effect of
sulfur gas jevels in the fuel on operat1ng stack performance w111 then
be interpreted by us1ng thlS 1nformat10n

e i




.~ 6.0 Future Work

Work will: continue into June-1980 on determ1n1ng the effect(s) of
sulfur -impurities in the fuel gas on the performance and-life of the
HTSOE fuel cell stack.

The Des1gn Cost and Benef1t Study, related to ‘the app1icat1on
of the HTSOE fuel cell to an industrial cogeneration plant,w111 continue
and w111 be completed and reported 1n September 1980 '

o A new proposa] has been subm1tted to DOE/ANL and DOE/
Uash1noton, D.C. » and is near1ng f1na1 negot1atlon to cont1nue work
in the HTSOE fuel cell. This program of 3 years duratuon compr1ses
7 major tasks: cell component advancement. stack test1ng under simulated
service conditions, alternate fuel cell stack des1gns, 1n1t1al des1gn
of a heat exchanger bundle, fuel cell bundle bench test evaluation, a
materials availability study and a further refined plant system design,
cost'and benefit study. | ' '
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8.0 APPENDIX A .
PAST PROGRAM SUMMARY

H1ghllghts of progress on the past contract program . (DOE .
EY-76-C- 03-1197), conducted dur1ng April 1, 1976 - March 31, 1978,
are presented for the various tasks and subtasks as spec1f1ed in ;
detail in the De51gn Plan of that program.

mlmm;wmmmWMWMMMmmm
A.1.1 Subtasks A and B. Interconnection Search and Identification

Work on the interconnection material identified a modified
rare earth chromite as a very promising interconnection material. Speci-
fically, modified lanthanum chromite, exemplified by the composition
La.QSMgOOSCr'7SA1.2503, was selected from among several systems studied,
as having the most suitable properties for a cell interconnection mate-
rial. No other oxide system investigated with comparable conductivity
coiild be modified to produce the good thermal expansion match, low
volatility, and negligible chemical interaction with other cell compo-
nénts that are availabIé with this material.

As a result, this system received special effort in the second
year of the program, to optimize its properties and to establish fabrica-
tion procedures for obtaining thin layer interconnection films. Films
were successfully produced by electrochemical vapor deposition, initially
onto fuel electrode substrates, and then as part of the fuel cell stack
fabrication.

Additional work in this area was aimed at minimizing ionic
transfer of oxygen ions through the intérconnection layer, during cell
operation. ‘




A.1.2 -Subtask C. Development of Other Stack Components

Selection of the other stack components was fixed during the
first year of effort and further work on them was primarily aimed at
refining their fabrication into useful thin films. These materials are:

e support tube -- porous, calcia-stabilized zirconia
(15 mo1 % calcia)
o fuel electrode -- nickel cermet
(nickel deposited in a porous, stabilized zirconia
skeleton) '
o solid electrolyte -- yttria-stabilized zirconia
(from 8 to 12 mole % yttria)
o composite oxide air electrode -- tin-doped indium
oxide (1 to 5 wt % Sn02) current collector, with
_praesodymium oxide impregnation of the zirconia
skeleton.

A.2 TASK 2. FABRICATION TECHNIQUES

Techniques for producing films of the various active components
proceeded to the level where they were used to produce fuel cells and
fuel cell stacks. Concurrently, an extrusion process was deve]opedAto
produce, in-house, the porous support tubes.

4.2.1 Subtask A. Interconnection

RF sputtering was used to produce films for basic property
evaluations, whereas an electrochemical vapor deposition (EVD) technique

was developed that produced modified rare earth chromite compositions

that are both leak-tight and conducting, as thin films (~40 um). This
EVD technique was subsequently used in fabricating the fuel cell stack
that was tested on the program.




A.2.2 Subtask B, Electrolyte

The solid eTectronte, yttria-stqbi1ized zirconia, was readily-
_prepared as a thin film by the EVD process. This process was recon-
firmed on this program and was used to produce solid electrolyte films
for the combination testing of components and.fuel cell stacks.

A.2.3 Subtask C. Air and Fuel Electrode

Coating of zirconia support tubes with fuel electrode slurry
compositions, along with firing and sdbsequent nickel reduction in hydrogen,
. was'feconfirmed as a viable process for producing the nickel-cermet,

.porous fuel electrode. This process was used in the preparation of the
fuel cell stacks. | - |

~ The CVD process was deve]obed to a sufficient‘]evel to enable .
préparation of uniform films of tin-doped indium oxide, air electrode
current collector. This process wasiused in the preparation of the fuel
cell stack that was tested in this program. o '

A.2.4 Subtask D. Porous Support Tube

Extrudable mixtures, prepared by combining selective size frac-
tions of refractory starting powders and calcining at 1780°C, produced.
tubes that met the specifications of open porosity (>25 volume percent),

“tensile strength (>5000 psi) and thermal expansion (~10 x 1076 m/m°C at
1000°C). Surface pores of the tubes were 10-11 um in diameter with

some variation in pore sizes, caused by agglomerates of water éweI}ing
starch plasticizers, used in the batch material preparation for extrusion.

A.3 TASK 3. COMPONENT TESTING

Equipment was built and used to test the fuel cell components
and the fuel cell stack evaluated in this program.‘
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A.3.1 Subtask A. Interconnection

Testing of interconnection films for cdmposition and properties
was ongoing throughout the program for gas tightness, resistivity,
thermal expansion, doping level and oxygen vacancy concentration.

A.3.2 Subtask B. Comb1nat1ons

A crossed -electrode test1ng concept and spec1men was evo]ved
and equipment was assembled, to enable combinations of fuel cell compo-
nents to be tested in various atmospheres. S :

A.3.3 Subtask-C. :Useful Life Testing

A 5-cel1"fuel cell stack was fabricated and evaluated on the"
program.. Three series connected cells of this stack met the program
goals -- displaying -80% = voltage efficiency at‘Z'O'O‘mA/cm2 for
700 hours with less than 10 percent voltage degradat1on at 950° to 980°C :
in a hydrogen - 3 water vapor fuel atmosphere,

A.4 TASK 4. ALTERNATE ELECTROLYTES AND BATTERY DESIGNS
Work schedu]ed in th]S area involved:

1)  keeping abreast of Qevelopments in the field, with regard
to alternate electrolytes, and evaluating, in .an initial
manner, any that show promise to the Westinghouse thin -
film.fuel.cell. y B

2) modifying cell and cell stack design, if the test -results:
indicated:. problems, particularly, with respect to mechanical
over-stressing of cell or cell stack component(s).

No alternate useful electrolytes were developed in the solid
electrolyte field during the 2 years of the completed program, Test
data on the fuel cell stack was so favorab]e that no major design changes

have been contemplated.




9.0 APPENDIX B

~_OPERATION, DESIGN CONCEPT AMD APPLICATION OEVTHE.
HIGH TEMPERATURE SOLID OXIDE ELECTROLYTE FUEL CELL

B.1 iNfRdDucrioN

Fuel ¢ells are electrochemical generators of direct current
electricity. Unlike conventional generators. based on heat cycles,
they have. no. Carnot efficiency 11mitat1ons. and can, theoret1ca11y.
yield high energy eff1c1enc1es. of al] fuel-cell power systems, that
system, based on a stablluzed -zirconia solid electrolyte, offers the
hlghest achievable efficiency. A battery design study, conducted prior
to this program, indicated that power densities of 7 kN/ft3 of fuel
cell module could be achievable with the state-of-the-art materials and
fabrication processes defined at that. t1me. when the. stacks would be
operated at 80% electrical efficiency. The hlgh tenperature so]id
oxide electro]yte (HTSOE) fuel cell would operate at 1000°C; without
the need of expensive catalysts on a carbon monoxIde-hydrogen gas mix-
ture, prov1ded by the ga51f1cat10n of coal. ‘The fuel generator would
operate at 1000°C for several reasons: a) the resistivity of the solid
electrolyte is sufficiently low at this temperature to permit high
levels of electrical efficiency at high current densities, and b) the
high-grade heat released can be used for steam aeneration, which can be
used for steam bottoming or for direct sale.



¥

In 6ﬁé‘concept, clean pipeline coal gas could be'supplied
to the high-temperature, solid oxide electrolyte fuel cell and the by
product, hot exhaust gas (COZ) from the fuel cell generator would be
used to produce steam in an off-gas, waste heat boiler, This steam
would then be used to support either an industrial process, adjoining‘
the fuel cell site, or for additional power generation, via a steam

turbine, or both; to enhance the overall system efficiency

Apart ‘from the efficiency advantage and the use of a non-
critical fuel, the HTSOE fuel cell is attractlve from other standp01nts.

° Air pollution from the fuel cell power system would
be minimal. (Carbon dioxide and water vabor are the
only species emitted,)

e Since the heat rejected by the fuel cell could be
4e@pioyed to gasify coal or'produce steam, thermal
pollution of the environment, due to waste heat,
would be minimized. '

o The fuel cell generating process would not require

- cooling water, consequentiy. siting of plants would
not be dependent on plentiful water supplies.

The commercial feasibility of this new power sysfem gréatly
depends on the useful life of the generator. At the onset of this
continuation program, the useful life of the thin-film fuel cell stack




had achieved ~700 hours at temperature, but with the promise of much
longer life indicated by the stable nature and makeup the individual
component layers of the fuel cell itself. The ERDA-directed, NASA-
managed, Energy Conversion Alternatives Study, conducted in 1975-76 at
the Westinghouse Research Laboratories, indicated that, for fuel-cell
power systems to be competitive from an electricity-cost standpoint, the
useful life of the fuel cell module must exceed 30,000 hours.

B.2 TECHNICAL BACKGROUND

Solid electrolyte fuel cells generate electrical energy from
fuel and air. In this section a fuel cell power system is described,
including: (1) how solid-electrolyte cells produce electrical energy,
(2) how individual cells can be combined to form high-performance
batteries, and (3) how batteries can be combined with auxiliary equip-
ment into plant concept . Also reviewed are the major technical
problems that must be resolved to allow demonstration of a long-lived,
high-performance fuel-cell battery.

B.2.1 How Solid Electrolyte Fuel Cells Generate Electricity

As shown in Fig. B.1, a solid electrolyte fuel cell consists
of four basic components: an air electrode, a solid electrolyte, a
fuel electrode, and a porous support tube. A fifth component, the inter-
connection between adjacent cells, is not shown.

The porous tube of stabilized zirconia, which serves as a
mechanical support for the fuel cell, has an approximate wall thickness
of 1000 yum. In contrast, the individual component layers lie in the
thickness range of 20 to 50 um.

Exposed to the air flow is the air electrode. One kind is a
composition of oxides, such as (In203)0.98(5n0;_.)0.02 current collector,
fabricated in a porous structure that is readily permeated by oxygen
from air which flows over it. Here, praesodymium oxide is discontinuously

deposited onto a porous zirconia matrix that underlies the current
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Fig. B.1 Schematic Cross-Section of a Thin-Film Fuel Cell

collector and represents the active part of the air electrode. This
active PrO2 effects the necessary 02(9) to 20~ transition. Oxygen mole-
cules from the air accept electrons through an external electronic
circuit, leaving the electrode positively charged, and forming oxygen
ions, 0", as shown in Fig. B.2.

If the external circuit is closed, the oxygen ions enter the
second component of the cell, a dense zirconia ceramic, such as yttria-
stabilized zirconia (solid electrolyte) and pass through this layer at
elevated temperature, due to the oxygen concentration gradient across
the ceramic.* If an 0 enters at the air electrode-electrolyte inter-
face, an 0 emerges at the electrolyte-fuel electrode interface, thus
preserving the electrical neutrality of the material. The gases
on either side of the cell will not penetrate through this impervious

*This gradient is established with air on one side and fuel gas on the
other side.
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Fig. B.2 Schematic Diagram of a Solid Electrolyte Fuel Cell,
Indicating How Oxidation of the Fuel Generates
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electrolyte layer, so that the reaction can only take place when current
is drawn from the cell stack. Since the ceramic electrolyte has no
electronic conductivity, no electrical short circuit can occur in the
cell.

Exposed to the fuel flow in the figure is the fuel electrode.
The porous fuel electrode is a nickel-zirconia cermet. At the fuel
electrode the fuel gases, CO and/or H2 react with the emerging 0" ions
to form reaction products CO2 and/or HZO' Electrons emerge from the
fuel electrode. In this way the fuel electrode becomes negatively

charged.
These three layers -- an electrolyte sandwiched between two

electrodes -- constitute a single solid-electrolyte fuel cell. The
voltage developed between the electrodes of the cell is a function of
the oxygen partial pressure gradient between air and the fuel gas. When
current is drawn, the cell voltage lies, typically, between 0.95 and 0.65
volt.

Electrical energy and power is delivered by the cell when a
load is connected between the two electrodes. Electrons will then flow
from the negative fuel electrode to the positive air electrode through
the load circuit. Current can be drawn from a cell, as long as air
and fuel gases are supplied and the combustion products removed. Cur-
rent densities of 300 mA/cm2 have been obtained from solid-electrolyte
cells, while still maintaining cell efficiency at 80 percent. The out-
put voltage produced at such currents is a function of the ohmic losses
and concentration polarization losses in the electrodes.

B.2.2 Fabrication of Fuel-Cell Stacks

To obtain the voltages required for a practical system, cells
must be connected in series. The technique, illustrated in Fig. B.3,
provides a potentially low-cost method of making a series-connected
stack of cells. This modular stack design is aimed at minimizing ohmic
losses at relatively high current densities. It is necessary to provide
an electrolyte surface area of approximately 5 ftz/Kw. based upon state-
of-the-art single cell performance.
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Fig. B.3 Cross-Section of the Westinghouse Thin Film,
High-Temperature, Solid Electrolyte Fuel-
Cell Stack

A group of cells, each about 0.5 cm wide around a porous tube
of about 1.3 cm 0.D., are series-connected to form a stack. As schemati-
cally shown in the cross-section of Fig. B.3, all cells on the tube are
series-connected by joining the air electrode of one cell to the fuel
electrode of an adjoining cell, through an electronically conducting
interconnection. The interconnection must be fabricated as a gas-tight
film, just as in the case of the electrolyte. Particular attention must
be paid to the junction between the electrolyte and interconnection films
to ensure gas impermeability in this region as well.

As indicated in the figure, a solid-electrolyte fuel cell stack
consists of five components: an air electrode, a solid-electrolyte, a
fuel electrode, and a cell interconnection, all approximately 50 um, and
a porous support tube with an approximate wall thickness of 1000 um.
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B.2.3 Operation of the High-Temperature Fuel Cel!

To produce a practical energy system, individual cells must
be assembled in such a way as to generate large voltages and sizable
quantities of power,

Therefore, the basic solid-electrolyte fuel cell system would
include a fuel cell generator, a ceramic heat exchanger and a DC and AC
inverter. Coal-derived fuel gas (a CO and H2 fuel gas mixture) is fed
to the fuel cell generator, which has been treated to remove particulate
material and excess sulfur compounds. In the generator, the fuel gases
are electrochemically oxidized to COZ and HZO'

The fuel cell generator will operate at ~1000°C for the follow-
ing reasons: (a) the resistivity of the solid electrolyte is sufficiently
Tow (220 @ cm) to permit high levels of electrical efficiency at high
current densities, (b) the heat released in the fuel oxidation can be
efficiently used elsewhere.

A battery design study has indicated that power densities of
7 ku/ft3 of fuel cell module are achievable with state-of-the-art
materials and fabrication processes, when the stacks are operated at
80 percent electrical efficiency.

The air necessary for the operation of the generator is brought
in separately. The N2 of the air and the unreacted 02 emerge from the
generator, exchange heat with the incoming air, and exhaust to the
surroundings. AC power is available at the DC converter network.

B.2.3.1 The Fuel Cell-Heat Exchanger System

Figure B.4 indicates the components of a possible HTSOE fuel
cell generator-heat exchanger system. Here the fuel cell generator
would be composed of a high-temperature, heat exchanger component that
is integrated with the cell stacks. The system would allow the final
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heating of fuel and air in e ceramic heat exchanger to the opera;ing

temperature of the cell stacks. A ceramic heat exchange is nece;sar}
because of the unavailability of metallic alloys that are stable at

1000°C for extended periods of time.

B.2.4 High- Temperature Industrlal Co- Generatlon Sys tems

A potential appllcatlon for the HTSOE fuel cell would be in an
industrial cogeneration plant. Such a plant would have an output of
~50 MWe and would be capable of delivering steam from an off- gas,'Waste
heat boiler to an industrial process, or for power generation (by a
steam turbine), or both. '

B.2.5 Fuel Cell Industrial Cogeneration

For ;hegeogeheration.scheme the fuel cell auxiliary systems
components and their flow diagram interrelationships are given in Fig.
B.5. The coal ges.supply system (not shown) would deliver elean, pipe-
line coal gas to the cogeneration system. Salient features of this
system would include the follow{ng:

1. CoaiigaS‘would arrive from some central gasification
facility, would be distributed to the industrial site
at an intermediate Btu value, and would be delivered
atil bar, with no more than 100 ppmv HZS, with pro-
vision for additional desulfurization, if needed.

2. Products of. combustion from this gas would contain
less than 0.1 1b. 502106 Btu to meet any SO2 control
level now in existence, or proposed,
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Fig. B- 5 — Proposed HTSOE fuel cell auxiliary systems



3. Fuel and air preheaters would use 800°C gas from the fuel

~ cell outlet combustors.

§. Start-up heat would be supplled at 900°C for a limited ‘
period of time, to provide start-up fuel and air at 800°C
to the fuel cells. These cohditions represent the maximum
temperatures that wéuld be achieved in the heat exchanger
(only during the last few hours of cell start-up heating).

5. Préheater materials and design would consider the presence
of HZS in the fuel gas to avoid carbon deposition from a
reverse Boudouard reaction. '

6. Steam from the off-gas waste heat boiler would be used by

| ‘ an industrial process, adjacent to the fuel cell site, -
or for power generation, or both.
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