UNCLASSIFIED

AD NUMBER
AD472900
LIMITATION CHANGES
TO:
Approved for public release; distribution is
unlimted. Docunent partially illegible.
FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Operational Use; JUN 1965. O her
requests shall be referred to Arny El ectronics
Command, Attn: AMSEL-KL-PB, Fort Monnouth, NJ.
Docunent partially illegible.

AUTHORITY

usaec Itr, 1 may 1968

THISPAGE ISUNCLASSIFIED




SECURITY
MZE RKING

The ~lassifies or limited status of this report Joplies
to zac:. Dage, uriess otherwise marked.
Separate page printouts MiJST be marked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 793 AND 794. THE TRANSMISSION OR THE REVELATION OF

ITS CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY
LAW.

NOTICE: When government or other drawings, specifications or othgr
data are used for any purpose other than in connection with a defi-
nitely related government procurement operation, the U. S. Government
thereby incurs no responsibility, nor any obligation whatsoever;.and
the fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data is not
to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or nermission to manufacture, use or sell any patented invention that
may in any way be related thereto.




BEST
AVAILABLE COPY



S HYDROCARBON-AIR
. H
%\; FUEL CELL
g
F G
o
b Report No. 7
t Contract No. DA ~%-039 AMC-03743(E)
( : ARPA G:der No. 247
¢ g
— Task No. 7900.21.903.01.00.
= " Semi-Annual Report No. 3, 1 Jan. 1965 - 30 June 1965
o =

U.S. Army Electronics Command

Fort Monmouth, New Jersey

. \\,1\ .
ESSO RESEARCH AND ENGINEERING COMPANY

PROCESS RESEARCH DIVISION -
LINDEN, NEW JERSEY )

PcRD-4M-65




gy

o T

HYDROCARBON-AIR FUEL CELL

REPORT NO. 7

CONTRACT NO. DA 36-039 AMC-03743(E)
ARPA ORDER NO. 247
TASK NO. 7900.21.903.01.00.
SEMI-ANNUAL REPORT NO. 3, 1 JAN. 1965 - 30 JUNE 1965

OBJECT: CONDUCT INVESTIGATIONS LEADING TO THE DEVELOPMENT OF

b I P T LY T R R

ol

|

| o

| gt |

i I i |

T R PR e

HYDROCARBON AND METHANOL FUEL CELLS

Authored by:

William R. Epperly
Eugene L. Holt
Hugh H. Horowitz
Duane G. Levine
Charles E. Morrell

™ Barry L. Tarmy
James A, Wilson
Morton Beltzer
Gecrge Ciprios
I-Ming Feng

Donald E. LeClair
Martin Lieberman
John M. Matsen

Andreas W. Moerikofer

Eugene H. Okrent
Robert K. Resnik
Joseph A. Shropshire
Charles E. Thompson
Herbert H. Vickers

Elliot A. Vogelfanger

Abraham A. Zimmerman

The work performed under t

through the U.S. Army Elec

his contract was

ma-de possible by the support of the Advanced
Research Projects Agency under Order No. 247,

tronics Command.

Esso Research and Engin

eering Company

Process Research Division

Linden, New Je

rsey




Frismsrd

e |

e A R TS T

A ———————————
[ B i I |

g

Section
1

2

CONTENTS

PURPOSE

ABSTRACT

2,1 Task A, Hydrocarbon Electrode
2.2 Task B, Hydrocarbon Fuel Cell
2.3 Task C, New Systems

Task D, Methanol Electrode
Task E, Air Electrode

Task F, Methanol Fuel Cell
Task G, Prototype Development

UBLICATIONS, LECTURES, REPORTS, AND CONFERENCES
+1 Lectures
+2 Conferences
+3 Reports
+4 Publications
FACTUAL DATA
4.1 Task A, Hydrocarbon Electrode
Phagse 1 - Hydrocarbon Adsorption Rates
Phase 2 - Studies of the Effects of the Physical
Nature of Platinum Catalysts on Performance
Increasing Platinum Utilization
Electrode Structure Studies
- High Surface Area Alloys
- Mixed Perovskites
- Transition Metal Complexes and Redox
Catalysts
4.2 Task B, Hydrocarbon Fuel Cell
Phase 1 - Studies in Hydrocarbon Fuel Cells
Phase 2 - Hydrocairbon Cell Design
4.3 Task C, New Systems
Phase 1 - Pyrophosphoric Acid Electrolytes
Phase 2 - Buffer Electrolytes
Phase Air Electrodes for Buffer Electrolytes
Phase 4 - Buffer Electrolyte Total Cells
Phase 5 - Non-noble Catalysts for Methanol
Oxidation
Phase 6 - Slurry Catalyst Systens
4.4 Task D, Methanol Electrode
Phase 1 - Studies of Ruthenium Modified P-type Catalyst
Phase 2 - Studies of Methanol Electrode Structure
4,5 Task E, Air Electrode
Phase 1 - Membrane-free Electrode
4.6 Task F, Methanol Fuel Cell
Phase 1 - Total Cell Operation
Phase 2 - Direct Feed Methanol Cell
4.7 Task G, Prototype Development
Phase 1 - Self-Contained Methanol Multicell Unit
Phase 2 - Operating Characteristics of Sixteen Cell
Stack
Phase 3 - Auxiliaries and Controls

Phase
Phase
Phase
Phase
Phase

~NoyWw oW

VP WN =
L]

Page

[ 0 W< NV I S L FL g P

00 ~N N~~~




Section
5

CONCLUSIONS

CONTENTS

Hydrocarbon Electrode
Hydrocarbon Fuel Cell
New Systems

Methanol Electrode
Air Electrode
Methanol Fuel Cell
Prototype Development

PROGRAM FOR NEXT INTERVAL

IDENTIFICATION OF PERSONNEL AND DISTRIBUTION OF HOURS

7.1 Backgro
7.2 Distrib

REFERENCES

Appendices
Appendices
Appendices
Appendices
Appendices
Appendices

Appendices

und of New Personnel
ution of Hours

for Task A
for Task B
for Task C
for Task D
for Task E
for Task F

for Task G

ii

Page
121
121
122
122
124
124
124
125
127
131
131
131

133

135
182
184
207
218
222

235




b

o S i

e S s

Appendix

A-1
A=2

A-10

A-13
A-14

A-15
A-16
A-17
A-18
A-19
A=-20
A=21
A-22
A-23
A=24
A=25

B-1

Equipment Used for Butane Adsorption Rate Measurements

Summary of Butane Adsorption Rate Measurements on Platinum-
Continuous Scan

Typical Butane Adsorption Rate Curves

Summary of Butane Adsorption Rate Measurements on Platinum-
Sawtooth Scan

Estimation of Fxpected Butane Adsorption During Voltage Scan in
Flowing Electrolyte Systems

Electrochemical Charactarization of Plaintum Black

Replacement of Adsorbed Butane with Hydrogen

Equilibrium Hydrocarbon Adsorption Measurements

Implications of a Two=Site Interaction in the Oxidation of
Carbonaceous Fuels

Butane Adsorption - Non-Platinum Catalysts

Catalyst Structure Studies--Sintered Platinum Teflon Electrodes
Catalyst Structure Studies--Sintered Platinum Teflon Electrodes
Catalyst Structure Studies--Sintered Platinum Teflon Electrodes
Statistical Evaluation of Platinum on Carbon Preparation Vari-
ables

Platinum on Carbon Catalysts

Platinized Carbon Teflon Electrodes

Gas Phase Electrodes--Sintered Carbon-Teflon Structures

High Surface Area Alloys

Preparation and Properties of Perovskites

Corrosion Tests on Perovskites

Polarographic Methods for Perovskite Corrosion Tests
Conductivity Tests on Corroded Perovskites

Perovskite X-Ray Data

Evaluation of Group IV Perovkites for Oxygen Activity

Redox and Cyano Complexes

Gasification within Hydrophobic Porous Matrices

Hydrocarbon Performance on Sintered Platinum-Teflon Electrodes
in Pyrophosphoric Acid

Butane Per formance with Catalyzed Carbon Electrodes in Pyro-
phosphoric Acid

Oxygen Per formence in Pyrophosphoric Acid

Electrode Performance8in Equilibrated Concentrated Buffer
Effect of Dual Electrode Arrangement on Performance

Cathode Performances in Concentrated Buffer Electrolyte
Effect of Methanol on Silver Cathode

Buffer Total Cell Performance

Catalyst Screening Studies on Methanol

Slurry Catalyst Experiments

Analysis of Slurry Electrodes

Dependence of Anode Polarization on Methanol Concentration
Effect of Teflon Spray Coat on Methanol Electrode Performance
Catalyst Activity Maintenance During Storage

Summary of Life Testing on Ruthenium Modified P-type Catalyst
Methanol Catalyst Performance

Statistical Evaluation of Methanol Catalyst Activity

iii

Page

135
137

139
140

142

143
145
146
149

153
154
155
156
157

160
161
162
163
164
170
176
178
179
180
181

182
184
185

186
187
188
189
190
191
192
199
200

207
208
209
210
211
212




Appendix

Per formance of Diluted Catalyst

Per formance of Ruthenium Modified P-type Catalyst
Performance of Platinum-Black Catalysts
Performance of Supported Catalysts

Coated Electrode Performance Studies

Effect of Spray Coatings on Cathode Per formance

Effect of Coating Thickness on Polarization of Coated Cathodes
Testing of Teflon Spray Coated C- hode in 9" x 5-3/" Total
Cell

Effect of Gold on Methanol Electrode Per formsnce

Effect of Screen Composition on Performance of 9" x 5-3/4"
Methanol Electrodes

Effect of Methanol Concentration on Per formance of 9" x 5-3/4"
Methanol Electrodes

Air Half Cell Studies of Effect of Methanol on Performance
Determination of Rate of Methanol Oxidation at the Cathode by
Exhaust Gas 2nalysis

Total Cell Facility Used to Evaluate Effect of Surfactants

on Methanol Battery Electrodes

Effect of Surfactant on Methanol Battery Electrodes

Total Cell Operation Studies

Methanol Multicell Assembly
Auxiliary Rack

Initial Performance of Methanol Multicell Unit

Methanol Performance of Sixteen Cell Battery with Conventional
Tantalum Screen Anodes

Initial Performance of Sixteen Cell Methanol Bettery with Gold-
Plated Tantalum Screen Anodes

Variation of Sixteen Cell Stack Performance with Time
Variation of Ohmic Losses in Sixteen Cell Stack with Time
Explanatory Notes on Computer Data

Detailed Performance of Methanol= Air Sixteen Cell Stack
Performance of Methanol-Air Sixteen Cell Stack

Operation with Formaldehyde as Fuel

Methanol Analyzer Test Cell

Summary of Methanol Analyzer Data Cyanamid AA-l-Permion 1010
Element; 3.7 M H2804

Fifty Ampere Constant Current Load and Driver

iv

Page

214
215
216
217

218
219
220
221

222
223

224

225
228

231

232
233

235
242
252
253

254

255
256
257
261
263
284
285
286

287

o §

S e




ILLUSTRATIONS

Figure Eage
A-1 Butane Accumulation versus Flow Rate 11
A=2 Potential Dependence of Adsorption Rates 12
A=3 Effect of Hydrogen Coverage on Butane Adsorption Rate . 13
A=4 Electron Micrograph of High Performance Cataly=st 20
A=5 Electron Micrograph of Poor Catalyst 20
A=6 Effect of Pore Volume on Performance 21
A-7 Activation of Sintered Carbon-Teflon Electrodes 25
A-8 Activation Energy on Sintered Carbon-~Teflon Electrodes 26
A=9 Effect of Catalyst Loading-Sintered Carbon-Teflon Electrodes 27
A-10 Catalyst Utilization - Sintered Carbon-Teflon Electrodes 28
A-11 Decane Performance of Sintered Carbon-Teflon Electrodes 29
B-1 IR~-Free Performance of Decane=-Oxygen Cell 45
B-2 Schematic of Hydrocarbon Total Cell Test Facility 47
Cc-1 Conductance of Pyrophosphoric Acid 49
C-2 Water Vapor Influence on Butane Activity 50
Cc-3 Effect of Water Vapor on Butane Li~i i.g Current 51
C=~4 Per formance of Platinum=Teflon Ele“rrodes in Phosphoric and 33

Pyrophosphoric Acids
C=-5 Effect of Methanol Feed on Perform:zice 54
D-1 Methanol Concentration Dependence of Ruthenium Modified P-type 64
Catalyst
D=2 Effect of Methanol Concentration on Limiting Current 65
D=3 Effect of Catalyst Loading of Ruthenium Modified P-type Catalyst 73
D~4 Area Effects in Platinum Blacks 75
D=5 Effect of Reducing Technique on Activity of Carbon Supported 77
Ruthenium Modified P-type Catalyst
F-1 Effect of Annde Exposure on Performance of Ruthenium Modified 84
P-type Catalyst
F=2 Effect of Cathode Exposure on Performance . 85
F-3 Effect of Methanol Concentration on Anode Perfcrmance 86
F-4 Effect of Methanol on Cathode Per formance 87
F-5 Effect of Methanol Concentration on Direct Oxidation at the 88
Cathode
F-6 Effect of Current Density on Direct Oxidation cf Methanol at 89
the Cathode
F=7 Effect of Air Rate on Direct Methanol Oxidation 90
F-8 Direct Feed Methanol Cell 92
F-9 Performance of Natural Air Convertion Methanol Cell 95
G-1 Meth&nol Multicell Assembly 96
G=2 Per formance of Multicell Unit 98
G=3 Effect of Gold-Plated Tantalum Screens on Performance of Multi- 99
cell Unit
G=4 Comparative Per formances of Methanol Fuel Cells 100
G=5 Power Output of Sixteen Cell Stack 101
G=6 Distribution Losses in Sixteen Cell Stack Performance 102
G-7 Per formance Stability with Time 103
G-8 Effect of Methanol Concentration and Conversion Rate on Stack 104
Per formance




G-10
G-11
G=-12
G=13
G-14
G-15
G-16
G-17
G-18
G-19
G-20
G-21
G-22

Effect of Methanol Concentration on Cell and Electrode Per-
formance

Distribution of Anode Polarizations in Sixteen Cell Stack
Effect of Air Rate on Performance

Effect of Temperature Profile on Distribution of Cell Voltage
Typical Startup Characteristics from Ambient Conditions
Effect of Inlet Air Conditions on Water Loss Rate

Comparison of Measured with Calculated Water Loss Rates
Effect of Operating Variables on Chemical Oxidation

Effect of Methanol Conentration on Chemical Uxidation

Effect of Water Transport Rate on Chemical Oxidation

Effect of Formaldehyde on Sixteen Cell Stack Performance
Analyzer Response to Methanol Concentration

Diffusion-Type Methanol Analyzer Temperature Correction Circuit
Electrolyte Gear Pump

vi

105

106
107
108
109
111
112
113
114
115
116
117
119
120




b8

-

£
4
[+

D-8

TABLES

Relative Adsorption of lower Hydrocarbons

on Platinum in HySOy

Electrode Performance of Various Platinum Slack
Catalysts

Catalyst Structure Charact2rization

Variation of Butane Performance with Carbon Supported
Pt Catalysts

Effect of Silica on Platinum-on-Carbon Performance
Effect of Fabrication on Performance of Sintered
Carbon-Teflon Electrodes

Comparison of Sintered Carbon-Teflon Electrodes and
Sintered Platinum-Teflon Electrodes

Summary of Alloy X-ray Data

Activity of Gold Alloys

Elements Included in Perovskites

Acid Resistance of Stoichio etric Nickel and Cobalt
Perovskites

Acid Resistance of Stoichiometric Strontium Perovskites
Acid Resistance of Non-Stoichiometric Perovskites
Re-Absorption of Metal Ions from Enriched Corroding
Solutions

Comparison of Corrosion of C:'alt Perovskites by HpS0,-
CoSOa Mixture

Corrosion of Non-Stoichiometric Cobalt Perovskites by
H2804-Co804 Mixture

Highest Conductivities Attained by Introduction of Non-
Stoichiometry

Effect of Doping and Firing Atmosphere cn SrNig, g75Ta0.2502, 30
Compositions

Effect of Acid Treatment on Conductivities of Non-
Stoichiometric Percvskites

Perovskite Stabilization of Carbon Electrodes
Cyclopentadienyl Complexes Tested

Hethanol Performance in Presence and Absence of Flouride Ions
Effect of Dual Electrode Arrangement on Performance
Performance of Silve: Cathodes in Cesium and Potassium
Solutions

Catalyst Activity in Strong Alkali and Phosphate Buffer
Electrolyte

Effect of Teflon Coating on Methanol Electrode Performance
Effect of Water Purity on Performance

Effect of Methanol Concentration in Storage on Anode Performance
Total Cell Life Tests

Effect of Various Diluents on Ruthenium Modified P-type

Catalyst Performance

Effect of Two-Layered Electrode Structure

Effect of Binder and Porosity in Tantalwn Diluted Electrodes
Effects of Catalyst Loading with Ruthenium Modified P-type
Catalyst

vii

Page
1’.

18

39

41
43

56
59
62
66
67
68
69
70
71

73

g LR




Table
D-9
D-10
D-11
E-1

E-2
E-3

Effect of Reducing Agents on Ruthenium Modified P-type
Catalyst

Correlation Between Surface Area anu Activity of
Platinum Blacks

Performance of Supported Methanol Catalyst

Polarization Studies of Coated Cathodes
Effect of Methanc' Congcentr.cion
Effect of Couting Thickness on the Leak Rate of Electrolyte

Effect of Increased Conductivity on Performance

Effect of Surfactant on Methanol Cell Performance
Lompariscns of Direct Feed and Circulating Fuel-Electrolyte
Effect of Diffusion Barriers on Methanol Cell Performance

Ohmic Losa Data for Sixteen Celi Stack

Effect of Varying Inlet Temperatures on Thermal Stability
of Methanol Stack

Methancl Analyzer ‘lemperature Ccrrection

viii

Page
74

76

77

104
110

119

il

"

S

L2

1

I

v

e

PR EEHIH AR 1T M

% In- 1 J
o =
o

[ E——]

o

—

#

]

,‘
| M

rmnm J

i;kh 43

5
=
=
2
E
E:
=
E
=
g
=

TR



' :::WMI

L LT

pe

| i |

»

]

ol

bn

AR TR T

11

b

EATT NI A

e S e |

APPENDIX ILLUSTRATIONS

Figure Page
A-1 Flow System for Butane Adsorption Measurements 136
A-2 Expected Butane Adsorption During Scan 138
A-3 Hydrogen Coverage versus Potential 144
A=4 Comparison of Butane and Formaldehyde Performance 151
Cc-1 Particle Potential verrus Time 202
c-2 Slurry Catalyst Efficiency 204

t

E-1 Comparison of Teflon and Silastic Coated Cathodes 220
F-1 Analysis of Cell Operation from Exhaust Gas Composition 230
G-1 Electrolyte and Air Flow Patterns to Sixteen Cell Stack 236
G-2 Electrolyte and Air Flow Patterns Within Cell Frames 236
G-3 Individual Cell Components 237
G-4 Methanol Multicell Assembly Electrical Circuit 238
G-5 Blower Control Circuitry 239
G-6 Blower Control Characteristics 240
G-7 Effect of Blower Voltage on Stack Performance 241
G-8 Auxiliary Rack 242
G-9 Schematic Flow Plan of Auxiliary Rack 243
G-10 Front Panel of Feed Rate Controller 244
G-11 AC Power Circuit for Auxiliary Rack 245
G-12 Electrolyte and Methanol Pump Vernier Calibrations 246
G-13 Pump Rate and Liquid Level Controls for Methanol 247
- Multicell Assembly

G-14 Front Panel of Electrical Load 248
G-15 Electrical Load Panel 248
G-16 Typical Plateau for Maximum Performance 249
G-17 Recommended Methanol Feed Rates 250
G-18 Recommended Electrolyte Recycle Rates 251
G-19 Constant Current Load and Driver for 50 Amperes, 288

800 Watts Operation

APPENDIX TABLES

Table Page
z-l Hydrogen Deposition of Platinum as a Function of Potential 143
A-2 Oxidation Characteristics of Various Fuels in Sulfuric 151
- Acid Electrolyte
A-3 Calculation of Independent Measure of Variance 157
A-4 Data Used in Electrode Evaluation 158
A-5 Statistical Evaluation of Electrode Activity 158
A-6 Data Used in Evaluation of Activation Technique 159
A-7 Statistical Evaluation of Actilvity 159
D-1 Data for Statistical Evaluation of Methamnol Catalyst 212

Activity
ix

1 H I TSR THT IO aee

WL

L

HERtRIRG

HIHS

SR H T IR

IR BN A . (RS



AL

i Lo

b

SECTION 1

PURPOSE

The purpose of these investigations is to perform research on the basic
components of fuel cells using electrolyte-soluble carbounaceous fuels and fuel cells
using hydrocarbon fuels. One objective, which is a continuation of the work carried
out under contracts DA 36-~039 5C-89156 and DA 36~-039 AMC-00134(E), is to improve the
performance of methanol~air fuel cells and to incorporate improved components into
milticell batteries to study the engineering problems of multicell operation. A
second objective is to determine the feasibility of hydrocarbon-air fuel cells.

The major emphasis of the program is on the simultaneous rescarch and
development on all basic aspects of the cells to optimize performance of the entire
cell and to take into account interactions between components.

This work is aimed toward the development of practical fuel cells using
hydrocarbons or their partially oxygenated derivatives as fuels and air as oxidant.
The fuels must be capable of reacting to carbon dioxide, be x»easonably available,
and pose no unusual corrosion, toxicity, or handling problems. Also, the cell must
use a COp-rejecting electrolyte and operate at temperaturesup to about 200°C. Other
desired requirements include high electrical output per unit volume and weight, high
efficiency, long life, high reliability, reasonable cost, particularly catalyst cost,
and ruggedness.

The program is divided into seven parts. These are referred to as Tasks
A through G in this report. Tasks A and D describe studies of catalysis and
structure at the hydrocarbon and methanol electrodes, tespectively. Air electrode
research is discussed in Task E. Task B includes work to assess performance in
liquid hydrocarbon-oxygen cells. Task F deals with work on establishing the
basic methanol cell design, especially with regard to the operation of all com=
ponents in a single cell. Task G is concerned with work on the development of
methanol multicell systems. Finally, Task C describes exploratory studies aimed
at new approaches to fuel cells.
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SECTION 2

ABSTRACT

2.1 Task A, Hydrocarbon Electrode

Two general approaches were taken toward solution of the important cata-
lyst cost problem. One involved studies aimed at under3:tanding and improving the
operation of noble metal catalysts. The other was to seek new, non-noble catalysts.

A comparative study of a number of platinum black catalysts prepared by
different reduction procedures was made. The steady-state activity of these cata-
lysts varied by a factor of one hundred, but all this variation could be attributed
to structural features of the catalysts, rather than to their intrinsic catalytic
properties. The abilities of the catalysts to electrochemically oxidize preadsorbed
butane were all the same, as reported previously. It was shown that the rates at
which they adsorbed butane, in the presence of electrolyte, were also essentially
the same. Only the pore volume of .he catalyst correlated with the steady-state per-
formance, higher pore volumes resulting in better performance. Electron micrographs
confirmed that the more porous catalyst structures were superior to the dense agglam-
erated structures.

The technique for measuring adsorption rates, mentioned above, was quite
unique and led to some potentially valuable information about the action of platinum.
The method involved flowing electrolyte, saturated with butane,through a porous metal
frit on which the catalyst was mounted. At high flow rates mass transport limitations
were overcome and fuel accumulation was adsorption rate limited. With this method it
was found that the steady-state performance of static electrodes corresponded to
that calculable on the basis of the adsorption rates. This indicates that the cata-
lyst in the optimized electrode structures is functioning quite efficiently. Fuel
transport is apparently not a problem in a properly compounded electrode. Secondly,

a study of the effect of potential on the adsorption rate was carried out in the

potential range of hydrogen adsorption. The rate of butane adsorption was proportional

to the number of hydrogen sites of the '"second kind'" that were left uncovered. No
adsorpt ion would occur on the hydrogen sites of the "first kind," and butane
desorption occurred when hydrogen of the first kind was forced onto the platinum by
cathodization. This result indicates the importance of the two different types of
platiuum sites, as recognized by their characteristic hydrogen peaks .n voltammetric
scans, upon the oxidation of carbonaceous fuels. Many characteristics of the activity
of various carbonaceous fuels, including voltage osciilations, could be explained on
the basis of mechanisms involving the two sites. It has not been determined whether
variations in the ratios or nature of the sites are possible, The effect of such
variations on hydrocarbon oxidation is also unknown.

To further improve the utilization of platinum, the use of a carbon support
was studied. Standard impregnated platinum-on-carbon matched platinum black in
specific activity, giving limiting currents of 8 ma/mg of platinum on butane at 150°C.
By using impregnation procedures designed to maximize adsorption and by treating the
carbon with silica it was possible to double this activity. Similarly, by fabricating
extremely thin electrodes it was possible to double the base level activity. Combina-
tion of these two beneficial effects is to be explored in the future. A study of the
operation of these electrodes with liquid decane fuel was also begun, with promising
initial rosults,
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In the area of non-noble catalysts, both alloys and compounds of the
transition metals have been studied, Attempts were made to prepare high surface
area alloys by high temperature hydrogen reduction, The experimental technique
proved to be difficult and the degree of alloying low, Other techniques, in particu-
lar using ternary Raney alloys, are to be emphaslized in the future, The alloys were
chosen on the basis of electronic structure, geometry,and chemical reactivity, Most
interesting were alloys of gold with iron and cobalt, which showed activity on hy=-
drogen in alkali. However, difficulty in maintaining activity and in making repeat
preparations has prevented adequate checks for electrochemical corrosion stability,

Considerable effort has been spent making and testing mixed oxides of
the perovskite lattice structure containing transition metals known to have catalytic
properties, A wide variety of compositional and stoichiometric variations are
possible with these compounds, The problem is to tailor them to meet the fuel cell
requirements of conductivity and corrosion resistance, It was found that stoichio-
metric perovskites were quite acid resistant, but had very poor conductivities. The
incorporation of lattice deficiencies, principally oxide ion vacancies, improved the
conductivities markedly with some sacrifice in acid resistance, Within this broad
guneralization there was a wide variation in behavior, Nickel perovskites generally
showed excellent acid resistance, actually coming to equilibrium with small quanti-
ties of nickel ion in the corroding acid, However, it was very difficult to make
these compounds conductive., The best conductivities were achieved by doping with
laathanum, Cobalt compounds could be made very conductive by the incorporation of
lattice deficiencies, tut they then lost most of their acid resistance, With both
nickel and cobalt the combined target properties could be approached but not met,
Finally, it was found that conductivities imparted by oxide ion deficiencies were
rapidly lost upon exposure to acid. Thus, it appears that the only satisfactory perov-
skites will be stoichiometric compounds with conductivities imparted by valence varia-
tions rather than by lattice defects, Perovskites containing manganese in the two,
three, and four valence states have already shown some promise,

In still another approsch to non-noble catalysts, a number of cyano and
cyclogentadienyl complexes have been checked for catalytic activity. The results
have not been promising so far. A uranyl salt has shown some activity with methanol,
however, and is to be investigated further.

2.2 Task B, Hydrocarbon Fuel Cell

Total cell tests on liquid decane and oxygen were scaled-up to 4 inch
electrodes to assess possible problems in an engineered cell. Performance equaled
results from previous smaller laboratory cells, 20 mwatts/cm?.

2.3 Task C, New Systems

A new electrolyte system, pyrophosphoric acid, has demonstrated adequate
conductivity and buffer capacity at temperatures in excess of 200°C. Butane was
highly active in this electrolyte on sintered platinum-Teflon electrodes, particularly
when water vapor was added. Oxygen was also extremely active, with open-circuit
polarizations approaching theoretical values. The oxygen performance was not
sensitive to water vapor. Lower performance was obtained with low catalyst content
electrodes, but the importance of electrode structural variables indicated that
further improvements are possible. Other studies with concentrated buffer electrolytes
have suggested that attainment of a steady-state pH in the presence of carbon dioxide
is a rate controlled process, and with suitable operating conditions a pH level higher
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than predicted from equilibrium considerations might be maintained. Performances

of various reactants in carbon dioxide treated buffers was poorer than expected.

The reason for this is not yet known. Cesium fluoride addition to less concentrated
buffers did not impair methanol performance and allowed higher operating temperatures.

The dual structure cathode was analyzed in terms of the functions of each
component. Only the sheet facing the air chamber was found capable of supporting
appreciable currents. The sheet facing the electrolyte acted primarily as a barrier
to help maintain an interface. Performances of platinum or silver dual electrodes
were very poor in concentrated cesium di- and tribasic phosphate buffer and in cesium
carbonate. However, in 6 M potassium carbonate, high activities were achieved, with
the silver system equivalent to the platinum. In addition, the silver air electrode
was insensitive to methanol, with no polarization debit or chemical oxidation occurring
in the presence of fuel. A total cell test of the silver cathode with a P-type
anode in 6 M potassium carbonate gave a net power output of 18 mwatts/cm?Z.

Studies of inexTc.sive methanol catalysts were carried out with transition
metal or gold alloys, as well as transiticn metal compounds. These were tested in
potassium hydroxide and in potassium di- and tribasic phosphate buffer. Although
a number of stable materials were found, none had satisfacto-'v catalytic activity.
Several unsuccessful attempts were also made to reduce metal uxides with decane in
concentrated carbonate electrolyte. Finally, tests of slurried catalyzed carbon
powders, suspended by bubbling decane through the electrolyte, showed no catalyst
utilization advantages over static systems.

2.4 Task D, Methanol Electrode

Studies with the ruthenium modified P-type catalyst were extended to improve
its overall performance in methanol-air batteries. The sensitivity to methanol con-
centration was determined to better define the fuel requirements which must be kept
as low as possible to maximize fuel efficiency. The results showed that a minimum
of 0.25 M methanol should be maintained in the expected operating range of current
density to prevent significant performance loss at the anode. Sprayed Teflon coatings
on one side of the anode were found to have no adverse effect on the performance of
ruthenium modified P-type anodes. Resistance was increased only slightly. Such
coatings could be useful as methanol diffusion barriers to minimize fuel loss through
chemical oxidation at the cathede as described in Task F. Ruthenium modified P-type
anodes were found to be only slightly sensitive to water purity. Use of distilled
water instead of distilled and deionized water caused no performance debit. Even
the use of tap water resulted in only a 0.04 volt loss at 50 ma/cm? in these short
term tests. Effects on life have not been determined. Electrode vibration tests
up to 100 cps with 0.375" displacements showed that the catalyst-electrode ccntact
is tenacious and, therefore, catalyst attrition from the elect<ode should be minimal.
Finally, storage and life tests have been extended to 4000 and 8000 hours, respectively.
The ruthenium modified P-type catalyst has shown excellent stability at a variety of
conditions in these tests.

Methanol electrode structure research has been extended to reduce noble metal
costs in methagol-ait cells, Studies'with the present types of structures containing
about 25 mg/cm® of ruthenium modified P-type catalyst showed that reducing catalyst load-
ing by more than fifty percent could result in significant performance losses. These results
agree with measurements on tantalum-diluted catalysts., Attempts to increase the availability
of the catalyst and, therefore, its utilization by making two-layered electrodes or
increasing porosi:y were not successful, Various reduction techniques were attempted
to see if improvements in ruthenium modified P-type catalyst activity were possible.
Reduction by the formaldehyde-sodium aluminate method, reported previously for




hydrocarbon platirum catalysts, gave the best results, However, this catalyst was
inferior to the present hydrogen reduced form. Studies were also made of the effect

of catalyst surface area on performance with methanol., The platinum black catalysts

used in this work varied from 8 to 30 m2/gm with the higher surface area material

giving the best performance, As a result of these findings, studies of supported
catalysts were initiated, Platinum on carbon electrodes with a tenfold reduction in cata=
lyst loading were fabricated which give similar performance to unsupported platinum elec-
trodes, Attempts were then made to reduce the more active ruthenium modified P=type
catalyst on carbon. The resulting activity was strongly dependent on the reduction U
technique with the low temperature hydrogen reduction giving the best results, 10

ma/cm? at 0,35 volts polarization with 2 mg/cm? of noble metal., The performance

showed that the catalytic advantage of ruthenium modified P-type catalyst could be
obtained on supported electrodes but further activity improvements are required.

2.5 Task E, Air Electrode }

=&

Several tests have been carried out to assess the possibility of replacing
the membrane backing at the cathode, used in methanol-air cells, with a coating
applied directly to the electrode surface, With butyl latex, silastic, or Teflon
coatings, the best performance was achieved with the coated side facing the air, 1In
most cases, slightly higher polarizations were measured than for the membrane-clad
electrode, Coating thickness did not affect performance, but did influence the leak
rate, A scale-up debit was found for fabricating larger 9" x 5-3/4" electrodes,
but the magnitude could not be accurately measured,

2,6 Task F, Methanol Fuel Cell

Efforts were directed toward eliminating the 0,1 to (.2 volt performance
debit associated with the use of tantalum screens in the large anodes., This voltage
loss was essentially eliminated by gold coating the tentalum to prevent the formation
of an insulating tantalum oxide film on the surface, Other studies were carried out
to assess the operating characteristics and reliability of different sized cells,
Partial immersion of the electrodes in 4" x 4" cells, which can result from upsets,
storage, or tipping do not adversely affect their activity. In other tests 9" x 5-3/4"
anodes were found to require higher methanol concentrations than smaller electrodes,
This resulted in increased methanol diffusion and oxidation at the cathode.

Further testing was carried out on the development of a direct feed fuel
cell, Porous diffusers were installed for adding methanol into the chamber, where
the carbon dioxide evolved distributes the fuel, Power densities, voltages,and
methanol chemical oxidation rates were comparable to those obtained with electrolyte
circulation, In other tests, it was found that the rates of methanol oxidation at
the cathode can be reduced to below 5 ma/cm? by using diffusion barriers, such as
Dacron felt, between electrodes without impairing performance,

2,7 Task G, Prototype Development

Several sixteen cell multicell units were constructed to evaluate the
operability of a methanol battery. One of these units, with a power output of about
100 watts, was packaged and delivered to Fort Monmouth, The second unit, containing
several improvements, has been under test in the laboratory, Initial performance
was 120 watts or about 25 mwatts/cml. After 275 hours on load during a four month
period, the average cell voltage decline was only about 30 mv, Operation was stable
with good fuel and air distribution, However, chemical oxidation at the cathode was
somewhat higher than desired., Progress was also made on the development of a new
methanol concentration controller and a low power electrolyte circulation pump,
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SECTION 3

PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES

3.1 Lectures

Shropshire, J. A. = Theory of Redox Couples at Carbonaceous Fuel Electrodes=~
Second USAERDL Working Conference, Magnolia Manor,
Magnolia, Massachusetts, May 2-4, 1965,

Epperly, W. R. - Direct Hydrocarbon Fuel Cell--Nineteenth Annual Power
Sources Conference, Atlantic City, New Jersey, May 18, 1965.

Tarmy, B. L. = Methanol Fuel Cell Battery--Nineteenth Annual Power Sources
Conference, Atlantic City, New Jersey, May 18, 1965.

Heath, C. E. = Fuel Cell Materials: Electrodes and Catalysts=--AICHE
Meeting, London, England, June 15, 1965.

Heath, C. E. = Methanol Fuel Cell Catalysis==Journees Internationales

D'Etude Des Piles A Combustible, Brussels, Belgium,
June 21-24, 1965.

2,2 Conferences
January 13, 1965 - Fort Monmouth, New Jersey

Organizationsrepresented: United States Army Electronics Command
Esso Research and Engineering Company

The meeting was a review of progress and plans for the methanol-air
and hydrocarbon-air fuel cells.

March 19, 1965 - Linden, New Jersey

Organizations represented: United States Army Electronics Command
Esso Research and Engineering Company

The meeting was a review of progress and plans for the methanol-air
and hydrocarbon-air fuel cells.

May 4, 1965 - Linden, New Jersey

Organizations represented: United States Army Electronics Command
Esso Research and Engineering Company

The meeting was held to review specific questions related to the methanol-
air fuel cell and hydrocaroon=air fuel cell programs.

3.3 Reports

This report is written in conformance with the detailed reporting requirements
as presented in the Signal Corps Technical Requirement on Technical.Reports
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(SCL~2101P, 18 February 1963) under the terms of our contract; these requirements
differ from the usual requirements for reports issued within Esso Research and
Engineering Company.

3.4 Publications

Shropshire, J. A. and Tarmy, B. L. = The Nitric Ac1d-Oxygen Redox
Electrode in Acid Electrolyte - Advances in
chemistry, No. ﬂ, A.C.S., 153 (1965)0

Shropshive, J. A. = The Cateslysis of the Electrochemical Oxidation
of Formaldehyde and Methanol by Molybdates =
Journai of the Electrochemical Society, 112, 465
(1965)

Shropshire, J. A. = Flow Coulometry « Journal of Electroanalytical
Chemistry, 9, 90 (1965)
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SECTION 4

FACTUAL DATA

4.1 Task A, Hydrocarbon Electrode

Work on the hydrocarbon electrode has concentrated on reducing the cata-
lyst cost. This is because even in favorable cases the catalyst cost is estimated

‘ to be about $5,000 per kilowatt of total fuel cell power. It is estimated that

| cost reductions of the order of a factor of one hundred will be required before
low temperature hydrocarbon fuel cells can be used widely, although many specific

{ applications will become possible with more modest improvements. Two basic ap-
proaches are being taken tcward this goal. Considerable work is being dome to
improve the utilization of platinum, and attempts are being made to find non-

{ noble systems that will catalyze the electrochemical oxidation of hydrocarbons.

Within the area of platinum utilization several apprcaches have been taken.
At first, efforts were made to optimize theplatinum black catalysts. Various chem=
ical reduction procedures were uscd to prepare the blacks, and correlations between
their steady-state anodic activity and their physical and electrochemical proper-
ties were sought. In particular, the rates of adsorption of a saturated hydro
carbon, butane, on platinum black were measured under various conditions. Chemi-
sorption often limits the performance of hydrocarbon electrodes. Any clues as to
means of varying these rates could be valuable. Subsequently, carbon supports were
investigated as means of improving platinum utilization. Previous work had in-
dicated that platinum on carbon has a higher specific surface area than platinum
black and, when activated properly, can yield electrodes of high specific current
density. The present work concentrated on optimizing the structure of such elec-
trodes, and on varying the chemical steps in the catalyst preparation. In additiom,
operation at temperatures above 150°C. has been considered and is discussed under
Task C.

The search for non-noble catalysts was divided into three areas, In one,
high surface area metal alloys were prepared by chermical methods, for testing in non-
acidic electrolytes, Success in this program requires demonstration of alloy forma-
tion and not merely co-reduction, achievement of high surface areas, and choice of
components whose geometric and electronic structure will provide catalytic activity
and corrosion resistance, Secondly, considerable effort was spent on mixed metal
oxides of the perovskite lattice structure, containing transition mctal ions, Pre-
vious work had shown that some of these compounds are amazingly acid resistant, and
that they can be rendered conductive by the incorporatior of lattice deficiencies,

t Compounds combining these attributes were sought for electrochemical testing. Thirdly,
a brief investigation wéds made of a few insoluble transition metal complexes, related

1 to materials of known high electron transfer rates or to soluble hydrogenation cata-

i lysts,

i

2 Phase 1 - Hydrocarbon Adsorption Rates

i

| ¢ In the previous report (6)catalyst studies using the voltage scan technique
indicated that a wide variation in steady-state performance of a series of platinum

- catalysts was possible despite the fact that the catalysts were shown to possess com=-

H parable intrinsic electro-oxidation activity. Since the previous characterization,

8 however, made no attempt to study adsorption rate limitations on the catalysts, an

effort was made during this report period to define maximum fuel adsorption rates
on representative platinum black samples, The variation of adsorption rate with
potential was also measured, Since the adsorption was found to occur in the potential
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Pait a - Flowing Electrolyte System fo.

Measuring But ane Adsorgtion Rates

Hydrocarbon adsorption rates were measured using a flowing fuel- saturated
electrolyte system to eliminate mass transport effects, Butane served as an ideal
model fuel due to its high soiubility and its Structural similarity to the higher
molecular weight hydrocarbons, The catalyst powder was mounted on the upper face
of a porous, fritted tantalum sheet, Elnctrolyte, 3,7 molar sulfuric acid, was
saturated with hutane and flowed through the catalyst layer, The tantalum sheet and
the catalyst were set up electrically to be the anode of a driven cell, and voltage

8cans were run to determine the amount of fuel adsorbed, Appendix A-1 gives & more
detailed description of the set=up,

Three platinum black catalysts were chosen for the initial demonstration
or feasibility runs on the System, These catalyst~ were: (1) Engelhard platinum
black, (2) a sample prepared by HCHY0 reduction of aqueous H2Pt016 in the presence
of A1(OH)3 and, (3) lithium reduced platinum black, The latter two catalysts were
chosen for their wide variations in physical properties und reasured steady state
hydrocarbon performance, to be discussed in Phase 2, Fuel accumulation, i.e., the
quantity of coulombs in the butane oxidation peak,was measured from continuous volte
age scans on the three catalysts at a variety of accessible flow r4ates,

The applirshility of the flow System concept to two of these catalysts
was demonstrerted by the existence of a plateau in fuul actumulstion {during the fivad

scan time) as flow rates increased, This indicated that at high flow rates mass
transport limitations were overcome and adsorption rate became limiting,

Thus, both Engelhard and formaldehyde reduced platinum gave equivalent

fuel accumulation rates independent of flow above 40 cc/min, Excellent reproduci-
bility was alsc obtained at two widely different loadings of Engelhard platinum black,
The lithium reduced catalyst, however, a material of low pore volume and relatively
high bulk density, did not permit sufficient flow rates to reach the transport-inde=
pendent plateau, However, even though it may not have reached the adsorption limit.d
rate, this catalyst already showed two thirds the rate exhibited by the better cata=-
lysts, 1In contrast, the lithium reduced catalyst showed only 15 to 20 percent of

the activity of the other two in steady state per formance tests, Thus, the differences

between the various catalysts are probably not related to their adsorption character=
istics, but to their physical structure (Figure a-1),
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Figure A-1

Butane Accumu}ation versus Flow Rate
95°C, 3.7 M “2304
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On the basis of these results and the similarity of values for the twe platinum
blacks used’ further studies wevre restricted to Engelhard platinum hlack, at loadings
of 10 mg/cm”,

Further confirmation of the limitation of fuel accumulation by adsorption
rather than mass transport was obtained from the temperature dependance of fuel
accumuiation at high flow rates, Thus, a value of 11 kcal/mole was calculated from
the relative increase in accumulated coulombs from 80 to 100°C (Appendix A-2), This
value, much too high to indicate transport limitation, agrees well with the values
obtained previously (5) for the temperature dependence of limiting current for butane
electrodes in sulfuric acid at 100°C.

Part b - Butane Adsorption Rate Versus Potential

Since continuous voltage scans do not give an unambiguous definition of
adsorption time, the study of the effect of potential on adsorption rate was made
using & potentiostatted sawtooth signal in conjunction with the flowing electrolyte
aystem, The scan during the linearly rising part of the signal was used to measure
accumulated fuel coulombs after a given wait period, by integration of the peak,
while the atep function collapse of the signal enabled the return to zero currenc (and

11
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the start of the next fuel accumulation period) within about three seconds. Normally,
six to eight measurements following various 'wait" periods were enough to define the
required coulombs accumulated vs time slope, This slope was generally quite linear

in the time interval up to 50 seconds. The frel accumulation during the scan and
during the previous oxide reduction time period was evidenced as an intercept on the plot
of coulombs versus wait time, A typical set of curves at various starting potentials

is shown in Appendix A-3, The overall adsorption rate is the measured accumulation

rate at a gilven potential plus a correctica for the steady state burnoff rate, observed
as a steady current during the adsorption period, Since this correction becomes larger
as the potential moves positive and eventually renders readings unreliable, measurements
were restricted to € + 0,17 rolts vs S,C.E, (See Appendix A-4 for detailed data)

The overall rates of butane adsorption varied significantly with potential
in the range -0,05 to +0,15 volts vs S,C.E, as shown in Fi ure A-2, A maximum in
adsorption rate appears to occur at +0.10 volts vs S,C,E. with decline as the poten-
tial moves more positive than that value. (See Appendix A-5) The maximum observed
rate is about three times tha steady state limiting current observed previously in
these butane-sulfuric acid systems, For reference, the adsorption potential curve
and typical steady state per formance curve are shown superimposed in Figure A=2,

Figure A-2

Potential Dependence of Adsorption Rates
Butane, 3.7 M H 804, 95°C
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The point at which the extrapolated adsorption rate curve crosses the
Tafel line of the electrode performance curve should correspond closely to the
limiting current observed in galvanostatic steady state measurements. The fact
that the observed limiting current falls in this region is significant since it
indicates that the platinum in a compacted platinum-Teflon structure is being
used as efficiently as that in the flow through system. Allusion will be made to
this point in Appendix B-1 on electrode structure.

The potential range of increasing butane adsorption rate was noted to
correspond to the known potential range of hydrogen coverage. As has been noted
by many previous investigators {7, 8), the adsorbed H on platinum forms two
distinct peaks in the voltage scan trace indicating that two distinct states or
energy levels of adsorbed hydrogen atoms exist on the surface. This differentiation
is clearly evident in the plot of fractional hydrogen coverage versus potential.
Appendix A-6 gives thesedata along with surface areas or oxide coverages of
Engelhard platinum black.

An explanation of the effect of potential on initial adsorption rates
was finally obtained from a I'nowledge of the surface condition with respect to
adsorbed hydrogen atoms. Thus, when initial adsorption rate was expressed as a
function of hydrogen atom coverage for that potential, a linear relationship
was obtained between rdte and 1-9y (Figure A=3).

Figure A-3

Effect of Hydrogen Coverage on Butane Adsorption Rate
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In addition to the linearity, thc intercept of zero rate at 1-8y£0,5
strongly suggests that the adsorption is occurring on only_a single type of H* site
(Type II, more anodic), Thus,as shown in Appendix Figure A-2,the potential of =0,05
volts vs S,C,E, corresponds closely to the inflection in the curve defining H* cover=-
age and also defines the point of zero adsorption rate in Figure A=3, Linearity with
1-8y also implies that the initial adsorption rate, exclusive of area considerations,
protably does not vary appreciably over the potential range investigated,

Part ¢ - Evidence in Support of
Adsorption on Type II Sites

Further evidence in support of adsorption on a single type of He site was
sought in measurements of equilibrium fuel adsorption, Previous studies (6 9) on
butane adsorption on platinum electrodes in sulfuric acid at 80°C indicated that
saturation coverage corresponded to 1,58 + 0,13 millicoulombs of butane per milli=-
coulomb of oxide (oxide measured from 1,3 vs 8.C,E,). Using the conversion in
Appendix A-5, this corresponds to 3,3 millicoulombs butane per millicoulomb total
He , (QﬁlQﬁ) If, however, adsorption of butane is restricted to Type II H. sites
alone, then saturation of these sites, about 507 of the total, would correspond
to Q§/Q§(II) This value corresponds closely to the expected 6.5 ulectrons
per site for the complete oxidation of butane to CO, with occunancy of ifour platinum
sites per butane molecule, and thus adds support to the postulated attachment on one
type of site,

Additional support for the Type II adsorption was provided by the behavior
of adsorbed butane in potential regions approaching hydrogen evolution, Pressed
platinum-Teflon electrodes (10:1) saturated with preadsorbed butane showed no evi-
dence of Type II H+ oxidation in anodic scans from 0,0 volts vs S,C.E. Similar
saturated electrodes subjected to cathodic scans showed gas evolution at potentials
as positive as =0,02 volts vs §,C,E, (+0,13 vs reversible hydrogen) together with
increased scan current in the region of Type I H* deposition (Appendix A=7), The
e¥cess coulombs contained in this increased current region over and above those
normally associated with Type I H. deposition, were found to correspond to 3,87 and
3.94 electrons respectively per molecule of butane preadsorbed on the electrode sur-
face, for two such cases, It appears, then, that preadsorbed butane, adsorbed to full
coverage on Type II sites is desorbed rapidly as the potential! region of Type I
hydrogen deposition is reached, and subsequently the four missing hydrogen atoms are
rapidly replaced on the surface with the passage of four electrons per original butane
molecule.

The desorption of fuel from the saturated electrode is essentially a step
function as the potential enters the region of initial Type I H. deposition, Thus,
as shown in Appendix A-8, a surface containing saturation coverage of butane, stable
at 0.0 volts vs S,C,E., desorbs about 80% cf this fuel as the potential is moved
negative by 40 millivolts,

Verification that the preponderance of desorbed gas was actually butane
was obteined by vapor phase chrumatography, A small trapped sample of desorbed gas
indicated essentially 100% butane with traces of propane, ethane and methane.

Based on the preceding data, it appears that butane adsorption on platinum
black in 3,7 M H280, is restricted to Type II He sites, The maximum initial adsorp-
tion rate is found at a potential of about +0,10 volts vs §,C,E,, where H. coverage
is about equal to zero., Positive to this potential, the adsorption rate appears to
decline somewhat, possibly as a region of strong water orientation on the surface
is reached,
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The knowledge that fuel molecules occupy only Type II He sites leads to an
obvious question as to the occupancy of Type I sites in this potential range. Since
it is probable that Type I sites contain adsorbed water or hydronium ions in this
region, it ie possible that fuel electro-oxidation is accomplished by interaction
of the fuel molecules on Type II sites with water molecules on other, Type 1, sites,
This intriguing possibility suggests a two-site reaction scheme in which the elec-
tro-oxidation of a fuel is generally predictable from its adsorption behavior on
the platinum, Such a scheme can be applied not only to saturate hydrocarbon fuels
but to oxygenated fuels such as methanol, formaldehyde and to olefins as well, Some
of the implications of a two site mechanism, iinluding an explanation of oscillatory
phenomena, are presented in Appendix A-9,

Part d - Adsorption-Oxidation of Butane on Rhodium

Subsequent to the discovery that butane adsorption on platinum was re-
stricted to Type II H' sites, a brief study of butane adsorption-oxidation on rhodium
was carried out, Rhodium was chosen since hydrogen atom deposition does not appear
to involve two sites or energy levels as in the case of platinum, and thus rhodium
may lack one of tne necessary sites for simultaneous water and fuel adsorption. Butane
adsorption exposures of pressed rhodium black electrodes (NaBH, precipitated) followed
by voltage scans were carried out in sulfuric acid sclution as well as phosphate and
carbonate buffers and 85% phosphoric acid,

Rhodium showed very low activity for butane adsorption-electro=-oxidation.
Thus, at 80°C, no adsorption-oxidation was observed in buffer solutions, and only
trace quantities of fuel adsorbed in 0,37 M Hy504., (Appendix A-10) These observa-
tions are in qualitative agreement with the two-site postulate outlined previously,
At 150°C in 85% H3P04, adsorption-reaction of somewhat higher amounts of fuel occurred,
However, since the characterization of platinum under those conditions is not avail-
able, no comparisons can be made at present,

Part e - Adsorption of Other Hydrocarbon
Fuels on Platinum Black

The equilibrium adsorption of methane, ethane and propane on platinum black
was also briefly studied in sulfuric and phosphoric acid electrolyte for comparison
with butane, Adsorptions were carried out on pressed platinum electrodes using the
technique described previously (6) and fuel adsorption determined by integrating the
oxidation peak in the subsequent voltage scan,

In general, the quantity of coulombs obtained from the saturation coverage
with fuel increased with increasing carbon number, Thus, in 3,7 M H2S04, the maxi-
mum ratio of fuel coulombs to oxide coulombs (used as a normalizing factor) for the
various fuels increased from 0,2 for methane to 1,58 for butane, as shown in Table A-1
below, At the same time, it appeared that ethane, propane and butane at saturation
had displaced all the Type II H* as evidenced by the voltage scan from 0,0 volts vs
8.C,E, Thus the possibility exists that the increasing coulombs obtained for highe:
carbon number fuels is simply a reflection of the larger number of electrons invuived
in the fuel oxidation to COy and that ethane,propane and butane displace equal numbers
of hydrogen atoms during adsorption, This situation would most reasonably arise only
if the fuels adsorbed in an end-on attachment, displacing (as shown for butane)
four hydrogen atoms per single fuel molecule. The relatively good agreement of
observed fuel oxidation ratios (based on butane) to the calculated ratio of total
electrons per molecule in Table A-1 suggests that this situation exists for ethane,
propane and butane. Methane appears to be anomalous in this respect since even the
maximum adsorption time did not result in removal of all the Type II hydrogen atoms.
This may simply indicate a very slow adsorption of methane and achievement of less
than saturation coverages in the time allowed.

15 £

e =



Relative Adsorption of Lower Hydro-
carbons on Platinum in H,50,, 80°C

Electrons, Calc Electron Observed Coulombic
Oxidation Ratio, Based Observed Ratio, Based
Fuel to CO, on Butane mc Fuel/mc Oxide on Butane
Methane 8 0.31 0.23 0.15
Ethane 14 0.54 0.83 (1) 0.53
Propane 20 0,77 1,24 (1) 0.79
Butane 26 1,00 1,58 (2) 1,00

(1) Average of longest exposures, two separate runs,
(2) Average obtained previously, Standard deviation equals +0,13.

Although fuel coulombs similarly increased with carbon number in experi-
ments in 85% H3PO, at 140°C, no simple relationship between the quantities was
found, Thua, the adsorption behavior in this medium may differ from that in H,S0.
(Appendix A-8)

Part f - Oxidation of Adsorbed Butane
as a Function of Potential

Some controveray exists aa to the state of the platinum surface during
hydrocarbon oxidation, certain investigators believing that refractory, partially
oxidized materials occupy the surface, poisoning ita activity to a greater or lesser
degree (0. A brief study was carried out, therefore, to see to what extent a pre-
adsorbed quantity of butane was oxidized as a function of increasing positive poten-
tial, Wetted electrodes with butane saturation coverage adsorbed in vapor phase
were therefore equilibrated at fixed potential levela in solution, where further
accumulation of fuel is reatricted by poor transport conditions, Following equili-
bration at a given potential, a voltage scan was obtained to ascertain the remaining
coulombs of fuel on the electrode, Studies in 14,7 M phosphoric acid at 140°C indi-
cated that over 907 of the fuel was removed by polarization to 0,4 volts (i.e, at
+0,35 volts vs 5.C.E,) with correspondingly lower values belng obtained at lower
temperatures in both phosphoric and sulfuric acid (Appendix A=8), Thus it does not
appear that refractory surface apecles are a problem in operation at the higher
temperature, After equilibration at +0,15 volts vs $.C,E,, with over 50% of original
fuel burned off, the ratio of anodic fuel coulombs to coulombs of hydrogen atoms
diaplaced waa still found to be 6,4, thua indicating that the remaining speclea were
not partially oxygenated, Complete data are in Appendix A-8,

Part g = Adaorption of Butane on
Non=Noble Metal Catalysts

A few brief testa were carried out to determine the butane adsorption and
reaction on non-noble metal catalysts prepared in other phases of the program, Cata-
lysts included Ni9B, Ni-Au and Ni prepared by techniques discussed in Phase 5. Tests
were carried out in NaOH (Ni B) and equimolar potassium mono, di, orthophosphate
(all), Voltage scana after %arious periods of butane exposure indicated no detectable
signa of activity for butane adsorption oxidation (Appendix A=10), No further studies
were made.

16



P r——

Phase 2 =« Studies of the Effects of the Physical Nature
of Platinum Catalysts on Performance

The significance of eclectrode structure parameters such as thickness,
wetproofing, catalyst dispersion, etc, on performance in the anodic oxidation
of 1liquid and gaseous hydrocarbons has been discussed (4, 5, 6). These
factors determine the macrostructure of the electrode which defines the nature
of the critical fuel-catalyst-electrolyte contacting, This in turn establishes
the capability of the electrode to achieve the maximum performance possible
with the catalyst. While work has continued in all of these areas, studies
have been made to differentiate between the various structural and catalytic
effects. This has included not only the macrostructure of the electrode,
described in Phase 4, but the physical properties or microstructure of the
catalyst such as surface area and pore volume.

Part a = Electrochemical Evaluations

An understanding of the contributions of some of the electrocatalytic
properties and catalyst microstructure to overall activity is important in
seeking new, cheaper catalyst materials or improving catalyst utilization
with present expensive noble metal materials, Therefore, studies of these

various effects have been made.

In previously reported work (6 and Phase 1), techniques were described
for establishing the intrinsic catalytic activity of a series of platinum
catalysts by measuring the rate of adsorption of fuel under non-diffusion.
limited conditions, and the rate of oxidation of the preadsorbed fuel, The
results of these measurements for catalysts prepared by a variety of reduction
techniques indicated that the intrinsic catalytic activity was similar for all
of the platinum catalysts. This study was extended to an examination of steady-
state performance of electrodes containing the catalysts, Each of the
catalysts was formulated into a sintered platinum Teflon emulsion type electrode
and tested on butane in 14.7 M phosphoric acid electrolyte from 80° to 150°C
using the standard half cell testing procedure (6). This electrode formulation
is not an optimum for butane gas since it is representative of the structures
used for liquid decane. However, it was selected because of the need for good
reproducibility. In this wayvariations in electrode macrostructure were

minimized.

The results, in Table A-2 and Appendix A-11, show that the
steady state performances varied by as much as 50 fold even though the in-
trinsic activities of the catalysts had been previously shown to be similar.
The electrode performance variations did not cor.elate . with the electro=-
chemical surface areas as determined from measurement of the reduction of the
oxide peak from voltage scans, These electrochemical surface areas varied by
only a factor of 3~-not nearly enough to account for the performance variation.
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Table A-2

Electrode Performance of Various Platinum Black Catalysts

Butane, 14,7 M H4PO,, 150°C

Preparation Current Density at Electrochemical
of 0.4 volts Polarization, Surface Area,
Platinum Black ma/cm? Amz/gm

A, Formaldehyde Reduced 2.5 8.9
B. Raney Pt from

Co-reduced Pt-Ag 6. 22.5
C. Potassium Borohydride

REdUCEd 150 13-4
D. Lithium Reduced 19. 26.9
E. Commercial Platinum 90, 23,7
F. Formaldehyde Reduced in

Presence of Sodium Aluminate 130, 21.8

Thus, in spite of the fact that catalysts of similar intrinsic activity
were incorporated in similar electrode structures, the final steady=-state
electrode performances showed large variatioms.

Part b - Characterization of Catalyst Micro-Structure

Further studies to explain the large variations in electrode
performance described in Part a were aimed at characterizing the physical
state or microstructure of the catalyst. This included measurements of bulk
dengity by gravimetri :echniques, crystallite size(by X-Rey lins broadening),
BET surface area, and pore volume by Nj capillary condensation. In addition,
the appearance of the catalyst agglomerates in electron micrographs was
noted. The results of these measurements are summarized in Table A-3.

18
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Table A-3

Catalyst Structure Characterization

Butane Bulk X -Ray Surface Area, m2/ Pore
Activity s Density, Crystall%te Volume ,
ma[cmz)j}) _gms/cm” (2) Size, A Electrochemical(3) BET cmslgm

A. 2,5 0. 27 62 8.9 8 0.03
B. 6. 0.65 35 22.5 10 0.05
c. 15, 0.99 82 13.4 7 0.13
D. 19. 0.65 50 26.9 26 0.19
E. 90. 0. 46 77 23,7 28 0.39
F. 130. 0.55 45 21,8 30 0. 40

(1) Designations and activity as in Table A-2,
(2) From volume of fresh suspension settled through deionized water 24 hours.
(3) From coulombs in oxide reduction peak,

The BET surface areas ranged from g to 30m2/gm, while pore volumes varied by
more than a decade (0.03 to 0.4 cm”/gm). Crystallite size was observed to
extend from 32 to 82°A while agglomerate size (‘'ia electron microscope)
ranged from 35 to 150°A,

Analysis of electron micrographs indicated that steady state per=
formance could be correlated with the degree of aggregation of the catalyst
particles, While quantitative comparisons were not possible it appeared that
the more porous the catalyst agglomerates were the better the performance.
There appeared to be a definite (and regular) difference in catalyst appearance,
The higher activity catalysts were characterized by a lacy agglomerate structure
with the individual crystallites forming a network of low coordination number,
while the poorer catalysts showed much less lacy material, larger agglomerat.es
and increasing amounts of large dense areas with well formed crystalline
edges. Electron micrographs of the best (catalyst F) and worst (catalyst A)
are compared in Figures A~4 and A~5, The trends observed in the electron
micrographs can be placed on a quantitative basis by examining the affect of
pore volume on the steady state butane performance °£ those catalysts. The
correlation between butane current capability, ma/em” at 0.4 volts polarized,
and pore volume, shown in Figure A-6 is quite good.
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Figure A-4

Electron Micrograph of
High Performance Catalyst

Pore Volume = 0.4 cm3/gm

; el
; 0.5 MICRONS
i

Figure A-5

Electron Micrograph of
Poor Catalyst

Pore Volume = 0,03 cm3/gm

0.5 MICRONS
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Figure A-6

Effect of Pore Volume or Performance
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Examinations of the butane performance of these catalysts in 3.7 M sulfuric acid
at 100°C,Appendix A=12, indicates that a correlation with pore volume also exists
at this lower temperature, However, due to the lower reactivity, the

physical factors are more readily magked by other chemical limitations, re=
sulting in g poorer correlation.

These results lead to some important implications in electro-
catalyst screening and development, First, it is clear that steady state
performance testing alone will not necessarily detect catalysts of different
intrinsic activity unless the catalyst microstructure is well Jefined, As a
corollary it may not be possible to produce the correct minro-structure in a
catalyst with superior intrinsic activity . Both properties are needed.

Part ¢ - Studies of Hydrogen Performance

The performance of these previously prepared catalysts was examined
using Hp as the fuel in 14.7 M phosphoric acid at 100°C (Appendix A-13), to
see 1f a correlation with butane performance existed. No correlation was obtained.
The reason for this is unknowa, It is noted, however, that the current density
range 1s much higher with hydrogen, the voltage range is different (and therefore
perhaps the wetting properties), and the eclectrochemical parameters are much differ=-
ent, In 2ay case, while hydrogen may be useful for screening unknown materials for
qualitative signs of electrochemical activity, it cannot be used for quantitative
assessment of structure improvements in hydrocarbon electrodes.
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Phase 3 - Increasing Platinum Utilizatior:

While there is reason to expect that non-noble hydrocarbon catelysts can
be found,at the present time the platinum metals ate the only suitable mat:rials
known. With decreases in platinum loadings, it mav be possitie to prepara practical
hydrocarbon fuel cells. A catalyst support appears to be necessary to achieve this
aim, Without a suppert, platinum louaiings of less than one mg/cin® could not provide
the required electrode strength and electrical conductivity, It is also known that

supports increase and stabilize catulyst surface areas, Carbon is being used as the i
support in this program, Aside from its conductivity and corrosion resistance, its

high surface area and sorptive properties should promote maximum dispersion of the o5
catalyst,

Part a - Preliminary Variables

For comparative evaluation of catalysts, a testing system was chosen
involv&ng a driven half cell unit, using gaseous butane fuel, thin electrodes of
4=5 cm® area, and 14,7 M H3PO; @ 150°C, Under thuse conditions, the optimum utili-
zation obtained for unsupported Pt black was 8 ma/mg, Attempts were made to follow
structure improvements as closely as possible to guarantee that observed effects
were applicable to a practical system,

Since a large number of variables were conceivably involved, a preliminary
check was made to ascertain their importance relative to the desired target.

Minor effects were observed as a result of variation in catalyst washing
procedures, and electrode formulation procedures (mixing and Teflon content varia-
tions), These results were then used to get an outside limit of the standard devia-
tion from which significance of the more important effects could be judged (See
Appendix A-14-1). It is recognized that the effects of the minor variables should
be rechecked when new catalyst compositions are arrived at,

Two electrode structures were examined and found to be essentially the
same in a 2 x 3 experiment, See Appendix A-14-II, "'ith the elimination of this
variable it was possible to obtain enough data to evaluate the effect of a catalyst
activation technique. Use uf this technique gave a statistically significant {r-

provement. Most of the studies,therefore,inclucded its usc, See Appendix A-14-TIIT,

With these preliminary factors disposed of, the prinaipal methods of
catalyst preparation may be considered, These involved the use of colloidal platinum
sols and an auxiliary support, silica.

Part b - Colloidal Pt Catalysts

Most Pt on carbon catalysts previously studied have involved impregnation
of a soluble Pt salt on carbon followed by reduction, A possible source of ineffi-
cient Pt utilization by this method is the relative inaccessibility of Pt deposited
in the smaller porez of the carbon,
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This possibility is avoided by adsorption of colloidal Pt onto carbon,
Accordingly, Pt colloids prepared by raveral reduction techiniques were examined,
Use of sodium citrate, sodium borohydride and formaldehyde as reducing agents
resulted in catalysts of relatively low activity (maximum limiting current =
5 ma/cm?), Reduction with carbon monoxide at room temperaturs gave a catalyst
with comparable performance on butane to the best impregnated catalyst previously
obtained (See Table A-4 and Appendix A-15),

Table A-4

Variation of Butane Per formance
with Carbon Supported Pt Catalysts

Utilization,
ma/mg
Cotalysts Reduction Method @? = 0,40 volts

Colloidal 6% Pt/C Formaldehyde 1

" "o Sodium Citrate 2

" wou Carbon Monoxide 10

" 6% Pt=5Au/C " " 7

" 6% Pt~10Ir/C Borohydride 2
Impregnated " " " 7(1), 10(2)

(1} Average of 5 Determinations
(2) Best Value

As can be seen from the above table, some loss in activity resulted from
the inclusion of gold in the colloidal platinum on carbon catalyst. In compensa=-
tion, catalyst stability appeared to be enhanced, as indicated by no loss in per-
formance level after a 10 day period of intermittent operation. The straignt
platinum catalyst began to lose performance after three days, Further improvement
may be obtainable by inclusion of other metals, e.g., Ir or Pu, or by inclusion of
silica or other minerals in the support (see Part c),

Part ¢ - Modification of Pt Perosition and Supports

Electron microscope studies have shown that plstinum on carbon catalysts
(both impregnated and colloidal) contain Pt deposited in the form of 25 to 200 A
aggregates, Since activity would be expectedtu increase with platinum surface area,
attempts were made to improve the dispersion of platinum by adsorption of a Pt salt
from dilute solution, and by inclusion of a more polar co-support, (For a discus-
sion of the conductivihy problem with mineral co-supports, see Phase 7, Part a,)
The advantage of adsorption over the usual impregnation technique, in which all
of a concentrated solution is soaked up by the powdered support, is that it elim-
inates the possibility of crystallization of trapped platinum salt during the drying
operation. Ammonium chloroplatinate was found tc be suitable for these adsorption

studies.
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An ideal co-support would be alunina, where monolayer Pt has already
been achieved. While this material could be satisfactory for mcthanol in buffer
solution, the need lor acidic electrolytes in hydrocarbon cells nrecludes use
of alumina as a permanent co-support. Silica was therefore examined. By ad-
sorption of ammonium chloroplatinate (4-57% Pt) on freshly precipitated silicic
acid gel (5% on carbon), followed by high temperature ireduction, a catalyst was
obtained with twice the previous utilization level. See Table A-5.

Iable A-5

Effect of Silica on Platinum-on-Carbon Performance (1)

AvquPerformance, ma/mg,

Catalyst @7{ = 0.40 volts No.of Replicates
Adsorbed 4.5% Pt/C-58102 16 6
Impregnated 6% Pt-10Ir/C 7 5

(1) See Appendix A-15 for complete data.

With the number of replicates run and the known standard deviation, the
advantage for the use of silica and its associated variables is certain at a
greater than 99.5% confidence level. Other mineral supports and other forns of
silica, e.g. laver silicates, are being examined in order to obtain further
improvement.

Phase 4 - Electrode f “ructure Studies

The direct oxidation of iiquid decane at 150°C and ambient pressure at
rates as high as 140 ma/cm? has already been achieved (6). The research studies
leading tc this level of activity showed th2 structure of the electrode to be
critical even at platinum loadings of 50 mg/cmz. Therefore a program was under-
taken to optimize the structure of the platinum-on-carbon electrodes, This was
carried out in conjunction with the catalyst studies of Phase 3,

Part a - Preparation and Testing of
Platinum-on-Carbon Electrodes

Several types of platinum-on-carbon preparations were used ir chcse
electrode structure studies as listed in Appendix A-16. However, the vest in terms
of mechanical stability, ease of preparation, and performance were sintered carbon-
Teflon electrodes prepared similar to previous sintered platinum-Teflon electrodes
(6). These electrodes were tested in half-cells at 150°C in 14. 7M phosphoric acid
electrolyte, Butane was gene»ally used as the fuel in these initial studies since
it has shown aporeciable reactivity and the maintenance of the reaction interface
1 the electrode is less difficult with a vapor fuel than a liquid. The catalyst
loading in these carbon-Teflon electrodes was generally less than 5 mg/cm®, repre-
senting a reduction to one-tenth the loading in previous electrodes,

ot
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Initial measurements indicated that all of the platinized carbon
electrode structures required some activation. Substantial improvements in current
capability were obtained ty oxygen treatment and polarizing to 0.8 to 0.9 volts
relative to saturated calomel. Figure A-7 shows these effects on a carbon=Teflon
electrode. The initial butane performance was 7 ma/cm? at 0.45 volts polarization.
After cathodic operation as an oxygen electrode for 30 minutes, the current doubled
to 14 ma/cm?. Additional oxygen treatments did not give further significant im-
provements. However, driving the eiactrode to 0.8 to 0.9 volts vs. saturated
calomel and allowing tlh. butane to reduce the surface,produced performance in-
creases. Several similar polarizations during 40 hours of testing increased the
current to 40 ma/cm4.

Butane

002 14-7 M H PO - 150°C

85% Plat%niged Carbon-

15% Teflon
| | 5 mg Pt/cmd
0 10 20 30 40 50

Current Density, ma/cm2
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The mechanism of these activations has not been elucidated but it seems
possible that they enable “ctivation of the platinum catalyst by alternate oxidation
and reduction and/or altering the wetting characteristics of the electrode surface.
Reduction in the amount of Teflon and sintering in some electrodes, Appendix A-16,
resulted in electrodes which equilibrated more rapidly a. their maximum performance.

Once activated, the carbon supported catalysts gave typical performance
chara. ceristics as shown in Figure A=-8. The Tafel slope of 0.1l and activation
energy at limiting current of about 10 kcal/mole agree with the results for un-
supported platinum discussed previously (6).
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Figure A-8

Activation Energy on Sintered Carbon-Teflon Electrodes
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Part b - Electrode Fabrication Modifications

Some studies were made with the sintered carbon-Teflon electrode to
determine the effect of the fabrication technique on performance. The variables
considered in these tests were Teflon content, sintering pressure,and sintering
time. The initial cold press or molding formulation and rate of gelling of the
catalyst and Teflon emulsion were kept constant. The results of this preliminary
variables study are shown in Table A-6.

Effect of Fabrication on Performance of
Sintered Carbon-Teflon Electrodes

Multiplies Current

Fabrication Variable Density by
Sintering Pressure Increase

€rom 1100 to 2200 psi 2.9
Teflon Increase

from 15 to 30 wt7 0.14

from 10 to 15 wt?% 1.15

Sintering Time
from 1 min to 2 min 1.38
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Increasing Teflon content from 15 ‘o 30 percent resulted in a seven-fold
reduction in current capability, while eler t-odes with 10% Teflon were only
slightly worse than those with 15% Teflon. ‘the optimum Teflon content must therefore
be near 15%. Increased sintering pressure resulted ina three-fold increase in
current density, while increased sintering time produced only about a forty percent
improvement. 1In subsequent experiments it was found that the 15% Tefion (2200 psi
-2 minutes) electrodes gave consistently better performance and these were used
for further testing.

Part ¢ - Catalyst Utilization

The sintered carbon-Teflon electrodes were used to evaluate the effect
of catalyst loading, catalyst distribution, and electrode thickness on platinum
utilization. Butane was used as the fuel in these tests at 150°” in 14.7M
phosphoric acid electrolyte. The results of this study are summarized in
Appendix A~17,and Figure A-9 shows a plot of current density at 0.45 volts
polarization versus catalyst loading for the 3 and 6 wt % platinum-on-carbon
preparations.

Figure A-9

Effect of Catalyst Loading ~ Lintered Carbon-Teflon Electrodes
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Catalyst Utilization, ma/mg

Current density increased with loading between 1 and 5 mg/cmz, while reduction

in the wt % Pt on carbon resulted in a flatter response. Dilution of the 6% platinum
on carbon with nonreactive carbon to the 3% level also produced a marked reduction

in performance.

At the lower loadings (€1 mg Pt/cm?) performance improvements were noted
with decreases in platinum content. An analysis of these results indicates that 5
this improved performance was due to a reductiun in electrode thickness. The
effect of thickness on catalyst utilization is shown in Figure A-10. Utilizatioms o
as high as 25 ma/mg of Pt have been obtained with electrodes whose catalyst layer
thickness was 0.007 cm. The catalyst layer thickness was calculated from the
measured electrode thickness by subtracting the equivalent thickness of the support
screen,

Figure A-10

Catalyst Utilization - Sintered Carbon-Teflon Electrodes
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From these data it appears that electrodes with thinner catalyst layers
are desirable in improving catalyst utilization. However, as noted in Figure A-10,
there is a limit to the thickness reduction possible using our present support
screens. Higher platinization levels and alternate physical structures (less than
0.001 cm) will be required to produce the desired levels of performance.

Some preliminary tests with these electrodes on .liquid decane were ob-
tained. Test results, shown in Figure A-11, indicate that 16 ma/cm® can be drawn
at 0.5 volts polarized. This is comparable to the initial sintered platinum=Teflon
electrode at a 50 mg/cm? loading. Table A-7 summarizes the status of the 5 mg Pt/cm
carbon electrode. Even at these initial stages of development, the carbon structure
is giving somewhat better catalyst utilization on liquid decane.

Figure A-11

Decane Performance of Sintered
Carbon=Teflon Electrodes
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Table A-7

Comparison of Sintered Carbon-Teflon Electrodes
and Sintered Platinum=Teflon Electrodes

Butane Data Decane
Pt Utilization,
Activation Utilization, ma/mg at
Catalyst Energy, ma/mg, 0.45 0.5 volts
Electrode Loading, mg/cm2 kcal/mole Polarized Polarized
Sintered Carbon-
Teflon Electrode 5 10 8 3.2
Sintered Platinum-
Teflon Electrode 50 | 12,4 2-8 2.0

Phase 5 - High Surface Area Alloys

Attempts have been made to replace the expensive electrode catalyst,
platinum, with alloys of non-noble metals. Alloy compositions have been chosen
s0 as to approach synthetically the d-band configuration and crystal lattice
spacings of platinum, to prevent metal corrosion, and to mitigate the excessive
oxide formation tendencies of some of the catalytic elements. An additional
overall requirement has been set on all the alloys prepared in this program.
That is, they must be of high surface area so that they can be readily evaluated
for practical use in fuel cell anodes.

Initially, the decision to prepare binary alloys with the Group IB
metals as one component of the alloy was made. These elements, copper, silver
and gold,have a complete outer d-shell of electrons and one "fluid" electron in
the outermost s-shell., This electron should be readily donated to other elements
with d-electron deficiencies in alloy systems. With this %n mind, particular
attention was given to the preparation of alloys from the element iron, with one
of Group IB elements, gold. Iron and gold, when alloyed together in an atomic
ratio of approximately l:1, has a calculated d-band vacancy similar to platinum

- 0.6 Bohr magnetons, At this same atomic ratio of gold and iron the reported
literature lattice spacings approach that of pure platinum.

Alloys of gold-nickel were also studied., It was thought that the
catalytically active element nickel could be ennobled by alloying it with gold.
The alloyed nickel might be stable to acidic media in which hydrocarbon activity
has been found. In caustic medium,nickel is an active fuel cell catalyst only
with hydrogea fuel.

The elements tungsten and molybdenum were also of interest as alloys
with the Group IB elements. Both tungsten and molybdenum have a very strong
tendency to adsorb hydrocarbons., However, the electron donating tendency is so
strong that they form stable oxides. By alloying tungsten and molybdenum with
gold or the other Group IB elements the strong oxide forming tendencies of the
former might be mitigated.

30




e

]

v

e o

In this phase of the program the alloys were prepared by coprecipitatiig
salts of the desired elements. The metals were then reduced with hydrogen at high
temperatures, 700-1000°C Finally, the alloys were recovered and fabricated into
electrodes and evaluated for electrochemical catalytic activity.

Samples of most of the preparations were analyzed by X-ray diffraction
to gauge the extent of intermetallic interaction or alloying. Since most of the
preparations included gold as a component, it was convenient to follow the change
in lattice spacing from pure gcld at 4.08k, With gold as one component in most
cases, the other binary metals have been nickel, cobalt, iron, tungsten and
molybdenum. Several samples were prepared in which silver was employed as the
Group IB donor element. (See Appendix A-18).

Particular attention was given to the preparation of alloys from the
element iron for reasons outlined previously. In general it was found that with
the above preparation technique only about 20% of the iron interacted with all the
gold (see Table A-8) as judged by lattice spacing contraction from pure gold toward
pure iron at 3.63A, 1In the case of the nickel-gold samples, from the observed
lattice spacing for the gold peak, it can be extrapolated that only about ten per-
cent of the transition metal entered into the crystal structure of the noble metal.
Cobalt failed to interact with gold, as judged by X-ray diffraction. Both the
tungsten and molybdenum alloy preparations were obviously fused and unreduced.
X-ray spectra on these materials were both ill-defined.

Table A-8

Summary of Alloy X-ray Data

Calculated, 7%
Gold Lattice Transition Metal
Metal Composition Spacing (A°) in Alloy
Au 4,08 0
Fe/40 Au 4,00 20
Ni/50 Au 4,05 10

The homogeneous unfused binary metal samples were evaluated for electro-
chemical catalytic activity. In the case of the Fe/40 Au material it was found
that it was possible to draw substantial currents at fairly low polarizatioa with
electrodes fabricated from this catalyst, In 3M KOH electrolyte at 98°C with
hydrogen as fuel, a current of 100 ma/cm? was obtained at a polarization of 0.08
volts, With Co/50 Au as the anode catalyst under the same operating conditiors,
50 ma/cm? was obtained at a polarization of 0.13 volts. Table A-9 summarizes the
runs with both iron and cobalt catalysts.
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Tabie A-9

Activity of Gold Alloys
H, Fuel, 98°C, 3M KOH

2
Polarization (volts) at Indicated Current (ma/cmzzf
Catalyst 0 1 10 20 50 100
Fe/40 Au 0.02 0.02 0.03 0.03 0.04 0.08
Co/50 Au 0.02 0.02 0.04 0.12 0.13 --

The nickel-gold samples failed to yield even one ma/cn’ at a stable potential.

It should be noted that the current obtained from the iron-gold and
cobalt=-gold electrodes was not reproducible. Poor current densities were ob=
tained when the electrode was run & cecond time. In addition, it was found that
the iron=gold electrode at the end of the run was rust colored. It is definitely
possible that the current obtained was derived from the corrosion of the 80% of
the iron unalloyed with the noble metal. To determine whether the observed
currents were due to catalvtic activity or to corrosion, a method for preparing
reproducible, completely alloyed materials was sought.

Because of the incomplete metal-metal interactions of the samples, it
was felt that reduction temperatures higher than 700°C ' would be needed to insure
more extensive alloying. Higher reduction temperatures are also required to re-
duce molybdenum and tungsten salts. To attain more elevated reduction tempera-
tures in the neighborhood of 1000°C, a change in furnace was required. The change
in furnace aiso introduced a modification in hydrogen rontacting with the unre-
duced alloy samples. 1In the lower temperature (below 700°C) work, a tubular
reactor through which hydrogen flowed at a high rate was used. In this case
intimate contacting of metal and hydrogen was possible. 1In the higher tempera-
ture studies the metal salts were in effect merely blanketed with an atmosphere
of hydrogen. It was found in the higher temperature studies that the catalysts
were both incompletely reduced and sintered. When a sample of 60 atom % iron,

40 atom % gold was reduced at 700°C under the blanket of hydrogen, an orange-
brown looking sample was recovered which gave a positive thiocyanate test for
ferric ion (Fet3) when contacted with water. When the same metal salt composition
was treated at 700°C under a constant stream of hydrogen,a black, obviously re-
duced material was obtained, It thus appears that the more intimate contacting

in the tabular reactor is required for successful reductions of the metal salts.

In several recent experiments adjustments have been made sv that the
temperature range of the tubular furnace has been extended. Even at 800°C the
extent of alloying between gold and nickel or cobalt was still very low. These
samples were essentiilly inactive as electrochemical fuel cell catalysts. Al-
though it still may be possible to produce catalytically active alloys by the
present coprecipitation-coreduction technique, other avenues for producing high
surface area alloys starting with the metals in their reduced state are available.
It is upon these approaches that considerable effort will be expended.
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Phase 6 - Mixed Perovskites

The good acid corrosion resistance and conductivity of the mixed
perovskites, described in the prior report of this series (6), indicated that these
compounds offered promise for fuel cell use. However, in no case were both de~
sirable properties incorporated into the same compound. The present studies covered
a much wider range of elemental combinations and stoichiometric variations. Their
purpose was to determine the compositional factors controlling corrosion and con-
ductivity, and thereby to learn how to tailor these compounds to meet both fuel
cell requirements at once,

Part a - Preparational Variables

To review briefly, the stoichiometric mixed perovskites have the formula
ABJBY.,03, where A is a large spacing cation, B' is the catalytic element, and B"
is the acid resistant component. A number of elements .iave been used in each
position as shown in Table A-10.

Elements Included in Perovskites

Position 1 11 I11 v \'s Vi Vi1 VIII
A Li, Cs | Ca, Sr, | La, T1| Pb Bi
Ba
B' v Cr Mn Fe, Co, Ni,

B" Ti, Zr Vv, Nb Mo
Sn, Hf Ta W

Because of chemical differences, the perovskites containing a B" ion in Group IV
were worked on separately and are treated separately in Part d.

With many of the elemental combinations,variations in the stoichiometry
or partial substitution (dopings) were made. Emphasis was placed on the incorpora-
tion of oxygen deficiencies to improve conductivity, but various combinations of
lattice defects were tried, giving the following classes of compounds: stoichio-
metric, both undoped and doped; oxygen deficient; oxygen and B ion deficient, both
undoped and doped; and A ion deficient. (See Appendix A-19 for a complete listing
of the compounds prepared.)

The perovskites were prepared by firing pure, dried oxides or carbonates
of the metals under various atmospheres at 1100 to 1500°C in zirconia boats in an
alundum tube furnace. In the majority of cases the product formulas calculated
from weight losses during firing agreed well with the nominal formulas chosen as
the bases for preparing the mixtures. However, there were a number of exceptions.
With acidic oxides, such as Mo03, premature CO2 release occurred. Easily oxidized
metals such as Fe, Mn and Cr, when fired under nitrogen,appeared to be oxidized to

33

Ru, Rh, Ir, Pf




higher valence states by the €Oy released from the carbonates. Copper, lead and
silver compounds showed excessive weight losses due to reduction or volatilization.
In all these cases only the nominal formula could be used to characterize the
materials.

Perovskites with B" ions of Groups V and VI are discussed below in Parts
b and c. Perovskites of Group IV are considered separately in Part d for reasons
given in that section.

Part b = Acid Resistance

Acid corrosion data on perovskites containing nickel, cobalt, iron,
manganese, copper and silver were obtained at 86°C with either 3.7M H2504 or with
this acid containing a known concentration of the metal under study. The amount
of catalytic metal lost from the perovskite was determined by analyzing the super=
natant fluid polarographically. Appendix A=-20 gives the detailed data. See
reference (6) for the general experimental details and Appendix A-21 for the
polarographic methods for managanese,copper and silver.

Stoichiometric perovskites containing Groups V and VI cations in the B"
positions generally showed good corrosion resistance with a major portion of the
B' cation being retained by the solid after at least one hundred test hours.

CGroup V B'" cations (Nb, Ta) generally gave more corrosion-resistant structures
than the Group VI ones (Mo, W). Structures containing Group IV B'" cations (Ti,
Zr, Hf) had relatively poor acid resistance. See Part (d). Table A-1ll gives
typical data for nickel and cobalt compounds. Both strontium and barium ccumpounds
are included, as these proved to be about equal on the overall average.

Table A-11

Acid Resistance of Stoichiometric Nickel and
Cobalt Perovskites

Percent
B'"-Ion Metal Hours on
B'-Ion B"-TIon Group Retained Test(l)(86°C)
Ni Ta v - 77-820) 240
Ni W VI 54 150
Co Ta v 79 195
Co Mo Vi 34 190

(1) With 3.7 M H,50,
(2) Range for three different preparations

Considering the catalytic metal ions, nickel gave more stable compounds
than cobalt. Ferrous compounds appeared to_be more stable than ferric ones.
On the other hand, tetravalent manganese(Mn—') was more stable than bivalent

manganese (MnII). Copper in a tantalum-based compound has good acid resistance
(See Table A-12).
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Acid Resistance of Stoichiometric
Strontium Perovskites

Percent

Metal Hours on
B'-Ton B"-TIon Retained Test
Ni Ta 80 (avg) 240
CoII Ta 79 195
FeIII Ta 82 310
FeII Ta 60 310
MnIV Ta 40 125
Mn Ti 95 125
Cu Ta 80 150

Introduction of any type of non-stoichiometry greatly decreases
acid resistance. Typical data are given in Table A-13.

Acid Resistance of Non-Stoichiometric Perovskites

Table A-15

Percent 1)
Type of Ton Metal Hours

Nominal Formula Deficiency Retained on Test (86°C)
SrNiO.3i§aO.6703 None 80 (avg) 240
Sro. N10.33Ta0.6702.80 A:;on 26 180
orN19175Ta0-2502.38 O-z-ion 22 180
SrNi Ta 0 0 "-ion;

0.675770.25°2.30 B'-ion 27 180

Nickel perovskites achieved good corrosion resistance apparently by
equilibrating with nickel ions in the corroding solution.
depleted of nickel, most nickel-containing perovskites re¢ .hsorbed nickel ion
when the concentration of the latter in the acid phase was increased. The
stoichiometric compounds showed this effect at nickel concentrations of
0.02-0.05 moles/liter, whereas higher concentrations (0.06-0.10 moles/liter)

were necessary for the non-stoichiometric on=zs.

When partially

The effect was not exhibited

by cobalt and iron perovskites, even at quite high acid-phase ion con-
centrations (Table A-14).
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Tahle A-14

Re-absorption of Metal Ions from Enriched Corroding Solutions

B'+2Concentration B'. in Solid
in Acid(moles/liter) (% of original)
Nominal Formula Period At Start| At End At Start] At End
11, -
eriO.33r30.6703 7 0.0168 0.0148 75 79
8 0.0284 0.1239 79 88
11 0.0489 0.0461 95 101
11
SrNio.75Ta0'2502.38 5 0.0703 0.0567 11 35
6 0.0956 0.0819 35 €0
src°0.5M0.503 3 0.0319 0.0318 14 14.5
6 0.0837 0.0881 11 10

However, high initial concentrations of cobalt ion in the acid did
retard the rate of dissolution of this metal from stoichlometric perovskites
(S~e Tabia A-15).

Table A-15

Comparison of Corrosion of Cobalt Perovskites
by H,S80,-CoS0, Mixture

(2)—
(1) T Corrosion with* 7
Corrosion with H2504, H, 80, -CoS0y,,
Percent Percent
Test Metal Test Metal
Nominal Formula Time (Hrs) Retained Time (Hrs) Retained
BaCo Mo. .0 28 51 24 ' 77
0.050.573 210 39 265 67
570 47
210 10 265 54
M 3.7 W i,50, 2l e
(2) 2.9 M st°4 - 0.8 M CoSO4

Several non-stoichiometric cobalt-molybdenum and tantalum perovskites
havinﬁ conductivities in the range of interest for electrode fabrication
(»10~"% mho/cm) were tested with acid containing large amounts of cobalt.

Unfortunately, this technique did not prevent virtually complete loss of the
cobalt from these compounds (See Takle A-16).
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Table A-16

Corrosion of non-Stoichiometric Cobalt
Perovskites by H,S0,-CoS0, Mixture

Percent Cobalt Retained After
Condu tivity Test Hours (1

Nominal Formula (ohm™ cm ) 24 97 240 545

5tCog, ;572 50, . 35 3.8 x 107 34 27 7 0
-3

SrCoo T4y, 102 15 2.9 x 10 20 12 4 -
-4

SrCo0 67 %. 33 2.66 1.6 x 10 -- - 35 22
-2

SrCoo 75 %, 25 2.50 2.2 x 10 44 27 26 0
-2

SrC°0.675M°0.2502.43 3.3 x10 9 12 8 -
-]
(1) 0.8 M CoSO4 in 2.9 M )!ZSO4 at 86°C

Similarly,non-stoichiamenﬁc ferrous or ferric perovskites were not

stable to acid.

To summarize, in general stoichiometric compounds are quite acid
registant. The corrosion of nickel perovskites can be stopped by equilibration
with nickel salts added to the electrolyte. Cobalt compounds are stabilized
considerably by adding large amounts of cobalt salts initiall:. When oxygen
deficiencies are incorporated into the lattice, the corrosion of nickel
compounds may still be stopped by equilibration, but cobalt cannot be held.
Complete data on the other ions is not available yet but MnlV at least appears
very promising from the corrosion standpoint. It appears overall that
stoichiometric perovskites are the best procpect for the achievement of acid

_resistance.

Part ¢ - Conductivities

A target conductivity of 10'4 mhos/cm was set, on the assumption
that the particles could be ground down to one micron size and mixed with a
conductive support, carbon, for electrode preparation. Essentially all of the
stoichiometric perovskites showed conductivities of 10-7 to 10-11.” Furthermore
doping of the stoichiometric compounds by substituting Li or La for ten
percent of the A or B' ion did not help. Firing in air rather than under
nitrogen also produced little improvement.

However, the introduction of oxygen deficiencies either alone or in
combination with B ion deficiencies generally increased conductivity markedly.
Target conductivitie: were reached with Cr, Mn, Fe and Co. However,
perovskites containing nickel, which is of greatest interest because of its
known catalytic properties, could not be improved by this means. (Table A-17)
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Table A-17

Highest Conductivities Attained by Introduction
on Non-Stoichiometry

Highest Conductivity
B'-Ion i B'' Ions Studied mhos/cm
Cr Ta, W lo:g
Mn Ta, W 10
pe(IT-T11) Ta, Mo, W 10-2-1073
Co Ta, Mo, W 10
Ni V, Nb, Ta, Mo, W 1077
Cu Ta, Mo, W 10_8
Ag Ta 10

A special effort was made to improve the conductivity of the nickel
perovskites. The A ions Ca, Sr, Ba and Pb were tried with the B" ions
Ta, Nb, V, W, and Mo in oxygen deficient structures both with and without
added B ion deficiencies, all to no avail. However, doping with lanthanum,
one of a number of dopants tried, definitely improved the conductivity of
non-stoichiometric Sr-Ni-Ta compositions. Furthermore also in contrast with
the stoichiometric oxides, the firing atmosphere proved to have an important
effect, with an air atmosphere generally giving an order of magnitude improve-
ment over a nitrogen atmosphere (Table A-18).

Table A-18

Effect of Doping and Firing Atmosphere
on SrNijy g75T2g 9507 3pCompositions

Added Replacing Conductivity (mhos/cm) when fired in:
Ion % of: Nitrogen Air
None | @ eeeecceaa- 7.7 * 10”8 4.1 1078
La 10 sr 2.1 * 1078 3.4 ° 1070
La 50  sr 6.6 ° 107 6.2 * 1073
La 10 N 4.6 ° 1077 3.6 * 1077
Cs 10 sr 6.9 * 1077 4.0 * 10°°

The effect of air firing on the conductivity of oxygen deficient
pervoskites appeared to be a very important lead. However, it was later
discovered that conductivity arising from oxygen deficiency is extremely
sensitive to acid. Conductivities are reduced to the level of the stoichmetric
compounds when only a fraction of the material is corroded. (See Table A-19,
and Appendix A-22 for details)
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Table A-19

Effect of Acid Treatment on Conductivities
of Non-Stoichiometric Perovskites

Conductivity
% B'-Ton Before Acid After Acid
Nominal Formula Extracted Treatment Treatment
11 -3 -12
SrCo0 75 0y, 2502 50 69.7 3.8 x 10 2.6 x 10
II 1) -2 -10
SrCo0 6M°0.2502.35 58.0 2.9 x 10 1.9 x 10
IT -7 -10
BaN10 75 0 25 2 38 51.3 2.8 x 10 2.7 x 10
R -5 -9
Sr@uo'61La0'068)Ta0.2502.34(2) 36.3 3.6 x 10 4.4 x 10

(1) value probably low
(2) Fired under air; others fired under nitrogen

The better conducting non-stcichiometric materials show definite
gas evolution during the early stages of acid treatment. The stoichiometric
ones do not show gas evolution and neither do they show much of a conductivity
loss on acid treatmeni. Thc nature of the gas has not been determined, but
by analogy with the high valence cobalt compounds in reference (6), the gas
may be oxygen.

This result indicates that the non-stoichiometric perovskites may
be acquiring their conductivity in the same way that lithiated nickel oxide
does.
At high temperatures the crystals pick up molecular oxygen in an attempt to
restore stoichiometry. The oxygen goes into the lattice as oxide ions, the
electrons required being extracted from the crystal's valence bands leaving
"holes" or Ni*3 ions. The movement of the holes accounts for the increased
conductivity. This may be a satlsfactory geans of 1ncorporating conductivity
into perovskites, but apparently Nit3 s Or Cot are too powerful as
oxidants to be stable in aqueous acld. They apparently react to form oxygen,
losing their "holes'" and their conductivity. It appears that near stoichio-
metric compounds are required having mixed valence states which are stable to
acid. Di- and tetra-valent manganese and tungsten+4 and t » which show
acid stability in the tungsten 'bronzes", may be suitable.

Part d - Group IV Perovskites

Perovskites based on the Group IV elements, (Ti, Zr, Hf) along with
Ba or Sr as the A ion are being considered separately, since they cannot be
classified along with the Group V and VI compounds for two reasons. Firstly,
the catalytic metal, Cr, Mn, Fe, or Co must be in the tetravalent state.
Secondly, there is no "sZoichiometric' value of x, and compositions were
fired in which x varied from 0.1 to 0.75. A series of Group IV-based
perovskites have also been prepared in which the A ion was trivalent La. 1In
these compounds the catalytic ions were divalent Mn, Fe, Co, Ni and Cu and x
was 0.5. It was thought chat the incorporation of these metals into the
perovskite lattice in their divalent states would render the perovskites more
stable to acid.
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X-ray powder patterns were obtained on most of the fired materials
and used as a criterion of completeness of the reaction and confirmation of
the perovskite structure. The homogeneity of the product was found to be
effected by the composition and the firing conditions. Materials with the

' " —rav -
composition AB 0.33B 0.6703 had X-ray patterns fitting the pseudo-cubic

perovskite structure, while compositions with different B'/B" ratios did not
always yield a product of single phase. 1In those cases where B' was Fe, and
also those where the A ion was La, the only compositions fired had the

B'/B" ratio equal to unity and these were found to show the typical perovskite
X-ray pattern. The firing conditions, i.e., atmosphere, temperature and time,
were found to influence the homogeneity of the product and had to be ascertained
for the various types of perovskites. The perovskites of composition
LaB'O.SBHO.SOB were especially sensitive to firing conditions and it was

found that, generally, homogeneous phases were more likely for firings in air,
at longer times, at higher temperature (within the range 1100-1250°C), and
with periodic regrinding of the material during the firing procedure. The
X-ray data are presented in Appendix A-23.

The electrical conductivities of the Group IV based perovskites
showed a wide range of values, varzing over a rarge of ten orders of magnitude.
The target conductivity value (10 "mhos/cm) has been achieved in the Co and
Fe containing perovskites. Those perovskites containing Mn or Ni had better
conductivities when La was the A ion rather than Sr or Ba and i. this case
Ni containing compounds reached the target value. In those Group IV perovskites
containing Sr or Ba the conductivities have been found to be controlled by the
catalytic ion, whereas, the B" ion exhibits a negligible effect. The
conductivity order is Co > Fe»>Mn. Increasing the B'/B" ratio also favors the
conductivity of these compoundsj that is, the greater the amount of catalytic
element the greater the conductivity.

The acid resistance of the Group IV based perovskites is quite poor
with the notable exception of those containing Mn as the catalytic element.
Perovskites containing tetravalent cobalt and iron show complete dissolution of
these metals after about 24 hours in 3.7 M HpSOz4 at 86°C. Also, they show
no tendency to reabsorb the respective metal ion when the concentration of the
metal in solution is increased. The increased acid stability of the manganese
compounds compared to the cobalt or iron perovskites is probably a reflection
of the greater stability of the tetravalent state for Mn. Lanthanum containing
compounds also showed very poor acid stability where the catalytic elements were
divalent Fe, Co, Ni and Cu.

Although the perovskites did not exhibit satisfactory acid resistance
for use as electrodes in acid electrolytes, a number of them were tested for
activity with Hy and 02 in alkali in order to get some indication as to
whether the perovskites possessed electrochemical activity. Due to the
relatively low conductivity of the perovskites, electrodes contained carbon
as the conducting support. Carbon is known to possess catalytic activity for
0y but is not active for Hjp.

All tests were carried out in 3 M KOH at 100°C. The results of
evaluations of perovskites for oxygen activity are presented in Appendix A-24.

The perovskites have shown no appreciable electrochemical activity
as oxygen electrodes. In no case was the activity of perovskites greater than
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that of a blank electrode containing carbon, a known oxygen catalyst. However,
perovskite on carbon electrodes have shown ability to retard the deactivation
of carbon by overpolarization. The carbon support material could sustain
currents of greater than 200ma/cm?. However, when allowed to polarize beyond
the limiting current, to 0.8 volt versus the reversible oxygen potential, the
carbon electrodes lost most of their activity. When the perovskites were
included, the effects of overpolarization were much less severe, possibly due

to some wetting effect of the hydrophilic oxides. The effects of over-
pelarization on a perovskite and carbon blank electrode are shown in Table A-20.

Tuble A-20

Perovskite Siapbilization of Carbon Electrodes
3 M KOH, 100°C

Polarization From Ongen Theory

At Indicated ma/cm®, volts
Electrode 1 5 10 50 100 300
carbon Blank,(DRun 0.395 | 0.400 | 0.445 | 0.490 | 0.520 | 0.580
Carbon Blank,(1)Run 0.420 0.660 - - - -

0.410 0.%450 0.465 0.515 0.550 0.640
0.410 0.460 0.490 0.640 -- --

SnFe V5H0,503(2)Run
SnFe .5H0_503(2)Run

WM W=

(1) 50 wt % Carbon
(2) 25 wt % Carbon, 25 wt % Perovskite

The perovskite electrodes tabulated in Appendix A-24 were also tested
for activity for hydrogen. They showed no activity other than that attributable
to t. carben, being 0.6 to 0.7 volts polarized at open circuit.

Thus, in summary, the Group IV based perovskites have sufficient
electrical conductivities but the acid resistance is not satisfactory and they
have shown no electrochemical activity for either hydrogen or oxygen in alkali.

Phase 7 - Transition Metal Complexes and Redox Catalysts

A number of metal complexes have been examined as anode catalysts in
the hope that bonding with a ligand might provide unusual redox or adsorption
properties. These included cyano complexes, cyclopentadienyl complexes and
uranium oxy complexes,

Part a - Cyano Complexes

Cyano complexes of transition metals meet several requirements of
a potential hydrocarbon fuel cell catalyst:

Stability and insolubility in acid for a large number of complexes.
Reversible redox couple--large range of Eo's available.

Rapid transfer of electrons between reduced and oxidized forms.
Presence of d-band vacancies.
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With regard to the conductivity requirement, enhancement of conductivity is
possible by use of charge transfer complexes e.g. cupric ferrocyanide or thallium
(I) ferricyanide(;l), This conductivity problem may be further lessened by
preparation of the catalyst as a thin film on a conductive support such as
carbon. According to W. A. Weyl (12), a film of an insulator of less than

100 & thickness acts as a semiconductor, allowing the passage of electrons.

Because of their ready availability and high stability, the ferro- and

ferricyanides were initially chosen for examinaticm: Fe(CN)a4'4h+-Fe(CN)g3 + e,
E; = -0.48. Methanol was chosen as a fuel for screening tests, since
electrode structure problems are minimized thereby. Most of the insoluble
complexes examined were prepared by impregnation of a soluble complex, e.g.
potassium ferrocyanide, on carbon, formulation into a flag electrode and then
immersion of the electrode into a solution containing a transition metal
cation, e.g. Cu™" . The impregnated soluble salts were also evaluated as
catalysts. None of the compounds showed activity on carbon alone. See
Appendix A-25. When examined as cocatalysts with Pt the best result was obtained
with cupric ferrocyanide, which gave the same limiting current and Tafel slope
as Pt alone, but with increased polarization of 0.3 volts throughout.

Similarly, the prussides (pentacyanoaquoferrate (II)) were examined
as cocatalysts with Pt.

Fe(N); (H,0)™> Fe(N)5 (8,0)7 + e, E_ = -0.49
Posgible advantages of this system are:

® The readily replaceable Hp0 group which favors fuel chemisorption.
e The known oxidizing ability of the pentacyanoaquoferrate (III)
form for methanol (13).

However, as before, there was an extra polarization above that of platinum itself
of about 0.35 volts. It is concluded that an unfavorable Ey for electrochemical
convergion of the Fe (II) to Fe (III) form is responsible for this additional
polarization, a consequence of the greater stability of the Fe (II) form.

Choice of complexes where the oxidized form has higher stability, e.g. the
cobalticyanide system, may result in lowering of the polarization normally
obtained with platinum.

Part b - Cyclopentadieny] Systems

Because the cyclopentadienyl complexes of many of the transition
metals have properties similar to the cyano complexes, the former were aiso
screened for catalytic activity. The complexes such as dicyclopentadienyl
iron (ferrocene), (a) below, and cyclopentadienyl-molybdenum tricarbonyl
dimer, (b) below, were all impregnated onto activated carbon or onto 6% Pt
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on carbon. Sintered Teflon emulsion electrodes were prepared from the complex
samples and evaluated mainly in 3 M KOH at 97°C with hydrogen as fuel. In all
cases the cyclopentadienyl complexes listed in Table A-21 failed to act as
catalysts. It was not possible to draw even 1 ma/cm? from electrodes prepared
from these materials.

Table A-2}

Cyclopentadienyl Complexes Tested

Compound Formula
Dicyclopentadienyl iron C5Hg-Fe=-CsHls
Dicyclopentadienyl nickel Cs5Hg-N1i~CsHs
Dicyclopentadienyl cobalt C5Hg=Co=-Cs5Hg
Acetylferrocene CH3-C0-CgHg~Fe-Cg s
Chlororarcuri-ferrocene C1-CgHg - Fe-C5 Hs
Cyclop:ntadienyl-iron dicarbonyl dimer (C5H5-Fe-(C0)3) 9
Cyclonentadienyl-molyl:denum tricarbonyl dimer (Cs Hs -Mo-(CO)3) 9

These complexes also wiped out the catalytic activity of platinum when impregnated
onito carbon containing 6% platinum. The total lack of activity from the complexes
may be a manifestation of their very low conductivity (about 10-11 - 10-12 phos/cm).
No further work is planned with these complexes, unless compounds of this type with
more interesting electronic properties are uncovered in the literature.

Part ¢ - Studies on the Uranyl Redox Sysiem

Uranyl compounds were of interast as possible heterogeneous redox
catalysts involving U (IV) and/or U (V)===U (VI):

w0, "===v0,"" + e (1 #), E, = -0.063 volts
i+ zuzoﬁuoz""' + 4H" + 2e, E_ = -0.334 volts
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It was determined that the uranyl acid phosphate, UOyHPO4, was insoluble in a
NaHyPO,/H3P0y buffer (pHa2), but dissolved in more acidic solutions. However,

using this acidic buffer electrolyte with an active platinum catalyst, a limiting

current of only 0.5 ma/cm? was obtained on butane at 100°C. Therefore, for a
more valid evaluation of the potential value of the uranyl system, methanol was
used as a fuel, With a flag electrode (4 cm2) containing 10% UOyHPO, on carbon,
a limiting current of 8 ma was obtained despite the fact that due to mechanical
problems ~907% of the catalyst had fallen off the elect:ode at the beginning of
the run. See Appendix A-25. Estimated limiting performance accurdingly was

10 ma/mg of YO,HPO, or 15 ma/mg based on uranium content, which appears to

be quite promising.

The uranyl system may be adaptable to a more acidic electrolyte for
hydrocarbon catalysis in the form of an acid-insoluble complex. The uranyl
ferrocyanide complex was considered, but it undergoes reaction with both
sul furic and phosphoric acids.

An additional experiment was carried out to determine whether molybdic
oxide could function as a redox catalyst with decane. Decane vapor was passed
over MoO, at temperatures up tc 450°C, in the hope that the conductive MoO,
would be” formed. However, no reaction occurred as evidenced by lack of
formation and lack of any change in the X-ray diffraction pattern of the

co
M083 .
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4.2 Task R, Hydrocarbon Fuel Cell

While electrode catalysis and structure research to reduce catalyst cost
have been emphasized, some engineering research studies have been initiated in more
compact total cells to assess problems in liquid hydrocarbon-air fuel cell opera-
tion. These tests were made with the best present anodes, sintered platinum-Teflon
electrodes with 50 mg/cm? of catalyst. The results of these tests were used in
designing a hydrocarben test facility. Construction of the new test equipment has
been initiated.

Phase 1 - Studies in Hydrocarbon Fuel Cells

Performances with liquid decane and oxygen in total cells were determined
to explore possible interactions and other operating problems. These tests were
made in more compact 10 cm diameter glass cells as a preliminary to design of cells
for more extensive engireering evaluations. These glass cells were similar to
previous cells (6) except that the interelectrode space was reduced from 7 cm to
1 cm and the active electrode surface area was increased from 6.5 cm® to 63 cmZ.
The sintered platinum=Teflon anode included a 9 micron thick, porous Teflon barrier
on the fuel side as described previously (£). The cathode was also a sintered
platinum=-Teflon electrode.

The performance of the cell comparad favorably with previous performances
in smaller cells as_shown in Figure B-l. Piak power, excluding ohmic resistive
losses,was 21 mw/cm® at 0.3 volts at 150°C in 14.7 M phosphoric acid.

Figure B-1

IR=-Free Performanca of
Decane=-Oxygen Cell

1.0 T | T ] |

A 6,5 cm2 Electrodes
® 63 cm? Electrodes
14,7 M H3PO4
150°C

Predicted Performance Range

from Half Cell Studies
0.4 —

Cell Potential, volts

0.2 |-

0 20 40 60 80 100

Current Density, ma/cm?
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These tests also chowed that Separation of the porous Teflon barrier from the anode
is still a problem. After 3 days of testing with temperature varying between 25°C
and 150°C, the barrier pulled away from the anode and fuel flooding resulted.
Performance decrcased to 0.14 volts at 80 ma/cm?. Other aspects of scale-up of

the electrodes in this more compact cell appeared satisfactory.

One operaiing problem in these tests resulted from the accumulation of
decane in the interelectrode space. This apparently resulted from transport of
decane through the anode. This occurred at open circuit as well as under load.
Since the solubility of decane in the electrolyte is low, the mechanism of this
transport is not clear. Considerable gas evolution was noticed from the anode
surface in this space and an immiscible decane layur formed on top of the elec-
trolyte. Thus, the transport might involve vaporization of the fuel in the
electrode, followed by recondensation and accumulation in the interelectrode space.
The promotion of the vaporization of decane in the electrode due to the hydro-
phobicity of the surface is described in Appendix B-1.

Phase 2 - Hydrocarbon Cell Design

As a result of the work discussed in Phase 1, a hydrocarbon total cell
test facility was designed. A schematic of this facility is shown in Figure B-2.
The fuel transport problem describad in Phase 1 has been considered in the design
of the cell in two ways. The interelectrode space has been provided to permit
adequate disengagement of the hydrocarbon from the electrolyte and a recycle system
for recirculating the fuel to the anode has been prov:<ed. In addition, overly
porous cathodes must be avoided to prevent excessive ccatacting of the hydrocarbon
and oxygen at the catalytic surface of the cathode.

It is anticipated that these cells, as designed, can be constructed of
Taflon. However, other suitable structural materials are desirable, particularly
at temperatures above 150°C. Ceramic filled Teflons offer potential improvements
in mechanical stability and chemical inertness. One such material, Rulon(l), has
been tested and gave encouraging results. Samples of Rulon gave no evidence of
creep or other dimensional changes after one week of continuous exposure to 14.7 M
phosphoric acid at 150°C. 1In addition, after 24 hours at 250 to 260°C in pyro-
phosphoric acid, the samples were unchanged. No weight gain was detectable in
either test.

Further tests of structural materials are planned and construction of
the hydrocarbon cell test facility has been initiated.

(1) Commercially available from the Dixon Corporation, Bristol, Rhode Island.
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4.2 Task C, New Systems

Studies in the New Systems area have continued to stress those investi-
gations falling cutside conventional fuel cell approaches. Previous investigations
have examined buffer electrolytes, electrode structures and catalysts for these
electrolytes, and dynamic electrodes, among other topics. These areas have been
further examined, as well as a new intermediate temperature electrolyte, pyrophos-
phoric acid.

Phase 1 - Pyrophosphoric Acid Electrolytes

One approach which can be used to increase the utilization of platinum
catalyst is operation at higher temperatures. Results from butane adsorption stud-
ies have indicated that a performance level of 100 ma/cm? at 0.3 volts polarization
might be reached with only 0.5 mg/cm? of catalyst in the vicinity of 300°C 6).
This temperature region is beyond the limit of aqueous electrolytes but below the
area in which nolten oxide-carbonate systems operate. In order to test catalyst
utilization in this region, it is nacessary to find a suitable electrolyte. One
candidate for this purpose is pyrophosphloric acid, which is liquid between 60 and
427°C, and is thermally stable. Several other requirements must be met by any
electrolyte however, and so the conductivity and buffering capacity of this acid
were first determined. Performance tests with hydrocarbons, oxygen, and air were
also run.

Part a - Conductivity of Pyrophosphoric Acid

Solid pyrophosphoric acid is composed of the pure phase H,Py0;. Upon
melting, it converts to a complex equilibrium wixture of various acids ranging
from ortho- and pyro~ to penfa- and even higher molecular weight phosphoric acids.
Since little free water is present, self-dissociation is required to produce
electrolytic conductivity. Measurements were made in a standard conductivity cell
with an AC bridge over the range of 100 to 250°C. No differences were observed
between the values obtained at 60 or 1000 cps. Figure C-1 illustrates the results,
with the specific resistance falling from 13 ohm cm at 100°C to about 2.5 at 250°C.
For comparison, 3.7 M sulfuric acid at 25°C ha. 2 specific resistance of about
1.3 ohm cm. It appears then that in the temperat. - region of intérest, pyrophosphoric
acid is sufficiently conductive for fuel cell use.
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Figure C-1
Conductance of Pyrophosphoric Acid
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Part b - Buffer Behavior of Pyrophosphoric Acid

The ability of pyrophosphoric acid to minimize ionic concentration
polarization at fuel cell electrodes was tested at 200 tc 250°C, At the ancde,
hydrogen, which would be expected to exhibit no activation polarization, was
reacted on a sintered platinum-Teflon electrode. No polarization was measured
at current densities up to 1000 ma/cm2. Cathodic ionic concentration polarization
was measured by evolving hydrogen from the platinum-Teflon structure. As at the
anode, no polarization was found at up to 1000 ma/cmZ., These results indicate that
in pyrophosphoric acid at over 200°C there is essentially no ionic concentration
polarization at either electrode with this relatively non-porous structure. 1In
view of this behavior, it is not expected that much additional polarization would
be encountered even with more porous electrode structures.

Part ¢ - Effect of Water Vapor on Hydrocarbon Performance

Tests of hydrocarbon activity in pyrophosphoric acid were carried out,
primarily with butane at 250°C. A few tests were also run with other fuels, and
at other temperatures. The electrodes were sintered platinum-Teflon structures
containing 50 mg/cm? of catalyst. The electrolyte, corrosive to both tantalum
and glass, necessitated the use of platinum screen supports for the electrodes
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Polarization from Butane

Theory, volts

and the periodic replacement of the test cells. A Kordesch-Marko bridge was used
to eliminate the effect of ohmic polarization from the measured performance.

The butane performance was ‘ound to be quite sensitive to the partial
pressure of water in the fuel feed. This was controlled by passing the fuel
through a water reservoir prior to entering the cell. Figure C-2 shows the
activity of butane as a function of this parameter. It is seen that the polarization
at mocerate current densities decreases with increasing water temperature up to
95°C, reversing the trend as the boiling point is approached.

Figure C-2
Water Vapor Influence on Butane Activity
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The lowest polarization recorded at 1UU ma/cm2 is 0.18 volts. The limiting current

also increases, up to a maximum of about 400 ma/cm? at a water temperature of 80°C,

falling off above this temperature. This is shown in Figure C-3, where the limiting
current is plotted against the water vapor pressure.
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These effects, plus the poor performance of dry butane, clearly indicate the
importuzce of a proper supply of water in this system. If there is insufficient
water, the butane reactivity is hindered ; if too much, the electrode becomes

butane concentration limited. In this connection, it should be noted from Figure C-2
that the Tafel slope also changes with water vapor pressure, reaching a constant
value of about 0.13 when the reservoir temperature reached 80°C or higher. This
suggests that not only is the butane reaction hindered with insufficient water
present, but it may also proceed via a different mechanism.

Additional runs were also carried out with hydrocarbons in pyrophosphoric
acid, Butane was reacted at 275°C with little change in polarization from 250°C,
although the limiting current was doubled. Ethane, at 230°C was slightly less active
than butane is at 250°C. Based upon the negligible effect of temperature on
polarization just discussed, this lower activity of ethane compared to butane
appears to be real. Performance was improved by water addition to the feed stream,
although no systematic study was made with ethane. Decane was also studied, at
275°C, by steam distillation to the platinum-Teflon electrode. No attempt was made
to optimize the fuel feed conditions. At 50 ma/em2, the polarization was 0.24 volts,
and the limiting current about 150 ma/cmZ?. Finally, a number of six-carbon fuels
were run at 275°C, by passing a nitrogen carrier stream through the liquids, fol-
lowed by a water reservoir at 80°C. Again, no attempt was made to optimize these
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conditions. Normal hexane, the most active of this group, was polarized 0.34
volts at 50 ma/cmz. The others tested, in order of decreasing activity, were

2 -methylpentane, cyclohexane, hexene-l, and benzene. This same group of fuels
was also tested in phosphoric and sulfuric acids, showing lower performance than
in pyrophosphoric. Complete details of these and all other tests discussed in
Part c are given in Appendix C-1.

Part d ~ Low Catalyst Content Butane Electrodes

Having established the conductivity, buffering capacity, and suitability for
hydrocarbon reactivity of pyrophosphoric acid, attentior was turned to the primary
purpose of this investigation, increasing the catalyst vtilization. Electrodes
composed of catalyzed carbon and a binder,and similar to the thin carbon structures
previously described (5), were tested with butane at 275°C, the fuel g2nerally
humidified by a water reservoir at 80°C. These electrodes, which contained 5 mg/cm?
of catalyst, were prepared with several carbon to binder ratios, porosities, and
thicknesses.

Performance of butane was found to vary considerably with the electrode
structure. However, repeat runs with the same electrodes, or replicated runs, were
not reproducible, preventing a rational correlation of performance changes with
specific factors. Thus at each of the three thickness levels tested, using 6, 12,
or 18 wt % of catalyst on carbon, a different combination ¢f carbon to binder ratio

and porosity gave the highest performance. Performance was improved with these i
electrodes by operating the water reservoir at 95° instead of 80°C. For example,

a low porosity electrade made up of a 231 ratio of 18 wt 7 catalyst on carbon powder =3
to binder, had its limiting current increased from 25 to 75 ma/cm? by increasing

the water temperature. No improvement in catalyst utilization was obtained over —

the level of sintered platinum-Teflon electrodes at 275°C however, the value at
the limiting currents being 15 ma/mg for each system. Further work is necessary
to improve the reliability of these measurements and to optimize the performance
and catalyst utilization levels, Details of all carbon supported electrodes are
found in Appendix C-2, as well as several other different, but inactive structures,

Part e - Oxygen Performance in Pyrophosphoric Acid

The performance of oxygen was determined in pyrophosphoric acid over a
temperature range of 200 to 250°C, using primarily the sintered platinum-Tecflon
electrode. Saveral runs were also made with low catalyst content (5 mg/cm2) carbon
electrodes at 275°C. Activity variations were quite large on the platinum-Teflon
electrodes, even though they were nominally identical. For example, at 230°C, the
most active electrode was polarized only 0.08 volts at 100 ma/cm2, while the least
active was polarized 0.28 volts. There variations may have been due to difficulties
in maintaining the sintering temperature constant. In all cases, the limiting
currents were in excess of 750 ma/cm2. When air was substituted for oxygen, little
performance change occurred up to about 25 ma/cm2, Beyond this level, polarization
increased, by 40 mv at 50 ma/cm?,and 90 mv at 100 ma/cm2, Activity was still higher
than with oxygen on similar electrodes inl4.7 M phosphoric acid at 150°C however.
Figure C-4 shows that at 100 ma/cm2, air performed 140 mv better at 230°C than
oxygen at 150°C., The direct oxygen comparison shows a 230 mv difference betwe °n
typical performances in these two electrolytes. Several runs were also carried out
in which the gas feed was pre-humidified, No effects on performance were detected.
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With the reactivity of oxygen in pyrophosphoric acid established, further
work aimed at improving catalyst utilization. Initial tests with the catalyzed
carbon electrodes described in Part d were made at 250 or 275°C. As with butane,

a variation of performance with structure was noted. In the absence of replicates,
however, it is not yet known if these represent random errors or true structural
effects. In any event, the highest activity obtained showed a polarization of 0.40
volts at 100 ma/cm? and a limiting current of over 300 ma/cm2. Details of all these
runs are found in Appendix C-3., It is evident that oxygen shows a large activity
increase at the higher temperatures possible in pyrophosphoric acid, in contrast

to butane. Further work will concentrate on improving the catalyst utilization
with the carbon electrodes and study the efficient use of air in place of oxygen.

Phase 2 - Buffer Electrolytes

Buffer electrolytes are of interest because they are less corrosive than
acids and increase the number of potential catalysts applicable to systems utilizing
carbonaceous fuels. The continued investigation of buffer electrolytes has concen~
trated on the carbon dioxide rejection of and reactant performance in high pH, con-
centrated solutions. The addition of inert salts as a means of raising operating
temperatures has also been studied. Finally, further tests of the pyrophosphate
salt buffer system, as distinguished from pyrophosphoric acid, were carried out.
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Polarization from Methaiicl

Part a - Concentrated Buffer Electrolytes

Concentrated buffer systems have been investigated because they have
relatively high boiling points and, therefore,can be used at elevated temperatures.
The highest concentrations reached with buffer solutions at room temperatures have
been with the cesium di- and tribasic phosphate system. Solutions containing up
to 3.5 moles/liter of each component have boiled as high as 145°C, and allowed
high activity with methanol on platinum catalysts at 130°C. However, they are not
initially carbcn dioxide rejecting, and when sparged with this gas, fall several
pH units (6). Subsequent tests have indicated, however, that at a given tempera~-
ture, the final pH is dependent on the carbon dioxide flow rate. This suggest
that at the lower flow rates, the solution is not saturated with carbon dioxide,
and further suggests that an electrolyte may be operated at higher than its
equilibrium pH by proper design. Additional discussion of this point is found in
Phase 3 of this Task. It was also found that these "equilibrated" solutions, con-
taining mono- and dibasic phosphate, carbonate, and bicarbonate anions, could not
be restored to their original pH by heating in the absence of carbon dioxide.
Further work wiil be carried out to explain these results.

Tests have now been carried out on the activity of methanol, hydrogen,
and oxygen with platinum catalyst in this "equilibrated" electrolyte. At 130°C,
using a dual platinum-Teflon electrode having 25 mg/cm? of pletinum sandwiched
between the two electrode sheets, poor methanol activity was obtained. Part of
this was traced to difficulties in maintaining an adequate sugply of fuel at the
anode. As shown in Figure C-5, the polarization at 100 ma/cm? decreased from 0.34
to 0.47 to 0.40 volts versus a reference hydrogen electrode as the fuel was first
fed as a vapor, then by syringe directly on the elec “tode, and finally with the fueil
chamber dead-ended.

Figure C=5
Effect of Methanol Feed on Performance
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@ = Vapor~fed Methanol
0.5 O = Syringe=fed Methanol O/
@ = Anode Chamber Closed
»n
2 0.4 ‘—‘—gz,—— —
S ()
3
e 0.3 —
g
=
ol Electrolyte: 3 M each Cs3P0,, Cs,HPO,
sparged with CO;
Temperature: 130°C
0.1 ] ] _ ] |

5 10 25 50 75 100

Current Density, ma/ em?

54




In contrast, the unequilibrated electrolyte had previousl- given only 0.21 volts
polarization st 100 ma/cm? and 130°C (6). 1In addition, at 5 ma/cm2, where fuel
concentration polarization is not a factor, the unequilibrated solution still gave
about 90 mv less polarization than the "equilibrated" electrolyte. Therefore, some
factor arising from the latter solution must be the cause of the lowered per formance.
Ionic concentration polarization, which could be present if the "equilibrated"
electrolyte did not have sufficient buffering capacity, was also ruled out by
runring a flag electrode with dissolved methanol. Stirring the system had no effect

upon performance up to about 100 ma/cm2, indicating that the solution was functioning
as a buffer, at least for anodic reactions.

Poor activities were also obtained with hydrogen and oxygen on the dual
platinum-Teflon electrode at 130°C, the former was polarized 0.14 volts at 50 ma/
cm2, with the limiting current only 75 wa/cm2, The best oxygen performance was a
polarization of 0.37 volts at 10 ma/cmz, with a limiting current of about 25 ma/cm2.

Additional cathode runs in unequilibrated electrolyte are discussed in Phase 3 of
this Task.

To check the possibility of the slectrolyte not functioning as a buffer
when operated as a catholyte, hydrogen was evolved from the dual electrode. At
100 ma/cm2, only 70 nv polarization was measured, indicating satisfactory buffer
capacity. These gases were also test.i with diluted samples of the equilibrated
electrolyte, showing greatly improved performance. When sufficient water was added
to give a composition nominally 1 M each in the di- and tribasic phosphates,
polarizations of only 0.12 and C.42 volts at 100 ma/cmZ were obtained for hydrogen
¢nd oxygen respectively, even though the operating temperature was lowered to 80°C.
Details of all the runs in the equilibrated elcctroiyte are given in Appendix C-4.

‘ The lowered performance of methanol in the carbon dioxide treated solution,
compared to fresh electrolyte, and the poor activity of hydrogen and oxygen, require
further work for explanation. Several possibilities exist, including a known
chloride ion level of several hundred ppm in the salts used to prepare the
'equilibrated"electrolyte, low solubilities of the gaseous reactaits, and wetting
difficulties. Additional experiments will be carried out to clarify these points.

Part b - Addition of Cesium Fluoride to Buffer Solutions

elactrolytes, as described in Part a. Experiments have been initiated to extend
this level by addition of a neutral salt to the concentrated solution. Cesium
fluoride was chosen as the salt because of its high solubility and presumed lack

l of effect on electrochemical reactions. This latter consideration was tested by

i adding one mole/liter of the salt to buffer solutions composed of 1 M each potaseium

‘ Temperatures of up to 145°C have been achieved with concentrated buffer

¥ mono- and dibasic phosphate or 1 M each carbonate and bicarbonate. These solutiors
- were run with methanol and oxygen on platinum electrodes at 60°C. Table C-1 shows
‘ & that no performance loss was encountered with methauol.
‘ zs
[
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Table C-1

Me.harol Performance in Presence and Absence of ¥l'ioride Ions

Platirum Catalyst, 1 M CH3OH, 60°C

Polarization from Methrnol Theory, volts

1 M KH2PO, 1 M KHCO3
Current Density, | 1 M KlpPO; | 1 M KpHPO, | 1 M KHCO3 | 1 M KpCO3
ma/ :m 1 M KoHPO, 1M CgF 1 M K2CO3 1 M CgF

5 0.37¢1) 0.32 0.27(1) 0.25

10 0.39 0.35(1) 0.30 0.32

50 0.47 0.43 0.38 0.38
100 0.51 0.48 0.42 0.42(1)

200 0.58 0.55 3.47 0.49

(1) Onset of carbon dioxide evolution.

The only anomaly was the higher current densities required for carbon dioxide

evolution in the presence of fluoride, since the neutral salt should heve little
effect on the pH. Oxygen performance was slightly impaired. 1In t%l carbonate-
bicsrtionate buffer, using the dual platinum-Teflon structure, the polarization

at all current densities was about 80 wuw higher in the presence of fluoride.

The addition of cerium flunride to raise the operating temperature of
the concentrated buffer system was investigated with a solution 3.3 M each in
cesium di- and tribasic phosphate, It was possible to add sbout 3 mnles/liter of
the fluoride to this solution at room tempersture. Alithough some clouvdiness occurred,
there was no precipitation and the boiling point was raised from the original 135°C
to 150°C. By concentrating the system further through evaporation the boiling point
was further increased to 180°C, although room temperature solubility was sacrificed.
Additional combinations will be tested, and reactant performar:e, particularly of
hydrocarbons, will be determined at the higher temperatures.

Part ¢ =~ Pyrophosphate Buffers

Buffer solutions prepared from salts of pyrophosphoric ar~¥d have pre-
viously shown favorable properties as fuel cell electrolytes (6). Tests have now
been conducted of their hydrolysis behavior by maintaining them at 80% for periods
up to 90 hours at the pH range, 6-9, in which they function as buffers. Addition
of a silver salt showed, by formation cf a characteristically yellow silver
orthophosphate precipitate, that considersble hydrolysis had occurred. Ouly at a
pH level of 11 or higher, well outside the buffering regi:n, was the hydrolysis

reaction suppressed. Because cf this instability, no further work is planned with
these systems.

Phase 3 - Air Electrodes for Buffar Electrolytes

Development of sir electrodes for use in buffer electrolytes has con-
tinued, with emphasis on the use of silver catalyst and the dual electrode struc-
ture (6). Tests have been carried out to enhance activity and to better understand
the function of each component of the dual structure, In addition, studies in con-
centrsted buifer solutions hsve been carried out at temperatures up to about 130°c,
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Part a = Dual Electrode Structures

Previous studies have established that the dual electrode structure, com=-
posed of two platinum-Teflon sheets, gave high performance with air in buffer elec-
trolytes (3). Furthermore, one of these sheets could be replaced by a silver-Teflun
sheet, with no loss of performance under cevtain conditions (6). Initial attempts
to evaluate the function and activity of each sheet indpendently, by electrically
insulating them, were not successful, However, further work has made progress ir
this area. The dual platirum-Teflon -lectrode was tested in a 1 M each carbonate=
bicarbonate b ffer of pH 10,6 at 60“C with air. Teflon-ring spacers were positioned
batween the two sheets of this siructure, and by careful pressure adjustment a
leakproof seal was obtained, with the sheets electrically insulated from each other,
/Zthough the geometrical arrangement of the dual electrode system was disturbed, it
was possible, by measuring the performance of each component independently, to obtain
a clear picture of their relative activities. Ag shown in Table C-2, the two per-
formunces were similar at 1 ma/cm®, At 50 ma/cm? however, the inner, electrolyte=-
facing sheet, fuiled, due to air starvatica, The outer sheet, although inferior to
standard dual electrode performance, did not fail. When a single platinum-Teflon
sheet was backed on the electrolyte side by a porous Teflon sheet, it was only slightly
inferior to the standard pa.formance, This confirms that the inner rheet is function-
ing primerily as a barrier. Any metal present in its structure is not-.significantly
active catalytically, although it may influence the porosity and hydrophobicity of
the sheet,

Effect of Dual Elec.rode Arrangement on Performance

Polarization from Oxygen
Electrically Theory at Indicated
Connected ma/cm<, volts

Electrode Component 1 10 50

Dual Platinum=-Teflon Both 0.20 0.28 0.43
0 " " Air-side 0.25 0.35 0.62
i " " Electrolyte-side | 0.25 0.50 1.27

Singla Flatinum=-Tefloa -

with Porous Teflon : .

Sheet Facing Electrolyte 0.23 0.29 0.47

uvther tests involving nickel-Teflon sheets were also made. A cual nickel-
Tefloa electrode was iractive, and a nickel-Teflon sheet backed by « platinum-Teflon
sheet showed only the .. tivity of the air starved platinum. Thus nickel has no
catalytic activity in ti..» system. The reverse configuration was less active than,
for example, simply a porcus Teflon sheet backing a platinum-Teflon electrode.
Finally, a triple silver-Teflon electrode showed no advantage over a dual electrode.
Details of all tests discussed ir Part a appear in Appendix C-5 .
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Part b = Concentrated Buffer Electrolyte

The concentrated solution composed of cesium di- and tribasic phosphates
has been discussed previously (6). 1In addition, its behavior with carbon dioxide
has been described in Phase 2 of this report, where the poor air electrode perform-
ance obtained in "equilibrated" electrolyte is mentioned, Tests have also been
carried out of air electrode activity in fresh electrolyte, not contacted with carbon
dioxide, These have been conducted primarily in 3,3 M each di- and tribasic phos-
phate, with dual silver- or platinum-Teflon electrodes at about 130°C, Runs have
also been carried out with single sheet electrodes and under several opurating and
structural conditions,

All electrodes in the concentrated buffer showed very poor activity at
125 or 130°C, Humidification of the air stream did not help, but applicatioE of
2-1/2 inches of pressure improved the polarization about 100 mv at 100 ma/cm”. Also
of some benefit wac the use of a more porous silver-Teflon sheet on the electrolyte
side, or dilution cf the buffer to 0,7 M in each component, This latter change
helped even though the operating temperature was lowered to 80°C, None of these ac-
tivity changes was sufficient, however, to bring the performance to a satisfactory
level, Appendix C-6 contains the data for these runs,

Since very poor cathode activity has been obtained in both the carbon di-
oxide treated and fresh concentrated buffers, the debit does not appear to be
associated with the composition changes which occur during equilibration, Rather,
it is probably due to one or more of the factors discussed in Phase 2, high chloride
ion concentration, low gas solubility, or wetting problems., Further work will seek
to veri:ly these possibilities and improve air electrode per formance, particularly
with the silver-catalyzed cystem,

Part ¢ = Comparison of Ce3ium and Potassium Carbonates

Because of the poor activity obtained with air electrodes in concentrated
cesium phosphate buffer, a study was initiated to compare cesium salts with potas-
sium salts, It was hoped to determine the presence of any specific cation effects,
rerformance tests were carried out with air and dual silver-Teflon electrodes in
6 M cesium carbonate, 6 M potassium carbonate, and a 4 M potassium and 2 M cesium
carbonate solution at 112 to 118°C, Table C=-3 illustrates that the potassium solu=
tion was superior to the cesium solution, especially at higher current densities.,

In fact, the performance in the former system represents the best activity yet ob-
served for silver catalysts in buffer electrolytes, The mixed solution wag equivalent
to this level, Further data is presented in  pendix C=6 ,
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Table C-3

Performance of Silver Cathodes
in Cesium and Potassium Solutions

Dual Silver-Teflon Electrode ; Air

Polarization from Oxygen
Electrolyte Temp, °C Theory at Indicated ma/cmé, volts
10 20 50
6 M Cesium Carbonate 118 0,36 0,44 0.48 -
6 M Potassium Carbonate 112 0,32 0.39 0.41 0.45
4 M Potassium Carbonate + 112 0.32 0.38 0.40 0,45
2 M Cesium Carbonate

The cesium carbonate solution allowed better performance than the con-
centrated cesium phosphate buffer, Since the former material contained a much higher
chloride conteat than the latter, it appears that this impurity may not be influenc-
ing the activity., The mixed solution, which matches the potassium solution in activ-
ity, tends to confirm this, These results may mean, rather, that the cesium ion
concentration is important., The alkali metals vary with atomic number in their ac-
tivity coefficients, the direction of change being dependent on the anion(l4). With
a proton accepting anion such as carbonate or phosphate, the larger cation, cesium,
will have a larger activity coefficient than a smaller cstion, potassium, This
effect explains the higher boiling point of a 6 M cesium carbonate solution, 129°C,
compared to 117°C for 6 M potassium carbonate, and may be related to the poor cathode
per formance in cesium solutions, However, satisfactory oxygen activity has been
reported in concentrated cesium carbonate, using platinum-Teflon electrodes (15).
This suggests that catalytic o— structural factors may overcome any debits inhereat
in cesium solutions, Further work is planned to define more definitely the influence
of impurities and investigate the specific effects of cesium ions, particularly their
interactions with cathode catalyst and structure variables,

Part d - Interaction of Methanol with Silver Cathode

Two problems which can arise at the cathode when using soluble fuels are
chemical oxidation of the fuel and also increased polarization. The silver-6 M
potassium carbonate system, having demonstrated high performance levels, also
offered the possibility of reducing methanol interactions because of the negligible
anodic activity of silver. Earlier work, with a less active system, has suggested
this to be the case (6), but more extensive tests at practical polarization levels
were needed for confirmation. These have now been carried out, with dual silver-
Teflon electroies in 6 M potassium carbonate at 105°C. Not only was the effect of
methanol on polarization measured, but also the oxygen and carbon dioxide contents
of the exhaust air stream were determined.

These experiments have demonstrated that methanol has no effect on the
silver cathode polarization. For example, the polarization at 100 ma/cmZ did not
change from the original 0.62 volts with successive additions of methanol, the
final concentration reaching 6.3 vol %. The original, methanol-free value was
about 100 mv higher than reported in Part c, primarily duve to a porous Teflon sheet
placed on the air side of the dual electrode to restrict leakage which developed
during the run. Simultaneously with the polarization measurements, the oxygen
and carbon dioxide contents of the exit air stream were being monitored, using
a Beckman F-3 oxygen analyzer and a Beckman IR315 carbon dioxide analyzer. Within
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the sensitivity of these instruments, corresponding to about 5 ma/cm2, no change
in the content of these gases was detected, Therefore, if chemical oxidation was
occurring, it was at a rate equivalent to less than 5 ma/cm2. Similar runs at
other current densities gave comparable results,as shown in Appendix C-7.

Phase 4 - Buffer Electrolyte Total Cells

The high activity exhibited by the dual silver-Teflon cathode in 6 M
potassium carbonate electrolyte, coupled with its insensitivity towards methanol,
prompted a brief look at its performance in a total cell.

Part a - Total Cell Performance

A cell was assembled using a dual silver=-Teflon air electrode and the 6 M
potassium carbonate elrctrolyte. The anode was made up from a screen containing
P-type catalyst, backed by two AA-1 platinum-Teflon sheets. With this interface-
maintaining structure, methanol was fed as a vapor in a nitrogen stream. At 105°C
with air the cell had a maximum power output at the terminals of about ' - mwatts/
cm?. No effort was made to minimize ohmic polarization, and with thke : -3 of 100
and 200 mv at 50 and 100 ma/cm? subtracted out, the power densities ro-- to 23 and
37 mwatts/cm? at these currents. Substituting oxygen for air further -uproved the
output to an IR free value of 51 mwaits/cm? at 100 ma/cm?. The cathode performance
was very close to that obtained in half-cell tests, 0.48 volts with air at 50 ma/cm2.
These results, details of which are shown in Appendix C-8 , demonstrate that the dual
silver-Teflon air electrode can be operated satisfactorily in a total cell. Further
work with total cells will determine if potassium carbonate can reject carbon dioxide
under practical operating conditions.

Phase 5 - Non-noble Catalysts for Methanol Oxidation

A number of different types of non-noble metal catalysts have been prepared
and evaluated for methanol activity. These include compounds of transition metals
which have shown activity in hydrocarbon reactions. Also, a number of metal alloys
were prepared by co-reduction of their salts. Both of these types of catalysts were
prepared on carbon supports. Other unsupported alloys were made by melting the
metals together in an arc furnace. Tests were run in the 1 M each potassium di-
and tribasic phosphate buffer of pH 12, and also in potassium hydroxide. The latter
electrolyte was used to avoid missing catalysts which might be active only at the
higher pH, but, with some modification, could be made active in buffer. Finally,
some experiments were carried out in concentrated buffer in an attempt to chemically
reduce metal oxides with decane as the first step in a possible redox system.

Part a - Transition Metal Compounds

Several compounds of transition metals which are active in hydrocarbon
reactions were prepared on carbon as a conductive support. These consisted of
tungsten and nickel-tungsten sulfides and cobalt and nickel molybdates. They were
evaluated at 80 and 90°C in pH 12 phosphate buffer containing 1 M methanol. None
of these were active catalysts under these operating conditions. A catalyst which
consisted of 30 wt % of cobalt molybdate on carbon was evaluated in 6.9 M potassium
hydroxide and would sustain currents of about 10 ma/cm?, with a pnlarization of about
0.4 volts at open circuit. The data indicate that these catalysts require tempera-
tures higher than can be achieved in practical methanol fuel cells to be effective.
The performance of these catalysts is listed in Appendix C-9,
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Part b - Crystal Lattice Parameters and Catalyst Activity

Platinum and its alloys are the most active catalysts for the anodic
oxidation of methanol. To evaluate the relation between crystal lattice parameters
and catalyst activity a number of non-noble metal alloys having lattice parameters
similar to platinum were prepared and evaluated as methanol catalysts. The alloys
were prepared byco-reduction of their salts adsorbed on carbon in an amount leaving
10 percent meval on the support. Some compositions prepared were Sb=48Ni, Au=35Ni,
Co=43Sb, 38Au=23Ag-=39Cu and Cu=25Au, None of these alloys had activity for oxidation
of methanol at 80 to 90°C in pH 12 phosphate buffer. The data is listed in
Appendix C- 9. Thus, attempts to prepare active catalysts based upon the criterion
of lattice spacing have not been successful.

Part ¢ - Gold and Gold Alloys as Methanol Catalysts

Gold and several alloys of gold have heen evaluated as methanol catalysts.
These catalysts were prepared by melting the metals in an arc furnace. The buttons
formed were inverted and remelted five times to assure homogeneity. The buttons
were then pulverized to less than 325 mesh powder and fabricated into porous
electrodes by use of a binder. Of the metals alloyed with gold, nirkel, copper,
silver, and iridium all decreased its catalytic activity while zirconium and
titanium had little effect on it. Current densities of 100 ma/cm? could be drawn
from gold or gold-zirconium catalysts when oxidizing methanol in 6.9 M potassium
hydroxide at 90°C. owever, these electrodes were polarized about 0.6 volts from
theory at 5-10 ma/cm®. This high polarization at low current densities makes them
unacceptable as practical catalysts. None of these catalysts had activity in a
buffer electrolyte of 1 M each potassium di- and tribasic phosphate. The performance
of these electrodes is shown in App2ndix C=9 .

Part 4 - Unsupported Transition Metal Alloys

About 20 transition metal alloys were prepared in which one metal was
from the group composed of molybdenum, nickel, chromium, cobalt, copper, iron, or
manganese, all of which have shown catalytic activity for certain hydrocarbon reactions.
The other metal was from the group made up of titanium, zirconium, tantalum, or
tungsten, which was added to increase the corrosion recistance. These alloys were
prepared by melting the metals together in an arc furnace and then remelting five
times to ensure homogeneity. The metal buttons were next pulverized to less than
325 mesh particles and pressed into porous disc electrodcs by use of a binder. The
electrodes were evaluated at 80 and 90°C in a pH 12 phosphate buffer electrolyte
and in 6.9 M potassium hydroxide, each containing 1 M methanol. None of the alloys
were effective catalysts in the pH 12 buffer electrolyte. 1In base, a current density
of 100 ma/cm? could be maintained with only one of the alloys, Ti-33Ni. However,
the polarization was 0.7-0.8 volts at this current. Nearly all of the alloys pre-
pared did not corrode chemically or anodically during evaluation. This was shown
by spectrographic analysis of the electrolyte after running.

This study has shown that it is possible to protect non-noble metal
catnlysts from anodic oorrosion in base or buffer and that it may be possible to
utilize the catalytic activity of these transition metals .: the same time.
Additional alloys will be prepared and evaluated as catalysts based upon these
experiments. The performance of these alloys as anodes is shown in Appendix C=9 .
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Part e - Comparisuon of Non-noble Catalyst
Activity in Buffer and Base

Many of the non-noble metal catalysts prepared have been evaluated in a
pH 12 phosphate buffer electrolyte and in 6.9 M potassium hydroxide. The performance
in buffer has been consistently poorer than in the strong alkaline electrolyte. A
comparison of the activity of four catalysts in these two electrolytes is included
in Table C-4 and shows current densities 5 to 100 times greater in potassium
hydroxide than in the phosphate buffer.

Table C-4

Catalyst Activity ir Strong Alkali and

Phosphate Buffer Electrolyte

90°C, 1 M Methanol

Current Density at Indicated
Catalyst Polarization from Theory, ma/cm

Composition Electrolyte 0.5 Volts 0.7 Volts
Co=5Ru 6.9 M KOH 10.6 14.5

! ﬁﬁggg‘}; * 0.4 1.6
CoMo(y, on C 6.9 M KOH 0.8 2.3

o ﬁgg(’;‘zz; ¥ .09 0.53
Ti-33N1 6.9 M KoH 6.8 22.0

ae 1;;;%24 + 0.25 1.5
Au=25Z; 6.9 M KOH 1.0 13.0

! ﬁ%gg? * .01 .06

The reason for thic very large difference in activity is not known
certainly it is not 2 reflection of the difference in conductivity of the two
electrolytes as the currents are too small for this to be a factor. In addition,

it has been amply demonstrated previously that the active noble mestal catalysts
retain their activity in buffer,

Part f - Reactions of Redox Agents in Carbonate Electrolyte

Although certain metal oxides, such as rhenium heptoxide and molybdenum
trioxide can be reduced by decane when slurried in concentrated acid, it has not
been possible to carry out the electrochemical re-oxidation gtep efficiently. In
the molybdenum case, a soluble reduction product is formed in the acid, which can
bere-oxidized at low current densities with favorable potentials. However, higher
currents cannot be reached, due apparently to the formation of molybdenum polyanions
in the acid electrolyte. With the development of concentrated buffers, it became
feasible to attain the higher temperatures believed necessary for the decane-oxide
chemical reaction at a high enough pH to minimize polyanion formation.
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Tests were carried out with 10 gram portions of sodium molybdate, ammonium
tungstate, and rhenium heptoxide, each dissolved in a 50 ml portion of 6 M potassium
carbonate and refluxed under decane at 117°C. No reactions occurred, however, even
when nickel or platinum powders were added as possible catalysts. These three
reagents were also tested with 1 M methanol in the carbonate solution at 110°C, but
again no reaction took place. Further tests will be made at higher temperatures
and with other oxides and catalysts.

Phase 6 -~ Slurry Catalyst Systems

Previous slurry catalyst studies have been conducted with a rotating
electrode providing the turbulence for maintaining the catalyst suspension (5,6).
An alternative method, requiring less energy, would involve utilizing the
immiscibility and lower density of decane in aqueous electrolyte. Thus if this
fuel is sparged through the electrolyte, sufficient turbulence may be produced to
maintain a catalyst suspension.

Part a - Catalyst Suspensions with Bubbling Decane

Tests of the bubbling concept were run with a 15 mm diameter glass chamber,
with exit and entrance tubes. A glass frit, through which decane could be sparged,
was placed in the entrance tube, and glass wool in the exit tube to prevent catalyst
loss. The electrode was simply a stationary platinum gauze in the chamber. 1Initial
runs were made with platinum and rhodium powders in 3.7 M sulfuric acid. The rhodium
agglomerated at the bottom of the chamber almost immuediately and could not be suspended.
The platinum was suspended at first, but as its potential approached to within a few
hundred millivolts of the decane theoretical open circuit potential, it also
agglomerated, It was found, however, that powdered carbon could be suspended without
difficulty. Accordingly, carbon-supported catalyst was used for the remainder of
the investigation.

The catalyzed carbon was used in a variety of systems, by itself and
ballmilled with Teflon powder, with and without added surfactant, and in 3.7 M
sulfuric or 14.7 M phosphoric acids. In addition to the suspension experiments,
several runs were also performed with the catalyst pressed onto the gauze current
collector. It was observed in all cases tha' the carbon slurry was easily flooded
by fuel, necessitating periodic interruptions in the decane flow. This in turn
resulted in less turbulence and less energetic movement of the particles. Performance
improvements resulting from the intermittent supply of fuel were primarily obtained
at or near the limiting current region. In fact all improvements, whether obtained
by the use of surfactants, higher temperature electrolyce, or increase in catalyst
particle density, occurred mainly in this region. For example, the addition of
0.04 wt % of FC~95 surfactant to the sulfuric acid electrolyte produced only a 50 mv
improvement at 1 ma, but the limiting current was increased from just over 1 to
5 ma. Full details of these runs are in Appendix C-10. The best performance and
catalyst utilization values were obtained in phosphoric acid at 150°C. At a
polarization of 0.60 volts, 5 ma could be drawn, giving a utilization of 0.8 ma/mg.
This is considerably poorer than ha:t been obtained with static electrodes, apparently
due to the poor contacting between ca-alyst particles and the current collector.
Improvements appear to require the use of other substrates, less easily flooded by
decane, which would allow increased turbulence in the system.
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4.4 Task D, Methanol Electrode

Studies of the methanol electrode in sulfuric acid electrolyte have con-
centrated on improving various aspects of ruthenium modified P-type catalyst per-
formance in the methanol-air battery and developing electrode structures to improve
catalyst utilization so as to reduce noble metal costs. Research for new methanol
catalysts has been aimed at cheaper non-noble metal materials for use in less corrosive
buffer electrolytes as described in Task C.

Phase 1 - Studies of Ruthenium
Modified P-type Catalyst

Several studies have been carried out to improve the performance of
ruthenium modified P-type anodes in the methanol-air battery. These have covered a
variety of performance characteristics such as sensitivity to methanol concentration,
effects of anode coatings and water purity on performance, mechanical stability,
storage, and life.

Part a - Effect of Methanol Concentration on
Ruthenium Modified P-type Catalyst Performance

Quantitative data on the response of anodes to changes in methanol concen-
tration are necessary in selecting proper concentration levels for cell operation.
In the present study, the performance of the hydrogen reduced ruthenium modified
P-type catalyst was determined at various methanol concentrations. The tests were
made in a well-stirred half cell described previously (3). The resulting perform-
ance curves are shown in Figure D-1 and the data are tabulated in Appendix D-1.

Figure D-1

Methanol Concentration Dependence
of Ruthenium Modified P-type Catalyst
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At low current density and/or high methanol concentration,a single Tafel line is
approached for all performance curves. This indicates that the inherent electro-
catalytic rate is not concentration dependent. However, at high currents or low
methanol concentrations, it appears that mass transport limitations become effective
and deviation from Tafel behavior occurs. Thus, scme of the catalyst sites become
fuel deficient and the concentration dependence is determined by the electrode struc-
ture.

Concentration dependence has sometimes been measured by potentiostatting
the anode and measuring current density. 1In the present case, such a measurement
would give relationships which are strongly dependent on the chosen potential and which
do not differentiate between catalytic and transport phenomena. Limiting current:
can be measured with such a technique by potentiostatting the anode at a sufficiently
high polarization to insure diffusion control of the reaction. These measurements
were made on ruthenium modified P-type anodes at 0.8 volts from methanol theory in
3.7 M sulfuric acid electrolyte with various methanol concentrations. The results
are tabulated in Appendix D-1 and are presented in Figure D-2.

Figure D-2
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At low current densities, the limiting current density is proporticaal to concen-
tration and mechanical stirring in the bulk electrolyte has a significant effect.

This agrees with the usual model of Fick's law diffusion across a stagnant

layer of constant thickness. At higher current densities, the limiting current for

a given concentiation is increased and mechanical stirring in the bulk electroly:e
sclution has little effect. In this regime the evolution of carbon dioxide at the
eiectrode surface appears to increase mass transport to the catalyst surface, prchebly
by reducing the diffusion layer thickness as described previosusly (1l).

Thus, high limiting currents are possible at fairly low methanol concentra-
tions, for example 350 ma/cm* for 0.25 M methanol. However, in order to minimize

polarization 1,sses to about 20 mv, the current density for 0.25 M methanol must be
limiteu to about 100 ma/cm2.

Part b - Methanol Electrode Coatings

Studies in methanol-air cells, Task F, have shown that loss of fuel due to
chemical oxidation at the cathode is directly proportional to the concentration »f
methanol in the electrolyte chamber adjacent to the membrane side of the cathode. Thus,
improved performance and efficiency can be achieved by limiting the amount of methanol
that diffuses from the anolyte chamber through the anode into the electrolyte chambo .
Although the methanol electrode itself acts as a harrier (1), the methanol flux cciiid
be further reduced by providing an additional diffusion barrier. Therefore, a bri:

study was made of the effect on anode performance of a hydrophobic coating on the
electrolyte chamber side of a methanoal electrode.

A coating of about 5 mg/cm2 Teflon 41-BX was sprayed on a small con-
ventional ruthenium modified P-type anode. The latter was tested in a glass half
cell at 60°C, with 1 M methanol in 3.7 M sulfuric acid in the anolyte chamber and
acid only in the counter-electrode chamber. As shown in Table D-1, anode performance
at 50 ma/cm® was not affected by the presence of the Teflon barrier. However, ohmic
losses through the electrode structure increased somewhat from 0.005 volts to 0.020
velts at 100 ma/cm?. Complete data are listed in Appendix D-2.

Table D-1

Effect of Teflon Coating; on Methanol Electrode Performance

Polarization from Methanol Theory ’
at Indicated ma/cm?, volts(1) Ohmic Loss at
Coating 50 100 100 ma/cm?, volts
Teflon 0.28 0.52 0.020 =
None 0.28 0.31 0.005 :

(1) 60°C, 1M CHyOH in 3.7 M HyS0,.

Thus, anode performance was not seriously impaired by the coated barrier.
Previous studies with cells of this configuration showed that, very little methanol
diffuses through the electrode during the 1-2 hours required to perform these tests
(6). However, further tests are required in total cells to establish the overall
benefit of this barrier for reducing methanol diffusion to the cathode.

66




w

e
e

e

Part ¢ - Effect of Water Purity on Electrode Performance

An experiment was carried out to determine the effect of using less pure
water on the performance of the present anodes and cathodes. The work was carried
out in the 1" diameter half cell unit (5) at 60°C using electrolyte mixtures prepared
with the following types of processed water: distilled and deionized water, distilled
water, refluxed tap water, and tap water. All solutions were prepared with 1 M
methanol and 3.7 M sulfuric acid.

The standard Cyanamid AA-1 electrode, with a pressed Permion 101C membrane,
displayed no noticeable change in polerization when tested with solutions prepared
using the four types of water described above. The anodes showed a slight increase
in polarization as the quality of water was reduced, but the maximum degradation was
only 40 mv. It is important to note, however, that the initial performance of the
anode in the distilled-dionized water was relatively poor, the polarization at 50
ma/cm? being about 20 to 30 mv higher than the best anodes that have been previously
tested. Thus, it may be possible that the deleterious effects of the low purity
water were masked by previous contamination of the electrode. These rasults are
summarized in Table D-2.

Table D-2

Effect of Water Purity on Performance

Polarization from Theory
at

Electrode Type of Water Processing 50 ma/cm® 100 ma/cm<
Cyanamid Distilled - D.I. Hy0 0.45 0.47
AA-1 Distilled H30 0.44 0.46
Cathode Refluxed Tap H,0 0.45 0.49
Tap Hp0 0.46 0.48
Ru Mod Distilled - D.I. Hp0 0.31 0.35
P-type Distilled Hj0 0.31 0.35
Anode Refluxed Tap H,0 0.33 0.3¢
Tap Hy0 0.35 0.38

Part d - Electrode Vibration Tests

A small polypropylene test cell was constructed for testing the tolerance
of various electrode construction techniques to vibration. The cell had two separate
chanbers each containing 1-1/6" diameter electrodes immersed in electrolyte. The
asserbly was mounted on an MB Type "C" vibrator with a force capacity of 0 to 50
1bs for frequencies of 5 to 200 cps and displacements of 0 to 1/2".

A variety of electrodes were tested, including anodes made with no hinders
and several containing Teflon or an EPR latex. Electrodes were evaluated in this
cell at 18, 23, and 100 cps with displacements of 0.375) 0.25) and 0.01", respect-
ively. Vibration tests were also made in which the electrolyte level was lowered to
the center line of the electrode. This resulted in violent agitation when vibrated
gt the higher amplitudes. 1In addition, a 240 mg lead ball was attached to the center
of the electrodes to increase the stress on the electrode. No appreciable catalyst
loss was evident in any of the tests, showing that the catalvsi-electrode contact
was tenacious.
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Part e - Storage Tests with Ruthenium
Modified P-type Catalyst

Previous testing indicated that no significant change in activity occurred
as a result of storing catalyst powder in either water or 3.7 M sulfuric acid that
contained 1 M methan. 1 (6). These tests have been continuing with no change in per-
formance having occurred after 160 days. The complete tabulation is preserted in
Appendix D-3.

The performauce debits resulting from long term storage of anodes in sul-
furic acid were 2lso evaluated as a function of the methanol concentration in the
electrolyte. These results are needed to assess the types of shutdown and storage
procedures that will be required. Methanol concentrations of up to 1 M were employed.

These tests showed that electrodes stored in acid under open circuit con-
ditions lost of the order of 10 mv when ctored in electrolyte containing less than
0.01 M methanol. However, under the same conditions, about 50 mv was lost with
methanol concentrations above 0.1 M. Most of this loss occurred after a relatively
short storage period, remaining fairly stable thereafter. This is illustrated in
Table D-3 with the more detailed performance data presented in Appendix D-3.

Table r-3

Effect of Methanol Concentration in Storage on Anode Performance

Performance Debit at 50 ma/cmz, mv
After Indicated No. of Storage Days
Methanol Conc, M 1 7 14 30
0 0 15 10 15
0.01 0 15 20 v}
0.1 5 55 25 50
1.0 10 25 50 50

Further work is required to define the effect of storage conditions more
completely. However, based on the data above and past work (6), ther: appear to be
no serious problems.

Part f - Life Teuts with Ruthenium
Modifi:d P-type Catalyst

Half cell life tests as previously reported (6) have been continued. The
data are summarized in Appendix D-4. These cells are operated continuously except
for a daily 15 minute open circuit, and polarization readings are recorded 30 minutes
after the cell is put back on circuit. 7In addition, the cells are occasionally
reactivated by flushing and overpolarizing *n methanol-free acid.

Indications are that, operating in properly purified solutions without sus-
tained overpolarization, these catalysts suffer a mild activity loss with time, which
can be regained with the activations deccribed. Five replicate runs of borohydride-
reduced catalyst lost an average of only .005 v in life tests ranging from 5400 to
8000 hours. The two best of these are still in operation at 8000 hours and show an
average improvement of .012 v. More recent tests on the hydrogen reduced catalyst,
now favored for the methanol-air battery, show an average gain of .005 volts on two
czlls at 1100 hours, thus indicating that these more dctive catalysts are as good
as the borohydride catalysts in terms of activity maintenance.
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Tt is thought that trace amounts of impuri*ies such as halides are responsible
for some performance loss. The daily open circuiting of electrodes regains about
.02 to .04 volts which is thoughl to be due to desorption of poisoning anions. Two
of the three cells run with calomel reference electrodes (numbers III, IV, V) showed
very substantial activity decline attributed to leakage from the reference electrode.

It seems likely that trace amounts of partial oxidation products such as
aldehydes, ketr s, etc,may also cause performance losses and that the act’-ration
procedure serves to burn these cff of the electrode. Addition of .03 wt % of acetone
and propionaldehyde caused a performance loss of .12 volts. This was recovered by

the activation procedure.

Some total cell life testing has also beer. done. The equipment and genaral
procedure for small, total-cell life tests was described in (6). A summary of the
data is presented in Append'x D- 4, and the highlights are in Table D-4.

Table D=4

Total Cell Life Tests

Currcat, Temp, Cell Voltage Present Life,
Cell ma/ cm? °C Start 1000 hrs Present hours
1 43 60 0.44 0.43 0.39 3800
2 46 60 0.43 0.42 0.4% 3800
3 85 80 0.39 0.36 0.2¢% 2300
4 83 80 0.43 0.40 0.25% 2800

% At 25 ma/cm?--could not support higher current.

The cells were occasionally reactivated by washing and overpolarizing in
methanol-free electrolyte, but no reactivations had been undertaken at the 1000 hour
mark.

At 1000 hours, the performance of cells 1 and 2 confirms the conclusion
reached previously (6), that significant deactivation does not result merely from
long term operation. The substantial losses in cells 1, 3, and 4 after 1000 hours
resulted from serious upsets in the normal mode of cell operation. For instance,
these cells were driven for a long time during an electrolyte flow stoppage, which
caused severe polarization increases. This situation occurred in the laboratory
tests vhere the cells were driven by a constant current power supply. Cell 2 also
suffered minor flow interruptions, with less serious consequences.
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Phase 2 - Studies of Methanol Electrode Structure

Work has been extended to reduce the amount of noble metal catalyst in
methanol electrodes for use in sulfuric acid electrolyte. Some effects of catalyst
loading were determined in structures with and without non-catalytic, conductive
diluent materials. Several attempts were made to increase the accessibility of the
catalyst to the fuel through structural modificationsin both the catalyst and elec-
trode. In addition, preparations of supported catalysts with low noble metal load-
ings on carbon were made using various reduction techniques.

Part a - Effects of Non-Catalytic Diluents

Previous studies of catalyst loading with ruthenium modified ¢-type cata-
lyst showed that performance was insensitive to catglyst loading over a wide range
at relatively high loadings. A minimum of 12 mg/cm® was required to achieve com-
plete coverage of the electrode surface. 1In order to fabricate electrodes with
lower catalyst loadings, non-catalytic tantalum particles were incorporated into the
catalyst paste to insure enough bulk voiume for full coverage and conductivity. A
linear relationship between performance and catalyst content was then found down to

1 mg/cm? (6).

The studies with conductive fillers have been extended to include eight
other materials. TLthese were finely divided gold, tungsten, graphite, carbon, and
the carbides of boron, tungsten, zirconium,and tantalum. They were chosen for their
inertness and conductivity and were intimately mixed with dry, hydrogen reduced
ruthenium modified P-type catalyst at levels of 5, 7, and 10 mg/cm2 catalyst loading
depending on bulk volume. Electrode:s were stabilized with 0.5 wt % of 41 BX Teflon
emulsion which was added to the moistened mixture. Performance of these electrodes
was mearured in 3.7 M sulfuric acid, 1.0 M mettanol, at 60°C. Results showed large
differences between the various diluents. The extreme cases were 65 ma/cm? for gold
and 0.1 ma/cm? for tantalum carbide, with gold-tantalum (60 ma/cm?) and tantalum
(45 m2/ecm2) the next best,and zirconium carbide near tantalum carbide with 0.9 ma/cml.
When using catalyst utilization asa measure, gold or gold-tantalum were bestywith
6.5 and 6.0 ma/mg,respectively. Next was finely ground graphite with 5.4 ma/mg.

These results ave tabulated in Table D-5 and Appendix D-7.
Table D=5

Effects of Various Diluents on Ruthenium
Modified P-type Catalyst Performance

3./ M sulfuric acid, 1 M methanol, 60°C

Current Density at Catalyst Utilization
Catalyst Lgading, 0.35 volts at 0.35 volts
Diluent mg/cm Polarization, ma/cm? | Polarization, ma/mg
Graphite, 50% 5 27 5.4
Carbon, 507 5 14 2.8
Au, 80% 10 65 6.5
Ta, 80% 10 45 4.5
Au, 40%Ta, 40% 10 60 6.0
W, 80% 10 27 2.7
WC, 90% 10 17 1.7
B4C» 90% 10 9 0.9
TaC, 90% 10 0.1 0.01
Z2rC, 90% 7 0.9 0.13
None (standard) 20 120 v.0
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These results show some carbides to be reactive and influencing electrode
performance negatively, while most others proved to be inert. These latter show a
similar utilization range to undiluted catalyst but reflect :he lower performance
typical for the lower catalyst content.

Part b - Effects of Two-Layer Electrodes and Various Binuers

Several attempts were made to increase the aveilable catalyst in gold

or tantalum diluted electrodes by placing most of the catalyst into the upper layer
of a two-layer electrode,or by using different types of btinder and creating voids in
the structure. Several two-layer electrodes were fabricated with loadings of 5 and
10 mg/cm2 catalyst on top of tantalum or gold. The diluent was first pressed onto
the electrode support to prepare a continuous smooth layer. Then the catalyst was
spread thinly over it and the whole structure pressed again at increased pressure.
In one electrode,a fraction of the catalyst was also incorporated into the bottom
layer such that the catalyst content in this layer was 10 wt % with 50 wt % in the
top layer.

Performances varied linearly with the amouat of catalyst present, regard-
less of distribution throughout the structure. Data obtained with well mixed diluted
electrodes and undiluted catalyst at similar loading levels were similar, indicating
that no additional catalyst had been made accessible to the fuel. Valges measured
in 3.7 M sulfuric acid and 1.0 M methanol at 60°C were 45 and 50 ma/cm“ at 0.35 volts
polarization when 10 mg/cm? catalyst was used and 25 ma/em? with 5 mg/cm® catalyst
on top of a gold layer. Only 3 ma/cm® was obtained with 5 mg/cm? catalyst on top of
a tantalum layer. These results are listed in Tabie D-6 and Appendix D-7.

Table D-6

Effect of I'wa-Layered Electrode Structure
3.7 M sulfuric acid, 1.0 M methanol, 60°C

Catalyst Current Density Catalyst Utilization
Loading, at 0.35 volts at 0.35 volts
Electrode Composition, wt % mg/ cm Polarization, ma/cm?2 |[Polarization, ma/mg
20% cat-80% Ta 10 50 5.0
{all catalyst in top layer)
10% cat-90% Ta 5 3 0.6
{all catalyst in top layer)
10% cat-907% Au 5 25 5.0
20% cat-80% Ta 10 45 4.5

In another series of experiments to influence the structure and properties
of electrodes, Kynar, Teflon, and Saran at levels of 3 and 5 wt 7 were used as binders.
Some of these electrodes were also prepared with porosities between 20 and 40%. As
shown in Table D-7 and Appendix D-7,all plastic additions at these levels, as well as
increased porosity, caused performance debits of between 50 and 100 mv. Thus, the cur-
rent density of 50 ma/cm® at 0.35 volts polarization in a binder free electrode
dropped to 28 ma/cm? with 5% Saran, to 18 ma/cm? with 5% Kynar,and to 5 ma/cm? with
5% Teflon. Structures with increased porosity showed some debits, but generally
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reflected the influence of the binder used. Thus, a struchre with 20% porosity
without Teflon showed 35 ma/em?, which dropped to 28 ma/cm® with 1% Teflon and to
1 ma/cm? with 5% Teflon.

Table D-7
Effect of Binder and Porosity
in Tantalum Diluted Electrodes

3.7 M sulfuric acid, 1.0 M methanol, 60°C
10 mg catalyst/cm?, 30 and 50 mg/cm? total loading

Porosity Current Density
Binder, Increase, at 0.35 volts
wt % vol % Polarization, ma/cm
None 0 50
5% Saran 0 28
5% Kynar 0 18
5% Teflon 0 5
None 20 35
1% Teflcn 20 28
5% Teflon 30 1
3% Kynar 30 4

Thus, these attempts to place more of the catalyst on the surface of the
electrode or to make the structure more open to increase fuel accessibility to the
catalyst wese not successful.

Part ¢ - Effects of Catalyst Loading with
Ruthenium Modified P-type Catalyst

Since previous studies of loading effect with undiluted catalysts were
limited to a minimum of 12 mg/cm®, conclusions concerning catalyst utilization
limitations in present electrode structures were based on results with diluted cata-
lyst which indicated significant performance loss at lower loadings. Special tech-
niques were sought for preparing low loaded,undiluted catalyst loadings to assess the
effect of reducing catalyst quantity in present methanol electrodes. These electrodes
were prepared without binders on roughened platinum flags. The ruthenium modified
P-type catalyst was dried in vacuum and spread on the flag at loadings of 4 to 40
mg/cm“. Performances were measured at 60°C on 1 M methanol in 3.7 M sulfuric acid
electrolyte.

The results were similar to those for diluted catalyst witha linear
relationship between current density at 0.35 volts polarization and catalyst loading
in the range 0 to 20 mg/cmz- Performance increases leveled out at higher loadings
with constant performance above 40 mg/cmz. Polarization values ranged from 0.32 to
0.46 volts at 100 ma/cm? and 0.46 to 0.62 volts at 500 ma/cm?. These results are
tabulated in Table D-8 and Appendix D-8 and are plotted in Figure D-3. The values
for tantalum diluted electrodes in this figure were taken from previous measurements
for comparison (6).
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Table D-8

Effects of Catalyst Loading with
Ruthenium Modified P-type Catalyst

Polarization from Methanol
Catalyst Theory at Indicated Current Density Catalyst Utilization
Loading, ma/cm?, volts at 0.35 volts at 0.35 volts
mg/cml 0 1 10 100 | 500 | Polarization, ma/cm Polarization, ma/mg
50 0.13 (0.18 | 0.24 | v.32 |0.46 170 3.4
40 0.05 [0.16 | 0.24 1 0.32 10.46 160 4.0
20 0.14 [ 0.19 | 0.26 | 0.34 [0.49 120 6.0
18 0.06 10.20 {0.26 | 0.35 |0.55 100 5.4
14 0.08 {0.19]0.20 |0.36 }0.56 80 5.7
10 0.17 1 0.21 §0.28 {0.39 | -- 50 5.0
6 0.16{0.2310.31 |0.42 | -- 25 4.3
5 0.15]0.22 }0.30 |0.41 {0.62 32 6.8
4 0.22 10.2610.33 {0.46 | -- 13 3.2
Figure D-3
Effect of Catalyst Loading of
Ruthenium Modified P-type Catalyst
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These data show that the use of tantalum had no effect upon electrode
performance. They also demonstrate that the present methanol electrode with 20-25
mg/cm2 of catalyst can be reduced by no more than one-half without an appreciable
performance debit. There is a fairly constant catalyst utilization of between 4 and
6.8 ma/mg over the range from 40 to 5 mg/cm2.

Part d - Effects of Reduction Techniques on
Activity of Ruthenium Modified P-type Cutalyst

To study the influence of different reducing methnds on the activity of
the presently used methanol catalyst,ametal salt solution of standard composition was
reduced with formaldehyde in presence of 1 M sodium aluminate, with a radical anion
reagent formed from lithium and biphenyl, or with carbon monoxide in 0.0025 and 1 wt %
aqueous solution. All were carried out at moderate temperatures between 25° and 70°C.
In the formaldehyde reduction the effects of pH of the reaction solution and the wash
solution on activity were also tested. Results indicated somewhat improved performance
when the pH was adjusted to 11 instead of 8 as inprevious pren~rations. Also,the
aluminate was more completely removed after the reduction with 6 N potassim hydroxide
than with 3 M sulfuric acid, which led to 50 mv higher performunce at 100 ma/cm2.

When the reduction was carried out by sparging carbon monoxide into a
highly dilute solution of metal salts (0.0025 wt %), a colloidal catalyst dispersion
was formed which was completely adsorbed on carbon after 12 hours. 1In this case, a
potassium hydroxide treatment,followed by 5% sulfuric acid, gave an 80 mv debit com-
pared to a sulfuric acid wash only.

Tests_of all these compounds wetre made on Pt flag electrodes with a load-
ing of 20 mg/cm? in 3.7 M sulfuric acid with 1.0 M methanol at 60°C. Results were
compared with results from the most active catalyst prepared by hydrogen reduction
Results showed almost equal performance for the two preparations. Debits of 30-40
mv with the radical anion treated material and another 100 mv debit with the carbon
monoxide reduced catalyst were observed. Some typical data were 0.30 volts polariza-
tion at 100 ma/cm? for hydrogen reduction to 0.45 volts for carbon monoxide reduction,
which corresponded to a 24 fold decrease of current density at 0.35 volts. These data
are listed in Table D-9 and Appendix D-8. They show that present methods are super-
ior to any of the other three techniques. The performance of hydrogen reduced
ruthenium modified P-type catalyst has been discussed previously (6) and recent data
are presented in Appendices D-5 and D-6.

Table D-9

Effect of Reducing Agents on
Ruthenium Modified P-type Catalyst

20 mg/cm?, 3.7 M HpS04, 1.0 M CHy0H, 60°C

Polarization at Indicated Current Catalyst Utilization]
Catalyst ma/cm?, volts at 0.35 volts at 0.35 volts
Preparation 0 1 10 100 | 500 | Polarization, ma/cm? | Polarization, ma/mg
H 0.09}0.16 j0.23 | 0.30 |0.41 240 12.0
H%HO on 0.09]0.20 | 0.26| 0.33 | 0.48 170 8.5
NaAlOy, pH 8
HCHO on 0.04{0.20 | 0.26] 0.32 |0.41 210 10.5
NeAl0,, pH 11
Radical Anion| 0.08 | n.17 1 0.25| 0.36 {0.49 80 4.0
Reduction
0N reduced in | 0.20 | 0.27 }0.35{ 0.45 }{ 0.57 10 0.5
;un‘ wution
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Part e - Effect of Surface Area on Methanol
Activity for Platinum Black Catalysts

Several electrodes were fabricated with platinum blacks of known surface
area, pore volume, and bulk density to determine a correlation between these para-
meters and catalyst activity for methanol. These catalysts had been made with form-
aldehyde-sodium aluminate, radical anion, hydrogen, and formaldehyde reduction. Cata-
lyst loading varied between 20 and 70 mg/cm‘ according to bulk density. Test results
obtained in 3.7 M sulfuric acid, 1.0 M methanol, at 60°C showed the highest catalyst
utilization of 3.5 ma/mg at 0.45 volts polarization for catalyst reduced with form-
aldehyde on sodium aluminate, the lowest of 0.7 ma/mg for formaldehyde reduction in
solution. These two catalysts represent the highest and lowest values of surface
area and pore volume as shown in Figure D-4 and Table D-10. Appendix D-9 lists the
performance of these platinum catalysts.

Figure D-4

Area Effects in Platinum Blacks
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Thus, the microstructure of the catalyst is impertant in obtaining good
utilization as in the case of hydrocarbons discussed in Task A.
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Table D-10

Correlation Between Surface Area
and Activity of Platinum Blacks

— 1

Catalyst
Catalyst | Surface Pore Bulk Utilization
Catalyst Loading, Area, Volume, Density, at 0.45 volts
Preparation mg/cm mZ/gm cm3/gm gm/cm Polarization, ma/mg

HCHO on NaAloO, 20 30 0.40 0.55 3.5
Li/Biphenyl 38 26 0.19 0.65 1.7
Radical Anion
Alloyed with Ag, 70 10 0.05 0.65 1.4
then Ag Removed
HCHO 20 8 0.03 0.27 0.7

Part f - Performance of Supported Methanol Catalysts

After the completion of the tests with low loadings of undiluted or diluted
catalyst which had shown a linear performance drop with decreasing catalyst content,
experiments were conducted with supported catalyst on high surface area materials in
order to disperse it in a more finely divided form. These experiments were encouraged
by results with platinum catalyzed carbon where catalyst loading had becn reduced by
one tenth to 1.2 mg/cm‘ and performance debits of less than 40 mv were measured. This
work was extended with attempts to reduce the higher performing ruthenium modified
P-type catalyst on carbon. Several reducing techniques were used on impregnated car-
bon that had been carefully dried at 110°C befoxe and after the impregnation with
aqueous metal salt solutions. 1In one case, the impregnation and reduction was carried
out separately for each component. In another, the carbon was preactivated with Pt.
Structural changes were limited to the use of different amounts of Teflon or latex
binder, vacuum drying the catalyst, and the use of boron carbide and coal as supports.

The most active catalyst was prepared by a hydrogen reduction between 130
and 250°C at metal loadings of 20 and 30% followed by a treatment with 8.01 N potassium
hydroxide and sulfuric acid. This catalyst gave 0.35 vclts at 10 ma/cm®, 0.42 volts
at 50 and 0.46 volts at 100 ma/cm” at catalyst loadings of 2 mg/cm“. The catalyst
utilization at 0.35 volts was 5 ma/mg which is the same as with 20 mg/cm? unsupported
catalyst. These electrodes gave identical values at 1 and 2 M methanol concentration.
IR-measurements using a Kordesch-Marko bridge deviﬁe showed IR-values below 2C mv
at 100 ma/cm? and around 80 to 100 mv at 500 ma/cm®. Continuous operation at 50
ma/cm? of one such electrode showed a 30 mv decline after four hours and no loss in
the next 20 hours. The standard electrode preparation was made with 0.5 wt 7 Teflon
41 BX emulsion. Larger additions of Teflon or the use of uncured butyl latex as
binder at concentrations of 1 and 5% gave debits of 50 to 100 mv. Also, reductions
with potassium borohydride solution, at high temperatures,or in a stepwise fashion
were detrimental. Using a ballmilled coal of low conductivity as support gave large
debits of 200 mv. However, boron carbide of 80) mesh particle size showed an improved
open circuit of 0.03 volts polarization from theory, which is in the range of unsup-
ported catalyst and 200 mv better than all the carbon supported compounds. All these
results are listed in Appendix D-10 and Table D-11 and the effects of reduction tech-
niques plotted in Figure D-5.
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Table D=-11

Performance of Supported Methanol Catalyst

3.7 M sulfuric acid, 1.0 M methanol, 60°C,

2 mg catalyst/cmZ, 0.5% Teflon emulsion

Catalyst
Catalyst Polarization from Methgnol Utilization
Preparation Theory at Indicated ma/cm”, volts at 0.35 volts
(Reduction) 0 1 10 50 100 Polarization, ma/mg
Hy on Carbon at 125°C 0.21 | 0.27 |0.35 | 0.42 |0.46 5.0
Same, Vacuum Dried 0.17 0.27 0.35 0.42 0.44 5.0
KBHy, 30°C on Carbon 0.22 { 0.26 [0.38 | 0.50 -- 3.0
High temp reduction 0.34 | 0.56 -- -- -- --
on Carbon
Hy on Carbon, Stepwise | 0.19 | 0.27 }0.39 | 0.51 - 2.3
Impregnation
Same with 27 Teflon 0.22 0.30 | 0.46 | 0.59 -—- 1.0
H, on Carbon 120°C 0.26 | 0.32 {0.43 1 0.58 ,0.68 1.0
57, Butyl Latex
Hy, on Boron Carbide 0.03 | 0.25 [ 0.35 | 0.47 | =" 5.0
1 l
Figure D=5

Effect of Reducing Technique on Activity of

Carbon Supported Ruthenium Modified P-type Catalyst
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Thus, while catalyst utilization at 0.35 volts polarization has not been
significantly increased as yet, these supported catalysts appear to offer a promising
technique for decreasing noble metal loading.
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4.

4.5 Task E, Air Electrode

Studies have been carried out aimed at developing cathode structures
which do not require the use of membrane backings. Tests have been made on several
coatings, applied directly to the surface of American Cyanamid AA-1 platinum-Teflon
electrodes. Additional air electrode studies, carried out in connection with the
anode catalyst, buffer electrolyte, and methanol chemical oxidation programs are
presented in Tasks A, C, and F.

Phase 1 - Membrane-free Electrode

The air electrode used in multicell engineering work consists of a Permion
1010 membrane carefully pressed to the electrolyte-facing surface of a Cyanamid AA-1
platinum-Teflon electrode. However, fabrication is difficult and the membrane
used to prevent gross water flow is fragile, easily detachable, and expensive. Be-
cause of these difficulties, studies were initiated on methods of fabricating
membrane-free air electrodes.

Part a - Preparation of Membrane-free Electrodes

The basic technique used in preparing a membrane-free electrode consisted
of applying a porous, hydrophobic, acid resistant coating to the surface of a
Cyanamid AA-1 electrode. Both spraying and painting techniques were used to apply
Teflon, silicone, and butyl rubber coatings to the substrate electrode., The chief
criteria wused to evaluate these electrodes were perfcrmance and leak resistance
under battery operating conditions.

Part b - Peformance Evaluations in the Absence of Methanol

Fabricated electrode polarization measurements were made in a 1" diameter
half-cell test apparatus, equipped with a reflux condenser and a standard calomel
electrode. The test cell arrangement and instrumentation were described in a
previous report (3). Several experimental cathoce coatings were tested in methanol-
free 3.7 M sulfuric acid at 60°%. These included sulfur-containing and sulfur-free
butyl latexes, Silastic, and Teflon.

These electrodes were tested with their coated side in contact with the
air. However, several were also tested with the cuated face of the electrodes in
contact with the electrolyte. In all cases, the electrode, of a given configura-
tion, performed better when the coated side directly faced t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>