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EXECUTIVE SUMMARY

The U.S. Department of Energy's Office of Energy Systems Research
provides ‘cdntinuing support for an Energy Storage Program, which
includes R&D on advanced electrochemical energy storage and conversion
systems. A major goal of this program is to devélop electrochemical
power sources suitable for appliéation in electric vehicles and/or elec-
tric load-leveling devices. The program centers on advanced secondary
batteries and fuel cells that offer the potential for high performance
and low life-cycle costs, both of which are necessary to permit signifi-

cant penetration into commercial markets.

The DOE Electrochemical Energy Storage Program is divided into two
projects: the Exploratory Technology Development and Testing (ETD) Pro-
ject and the Technology Base Research (TBR) Project. ETD Project
management responsibility has been assigned to Sandia National Labora-
tory (SNL), and the Lawrence Berkeley Laboratory (LBL) is responsible
for management of the TBR Project. The ETD and TBR Projects include an
integrated matrix of research ahd development efforts designed to
advance progress on several candidate electrochemical systems. The role
of the TBR Project is to perform supporting research for thé advanced
battery systems under development by the ETD Project, and to evaluate
new systems with potentially 'superior performance, durability and/or
cost characteristics. The specific goal of the TBR Project is to iden-
tify the most promisihg electrochemical technologies and transfer them
to industry and/or the ETD Project for further development and scale-up.
This report summarizes the research, financial, and management activi-
ties relevant to the TBR Project in CY 1984,

General problem areas addressed by the project include identifica-
tion of new electrochemical couples for advanced batteries, determina-
tion of technical feasibility of the new couples, improvements in bat-
tery components and materials, establishment of engineering principles
applicable to electrochemical energy storage and conversion, and the
assessment of fuel-cell technology for transportation applications.
Major emphasis is given to applied research which will lead to superior

performance and lower life-cycle costs.
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The TBR Project 1is divided ‘into three Major project elements:
Exploratory Research, Applied Science Research, and Air Systems
Research. Highlights of each project element are summarized accordiné to

the appropriate battery system or electrochemical research area.
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Exploratory Research

The objectives of this project element are to identify, evaluate and
initiate development of new electrochemical couples with the potential
to meet or exceed advanced battery and electrochemical performange
goals. Research projects were conducted on ambient-temperature lithium

cells, novel Na/S systems, and a thermally-regenerative system.

Ambient-Temperature Lithium Cells

0 Duracell, Inc. has identified the Li/LiAlClu-SOZ/C system for
further development of an all-inorganic ambient-temperature
rechargeable lithium battery. Small prototype cells (0.4 Ah, 100
Wh/kg) were fabricated and tested. A cycle life of 60-90 cycles at
100% depth-of-discharge (DOD) has been achieved, and cells on par-
tial discharge (60% DOD) achieved a few hundred cycles.

0 | EIC has found that the stability of lithium in sulfolane-based elec-
trolytes 1is good during storage at temperatures up to 70°C. How-
ever, lithium electrodes show inadequate c¢ycling efficiencies in
these electrolytes due to various factors. Further effort on this
project has been discontinued because of the problems encountered
with electrolyte purification and poor cycling efficiency of the
lithium electrode.

Sodium/Sulfur Systems

o Experiments at the University of Tennessee on Na/B"-alumina/SCl3+ in
AlCl3-NaCl cells indicate a compromise between high specific energy
and long cycle life may be required to achieve a viable battery
system. "Sulfur-rich" cells showed high sﬁecific energy but the

performance degraded with cycling.

o] Dow Chemical Company has developed a sensitive technique involving
anion chromatography that can detect sulfur corrosion of glass elec-
trolytes of as little as 10-'6 cm of the glass surface. Reaction

rates and kinetics of sulfur attack on 16 glasses were determined at

300° and 400°C. The standard Dow D406 glass was found to be the
most resistant to attack at 300°C, but it was rapidly attacked at

4ooec.
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Thermally-Regenerative System

0 Experiments are underway at Ford Motor Company to improve the per-
formance and endurance of electrodes for a thermally-regenerative
"electrochemical system using sodium (sodium heat engine). Encourag-
ing results were obtained with several'Cermet'electrodeé which were
produced by‘sintering of porous B"-alumina layers on commercial Bg"-
alumina tubes, followed by impregnation with molybdenum salt or by

flame spraying B"—alumina and metal powder.

Applied Science Research

The objectives of this project element are to provide and establish
scientific and engineering principles applicable to batteries and elec-
trochemical systems; and to identify, characterize and improve materials
and components for use in batteries and electrochemical systems. Pro-
jects in this element provide research that supports a wide rahge of
battery systems -- alkaline metal/air, flow, solid-electrolyte, molten-
salt, and non-aqueous. Other projects are directed at research on
improving the underétanding of electrochemical engineering principles,
corrosion of battery components, surface analysis of electrodes, and

electrocatalysis.

Alkaline Cells

o} Experiments at LBL are directed at developing practical means of
reducing zinc species solubility in strong alkaline electrolytes.
The addition of Ca(OH)2 to the zinc electrodes does not appear to

enhance its cycle life.

o Lockheed Missiles and Space Co. has concluded from their studies on
porous zinc electrodes in élkaline electrolytes that, to prevent
shape change to the zinc electrode during cycling, cell designs
should be implemented which maintain uniform lateral current distri-
bution. These modifications could include (i) graded porosity in
the separator material, (ii) graded ohmic resistance or porosity of

the substrate, and (iii) graded porosity of the counter electrode.
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SRI International has examined the effect of various additives (Li+,
co?t, Fe?t, ¥, Zn0, and PbO) on the charge-discharge behavior of Zn
and Ni electrodes in alkaline electrolyte. The addition of F ions
was found to decrease the 02-evolution overpotential on the Ni elec-~
trode and decrease the capacity of the Zn electrode, while the addi-

tion of PbO may have some beneficial effect.

Raman spectroscopy studies of zincate species in KOH at Argonne
National Laboratory revealed a spectrum indicative of the presence
of Zn2+ ions and [Zn(OH)uz—]n complexes, where n > 1.

Ohio State University has completed measurements on the thermo-

dynamic activity of water in the binary KOH—H20 system at 25°C.

Sandia National Laboratory has found that sulfonated polysulfones
" show encouraging performance as separators for zinc/ferricyanide
cells. These separators showed no weight-loss after exposure to
alkaline-ferricyanide electrolyte at 50°C for one week, and they
exhibited a low resistance (1 - 5 ohm-cmz) and a low rate of ferri-
cyanide permeation (10-5 mmol/h/cmz). An average efficiency of 75%
was achieved with these separators for over 200 cycles in cell

tests.

A number of membranes (polyvinyl alcohol cross-linked with crown
ether) have .been fabricated by Brigham Young University. They exhi-
bit conductivities ranging from 0.02 to 0.033 mho/cm; these values

are approaching the target of 0.01 mho/cm.

Hybrid separators developed by Pinnacle Research Institute appear to
possess ion selectivity that is comparable to that of ion-exchange

membranes.

The development of supported liquid-membrane separators for
Zn/NiOOH cells at Castle Technology Corp. was discontinued due to a

change in the ‘priorities for the TBR Projéct.
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Zinc/Halogen Cells

© The morphology of zinc electrodeposited from 1.0 MVZVnC12 (0.7 < pH <
4.6) was investigated at LBL by studying the initial stages of depo-
sition.:*Kinetic measurements using a potential-étep method yielded
exchahée current densities of ~1 mA/cmZ. The density of zinec
nodules increased with surface potentialvet a rate from 200 to 1000_

nodules/mmz-mv.

o] Illinois Institute of Technology has concluded from their modeling
studies that the direct effect of convection on tip growth rate dur-
ing deposition of zinc nodules is quite small, since tip growth is
kinetic rather - than mass-transfer controlled. However, the
predicted growth rates are smaller that the experimental results by

one to two orders of magnitude.

0 Brookhaven National Laboratory (BNL) has found that the additions of
stoichiometric or excess stoichiometric amounts of AlCl3 to ZnBr2
electrolytes has a favorable effect on the deposition zinc_at a zine
electrode. It was observed that the electrode kineticé were slowed,
a fine-grain deposit was produced, and dendrite growth was inhi-
bited.

0 Lawrence Livermore National Laboratory (LLNL) has completed measure-
ments of the mutual diffusion coefficient (25°C) for the ZnClZ—HZO
system over the concentration range 0.004996-7.2489 mol/kg H20.

Molten-Salt Cells

o Argonne Natienal Laboratory has compieted development of the elec~-
trode performance-evaluation system.' Evaluation of negative elec-
trodes of the family LixAl1—nSin indicate that the composition with
n = 0.5 has higher specific power that Li-Si electrodes and higher
specifie energy than Li-Al electrodes. Tests of a dense FeS2 elec-
trode in LiCl1-KC1 at 410°C indicated a factor of two increase in
capacity utilization at high current density (100 mA/cmz) and a cell
resistivity that is about 50% lower than that of conventional FeS2

electrodes.
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o) Thermogravimetric analysis by Gould, Inc. indicates that Fe82 elec-
trodes must be operated at 285°C or lower to avoid sulfur evolution.
The loss of sulfur from FeS2 alone is about 70 times greater than
that from FeS2 in a eutectic LiC1-KCl electrolyte.

o} Stanford University has examined numerous lithium-based systems for
negative electrodes; these include Li-Al, Li-Sn, Li-Sb, Li-Bi, Li-
Zn, Li-Cd and Li-Pb. It has been found that a number of these
binary systems exhibit high chemical diffusion coefficients at near
ambient temperatures, so that their electrode reactions should be

quite rapid.

Components for Alkali/Sulfur Cells

0 Experiments at LBL suggest that the asymmetric polarization observed
with sodium electrodes can be minimized or eliminated by the addi-
tion of a chemical oxygen scavenger, which reacts with Na20 at an

appreciable rate to yield an insoluble oxide and sodium metal.

o] Experimental studies at Rockwell International indicate that Zr02-
toughened BA"-alumina should contain between 10-15 vol% Zr'O2 to

obtain the optimum strength and ionic conductivity.

o) A family of giasses with compositions analogous to NASIGLAS has been
synthesized by the Massachusetts Institute of Technology. The con-
ductivity at 350°C for several of the sodium-based glasses 1is as

high as 10™* ohm lem™'.

o] A novel electrochemical method was developed at the Massachusetts
Institute of Technology which is capable of simultaneously determin-
ing the electrolytic and chemical stabilities of solid electrolytes.
This method indicated that the glass composition L120—B which

contained 2 mol% Al

203>
203, behaved as a perfect lithium-ion electrolyte
over a wide range of lithium activity (up to 0.08 at 380°C) and tem-

' perature (320-400°C).
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o LBL has developed a successful procedure for making and blowing

lithium-chloroborate glass into thin-walled sealed tubes.

0 Argonne National Laboratory has completed evaluation of 24 soda-rich
glasses in the soda-alumina-zirconia-silica system for use in Na/S
cells. Static corrosion tests in sodium, sulfur, and sodium
polysulfide at 400°C for 1000 hr indicated that four of the glasses
have relatively 1little weight-loss - (0.8 mg/cmz) in all three
environments.  Further evaluation of these four materials in Na/S

cells is undérway.

(o} LBL is developing mathematical models that are useful for under=-
standing the operation of Na/S cells. The mathematical models pro-
vide improved understanding of the operation of the sulfur electrode

and the transport processes in sodium-polysulfide melts.

Corrosion Processes in High-Temperature, High-Sulfur Activity
Molten Salts

o LBL has employed static corrosion and dynamic polarization tests to
characterize the behavior of Mo, Cr and 70% Cr-30% Fe in both
sulfur-sodium polysulfide and sulfur-lithium polysulfide melts. The
dynamic polarization behavior is found to depend strongly on the
identity of the cation in the molten-salt mixture, as well as the

metal.

0 Argonne National Laboratory has examined the éorrosion stability of
numerous metals and alloys in sulfur and sodium polysulfide at
350°C. Their results indicate that these materials show vastly dif-
ferent corrosion rates in the two sulfur environments. It appears
that materials wifh corrosion stability (e.g., Al, Ni?Cr-Mo—w and
Fe-Cr-Mo alloys) in sulfur may not be as‘sﬁable in sodium polysul-

fide and vice-versa.

o) Illinois Institute of Technology has deposited a nickel interlayer
on low-carbon steel by conventional electroplating and electroless
nickel plating. Experiments are underway to coat these samples with
molybdenum and'to test their stability in a high-sulfur-activity
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Components for .Ambient-Temperature Lithium Cells

0 Surface layers formed on lithium in LiClOu with <. 1 ppm H,0 have
been analyzed by LBL. Frqm observations using IR spectroscopy, ESCA
analysis, and in-situ X-ray diffraction analysis, it was concluded

that L12C0 and a polymeric compound are formed.

3

o] UV-visible spectroscopy experiments of iodine and bromine solutions
at LBL have demonstrated that the stable form of the halogen in pro-
pylene carbonate is the trihalide.

0 The University of Pennsylvania has found that MgCl2 éomplexes of
. poly(ethylene' oxide) (PEO) exhibit a conductivity at 60°C that is
comparable to that of the LiCF3SO3-PEO complex. These new complexes

may be avgeneral group of highfconductivity solid electrolytes for

rechargéable lithium batteries.

o Efforts at Case Western Reserve University to develop multi-block
copolymers for use as membranes in lithium batteries was discontin-
ued due to difficulties encountered in the synthesis of these

materials.

Cross-Cutting Research

o) Illinois Institute of Technology has completed a draft "Bibliography
of Convective Transport Correlations." Suggestions by reviewers
have been incorporated in the draft copy, and the final report will
be available in 1985. |

o] LBL has devéloped models that are dseful in the identification of
electrochemical parameters. These models will aid in the design and
scale-up of electrochemicai systems; they are used to (i) calculate
the vconcentration, vpotential, and éﬁrrent_distribution in thin-gap
flow gells, (ii) predict important oberating characteristics of
LiAl/FeS ceils, and (iii) predicﬁ the effect of redistribution of

2
active material on the cycle life of Zn/NiOOH batteries.
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An electrolyte cell was constructed by LBL which'ailows' observation
of coalescence phenomena at gas bubbles generated on microelec-
trodes. Preliminary results indicate<that for bubbles smaller than
1 mm in diameter, the coalescence event is completed within 10"5 S.
Earlier observationslby researchers which éhdwed that bubbles could
touch *Qithout immediate coalescencé may havé resulted from slight

axial misalignment in their electrochemical cells.

Low-energy electron diffraction (LEED) anélysis has been used at LBL
to obtain fundamental understandingJOf tﬁe processes occurring at
electrode surfaces. The LEED analysis was applied to investigate
the anodic reconstruction of metal surfaces and the

electrodeposition/dissolution of metals.

Porous electrodes containing transition-metal sulfides (CuS, MoS2
and CoS), carbon black and PTFE were fabricated at LBL. "Experiments
are underway to determine the kinetic parameters for the

sulfide/polysulfide redox couple.

Air Systems Research

The objectives of this project element are to identify, characterize

and improve materials for air electrodes; and to identify, evaluate, and

initiate development of metal/air battery systems and fuel-cell technol-

ogy for transportation applications.

Metal/Air Battery Research

(¢]

Results obtained by pyrolysis gas chromatography-mass spectroscopy
at Case Western Reserve University indicate that heat-treatment to
850°C of metal macrocycles supported on carbon produces volatile
fragments that do not contain nitrogen. Data obtained by transmis-
sion electron microscopy and Mossbauer épectroscopy suggest that the
iron and cobalt tetramethoxyphenyl porphyrins, which are adsorbed on
carbon, decompose at 800°C to produce the corresponding oxides. It
appears that the supported metal oxides have high catalytic activity

for oxygen reduction.
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o] Experiments at LBL indioate that the catalytic effect .of metal
oxides on carbon oorrosion in alkalineielectrolytes does not involve
a redox mechaniem. Extensive testing of gnaphitized furnace Dblacks
has identified graphitized Sterling R as the only material with a

corrosion rate significantly lower than that of acetylene black.

o] Energy Research Corporation has found.perovskites of the composition

LaN103 and La0.53r0.5C°O3

tional air electrodes.

show promising performance for bifunc-

o Experimental work on potential transients within fluidized-bed elec-
trodes and moving-bed electrodes has been completed: at LBL. This
study showed that the phenomenon referred to as "bubbling"-(develop-
ment of regions in.the electrode that are almost free of particles)
occurs with zinec-coated copper particles, but it does-not occur with

Sorapec particles.

o] Development work on-the ‘iron/air battery at Westinghouse Electric
Corp. has been discontinued due to the limited life and performance

of their bifunctional air electrode containing carbon blacks.

Aluminum/Air Battery R & D

o The major thrusts of the Aluminum/Air battery program were on (i)
air cathode _development, (ii) :hydrargillite crystallization and
separation, (iii) integrated experiments involving a coupled
cell/crystallizer; (iv) oell design, and (v) development of improved

aluminum anodes. Major achievements of the program include:

- Two experiments were preformed at LLNL in which ~a single cell
was coupled to a crystallizer. Although the experiments lasted
only 5 hr (at nominally 120 A), a great deal of important

systems-design information was obtained.

- ”Experiments at Eltech Systems,’Electromedia, and Case Western
Reserve University has identified RB (de—ashed) and Norit Ultra-

carbon, both containing 5= 10% CoTMPP, as promising air cathodes.



- Two proprietary aluminum anodes developed by Alcan show promise
with an open-circuit corrosion rate of 0.12 mg/cmz/min and an

open-circuit potential of 1.84 V,

- Alcan has obtained 'some significant results on the agglomeration
of hydrargillite. Their measurements indicate that particle
agglomeration to >40 um occurs under "low turbulence" conditions

in reasonably short times (2 hr).

Fuel Cell Research

0 Los Alamos National Laboratory (LANL) has cond&cted research in
several ~areas of electrochemistry, theoretical studies, fuel-cell
testing, fuel processing, and membrane characterization, as well as
managed subcontracts on fuel cell R&D. Major achievements of the
fuel-cell program include: ‘

- Theoretical studies of the PtO and Pt2 molecules were conducted
at LANL. These studies indicate that a charge transfer of 0.34
electroné takes place from the Pt atom to the 0O atom; and the
Pt-Pt bond length in Pt2 is 2.33 A, which is less than that for
bulk Pt.

- A six-station, H3P0u fuel-cell test stand was completed at LANL
to investigate the effects of rapid current pulsing, slow load-
current ramping, and temperature cycling on electrode perfor-

mance.

- Rutherford back scattering and X-ray photoelectron spectrdscopy
verified that the activity decay observed with electrodes tested
for 2000 hr in the six-station test stand was due to Pt redis-
tribution in the cell. Pt from the cathode appears to migrate

and deposit on the anodé.

- LANL investigated the mechanism of methanol steam reforming on

active catalysts. The oxygen atom in CO, is provided by water

_ 2
and not methanol, apparently occurring by rapid oxygen exchange

on the catalyst surface.
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- A 20-kW fuel-cell system was delivered by Energy Research Cor-
poration, and tests of the system have started at LANL. The
original system efficiency of 30% decreased to 26%, but o?erall
the system performed reasonably well.

- United Technologies Corporation has observed that heat-treated
macrocyclic (iron tetramethoxyphenylporphyrin) supported on car-
bon exhibits stable performance in half-cell test in H3P0u at
140°C. However, the electrocatalyst decays in performance in

full-éell tests; the decay mechanism has not been identified.

- An alternative membrane to Nafion that was tested by the General
Electric Company showed encouraging performance. Over 1200 hr
of operation were accumulated using this membrane in a cell at

180°F, 30 psig O2 and 30 psig H,.

- The University of Virginia was successful in quenching disorder
in a 25 at%¥ Cr-75 at% Pt sample. Previous investigators
reported that it was not possible to retain disorder in samples

of this composition.

HREELS (High Resolution Electron Energy Loss Spectroscopy) studies
at BNL showed that various adsorbed species involving Pt-0 and Pt-C

bonds are formed when H,0, 0,, CO, and CH, interact with the (111)

2
face of a Pt single crystal.

2’

Kinetic studies at LBL using the rotating ring-disk electrode tech-
nique indicate that -the current for oxygen reduction in dilute
C52CO3 is higher than that in KOH at the same concentration.
Because Cs_CO, solutions are a CO

2773 2
able kinetics for oxygen reduction that was observed is encouraging

-rejecting electrolyte, the favor¥

for the development of alkaline fuel cells using alternatives to

alkali-hydroxide electrolytes.
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Planned Activities in 1985

New research projects planned include:

1. An RFP will be issued for research on novel concepts for metal/air

batteries.

2. New research prbjects to address corrosion in electrochemical sys-

tems will be considered.

Management Activities

During 1984, LBL managed 36 subcontracts and conducted a vigorous
research pfogram in Electrochemical Energy Storage. LBL staff members
attended project review meetings, made site visits -to subcontractors,
and participated in technical management of various TBR projects. LBL
staff members participated 1in the following reviews, meetings; and

workshops:

o) EPRI Fuel Cell Workshop, Boston, MA, January 10-11, 1984,

o} Energy Storage Program Quarterly Review, Washington, DC, February
8-9, 1984,

o} 'Zinc/Ferricyanide Flow Battery Review Meeting, Palo Alto, CA, Febru-
ary 16, 1984,

o] Fuel Cell Review Meeting, LANL, Los Alamos, NM, March 20-21, 1984,

o] Sodium-Beta"-Aluminé Review Meeting, SNL, Albuquerque, NM, March 29,
1984, ' :

o] Second International Meeting on Lithium Batteries, 'Paris, France,
April 25-27, 1984,

o EPRI Zinc/Chloride Battery Review Meeting, Palo Alto, CA, May 2-3,
1984, :

o} Spring Meeting of the Electrochemical Society, Cincinnati, OH, May
6-11, 1984,

o) Aluminum/Air Battery Program Review, Chardon, OH, May 11, 1984,
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Workshop on Conducting Polymers, Rochester, MI, June 4-8, 1984,
31st Power Sources Symposium, Cherry Hill, NJ, June 11-14, 1984.

Sixth DOE Electrochemical Contractor's Review, Washington, DC, June

35th Meeting of the International 8001ety of Electrochemistry,
Berkeley, CA, August 5-10, 198" .

_23rd Annual Conference of Metallurglsts, Quebec City, Canada, August
19 23, 1984 .

19th Intersociety Energy Conversion Engineering Conference, San
Francisco, CA, August 19-14, 1984,

Zinc/Ferricyanide Quarterly Review, Palo Alto, CA, August 22, 1984.

8th Workshop on Phosphoric Acid Fuel Cell Technology, Long Beach,
CA, September 5, 1984,

Review of the Duracell Program on Inorganic Ambient-Temperature
Rechargeable Lithium Battery, Burlington, MA, September 13-14, 1984,

Fall Meeting of the Electrochemical Society, New Orleans, LA,
October T- 12 198& ‘

Lithium-Iron Sulfide Battery Workshop, Palo Alto, CA, October 16,
1984. ‘
Workshop on Research Needs for Corrosion Prevention and Control in
Energy Conservation Systems, Seattle, WA, October 29-November 1,
198”0

Lead Center Coordination Meeting, LBL, Berkeley, CA, November 7,
1984, .

Aluminum/Air Battery Subcontractors Meeting, LLNL, Livermore, CA}
November 8, 1984, '

Fuel Cells for Transportation Advisory Committee Meeting, Albu-
querque, NM, November 13-14, 1984,

Review Meeting on BNL Electrochemistry Phogram, BNL, Upton, NY,
November 19-20, 1984, : v

Workshop on Sodium/Sulfur Cells, Albuquerque, NM, November 20, 1984,

Annual Meeting of the American Institute of Chemical Engineers, San
Francisco, CA, November 25-30, 1984,
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Milestones for Technology Base Research Project

Milestones accomplished in Fiscal Year 1984 by the TBR project include:

0

A decision was made not to pursue engineering development of the
iron/air battery at Westinghouse Electric Corp. due to problems with
the present state-of-technology. The corrosion stability of the
carbon support that is presently used in their bifunctional air
electrode is not adequate to achieve a cycle life of 1000 cycles,
and improved electrocatalysts with high activity and stability are
not available.

Development of two computer codes, "SIMPLE" and "M32.bas" by LLNL
has been completed. These codes are used to analyze c¢rystallization
parameters in the c¢rystallizer of the aluminum/air cell, The com-
puter code has been expanded to take into account the effect of par-
ticle size distribution on the crystallizer-cell interaction.

Fuel-cell endurance tests of macrocyclic electrocatalysts at United
Technologies Corporation was recommended based on the promising
results obtained in short-term tests. Iron tetramethoxyphenyl por-
phyrin, which was heat-treated at 850°C, exhibited an intrinsic
activity higher than that of Pt on a metal-weight basis to a
specific current of 300 mA/mg.

Rockwell International has found that the addition of tetragonal-
ZrO2 {(up to 25 vol%) to B"-alumina increased its fracture toughness
by up to 66%, and its strength by a factor of two or three. Based
on these results and data obtained at LBL on this transformation-
toughened B"-~alumina, it was recommended that the project at
Rockwell International be continued.

A review of the Duracell, Incorporated program on the development of
an all-inorganic rechargeable 1lithium battery was held to assess
their technology. The results of their research are sufficiently
encouraging that it was recommended that this battery system con-
tinue to receive DOE support.

Hamilton Standard Electrochemical (formerly a part of the General
Electric Company) 1is investigating proton-exchange membrane/ elec-
trocatalyst assemblies (M&E) with the goal of reducing the cost of
the membrane and electrocatalyst, while still maintaining the per-
formance levels presently aShieved with Nafion and high loadings of
Pt electrocatalyst (4 mg/em”). The results to date are encouraging,
and they indicate that low-cost M&Es are attainable. Based on these
developments, it 1is recommended that the development of low-cost
membrane/electrocatalyst assemblies continue.
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I. INTRODUCTION

This report summarizes the progress made by the Technology Base
Research (TBR) Project for Electrochemical Energy Storage during calen-
dar year 1984. The primary objective of the TBR_Projecﬁ, which is spon-
sored by the Department of Energy (DOE) and mangged by Lawrence Berkeley
Laboratory (LBL), -is to identify electrochemical technologiee .that can
satisfy stringent performance and economic;fequirements.for eiectric
vehicles and stationary energy storage applications. The.ultimate goal
is to transfer the most promising electrochemicai technologies to the
private sector or to another DOE project (e.g., Sandia National Labora-
tories' 'Exp1orat0ry Technology Developmeht'»and  Testing,PrOject) for

further development and scale-up.

Besides LBL, which has overall responsibility for the  TBR project,
technical management of several projects is shared with Lawrence Liver-
more National Laboratory (LLNL) and Los - Alamos - National . Laboratory
(LANL)i-Y Brookhaven National Laboratory (BNL) and Argonne National
Laboraﬁory'(ANL) participate in the TBR project by providing key

research euppert in several of the project elementsf
The TBR project eonsists of three major projeet elements:
0 Exploratery Researcﬁ
oﬁ Applied Science Research
0 Air Systems Research -

The objectives and the specific battery and electrochemical systems
addressed Dby each project element are discussed in the following sec-
tions, which also include technical summaries that relate to the indivi-
dual projects. - Financial information that relates to.the various pro-
jects and a description ‘'of the management activities for.the TBR Project

are described in the Executive Summary.
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II. EXPLORATORY RESEARCH

The major thrust of this project element is to evaluate promising
electrochemical couples for advanced batteries for electric vehicles.
The advanced battery systems that were investigated are ambient-
temperature rechargeable 1lithium cells, new sodium/sulfur battery sys-

tems, and a thermally-regenerative electrochemical system using sodium.

A. AMBIENT-TEMPERATURE LITHIUM CELLS

All Inorganic Ambient-Temperature Rechargeable Lithium Battery

(A.N. Dey, Duracell, Inc.)

The objective of this program is to dévelop an ambient-temperéture
rechargeable Li battery which can deliver 500-800 cycles at 80% depth of
discharge (DOD), with a specific energy of about 150 Wh/kg. The short-
term goal is to achieve a cycle life of about 200-300 cycles at 80-100%
DOD.

Previous research efforts at Duracell Inc. led to the discovery of
several new SO2 electrolytes with inorganic salts such as LiAlClu and
LiGaClu and positive electrode materials including CuCl2 and others.
-Among the new electrolytes, LiAlClu/SO2 demonstrated the best perfor-

! 'em™ at ambient tempera-

mance with conductivity of about 1 x 10 ' ohm
ture and good cycling efficiency for lithium electrode. Cyéling effi-
ciencies of 92-99% have been achieved at current dehsities of 1-5
mA/cmz.

The Li/CuCl2 system with LiAlClu/SO2 electrolyte has an OCV of 3.43
V and a theoretical specific energy of about 1100 Wh/kg. Although
experimental prismatic cells have demonstrated 200-300 cyclés at 50%
DOD, the prototype cells with wound electrode design have shown consid-
erably poorer cycle life. Deep discharge of the CuCl2 electrode to less
than 2.6 V causes some irreversible damage and substantially reduces its
cycle iife. Tests of cells at 55°C also showed significant decrease 1in

cycle life.



Since CuCl2 positive material cannot be diséharged to below 2.6 V,
and it is more-difficult to process for ‘good storage life and reproduci-
ble performance, studies in 1984. have been focused on the development of
an alternative carbon cathode. Effort was directed at studies of the
L1/LiAlClu-SO /C system which has an OCV of 3.29 V and a theoretical
specific energy density of about 520 Wh/kg. Previous experimental cells
have shown good rate capability and long cycle life‘On deep discharge.
Some cells have demonstrated over 150 c¢ycles at 100% DOD without signi-

flcant loss of cell capacity.

Small hermetically-sealed-Li/C prototype c¢ells with wound electrode
design were developed. The cell has an. overall dimension of'0;627-inch
0.D. and 1.22-inch height. It can deliver about 0.4 Ah at a .50-100 mA
rete at 3:0 V, However,.the cells showed poorer cycle life compared to
the experimental prismatic cells. The prototype cell has 'specific
energy of“ about jOO Wh/kg; it ié,believed that the specific energy can

be further improved when the system is scaled up to larger sizes.

The structure of the prototype ceil Was improved to provide a cycle
life' of about 60-90 cjcles at 100% DOD. A,gradqai loss of capacity of
about 1%'per cycle was observed for cells on deep discharge. The
development of internal shorts after 50-60 cycles on deep discharge is
the most common failure mode for these cells. However, cells on partial
discharge (60%) can deliver a few hundred cycles. Diagnostic studies of
cells that underwent deep dischahgevshowed that the capacity fading of
the wound cells is probably caused by poor mechanical structure of the
positive electrode and- the stahvation of the electrolyte on deep

discharge.

Studies on cell chemistry of the Li/LiAlClu—So /C system were car-
ried out. The results indicated that LiAlClu and 802 are involved in
the cell reactlons to form a complex with.the C electrode during
discharge 'and charge. The comp031t10n of- L1A101u/SO2 electrolyte was
optimized to achieve the best low-temperature performance (-20°C),

high-temperature (70°C) storage and .cycle life of the lithium electrode.



Various separator materials were evaluated to alleviate the problem
of internal shorts; polypropylene microporous separator (Celgard) was
previously employed in the cells. The separator degraded gradually on
cycling, especially with cells under extensive overcharge. High-density
polyethylene (HDPE) separator was found to be superiob'to‘ the polypro-
pylene separator due to its‘improved chemical stability. Cells made
with HDPE separators were less prone to develop internal shorts. How-
ever, degradation of the HDPE separators was still observed after

numerous cycles or prolonged overcharge.

Capability of sustaining limited overcharge is one of the advantages
of the inorganic Li/LiAlClu—Soz/C system. Experiments were carried out
to investigate the overcharge characteristics and the chemistry of over-
charge. The amount of overcharge the cell can sustain depends on the
chemical stability and the physical structure of the separator. On
overcharge, 012 and AlCl3 are generated at the positive electrode and
excess lithium is deposited at the negative electrode. Both 012 and
AlCl3 were found to be highly soluble in the electrolyte. The dissolved
Cl2 and AlCl3 diffuse through the separator, and they recombine with the
deposited 1lithium to reform the electrolyte according to the following

reactions:
1/2Cl2 + Li = LiCl

LiCl1 + AlC1l, - LiA1Cl,

3

Cells with separators having better chemical stability and porosity can
sustain the significant rates of overcharge necessary to accomplish cell

balancing.

Prototype Li/C cells with LiGaClu/SOZ‘electrolyte or mixed electro-
lytes of LiGaClu/SO2 were also studied to investigate the possibility of
improving their specific energy. Cells operating with LiGaClu/SO2 elec-
trolyte can deliver 50% more capacity (0.6 Ah vs 0.4 Ah) at low rates of
discharge than cells with LiAlClu/SO2 eléctrolyte.‘ However, the capa-
city decreases rapidly with increasing rate of discharge. Cells operat-
ing with electrolytes containing LiGaClu were also .more prone to
developing internal shorts. Most cells failed within 20-30 cycles.



It is planned to evaluate new binder materials in an effort to
improve .the cathode structure so that the capagity fade on cycling can
be alleviated. In,addition, it is planned to evaluate new separator

materials in order to prevent premature cell shorting.

Sulfolanes as Electrolytic Solvents for Rechargeable Lithium Batteries

(J.S. Foos and S.B. Brummer, EIC Laboratories, Inc.)

The purpose of this research was to investigate the use of
sulfolane-based electrolytes in secondary lithium batteries. Sulfolane
has been shown to give moderately conductive solutions, and té be excep-
tionally stable to Li. At 70°C, similar cycling efficiencies for lithium
. electrodes were observed in electrolyte solutions containing a variety
of salts,findiéating that the stability of Li in‘sulfdlane‘résults pri-

marily from sulfolane-derived films.

~ Half-cell testihéjwaS“used throughout most of the investigation.
Unfortﬁnately sﬁch -tests : are nbt expeéted to bé~fully prediétive of
full-cell behavior. Thus, the most promising electrolyte,
sulfolane/LiC10,, was evaluated in 0.68 An Li/TiS, cells. Cells of this
type had previously been used to evaluate ether-based electrolytes and
were modified by using sulfolane-wettable separators,rgThe pells were
.eycled at 70°C for 15 cycles at 30% depth-of-discharge befone.bolarizing
to the voltage limits. This reflects poor cycling behavior for both the
Li and TiS, electrodes. Thus, failure of these cells must be attri-
buted, "at 1least 1in part, to factors other than poor Li cycling effi-

ciency.

Much of the effort has been concentrated on the purification of sul-
folane and its;éleptrolyte solutions‘ih hopes of makimiiing the stabil-
ity of these mgterials'toﬁards Li. An élternative approach is to use
additives or reactive co-solvents to form prbtective films on Li. A co-

solvent of particular interest is sulfur dioxide. At low concentrations

in sulfolane, sulfur dioxide produces a cathodically-formed protective

film on Pt, which can be removed anddically. Concentrated solutions of
5-7 M can be formed in sulfolane at ambient temperature and pressure.

These solutions are relatively conductive and show good stability on



storage with Li at 70°C. The conductivity 'of a LiBr solution is
surprisingly high,'preSUmabiy due to the formation of bromosulfinate
anions. Half—celln cjcling of Li in sulfur dioxide-sulfolane electro-
llytes Qere generaliy unsuccessful, possibly dhe in part to problems with
the separator. In a flooded half cell, a Li cyecling efficiency of ~70%

was observed over 17 cycles.

Further effort on this project has been discontinued because of the
problems encountered with electrolyte purification and poor cycling
efficiency of the lithium electrode.

Publications

1. J. S. Foos and L. M. Rembetsy, "Lithium Cycling in Sulfolane-Based

- Electrolytes", in Proceedings of the Symposium on Lithium Batteries,
Edited by A. N. Dey, Volume §£:l, The Electrochemical Society, Inc.,
Pennington, ‘NJ (198%4). '

2. J.S. Foos, L.M. Rembetsy and S.B. Brummer, "Research To Explore The
" Feasibility of Sulfolanes As Electrolytic Solvents for Rechargeable
Lithium Batteries," LBL~1841L, September 1984,

B. SODIUM/SULFUR SYSTEMS

Study of High Energy Cathodes for Molten—-Salt Batteries

(G. Mamantov, University of Tennessee)

The objective of this program was to investigate the electrochemical

+
and chemical processes taking place in the Na/B"-—alumina/SCl3 in AlC13-
NaCl cell, which operates at 180-250°C. This cell exhibits two major

discharge steps corresponding to the following reactions:

SQ13A1014 + 3 AlCl3 + 4 Na~-> S+ 14 NaAlClu
~ Open-circuit voltage = 4.35V
Theoretical specific energy = 552 Wh/kg

"and

S + NaAlClu + 2 Na = NaAlSCl2 + 2 NaCl
Open circuit voltage = 2.75 V
Theoretical . specific energy = 174 Wh/kg



The theoretical specific energy for the overall reaction is 726 Wh/kg,
which is based on the mass of the reactants for the overall reaction

(0.8455 kg), but excludes the weight of B"—A1203

Since 1978 more than 45 laboratory cells have vbeen _inveetigated.
For four of the eleven cells studied in the latter part of 1983 and
198y, more than 150 deep charge~discharge cycles were achieved. Both
reticulated—v1treous carbon and tungsten cathode current collectors were
used in these cells. Although a high specific energy has been achieved
with some of the‘ "sulfﬁr—rich" 'cells, the performance of such cells
decreases with the number of cycles indicating that a compromise between
high - specific energy and ‘long cyele life will probably have to be
- reached. Electrochemical studies of sulfur in the room—-temperature melt
aluminum chloride~N-(n-butyl) -pyridinium chloride indicate. the lack of
stability of S(IV) in this melt..

Publications

1. E. J. Cairfis, G. Mamantov, R. P. Tischer, and D. R. Vissers, "The
Chemistry- and 'Status of -Rechargeable Molten Salt Batteries," in
Proceedings of the Fourth International Symposium on Molten Salts ,
The Electrochemical Society, Inc., Pennington, NJ (1984) p. 28k,

2. G. Mamantev and J. Hv1stendahl, "Rechargeable ngh Voltage Low Tem—
perature Molten Salt Cell Na/B"-Alumina/SCl3 in AlCl3-Na01," J.
Electroanal. -Chem. 168, 451 (1984) o

Improved Lifetime of the Hollow~Fiber Sodlum/Sulfur Cell

(P E. Pierini, Dow Chemical Company)

The objective of this project is to improve the lifetime and relia-
bility 'of hollow-fiber electrolytes for Na/S cells. The project con-
sists of two parts. In the first part, the thermodynamic stability of
the glass electrolytes to sulfur disproportionation reactions was calcu-

lated, assuming the following reactions.
Na 0 (in glass) + S = Na280u + Nazs

+ Na S

Na 50 (in glass) + 8> Na SO3 255y



In the second part, the corrosion rates of the glass electrolytes were

determined and the results compared with the calculated stabilities.

Thermodynamic Stability: Calculations were first made for the free

energy of reactions of sulfur with Na20 to yield sodium polysulfide and
gdgium sulfate. These values were compared to 1literature values.
.Aftémpts were‘then made to calculate the activities of Na20 in the vari-
ous glasses. Literature data from high-temperature melts of some
sodium borétes and sodium silicates were used. They were corrected for
temperature and composition changes to make them applicable to the
glasses at 300°C.

The variation in the literature data, as well as the variability
introduced by estimations of glass/crystal transitions and
borate/silicate mixing, made the limits of error in the final calcula-

tions of glass stability too wide for useful application;

Experimental Corrosion Rates: By use of a very sensitive technique

involving anion chromatography, a method was developed that can deter-
mine attack by sulfur on the glass which results in corrosion of as lit-
tle as 100 § of the glass surface. Reaction rates and kinetics of sul-
fur attack on 16 different glasses‘were determined at 300°C and 400°C.
At the 300°C operating temperature of the Dow Na/S cell, the standard
Dow D406 glass in the LBO series is the most resistant to attack by sul-
fur. At 400°C, it is attacked more rapidly.

The glass corrosion'rate is observed to increase with increasing
soda content for most of the glasses. An interesting point observation
is the apparent arrest of glass corrosion for the LBA series of glasses
at 300°C for time periods up to 65 days. This contrasts to continued

corrosion detected on LBA glasses at 400°C.

For a fixed surface area of glass, corrosion rates at H00°C tend to
increase as the mass of sulfur is decreased. Thus, larger reactivities
are observed at greater ratios of glass surféce area/volume of sulfur
(S/V). This type of behavior is common in corrosion tests where the pro-
ducts of corrosion influence the corrosion rate. However, at 300°C,

corrosion rates appear to be essentially independent of S/V ratios

within experimental error.



C. THERMALLY-REGENERATIVE SYSTEM

Research on Materials Relating to the Sodium Heat Engine

(T.K. Hunt, Ford Motor Company)

The Sodium Heat Engine (SHE) is a new type of energy conversion dev-
ice ‘capable: of the direct éonVersion of heét into electrical energy
using a thermal source delivering heat at T700-1000°C. The objective of
this researqh is to investigate theustability of_SHE electroqes and the
mechanism_by which they can 6perate at extremely low interfécial:polari-
zatidns. a In_‘addition, reséarch is Qirected‘,at improVing the high-

perfohménce endurance of SHE electrode systems.

Sputtered-molybdenum SHE electrodes”exhibit “ideal initial perfor-
mance, which is observed to degrade by a factor of 2 or 3 in a few hun-
dred hoﬁrs at dpenating temperatures in the range above 800°C. To tie
the = degradation phenomenén to éhanges in the electrode, liquid elec-
trodes (expected to have unchanged morphology) were investigated. Pure
Sn aﬁd Sn-Zr alloy electrodes exhibit,no.qhange in output for periods up
' to 400 hours at 8005C, well beyond the endurance shown by refractory

metal alloys.

Exberiméntslon'the sodium—moljbdehum—dxygén'system and X-ray meas-
ureménts of the épecieé‘present at the electrodéFelectrolyte interface
have led to the conclusion that the near ideal perfohmance of molybdenum
electrodes is obtained because molten sodium/molybdenum compounds at'the
interfaces and within”the electrode provide a means for rapid ion tran-
sport. investigatiqn of SHE electrodes using current-interrupt methods
shows‘a loss of neutral sodium permeability with time. This 1loss
appears to_pe requnsible for the increase in concentration polarization
leading to degradation. Studies of the 'molybdenum—sodium—oxygeh—beta"-
alumina system have given the conditions for formation of various
sodium/molybdenum compounds, a number of which are expected to be molten
at normal SHE operating temperatures. Loss of electrode performance can
occur when these compounds are lost ﬁo the electrode-electrolyte system

via decomposition or evaporation. This scenario is also consistent with



observations of electrode rejuvenation upon exposure to oxygen and with
the short-term increase in the output of current-loaded electrodes. In
the latter case, it is probable that the sodium content (charge cariier
density) of the mixed conductor material increases in_response to the
hiéﬁer sodium activity at the electrode-electrolyte interface under

current loading.

Sputtered TiN electrodes, providing a strictly solid-solid inter-
face, have been tested and have delivered performance approaching 1/2
the ideal value. These electrodes also suffer performance degradation'at
high temperatuﬁes which may be associéted with changes in the electrode

film morphology, as observed by SEM.

Several cermet electrode systems were investigated with emphasis on
use of beta"—alumina/metal composites. These cermets were produced by
sintering of porous beta"-alumina layeés on commercial beta"-alumina
tubes, followed by impregnation with molybdenum from solution or by
codeposition of beta"-alumina and metal powders using a 'flame-spray'
technique. The latter approach has produced mixed conducting layers
which retain the beta"-alumina structure and adhere well to the beta"-
alumina tubes. Peak power outputs above 0.5 W/cm2 have been observed in
each of these-systems, and some tests havevshown excellent endurance at

power levels as high as 0.55 W/cmz-

Presentations

1. T.K. Hunt and N; Weber, "Sodium Heat Engine Performance," 35th Meet-
" ing of the International Society of Electrochemistry, Berkeley, CA,
August 5-10, 1984.

2 N. Weber and T.K. Hunt, "High Temperature Stability of Beta"-

Alumina," 35th Meeting of the International Society of Electrochem-
istry, Berkeley, CA, August 5-10, 1984,
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ITI. APPLIED SCIENCE RESEARCH

The objectives of this project element are to provide ard establish
scientific and engineering principles applicable té battéries and elec~
trochemical systems; and to identify, characterize'and improve'haterials
and components for use in batteries and electrochemical systems. Pro-
jects in this element provide research that supports a wide"raﬁge of
battery systems -- alkaline, flow, molten salt, non—aqueous, and solid-
electrolyte. Other projects are directed at research on improving the
understandiﬁg. of electrochemical engineering principles,'éorrosion of
battery components, surface analysis of electrodes, and 'electroca-
talysis. |

A. ALKALINE AND METAL/AIR CELLS

Battery Electrode Studies

(E.J. Cairns and F.R. McLaﬁnbn, Lawrence Berkeley Laboratory)

The purpose of this research is to study the behavior of electrodes
used in seecondary batteries. and . to investigate.practical means for
improving their performance and lifetime. The approach used in this
investigation is to study life-and performance-limiting phenomena of the
rechargeable—alkaline zinc electrode under realistic cell operating con-—
ditions. Rechargeable batteries of current interest that uée zinc elec~
trodes include Zn/air, Zn/NiOOH, Zn/Ago0, .Zn/Clz,r Zn/Br2, and
Zn/Fe(CN)g3.

Knowledge‘of the_cbncentrétions and conceﬁtratibn gradients inside a
cycling zinc eléctrode wquid helpvevaluate proposed theories of zinc
active material redistribution and identify means by which the rate of
capacity 1oss"can be reduced. 1In order‘to.prov;de continuous, in-situ
measurements of,eleétrblyte‘speciesvconcentratidns, a system of '"micro-
reference electrbdeé" is Dbeing developed fdr uée in model Zn/NiOOH
cells. A special cell for measuring the reSt' potentials of zinc and
cadmium "micro-reference electrodes" was built, and equations were
developed to calculate KOH and K2Zn(OH)4 activity coefficients from the

rest potentials. Computer programs were then developed for fitting

11~



single and binary electrolyte data with Pitzer's equations (1,2).
Pitzer's equations were then used to correlate KOH activity coefficienté
up to 15 molal. Experimental data were not available for KOH-KZZn(OH)u
electrolytes. An algorithm for calculating concentrations inside a
cycling poroﬁs zinc electrode from the micro-electrode potentials, using
an activity-coefficient correlatioﬁ and a model for the liquid-junction

potential, was developed.

The addition of calcium hydroxide to the zinc electrode was investi-
gated as a practical means of reducing zinc species solubility in strong
alkaline electrolytes. The reduced zinc solubility is expected to slow
the rate of active material redistribution in the zinc electrode,
thereby increasing its cycle life. Identical pairs of electrodes, con-
taining 0%, 40%, 25%, and 10% Ca(OH)2 by weight, were fabricated and
cycled. The Zn electrode containing no Ca(OH)2 was cycled to 100%
depth-of-discharge 150 times, and the cell retained over 90% of its ori-
ginal capacity. An X-ray of the electrode showed significant movement
of Zn away from the center of the electrode toward the tab side. The
40%-Ca(OH)2 cells shorted within the first few cycles. Analysis Aindi-
cated that these cells shorted because they could not accept the same
charge current density as the Ca(OH)z-free cell. The charge current den-
sity for the 25%-Ca(OH)2'cells was adjusted to a value 25% lower than
that typically used for Ca(OH)z-free cells, and after 100 cycles these
cells showed some Zn migration to the edges of the electrode, but their
capacity remained at 100% of the original value. The 10%-Ca(OH)2 cells
were operated for 70 cycles at which point the cells exhibited 60% of
their design capacity. Problems with the nickel-oxide electrodes lim-
ited the cell capacity to less than 85% of the design value throughout
its life. The 25%—Ca(0H)2 cells also showed prqblems, albeit to a
lesser extent, traced to the NiOOH electrodes. The 10%-—Ca(OH)2 cells
were able to accept the same charge current density as the Ca(OH)z-free
cells, but X-ray analysis of the Zn electrodes after 70 cycles indicated

significant Zn redistribution.
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The current collector of the zinc electrode-in a Zn/NiOOH cell was
modeled as a network of resistors, and the potential and'bﬁrrent associ-
ated with each node was obtained using a Kirchhoff's Current Law
analysis. The current flowing across the eleétroiyté was plotted as a
function of position on the current collector. Future experimental work
is planned to correlate the calculated currenﬁ distribution with experi-
mental results tobdetermine the effect of current distribution on cycle
life and 2zinc deposit quality. Design considerations inciuded: place~
ment of tabs, conductivity of the collector as a function of changes in
mesh dimensions, and the_possibility‘of enhanced collector function by
addition of dispersed conductive matérialvto give a larger area for col-

lection of current.

Factors 1imitiﬁg the cycle life of the zinc electrode are redistri-
bution of active material over the face of the electrode (3,4) and pas-
sivation (5) (formation of oxide layers over the surface of the elec~
trodé). A one-~dimensional, time-dependent model is being developed to
predict the cause and extent of Zn redistribution and passivatibn as the
electrode . is cycled. This model will take into account changes in
current density, overpotential and species concentration. The equations
for the model are being derived, and are nearly complete. An exhaustive
literature gearch is being carried out to identify the parameters that
must be measured experimentally. Experiments are being set up to meas-
ure the electronic conductivity of the zinc electrode at various states
of charge, and to determine if the electrolyte becomes supersaturated
with zinc species during discharge. Both of these are important in
determining the type of model used. Also, the properties of the separa-
tor must be measured. These, plus completion of the model are the

immediate goals.
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Reaction Profiles and Electrode Shape Change

(T. Katan, Lockheed Missiles and Space Company, Inc. )

An experimental program was conducted to determine the concentration
profiles that are developed during cycling of porous alkaline zinc elec-
trodes and the effect of pore size on these profiles. Shape changes
that occur in model pore electrodes were 1nvest1gated. Various analog
electrochemical cells were operated to isolate and evaluate the indivi-

dual processes that cause zinc migration during cycling.

Experimental evidence indicates that both edge effects ahd osmosis
are responsible for shape change. Edge effects can penetrate up to 1.5
mm into the electrode at a frontal‘current density of 200 mA/cm2, wifh
the edge of the electrode being 20 mV more negative during discharge,
and generating a corrosion current of about 0.4 mA/cmz. Also during
discharge, the increase in zincate-ion concentration at the zinc elec-
trode can cause osmotic flow through a cellophane separator towards the
zinc at rates higher than 1.5 x 10-4 cm3/cm2—s. Both of these processes
are sufficient in themselves to cause shape change during cycling at
moderate current densities, 20 to 100 mA/CmZ. Electroosmosis was found
to be at least one order of magnitude less than osmosis, and it is con-

sidered negligible.
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In general, to prevent shape change it |is recommended that cell
designs be implemented that maiﬁteiﬁ“uﬁiferm lete(al current distribu-
tion, e.g., by using (a) graded porosit&”'in_lsebagetor material, (b)
graded ohmic resistance or pbrOSity'of;subetreie,.end (e) graded poros-
ity of counter electrode, such that less'“ehrrent is drawn from the
edges. Additionally, semi-permeable membranes' that generate osmotic

flow should be avoided.

The shape-change phenomenon was 'essentiaiiy stopped with plenar
electrodes by roughening the edges of the zinc electrode substrate to
decrease the local current'dehsity at the edges. Alee effective was the
use of a counter electrode which was a few miliimeters smaller than the
zinc negative. 1In tests of over 1000 cycles, ohi§ a ,polypropylene

screen separator was used with a silver-oxide counter electrode.

Penetration depths of the reaction profile were found to be 'essen—
tially constant, indicating that a typical zinc electrode should be no
more than 0.02-cm thick. The reaction profiles at various currént den-
sities showed very little'pblarization, less than 60 mV, until current
densities in excess of 500 mA/cm2 were applied and the IR drop within
the electrode became comparable to the overall polarizetion. Penetration
depths at the edges, measured laterally to the overall current, became
greater with incfeasing current Qensityvonce a critical current density

was exceeded.

A Semiconductor Approach to the Study of Oxide Films
(M.J. Madou, SRI International) .

Impedance measurehents and photoeffect studies on nickel and zinc
electrodes were performed in alkaline media to study the properties of
semiconductive oxide fiims on these electrodes. In addition, the effect
of additiveet en these_elecfrodes in alkaline electrolyte was investi-

gated.

The Mott-Schottky plot for a Ni electrode in an alkaline elecffolyte
with a Li additive was obtained from the impedance studies. It was
found that the slope of the'MottFSChottky plot (which is inversely pro-

portional to the acceptor concentration in the oxide) was not influenced
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by the presence of Li. This indicates that Li, in this case, does not
act as an acceptor; Based on some theories, Li increases the p—~type
conductivity of NiO aﬁd improves its electrode performance. We found
the influence of Li on the Ni electrode to be different, aﬁd its effect
is discussed below.

- An anodic photoeffect (onset at wavelengths eorresponding to 3 eV)
was found on a Zn electrode in an alkaline medium which indicates the
n-type character of the oxide on this electrode in the passive region;
In a photocurrent-time plot, obtained while chopping the 1light irradiat4
ing the electrode, one can clearly distinguish two separate features in
the 1light-on cycle, most 1likely indicating two modifications of zinc

oxide.

Impedance measurements on Zn in alkaline media with and without
fluoride 1ions revealed two well-resolved semicircles in a typical
Nyquist plot. The high-frequency one represents an ideal RC-parallel
equivalent éircuit, and the second one indicates a diffusional process.
The impedance of the electrode in ,F—-containing solution is higher;

indicating the presence of a more-insulating film.

Some of the relevant findings on the effects of different additives
on Ni and Zn electrodes are summarized below. The majority of these

results were obtained by cyclic voltammetry.

Ni Electrode: Without Li+ present, the oxygen evolution rate on Ni
at a fixed potential increases as a function of time due to a type of
aging effect of the NiO. This phenomenon is delayed in the presence of
Li+. In the 'potentiél range where eiolution occurs, the discharged
eleétrode behaves as an n—typé electrode, and theiLi+ is not effective
as an acceptor. Also, the effect is present for NiO films of different
thickness, éxcebt for the very thiﬁnest (a monolayer on a single cry-
stal). In all cases, the presence of Li+ causes the charge and
discharge peaks to shift towards more cathodic potentials in the cyeclic
voltammogram. The presence of Co++ ions in the electrolyte leads to an
increase in charge capacity, especially in the region before the onset
of oxygen evolution. Also, the rate of .oxygen evolution seems to be

4+
suppressed. Adding Co to the electrolyte, rather than incorporating
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it in the positive plate, might thus be a way to improve Ni-electrode
performance. Addition of zn"" ions  to . the electrolyte leads to a
decrease invqugen overpotential and a shift in the charge and discharge
peaks towards more poéitive potentials. A slight ipcpeasg;in . electrode
capacity is also noticed. Addition of F_ ions to.the electrolyte has a
drastic affect on oxygen évolutipn on NiO electfodes. It results in a
decfease in the oxygen overpotential. Adgition 6f PbO results in an
increase in capacitance of the Ni electrdde, and charge and discharge
peaks shift to more anodic potentials. Addition.of PbO seems to lead to

similar_results as those obtained with the addition of Co++ ions.

Zn Electrode: The addition of F ions to the alkaline electrolyte
results in a substahtial decrease in currents (charge and discharge) of
Zn electrodes. Addition of PbO has a beneficial effect on the capacity
of Zn electrodes. It also depassivates, to some extent, the Zn elec-
trode at very posiﬁive potentisls (passive region). Whén low concentra-
tions of ZnO aré added to the alkaline electrolyte, the hydrogen overpo-
tential on Zn isvsomewhét suppressed. At higher"céncentrations, the
electrode exhibits much higher passivé currents. Addition of iron to the
electrolyte has a negative effect on the electrbde performance bécause

its presence reduces the hydrogeﬁ evoluﬁion 0verpotential.'

Structure of Zincate Ions in Concentrated Aqueous Potassium Hydroxide

(V.A. Maroni, Argonne National Laboratory)

The bbjegtive of this task is to elucidate the coordination chemis-
try of Zn2+ ions in concentrated aqueous potassium hydroxide under con-
ditions that emulate those in alkaline batteries with zinc electrodes. A

67Zn NMR spectroscopy is being

combinatibn of Raman spectroscopy and
used to probé the structure of the zincate species present. in solution
as. a function ofVZn2+ odncentration, pH, and anf/OH- ratio. There have
been prior Raman and 1H NMR studies,of the:aqueous zinc-hydroxyl system
(1-3); howevér, the conclusions of these investigations have shown some
disagreement,rand several characteristics of the data are not yet fully

understood.
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For the Raman studies, two series of solutions each consisting of
four samples with Zn2+ concentrations, [Zn],kin the range from 0.3 to
3.0M were prepared. In one series, appropriately.measured quantitieé of
Zn0 were added to a saturated solution of KOH in H,0 (~18M KOH); in the
second series, varying quantities of Zn0O were placed in a fixed quantity
of water and just enough KOH was added to each7samp1e to bring all the
Zn0 into solution. In this way, solutions of varying [Zn] with an excess
of KOH were;obtéined in the first case, and solutions with just enough
KOH to hold the:2n2+ present in solution were obtained in the‘ second
case. Raman spectra of ~18M KOH and 5M KOH were also taken to provide a
specific elucidation of the spectral features tﬁat arise due to the
presence of Zn?+. The Raman spectra obtained in this study show only two

: +
features that are clearly associated with the presence of Zn2 -

polarized band at 464 t 1 cm-1 and a depolarized band at 415 + 1 cm°1.
These results confirm thé findings of Sharma (1) that a shoulder on thé
exciting 1line at ~260 cm-'1 is not associated with any zinc species
because (i) it appears in the spectrum of aqueous (zinc-free) KOH and
(ii) its intensity‘is much more sensitive to KOH concentration than to
[Zn] even where zinc is present in solution. Furthermore; it 1is found
(for the first Eime) that this band is polarized and therefore
corresponds to a totally symmetric vibration; hence, it cannot be
assigned to the bending mode(s) of Zn(OH)i—, as postulated by Fordyce

and Baum (2) ‘and Jackovitz and Langer (3).

There is another interesting feature in the Raman spectra of the KOH
and Zn0O-KOH solutions that had not been explored by previous investiga-
tors. A significant change is observed in the shape of the spectral
featﬁres in  the 2800 to 3800 cm-1 region, i.e., the region of the 0-H
and H-0-H stretching frequencies. A sharp, poiarized peak at 3600 cm-1
is clearly associated with'the‘O—H_ stretch. The rather small value of
the depolarization ratio for this band shows ﬁhat the hydroxyl ions are
complexed in a nearly centrosymmetric enviromment, e.g., in [Zn(OH)ﬁ-]n,
where the value of n could be anywhere from 1 to a considerably larger
value indicative of a highly associated, symmetrical-solution structure..
A much broader Raman scattering between 2800 and 3800 cm-'1 underlies thé
OH™ peak at ~3600 cm-1. The‘band shape and polarization characteristics

of this broad feature are sensitive to both pH and the presence of zinc.
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The changes in this spectral region are being investigated to determine
how the structure of thebaqueous KOH medium is affected by addition of
Zn0. The effects on solution structure when zinc is added in a form

other than ZnO, e.g., as Zn(C1Ou)2, or ZnIé, are’also,being examined.

An attempt has been made to record infrared (IR) spectra of KOH and
ZnO-KOH solutions in the 200-800 ecm 1»r‘egion using a variable path-
length cell with polyethylene windows. The reSults of this effort indi-
cate that there is little chance of making definitive IR measurements of
zinc-containing species below 800 Cm-1. The previously published
infrared results for this system (2) were not reproduced, and there
appears to be little validity to thevconclusions drawn from this prior

work.

In future work on this project, the analysis of the Raman data will
be completed and a §7Zn NMR study will be undertaken to further probe
2+

the structure and dynamics of the chemical env1ronment surrounding Zn

cations in alkaline aqueous med1a.
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Thermodynamic Framework for Estimating Efficiencies of Alkaline
Batteries - v I '
(D.D. Macdonald, Ohio State University)

The thermodynamic activity of water in a binary KOH-HZO system has
been measured. using an‘electrochemical cell, H2(Pt) / KOH in H20 / Hg,
HgO(Pt), in the concentration range between 1 and 8 molal and the tem-—
perature range of 0780°C. From the equilibrium voltage, the activity of
water can be directly calculated without making assumptions about the
degree of dissociation of the'solute or any other solution parameters.

The measured values of activity ane"greater than those found in previous
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vapor—pressure studies, but are consistent with previous EMF measure-
ments of KOH concentration cells at 25°C. These values are invariant

with temperature for concentrations up té 4.0 molal, but between 6.0 and

fS:O molal the H20 activity first decreases by ~10% and then increases by

11715% ‘as the temperature is increased. The general activity trend is
;;ébnsistent with, though smaller than, the results in the higher concen-

‘tration ranges of the previous vapor-pressure studies. The activity of

water reported here can be used to refine previous calculations on the

theoretical efficiencies of alkaline battery systems.

Development of Membranes for the Zinc/Ferricyanide Battery

(C. Arnold and R.A. Assink, Sandia National Laboratory)

The objective of this. project 1is to develop an inexpensive,
chemically-stable membrane for the =zinc/ferricyanide battery. The
approaches taken are 1) bto evaluate custom—-made fluorocarboﬁ—based
grafted membranes, and 2) to synthesize and evaluate sulfonated polysul~

fones.

It was observed that grafted membranes which utilized a fluorocarbon
support exhibited high stability in alkaline-ferricyanide. In an effort
to optimize conductivity and selectivity, Sandia Natioﬁai Laboratory
requested that RAI Research Corp. prepare a series of membranes in which
the type of fluorocarbon substraﬁe, degree of crosslinking and film
thickness were varied systematically. Styrene and divinyl benzene mono-
mers were radiatively grafted into pdly(tetrafluoroethylene) (PTFE) and
poly(tetrafluoroethylene-co~hexafluoropropylene) (FEP) and subsequently
sulfonated. The best balance of conductivity, selectivity and stability
was achieved with 0.0127-em thick PTFE which was lightly crosslinked
(membrane IB). In cyciing tests with this membrane, in which a complex-
ing agent was added to the electrolyte to facilitate zinc deposition,

average cell efficiencies of 80% over 700 cycles were realized.

In another cycling test, membrane IB was removed after 67 cycles to
determine if there was any change in properties as a result of cyeling.
It was found that the ion-exchange capacity decreased by 75 = 9%. A

hydrogen 1loss of 64 + 9%, determined by nuclear-magnetic-resonance
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measurements, agreed well with the‘loss of ion-exchange capacity. This
result indicates that the loss of.ion—exchange.capacity,is.due’to loss
of the graft itself, and not a fouling phenomenon; In spite of the
graft loss, the conductivity of the membrane increased and the membrane
retained its mechanical strength. An accelerated—-aging study has been
initiated to determine if the graft loss is 11mited to a fraction of the
total graft, as suggested.by thevmembrane s,long__life in the cycling
cell, or 1if graft 1loss continues until tne membrane becomes totally

inactive.

It has been reported that alkyl groups adJacent to an aromatic ring
undergo oxidation in the presence of alkaline-ferricyanide, but that the
aromatic ringlitself is not attacked (1) This suggests that membranes
derived from sulfonated aromatic polymers such as sulfonated polysul-
fones should have adequate stability in _alkaline-ferricyanide electro~
lytes. Sulfonated. polysulfones are readily prepared via sulfonation of
relatively 1nexpen81ve ($3.80/1b) aromatic polysulfones usingv.an 503~
complex_ of triethylphosphate. With this sulfonating agent, chain
cleavage is reported to be . minimal (2) Sulfonated polysulfones were
isolated as white powders which were readily soluble in dimethylformam—
ide (DMF), and they could be cast into films.  The films were found to
be mechanically strong and impervious to-attack-by ferricyanide. No
weight loss?was observed after exposure to alkaline—ferricyanide for one
week at 50°C. Furthermore, these membranes exhibited low resistances
(1-5 ohm—cmz) and a' low rate of ferricyanide permeation (10—5
mmoles/h/cmz).' In  c¢ycling tests" carried out at- Lockheed Missile and
Space Co., average efficiencies of 75% over greater than 200 cycles were
realized;‘ The * following approaches -are now being taken to further
improve the .performance of sulfonated polysulfones: .1) increase voltaic
efficiency by ' increasing the degree of sulfonation and/or porosity; 2)
prepare composite membranes by impregnating the sulfonated polysulfone
into  inert microporous supports. The-latter approach would allow mem-
branes~to be manufactured by simply drawing the porous substrate through
a solution of the polyelectrolyte and drying.
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Zinc/Nickel Oxide Battery Membrane Separator Studies

(D.N. Bennion and J.S. Bradshaw, Brigham Young University)

The puﬁﬁéée of this research is to develop anion-exchange membranes
suitable for application in secondary alkaline batteries. It 1is
hypothesized that anion-exchange membranes will decrease zinc;electrode
shape change and dendrite formation, as well as reduce voltage losses in
alkaline batteries. Such membranes can be fabricated by incorporating
macrocyclic compounds such as crown ethers into a polymer material. By
locating a cation, such as a potaésium ion, in the interior of- the
macrocyclic molecule, fixed cationic sites can be created in the mem~
brane. " Theoretically, this would reduce the flow of cations and enhance
the ﬁransportv of anions through the membrane, as well as change the

direction of water flow in the cell during c¢ycling.

During this year, polypropylene membranes were tested extensively.
These membranes were fébricated using two different methods. The first
method involved mixing polypropylene together with the KOH salt of the
macrocyclic - compound, and then pressing the mixture in a mold using a
heated press. An alternative method for making membranes was deVeloped
whigh invol?ed dissolving the polypropylene and KOH/macrocycle complex
together in boiling 1,1,2,2~tetrachloroethane followed bby evaporating
the solvent. Several' of these membranes were tested for ionic conduc~
tivity in a 4M KOH/water solution at room temperature. Conductivities

T - 5 x 10—4 mho/cm, which are below the target goal of

ranged from 10~
0.01 mho/cm. It is thought that the low conductivities are due to
uﬁeven disﬁribution of the macrocyclic compounds and low water content
in the membrane. Comparison to other results from our laboratory on
Nafion membranés indicates that the target conductivity should be real-
ized if fixed charge sites are properly dispersed and water content is
increased by about 50%. Work is proceeding to create polypropylene mem~

branes with a more even distribution of crown ethers and higher water
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content.

Two additional polymers were tested as membrane materials, vinyli-
dine chloride-vinyl chloride copolymer and polyvinyl alcohol. Stability
tests of the vinylidine chloride-vinyl chloride -showed that it ‘suffered

attack by KOH/water solution, so it is unsuitable for.the present appli-
cation.

Sheibley and coworkers (1,2) have found thét polyvinyl alcohol, nor-
mally unstable in aqueous solutions, can be stabilized by crosslinking
polyvinyl alcohol using dialdehyde compounds. Using an adaptation of
their methods, it was found that certain‘crown ethers can be used in
place of dialdehydes as a crosslinking agent.. Membranes with improved
stability in aqueous solutions and with.macrocyclic structures chemi-
cally bonded to the polymer can be created. A number of these membranes
were fabricated and tested for their ionié conductivity in 4M KOH/water
solution at room temperature. Meésured values -ranged from 0.02-0.033
mho/cm, within the target rénge. It is intended to further refiﬁe thesé
polyvinyl alcohol membranes to.Qérify their potential as battery mem-

brane separators.
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Research on Separators for Alkaline Zinc Batteries

(R.S. Yeo, Pinnacle Research Institute)

The objective of this project is to develop hybrid separators to
improve the cycle life of alkaline zinc¢ batteries. These hybrid separa-
tors were synthesized and fabricated by Dr. J. Leé (RAI Research Cor-
poration). These new separators exhibit the favorable properties of
both ion-éxchange membranes and microporoua separators. The hybrid
separator should be highly specific for fést transport‘of_electrolyte

while inhibiting zincate ion diffusion.
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The separators are being prepared by radiation-grafting of a mono-
mer, such as acrylic acid, onto a microporous film. The lon-exchange
capacity was directly proportional to the extent of gﬁafting; the ion-
exchange capacity of a sample with 36% graft is 2.1 meq/g. The fixed-ion
concentration is as high as 8 mole/l, while the zincate ion concentra-
tion in the hybrid separators is less than 0.1 mole/l. This implies that
the ion selectivity of the hybrid separators'is as effective as that of

ion-exchange membranes.

The transport numbers were measured for a series of hybrid separa-
tors. The cation transport number decreases as the concentration of
elecﬁrolyte incréases. The cation transport number increases with
increasing percent gﬁaft, up to ca. 8%, then gradually decreasest The

water transport number shows a rather‘similar pattern.

Preliminary results for zinc/nickel oxide cells containing hybrid
separators (designated 229-4C) in 35% KOH electrolyte showed a low cell
polarization. No evidence of dendrite shorting was found in any of the

cells contaiﬁing a one—layer hybrid separator.
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Supported Liquid-Membrane Battery Separators

(J.P. Pemsler, Castle Technology Corporation)

The objective of this project was to develop supported 1liquid-
membrane (SLM) separators to improve the cycle life of zinc/nickel oxide
batteries. In particular, a separator that prevents zinc dendrite
growth fﬁom' shorting the cell and reduces capacity loss due to zinc-
electrode shape change is being sought . A  number of ion-
exchange/solvent-modifier systems for incoﬁporation into SLMs were

developed. SLMs prepared with these reagents exhibited resistances in
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the range of O. 4-10 ohm-cmz, selectively transported hydroxyl ‘ions over
.zincate ions by a factor of 106-107, and possessed electrochemlcal and

chemical stability in alkaline electrolytes. ‘

In order to evaluate these SLM separators under conditions closely
reSembling those in a commercial Zn/NiOOH cell, an accelerated cycle~
life test wes devised using commercial electrodes. Previous experimen-
tal studies indicated that a new design .for the cell hardnare was
required to accommodate the SLM separator.' The new cell design was
tailored to allow for the total thicknees of the electrodes, wicks and
SLM without placingvexcess mechanical preseure on the eleotrode package,
which could cense exceSs electrode gassing, 1localized heating, or

electrolyte-wick dryout.

The cycle life of cells containing the two SLM separators that per-
formed best in 5M KOH electrolyte consistently exceeded the cycle life
of control cells containing one, two or three layers of Celgard 3501
separators. No evidence of dendrite "hot shorting" was found in any of
the cells containing SLMs. Improved cycle life with the new cell design
was also obtained in 7M KOH electrolyte; the cycle life of cells con-
taining a single-layer SLM exceeded those of single and double layers of
Celgard 3501.. However, one control cell containing three layers of
Celgard 3501 echievedv375 cycles, surpassing the cycle 1life of " cells
containing SLMs. | )

Analysis of failed SLM cells indicated that capacity loss was due to
a combination of effects including zinc wick dryout, edge effects, soft
shorts, and macro-and micro-shape changes. However, visual observations
indicated the shape changes were lese pronounced on cells with SLM

separators than that with control cells.

At this time no further development of SLM separators: for Zn/NiOOH
cells is planned due to a shift in the emphasis of the TBR Project.
However, evaluation of SLM separators for zinc/ferricyanide batteries is

underway at Sandia Nationél Laboratory.
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B. ZINC/HALOGEN CELLS

Surface Morphology of Metals in Electrodepositionv

(C.W. Tobias, Lawrence Berkeley Laboratory)

The objecti§e»of this project is to develop a pfégﬁatic understand-
ing of the detail processes and their interactions in the macrocrystall-
ization'of metals, which is necessary for the)design and optimization of
rechargeable galvanic cells. Pabticularly neglegted is the area of
macrocrystalliiation involving substantial thicknesses of metal depo-
sits. Hydrodynamic flow not only affects the limiting fate of deposi-
tion; it also produces an 1imprint on the developing deposit. The
genesis of these phenomena_must'be understood before rational céntrol of

such effects may be achieved.

The development of morphology df electrbdeposited zinc was investi-
gated Dby studying the initial'stages of deposition. Zinc was depqsited
galvanostatically from 1.0 M ZnC12 electrolyte (0.7 < pH < L4.6) on
rotating-disk eléctrodes at current densities from 5 to 130 mA/cmz.
Glassy carbon (Pihe), pyrolytic graphite (Union Carbide), pyrolytic gra-
phite (Gould), graphite-loaded polymer (Exxon), and platinum substrates
were used. The numbér densities of nodules (diameter greater than 1
pm), whiéh: are typically encountered during incipient morphologicai
development, were measured using scanning electron microscopy and image
analysis. Nodule densities wup to 7 x 10u nodules/mm2 were measured.

Results may be summarized as follows:

1) Nucleation processes were discernible thﬁough cyclic voltam-
' metry. '

2) Potential-étep kinetic measuremeats yielded exchange current
densities on the order of 1 mA/cm™.

3) The nodule density increased witB surface overpotential at a
rate from 200 to 1000 nodules/mm™-mV.

4) The potential between the working and reference electrodes exhi-
bited a transient-potential peak during the first few seconds of
deposition. The relative magnitude of the peak potential is
inversely related to the number of available nucleation sites.
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5) A parallel exists between the magnitude of this peak and the
number density of nodules on a given substrate. Substrates rank
in order of decreasing activity towards zinc nucleation:

HOPG pyrolytic graphite (Union Carbide)
- platinum
- pyrolytic graphite (Gould),
- graphite-loaded polymer (Exxon)
- glassy carbon (Pine)
Publication

1. R.C. Anderson (M.S. Thesis) with C.W. Tobias, "Studies on Zinc Elec-
trodes Electrodeposited from Acid Electrolytes", LBL-18646 (1984).

Dendritic Zinc Deposition in Flow Batteries

(J.R. Selman, Illinois Institute of Technology)

The objectives of this project are to investigate the formation and
growth rates of dendritic or nodular deposits at zinc electrodes in
flowing acidic halide solutions by experimental and analytical methods.
Of particular interest are the effect of convection on the growth rate
and the influence of solution chemistry (speciation) on the kinetics and

mass~transfer characteristics of the deposition process.

During 1984, a rotating-concentric-cylindrical electrode (RCCE) cell
with a smali (0.65 cm) electrode gap was designed and constructed. This
cell accommodatés a rotating inner electrode of the same diameter (0.65
cm) as the previous cell. This cell should allow closer in-situ observa-

tion and growth-rate meaéurement in the early stages of nodular growth.

The mass-transfer characteristics at low rotation rates were deter-
mined by the limiting-current method using a nickel electrode and potas-
sium ferri/ferrocyanide in NaOH. Very good agreement was obtained with
literature data for mass transfer at the inner electrode (at larger gap
width and higher Re number). The correlation of Eisenberg et al (1) is
followed down to Re
of 1.1 x 107"

mass~transfer at the outer electrode are correlated by

d = 950, while the Schmidt number Sc tends to a value

at the lowest rotation rates (Red = 350). The results for
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k/v = 0.0605 Red—O.M9Sc-O.64M
over the range 650 < Red < 5150. This correlation appears to be more

reliable than those in the literature (2).

A systematic analysis was undertaken of the effect of kinetic param-
eters on the growth rate in the specific flow geometry of the RCCE cell,
using an improved model which includes convection. This modeling study
has léd.to the following conclusions. The direct effect of convection on
tip growth rate is quite small, sincé tip growth is kinetically rather
than mass-transfer controlled even when io is large (e.g., 10-20
mA/cmZ). Convection also indirectly increases tip growth rate by
decreasing the thickness of the diffusion layer and increasing the con-
centration level near the electrode. This indirect convection effect
causes a much larger increase in growth rate and also lengthens the
apparent induction time. However, the predicted growth rates are smaller
than the experimental results observed by one or two orders of magni-
tude. It was concluded, therefore, that ohmic resistance plays an impor-
tant role in nodular growth when the electrode gap is small, as it is
here, as well as in typical battery applications, Furthermore, the pres-
ence of surrounding dendrite precursors or nodules, i.e., substrate
roughness, effectively increases the growth rate of the tips and shor-
tens the induction time compared to isolated dendrites on smooth sub-

strates.

Studies of anodic zinc dissolution at a corroding electrode in flow-
ing solution have been undertaken., The objective is to determine the
dissolution kinetics of zinc in a solution containing both acid and dis-
solved ' halogen. Initial experimental results indicate large exchange
current densities {(up to 60 mA/cmz). However, complications are caused
as Br. ion), as well as nonun-

2 3
iform corrosion-rate distribution on the test electrode (rotating hemis-

by the complexation of the corrodant (Br

pherical electrode). The relative nonuniformity has been computed, fol-
lowing well-established procedures (3), and appears to be approximately
40% for an exchange current density of 7 mA/cmz. The implications of a
multistep reaction mechanism for the corrosion-potential measurement are

now being studied.
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Zinc Electrode Morphology in Acid Electrolytes

(J. McBreen, Brookhaven National Laboratory)

The objective of this research 1is to elucidate the factors affect-
ing the kineties and morphology of zinc deposition in ZnCl2 and ZnBr'2
electrolytes. A further objective is to devise methods to slow the
kinetics in ZnBr2 electrolytes, and thereby inhibit dendritic growth and
achieve higher electrode capacity in Zn/Br2 batteries. In 1984, work
focused on ‘the effect of =zinc crystal orientation on the deposition
kinetics and morphology and the effect of electrolyte composition on the

kineties in ZnBr2 electrolytes.

The investigation of the effect of crystal orientation on zinc depo-
sition was carried out in 3M ZnCl2 (pH = 0.5). The techniques used were
the potential-step method and scanning electron microscopy. The two
crystal orientations investigated were the basal blane (1000) and a

plane perpendicular to the basal plane (close to (1120)).

The crystal orieptation was found to have a large effect on the
kinetics band morphology of zinc depqsition.' On the plane perpendicular
to the basal plane, the current transients obtained by the ﬁotential-
step method indicate a claSéic layer-type growth where there is no
increase in"the surface‘area of the deposit with time, as éonfirmed by
both electrochemical measuréﬁénts and electron microscopy. It was pos-
sible to cérry'out zinc deposition between 10 mV (-2 mA/cm?) and 60 mvV
(~5 mA/cmz) in 10 mv intervals.0ver a period of severél‘minutes{ On
switching_the potential up or down between‘any of these vélues; the same
current was obtained, thus indicating a stable deposit of constant area.
Scanning electron microscopy cénfirméd aﬁlayer-type. deposit consisting
of overlapping layers bounded on one side by the basal plane and on the

other by one of the prismatic planes. Thus, the plane edges were
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orthogonal to one another.

On the basal plane of zinc‘single crystals, the kinetics and mor-
phology were completely  different. At potentials below 20 mV, the
current transients were flat, corresponding to a layer growth mechanism,
and above 20 mV, the transients displayed a stepwise rise in thé current
followed by a steady rise to a steady-state current plateau.  This
behavior indicates a simultaneous layer growth mechanism with nucleation
and growth of three-dimensional centers. Electron microscopy confirmed
that a layer-type deposit bounded by either the primary or secondary
prismatic planes was produced at low overpotentials (<20 mV). At higher
potentials, the nucleation of three-dimensional protrusions were

observed; these may be the precursors of dendrites.

Previous work has shown that the addition of heavy metal ions (e.g.,
Pb++, Bi+++) in fluorinated surfactants slowed down the kinetics of zine

deposition in both ZnCl2 and ZnBr, electrolytes. However, neither of

these approaches are completely sitisfactory since the metal ions can be
displaced from the electrolyte by zinc, and the surfactants can be oxi-
dized at the positive electrode. Previous work has also shown that the
kinetics were dependent on the anion (i.e., kinetics are slower in ZnCl2
than in ZnBr_, and additions of KC1l slow the kinetiecs in ZnBrz). Accord-

ingly, the aiproach taken in this study is to add other anions to the
electrolyte. Additions of AlCl3 increased the solubility with a concom-
itant decrease in zinc deposition kinetics. Since it was found that
AlCl3 alone would decrease the kinetics, an extensive study was made on
the effect of AlCl3 additions on the kinetics of 2zinc deposition in
ZnBr‘2 electrolytes. It was found that additions of stoichiometric or
excess stoichiometric amounts of AlCl3 decreased the kinetics, produced
a fine-grained deposit, and inhibited dendrite growth. Compounds such as
ZnAlCl5 and ZnAlZBré are reported in the literature, so the effects may
be due to complex or compound formation. This looks like a promising
approach since these additives are not affected by displacement by zinc

or oxidation at the positive electrode.
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Transport in Aqueous Battery Systems

(D.G. Miller and J.A. Rard, Lawrence Livermore National Laboratory)

The purpose of this research 1is to obtain experimental data on
mutual diffusion coefficients, which are required to model battery sys-
tems of interest to DOE. Mutual diffusion coefficients are -being meas-
ured for aqueous ZnCl and ZnCl ~KCl mixtures at 25,00 + 0.005°C by

2
using Rayleigh 1nterferometry

" Eleven composition of high-purity ZnCl2

period,' and this COmpletes the measurements for this binary system.

were studied during this

These measurements cover the concentration range- 0.004981 - to 5.6517
mol/dm> (0.004996 to 7.2489 mol/kg H,0).

Diffusion measurements were made for a 1.5016 mol/dm3‘ ch12-u.oouu
mol/dm3 KC1 electrolyte The resulting diffusion coefficients are 105D11
= 0.9829 + 0.0679, 105D12 = 0. 0636 0.0019, 105D2.I = =0, 1741 + 0.0160,
and 105D =1, M052 0. 0917 cm /s. Here 1 denotes ZnC1 and 2 denotes
KC1. The moderately large negatlve crossterm coeffic1ent is due to com-

plex format1on.

Diffusion measurements were also made for 1.5000 mol/dm3 ZnCl -
1.2500 mol/dm3 KC1 In this case, the diffusion coefflclents could not
be extracted since our non-llnear least-squares computer programs did
not converge. ThlS results when the two ma1n—term coefficients are close
in value, and the two cross term coeff1clents .are . small. When this
occurs, the system behaves almost llke a. pseudo—b1nary system (which is

described by a single diffusion coeffic1ent)._Consequently, an .attempt
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"to extract all four numerical coefficients has severe numerical prob-
lems. This situation corresponds closely to a ternary system whose dif-
fusidn matrix .has two equal eigenvalues. The general solution of the
diffusion equation for this case, and the relatiqns between the Dij and
convenient least-square variables have been obtained. Programming these

results remains to be done.

Publication

1. J.A. Rard and D.G. Miller, "Densities and Apparent Molal Volumes of
Aqueous Manganese, Cadmium, and Zinc Chlorides at 25°C", J. Chem.
Eng. Data 29, 151 (1984).

C. MOLTEN SALT CELLS

Molten-Salt Cell Research

(J.E. Battles, Argonne National Laboratory)

The objectives of this program are to generate the scientifiec and
technical base of information from which major improvements in the per-
formance of molten-electrolyte cells can be derived. These efforts are
directed toward the development of a cell that will deliver a specific
energy of 200 Wh/kg at the U-h rate and a specific power of 200 W/kg at
50% depth-of-discharge. The cells have lithium-alloy negative electrodes

and metal-disulfide positive electrodes.

The research during the past year was directed at efforts in three
related areas: (1) development of an electrode performance-evaluation
system, (2) electrochemical éharacterization of candidate positive- and
negative-electrode materials adequate to meet 'the cell performance

goals, and (3) studies of cell designs to meet those goals.

A system for measuring and analyzing the properties of porous, reac-
tive electrode beds has been developéd, which incorporates techniques
and test-cell designs that were perfected in this research program. The
test cell, which features a one-dimensional current distribution, has a
reference electrode and voltage taps for direct measurement of electrode
potential and voltage drop across the electrode bed. In addition, it is

equipped with thickness-variation and mechanical stress sensors. The
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system is being used to study the performance of advanced electrode
materials as influenced by experimental conditions‘sﬁch,’as electrolyte
and electrode ' composition, loading density,_temberatqré,,ahd applied
pressure. Data under both constant-current and pulsg-cﬂfrent cycling are
acquired by the system and stored in a computer. The data:are processed
to produce tables and diagrams that summarize the electrode performance
in engineering terms such as area-specific resistance (ohm-cm2), capa-
city (Ah), specific energy (Wh/kg), and specific power (W/kg). The
electrochemical . characteristics of Li-Al-Si negative electrodes and
iron- or nickel-disulfide positive electrodes in LiCl-KCl ahd_ LiF-LiCl-

LiBr electrolytes were investigated in this reporting period.

The compositions of the negative electrodes are expressed by the
formula Lix(Al1-nSin)" The compositions tested were n = 0, 0.12, 0.5,
and 1.0, The Li-Al1-Si negative electrodes possessed higher specific
power.than Li-Si electrodes, and higher specific energy than Li-Al elec-
trodes. Tests of other ternary compositions will be needed to complete
this study. However, an improved electrode material, Lix(Alo;SSiO.B)’
has been found as a result of the studies conducted to date. This elec-
trode may ‘be cycled between,K the nominal composibioné_df LiAl1Si and
Li”Alsi and has high specific capacity (1.3 Ah/g) and. a low area-

specific resistance (less than 0.5 ohm-cmz).

The area-specific resistance of Nin and FeSx electrodes is consid-

erably lower when they are operated in a Li S-saturated LiF-LiCl-LiBr

electrolyte instead of LiC1l-KC1l eutectic eleitrolyte. For instance,
Nin electrodes (for 0 < x < 1) had an area-specific resistance of about
0.25 ohm-cm2 in the former electrolyte and about 0.65 ohm—cm2 in the
latter. with the former electrolyte, however, the formation of soluble
polysuifides at states of charge corresponding to x > 1.6 in the posi-
tive electrode and their subsequent reaction with the negative electrode
lowered the coulombic efficiency to an unacceptable valve. Consé—
quently, use of the LiF-LiCl-LiBr electrolyte does not appear to be
advisable for cells that eﬁploy disulfide electrodes. Alternatives that
maintéin the excellent bower characteristics of the LiF-LiCl-LiBr elec-

trolyte without the loss in coulombic efficiency are being sought.
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The specific energy of a given cell design normally increases by
only 20% on substituting FeS2 for FeS because the net effect of the sub-
stitution is a slight increase in cell voltage with 1little or no
increase in cell capacity. However, a 50% increase in specific energy
appears to be possible by cyeling exclusively on‘the high-voltage pla-
teau of the FeS2 electrode, even though in this mode of operation the
coulombic capacity is only half that for utilization of both plateaus.

This 1is because the discharge product, Li.FeS is very dense (2.8

2" %21
3)’

g/cm3) compared to Li,S (1.66 g/cm which permits a 50% increase in

the initial loading density.

Preliminary tests of a dense, upper-plateau FeS2 electrode in LiCl-
KC1l electrolyte at 410°C indicated a factor of two increase in capacity
utilization at high current density (100 mA/cmZ) and a cell resistivity
that is about 50% lower than that of conventional FeS2 electrodes. These
improvements for the FeS2 electrode give promise of increasing cell
cycle life through reduction of the cell operating temperature. Tests of

the upper-plateau FeS, electrode in a LiCl-LiBr-KC1l-KBr electrdlyte with

2
a 310°C melting-point are underway to assess the improvements in perfor-
mance at an even lower operating temperature. Also, efforts are proceed-
ing with the design of a full-size, multi-electrode test cell for inves-

tigating this new electrode in an actual cell environment.
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Investigation of the Mechanism for Capacity Decline of the FeS2
Electrode in Lithium/Iron Disulfide Cells
(H.F. Gibbard, Gould, Inc.)

The object of this project is to determine the cause of capacity
decline in lithium—alloy/FeS2 high-temperature, molten-salt cells;
currently the major impediment to the development of this . high
specific~energy couple. By post-test examinations of cells, the capa-
city decline has been shown to be caused by the evolution of a sulfur
species from the disulfide positive active material and subsequent tran-
sport through the electrolyte to non-active areas of the cell where it
is found as LiZS. It is our hypothesis that the thermal instability of
FeSz, together with the small but finite solubility of sulfur in the
electrolyte, accounts for the sulfur 1loss and resulting capacity
decline. The goals of this work then are (1) to determine a stable
operating temperature for an FeS2 electrode using thermogravimetric
analysis, (2) to investigate the effects of electrolytes and Li-Fe-S
phases on sulfur evolution, and (3) to demonstrate stable operation of

an FeS2 cell.

Thermogravimetric analysis has shown that the FeS, material must be

operated at 285°C or below to avoid sulfur evoluiion. Operation at
higher temperatures leads to increasing rates of sulfur loss as shown in
Figure 1. With pure FeS2 material, temperatures as high as 305°C can be
held for at least 12 hours without sulfur evolution because of the dif-
ficulty of nucleating Fe(1_x)s. Once nucleation takes place, however,

sulfur evolves at a slow but measurable rate.

Work on investigating the effect of electrolytes and ternary phases
has recently begun. The results indicate that sulfur evolution from
FeS2 alone is 70 times greater than the sulfur evolution from FeS2 in an

eutectic LiC1-KC1l electrolyte within the same temperature range. This

could indicate that the rate-limiting step for sulfur loss is transport
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through the electrolyte. Thus, an appropridte‘electrolyte might be
found that could inhibit Sulfur loss either by a low Ssolubility for sul-
fur or a slow diffusion rate of sulfur in the electrolyte. This might
enable the use of an FeS, cell at a higher operating 'tempéfatube than
»285°C while still controlling sulfur loss, thus increasing the number of

candidate electrolytes.

Future research plans include expansion of the studies on the effect

of electrolytes on sulfur evolution from FeSz. Sulfur evolution from

some- of the Li-Fe-S ternary phases, both pure and with electrolyte, will
also Dbe examined. After the thermogravimetric studies are completed,
the results will be applied in electrolyte selection and operating tem-
perature : to guide in the building and operating of an FeS2 cell that

will demonstrate stable operation.
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Figure 1.. Weight loss in FeS2 due to sulfur evolution.
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New Battery Materials

(R.A. Huggins, Stanford University)

The objective of this program is to develop materials for electro-
lyte or electrode components for high-performance lithium-based secon-
dary batteries. In addition, some effort has been expended to develop
experimental and theoretical methods which can be employed to evaluate

new materials and relevant phenomena.

Negative Electrode Materials: Work on negative electrodes for wuse in

lithium-based systems . is aimed at the investigation of lithium alloys
that undergo displacement reactions. This approach avoids the formation
of filamentary growth and the related probleﬁs of shape change, capacity
loss and cell shorting, which are characteristically found when cyecling

pure lithium electrodes.

Experimental work has involved determination of the fundamental
thermodynamic and transport parameters that control the potential, capa-
city, and kinetic behavior of such materials. Earlier work on this pro-
gram, which established the important principles, involved the use of
molten-salt cells to investigate a number of binary alloy systems at
temperatures near U400°C. More recent work has extended these studies to
ambient temperatures. In addition, some work has been done to explore

potentially-interesting ternary alloys.

A significant amount of information is now in hand concerning poten-
tials and capacities of all the constant-voltage plateaus in the Li-Al,
Li-Sn, Li-Sb, Li-Bi, Li=Zn, Li~-Cd and Li-Pb systems. It has been found
that a number 6f these binaryvphases have high chemical diffusion coef-
ficient at ambient temperatures, so ‘that their electrode reactions

should be quite fast.

Positive Electrode Materials: The possibility of synthesizing and sta-

bilizing crystal structures with desirable kinetic properties by the
introduction of a second alkali metal ion was demonstrated previously.
Recent work has extended these concepts and applied them to several
additional transition metal-oxide phases, as well as ternary and quater-

nary structures in the vanadium-bronze family. The 1latter undergo
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insertion reactions with lithium, and they have been shown to have quite
attractive thermodynamic and kinetic properties. The cycling propérties
of these electrode materials were also examined. . Cyclability of the

layered vanadium oxide was found to be particulahly sétisfactory.

Solid Electrolytes: Work was recently started to'investigaﬁe the proper-
ties of a'family of inorganic polymeric materials that can be prepared
in either crystalline or glassy form. The central members of this family
are 8182 and SiSe2, which have crystal structures consisting of parallel
chains of distorted edge-sharing'SiSu or SiSeu tetrahedra. Experiments
have shown that they can exist over an appreciable range of
stoichiometry; in the case of Sin, the value of x can vary from 1.85 to
2.4,

The layered alkali zirconium phosphates, MZZr(PO“)z, were prepared
by ion-exchange techniques. It was found that a high-temperature modif-
ication of the lithium member of this family shows high ionic  conduc-
tivity. The thermodynamic stability and minority-carrier conduction in
severai families of 1ithium‘solid electrolytes has been addressed by

thermodynamic calculations and experimental measurements.

Intermediate Temperature Molten Salts: Work on intermediate-temperature

molten salts has two objectives: to find useful lithium-conducting salts
with liquidus temperatures below 200°C, and to investigate their stabil-
ity ranges and compatibility with both high-lithium-activity negative
electrodes and useful positive electrodes. Interesting salts have now
been . found with melting points as low as 100°C that form solid-
electrolyté protective layers, and which demonstrate good reversibility
with pure 1lithium electrodes. Others have been found whose thermo-
dynamic properties allow their use with reversible aluminum negative

electrodes and lithium-reacting positive electrodes.
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COMPONENTS FOR ALKALI/SULFUR CELLS

Electrochemical Properties of Solid Electrolytes

(L.C. De Jonghe, Lawrence Berkeley Laboratory)

The purpose of this research is to characterize the electrochemical

behavior of sodium beta"-alumina in the Na/S battery, and explore the

possibilities of new low-temperature cathode materials.
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A study of the critical current density for onset of Mode I electro-
lyte degradation was performed for both fracture-toughened beta"-alumina
with dispersed zirconia and single-phase elecfroiyté.' Theory developed
in this program and elsewhere predicts that”' the critical” current density
for crack propagation is proportional to the fréctufe: toughness raised
to the fourth power. Therefore, the fracture toughness hHas an important
effect on Mode I failure. One would expect to .obéerﬁé' hfgher current
densities for onset of Mode I degradation in beté"-alumina toughened by
zirconia dispersion than for single-phase electrolyte; So far, the
toughened . ceramics showed comparable resistance to crack propagation
under current load. This observation is understood when the surfaces of
the ceramics in question are examined by optical and scanning electron
microscopy. The single-phase electrolyte was fine grained and reasonably
free of processing surface flaws, whereas the. surface of the toughened
ceramics were badly pitted, exhibiting high porosity due to agglomera-
tion of the zirconia.- Since propagation of Mode I cracks depends also
on the distribution of surface flaws and the microstructure of  the
material around. the flaws, it is vnot surprising that the poorly-
processed toughened elecérolytes did not show the expected increased
resistance to Mode I failure. Noteworthy was that polishing of the
untoughtened ceramics prior to use in ﬁhe cell reduced their performance
in testing, probably due to increaséd surface flaws; however, polishing
the toughened ceramics improved their performance, implying that polish-
ing put the surface under compression through transformation toughening.
If the quality of the toughened electrolytes can be improQéd to an
acceptablé level, a more meanihgful comparison and correlation with

theory can be made.

In order to establish the cause of asymmetric polarization reported
by various groups for the Na/Na cell with sodium beta"-alumina electro-
lyte, current-potential curves and cﬁrrént and potential-pulse measure-
ments were done on this cell over the temperature range of 160 to 350°C.
A three-electrode configuration was employed in order to separate the
inner-sodium working . electrode/electrolyte interface  from the outer-
sodium counter electrode/electrolyte interface. The inner-sodium work-
ing electrode (WE) was varied in sodium-oxide content from

electrolytically~pure sodium to oxide-saturated sodium. Vanadium foil
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was added to the sodium WE for some experiments in order to chemically
reduce the Na20 and set the soluble oxide concentration to a very low
value, The experimental observations clearly showed that the presence
of oxides modifies the electrochemistry of the sodium beta"-alumina
interface. At 300°C, the highest resistance polarization was observed
for_tﬁé oxide-saturated sodium. At this temperature, the addition of
vanadium foil to the working‘electrode reduced the observed resistance
polarization and removed any asymmetry previously exhibited. The polar-
ization observed in the experiments always manifested itself as a larger
resistance for discharging sodium out of the tube than for charging

sodium into the tube. The asymmetric polarization was much more pro-

nounced at 160°C, being largest for oxide-saturated sodium. The elec-

trochemical studies suggested that the additional voltage drop at the
working electrode was due to the resistance of a film or adsorption
layer to the transfer of sodium ions; the most likely source being an

oxide film, possibly Na,0. At the operating temperature of the

sodium/sulfur battery, this asymmetric polarization can be minimized or
eliminated by the addition of a chemical oxygen.scavenger, which reacts
with Na20 at an appreciable rate to yield an insoluble oxide and sodium
metal. Possible choices for oxide gettering are vanadium, titanium, and

zirconium, or their alloys.

In an effort to assess the corrosive nature of the sodium polysul-
fide electrode towards beta"-alumina, discs of the ceramic electrolyte
were sealed into pyrex ampoules with various Na2sx compositions ranging
from pure sulfur to Na282, and heated to 450°C for a period of one to
fifty days. Optical microscopy, scanning electron microscopy, and
weight-loss determinations indicated that the electrolyte is in fact
stable towards the positive electrode material under static conditions.
Therefore, the observed sulfur-side attack of the electrolyte is most
likely due to processes occurring during current flow. Electrochemical
experiments on Na/S cells are underway to examine thé nature of dynamic

sulfur-side attack of the beta'"—alumina electrolyte.
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Improved B"-Alumina Oxide Electrolytes Through Transformation
Toughening ‘

(F.F. Lange, Rockwell International Science Center)

The use of ﬁetragonal Zr'O2 to toughen ceramics (transformation
toughening) 1is now well established both experimentally and theoreti-
cally, and reviews have been published. This approach has been applied
to several ceramic systems, including recently Na B"—A1203. This
material, along with Na B-A1203, are conductors of sodium 1ions and as
such, are being used as-a solid electrolyte in high-specific-energy bat-
teries, e.g., the sodium/sulfur battery. The technical feasibility of
this battery has been demonstrated, but its lifetime is often limited by
degradation of the g"- or B-A1203 electrolyte. Two failure modes have
been identified, and analysis of one of these modes indicates that the
critical current density for initiation of failure depends on the frac-
ture toughness of the B"-A1203. It 1is feasible, therefore, that
improvements in the mechanical properties of the electrolyte have the
potential to improve the reliability of the Na/S battery.

The objectives of this project are to fabricate B"-A1203/Zr02 compo-
sites by an alternative procedure to the dry-pressing route and to
determine the amount of Zr’O2 that can be wused to maximize the
strength/ionic resistivity ratio. The fabrication technique chosen was
that of slip casting, as this apprdach should allow the ZrO2 phase to be
well dispersed without the detrimental presence of agglomerates, which

can act as failure origins in ceramics. :

During this year, effort was concentrated on improving the disper-

sion and mixing of the Bg"-Al and Zr0, powders, determining the effect

BTmAL0; 2
of the Zr'O2 phase on Na conductivity, and determining the role of
Zr02(t) on strengthening. It was shown that ZrOz(t) additions not only

increase fracture toughness, but also limit the size of the B"-A1203

grains. The strengthening produced by Zr02(t) was thus due to two
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concurrent phenomena, viz,, an increased Kc vand a limitation on the
large, abnormal B"-A1203 grains which are the major flaw population in
the single-phase material. This was shown by incorporating cubic Zr02,
which -did not significantly increase Kc but did result in some
strengthening due to its effect of 1limiting abnormal grain growth.
Failure occurred from other prbcessing flaws, viz., two-phase
agglomerates and Zr'O2 hard agglomerates, indicating that further pro-

cessing improvements will further increase strength.

Conductivity measurements at 300°C as a function of Zr'O2 content
showed that the Zr'O2 reduced conductivity more than that expected from
percolation theory; resistivity increased from 5.5 ohm-cm for single-
phase B"-A1203 to ~7.5 ohm-cm for the composité containing 15 v/o Zr'O2
(tetragonal or cubic). Experiments, where the grain size of" B"—A1203
was varied at constant Zr'O2 content, indicated that the conductivity was
controlled by both the inert Zr'O2 phase and its effect of limiting grain
growth to produce a smaller-grained material. These results suggest
that the composite which is optimized for both sﬁrength and conductivity

would contain between 10 to 15 v/o Zr02(t).

Principles of Superionic Conduction

(B.J. Wuensch, Massachusetts Institute of Technology)

The objective of this program is to provide insight into the factors
which control fast alkali ion conduction in materials of potential
relevaﬁce to battery systems. Exploratory syntheses and electrical con-
ductivity measurements are'performed on promising new structure-types,
or on new compositions of known conductors which have been modified by
crystal-chemical substitution. In systems in which transport is found
to be especially sensitive to composition or temperature, the conduction
mechanism is examined through neutron scattering analysis of the changes
in the structural framework which accompany chemical substitution, and
also the distribution and thermal-vibration amplitudes of mobile alkali

ions.
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Under investigation as potential new fast-ion conducting materials

. . + 3+ u+_
is a family of alkali silicates, A2+xMx M1-x Si6015.

type compounds K2TiSi6O15 and K3NdSi6o15 were recently established by

The structures of

Russian workers, but  their electrical properties have not been previ-
ously examined. The structures consist of MO6 octahédra and SiOu
tetrahedra, which form a system of connected channels. The alkali ions
occupy interstices and display the wunusually large thermal vibration
amplitudes which are the hallmark of a shallow potential well and a
characteristic of fast-ion conduction. Moreover, the possibility of
substituting octahedral cations of different radius and charge provides
a means for varying vacancy/charge-carrier concentration and framework
geometry with a degree of flexibility analogous to that available in the
NASICON system. The high silica content of = these . phases resulted in
glass formatién when synthesis was attempted by solid-state reactions.
Hydrothermal synthesis was therefore employed. - Synthesis of the proto-
type K~Ti and K-Nd phases has been successfuliy achieved. by this method.
A series of glass solid solutions have been prepared in six different
systems as starting charges for further hydrothermal reactions with A+ =
Na, K; M'* = Ti, zr; M3* = Y, Nd, La and x = 0, 0.5 and 1.0. . As these
glasses have compositions somewhat analogous to the highiy-conducting

"NASIGLAS", Na JSi P studied at Argonne National

1+x20 2-x/3513P3-4012-24/3

Laboratory, - it was felt that these materials might have useful conduc-
tivities in glassy form.  Moreover, a comparison of the transport pro-
perties of a given composition when in amorphous and, eventually, in
crystalline form would be of interest in understanding the transport

properties of the system,

Accordingly, prior to performing the hydrothermal syntheses, complex
impedance analyses of the glass specimens have been performed as a func-
tion of temperature, 350 to 660°C, and frequency, 50 Hz to 100 kHz, for

glasses in the following systems:

K2Tisi6015 - K3YSi6O15 ’ NazTiSi6O15 - Na3YSi6O15
K2TiSi6O15 - K3NdSi6O15 NazTiSi6O15 - Na3NdSi6O15
K2TiSj.6O15 -'K3LaSi6O15 Na22r816015.- Na3YSi6O15
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Activation energies were found to range from 16.6 to 18.9 kcal/mole and
20 to 23 kcal/mole for the Na and K glasses, respectively. A comparison
of the properties of the glasses is interesting in that the number of
octahedrél and tetrahedral ions in the framework remains fixed in all
compositions, unlike previous studies of the transport properties of
soda~silica or soda-lime-silica glasses in which a change in charge car-
rier concentration was invariably coupled with a change in network
structure. The pre-exponential ternm, ooT, in the'present work was found
to increase in proportion to alkali content, indicating that a constant
fraction (or all) of the alkali ions are mobile. Activation energy
decreased with increasing alkali content (as has been found for other
alkali-silicate glasses), but a striking linear correlation of activa-
tion energy with ionic radius of the octahedral cation was found,
independent ‘of the alkali concentration. The influence of framework
composition on activation energy for transport thus seems primarily a
change in mobility effected by an opening of the glass structure. The
conductivity at 350°C for several Na glasses is quite respectable, being
as large as 107" ohm™! em™! for the Na-Y glass. Addition of the high-
valence network cation does not decrease the ionic conductivity as had
been found in some previous studies. Several Na compositions have 9350
equal to that of a pure alkali-silicate glass of comparable Na content.
The relatively high conductivities found for glasses in these systems
and the significant effect of chemical substitutions on transport pro-
perties strongly suggest that interesting results will be obtained for

the crystalline forms of these phases.

Electrical Conduction and Corrosion Processes in Fast Ion-Conducting

Glasses

(H.L. Tuller, Massachusetts Institute of Technology)

A major objective of this research program has been to develop
glasses that exhibit fast ion conduction (FIC) in the temberature regime
of interest (<350°C) for Li/S batteries, and that also possess the phy-
sical attributes which eliminate the shortcomings of ceramic components,
such as current-blocking grain boundaries, anisotropic ion transport
(e.g., in B"-alumina), high-temperature fabrication and relatively large

wall thickness. 1In particular, attention was focused on the transport,
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electrochemical, and corrosion-resistant properties of alkali ion-

conducting glasses.

A major accomplishment in 1984 was the deveiopment of a novel elec-
trochemical method that is capable of simultaneously determining the
electrolytic and chemical stabilities of solid electrolytes, and thereby
identifying glasses with the requisite chemical stability. Using this
method, data are generated continuously and in-situ, rendering this
technique very powerful for rapidly screening potential solid electro-
lytes.. Specifically, electrochemical cells of the type
LiAl/glass/LiSn/glass/LiAl, which include a working and reference cell,

were used to vary and monitor the activity of 1lithium a from extremely

Li
low values in the Sn (initially-pure) inner electrode to values

approaching unity by controlled titration from one of the LiAl reference
electrodes, When the activity at which the electrolyte reacts with the
titrated species is exceeded, an arrest in the emf-versus—-time plot 1is
detected. Further, by monitoring the time delay for which particular
activitiéS'of lithium are achieved in the LiSn alloy -electrode, the
kinetics of Li penetration into the glass and the resulting growth of

reaction layers on specific glass electrolytes are deduced.

This method was applied to investigate FIC Li-borate glasses, and

the following features were established:

o The glass composition Li 0 B 0,, which contained 2 mol% A1203 to

suppress crystallization éhe melt, behaved as a perfect-Li-
ion electrolyte over a wide range of Li activity (up to 0.08 at
380°C) and temperature (320-400°C). This type of glass was suc-
cessfully used both to titrate Li in an electrochemical cell and

to monitor activities of Li in open-circuit cells.

(o} The aforementioned glass was found to serve as an ideal electro-
lyte. This feature -was used to determine the solubility and
thermodynamic properties of Li in molten Sn, the working elec-
trode in the electrochemical cell.

-0 The chlorine-containing glass composition, Li 0 B 0 iCl, was
found to react with Li at very low act1v1ties (= 18 ), and it
formed a crystalline reaction layer of composition  3Li 0.B,0
The growth of the layer was found to be diffusion congrolfeé
The reaction layer was predominantly ionic in nature and did not
interfere with the passage of current across the cell. When the
reaction layer grows too thick, however, the volume mismatch
between it and the glass substrate can cause cracking.
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0 The chemical diffusion coefficient in the reaction 1ayg5 yas
measured using the above approach. It was about 1 x 10 “cm“/s
at 380°C, and the activation energy for diffusion was ~0.TeV.
Diffusion of electrons across the reaction layer was found to.be
rate limiting.

o} The effect of the electric field on the reaction kinetics was
not large, but given sufficient time 1its effect could be
detected by the induced asymmetry in the reaction layers.

AC impedance measurements were begun on a series of glasses baSed on
lithium dibdrate, to which Ca0 was added in the range of 1-10%
(CaCO3)2/LiéO‘. These glasses showed an unexpected increase in conduc-
tivity with respect to the CaOffree glass, peaking at about 2%. Work is
continuing to confirm these results, as well as extending these.measure-

ments to other glasses containing lithium and borates.
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Evaluation of New Lithium-Conducting Glasses

(E.J. Cairns and F.R. McLarnon, Lawrence Berkeley Laboratory)

Several borate glasses have been developed that, upon addition of

L120 and LiCl, show lithium-~ion conductivities as high as 2 x 10-2 ohm-1

cm-1 at 300°C. It has also been observed that the structure of the
glasses 1is maintained in the presence of molten lithium. The aim of
this investigation is to construct and operate a Li/S or Li alloy/S cell

that employs a borate fast-ion-conducting glass as the electrolyte.
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A succcessful procedure for making and blowing'1ithium--chioroborate
glass into thin-walled sealed tubes has been-deveioped. ‘These tubes
have been tested statically for stability in molten sulfur/polysulfides
at 380°C. A thin white film was observed to form on the glass in the
polysulfide melts. The composition of this film and its effect on con-

ductivity are not yet known.

Several electrochemical cells have been constructed using the thin-
walled 'tubes, but each has experienced mechanical failure within a few
hours at 380°C. Current work is directed at eliminating the mechanical

problems of cell assembly which appear to be causing the failures.

Glass Electrolytes and Advanced Cell Concepts

(M. Roche, Argonne National Laboratory)

The objective of this research project is‘to deVelop a glass elec-
trode that has high ionic conductiv1ty (10~ ohm_1cm-1 at 300°C), is
stable in the sodium/sulfur cell environment and can be fabricated at
reasonable cost. Earlier experiments, thermodynamic calculations, and a
review of thefiiterature led to the selection of soda-rich glasses in

the soda-alumina-zirconia-silica system.

During the past year, 24 glass compositions in the above system were
prepared and characterized. Resistivity, activation energy for conduc-
tion, and glass transition temperature were determined as a function of
composition. These data have been analyzed by multiple linear regression
to permit prediction of the properties of all glasses of interest in the
quaternary system. The soda-rich quaternary glasses (38 to 42 mol% soda)
had conductivities of 2 to 8 x 10 -3 ohm cm 1, aotivation energies for
conduction of about 0.5 eV, and glass transition temperatures of 500 to

700°C.

The glasses were subjected to static corrosion tests in high-purity
sodium, solfur, and sodium tetrasulfide at 400°C for 1000 h; Ceramatec
beta"-alumina and Dow'borate glass were included in these corrosion
tests for 'comparison of their properties with those of the quaternary
silicate glasses. For purposes of identification of the most promising

glass compositions, the corrosion tests were carried out at a
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temperature higher than the normal operating temperature (about 330°C)

of the sodium/sulfur cell.

Four of the soda-rich quaternary glasses, the beta"~alumina ceramic,
and the Dow borate glass survived the,corrosion tests with relatively
low weight changes (less than 0.8 mg/cmz) in aliv_threer environments.
Detailed examinations of these samples using scanning electron micros-
copy, optical microscopy, and Auger electron spectroscopy  are in pro-
gress., However, a few preliminary observations are worthy of note. The
beta"-alumina was blackened by exposure to sodium; the Dow glass .was
not; however, the Dow glass exhibited some yellowing and internal crack-
ing in the Nazsu test. The surfaces of some of the soda-rich quaternary
glass samples were blackened in the sodium test, but experimental evi-
dence indicates that this blackening was due to reduction of impurities
such as iron. The soda-rich quaternary silicate glasses, which are made
with high-purity quartz instead of 99.9% pure silica, are transparent
after the sodium-exposure test and show only a minor surface discolora-
tion. In general, the glass and ceramic samples survived the sulfur cor-
rosion test with only minor (or no) surface damage. However, at very
high soda concentrations (about 46 mol%), sodium sulfate was detected on
the glass surfaces. Sodium sulfate is' the expected product of the

sulfur-soda reaction.

In-cell verification tests in single~tube cells haveibeen initiated
using electrolyte tubes fabricated (drawn from the melt at 950°C) from
one of the quaternary glasses that sﬁrvived the corrosion test, 1i.e.,
P-glass (41.4 mol% Na20, 8f2 mol% A1203, 5.8 mol% Zr02, )
Na/P-glass/S cell, with the sulfur electrode inside the tube, was

palance SiOz). A

operated for 100 h (eight cycles) before sulfur evaporation from the
open—-ended tube forced termination of the test. A method for sealing the

glass tube is now being developed.

Future efforts in this program will focus on studying giass corro-
sion resistance and structure/property relationships. Also, in-cell
verification tests will be continued to determine the cycle 1life of

electrolyte tubes.
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Transport Properties of Sodium-Polysulfide Melts

(J.S. Newman, Lawrence Berkeley Laboratory)

Sodium/sulfur cells are attractive for both vehicle propulsion and
utility 1load-leveling. applications. Because the rate-limiting process
at the sulfur cathode is the diffusien of charged species within the
melt, optimal design of sulfur electrodes will depend upon the availa-~
bility and accuracy of diffusion-coefficient data for polysulfide melts.
An experimental apparatus has been designed to measure the diffusion

coefficient of sodium ions in melts of sodium pelysulfides.

The method of restricted diffusion is being used to determine dif-
ferential diffusion ‘coefficients in sodium-polysulfide melts. The
experimental apparatus to perform the measurements has been modified and
tested. A model of ‘the transportvprocesses'in the sbdium—sulfur melts
has been developed, and fundamental system parameters have been deter-

mined.

Diffusion-coefficient data in sodium-sulfur melts will be measured
as a function of melt composition and temperature. Fundamental interac-
tion parameters defined in the recently developed model of transport
processes 1in sodium-sulfur melts will be determined and compared to the

previous results.

Mathematical Modeling of Sulfur Electrode

(E.J. Cairns and F.R. McLarnon, Lawrence Berkeley Laboratory)

Mathematical models of the sodium/sulfur cell have :been developed,
usually to provide improved understanding of the operation of the sulfur
electrode. These are one-~dimensional models and therefore have limited
capability_ to account for.phenomena suchias convection, whieh require a

two- or three-dimensional framework. Examination of the physical
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properties of sulfur and sodium polysulfides leads to the conclusion
that variations in density, viscosity, and wetting cannot be ignored.
Work is underway to develop a two-dimensional model of a tubular
sodium/sulfur cell, which accounts for the actual behavior of an operat-
ing cell., In addition to computer modeling, electronic and ionic poten-
tial profiles will be measured throughout the céthode via the use of

small reference electrodes.

E. CORROSION PROCESSES IN HIGH-TEMPERATURE, HIGH-SULFUR-ACTIVITY
MOLTEN SALTS -

Behavior of Materials in Sulfur-Polysulfide Melts

(E.J. Cairns and F.R. McLarnon, Lawrence Berkeley Laboratory)'

In order to bétter‘undéfstand'the behavior of various metals for. use
as current-collector .and cell-container materials in sodium/sulfur and
lithium/sulfur cells, two types of studies were performed: 1) cyclic
voltammetry in NaZSu and Li283.8 (both of which are representative of
single-phase polysulfide melt compositions) molten-salt electrolytes at
chromium and molybdenum electrodes, and 2) static corrosion tests of
molybdenum, chromium and a 70% Cr?30% Fe alloy' in both 1lithium and
sodium polysulfides and molten sulfur. The sodium-polysulfide voltam-
metry was conducted at 300 and 350°C, and lithium-polysulfide voltam-
metry was performed at 400°C. The voltammetry experiments employed
swWweep rates ranging from 5 to 500 mV/sec, and the electrode potentials
covered the full range expected in the respective cell systems. The
static corrosion tests were performed at 350°C in Na283, 4oo°C in
LiZS3.8’ and at both temperatures in molten sulfurf Samples were
prepared in the form of flat disks to minimize geometry effects, and the
samples corroded at .MOO°C wefe analyzed (after cutting, mounting and
polishing) by SEM, EDAX‘énd X-ray diffraction techniques. The samples
corroded at 350°C were analyzed by SEM and EDAX methods 6n1y.

The design of the cell used in the voltammetry experiments has been
described elsewhere (Publication 1). Data from these experiments were
compared with sodium—polysulfide voltammetry data reported in the

literature, whichvhad been gathered using carbon, aluminum and platinum
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electrodes. A model was developed to help understand the results of
cathodic sﬁeeps in both systems, and the different results for the vari-
ous metal/melt combinations are explained using thermodynamic and - elec-

trochemical arguments.

The data from the static-corrosion studies were .compared with
reported corrosion mechanisms of the same metals and alloys in sulfur
vapor, and the possible influence of solubility of the scale in the
melts was measured, as well as rate data for the corrosion of the three

materials in sulfur and L1283.8.

Publications

1. J.C. Dobson, F.R. McLarnon and E.J. Cairns, "Corrosion of Metals by
© Sulfur/Polysulfide Melts", 166th Meeting of the Electrochemical
Society, New Orleans, LA (1984), p. 163, Paper No. 110.

2. E.J. Cairns, G. Mamantov, R.P. Tischer, and D.R. Vissers, "The Chem-
~ 1istry and Status of Rechargeable Molten-Salt Batteries", in Proceed-
ings of the Fourth International Symposium on Molten Salts, Qﬂfg,
Edited by M. Blander, D.S. Newman, G. Mamantov, M-L,., Saboungi, and
K. Johnson, The Electrochemical Society, Inc., Pennington, NJ (1984)

p. 312; LBL~-18103. :

3. E.J. Cairns, "High Temperature Batteries and Battery Materials",
166th Meeting of The Electrochemical Society, New Orleans, LA
(1984), p. 150, Paper No. 101; LBL-17762.

Polysulfide Containment Materials

(J.E. Battles, Argonne National Laboratory)

The objective of this task is to develop new alloys for positive-
side current collection and containmenﬁ in‘Na/S and Li/Fe32 cells, or
other cells with high sulfur activity and high electrical potential at
the positive electrode. During the past year, static corrosion testing
was continued in sulfur and Sodium polysulfides at 350°C for. various
metals and several commercial, high-chromium alloys. Extensive metallo-
graphic, Xfray diffraction, and SEM-EDS analyses areAused for character=-

ization of the corrosion products, microstructure, and composition.
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A comparison was made of the data for all of the metal and alloy
systems that have been corrosion tested so far (listed in Fig. 1). The
corrosion behavior was found to change significantly on going ffom -sul-
fur to sodium polysulfide (Na283) because of a change in the scale com-
position and morphology. For materials tested‘in sulfur, the corrosion
scale 1is generally mulﬁi-layered and composed of simple metal sulfides,
and the corrosion rate appears to be controlled by ionic diffusion
through the scale. This ﬁroduces parabolic kinetiecs when a dense scale
is formed and'logarithmic kinetics when a -porous inner scale is formed.
The results for materials tested in Na,S, are summarized in Table 1;

273
With Na283, the corrosion scales are more complex and are generally com-
posed of ternary sodium-metal sulfides, most of which are at least par-
tially soluble in the polysulfide. This creates considerable variation

in the corrosion kinetics, as shoWn by the data in Fig. 1.

Based on avcomparison of results obtained for chromium and other
metals and alloys, chromium demonstrates relatively unique corrosion
behavior in that the corrosion rate is lower in NaZS3 than it is in sul-
fur, whereas the opposite 1is true for other materials. The corrosion
reactions for_chromium-in Na283 and.sulfur i(to 2500 h) obeyed loga-
rithmic and parabolic rate laws, respectively. In both media, the corro-
sion scale was bilayer, with the inner 1layer being Cr3su. The outer

layer was Cr283 for corrosion in sulfur and NaCr‘S2 for corrosion in
Na,S

273"

Commercial high-chromium alloys have also been corrosion tested, in
addition to the E-Brite-26-1 and Nichrome“alloys reported previously.
The nominal compositions of thése‘alloys are given in Table 2. In sul-
fur, the corrosipn bates of these new alloys_were'lower than those for
chromium alone. Further, the corﬁbsion rate decreased as the chromium
content of the alloy decreased, as shown in Fig. 2. The reverse effect

was found for the corrosion of these alloys in Na i.e., the corro-

Sa,
sion rate increased as the amount of chrom?ui in the alloy was
decreased, and the corrosion rates of the alloys were higher than those
for chromium alone. For the alloys with molybdenum and tungsten addi-
tions tested in Nazsé, the scale showed little tendency toward spalling;
this effect did not occur with the E-Brite-26-1 alloy, where extensive
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spalling occurred. In all cases, the scale was a single layer of pri-

3FeS3 or le2

in the melt. A series of modified E-Brite alloys has now been prepared

marily NaCrSz, with the formation of crystals of either Na

to test the'effect of additional alloying elements, i.e., Al, Ti, Y, and

Zr.

The corrosion rate of aluminum in sulfur was very low. However, this
was not the case for aluminum in Na283, where the corbosion rate was
about two orders of magnitude higher. The reaction kinetics followed a
parabolic rate 1law, at least up ﬁo 1000 h, and the rate constant was
about thirty times larger than that for chromium in sulfur (see curves 5
and 10 in Fig. 1). The scale formed on the aluminum tested in the Na283
appeared as a layer of crystallites, and some of the crystals had dif-
fused into the melt. The composition of the crystals has not been fully
determined, although they are probably a sodium-aluminum-sulfide with én

NaZS:AlZS3 ratio higher than in NaAlS

2.

An aluminum-9.6 wt % magnesium alloy was also corrosion tested. In
Na283, the corrosion reaction for this alloy was effectively eliminated
by the formation of a passivating layer of MgS on the metal surface, as
suggested by curve T in Fig. 1. The corrosion testing of additional

alloys of aluminum-magnesium is plahned.

Publications
1. A.P. Brown and J.E. Battles, "The Direct Synthesis of Sodium

Polysulfides from Sodium and Sulfur", Synth. Reac. Inorg. Met. Org.
Chem. 14, 945 (1984). ' ' ' '
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Figure 1. Corrosion Behavior of Various Metals and Alloys in Nazs3 at
. 350°C, : :

Table 1. Rate Laws and Probable Contributing Mechanisms for the
Corrosion of Various Metals and Alloys in Na283 at 350°C.*

Selected Materials Rate Law Mechanism
Molybdenum, aluminum-9.6 'Zero' order - Film Formation
magnesium
Chromium, nickel Logarithmic Porous inner scale

Pore blocking

Aluminum, Hastelloy B Parabolic Ionic diffusion
Low Carbon Steel, Parabolic/ Dissolution
Type 430 SS linear
High-chromium alloys Mixed Linear/ Interfacial/Ionic
Parabolic Diffusion

* In sulfur, these materials showed either logarithmic or
parabolic corrosion kinetics.
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Table 2. Nominal Composition of Commercial High-Chromium
Alloys That Were Corrosion Tested

Alloy . ‘Nominal Composition
E-Brite-26-1 Fe-26Cr-1Mo
Nichrome Ni-ZOCr.

Cabot Alloy 230 Ni=-22Cr=-14W-2Mo
Ferralium 255 Fe-26Cr-3.3Mo-7Ni
Hastelloy C-22 Ni-22Cr-13Mo-3Fe-3W

‘Hastelloy G-30 Ni-29Cr-20Fe-5.5 Mo

CORROSION PENETRATION AT 2500 hr
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Figure 2. Corrosion Penetration of Various High-Chromium Alloys
2500 h of Corrosion in Sulfur or Na283 at 350°C.
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Corrosion-Resistant Coatings for High-Temperature High-Sulfur~Activity

Agplications"
(J.R. Selman, Illinois Ihstitute of Technology)

The objective of this project is to explore molten-salt deposition
and chemical vapor-deposition (CVD) as methods for preparing corrosion-
resistant coatings of molybdenum, molybdenum carbide, or titanium
nitride on 1low-carbon steel. The application of these coatings is in
high-temperature sulfur-rich environments such as positive-electrode

current collectors for Na/S and Li-alloy/FeS2 batteries.

One of the keys to producing a strongly adherent, defect-free depo-
sit of molybdenum on low-carbon steel is by the use of a nickel inter-
layer. The first stage of this program involved the evaluation of
severél commercially-feasible techniques for producing a uniform nickel
deposit on 1018 steel. "Several electroplating and electroless plating
techniques wére evaiuated. Electroplating 1is capable of producing a
strong defect-free deposit of pure nickel, while the advantage of elec-
troless plating is that it can produce a uniform layer of nickel on all
faces of an object at the same time. The disadvantage of electroless
nickel plating 1is that the nickel deposit is not pure but contains as
much as 1% phosphorous. It is not known at the present time if the
presence' of these impurities will interfere with the CVD process.
Therefore, samples of 1018 steel were cut and coated by both techniques
using a commercial electroplating-bath formulation that produced a very
pure nickel deposit and a basic electroless plating bath that exhibited
excellent long-term stability. Both sets of samples are being coated
with molybdénum via CVD, and the adherence and uniformity of the Mo
layer will be evaluated by scratch testing and by microscopic examina-
tion. Final selection of the optimum method for depositing the nickel
intehlayer will Dbe made, and corrosion tests in molten-salt baths will
then be initiated.
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F. COMPONENTS FOR AMBIENT-TEMPERATURE LITHIUM CELLS

‘Surface Layers on Battery Materials

(R.H., Muller, Lawrence Berkeley Laboratory)

‘The purpose of this work is to adyance the understanding of the pro-
perties of surface iayers on battery electrode materials that are impor-
tant for the functioning of rechargeable galvanic cells with high energy
and power capabilities, high energy efficiency, acceptable charge reten-
tion and long cycle life. Means are sought to achieve .superior,
predictable properties of surface layers and to form them consistently
in order to provide enhanced battery operation. Present studies concern
surface layers on lithium in representative nonaqueous battery electro-

lytes and oxide formation on metals in aqueous media.

Surface layers formed on Li in LiC10u/propy1ene carbonate with <1
ppm water content have been analyzed. IR spectroscopy showed the forma-
tion ofyLiZCO3 and a polymeric compound. ESCA analysis of the surface
layer -formed on electrochemically-deposited Li indicated the formation
of two types of cabbon compounds, related to the formation of L12C03 and
polymer. ESCA analysis also showed that LiC10u decomposes to chlorine
compounds with lower valency, with the higher-valent chlorine found in
the ‘outer film regions, lower-valent in the inner. In-situ X-ray dif-
fraction confirmed the formation of LiZCO3 and bolymeric compounds. An
SEM study of the surface of electrodeposited Li showed a porous struc-

ture.

In—situ X-ray.diffraction has been developed to study surface layers
formed on -lithiuml'during depositioh from nonaqueous electrolytes.
Becaﬁse.qf the high reactivity of lithium, use of in-situ techniques foﬁ
the'characterizatiqn of surface layérs is essential. A collimated X-ray
beam is directed:toward the electrode surface at a glancing angle (6°
from the surface) in order to enhance sensitivity for the surface
region, and the diffracted X-rays are measured by a rotating detector.
The . cell containing the electrode was made of polypropylene and con-
tained the working electrode of 1.9-cm diameter in the center, ' sur-
rounded by a 3-mm wide counter eiectrode. A lithium reference electrode

of 3-mm diameter was located between the‘working and counter electrodes.
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Electrolyte could be injected and removed from the cell by the use of
two syringes, which were connected to the ceii with Teflon éﬁéghetti
tubing. Electrodes and electrolyte were separated from the atmosphere
by a pdlyethylene or Mylar window of 6.3 mm”thickness; thﬁbuéh which the
X~ray beam enters and exists. Permeation of water thfough the cell win-
dow from air over the time of the measurement was found to be. negligi-
ble.

Three tests have been used to determine the stability of solutions
of »tﬁo nonaqueous solvents, propylene carbbnate and 2-methly?
tetrahyarofuran and their solutions of_LiAlClu, ,LiASF6 and LiClOll in
contact with 1lithium. The procedures identify the effect of surface
layers, open-circuit stand, and anodic and cathodié polarization. They
employ (1) contact with liquid Li amaléam and soiid—sheet Li; (2) open-
circuit potential measurements of cathodic deposits, and (3) anodic dis-
solution of deposits with ramped potential. The stability of solvents
- is found to depend on the dissolved :electroiyte. Polymeric materials
containing other products of the reaction between metal and electrolytes

have been collected and identified by X-ray diffraction.

Publications

1. Gh, Nazri and R.H. Muller, "Surface layers on Lithium in Organic
Battery Electrolytes", 35th Meeting of the International Society of
Electrochemistry, Berkeley, CA, August 5=10, 1984,  Extented
Abstracts A4-16 (LBL-17710, May 1984).

2. Gh. Nairi and‘R.H. Muller, "In-Situ X-Ray Diffraction of Surface
" Layers on Lithium.in Nonaqueous Electrolyte", submitted to J. Elec-
trochem. Soc. (LBL=-18194, July 1984), '

3. Gh. Nazri and R.H. Muller, "Stability of Nonaqueous Electrolytes for
* Ambient-Temperature Rechargeable Lithium Cells", submitted to Chem.
Engr. Comm. .(LBL-18497, September 198l4).

. 4. F. Schwager, Y. Geronov and R.H. Muller, "Ellipsometric Studies of
Surface 1layers on Lithium", accepted by J. Electrochem. Soc.
(LBL-13656 Rev., September 1984). ' c ' ‘

5. Gh. Nazri and R.H. Muller, "Composition of Surface Layers 6h Li

Electrodes in PC,'LiClOu of Very Low Water Content", submitted to J.
Electrochem. Soc. (LBL-18197, September 1984). :
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6. Gh. Nazri and R.H. Muller, "Effect of Residual Water in Propylene
Carbonate on the Nature of Films Formed on Lithium", submitted to J.
Electrochem. Soc. (LBL-16094, August 1984).

Métai Couples in Non-Aqueous Electrolytes

(C;W, Tobias, Lawrence Berkeley Laboratory)

The objective of this project is to explore practical alternatives
to. aquebus, or high—temperature molten salt-systems, for the efficient

electrochemical reduction and oxidation of reactive metals.

UV-visible spectroscopy experiments of iodihe and bromine solutions
have demonstrated that the stable form of the halogen in propylene car-
bonate (PC) is the trihalide. In the case of iodine, the equilibrium
constant of the disproportioﬁation‘reaction at 25°C was determined to be
0.85. Gas-chromatography analysis showed ‘that .chlorine attacks even
dried, 'distilled PC (less than 7 ppm water), and that the extent of the

: reaction‘increasesvwith increasing water content of the solvent. How-

ever, solutions of iodine in PC are stable for several months.

Conduetivity experiments'were pefformed to determine the extent of
ion-pair formatibn pfbKI'and‘KBr in PC. In addition, the conductivity
of these solutions was measured as a function of - the cbncehtration of
the corresponding halogen. Increased conductivity was noted for each
solution,'and a maximum was observed for equimolar iodide and 1iodine

concentrations.

Cyclic voltammograms of KI in supported (KAsFG) propylene carbonate
show two anodic peaks. To characterize the voltammograms, the following
sequence of reactions is proposed:

31 > I+ 28 (1)

213 -> 312.+ 2e (ii)
The validity of this mechanism was tested in an optically-transparent
thin-layer - cell by performing simultaneous cyclic voltammetry and UV-
visible spectroscopy at a narromeeshh_gold working electrode. The
sequence _of‘formation and disappearancezof triiodide and iodine accord-

ing to (i) and (ii) was confirmed by the spectral scans repeated at 30-
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second intervals.

. o e

A’transport nodel for the simnlation fof?'thé ivoitammograms was
developed in collaboration with M, Matlosz and J. Newman, which takes
into account the presence of two-electron“transferesteps; the fact that
these steps have a complex (i.e. not 1:1) istoichiometry; the effect of
mass transfer of the three species and the kinetics of the charge-
transfer reactions. Results indicate that reaction (i) is kinetically

1nh1bited while reaction (ii) is reversible.

Publications

1. K.J. Hanson and C.W. Tobias, "The Eiectrochemistry of the
Iodide/Tri-Iodide/Iodine Redox System in Propylene Carbonate", Fall
Meeting of the Electrochemical Society, New Orleans, LA, Oct. T-12,
1984, Extended @ Abstracts 140, p. 211; LBL-18335. .

2. K.J. Hanson, M, Matlosz, J. Newman, and C.W. .Tobias, "Theory -of
Cyclic voltammetry for Reactions having Complex Stoichiometry", 35th
Meeting of the International Society of Electrochemistry, Berkeley,
CA, Aug. 5-10, 1984. Extended Abstracts, p. 950; LBL-18335.

3. K.J. Hanson (Ph.D. TnesiS)"with'C.w.'Tobias; "On the Electrochemis-
try of Halogen Electrodes in Propylene Carbonate"; LBL-18335.

Polymeric‘Electrolytes for Ambient-Temperature Lithium Batteries

(G.C. Farrington, University of Pennsylvania)
‘ : ¥,

The objective of this program is to investigate the chemical and

electrochemical characteristics of polymeric electrodes and electrolytes.

that have been proposed for use in high-specific-energy batteries.
Included in this study are polyacetylene materials and solid electro-

lytes based on complexes of poly(ethylene oxide).

Reduction of Polyacetylene: Polyacetylene [(CH)X] can be easily

reduced, either chemically or electrochemically, to form complexes of
the type, (LinH)x. These complexes have been suggested as anode

materials for use in high-energy-density lithium batteries.

The reduction of polyacetylene in an electrolyte' of - LiClOu in
tetrahydrofuran occurs with high coulombic efficiency for doping levels
of y>0.10. Reduced polyacetylene in this composition range appears to
be quite stable in this electrolyte. The potential of (LinH) is 0.5
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to 1.5 v more positive than that of Li-in the same electrolyte. Com-
pared with Li as a battery anode, (LinH)x has considerably lower gra-
vimetric and volumetric enetgy densities and higher electrochemical

potential.

These findings indicate that reduced polyacetylene is not an attrac-
tive alternatiye to Li electrodes for high—spécific;énergy rechargeable,
non-aqueous-electrolyte batteries. On the basis'of theée results  and
previous studies of the characteristics of oxidized polyacetylene, there
is no indication that it will be used widely in this class of battery.

Polymerie Solid Electrolytes: Polymer complexes formed between

poly (ethylene oxide) (PEO) and various alkali metal salts, such as
LiC10u and LiSCN, have been proposed as solid electrolytes for solid
state, rechargeable batteries using lithigm anodes and ion-insertion
compounds as cathodes. These electrolytes have significant cationic and
anionic transport numbers. By suppressing the cation transport rate, it
might be possible to deveiop a new class of solid electrolytes for
anions. One- approach 1is to form PEO complexes with salts of divalent
cations and monovalent anions, so that the higher charge on the cation

would tend to trap it in the polymer.

It is possible to form PEO complexes with MgCl2 and PbCl The

MgC12 complexes were prepared over a ‘range of compositiois, from
MgClz(PEO)u to MgClZ(PEO)Zu. Similar compositions were prepared with
PbClZ._ Conductivity measurements of the'films were made by using com-
plex ac-impedance analysis. Samples of the divalent halide films. were
A 3505 (PE0) and with a
film of pure PEO. The best conductor was MgClZ(PEO)]G, which has a con-

ductivity of about 10”19 (ohm-cm)” ! at 30°C, which is about an order of

compared with a sample of a standard film of LiCF

magnitude less than the LiCF3SO3 complex. However, the MgCl2 complex

had a higher conductivity than that of the LIiCF complex above 60°C.

3503

Thesc remarkable new complexes may be a general group of high-

,conductivity solid electrolytes for anions. They may also provide new

appboaches toward optimizing the conductivity characteristics of the

.more conventional complexes that conduct Li+.

-63-



Publications

t. G.C. Farrington, "The Electrochemical Oxidation of Polxacgtylene and
its Battery Applications", J. Electrochem. Soc. 131, 7 (1984).

2. R. Huq and G.C. Farrington, "Stability: of HUndoped and Oxidized
"~ Polyacetylene", J. Electrochem. Soc. 131, 819 (1984). '

Novel Membranes for Lithium Batteries

(M. Litt, Case Western Reserve University)

The objective of this project was to syhthesize block polymers with
alternating crystalline blocks and amorphous, Li+*solvating blocks’for
use in  ‘ambient-temperature rechargeable  lithium batterie§, Two
approaches to synthesize the amorphous >block3’were considered. The
first approach was to use polyethylene oxide énd the:Second apbrbach was

to use a polyethyleneimine block.

The crystalline blocks were made by polymerizing 2R-A2-o0xazolines to
produce poly (2-acyl or 2-aroyl ethyleneimines), which can crystallize
into uniform lamellar domains. The amorphous blocks can also fbrm
lamellar domains. - Thus, a film which consists of crystalline and amor-
phous blocks would exhibit high permeability through the amorphous
domains and would have good mechanical strength because of the crystal-

‘line domains.

Initial experiments with poly (p-toluyl ethyleneimine) as the cry-
stalline - block -were not successful. The blocks crystallized only with
great difficulty, and the multiblock.polymer was unstable due to. the
synthesis * used to make it. In another series of experiments,
poly(ethylene glycol) ditosylaté was used as the initiator for polymeri-
zation of . 2-isobutyl A2-oxazoline. This procedure should givé a tri-
block polymer,consiéting of two crystalline blocks at the ends with an
amorphous (or low melting) PEG (poly(ethylene glycol)) central block.
However, initiation was very slow, which was contrary to previous
experience and literature reports on tosylate esters. This slow initia-
tion led to a mixture of di- and tri-bioék pOlymers with a broad

molecular-weight distribution.
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MonbdiSperse blocks of poly (N-isovaieryl ethyleneimine) were syn-
thesized using a new reactive difunétional initiator.‘ The 1living ends
of the polymer were reacted with various diamine coupling agents. While
coupling occurred, it stopped at about 50% reaction: Further heating
tended to cleave the block polymers. Therefore, a new couﬁling method
was used which finally gave reasonable block copolymers. Two-ended,
_ monodisperse poly(N-isovaleryl ethyleneimine) with active ends was
hydfolysed to"transform the ends to hydroxyethyl amide groups. The Na
salt of the hyqroxyl end was formed and reacted with PEG__ditosjlate to
make ﬁhe block "copolymer. While the reaction was still not complete,
the final polymer had good mechanical strength, and it melted at the
same temperature as the homopolymer. The unoriented films showed iso-
tropic swelling, while the oriented films showed reversible anisotropic
sweiling in water (swelling was almost completely in'the film plane).
This is exactly what is expected if domains are oriented with the long
axis perpendicular and the short axis parallel to the film surface. X-

ray diffraction showed good crystallite orientation.

Due to the difficulties 'encountered in the [synthesis procedures

required-to make the polymer films, effort on this project was ended.

‘Pubiications

1.  A.X. Swamikannu ahd M.H. Litt, "Preparétion and Characterization of
-p=Toluene Sulfonyl Ester and Amino Derivatives of Tri- and
Poly(ethylene Glycol)", J. Polymer Sci, Chemistry Ed. 22, 1623
(1984), . ‘ —

2. M.,H. Litt and A.X. Swaﬁikannu, "Block Copolymers of Poly(ethylene

* Glycol) and Poly(N-isovaleryl Ethylenelmine)" Polymer Preprints 25,
242 (198“)
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G. CROSS-CUTTING RESEARCH

Analysis and Simulation of Electrochemical Systems

(J.S. Newman, Lawrence Berkeley Laboratory)

The object of this program is to improve the performance of electro-
chemical cells wused in the inter-conversion of electrical energy and
chemical energy. Experiments and mathematical models are .designed to
identify the physical phenomena - that govern these -systems..  The
phenomena involved may include hydrodynamics, convective and diffusive
mass transfer, ohmic potential drop, charge transfer, and heterogeneous
and homogeneous kinetics. A thorough understanding of the interactions
amoﬁg the phenomena governing a. given system leads.to mathematical
models that agree with experiment and predict system behavior.  The
models are useful in the identification of important parameters,-énd aid

in the design and scale-up of electrochemical systems.

A mathematical model is Being developed to caléuiaté thé. éoncentra4
tion, potential, and curﬁent distribuﬁion in a thin-gap flbw cell.
While previous models have assumed that the interrelectrode gap is. much
larger than the diffusion boundary-layer thickness, the present model
allows the gap to be thin enough for the diffusion-boundary layers to
interact. In addition, the effects of multiple reactions at the elec-
trodes are considered. This mathematical model requires the solution of
the convective diffusion equatién fqr concentration,ﬁand’LapLaCe(s'equa—
tion for the potential. When the -cell is opébatéd »below. limiting
current, the boundary cbnditions are complicated by the fact thaﬁ, due
to kinetic limitations, the concentrations vary along the. electrode sur-

faces.

The Li—Al/FeSX battery is a candidate for electric vehicle propul-
sion and energy storage. Many aspects of its behavior, however, are
poorly understood. A theofetical study reveals important system parame-
ters, and suggests experiments that provide information needed to
improve the design and operation of the battery. The mathematical model
of the Li-Al/FeS battery has been used to predict important operating
characteristics. A geqeral energy balance for battery systems was

developed and incorporated ihto the model.
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A mathematical model of secondafy battery systems with soluble
active material has been developed. . This model incorporates
concentrated-solution theory to predict the effect of redistributlon of
active material on the cycle life of the battery. The development is
general, and is useful in the design of Dbattery éystems enoountering

shape change problems, such as the Zn/NiOOH battery.

Publications

1. Tim Risch and John Newman, "A Theoretical Comparison of Flow-Through
" and Flow-By Porous electrodes at the Limiting Current," J. Electro-
chem. Soc. 131 2569 (1984). : o

2. Alan Hauser, "The Corrosion of a Zinc Rotating Disk in One Molar
Hydrochloric Acid," M.S. Thesis, April, 1984; LBL-1T461.

3. John Van Zee, Greg Klein, Ralph E. White, and John Newman, "Exten-
sion of Newman's Numerical Technique to Pentadiagonal Systems of
Equations", Electrochemical Cell Design, Ralph E. White, editor,
Plenum Press, New York, NY (1984), p. 377.

y Dawn Bernardi, Ellen Pawlikowéki, and John Newman, "A General Energy
Balance for Battery Systems", submitted to the Journal of the Elec-
trochemical Society; LBL-17776 (1984).

Electrode Kinetics and Electrocatalysis

(P.N. Ross, Lawrence Berkeley Laboratory)

The objeotive of this project is to develop an atomic~level under-
standing of the processes taking place in complex electrochemical reac-
tions at electrode surfaces. Physically-meaningful mechanistic models
are essential for the interpretation of electrode behavior and are use-
ful in directing the research of new classes of materials for electro-

chemical energy conversion and storage devices.

Two topics are currently being researched: 1) LEED studies of
anodic reconspruction of -metal surfaces, and 2) LEED studies of

electrodeposition/dissolution.

LEED Studies of Anodic Reconstruction of Metal Surfaces: 'Anodicv films
formed on Pt{(100) in 0.3M HF using a thin-layer electrochemical cell

within a vacuum envelope were emersed and transferred to ultra—-high

vacuum for study by Auger electron spectroscopy (AES) and thermal
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desorption spectroscopy (TDS) Comparison of the oxygen coverage deter-

mined in vacuum by AES with the oxygen coverage determined in solution
by coulometry indicated that only films formed above 1.1V (RHE) sur-
vived emersion and evacuation. As the emers1on potential increased
above 1.1 V (RHE), the integrated thermal- desorption 31gnals for H20 and
O2 increased in parallel w1th a constant 0 H 0 stoichiometry consistent
with the formation of hydrox1de-type layer, i.e. Pt(OH) The oxygen
coverage determined by both AES and TDS saturated at an emersion poten-
tial of 1.9 V (RHE), with formation of a surface phase containing 2.3
O/Ptf,and ca.‘.2_ HZO/Pt,W Analysis of-this snrfacevphase bv secondary-
ionization mass spectroscopy (SIMS) indicated it is probably Pt0,H,0

2 72
rather than Pt0,<2H,0. Kinetic analysis of TDS lineshapes indicated a

perimeter-controlied iesorption model gave thé best overall fit of
lineshapes. :.This model is indicative of a growth mode for anodic films
involv1ng island formation and fusion, and the reverse occurring on
reduction. The water-desorption peak temperature was 400°K, 1ndependent
of film thickness, and a temperature much higher than that reported for
surface-adsorbed hydroxyl groups produced by low-temperature (100°K)

gas-phase coadsorption of 0, and H,0. The higher temperature for

desorption is ascribed to tnz'incorpoiation'of hydroxyl ions into a sur-
face phase with displacement of Pt atoms from their metallic lattice
positions, i.e. place-exchange. Oxygen was evolved from tne dehydrated
anodic films at much lower temperatures than from gas-phase chemisorbed
oxygen, The . difference in the oxygen peak temperature is also ascribed
to the:subsurface_state,vbut in this case (anhydrous .oxide), the bulk
phase has a heat of formation lower than the heat of adsorption. . This
unusual thermochemistry. of-the platinum-oxygen system is suggested: to be

the key to understanding the electrocatalytic properties of platinum,

LEED Studies of Electrodeposition/Dissolution: It is of considerable

fundamental interest to determine whether electrode processes respond
uniquely to' long-range - order on the surface.. -In . chemisorption
phenomena, it is well~known that short-range order, which establishes
the adsorption-site symmetry, plays an important role in determining the
strengtn' of bonding of adsorbates. The role of long-range order is not
as well understood, and it has not‘been the subject of’svstematic inves-

tigation. Only recently have surface-structure methods for long-range
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ordér deterﬁination been deVeloped for LEED. These developments in LEED
analysis have renewed interest in studies'of the effects of long-range
order on adsorption phenomena. The underpotential deposition (UPD) of
one metal on another is a tjpe of adsorption phenomenon that. occurs in
eiectrodeposition. As a model system, UPD of Cu on Pt(100), (111), and
(110) was studiéd with LEED to determine the range of order before and
after UPD. LEED spot profile analysis of the vacuum—-annealed low-index
substrateé indicated these surfaces initially had long-range order (ca.
100 A perfectly ordered domains). Post-UPD LEED analysis of the Pt sur-
faces emersed at ca. 0.6 V vs. Cu/Cu(II) indicated Cu UPD had a minimal
residual effect on the éurface structure, indicating that Pt-Cu‘ place-
exchange ("alloying") did not occur during Cu UPD. Oriented Pt surfaces
with only short-range order were produced either by anodic cyeling of
the Pt, or by UHV treatment with argon-ion bombardment; both treatments
produced similak types of surface structures, The comparison of the
voltammetry revéaled the effect of the shori-range and long-range order
in the surface on the UPD process. In short-range,order, the orienta-
tion of the crystal (zone axié) determines the local symmetry of the
majority of adsorption (ad-atom) sites on the surface. The primary UPD
peaks occurred ét the same potentials on bothvthe.shdrt-range and long-
rangeYOrderéd surfaces, indicating,las expected,"that the adsorption
energy is determined by site symmetry due to the highly localized nature
of adsorption bonding. Steps (or dislocations) had the effect of intro-
ducihg sites with different adsorption energies. Ldng-range.order
appears to have a second?order effect which is manifested 1in the peak
widths, i.e. a collective interaction which narrows the energy distribu-

tion.

Publications

1. P.N. Ross énd P. Andricacos, "Diffusion Controlled Multisweep Cyclic
" Voltammetry: III. Deposition of Silver on Stationary and Rotating
Disk Electrodes", J. Electrochem. Soc. 131, 1531 (1984); LBL-16734.

2. P. Andricacos and P.N. Ross, "The Underpotential Deposition df Cu on

. Pt Single. Crystals Prepared in an Ultra-High Vacuum System", J.
Electroanalytical Chem. 167, 301 (1984); LBL~17355.
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3. P.N. Ross and F.T. Wagner, "The Application of Surface Physics Tech-
~ niques to the Study of Electrochemical Systems, Chapter 2 in
Advances in Electrochemistry and Electrochemical Engineering, Vol.
13, edited by H. Gerischer and C w. Tobias, Wiley-Interscience, New
York, NY (1984) p. 69. .

4, P.N. Ross, "Hydrogen", Chapter 3, in Oxidation-Reduction Potentials
of 'Aqueous Solutions: A Selective and Critical Source Book, Edited
by A. Bard, J. Jordan and R Parsons, Marcel Dekker, New York, NY

;(198&) : Co

5.“ F T. Wagner and P.N. Ross, "LEED Spot Profile Analysis of Electro-
-ehemically Cycled Pt(100) and (111) Surfaces", submitted to Surface
"Sci.; LBL-18498.

6. F.T. Wagner and P.N. Ross, "AES and TDS Studies of Electrochemically
© Oxidized Pt(100)", submitted to Appl.

Analysis of Ambient-Temperaturé Sulfur Eléctrodes

(E.J. Cairns and F.R. McLarnon, Lawrence Berkeley Laboratory)

Efforts during 1984 have cdncentréted on producing efficient coun-
terelectrodes, for pbssible use in photdelectrochemicai and/or*redox
cells, " based on the suifide/polysulfide redox couple. The
sulfide/polysuifide redox couple shows hlghest exchange current densi-
> and CoS. Our
approach has been to disperse these metal sulfides in a hydrophilic car-

ties on transition-metal sulfides such as CuS, MoS

bon matrix in order to maximize surface area. A small amount ‘(~3 w/0)
of PTFE was added to bind the electrode together, and the active
material was hot pressed onto an expanded Ni mesh, ‘the electrodes were
less than 1-mm thick and had 15 cm2 of projected area, with an active-

material pordsity of about 75%.

The electrodes have been tested in a parallel-plate electrochemical
cell, in which the test electrode and counterelectrode were held about
3-mm apart. A Pt wire between the two electrodes served as a reference
electrode.‘ Steady~state current vs. electrode polarization curves were
taken erAeach test électrode. In.ofder to assist inteﬁpretation of
electrochemical data, sections of the electrode have been examined with
the scanning electron microscopé and withfa powder X-ray diffractometer;
Transient experiments on smooth metal or metal-sulfide disks'are planned

in order to determine the kinetic parameters.
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Engineering Analysis of Electrolytic Gas Evolution

(C.W. Tobias, Lawrence Berkeley Laboratory)

The objective of this project is to establish thé influence of elec~-
trode »geometry and surface morphology, and of electroiyte composition,
on bubble size and residence time, and to elucidate the role of free and
forced convection as it affects overpotential behavior and ohmic resis-

tance in electrode gas-evolution processes.

There has been continued interest in the effect of gas evolution on
the performahce of electrochemical cells. Existing theory for the
effect of attached bubbles on an'electrode reaction is 1limited to the
primary current - distribution. A model has been advanced which takes
into account local COncentration overpotentiais due tb charged and
uncharged species,fas well as charge-transfer overpotentials. The ter-
tiary current distribution is substantially different from' the primary
case, .~ In particular, the concentration overpotential of dissolved gas
is substantially reduced near the bubble, causing an effective attrac-
tion of current to the fegibn nearest to the point of attachment. The
pseudosteady-state analysis accounts for migration and diffusion of each
dissolved species in the vicinity of a single attached bubble within a
Nernst diffusion»léyer; The reéulting coupled boundary-value problem is
solved by-a'finite—eleﬁent routine. The standard condition involves the
case of’hydrogeniévolution in 5.0 M KOH at 100_mA/cm2, for a 10-micron

‘tahgeﬁt bﬁﬁble within a 50~micron boundary layer. The current distribu-
tion is evaluated for various values of exchange current density. For
cases of fast kinetics, the attached bubble causes a prohounced enhance-
ment'inflocél current'density, For slower kinetics ﬁhis enhancement is
reduced until, in ﬁhe‘irreveréible limit (Tafel kinetics), product tran-
sporﬁvdoes.not 1nfluence the réte; and hence there |is nd enhancement
effect. -

~ An eléctro;yte ce11 has been designed and constructed in which two
identical _(efg;‘ H2—H2) or different (H2-02) gas bubbles generated on
microelectrodes facing each other may be evolved at suitably low rates,
to allow the_observa;ion of coglescence phenomena as the spherical bub-

bles come 1nto'contact. Preliminary results indicate that for bubbles
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smaller than 1 mm in diameter, the coalescence event is completed within
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10 seconds, and that earlier observations here and elsewhere, accord-
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'1ng to which bubbles could touch without immediate coalescence, may have
resulted from slightaxial misalignment. ,. CoLlLd ol ovbdnstdul en”
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The effect of electrode morphology and attitude on bubble size and
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residence time is studied using high-speed cinematography. Electrodes
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of various geometries--flat horizontal, flat vertical ridges and
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spheres--are masked with an insulating material so that a single row of
bubbles can be:viewed.from the side.. Overpotential measurements ' are

obtained from the unmasked smooth and~textured,electrodes,h5 e
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Three new sets of micromosaic electrodes have been produced for this
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program by Hewlett Packard Company and by Bell Laboratories. For these
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electrodes, more stable materials, such as . tantalum silicide and

titanium/palladium/gold have been used to replace the'aluminum and
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chromium in the original version hopefully increasing the useful life
o ,.ak.i
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of these valuable experimental tools.
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1. D.W. Dees and C.W. Tobias, "Experimental Observations,of Free Con-
vection Mass ' Transfer. to a Horizontal Surface with aiMicro-Mosaic
Electrode", Spring Meeting of the Electrochemical : Society,- Cincin-
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nati, OH, May 6-11 , 1984, Extended Abstracts 8- 1 P. 535; LBL-

16‘176‘ ’ N P - A B s

2. D.W. Dees and C W. Tobias, "Mass Transfer at Gas Evolving Surfaces.'

A Microscopic.Study", 35th’Meeting International Society of Electro-
chemistry , Berkeley, Ca, Aug. 5-10, 1984.. Extended Abstracts,  p.
717 LBL-16176 ' o o
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3. C.W. Tobias and-P.Jd. Sides, "Current Distribution Around “and Resis—
- tance by Gas Bubbles Adhering to an Electrode Surface", Presented at
the- International Meeting on'Electrolytic Bubbles, Imperial College,
London, England, -Sept. ,13-14, 1984. Extended Abstracts: No. 11;
LBL-11849; o T :

4, C.W. Tobias and J.O. Dukoviec, "Current Distribution at an Electrode
with . an Attached Bubble", Presented at the International Meeting on
Electrolytic Bubbles, Imperial College, London, England Sept. 13-
14, 1984, Extended Abstracts No. 12; LBL-18818A. Electrochemically
Oxidized Pt(100)", submitted to Appl. Surg,_Sci;;“LBL;l7971.
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Bibliography of Convecti#e Transport\ébrrélatibns

(J.R. Selman, Illinois Institute of Technology)

The objéctives of this pbojeét are to‘ search the literature for
references to experimentally established mass- and heat-transfer corre-.
lations useful for the design of electrochehiéal “energy storage and
conversion devices, and to compile this information as a bibliography in

an easily accessible form.

During 1984 the draft bibliography has been completed and .sugges-
tions by reviewers have been incorporated in the final report. A review
paper highlighting the scope and present status of mass-tranéfer meas-
urements and correldtions was prepared for Journal publicafion. The
final report contains approximately U420 mass-transfer correlations‘ from

260 sources and 450 heat-transfer correlations from 240 sources.
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IV. AIR SYSTEMS RESEARCH

The objectives of this project element are to identify, chahacterize
and improve materials for air electrodes; and to identify, evaluate, and
initiate development of metal/air battery systems and fuel-cell technol-

ogy for transportation applications.
A. SECONDARY METAL/AIR CELLS

Electrocatalysts for Oxygen Electrodes

(E. Yeager, Case Western Reserve University)

The objective of the research is to develop more effective electro-~
catalysts for O2 reduction and generation which have good stability in
acid and alkaline electrolytes. The emphasis of this research 1is on
achieving a fundamental underétanding of 02 electrocatalysis. Research

during the past year has involved:

1. Fundamental aspects of various macrocycles that » were
adsorptively—-attached as monolayers and aggregates on carbon and
other surfaces and in solution.

2. Thermally-treated macrocycles whose structures have been
- degraded to varying degrees, but nonetheless exhibit high cata-
lytic activity for 02 reduction and good stability.

3. Research on oxygen and carbon electrochemistry, including O2
reduction on chemically-modified carbon surfaces.

The work has involved the use of a number 6f electrochemical, spec~
troscopic and theoretical approaches, and various macrocycles were exam-
ined. A considerable effort has been devoted to the purification and
spectroscopic characterization of the transition-metal macrocycles and
the corresponding metal-free species, particularly porphyrins and
phthalocyanines. The iron tetra—sulfophthalocyénines (TsPc) are of spe-
cial interest since they adsorb on electrode surfaces to catalyze the
Y-electron direct pathway in alkaline electrolytes. Recent results with
Raman spectroscopy, including depolarization measuhements on monolayers
adsorbed on silver single-crystal surfaces without activation, provide
evidence that these complexes are oriented with the plane of the macro-

cycle 1ligand perpendicular to the surface. Mossbauer studies on bulk
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crystalline Fe-TsPc and Fe-TsPc adsorbed at monolayer coverages on high
surface-area carbon (Vulcéan XC-72) suggest a u~0xo or peroxo-Fe-TsPc

complex for the adsorbed species.

The research has also focussed on understanding the processes occur-
ring during  heat treatment of -macrocycles adsorbed on carbon and the
role of the transition metal. The heat-treatment pPOCeSS‘héS- been .stu-
died ﬁsing pyrolysis gas chromatography-mass spectroscopy, and the final
material has beeh:examined using_transﬁission electron microscopy (TEM).
The most strikihg differehce~bétw¢en thé behavidr observed for the metal
tetramethoxyphenyl porphyrins (TMPP) and that of the metal-free counter-
part supported on high :surface-area carbon is the lack of nitrogen-
containing fragments in the chrométogréms of the former, even at tem~
peraturés as high as 850°C. The TEM measurements on (Fe-TMPP)2O/Vu1can
XC~T72 heat-treated at’800°C indicate the presence of small iron-oxide
single crystals of 460 nm diameter; this confirming the assignment made
earlier based on Mossbéuer spectroscopy. fTEM a1so indicates_ that Co-
TMPP/Vulcan XC-72 specimens,-which weﬁe'heat-treaﬁed at 800°C, contain
singlé cﬁystais of vcobaltoué oxides, 'in agreement 'with emiésion
MdsSbauer experiments reported earlier for samples of this type. Experi-
ments are also in progress with Fe and Co oxides added to the mixtures
of carbon and transition-metal macrocycle, bqth before and after heat
treatment. Cobalt and iron salts have been heat-treated in combination
with nitrogen-containing polymers, and some of the resulting catalysts

were found to have high catalytic activity for 02‘reduqtion.

The research has indicated that various quinones, adsorptively-
attached or chemically-bonded to graphite surfaees; catalyzé Oé reduc-
tion to HO2 in alkaline solutions. A mechanism involving the quinone
radical anion as a redox mediator has been proposed. In order to exam-
ine the effeqt of water as a proton ddnor, O2 reduction on glassy -car-
‘bon, pyrolytic graphite, the basal plane of highly-ordered pyrolytic
graphite, and Au have been examined in an aprotic- solvent with  and
without added water. Without water, 0, reduction on.these surfaces in
acetonitrile proceeds only ;o the‘superoxide O; by an outer sphere,
weakly. adiabatic-electron transfer to 02. In the presence of waﬁer,

.reduétion proceeds to_HOE‘;on these surfaces, but the reduction of
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superoxide to peroxide is much faster on Au than carbons, providing evi-

dence for a catalytic .role of the electrede.surface for...the conversion

to peroxide.

Publications

1. R. Adzie, M. Hanson and E.B. Yeager, MStructure:.of Silver Single-
Crystal (100) and (111) Surfaces Obtained by Chemical Polishing" J.
Electrochem. Soc. 131 1730 (1984) .

2. E.B. Yeager, D. Scherson and B. SlmlC Glavaski, "Mechanistic Aspects
of Oxygen - Electrochemistry" Proceedings of ‘the Symposium on the

Chemistry ‘and Physies" of Electrocatalysis,!,The Electrochemical
Society, Inc., Pennington, NJ (1984) p. 247.

3. D. Tryk, W. Aldred and E.B. Yeager, - "Carbon: in ‘Bifunctional Air

"~ Electrodes in Alkaline Solutions", Proceedings of the Workshop on

the Electrochemistry of Carbon, The Electrochemical Society, Inc.,
Pennington, NJ (1984) p. 192. :

y, Z. Zhang, D Tryk and E B. Yeager, "Effect on Surface Treatment of
Glassy  Carbon . on O, Reduc¢tion in Alkaline Solution", - -

Proceedings of the Workshop on the Electrochemistry of Carbon, The,

Electrochemical Society, Inc., , Pennington, NJ (1984) p. 158

5. E.B. Yeager, Je Molla and S. Gupta, "The Electrochemical Properties
of Graphite and Carbon," Proceedings of the Workshop on the Electro-

chemistry -of -Carbon, The- Electrochemical Society, Inc., Pennington,"

NJ2(1984)vp. 123..

6. D. Scherson, C. Fierro, E. Yeager, M.E. Kordesch,.J. Eldridge, R.W.
Hoffmann and . A. Barnes, "In-Situ Mossbauer Spectroscopy on an
Operating Fuel Cell" J. Electroanal. Chem. 169, 287 (1984).

7. E. Yeager, "Electrocatalysts for O Reduction", Electrochim. Acta
29, 1527 (1984).

Corrosion ef Non-Mefallic Eleetrode Materiéis

(P.N. RdésglLawrence Berkeley‘Laboratory)

In previous work, we showed that the presence of ‘a dispersed
cobalt-oxide phase (Co30u) in acetylene black had a catalytic effect on
the corrosion rate of the acetylene black at oxygen evolution potentials
(> 450 mV vs. Hg/HgO). This catalytic effect was postulated to occur
via a redox mechanism involving dissolved Co(II)/Co(III) species. To
test this postulate, other transition metal oxides not having redox cou-
ples in this potential range were dispersed into acetylene black and

their catalytic effect on corrosion was examined. Thé results were
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surprising; Co304 actually had'the 1owest catalytic effect, the obsérved
order being Fe203 > Cr'203 > Nio > Co30u. Fe and Cr do not have redox
couples in this potential region, whereas Ni and Co do, but these latter
two had the lowest catalytic effect. It appears therefore that the
catalytic effect of these metal oxides on carbon corrosion is not via a
redox mechanism. The noble metals Pt,‘Au ahd Ru are being examined for
their'effect_on carbon corrosion. Extensive testing of graphitized fur-
nace carbon blacks has identified only one type of material with a sig-
nificanﬁly lower corrosion rate than acetylene black, namely graphitized
Sterlihg R (Cabot). All future studies of carbon corrosion will employ
graphitized Stérling R. '

Publicétions

1. P.N. Ross and H. Sokol, "The Corrosion of Carbon Black Anodes in
Alkaline Electrolyte: 1I. Acetylene Black and the Effect of Cobalt
Catalyzation", J. Electrochem. Soc. 131, 1742 (1984); LBL-16520.

2. P.N. Ross, "Corrosion of Carbon in Gast Evolving Electrodes"; LBL~-
17851 (1984).

Iron/Air Battery Development

(E.S. Buzzelli, Westinghouse Electric Corporation)

Development work at Westinghouse on the iron/air battery system has

_concentrated on improving the performance and life characteristics of

the bifunctional .air electrode. Specific objectives have been to reduce
polarization at the air electrode to achieve performance of -60 mV vs.
Hg/HgO at 25 mA/cm2 (discharge) and +480 mV at 12.5 mA/cm2 (charge), and
to extend cycle life to 1000 cycles for 8-hour cyéles (4 hrs. discharge,
M hr$. charge). Achievement of this goal will pérmit the fabrication of

an iron/air battery system suitable for electric vehicle propulsion.
Three areas of research that were addressed are:

0 carbon corrosion
o - alternative binders

o] électfocatalets for bifunctional electrodes
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A study on the corrosion of various types of carbon was conducted.
Black Pearls 2000 (high surface—area furnace black), Shawinigan ‘Black,
(a medium surface area acetylene black), and ENSAGRI Conductive "Carbon
(type "supen‘ s™) ‘were used in the corrosion tests. “The measurements
indicate that Shawinigan Black has the lowest corrosiou rate and the

highest act1v1ty for oxygen evolution of the three carbon blacks.:

Fibrillated polyethylene and polypropylene’uere~oroposed‘as‘alterna-
tive binders to Teflon.: These'polyalkanes'cost approximately 1/10 that
of Teflon, thus'redUCing the price of the electrode.- Penformancevvof
electrodes containing the alternative binder was comparable to Teflon-

bonded electrodes.

The components previously identified as the active electrocatalysts
in bifunctional air electrodes, i.e., Ni-Co-Fe, (w1th Ni-Co active in
discharge and Fe Ni for charge- reactlon catalysis), were found to be
more active when added to the electrode structure as hydrox1des (-325
mesh particle'siie), instead of NiS, WC-12% Co and Fewou; An order-of-
magnitude increase in the peroxide-elimination rate constant was
observed in floating electrode-type studies, which correspondedwto:a;ﬁQS
mV improvement in performance of Mo-cmg:air electrodes:in halffcell

tests.

Development work on the iron/air battery at Westinghouse has been
discontinued due to the limited life and performance of the bifunctional

air electrodes using carbon blacks.

Publication

1. L. B. Berk, C. T. Liu, "New Binder Systemvfor Low Temperature Alka~

line Electrodes", J. Electrochem. Soc. 131, 952 (19847

Research and Development of Bifunctional Oxygen Electrodes

(M. Klein, Energy Research Corporation)

The major objective of this project is to develop bifunctional air
electrodes wutilizing perovskite metal oxides "and 1low-loading gold
catalysts. 1In addition, a preliminary design analysis of zinec/air bat-

teries for electric vehicles will be conducted.
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Initial efforts were directed toward the study of gold electrodes
with a loading of less than 1 mg/cm2. Both commercially-available gold
powder and gold powder prepared by reduction of gold chloride were
evaluated. Carbon, graphite, metal oxides, spinel oxides and nickel
powder wefe used as electrocatalyst substrates. Both admixing and co-
precipitation techniques‘ were employed to form a catalyst substrate
layer. Polarization tests were carried out in air and in pure oxygen,
after which the electrodes were cycled (charge, 4 hours at 10 mA/cm2:
discharge U4 hours at 20 mA/cmz) at ambient conditions. Electrodes
without porous PTFE film deteriorated rapidly, started to show electro-
lyte weeping, and exhibited only a marginal improvement in polarization.
Polarization data in pure oxygen exhibited a marked improvement compared
to the values obtained in unscrubbed air. Data obtained to date indi-
cate that among the substrates evaluated, the most promising catalyst
support is graphite. Spinel oxides show a stable but high polariza-

tion.

Over 20 different compositions of perovskites were synthesized, and
X-ray diffraction analysis of selected samples showed perfect matches to
patterns of known phases. In addition, energy dispersive X-ray analysis
confirmed that the bulk composition of material was identical to the
desired formulation. ‘Of the three samples anaiyzed, two were rhombic
and one was cubic‘in crystal structure. The perovskites were prepared
by evaporation and decomposition of the respective metal salts followed
by sintering at 600 to 900°C for 4 to 72 hours in air. The perovskites
were mixed with Teflon powder, gnd a hydrophobic catalytic layer was

formed both by roll-bonding and by pressing the mix to form a pellet.
Experimental results obtained so far are as follows:

1. Catalyst layer in the form of pellets perform better than that
prepared by kneading and rolling; but the pellets tend to
develop cracks through which electrolyte permeates and causes
deterioration.

Co0, are the

2. Perovskites of the composition LaNiOg and LaO.SSrO.S 3

best candidates among the ones teste
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3. The resistivities of perovskites are higher than desirable.

* Perovskites made with ruthenium exhibited .wvery good conduc=
tivity.

4, In general, initial polarization values were good but the elec-

trode performance degraded with cycling;

5. Addition of graphite to the perovskite resulted in .more stable
potentials during cycling. In addition, the instantaneous polar-
‘ization showed a marked improvement after cycling. The reason
for this is not clear at this time, and additional. work remains
to be carried out.

Work done during this calendar year indicates that'perovskites éhow
defiﬁite possibilities as an electrocatalyst for oxygeh reduction, and
the performance is comparable to electrodes made with noble-metal
catalysts. Problem areas have been identifiéd, and futuré experiments
will emphasize improving electrode life. It is also planned that elec-

trodes in an atmosphere of CO2hfree air will be tested.

Electrical and Electrochemical Behavior of Particulate Electrodes

(J.W. Evans, Lawrence Berkeley'Laboratory)

The objective of this research is to provide the basic knowledge to
enable particulate electrodes to be designed, éevaluated and scaled up.
The research is concerned with potential variations in particulate elec-
trodes. Such potential variations are inherent in fluidized-bed elec-
trodes and occur in both time and space, even when a constant. voltage is
applied to the electrodés. These variations affect the kinetics of the
electrochemical reactions occurring in the cell and the morphology of

the electrode; thereby the overall performance of the cell is affected.

Experimental. work has been completed on potential transients within
fluidized~bed electrodes and moving-bed electrodes. Of primary interest
has been zinc depo§ition from (or Qissdlution ihto) alkalihe zincate
solutions (the electrochemistry of interest in the ziné-air battery),
using Sorapec particles. These particles are zinc~coated polymer parti-~
cles under development in France for use in particulate e;ectrodes.
Additional measurements have been carried out on copper particles and
zinc-coated copper particles. Measurement of transient potentials have

permitted the calculation of quantities such as time~averaged

-80~



potenfials, standard deviation of the potential, etc., as a function of
parameters such as position in the bed and bed expansion. Many of the
results have been explained in terms of the hydrodynamic behaviour of
fluidized beds; for example fluidized beds frequent1y exhibit "bubbling"
beha?iour. The "bubbles" referred_to are not gas bubbles but regions of
the bed that are almost free of particles; these regions rise through

the bed and are roughly spherical in shape. Classical studies of fluid-

ized beds have long since delineated the conditions under which bubbling

occurs, and based on that work, it can be predicted that a bed of Sora-
pec particles will not have bubbles, but that a bed of =zinc~coated
copper particles (which are of much greater density) will. Measurements
on the latter particles show a low-frequency potential variation that
can be ascribed to bubbles, and this variation is absent in measurements

on the former particles.

In a second series of experiments, a 2zinc rotating-disc electrode
has - been used for deposition of zinc from zincate solutions. The elec-~
trode potential is set by a potentiostat under the control of an Apple
microcomputer; the potential can therefore be set at a constant value or
varied in some controlled fashion. The latter option includes making
the rotating-disc electrode experience potential fluctuations recorded
by the potential-transient-measurement apparatus in the fluidized bed.
The morphology of zinc deposited under various constant and fluctuating
potential has been determined by scanning electron microscopy for vari-
ous (time-averaged) current densities; solution compositions, rotational
speeds, etc. It has been shown that fluctuation of the current dehsity
about some mean yields a very different morphology from that obtained at

a constant eurkent density equal to this mean.

An air electrode has been acquired and a cell designed and con-
structed wherein this air electrode is coupled with a fluidized elec-
trode of Sorapec particles. Preliminary measurements . of overall cell

performance are in progress.

A short investigation of the production of Zinc particles has Dbeen

carried out. If zinc particulate electrodes reach commercial operation,

- there are three likely sources of zinc for electrodeposition to produce
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the necessary particles: zinc sulfate, zinc chloride (obpained frpm zinc
ores by hydrometallurgical techniques) and alkaline zincate solution
("spent" battery electrolyte). The last named would dominate‘if mechan-
ical recharging ié established, either br both. of thé' firéf two are
likely to be significant during the early stages of implémentation of
the technology (before the "pool" of spent eléctrolyte hés growﬁ td éuf-
ficient size), Fluidized-bed electrodeposition frém zinc sulfate solu-
tion has béén studied in the past and showh to be difficult but possi-
ble. A short (six month) invesﬁigation was carriéd out td determine the
feaéibility of deposition from zinc-chloride soiution.i This invéstigé—
tion showed that zinc particles can be grown from near?neufral 2inc-
chloride solutibns in fluidized electrodes with high chrfeﬁt' efficien=
cies and space-time yields and energy‘consumptions (per'unit>of metal),

which are comparable with conventional zinc electrodeposition.

Publications and Presentations

1. N.E. Tuffre&, V. Jirieny and J.W. Evans, "Fluidized Bed Electrowin-
ning of Zinc from Chloride Electrolytes", LBL-18738.

2. V. Jiriceny, T. Huh and J.W. Evans, "Fluidized Bed Electrodeposition
of Zinec", Presented at the Spring Meeting of the Electrochemical
Society", Cincinnati, OH, May 1984,

3. T. Huh and J.W. Evans, "Potential Distributions and ;Transients in
" Particulate Electrodes of Possible Use in Energy Storage," Presented

at the 35th Meeting of the International Society of Electrochemis-
try, Berkeley, CA, August 5-10, 1984,

B. ALUMINUM/AIR BATTERIES

Aluminum/Air Battery Research and Development

(A. Maimoni, Lawrence Livermore, National Laboratory)

The objectives of the Aluminum-~Air Power Cell program are to develop
an automotive energy source for general-purpose vehicles and to evaluate
its ability to provide vehicles with the range, acceleration perfor-
mance, and rapid refueling capability of current internal-combustion-
engine vehicles. Recent calculations by LLNL suggest that the overall
energy efficienéy of an electric vehicle with an aluminum/air battery is
13~14% and 16-18%, if Al is produced by the Hall process and Alcoa

smelting process, respectivély.
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The Lawrence Livermore National Laboratory (LLNL) conducts research
and prov1des program direotlon for the development of the Al/alr bat=
tery. Most of the work is done under a cost-shared contract w1th Eltech
Systems Corporation which has formed a consortium with Alcan Alumlnum
Ltd., Case Western Reserve University (CWRU), and SRI International.
The‘ main thrusts of the research during 1984 were: a) air cathode
development, b) hydrargillite crystallization and separation, c)
integrated experiﬁents 'involving a coupledrcell/crystallizer, d) cell

design, and e) development of improved aluminum-anodes.

The development work has treated anode development, cell design, and
crystallization development as independent:problems. The close coupling
between these aspects of .the problem can no longer be ignored and will

receive increased emphasis during 1985.

Integrated.Experiments

Two experlments were performed at LLNL during 198U in which a single
cell was coupled to a crystallizer to simulate the performance of an
aluminum/air power-cell system. Both experiments ran for about 5 h at
120-A nominal current. While both experiments suffered from failures due
to the tubing of the peristaltio pump feeding the hydrocyclone, which
precluded obtaining good material balances -and relating crystal growth
parameters to operational conditions, a great deal of important system

design information was obtained.

M3-3 Experiment: In the M3-3 experiment, Fig. 1, the cell was run at 14
A for 101 min, followed by 122 A for 269 min at 60°C with 4M NaOH elec-
trolyte containing 0.06M sodium stannate as corrosion inhibitor; the
overall current efficiency was 96%. Previous experiments used a commer-
cial hydﬁocyclone sized for 30 to 50 cells; the M3-3 experiment used a
hydrocyclone scaled ‘for 1 to 5 cells. Peristaltic pumps were used
instead of the centrifugal pumps from previous experiments; essentially
no particle degradation occurred when peristaltic pumps were used to

feed a hydrocyclone (1.
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Analysis of the results obtained in the M3-3 experiment indicates
reasonable agreement in the material "balances, 'and in a comparison
between the calculated M1-1 and experimental M~ 1 values of the _mass of

hydrargillite in the system.‘

- Cell.

n

-gircuit Crystallizer

Fig. 1. Flow diagram for M3-3 experiment. There are two -independent
circulation 1loops: (1) cell recirculation 1loop, and (2)
exchange flow between cell and the crystallizer. Exchange flow
is regulated by pump P3 and valve A.

A more sensitive test of the material balances is the evolution in
total crystal population as a function of time, given as the base 10
logarithm of the particle population for various times in  Fig. 2. The
main conclusion derived from Fig. 2 is that at 60°C, secondary nuclea-
tion produced an approximately 100-fold increase in the total number of
fine partlcles. The time averaged value of particle growth rate for par-
ticles larger than about 17 um was approximately size independent, at
about 1.2 um/h. |

Mi-1 Experiment The MM -1 experiment was' ehe initial test . of the Ml
"reference cell", shown in Flg. 3. It was also the initial test of a new
crystallizer and interconnectlng piplng, the first operation of coupled
cell-crystallizer system at temperatures in the 70-80°C range; the ini-
tial test of a new data acquisition; system; the- initial .operational
test of on-line Foxboro conductivity meters;_and,‘the initial use at
LLNL of a modified industry-standard method for the determination of

sodium and aluminate concentrations.
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Fig. 2. Total particle population in the system at various times shown

 ° as the 1logarithm (base 10) of the total number of particles.

The population " of fine particles increased over 100 fold
throughout the course of the experiment.

Most of the new components performed very well. The main opera-~
tional problems were failures of the peristaltic pump tubing, accumula-
tion of gas in one of the Foxboro meter housings, and plugging of an
electrolyte return line from the cell by metallic tin and hydrargillite.
The precipitation rate of tin in the 70-80°C range was approximately
linear with time, about 17% of the initial tin content per hour. The
M4-1 experiment was terminatéd when the electrolyte return from the'cell
began to overflow, due to plugging of the return flow to the crystal-
lizer. The flow restriction that led to overflow in the cell return is

likely to have occurred in the return line to the crystallizer.

The conditions required to obtain representative samples of the
solids were determined prior to the MA4-1 test; particle size-
distribution data are still being analyzed. Detéiled information about
performance of the various system components is given in the following

sections.
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Fig. 3. The M4 Aluminum=-Air Wedge Cell.
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Individual Components.

Air Cathode: Work in this important area has continued at' Eltech,
Electromedia, = and Case Western Reserve University (CWRU). In previous
work (2), the best electrode had a life in _éxcess of 1400 simulated
dri#ing cjéles, which may be equivalent to bver two yeafs of operating
life in a vehicle. While attembts to duplicate this performance have
not been succeséful, a great deal has been learned about the effect on
operating life of various materials and fabrication variables. A number
of steam-activated carbon blacks have performance as good as tﬁat of
activated carbons; the most promising materials are classified RBDA and
Norit Ultracarbon, containing a 5-10% loading of CoTMPP. Electromedia
has obtained substantial improvement in the polarization cﬁaracteristics
of the air electrodes, as well as significant improvements in electrode
life by using an alternative binder material instead of Teflon and by

increasing the thickness of the wet#~proof and active layers.
Work at CWRU has concentrated on three main areas:

1. Understanding the role of the transition metal: A transition metal
" 1is required, but it can be incorporated before or after heat treat-
ment. Almost the same degree of activity was obtained when carbons
with adsorbed H,TMPP were treated with solutions of the transition
metal. After hea% treatment to 450°C and 800°C, some metal oxides
" are present. The catalytic activity decreases when the metal oxides
are extracted with glacial acetic acid or 0.5M H,SO,, with a greater
decrease in the activity of the 800°C heat-treated material.

2. Low-cost alternatives: A number of natural products have been exam-
 ined for oxygen reduction activity. Hemin and hematin appear
promising.

3. Optimization of the structure: Thinner layers  1improve the oxygen
and electrolyte transport.

Aluminum Anodes: Statistical analysis of data obtained on various

alloys and some Alcan proprietary alloys has continued at Eltech. The
tests at Eltech have been performed at 60°C in 4M NaOH; they measuﬁe the
Open Circuit Corrosion Rate (OCC), mg/cmz/min, which 1is almost
equivalent to a corrosion current in mA/cm2; and, the “0Open Circuit
Potential (OCP), =V vs Hg/HgO. In some tests they have incorporated

0.06M sodium stannate asvcorrosioﬁ inhibitor; in others, 1M of dissolved
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alloy. Polarization testing has been performed on the most promising
alloys. Statistical analysis of data on alloys containing In, Ti,’.and
Ga indicates that Ga does not significantly influence the OCC. Ga does
have a strong effect in the OCP, and cross terms are signifiéant; The
models predict improved voltage only at the expense of increased corro-
sion rate. One of the best alloys, ESC-3, in the presence of 1M dis-
solved alloy in the electrolyte, has an 0OCC of O. 029 (Zn yields .011) at
an OCP of 1.78 V. The voltage decreases to 1.31 v at 600 mA/cm .

Two Alcan pboprietary alloys show promise with OCC of 0.12 and OCP
of 1.84 V; one of these alloys gave 1.5 V at 500 mA/cm2 in 4M NaOH at
60°C. '

The work at SRI is aimed at developing a fundamental understanding
of the processes taking place at the anode surface. They have calculated
thermodynamic activities of the important species,- and will interpret
the results of complex-impedance measurements in terms of the thermo-~
dynamics and kinetics of the various possible reactions. Experimentally,
they have recently completed a cell with a well~defined hydrodynamic
flow pattern to simultaneously measure the partial anodic and cathodic

reactions occurring at the surface.

Carbon Dioxide Scrubber: The detailed design has béen ignored thus far

because the amounts of carbon dioxide involved are small, less than 6
kg/yr. However; since the atmospheric CO2 concentration is about 330
ppm and the current specification calls for 2-5 ppm, about 99% removal
of atmospheric CO2 is required at air flow rates as high as 10ucm3/s. A
preliminary calculation was made of the size of a packed tower absorber.
The results of the calculations indicate that a packed tower absorber
for vehicle application is at least 9-in diameter by 68-in high. While
it is realized that packed columns are not appropriate, the above

analysis does indicate that careful design is required.

Electrolyte Flow: In the M4 cell, electrolyte feeds from both sides

into a flow distribution plenum; however, only one feed port was used in
the M4-1 experiment. During the experiment, metallic tin and hydrargil-
lite deposited in the flow distribution plenum, starting about 7.5 cm

from the inlet. A substantial amount of solids had also accumulated at
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the bottom of the wedge and in the anode/cathode gap. The deposit was
heaviest at locations opposite to the electrolyte inlet.

The M4-cell overflow feeds the internal return manifold through a
series of openings in the back of each cell pod. Caked deposits of
hydrargillite were forméd during the experiment on 'the internal-cell-'
electrolyte-return manifold of one of the cell pods. The loosely adher-
ing deposits, about 0.5-mm thick, were not likelyi to héve been the

source of plugging in the return line.

Subsequent experiments at Eltech with M4 cell pods have shown that
the electrolyte flow past the anode/cathode space is not uniform. It is
low at both ends of the electrode chamber; however, 'this wés' easily
remedied by inserting a flow distributor into the inlet distribution
plenum. The lack of uniformity in electrolyte flow reflected on the
consumption of the aluminum anode; at the end of the run, it was about 7

mm longer near the edges than in the center.

In contrast to previous cells, the MU cell is very easy to assemble
and disassemble, thus it was possible to readily examine the result of
system malfunctions without damaging the cell.

Air Flow: The MU cell has air flow across the cell. There is concern
that the wunequal oxygen concentration on the twd sides of a cell pod
might lead to uneven consumption of the anode. At least for relatively
short (4 h at 120 A) periods, anode consumption is relatively insensi-

tive to oxygen oéncentration.

Air Cathode Assembly: Platinum-catalyzed cathodes were used in the

assembly of the MU-1 cell. The edges of the cathodes were glued to the
pods using epoxy. A good bond was obtained with no pinhole air 1leaks,
and with seams intact after the Mi-1 experiment.

Good electrical connection to the metallic screen of the cathodes
was more difficult to obtain. . Two methods were used: soldering and con-
ductive epoxies. Soldering was accomplished using a low-melting (93°C)
indium solder; it gave a very good joint. Two pods were assembled using

oonductivg epoxy; the bond failed in the'first pod during assembly. A
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tougher epoxy was wused for the second assembly. It appeared to be
satisfaetory after oven cure, but the:current and vbltage records of the
M4-1 experiment indicate that the conductive epoxy bond failed during

the run.

Cell Design at Eltech: Six Mi-cell pods were giveh’fg}El%echzfofz their

cell development work. They found the electrolyte flow to be uneven,
but also ‘found an easy solution to the problem. The“ main empha31s of
Eltech's .work' is in developing techniques for inekpensive assembly of
air eathodes into cells. They are studying a number of configurations
in which the air cathode is assembled on a conductive frame and then the
) assembly is:mounted onto the cell pod. Several methodsvof attaching the

air cathode to its conductive frame are being evaluated.

Crystallization

Experimental: Experimental studies on crystallization and separation of

hydrergiilite from the -electrolyte were -carried out at LLNL and at
Alcan. The LLNL M3-3 and MU4-1 experimental results have already been
described;. this section will highlight the crystallization experiments

at Alcan.

Crystallization Experiments: Alcan has carried out ‘a - large number of

‘.crystallization .experiments at 60-80°C in 4M NaOH, as well as a few
;'gxperiments“uSing KOH end KOH-NaOH mixtures. A schematic diagram of
3theinu equipment is shown in Fig. 4. The sﬁpersaturated aluminate solu-
tion (about 2.9M) was added at a‘coﬁstant rate to the crystallization
tank.

- Alcan obtained a very good coﬁrelation'for theif ‘expefimehtal cry-~
stal growth rates (correlation coefflcient 0. 9985) In the NeOH system,
the fastest,growth rate (3.1 um/h) occurs at 2 6M alumlnate at 80°c. 1t
is about 15% lower at both 70° and 90°C. Pre01pitatlon from KOH yields
approximately the same rate, provided the seed was grown from KOH solu-

tion, but it is lower with seed from NaOH solution.
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'Fig. 4: Schematic of Alcan's crystallization equipment.

Agglomeration Experiments: Very significant results have been obtained

at Alcan regarding' agglomeration of hydrargillite. Under "high tur-
"bulence" ‘conditions, agglomeration does not proceed beyond the 10-20 um

' 51ze- under "low turbulence" conditions, the particles continue to

agglomerate. “The optimum agglomeration temperature for both NaOH and
KOH appears to be about 80°C. Figure 5 shows the evolution of the par-
tlcle size distribution during a 2-h run at 84°C under 1low turbulénce
conditions; almost no secondary nucleation occurs at this temperature.
The < 10 um fraction of the population is negligible after 50 m1n, thé
10 20 um fraction has population peaks at about 50 min and is negliglble
after 105 min' the 30-40 um population begins to increase rapidly at 90

'min and is peaking at 145 min; the greater than 40 um population begins

to grow at about 110 min and constitutes about 25% of the total product
welght after 2 h. Thus, agglomeration can prdvide the desired product

particle size in reasonably short times.
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Fig. 5. Agglomeration and particle growth during crystallization exper-

iment at Alcan.

Crystallization Modeling: A computer code CRYSP, ‘written ‘at LLNL,

predicts how ‘the ‘particle size distribution évolves as a funétion of
vehicle operatihg conditiohs. CRYSP was written asva main driver code,
which handles the input~output and describes the system configuration by
the interconnections between the various componenfs,'and a collection of
subroutines which describe in detail the behavibr of the various com-
ponents.” In 1its present configuration it has subroutines v.which
describe: 1) cell performance parameters (power, heat balances,
material balahces, water evaporation and make-up, etec.), 2) a mixed
suspension and mixed.product removal (MSMPR) crystallizer, 3) hydrocy-
clone, 4) mixing blocks, 5) particle growth using Alcoa's correlation,

and 6) an arbitrary secondary nucleation source.

A good fit to the M3-3 results (particle size distributions vs time)
was obtained when the nucleation source was set to match the experimen-
tal value of the M3-3 run. As additional experimental data and correla-
tions are obtained, the particle description in CRYSP will be modified
with subroutines to describe secondary nucleation, particle attrition
and agglomeration. No effort 1is being devoted at present to further
code development. '
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C. FUEL CELL RESEARCH

Fuel Cells for Vehicles

(J.R. Huff, Los Alamos National Laboratory)

The objectives of this program are to conduct basic research in
electrochemistry, to investigate the kinetics and mechanisms of methanol
fuel processing, to explore the potential of fuel-cell systems for use
in transportation applications. Efforts in CY 84 were directed at
research on electrode kinetics aﬁd electrocatalysié of fuel-cell reac-
tions; characterization of electrodes and electrocatalysts, both experi-~
mentally and by ab initio quantum-mechanical calculations; physicochemi-
cal characterization of electrolytes; evaluation of electrode and fuel-
cell performance under simulated-vehicle operating conditions; evalua-
tion of methanol fuel-processing kinetics and mechanisms; and fuel-cell

system simulations.

Electrode Kinetics and Electrocatalysis

Research was conducted by United Technologies Corporation (UTC) to
increase overload capability and efficiency, and to reduce catalyst cost
and start requirements for vehicular phosphoric~acid fuel cells. The
goal of the program is to improve cathode performance by using maérocy*
clic catalysts and to increase anode CO-tolerance by using metal alloy
catalysts. At temperatures from 100°C to 150°C, pyrolyzed macrocyclic
compounds are reported to match plaﬁinum activity for oxygen reduction
in phosphoric acid, but with limited high power density in the elec-
trodes tested. Cobalt and iron phthalocyanines (PC), tetraazaannulenes
(TAA), and teﬁramethoxyphenylporphyrins (TMPP) were selected for evalua-
tion. The objectives were to select the catalyst with the highest

intrinsic activity, to identify factors limiting the performance of the
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catalyst in fuel=cell electrodes, and to develop approaches for their
improvement. On the basis of the best apparent activity and stability

in preliminary tests, iron TMPP (FeTMPP) was chosen for further study.

Catalysts were prepared with FeTMPP supported on a variety of carbon
powders with ‘a range of surface characteristics and particle morpholo=
gies. They were characterized by physical and electrochemical methods.

Measurement of electrode performance as a function of loading and elec-

trode thlckness indicated that the cathode performance of FeTMPP 'sﬁp*5
ported’ on RB and Black Pearls carbons, which were heat-treated at 880° °C,

is limited by diffusion losses and as yet undefined 1nternal resistance.‘

The performance of Black Pearls, catalyzed by sequential adsorption
and heat-treatment with 1 to Y4 monolayers of FeTMPP- catalyst had a max-
imum performance at 2 monolayers, perhaps due to 1ncreaslng res1stance
to electron transfer by the multiple catalyst layers. The performance
of the two—monolayer catalyst was the best observed (to date) at Y1HO°C,
i. e., 100mA/cm at 700 mV on oxygen. -

The performance of heat-treated FeTMPP appears to be stable in

half-cell tests. However, stability has to be demonstrated;ih full-cell
endurance tests. The first full-cell test of FeTMPP~catalyzed RB carbon
was on load for 550 hours at 100°C. Decay in performance occurred,
which could be due either to instability of the catalyst or to flooding

of the electrode structure.

Possible temperature stability limitations of macrocyclic catalysts
may require anode catalysts with increased tolerance to CO to allow cell
operation at temperatures below 150°C. In the UTC program, the CO-
tolerance of CSV-11 (a proprietary platinum-based catalyst) was measured
over a range of CO partial pressures and temperatures. Results for test
temperatures of 80°C to 180°C at CO partial pressures from 0.3% to 5.0%
confirmed that this anode-catalyst can operate satisfactorily at cell

temperatures below 140°C on fuel gases containing CO.
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A program was initiated at the University of Virginia to alter the
microstructure of electrocatalytic alloysﬁby’metallurgical techniques
and to determine the effect the nonequilibnium“phasesion the rate and
path .of oxygen reduction. Based on the résults of other investigators,
the platinum-chromium alloy system was ohosen. : The metallurgical char-
acterization of platinumﬁchromium samples containing o, 10 25, 80, and
100 atomic percent (at%) chromlun was completed The microscopic evalua-
tlon and successful quenching in of the disorder in the 25 at% Cr alloy
was completed. The successful quenching was verified by the diffraction
patterns of tne sample in which the quenched condition contained none of
the order peaks observed in the "as cast" sample. This was a pleasing
result because previous investigators reported‘that it is not possible

to retain disorder in samples of this composition.

The microscopy observations documented the type of grain structures
and precipitates (impurities) and revealed segregation in thev80 at% Cr

sample. This was due to a dendrite-type solidification process when the

: materialvwas cast and should be fairly easy to anneal out. An X-ray dif-

fraction trace verified that the intermetallic was obtained.

Initlal electrochemical tests were completed in reagent grade, 85

j"wt:% phosphoric acid at room temperature. L1near sweep and cycllc vol-

tammetry at various sweep rates were conducted on all specimens.
Although quantitative examination of the voltammograms was not com-
pleted, several observations can be made. The solid-solution specimens

of 10 to 25 at% Cr were very similar to pure platinum. The hydrogen

vadsorption and desorption peaks were not well-resolved. Peak potentials

related- to oxide formation and reduction shifted slightly with increas-
ing chromium content. These high Pt-content samples were qualitatively
equivalent, yielding tne classic voltammogram for Pt and indicating no
major changes in reactions. Microscopy of these specimens did not

reveal any surface changes due to the voltammetry.

The 80 at% Cr intermetallic behaved very differently. Hydrogen bub-
ble formation occurred at lower potentials and oxygen formation occurred
at slightly higher potentials than on previous samples. An extra peak

was observed, indicating a reaction not present on pure platinum. This



peak disappeared after the initial sweep but returned after a pretreat~
ment of hydrogen evolution for several minutes or after the sample was
allowed to sit for longer than one to two hour's.~ The behavior of this
sample was also very different from that of pure Cr, because in the case

of pure Cr, vigorous oxygen evolution was not observed.

Because of the low operating temperature of’the proton-exchange mem-
brane (PEM) " system (105°C or lower), the anode catalyst must be CO-
tolerant. Six  different catalysts -  (based  on the
platinum/ruthenium/tungsten oxide system) were selected for evaluation

at LANL;' Base-line performance was established for both hydrogen/oxygen

and hydrogen/air. Membrane and electrode assemblies (M&Efs)'fabricated_

from five of the catalysts showed varying degrees of tolerance to carbon
monoxide using a fuel of 0.17% CO, 24.8% CO,, and the balance H2. Two
other anode catalysts (based on the platinum/rhodium/tungsten oxide sys-
tem) were evaluated. Their performance was superior to any catalysts
prev1ously tested on the 0. 17% CO gas mixture, i e., THo mV at 500 ASF.

A cell configured with a base-line M&E and a CO-tolerant anode
catalyst (platinum/rhodium) accumulated 3079 hours of test at 180°F, 30
psig H2, 30 psig O2 and 500 ASF. At this point, a routine performance
test revealed gas cross-over in the cell. At 2906 hours, no leakage
across the nembrane was detected. The voltage decay during the test was
“from T40 mV to 675 mV. This decay appeared to be caused by increasing
diffusion losses, but determination of the exact cause of the losses was

prevented by cross-over of gases.

Several fuel cells were operated at high current densities (up to
1800 A/ft2 at 280 mV) to determine the performance level and the effect
of high current density on performance and endurance. Operating at
220°F, 135 psig 02 and 30 psig H2, no adverse effects were observed.
However, base-line M&Es have exhibited cathode diffusion 1losses when
operated at 400 A/ft2 on oxygen. To determine if the diffusion loss
could be reduced by increasing the cathode Teflon content, a series of
M&Es was fabricated with Teflon contents of 16 to 36%. The Teflon con-
tent of the anode remained at the base-line level of 15% The M&Es were

evaluated on various gases at 180°F and 222° F. ' No significant
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differences between base-line performance and the performance of M&Es
with up to 22% Teflon was observed. With 22% Teflon, the pebformance
curves at 30 psig and 135 psig 0, weré parallel, indicative of improved
diffusion characteristics. The parallel behavior was evident»using

Teflon contents up to 36%, but at that level activity losses were

‘experienced. Poor endurance on high=pressure (135 psig)}air, which is

related to nitrogen diffusion across‘the membrane interferring with the
anode diffusion rate, was significantly improved by increasing the

Teflon content of the anode layer to 33%.

A M&E with lower catalyst loading (2 mg/cm2 vs 4 mg/cmz) was tested.
Initial performance was 680 mV at 200 A/ft2 on'H2 and 02_at 15 psig and
180°F. After solving operational problems with fuels containing CO, the
fesults showed that the reduced loading did not affect cell berformance.

Characterization of Electrodes and Electrocatalysts

Extens;ve calculations were performed at LANL on the ground and
first. excited states of thé 'PtO molecule to detérmihe the potential
energy surfaceé and to establish thé bonding and electronic structure as
a function Jof internuclear separation. The“ground-state electronic
structure.was completely determined.‘ Combuter%generated plots of the
variation of the o-bond, Ty pair 6f electrons, and the oxygen 2s pair,
respectively, for internuclear distances rangihg from 5 R to the
experimentally—obéérved equilibrium distance, R = 1.72726 £, were
obtained. These plots revealed the molecule has oﬁlyvoné bonding pair of
electroné that form o-bonds.'vThere is no evidence of w~bonding in the
molecule. The Pt 6s electron does not participate'in either bonding or
nonabdnding .orbitals, but it is transferred to the oxygen m system
resulting in a high ionic character with a basic electron configuration
of the form Pt'0". Ground-state dissociation produces Pt’ and 07, a
configuration approximately 7.5 eV above the respective neutral atoms
ground-state energy. . The _éround state of  the PtQ molecule, at the
experimental equilibrium distance, exhibits a charge transfer' of 0.34
electrons from the Pt atom toward the O atom, and this transfeb éoﬁes

exclusively from Pt d-type electrons into p-type orbitals in the 0 atom.



. A study of the Pt2 molecule was initiated. Correlated wavefunction
calculations for the Pt2 molecule were carried out using a set of pro-
grams. Results were obtained for this system as a function of  internu®
clear separation for a Hartree-Fock calculation, a Generalized Valence-
Bond calculation, Configuration Interaction including single and - double
excitations from the Hartree-Fock configuration, a Coupled Cluster cal-
culation, and fourth-order Moller-Plesset perturbation theory. These
calculations gave a consistent value for the Pt, bond length Of 2.33 k.
Excellent agreement was obtained for calculated and experimental vibra-
tional frequen01es for the molecule. The nearést Pt-Pt distance in bulk
Pt metal 1s 2.7#6 K,‘indlcating that larger clusters may have _Pt=Pt

internuclear separations in the range of 2.30-2.75 k.

Physicochemical Characterization of Proton Exchange Menbranes

The program at the General Electric Company (GE) includes efforts to
find membranes that are less -expensive than Nafion, but that perform
similarly in fuel=~cell operation. Membranes were obtained from several
vendors and characterized alone'and in M&Es. Three tests with one mem-
brane exceeded 100 hours of operation before being shut down, and they
exhibited good initial performance levels of 0.729 V at 500 A/ft ’
180° F, 15 psig H2, and 30 psig O2 A sample of th1s membrane was suc-
cessfully treated W1th ~peroxide inhibitor and fabrlcated 1nto an M&E.
It was operated at.180 F, 30 psig 0,, and'30 psig H, for'198 hours when
cross-cell leakage was detected. The membrane was degraded at the oxy-
gen inlet between the catalyst layer and the seal area. A ”second _M&E
was fabricated with an improved conflguratlon;to assist in the preven-
tion of membrane degradation at the'cell oxygen inlet. Overrléod nours
of operation were accumulated at 180°F, 30 psig 02, and 30 psig ﬁzion a

cell using this membrane.

Impedance data were obtained at LANL for the hydrogen electrode
reaction on a smooth platinum electrOde:pressed’against a Nafion 1170
membrane. A palladium hydridevreference electrode was used. All gases
were pre-humidified 'before introduction into the cell. Impedance meas-
urements spanned a frequency rangé from about 50 kHz to.0.5 Hz and were

made in the presence and absence of hydrogen gas.
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A number of impedance and cyclic-voltammogram experiments were car-
ried out wusing either one or two woven platinum grids in contact with
the Nafion membrane. At sweep rates at which it is usually possible to
obtain reasonable cyclic voltammograms (for example, 50 mV/s), no
details were observed. At much lower sweep rates, ‘however, details
became observable 1n the hydrogen. adsorption region. Because the
adsorption-desorption reactions are rapid, it appears that :some other
process was hiding the details of the response at shorter times. It
appears as if much more of the platinum is available for adsorption of
hydrogen than 1is electrochemically active; in the sense of area avail-
able for charge transfer. It is also likely that the low~frequency dif-
fusion process observed.in the impedance studies may be due to or asso-
ciated with surface diffusion of hydrogen on platinum. The process is
sufficiently slow that it "smears" out the details of the voltammograms
taken at faster scan rates. This also ‘explains why the steady-state

currents measured on the grid electrodes were higher than those on

'smooth platinum, even through the interface resistance was apparently

larger for the grid electrodes. A further complication involved in the
analysis of data obtained on grlds was the current distribution at small
contact areas on thin films of electrolytes; Such considerations
appeared to explain "why higher electrolyte resistance and smaller
double—laYer capacitances were measured on grids than were expected on

the basis of surface areas of contact.

Fuel-Cell Testing

A six-station, phosphoric acid, single-cell test and measurement
system was used to investigate the effects of rapid«current~pu1sing,
slow load-current ramping, and temperature cycling on electrodes. The
cathode reactant for all of the cells is filtered, compressed air. The
anode fuel is- hydrogen for all stations except station 1 where ' CO2 is
added to the fuel stream. All cells are maintained at 200°C when under
load. Cells 1 and 2 operated at a constant and continuous 200 mA/cmZ-
Cell 3 was pulsed at a constant and continuous 1 kHz between no load and
400 mA/cm2 to simulate chopper control. Cells 4 through 6 underwent a
varying 1load current that took 7.5 s to go from no~1oad to 400 mA/cm2

and returned to no-load in 2.5 s. Cell 4 operated in this mode
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continuously. Cells 5 and 6 operated in this mode for 3 hours and then
were unloaded for 21 hours. Cell 5 was kept at"temperature while

unloaded, but cell 6 was allowed to cool to ambient temperature.

Rutherford Backscattering Spectroscopy (RBS) has been used to exam-
ine possible catalyst movement within the cells. RBS analysis was per-
formed on electrode assemblies from cells 1 and'é and on two control
electrode assemblies. The control electrode assemblies consisted of (1)
a cathode and anode éssembled and left at open. circuit 'in- phosphoric
acid at 200°C for 3 days and (2) a cathode and anode assembled, loaded
with phosphoric.acid and later disassembled. Neither of .the control
electrode assemblies displayed any platinum fedistribution. The cathode
and anode assemblies from cells 1 and 2 had run for 2000' hours. . The
electrochemical behavior. of béth assemblies showed a gradual ioss of
activity with time under constant load. The RBS analysis demonstrated

that some platinum redistribution had 6ccurred.

X~ray photoelgctron spectroscopy (XPS) was performed on a sécbnd‘set
of anode assemblieé from cells 1 and 2 that élso had run for 2060 hours.
Again, cell 1 showed very little lbss in electrochemical activity;v‘how-
ever, celi é demonstrated a significant loss of activity.’XPS confirmed
the loss of Pt fromv:the cathode, which apﬁears as 'a significant
electroplated-Pt deposit on the anode: In addition, the signal-position
identifies this deposit at the anqde as being; largely pure platinum.
Both the unused and the anode assemblies from cell 1 demonstrated rather
broad and low signal-to-noise ratio expected from a highly dispersed
catalyst. Although not definitive, the signals for these two eiectrodes
suggest ﬁhat significant amounts of Pt oxide are present in contrast to

the anode from cell -2, which was largely pure Pt.

As a part of the contract with GE' to in#estigate new membrane~
catalyst assemblies for solid polymer electrolyte (SPE) systems, two
test fixtures were delivered to LANL. Testing with these fixtures was
done at LANL to verify contractor fésults and to update and revise pre-~
vious performancé projections for SPE fuel cells. Tests wére run to
establish performance baselines, to assessvenddnance, and to determine

anode tolerance to CO. Test reactant gases used were hydrogen/oxygen,
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hydrogen/air, and premixed simulated~=methanol reformate with oxygen and

air. The reformate mixtures used had carbon monoxide volume percentages
of 0 to 1%.

.The cell conditions used to determine basic individual cell perforF
mance were 82°C with 30 psig H, and 30 psig 0,. The desired opefating
point at these conditions is at least 700 mV.at 500 A/ft?. The average
of all tests made under these benchmark conditions‘ﬁaé 726 mV at 500
A/ftz. Numerous tests at various conditions were made to ensure that
there were good correlations between data obtained by LANL and GE for

the same M&E formulations.

Several series of tests were made at LANL using' reformate/air,
including the use of reformate without CO to establish separately the
002 dilution effect. These tests were of particular interest because of
the need to revise projected, SPE performance data. In one specific
series, a cell running on hydrogen and air at 102°C was'switched to CO-
free reformate and air to determine the diiutidh effeet, and then to
0.17% CO reformate and air. The cell was run for six hours to determine
long-term effects of CO poisoning of the anode. Finally, a return to
hydrogen and air was made to find if any permanenﬁ degradation in per-
formance vcould be seen. There was no permanent degradation, and after
the initial performance decreased due to the introduction of CO, no dis-
cerhibie further degradation was seen. Furthermore, a large portion of
the decrease of cell voltage with reformate was - due to, Co2 dilution.
This series verified the fairly good anode CO-tolerance of the test
electrode. ~Some voltage decrease at high currents was observed after
retuﬁning to hydrogen operation. This is thought to be due to diffusion
losses from build-up of water aﬁ the cathode, which is a frequent prob-
lem.

Methanol Fuel Processing - Kinetics and Mechanisms

LANL has identified the ability of the methanol-steam reformer to
follow transient load requirements as a problem area. One key to solv-
ing this problem is an understanding of the mechanism of the reforming

process. Experiments to study the process of catalyst activation and
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the mechanism of methanol steam reforming on these active catalysts are

underway.

Thermogravimetric studies of catalysts were made using either oxy~
gen, hydrogen, or inert (argon) atmospheres. The data showed a rather
complete picture of cataiyst activation. Freeh catalySts showed reduc-
tion of the Cu0 (in hydrogen atmospheres) to Cu metal. Zinc oxide is
not reduced in these temperature regions (up to 400°C), even with pure
hydrogen. Examination of spent catalyst under oxygen atmospheres showed
a two-éﬁep oxidation, apparently the step-wise - conversion of copper
metal,”éﬁfough Cu(I), back to Cu0. Moreover, the spent catalysts showed
an additidnal peak at -~700°C, that represents a weight loss, most likely

the result of oxidation of deposited carbon.

Infrared spectroscopie studies showed similar trends to those sug-
gested by the thermogravimetric experiments. Fresh catalyst showed
numerous bands for CuO and CdC03 species. Following reduction to

activate the materials, these were generally absent.

Considerable effort was directed at studies on -methanol steam
reforming. Fourier-Transform Infrared Spectroscopy (FTIR) was used to
analyze the output from a microcatelyst system. A small volume of
methanol-steam mixture was pumped through the catalyst at 200°C and then
into a heated cell. Water-rich streams gave low CO levels, measured by
the ratio of CO' to 002. As the water is decreased in concentration,
more CO is formed. With low water levels (90% methanol), -appreciable
amounts of a cempound "that appears to be methyl formate is produced.
Introduction of D20 along with methanol gave deuterated products includ?
ing CD3OH7 This C-D.bonding did not appear immediately, suggesting that
the bed of catalyst slowly exchanged deuterium (as part of the reforming
reaction)f When the entire bed was deuterated, then the CD30H species
exited. These data strongly supported a mechanism that - involves the

generaﬁion of hydrogen radicals on the catalyst surface.

Work was also completed on other alcohols, especially isopropanol
and ethanol. These compounds are typical of what can be expected as

contaminants in methanol. They also serve as model molecules that per~

mit additional testing of proposed hypotheses because the carbon-carbon |
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bonds ére-not readily severed, and thus products are useful to suggest a

methanol reforming mechanism.

Isopropanol produces acetone when it reacted at an activé catalyst.
Ethanol, on the other hand, was converted to acetaldahyde. In both
cases, the carbon-carbon bond was maintained, and the carbon Bonded to
oxygen was oxidized to a carbonyl-like group. These data explained the
odor that is apparent when methanol reformers—are fed fuel that contains
C2 and C3 alcoholsf These products also point to a mechanism that
involves a molecular attachment to the catalyst through the oxygen atom.
The rapid reaction of methanol results from the fact that, following
that step, only carbon~hydrogen bonds are severed, leaving an oxidiied
carbon species, 002.

Other efforts were directed at identifying the source of oxygen in
the product carbon dioxide. Massespectroscopy techniques were used with
specially-prepared methanoi and water, both with ?80. Data showed that.
the catalytic reaction with water is the précess that releases carbon
dioxide. It is suspected that reaction with alecohol results in an
effecti@e "reduction” of a surface site. However, experiments where
first methanol and then water was injected ﬁroduced no product carbon
dioxide wuntil the water was introduced. This behavior showed that the
water "oxidation" is the step that genefates product carbon dioxide.
Oxygen-18 1labeling showed clearly that the carbon--oxygen bond is not
maintained during the reaction. Rather, when normal methanol was
reacted with water containing' 180, carbon dioxide of mass 44 was the
principal product. This result is the normal trend; the oxygen content
of product CO2 Eeflects the oxygen isotopic content Qf reactant water,

not of reactant methanol. These data are best explained by assuming

rapid oxygen exchange 'on the catalyst surface, at rates that are fast

compared to the lifetime of the methanol species or its product on the
surface. Thus, these reforming catalysts work by scrambling both hydro=
gen and oxygen atoms. These data indicate that the catalyst works by
rapid oxygen migration, prompting exchange of surface oxygen atoms with
molecular compounds that reside there.
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Fuel Cell Vehicle Systems Simulations -

The 20-kW fuel cell system was completed in April 1984’ at Energy
Research Corporation‘(EBC). ERC ran preliminary tests, énd LANL person-
nel participated in limited testing at ERC in May 1984. Site :prepara-
tion was completed at LANL, including instrumentation énd‘Sensor instal-
lation, check-out, and field calibration; ventilation-hood installation;
load~bank 1installation; and data~acquisition system installation and
software development. The scope of the test was reduced somewhat dﬁe to

delays in completion of the test article.

The fuel-cell system was delivered to LANL in June .1984, and two
days of operation were achieved while ERC personnel were present. Six=
teen days of testing were accomplished with the system under load for
thirty-four hours. The projeéted nominal operating point was 124 V and
170 A, or 21.1 kw.- Initially, a nominal operating point of 115 V and
182 A or 20.9 kW wasyachieved at LANL. This was somewhat better than
the performanéé observed at ERC. Usidg' reformate fuel, the maximum
power attained at LANL was 26.2 KW (103 Vv, 254 &), and the minimum power
was 15.5 kW (124 V, 125 A). | |

A sudden decrease in performance was seen after about nineteen hours
of operation on load. The nominal operating point changed to 21.6 kW at
108 V and 200 A. Original system efficiencies were approximately 30% at
the design point. The efficiency after the performance change dropped
to 26%. Efficiencies do not take into account cooling fan power which
has béen measured at 1.5 kW. The performance decrease has not been
explained yet. Some acid ioss wés observed coincident with the problem,
and there 1is also evidence that the reformer is not performing at its

original level.

A subset of the overall test procedure was tb map thé reformer per-
formance. Tests were made at various reformer flows,'temperatures, and
fuel utiiization to measure reformer conveféion efficiency, CO content
of the product gas, and system efficiency. Little decrease in fuel-cell
performance was observed at design operating temperatures (U400°F) witﬁ
CO contents of up to 5% by volume. Dynamic response of the system.to

load changes was observed. The reformer catalyst-bed temperature has a
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time constant of about fifteen minutes in response to changesvin the
heat rate of the reformer burner. Reformer Stertéup time 1is about
twenty minutes. System instability was seen during attempts to operate
at lower power ievels (less than 15'kw) on tail gas, where hydrogen-
depleted reformate is returned from the fuel cell to be burned as a heat

source for the reformer.

Overall, the system has performed reasonably well, even though power
density and efficiency fell somewhat below the original projections.

Valuable experience and insight into operational, design, and control

problems and possible soluﬁions was gained.
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Advanced Chemistry and Materials for Fuel Cells

(J. McBreen, Brookhaven National Laboratory)

The objectives of this project are to develop electrocatalysts that
minimize or eliminate the need for noble metal catalysts in fuel cells
and to enhance the kinetics of oxygen reduction and the oxidation of
carbon monoxide/hydrogen mixtﬁres; In. 1984, research was focused on
studies of the interaction of fuel-eell reectants with platinum, the
synthesis and evaluation of tetrasulfonated-metal-phthalocyanine elec-
trocatalysts, and an investigation of . the solid polymer

electrolyte/electrocatalyst. interface.
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Fuel Cell Reactants on Platinum Surfaces: The interaction of several

reactants (water, oxygen, carbon monoxide and methanol) with‘piatinum
(111) single crysﬁal were investigated using high-resolution electron
energy-loss spectroscopy (HREELS). A method was devised for detection
of reaction intermediates. The teﬁperature was increased in steps to
permit. #arious reactions.to occur, and after each'temperature increase,
the sampie'was cooled rapidly (10°K/s) to quench the reaction, and the
intermediates were then observed in thevspectrometer. Several reactions
of importance ﬁo fuel cells were studied. At i00°K,'co—adsorbed 02 and
H20 react to form surface OH species. Two pathways for methanol decom-~
position were observed, one involving'the formation of' surface species
such as formaldehyde, formate and carbon monoxide; and the other, forma-
tion of formate and carbon monoxide. On clean platinum, the adsorption
of CO could be clearly seen and'vibrational spectra for Pt~C and C-0
were observed. On platinum covered with O and OH groups, the situation

was more complex and has not been resolved.

Synthesis and Evaluation of Phthalocyanine Catalysts:' So far tetrasul-

fonated metal phthalocyanine (M~TsPc) compounds with the following
centers have been prepared: H2, vo, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ru,

Os, Rh, In and Re. All except Re-TsPc have been purified.

A spectrobhotometric study of the homogenous reaction between most

of the M~TsPc¢ compounds and H202 was carried out in an aqueous solution

5

consisting of 1x10 °M M-TsPe and 1x10-3M H,0 The M-TsPc compounds of

. 272"
Mn, Fe, Co and Ru were unstable to H202., However, more recent results
with Co~TsPc adsorbed on pyrolytic graphite indicate that adsorption on

graphite imparts stability to M-TsPec in the presence of H202.

Electrochemical characterization of the M~TsPe compounds was
startedt This included c¢yclic voltammetry studies in 1M H3Pou and 1M
KOH and investigations of the interactions of M-TsPe with 0,5, H,0,, CO,
002, CHu and H2. All of the M-TsPc compounds show some . activity for O2
reduction, and the compounds of Co, VO and Ga were active for H202 oxi~
dation. The Cu-TsPc catalyst oxidizes CO in H3P0u. In alkaline solu-
tion, the compounds of Zn, Mn and Ga catalyze the reduction of 02. None

of the materials interacted with CHu or HZ'
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The electrocatalytic activity ¢f Co-TsPc in cdnductive polypyrrole
films was investigated. A number of effects were observed, including an
enhancement of the activity for oxygen reduétion, an improvement in the
stability of the polypyrrole film, and a change in the mechanism of oxy-

gen reduction that coincided with the chénge in oxidation state of the

Co-TsPc.

Thé Solid Polymer Electrolyte/Electrocatalyst Interface: Further inves-
tigations were made on the solid polymer.electrolyte/ electrocatalyst
ihterface and on the current generation mechanism of electrodes in con-
tact vwith Nafion membranes. Experiments with platinum black and with
single and multiple layers of platinum screens confirmed the fact that
platinum sites remote from the Nafion/electrocataiyét interface could be
utilized for electrochemical adsorption and desorption of hydrogen and
oxygen species. A mechanism based on the fast mobility of adsorbed
hydrogen and hydroxyl groups was proposéd. A series of critical experi-
ments, in which gold screens or carbon félt were interposed between the
platinum and Nafion membrane, confirmed the proposed mechanism. These
findings have important implications regardihg solid—polymer—eléotrolyte
fuél,cells and the typevéf catalyst support that should be used to
disperse catalysts and reduce catalyst 1loading in fuel cells with

ionomeric membranes.
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Alternative Electrolytes for Fuel Cells

(E.J. Cairns and F.R. McLarnon, Lawrencé Berkeley Laboratory)

Alkaline electrolytes have 1long been: known to support higher
oxygen-reduction .kinetic currents than those observed in acid electro-
lytes. However, recent fuel cell work hés avoided hydroxide electro-
lytes- because carbonation can occur in the presence of the CO2 in the
hydrogen-rich gas that results from the steam-reforming of carbonaceous
fuel. COz-rejectingt electrolytes such as Cs,C05 were investigated in
1964 by Cairns and Bartosik(1). This early work demonstrated electro-
lyte invariance in a methanbl/bxygén single cell, where co, is produced
at the anode. Overall cell performance was shown to be promising but no

measurements of the oxygen-electroﬁe kinetics were made.

Preliminary kinetic results obtained with the rotating ring=disk
electrode - technique in . dilute Cs2CO3 showed higher currents and lower
ring-currents than KOH at the same concentration, indicating a possible
change in reaction mechanism. To study the carbonate-anion effect in a
manner independent.of pH différences, increments of potassium carbonate
were added to the well-characterized electrolyte 0.1M KOH. An increase
in kinetic current was observed with a series of .carbonéte additions
(0f1M CSZCO3 and 0.1M K2CO3). The causes for this behavior have not yet
been identified. Ring currents due to peroxide formed at the disk were
also found to' depend on carbonate cbncentrétion. Negligibie ring
currents (<0.1 pA) were.qbservedAin the pure OfIM C32¢03 solution (pH =
11.4), whereas sigrnificant peroxide was détecteq in the higher-pH solu-

tions.

Changes in oxygen Solubilify dUe to ﬁhe‘increase.in ionic Strength
of the solution would result in the opposite trend in kinetic currents;
however, other effects of the ionic strength are possible. Future work
will focus on . determination of ¢the reasons for the positive anion
effect, as well as an investigation of fhe'vextent. Experimenﬁs with

more concentrated electrolytes are planned.
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