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EXECUTIVE SUMMARY

The U.S. Department of Energy’s Office of Energy Storage and ]jistribution provides continuing support
« for an Energy Storage Program, which includes R&D on advanced electrochemical energy storage and conver-
sion systems. A major goal of this prografn is to develop electrochenﬁical power sources suitable for application
in electric vehicles and/or electric 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 significant penetration into commercial markets.

The DOE Elecfrochemical Energy Storage Program is divided into two projects: the Exploratory Technol-
ogy Development and Testing (ETD) Project and the Technology Base Research (TBR) Project. ETD Prbject
management responsibility has been assigned to Sandia National Laboratory (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 and development efforts designed to advance progress on 'several candidate elec-
trochemical systems. The role of the TBR Project is to perform supporting research for the advanced battery
systems under development by the ETD Project, and to evaluate new systems with potentially superior perfor-
mance, durability and/or cost characteristics. The specific goal of the TBR Project is to identify the fnost
promising 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 activities relevant
to the TBR Project in CY 1986. This is a continuing project, and reports for prior years have been published,;

they are listed at the end of the Executive Summary.

General problem areas addressed by the project include identification of new electrochemical couples for
édvanced Batteries, determination of technical feasibility of the new couples, improvements in battery com-
ponents and materials, éstablishmem of engineering principles applicable to electrochemical energy storage and |
conversion, and the development of air-system (fuel cell, metal/air) ‘technology for transportation applications.

Major emphasis is given to applied research which will lead to superior performance and lower life-cycle costs.

*Participants in the TBR Project include the following LBL scientists: E. Cairns, K. Kinoshita and F. McLarnon of the Applied Science
Division; and L. DeJonghe, J. Evans, R. Muller, J. Newman, P. Ross and C. Tobias of the Materials and Chemical Sciences Division.
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The TBR Project is divided into three major project elements: Exploratory Research, Applied Science
Research, and Air Systems Research. Highlights of each project element are summarized according to the

appropriate battery system or electrochemical research area.

EXPLORATORY RESEARCH

The objectives. of this project element are to identify, evaluate and initiate development of new electro-
chemical couples with the potential to meet or exceed advanced battery and electrochemical performance goals.

Research projects were conducted on molten-salt cells and ambient-temperature lithium cells.

Molten-Salt Cells based on lithium alloy negative electrodes and metal disulfide positive electrodes can exhibit
very high performance, ease of manufacture, and freeze-thaw capability. Two organizations are pursuing tech-

nigues to stabilize the performance of FeS, electrodes in these cells.

« . ANL has achieved over 400 cycles and 5400-h operation at 397°C with a small prismatic upper-plateau
Li-Al/FeS, cell with LiCI-LiBr-KBr electrolyte. The cell performance (coulombic efficiency >90%, utiliza-
tion 89%) remained nearly constant throughout the cycle test (discharge at 50 mA/cm? for 4.h, charge at
25 mA/cm? to a cut-off voltage of 2.05 V). Based on the stable cycle life demonstrated in this cell test, at

least 1000 cycles with <20% capacity loss should be achievable.

. Gould, Inc. has observed that identical Li-alloy/FeSZ- cells containing LiCI-LiF-Lil electrolyte, which were
cycled at 350 and 450°C, lost upper-plateau capacity at the rate of 0.14 and 0.29% per cycle, respectively.
The life of the cell operated at 350°C was also significantly longer than that of the cell operated at 450°C,
1.e., 250 vs 115 cycles. Thgse results, and observations from other tests, clearly demonstrate thét capacity

decline 1s reduced at lower operating temperatures, and reaction kinetics are also lower.

Ambient-Temperature Lithium Cells have the potential for high specific energy and specific power, but they
typically exhibit short lifetimes when tested under deep-discharge regimens. Various anodes containing Li com-
bined with metal oxide cathodes in an organic-electrolyte system are being investigated to develop ambient-

te'mper_ature Li cells which do not have the safety and cycle-life problems associated with elemental Li.

viii



. The draft final report from Duracell, Inc. on studies of the ambient-temperature Li/LiAICI 4-502/C system
has been completed. The capability of the inorganic electrolyte systems to accept overcharge was
demonstrated, but is limited by the chemical stability of the separator to the overcharge products. ‘Further

research studies to improve the cycle life, specific energy, and stability of separators are recommended.

. A novel low-temperature chemical synthesis method has been developed by EIC Laboratories, Inc. to pro-
duce Li anode materials such as Li-Al, Li WO,, Li Fe,O, and LiCoO,. Cycle tests of these materials in

cells with LiCIO 4-propy1ene carbonate and metal oxide cathodes (V,O;, Fe,O,, Cr,0,) are underway.

APPLIED SCIENCE RESEARCH

- The objectives of this project element are to provide and establish scientific and engineering principles
applicable to batteries and electrochemical systems; and to identify, characterize and improve materials and
components for use in batteries and electrochemical systems. Projects in this element provide research that
éuppons a wide range of battery systems — alkaline, metal/air, flow, solid-electrolyte, and nonaqueous. Other
research efforts are directed at improving the understanding of electrochemical engineering principles, minimiz-

ing corrosion of battery components, analyzing the surfaces of electrodes, and electrocatalysis.

Alkaline Cells often use zinc as the negative electrode, and it is this electrode that typically limits the lifetime
of these cells. Efforts are underway to identify cell components that will improve the cycle-life performance of

the Zn electrode.

. LBL has achieved more than 500 deep-discharge (100%) cycles with a pulse-charged ZnCa/KOH-
KF/NiOOH cell. The performance of this system is expected to be comparable to that of standard

Zn/KOH/NiOOH batteries, because the Ca and KF additions replaced equal quantities of Zn and KOH.

. LBL has used micro-electrodes to provide new insight into the chemical and transport processes that
occur in secondary porous Zn electrodes in KOH electrolytes. Preliminary measurements show significant

variations in local Zn species concentrations, and only modest variations in local hydroxyl-ion concentra-
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tion. The response of the micro-electrodes also indicates that higher KOH concentrations stabilize the
supersaturated zincate solution.
. SNL has found that replacement of a tertiary hydrogen by a methyl group in sulfonated polyphenylenes

enhances the stability of the membrane in alkaline ferro/ferricyanide electrolytes.

Zinc/Halogen Cells use flowing electrolytes to promote the transport of Zn ions across the cell and to remove
halogen as the cell is charged. The cell performance is limited by the tendency of the electrodeposited Zn to
-assume unwanted shapes, and efforts are aimed at understanding the complex phenomena that control the Zn

electrode morphology.

. LBL has observed that the current efficiency for Zn deposition from acidic chloride solutions increased
with Zn concentration and decreased with pH. The presence of impurities (i.e., Ni, Fe and Cd) was found

to lower the current efficiency.

. Illinois Institute of Technology (IIT) investigated the kinetics of Zn dissolution at a rotating hemispherical
electrode in brominated (0.05-0.35 M) ZnBr,, and concluded that the exchange current density is ~20

mA/cm?.

. EXAFS (extended X-ray absorption fine structure) studies on Zn electrolytes (acidic and basic) at
Brookhaven National Laboratory (BNL) were able to determine the bond distances in Zn complexes. A
tetrahedral Zn(OH); species with a Zn-O distance of 1.77 A was detected in alkaline electrolytes. In

ZnBr, electrolytes, the Zn-Br distance is 2.37 A and the Zn-O distance is 1.83 A.

. Lawrence Livermore National Laboratory (LLNL) has completed isopiestic measurements of the ZnCl -
H,O system over the concentration range 0.31358 to 13.143 mol/kg. These data show fairly good agree-

ment, within 0.1 to 0.5%, with previous isopiestic data for concentrations up to 11 mol/kg.

Improved Components for Alkali/Sulfur Cells, such as superior alternatives to the 8”-Al,0, ceramicv electrolyte
and high-temperature sulfur-polysulfide electrode used in Na/S cells, stable lithium-ion conductors for Li/S

cells, and a class of organosulfur electrodes for low-temperature 6”-A1203 cells are under investigation.



A novel, low-temperature (120-150°C) secondary cell has been developed at LBL which contains a liquid
sodium negative, 8”-AlLO, electrolyte, and a class of organosulfur positives. The Na/tetracthylthiuram
disulfide cell, which has a theoretical specific energy of 360 Wh/kg (OCV = 2.3 V), has been studied in
most detail. Small-scale laboratory cells were capable of peak discharge rates of over 100 mA/cm? and

cycling at 5 mA/cr'n2 was demonstrated.

ANL has selected a glass electrolyte with the composition (mol%) of 42 Na,O, 8 AL O,, 5 ZrO, and 45
Si0, for further testing in Na/S cells. Small-scale cells (1-3 mAh) were successfully cycled at 3 to 6

mA/cm? for 36 to 40 cycles (10-20% DOD) before a capacity loss was observed.

Massachusetts Institute of Technology (MIT) has observed that the addition of KCI to potassium borate
generally enhances K* iransport'in these glasses. At a fixed O/B ratio of 1.7, K* conductivity increased

monotonically with increasing chloride content.

Stanford University is exploring the use of compositions from the Li-Si-S system for both positive elec-
trode and electrolyte materials. The Li-Si-S phase diagram and Gibbs free energies of formation of
Li,SiS; and Li,SiS, have been determined from electrochemical measurements. X-ray diffraction analyses

have indexed for the first time the lattice parameters of Li,SiS; and Li,SiS,.

Corrosion Processes in High-Temperature, High-Sulfur Activity Molten Salts are under investigation, and the
aim is to develop low-cost container and current-collector materials for use in alkali/sulfur and other molten-

salt cells.

Work at ANL to develop new alloys for positive current collector and containment materials for Na/S
cells was completed. The corrosion behavior of 33 metals and alloys in S and NaS, at 350°C was exam-
ined. It was concluded that the continued development of new alloys would probably not result in an

alloy material of sufficient low cost, low density and low corrosion rate to be useful for Na/S cells.
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"« - “IIT observed no weighi loss or discoloration of Mo,C coatings in Na,S; melt after 24 h at 300°C. How-
ever, in Na,S, at.310°C, a black color was observed on the surface after 24 h immersion. Results to date

are encouraging and suggest that Mo, C appears to resist S attack.

Components for Ambient-Temperature Nonaqueous Cells, particularly metal/electrolyte combinations that

improve the rechargeability of these cells, are under investigation.

. Mercury porosimetry measurements at LBL show that Li3N layers formed by reaction of Li with gaseous
nitrogen are microporous, with most of the pore radii-less than 25 A. The slow filling of these pores and

reaction of Li with the electrolyte at the base of the pores were observed by impedance spectroscopy.

. Case Western Reserve University (CWRU) has completed tlesting of ultrahigh vacuum apparatus and
spectroscopic techniques for investigations of alkali and alkaline-earth metals. Auger electron spectros-
copy measurements indicate that K free of impurities can be deposited on Ni substrates, and that K on
the surface shifts the desorption of CO to higher temperatures. These findings will be useful for under-
standing the interaction of decomposition products (i.e., CO) from the reaction of propylene carbonate

“(PC) and alkali and alkaline earth metals.

. A research project has been initiated at Jackson State University to study the electrode/electrolyte inter-
face by in situ Raman spectroscopy. Preliminary measureménts indicate that Li,0 and Li,CO, are

formed during the electrodeposition of Li on Ag from 0.75 M LiAsF; in PC.

. The University of Minnesota was awarded a contract from a RFP on applied research on novel concepts
* for advanced batteries. A research project has been initiated to investigate the electrochemical perfor-

mance of thin-film polymer electrolytes and electrodes.

. The University of Pennsylvania has found that the ionic transport of Ni%* in NiBr, complexes with
po'ly(ethylene'oxide) (PEO) can be activated by hydration and dehydration of the sample. At 145°C, the

Ni%* transport number for a dehydrated sample is <0.1, and it increases to 0.7 upon hydration.
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.« Experiments at LBL_ showed that 0.3 to 20 ppm H,0 in PC electrolytes can be detected by electrochemical
measuréments using cyclic voltammetry and rotating disk electrodes. The onset of reduction of H,O
occurred over a wide raﬁge of cathodic potemials (vs K/K* reference electrode), depending on the electro-
lyte. In. KPF/PC, H,O reduction occurred at 0.48 V, whereas in KAICl,/PC, reduction occurred at 2.8 V.

Experiments to understand these results are underway.

. Johns Hopkins University has observed that the presence of small quantities of H,O has a strong influ-
ence on the corrosion of Armco Fe in 0.5 M LiCIO-PC. In nominally dry PC, only small pits (~20 um)
which are widely separated are formed. Aggressive pitting corrosion is evident in 50 mol% PC/50 mol%
H,O; both large pits and numerous small pits are formed, but the surface still appears to be highly pol-

ished. These results can be explained by classical corrosion theory.

Cross-Cutting Research is carried out to address fundamental problems in electrocatalysis and current density

_ distribution, solutions of which will lead to improved electrode structures and performance in batteries and fuel

cells: |

. Mathematical models are being developed at LBL to (i) predict the response to alternating current signals
of a redox reaction with soluble reactants and products in a flow-through porous electrode, and (ii) to cal-
" culate the frequency respohse of a rotating disk electrode. Electrosorption phenomena and double-layer

theory are being incorporated into the models.

. LBL has observed that the reduction rate for the aqueous sulfide-polysulfide redox couple is enhanced by
the addition of 13 mol% dimethylformamide (DMF) to the solution. A porous electrode in the aqueous
polysulfide solution containing DMF provides electrode performance that is more than satisfactory for

high-performance photoelectrochemical cells or redox cells.

. A micro-mosaic electrode with an electrochemical redox system was used by LBL to study the onset of
convection in a fluid with a time-dependent density profile contained in a deep cell. This study showed

that a sharp increase in mass-transfer rate occurs immediately after the first deviation from convection-
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free behavior on electrodes which are much smaller than the wavelength of the disturbance (e.g., such as

those caused by gas evolution).

AIR SYSTEMS RESEARCH

The objectives of this project element are to identify, characterize and improve materials for air elec-
trodes; and to identify, evaluate and initiate development of metal/air battery systems and fuel-cell technology

for transportation applications.

) Metal/Air Cell Research projects address bifunctional air electrodes, which are needed for electrically recharge-
able metal/air (zinc/air, iron/air) cells; and novel alkaline Zn electrode structures, which could be used in either

electrically recharged or mechanically recharged cell configurations.

. LBL has demonstrated that flow-through porous electrodes for Zn deposition provide encouragihg perfor-
mance in electrically rechargeable Zn/air cells. Zinc loadings of 160 mAh/cm? were obtained at 10
mA/cm?, with minimal change in the original structure of the porous substrate as the cell was cycled.

"Based on data from 1.5-Ah prototype Zn/air cells employing such electrodes, it is projected that a 32-kWh
battery should be capable of achieving 110 Wh/kg, with a peak power. of 140 W/kg, efficiency of 60%, and

a materials cost of <$20/kW. -

. CWRU has observed that heat treatment of the polymers polypyrrole and polyacrylonitrile mixed with Co
salt produces very active O, reduction catalysts. Their activity is comparable to that of highly dispersed

Pt and heat-treated Co porphyrins, but they are much lower in cost.

. Experiments at LBL. demonstrated that Zn can be readily deposited on Zn-coated Cu particles in alkaline
zincate solutions. A superficial current density (current per unit area of cell cross section) of 300 mA/cm?

with an electrical energy consumption of 2.7 kWh/kg Zn was achieved.
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. Pinnacle Research Institute (PRI) has observed that the addition of 15 g/ sorbitol + 25 g/l SiO, to 12 M
KOH at 55°C enhanced the utilization (78 vs 35%) and capacity (191 vs 87 Ah/l) of Zn in powder slurry

electrodes, compared to electrolytes with no additives.

Aluminum/Air Battery R&D is directed at improving cell components and solving system integration problems,
including the following: (i) air cathode development, (ii) hydrargillite crystallization and separation, (iii)
integrated experiments involving a coupled cell/crystallizer, (iv) cell design, and (v) development of improved

aluminum anodes. Major achievements of the program include:

. The development of Al/air batteries for electric vehicles has reached the stage that a review committee has
recommended transfer of management responsibility of the program from LLNL to SNL. As a result of
this recommendation, SNL wiil assume management responsibility for the engineering development of the
Al/air battery and ancillary components, and LBL will retain management responsibility for research on

electrodes.

. Experimerils were performed at LLNL which showed that a crystallizer/separator with a lamella settler
can be started and shut down many times without plugging the lines with solid products. Systems
analysis by LLNL indicate that a battery consisting of 100 cells (600-cm? electrode area) with 2-mm elec-

trode spacing and integrated to a 40-1 crystallizer should be capable of delivering 15 to 20 kW.

. Eltech Systems Corporation has built and tested a 5-cell stack, which achieved maximum power density in
4 M NaOH at 400 mA/cm? with an Al alloy-containing In and Ga. The continuous feed of the Al wedge-
shaped anode, rapid mechanical rechargeability, high durability of the cathode structure, and continuous,

moderate-term operation (10 h) were demonstrated.

. Experimental and theoretical studies are underway at SRI International to elucidate the corrosion
‘mechanism of Al alloys. An experimental cell was designed that allowed the separate examination of H,

evolution and Al electrodissolution reactions in alkaline solution. At 25°C, pure Al showed an active-to-

XV



passive transition, a passive region, and transpassive dissolution region in which thé current varies

linearly with voltage.

Fuel Cell Research, managed by Los Alamos National Laboratory (LANL) includes research in several areas of
electrochemistry, theoretical studies, fuel-cell testing, fuel processing, and membrane characterization. Major

achievements of the fuel-cell program include:

. LANL has achieved a significant improvement in the performance of low-Pt-loading electrodes in contact
with Nafion. Oxygen reduction performance with 0.35 mg/cm? Pt was comparable to that obtained ear-

lier with electrodes containing 4 mg/cm? Pt.

s Preliminary evaluation of the Dow perfluorinated polymer by LANL indicates that higher performance

“should be possible with this material in fuel cells than that achieved with Nafion.

. Methanol reforming on ZnO-CuO catalysts produces equilibrium concentrations of 1 to 3% CO, which are
too high for PEM fuel cells. LANL has found that partial oxidation of CO by the additioh of a small

amount of air to the reformate gas can reduce the CO level to below 0.01%.

. EXAFS studies of pyfolyzed transition metal (Fe and Co) macrocycles (phthalocyanine and tetrame'thoxy-
phenylporphyrin) at BNL indicate the preseﬂce of reduced metal and some other unidentified material.
The pyrolyzed sample remaining after leaching the reduced me_tal still exhibits catalytic activity for O,
reduction. The remaining material, yvhich 1s presumed to be the catalyst, has a radial distribution func-

tion that is similar to that of the original transition metal macrocycle.

. Oxygen reduction measurements for high-area Pt supported on carbon black porous gas-diffusion elec-
trodes in K,CO; and KOH have been carried out by LBL. The reduction current in KOH is kinetically
limited, whereas in K,CO, local pH changes occur in the pores of the electrode during rgduction which

result in lower performance than in KOH.
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MANAGEMENT ACTIVITIES

During 1986, LBL managed 30 subcontracts and conducted a vigorous research program in Electrochemi-

cal 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 also participated in the

following reviews, meetings, and workshops:

Air Systems Review Meeting, Cleveland, OH, April 14-15, 1986.

First International Workshop on High-Temperature Molten Salt Batteries, ANL, Argonne, I1, April 15-18,
1986.

Alkali Metal Thermoelectric Converter Workshop, JPL, Pasadena, CA, April 23-24, 1986.
Spring Meeting of the Electrochemaical Society, Boston, MA, May 4-9, 1986.

Phosphoric Acid Fuel Cell Review Meeting, EPRI, Palo Alto, CA, May 28, 1986.

International Congress on Corrosion and Electrochemical Behavior of Metals in Non-Aqueous Solutions,
Capri, Italy, June 3-6, 1986. '

32nd International Power Sources Symposiurﬁ, Cherry Hill, PA, June 9-12, 1986.

Alcoa Laboratories Centennial Technical Symposium, Farmington, PA, June 9-13, 1986.
DOE/SNL/LBL Lead Center Coordination Meeting, Washington, DC, June 25-26, 1986.
EPRI Battery Evaluation Meeting, EPRI, Palo Alto, CA, July 7, 1986.

SNL/EPRI Na/S and Zn/Br, Review Meeting, EPRI, Palo Alto, CA, July 8-9, 1986.

NATO/IDA Workshop on Heat Engines and Batteries for Power Generation, Alexandria, VA, July 16,
1986.

Gordon Research Conference on Physical Electrochemistry, New London, NH, August 11-15, 1986.
37th Meeting of the International Society of Electrochemistry, Vilnius, USSR, August 24-29, 1986.
21th Intersociety Energy Conversion Engineering Conference, San Diego, CA, August 25-29, 1986.
Office of Energy Storage and Distribution Review Meeting, Seattle, WA, August 27-28, 1986.
LBL/SNL Lead Center Meeting, Washington, DC, September 24-25, 1986.

Fall Meeting of the Electrochemical Society, San Diego, CA, October 19-24, 1'986.

National Fuel Cell Seminar, Tucson, AZ, dctober 26-29, 1986.

Fuel Cell Management Meeting, Washington, DC, November 13-14, 1986.

SNL/EPRI Na/S and Zn/Br, Review Meeting, Washington, DC, December 1-4, 1986.

Technology Base Research Project Review Meeting, Washington,v DC, December 16-17, 1986.
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MILESTONES FOR THE TECHNOLOGY BASE RESEARCH PROJECT

Milestones accomplished in Fiscal Year 1986 by the TBR Project include:

An extensive study of Pt Cr, a]loys at the University of Virginia indicate these alloys show improved
electrocétalysis for O, reduction. These results are sufficiently encouraging that further experiments with

binary alloys will be continued, and the research will be expanded to include ternary alloys.

The corrosion behavior of 33 metals and alloys have been examined in sulfur and sodium polysulfides at
350°C by ANL. From these studies it has been concluded that continued development of new alloys will
probably not result in a material with sufficiently low cost, low density, and low corrosion rate to be use-

ful as a positive current collector/containment material for Na/S cells.

ANL has completed a series of tests of the Li-Al/25 mol% LiCl-37 mol% LiBr-38 mol% KBr/FeS, (upper
plateau) bicells with 100-cm? BN-felt separators. These tests established the following prospects for the

new Li-Al/FeS, cells:

Specific energy  175-200 Wh/kg @ 4-h rate
Specific power =200 W/kg @ 80% DOD
Cycle life =1000 cycles to 100% DOD

A glass electrolyte with the composition (in mol%) 42 Na,O, 8 AL O,, 5 ZrO, and 45 SiO, has been tested
in Na/S cells by ANL. Small-scale cells (1-3 mAh capacity) were successfully cycled at 3 to 6 mA/cm?

(C/4-C/8 fate) for 36 to 40 cycles (10-20% DOD) before failure at the containment seals occurred.

LLNL completed tests with én Al/air cell assembly (two Eltech EL—2 cells) that wés coupled to a
crystallizer/separator (lamella settler) subsystem. These tests revealed operational problems with the
cell/separator asserﬁbly: (i) anode dissolution in the cell was irregular, and (ii) partial plugging of various
cell components by solid products was encountered. The lamella settler/crystallizer was able to maintain
a low solid particle concentration in the cell, and it was able to agglomerate the reaction ‘products. The

results of these tests suggested several modifications to the system to improve its overall performance.
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I. INTRODUCTION

This report summarizes the progress made by
the Technology Base Research (TBR) Project for
Electrochemical Energy Storage during calendar year
1986. The primary objective of the TBR Project,
which is sponsored by the Department of Energy
(DOE) and managed by Lawrence Berkeley
Laboratory (LBL), is to identify electrochemical
technologies that can satisfy stringent performance
and economic requirements for electric vehicles and
stationary energy storage applications. The ultimate
goal 1s to transfer the most promising
electrochemical technologies to the private sector or
to another DOE project (e.g., Sandia National
Laboratories’ Exploratory Technology Development
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 Livermore National
Laboratory (LLNL) and Los Alamos National

Laboratory  (LANL). Brookhaven  National
Laboratory (BNL) and Argonne National Laboratory
(ANL) participate in the TBR Project by providing
key research support in several of the project
elements.

The TBR Project consists of three major project
elements:

. Exploratory R_esearch
. Applied Science Research
. Air Systems Research

The objectives and the specific battery and
electrochemical systems addressed by each project
element are discussed in the following sections,
which also include technical summaries that relate to
the individual projects. Financial information that
relates to the various projects and a description of
the management activities for the TBR Project are
described in the Executive Summary.



II. EXPLORATORY RESEARCH

The major thrust of this project element is to

evaluate promising electrochemical couples for
advanced Dbatteries for electric vehicles. The
advanced battery systems that were investigated are
various versions of rechargeable lithium cells.

A. MOLTEN SALT CELLS

Molten-Salt Cells based on Li alloy negative
electrodes and metal disulfide positive electrodes can
exhibit very high performance, ease of manufacture,
and freeze-thaw capability. Two organizations are
pursuing techniques to stabilize the performance of
FeS; electrodes in these cells.

| Molten-Electrolyte Cell Research

L.A. Redey and T.D. Kaun (Argonne National
Laboratory)

Research is being conducted to ac}/1ieve major
improvements in the performance and reliability of
the Li-alloy/FeS, system with molten-salt electrolyte.
The objective of this task is to bring about innova-
tions in the current technology that will yield a
specific energy of 200 Wh/kg at a 4-h discharge rate,
a specific power of 200 W/kg and a cycle life of 1000
cycles. Significant progress has been made toward
achieving these goals based on improvements in the
electrochemical properties of electrode materials
(energy and power capabilities, polarization, and area
specific resistivities) and innovations in cell design.
The two major changes from earlier cells with FeS,
electrodes are (i) .a novel electrolyte composition
(LiCl-LiBr-KBr rather than LiCIl-KCl) with a lower
melting point (310°C), and (ii) a higher loading den-
sity (2.4 vs 1.5 Ah/cm?®) for the FeS, electrode, which
is operated only on its upper plateau (U.P.).

During this period, it was demonstrated that the
use of the dense U.P.-FeS, electrode and the lower-
melting LiCl-LiBr-KBr electrolyte eliminated the
capacity-loss problem of previous Li-Al/FeS, systems
(with LiCI-KCl electrolyte, a 50% decline in cell
upper-plateau capacity occurred in the first 200
cycles). The capacity utilization as a function of cycle

number for the U.P.-FeS, cell is shown in Fig. 1 (cell
~ coulombic efficiency was >99%). The cell capacity
was nearly constant (i.e., ~89% at 50 mA/cm?)
through more than 400 cycles and 5400 h, and the

cell voltage versus capacity curve changed very little
during this time. : :

Compared with previous two-plateau (T.P.) FeS,
cells, the U.P.-FeS, cell (24-Ah bicell design) had a
higher energy density at 50 mA/cm? as a result of an
~50% higher utilization of the capacity and a 10%
higher average discharge voltage. The voltage versus
capacity curves of these two Li-Al/FeS, cells (both

~ with 24-Ah capacity) are compared in Fig. 2. The

energy density at higher discharge rates, 100 and 150
mA/cm?, showed even greater improvement, with
the utilization of capacity ranging from 82 to 75% at
397°C. The U.P.-FeS; cell is capable of an 82% utili-
zation at 150 mA/cm? when operated at 427°C. The
cell capacity at a discharge current density of 100
mA/cm? was only slightly decreased as the tempera-
ture decreased from 427 to 388°C. Also, good opera-
bility was obtained at temperatures as low as 380°C.
Tests with a U.P.-FeS, cell having a thick positive
electrode (48 Ah) showed a four-fold increase in
energy storage per unit of separator area compared to
previous T.P.-FeS, cells. The power density at 80%
depth of discharge (DOD) was enhanced by at least
100% because (i) the cell voltage at 80% DOD was
about 0.3 V higher than that of a T.P.-FeS, cell, and
(ii) the cell resistivity was lower, ranging from 0.65
to 0.85 ohm-cm? for 5 to 80% DOD, compared with
1.2 to 1.6 ohm-cm? for the T.P.-FeS, cell. The
higher voltage and lower resistivity of the U.P.-FeS,
cell boosts the power density from 0.3 to 0.8 W/cm?
of separator area at 80% DOD.
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Figure 1. Cell discharge capacity (utilization of the U.P.-
FeS, capacity) as a function of cycle life.
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Electrochemical characterization of FeS,-NiS, or
FeS,-CoS, active materials has revealed significantly
better electrode kinetics when compared to FeS,
active material. In particular, area-specific resistance
(ASR) measurements on FeS,-NiS, (1:1 ratio) elec-
trodes indicated ASR;s, values in the range of 0.55
to 0.70 ohm-cm? for the discharge half-cycle. Under
identical discharge conditions, the FeS, electrode
exhibited values in the range of 0.9 to 1.6 ohm-cm?.
In addition to the lower ASR values, the narrower
range of ASR values results in better overall perfor-
mance for the mixed-sulfide electrode.

A further decrease and even more uniformity of
the ASR values on discharge (0.25-0.35 ohm-cm?)
have been observed for FeS,-NiS, electrodes that
were operated in Li,S-saturated electrolytes. The
improved power, as indicated by the lower ASR
values, is also associated with higher rates of charge
and .discharge and better utilization of the active
material. The power and charge acceptance of Li-
alloy/FeS;-NiS, test cells (1-2 Ah) were significantly
improved when Li,S was used in excess of the
stoichiometric amount required by the metal sulfide
formation. A sufficient quantity of Li,S at the end
of charge provides a very effective overcharge-
protection mechanism.

Studies were initiated to identify materials and
mechanisms that afford overcharge protection at the
negative electrode. Active materials that will also
improve the energy and power density of the nega-
tive electrode are also being examined. The initial
results of both efforts have been successful and may
be patentable. Invention reports are being prepared.

- As a result of electrode impedance studies, an
ultra-high power capability was revealed during
laboratory tests of Li-alloy/FeS, cells. A specific
peak-power of ~18 kW/kg was demonstrated when a
power density of 8.8 W/cm? was achieved with
repetitive 1-ms pulses at a current density of 8
A/cm? The pulse response of the Li-alloy/FeS, sys-

tem is illustrated in Fig. 3, which shows plots of cell
current and voltage as a function of time. The cell at
full charge provides an intense current pulse of 8.04
A/cm? and 1-ms duration. The current pulse causes
a drop in cell voltage of about 0.84 V (from 1.93 V
before the pulse to 1.09 V at the end of the pulse)
because of an internal cell resistance of ~0.1045
ohm-cm? (R, = AV/AI = 0.84/8.04). With this R, (t
= 1 ms), a peak power density of 8.91 W/cm? (32.8
W/cm? volumetric power density) is available. A
system specific peak power of 17.6 kW/kg is pro-
jected based on the size (7.91-cm? area; 2.72-mm
thickness) and weight (4 g) of this cell. Full cell
capacity was obtained with high-intensity pulses hav-
ing durations of more than 250 ms and rates of more
than 20 pulses a second. This power performance
characteristic is orders of magnitude greater than
that of the lead-acid battery system. Because of the
endothermic nature of the electrochemical discharge
reaction, the usual heat generated by internal power
(I?R) losses is canceled in the Li/FeS, system for out-
put pulse power levels as high as 165 kW/kg. This
self-cooling feature allows very compact packaging.
As a result, a rechargeable bipolar cell array incor-
porating newly developed active materials and
molten-salt electrolytes is projected to have a specific
power of 150 to 300 kW/kg.
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* Simplified current-collector shapes are needed to
facilitate the fabrication, and to reduce the cost of
cells that use Mo current collectors. Modeling and
cell fabrication studies were initiated to investigate
alternative electrode designs. A  model was
developed for a cylindrical cell. with the positive elec-
trode in the shape of a rod and an outer annulus of
separator material (Mg0Q powder). This electrode
shape affords simpler and less costly fabrication than
that of flat-plate designs. The model was used to
evaluate various design options and to identify key
components for further study. Calculations for a
cylindrical cell design (5-cm O.D. and 19.5-cm
length) containing seven positive electrodes (~150
Ah capacity) indicated a specific energy of about 190
Wh/kg and a specific power of ~250 W/kg at 50%
DOD (~170 W/kg at 80% DOD) are achievable.
The analysis also indicated that an improvement in
the electronic conductivity of the positive electrode
would result in a significant increase in cell power
capability. '
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Investigations of FeS, Electrodes in
High-Temperature Li/FeS; Cells

G. Barlow (Gould Inc.)

The lithium-alloy/iron disulfide couple is
currently being reconsidered for use in high-
temperature molten-salt batteries because of its high
theoretical specific energy and power. The successful
implementation of the lithium-alloy/iron disulfide
couple has not occurred. to date, due primarily to an
unacceptable decay in the capacity of the upper-
plateau discharge reaction. The goal of the present
research is to gain a better understanding of the
mechanisms which lead to upper-plateau capacity
decline and attempt to define a solution to the prob-
lem. ,

Earlier thermogravimetric analyses work per-
formed under this contract showed that iron pyrite
thermally decomposes at a relatively high rate at typ-
ical cell operating temperatures of =450°C, but at a
temperature of ~300°C the rate of decomposition is
negligible. This implies that lowering the cell operat-
ing temperature in the range of 300 to 400°C by util-
izing a lower-melting-point electrolyte would signifi-
cantly reduce the rate of sulfur loss and hence the

loss of upper-plateau capacity.

Three different electrolytes were selected for the
in-cell experiments with melting points ranging from
184 to 341°C, thus permitting cells to be operated at
temperatures below 400°C. The in-cell experiments
were conducted in 20-cm? pellet cells which were
operated over both the upper- and lower-voltage pla-
teaus between an upper charge cut-off of 2.0 V and a
lower discharge cut-off of 1.0 V.

Identical cells containing a LiCI-LiF-Lil electro-
lyte cycled at temperatures of 350 and 450°C, respec-
tively, showed that the average rate of loss in upper-
plateau capacity of the cell operated at 350°C was
approximately half (0.141% per cycle) that of the cell
operated at 450°C (0.295% per cycle). The life of the
cell operated at 350°C was also significantly longer
than the cell operated at 450°C, 250 cycles compared
to 115 cycles. However, the lower-plateau capacity
was substantially lower in the cell operated at 350°C
than that of the cell operated at 450°C. A cell con-



taining a LiCl-LiBr-Lil-KI-Csl electrolyte operated at
200°C over a period of 650 days exhibited an upper-
plateau capacity decline rate of 0.016% per day over
the first 500 days. This result reinforces the
hypothesis that the rate of capacity decline can be
greatly reduced by lowering the cell operating tem-
perature. However, such a low operating temperature
greatly reduces the cell reaction kinetics so that
charge/discharge current densities are limited to
about 5 mA/cm?. _

A cell containing a LiCl-LiBr-KBr electrolyte
(same composition as used by Kaun' at ANL), which
has a melting point of 310°C, was also built and
tested. This cell differed from the ones in the ANL
study in that no CoS; was incorporated in the FeS,
electrode, and the cell was a starved-electrolyte
design with a MgO separator which was operated
over both upper- and lower-voltage plateaus. The
main findings from this cell were as follows: (i) the
upper-plateau capacity declined with cycling at a rate
similar to that of the cell containing the all-lithium-
halide electrolyte operated at the same temperature;
and, (i1) the capacity of the lower plateau was only
20% of theoretical at a discharge current density of
40 mA/cm?. The rate of loss in upper-plateau capa-
city in this cell differs from that measured by Kaun;
however, the loss may be attributed to a degree of
irreversibility of the phases formed in the positive
electrode when operated over both voltage plateaus,
which is not observed when cycling is restricted to
the upper plateau only. One concludes from this
that the upper-plateau capacity decline is not strictly
due to a loss of sulfur from the FeS,. Also, electro-
lytes containing K* severely limit the capacity avail-
able from the lower plateau at typical electrode
operating current densities of =40 mA/cm? These
results indicate that an upper-plateau cell design
should have superior performance and life, com-
pared to a two-plateau cell design.
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B. AMBIENT-TEMPERATURE
LITHIUM CELLS

These cells have the potential for high specific
energy and specific power, but they typically exhibit
short lifetimes when tested under deep-discharge
regimens. An inorganic-electrolyte system, which
offers improved Li-electrode rechargeability and the

capacity to withstand limited overcharge, is under
investigation, along with an organic-electrolyte sys-
tem.

Inorganic Ambient-Temperature
Rechargeable Lithium Battery

A.N. Dey (Duracell, Inc.)

Duracell, Inc. developed an ambient-temperature
Li rechargeable cell in 1980 with an inorganic SO,
electrolyte, positive electrode of porous carbon, SO,
as depolarizer, and Li,B,¢Cl;q or LiGaCly as the elec-
trolyte salt. Cells of D-size had a cycle life of 50 to
140 cycles at 10 to 20% depth of discharge and only
10 to 30 cycles on deep discharge. Degradation of
the carbon electrode was believed to cause poor cycle
life.

In addition to poor cycle life, the salts Li;B;¢Clig
and LiGaCl, were also very expensive. Develop-
ment efforts were continued with the exploration of
new low-cost electrolyte salts and other positive eléc-
trode materials. Various Li and other alkali and
alkaline-earth metal salts were found readily soluble
in SO, and formed highly conductive electrolytes. A
conductivity of about 1 x 107 ohm'cm' was
obtained with the solvated LiAICl;-xSO, electrolytes.
The solvated electrolytes also provided excellent Li
stability and cycling efficiency; Li cycling efficiencies
of over 96% were obtained. Studies of various solid
positive materials have also identified CuCi, as one
of the promising materials for use in inorganic SO,
electrolyte. Cells using porous carbon and solid
active materials such as CuCl, for the positive elec-
trodes were evaluated with various SO, electrolytes.

The Li/carbon system with LiAICl4-xSO, electro-
lytes shows an OCV of 3.2 V, and the cell reaction is
different from the regular Li/carbon cells with
Li;B,oCl1¢/SO, or LiGaCl,/SO, electrolytes. These
cells have theoretical specific energy of 524 W/kg. In
experimental prismatic cells, over 200 cycles at 100%
DOD were . obtained. The 2/3A-size prototype
wound cells delivered about 40 to 60 cycles at 100%
DOD and near 200 cycles at 50% DOD. A practical
specific energy of about 100 W/kg has been obtained
with the prototype 2/3A cells, and a higher specific
energy is anticipated for larger sizes of cells.

Li/CuCl, cells with inorganic SO, electrolytes
have an OCV of 3.4 V with a theoretical specific
energy of 606 Wh/Kg to a cut-off of 2.6 V (first elec-
tron discharge). Over 400 cycles at a 2 mA/cm?
discharge rate and a 1 mA/cm? charge rate have been
demonstrated in experimental cells. Cells discharged



to 2.2 V with the reduction of CuCl, to Cu have a
lower cycle life. The 2/3A-size prototype wound
cells delivered only 15 to 20 cycles, which was prob-
ably due to poor fabrication of the positive electrode.

The capability to accept overcharge is one of the
important advantages of the inorganic-electrolyte
system. All active chemicals present in the systems
are inherently reversible. Experiments to demon-
strate the overcharge capability and to investigate the
balancing reactions were carried out. Oxidation of
the electrolyte salt and the recombination of the
overcharge products provide the balancing function.
The amount of overcharge which the cell can sustain
is limited by the chemical stability of the separator
to the overcharge products.

Capacity fade, development of internal shorts,
and instability of the separator in the presence of
overcharge products are the major problems of the
prototype wound cells. Further studies of the inor-
ganic rechargeable system to improve the cycle life,
specific energy, and the stability of the separator are
recommended.

Ambient-Temperature Secondary
Lithium Batteries Using LiAl or
Lithium Insertion Anodes

K. M. Abraham (EIC Laboratories, Inc.)

The objective of this project is to develop a suit-
able replacement for Li anodes in ambient-
temperature secondary batteries with the intent to
eliminate the safety and cycle-life problems associ-
ated with the extreme reactivity of elemental Li.
The alternative anodes which are being developed
are Li-Al, LiyWOQO, and LiFe;O3;. The higher
equivalent weight and lower Li activity of these
materials will be largely compensated for by coupling
them to high-voltage cathode materials such as
LiCoO,, Cr;Og or amorphous V,0s5. The work
reported here describes the synthesis, and physical
and electrochemical characterizations of the alterna-
tive anodes, and studies on the cathodes.

A novel low-temperature chemical synthesis of
the anode materials has been developed which
involves the reaction of in situ generated Li-
naphthalide (Li-naph) with powdered Al or metal
oxides. Debye-Scherrer X-ray studies confirm that
the reaction of Li-naph with Al produces 3-Li-Al. It
appears that this is the first time that a room-
temperature chemical reaction. has produced this
alloy. Future work includes improvement of the

reaction efficiency and cycle testing of the alloy in a
Li-Al/TiS; cell.

X-ray diffraction data established that the reac-
tion of Li and WO, involves an insertion process,
and the chemical reversibility tests with I,/CH;CN
solutions confirmed this. The electronic conductivi-
ties of WO, (55 ohm™'-cm’!) and LiWO, (1.9 ohm™'-
cm’!) are adequate to allow the materials to function
as electrodes without the use of an additive to
enhance conductivity.

Although a-Fe,05 is an insulator, a-LigFe;O5 has
a conductivity of 0.40 ohm™-cm™. Thus it is possi-
ble to fabricate useful LigFe,O; anodes without
incorporating addmves to enhance conductivity. X-
ray analysis revealed that lithiation of «o-Fe,Oj
results in a loss of crystallinity of the oxide. Thus,
Li,Fe;O; compounds with x = 3 are amorphous,
while those with x < 3 are poorly crystalline. The
conductivity of y-Fe,O3 is 3.0 x 10”° ohm™-cm™!, and
increases to 3.0 x 102 ohm™'-cm™! for y-LigFe,03. A
loss -of crystallinity was observed upon Li insertion
for this form of FeyO3 as well.

Amorphous V,0s, crystalline LiCoO, and Cr;Og
have been prepared and tested. X-ray analysis shows
them to be free of impurity phases. The electronic
conductivity is 1.98 x 10 ohm'-cm for «-V,0s,
1.78 x 10* ohm™-cm™! for LiCoO,, and Cr;Oj is an
insulator.

The electrochemical reversibility of the lithiated
oxides was studied in Li/PC-LiClO4/metal oxide
cells. - The maximum reduction capacities
corresponded to utilizations of 1.1 Li/WO,, 7.3
Li/a-Fe,O3, and 6.3 Li/v-Fe,Os. The cycling results
indicate that Li,WO, is useful as a reversible anode
with nearly 1 Li/WO, capacity, and Li,Fe,O; is use-
ful as a reversible anode with ~3 Li/Fe,O; utiliza-
tion.

Reaction of a vanadlum -containing glass with
excess Li-naph resulted in the uptake of 3 Li/V,0s.
Cycling of a Li/PC-LiClO4/V,05 cell between 3.6
and 1.5 V resulted in the insertion of 2.4 Li/V,0;
with 68% recharge efficiency in the first charge. Sub-
sequent cycling efficiency was 97%, and more exten-
sive cycling studies are being performed.

Cycling a Li/PC-LiClO4/Co0O; cell from 3.4 to
4.5 V allowed removal of 0.5 equivalents of Li with
80% recharge efficiency in the first charge.

 Discharge of Li/PC-LiCl0,4/Cr;Og4 allowed inser-
tion of 4.5 Li/Cr;Og and 73% of the capacity was
regained during charge.

Cells with the conﬁguratlon LiWO, or
LigFe,03/PC-LiClO4/TiS; were cycled at + 0.5
mA/cm? between the limits of 0.5 and 2.2 V. More
than 100 cycles were obtained with each type of cell,



and the coulombic efficiency was 100% for each An anode made with chemically prepared LigFe,O;
cycle. The utilization decreased from 0.5 Li/WO, was cycled to 0.9 equivalents of Li with 100% effi-
and 1 Li/o-Fe,O; in the first cycle to ~04 ciency.

equivalents of Li for both materials after 113 cycles.



III. APPLIED SCIENCE RESEARCH

The objectives of this project element are to
provide and establish scientific and engineering
principles applicable to batteries and electrochemical
systems; and to identify, characterize and improve
materials and components for use in batteries and
electrochemical systems. Projects in this element
provide research that supports a wide range of
battery systems — alkaline, flow, molten salt,
nonaqueous, and solid-electrolyte. Other projects are
directed at research on improving the understanding
of electrochemical engineering principles, corrosion
of battery components, surface analysis of electrodes,
and electrocatalysis.

A. ALKALINE CELLS

+ Zinc is often used as the negative electrode in
alkaline cells, and it is this electrode that typically
limits the lifetime of these cells. Efforts are under-
way to identify cell components that will improve
the cycle-life performance of the Zn electrode.

Zinc Electrode Studies

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

The purpose of this research is to study the
behavior of electrodes used in secondary batteries
and fuel cells, and to investigate practical means for
improving their performance and lifetime. Systems
of current interest include ambient-temperature
rechargeable cells with Zn electrodes: Zn/air,
Zn/NiOOH, Zn/AgO, Zn/Cl,, Zn/Br,, and
Zn/Fe(CN)g 3.

Micro-electrodes are being used to investigate
chemical and transport processes that occur in secon-
dary porous Zn electrodes. The potentials of Zn and
Cd micro-electrodes are monitored as the porous
electrode is charged and discharged. Examples of Zn
micro-electrode data obtained in 30 wt% KOH elec-
trolyte are shown in Fig. 4. Local KOH and
K,Zn(OH), molalities were calculated from the p-
electrode potentials, and significant potential gra-
dients were measured at the edge of the electrode
during both charge and discharge. There were large
changes in the Zn(OH)i~ concentration during
charge and discharge, but the OH™ concentration
remained nearly constant.

Three factors under investigation for improving
Zn/NiOOH cell cycle-life performance are: 1) elec-
trolyte composition, 2) electrode composition, and 3)
charging method. A 15 wt% KOH-15 wt% KF elec-
trolyte was used with electrodes containing 25 to 40
mol% Ca(OH),, where the Ca(OH), is substituted for
an equivalent amount of ZnO. Three types of charg-
ing methods were successfully employed with these
cells:  constant-current, constant-current/voltage-
limited, and pulsed-current/voltage-limited. The last
two methods are preferred because they avoid- high
overpotentials during charge. A cell employing KF-
KOH electrolyte, a Zn-Ca electrode, and a specific
pulse-charging regimen (30-ms on/90-ms off, 8
mA/cm? peak current density) with a 1.95 V cell cut-
off voltage has achieved 465 deep-discharge cycles
and still maintained 80% of its original capacity! In
situ X-ray examinations revealed a negative elec-
trode with a slowly-changing mottled appearance
against a uniform background attributed to a calcium
zincate compound. The NiOOH electrodes for this
cell dropped to 80% of their original capacity by
cycle 435 and were replaced. Other tests demon-
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Figure 4. Zn micro-electrode potentials during the charge
and discharge of a Zn porous electrode in 30 wt% KOH at
cycle no. 52. Charge current is 0.1248 A, and discharge
current is 0.312 A. Symbols indicate the distance of the
micro-electrode from the edge of the porous electrode as
follows (a negative value indicates that the probe electrode
is in the electrolyte space between the cell wall and the
edge of the porous electrode): B, -.75 mm; J, +.5 mm; o,
+2.5 mm; O, +6.5 mm; A, +35.0 mm. (XBL 871-89)



strated that up to 20% of the Zn transfers from the
negative electrode to the NiOOH electrode early in
cell life. This phenomenon may contribute to the
decline of the NiOOH electrode capacity in long-
lived cells. A factorial experimental design has been
developed to further investigate interactive effects
among the three factors under study.

Studies of the electrochemical kinetics of Zn dis-
solution and deposition have continued. Problems
arose using l-mm Zn disc electrodes due to the low
currents' involved, so larger electrodes were used.
Experiments using 5- to 25-ms pulses were carried
out, and the potential step results indicate exchange
current densities of 0.75 to 1.0 mA/cm?.

Open-circuit potentials of the NiOOH electrode
were measured as a function of state of charge. Four
discharge potential-capacity plots were obtained, all
showing a similar shape. A multiple-point least-
squares method will be used to fit the data for use in
a mathematical model of the Zn/KOH/NiOOH cell.

PUBLICATION

1. M.J. Isaacson, E.J. Cairns and F.R. McLarnon
(1986), “Activity Coefficients in Concentrated
Potassium Hydroxide-Potassium Zincate Elec-
trolytes,” 36th Meeting of the International
Society of Electrochemistry, Salamanca, Spain,
Paper No. 12080.

Stable Ionic Polymers for
Electrochemical Applications

C. Arnold and R. Assink (Sandia National Labora-
tories)

There i1s a continuing need for chemically stable,
ion-conductive polymers for electrochemical applica-
tions. Examples of such applications include battery
membranes, solid polymeric electrolytes, and elec-
trode coatings. The purpose of this project is two-
fold: 1) synthesize and evaluate oxidatively stable
ionic polymers, and 2) establish structure/stability
relationships and degradation mechanisms by study-
ing the aging of selected model compounds.
Membrane Synthesis. Synthesis efforts were focused
on polyphenylene (PP), an example of a catenated
aromatic polymer, and poly(a-methylstyrene) (PMS),
an example of an aromatic vinyl polymer with no
tertiary hydrogens. These polymers were selected for
their inherent chemical stability and because the low
molecular weights of their repeat units permit the
high ion-exchange capacities needed to achieve high
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conductivities. Polyphenylene was prepared by oxi-
dative coupling of benzene with stoichiometric
amounts of either FeCl; and H,O or AICl; and
CuCl,. Sulfonation of PP and commercial PMS was
carried out with either fuming H,SO,4 or a complex
of 2 moles SOz and [ mole (C,H;);PO.,.

Sulfonated polyphenylene (SPP) was only par-

tially soluble in H,O and other solvents; conse-
quently its fabrication into films was not feasible.
Although sulfonated poly(a-methylstyrene) (SPMS)
was soluble in H,O and could be cast into films, the
films were mechanically weak and of little use as
membranes. Mechanically strong membranes were
made from blends of SSP and/or SPMS with sul-
fonated polysulfones. These blended membranes
exhibited very low area resistivities in a strong base
and were non-permeable to electrolytes such as ferri-
cyanide. These findings demonstrate the feasibility
of achieving high conductivities and selectivities by
blending materials having high ion-exchange capacity
and poor mechanical properties with materials hav-
ing low ion-exchange capacities and good mechanical
properties.
Structure/Stability Relationships. Earlier studies
have shown that the graft of a radiatively grafted
membrane often degrades rapidly in an oxidizing
environment. The degradation of the active site has
tentatively been attributed to the presence of tertiary
hydrogens which are known to be particularly sus-
ceptible to oxidative attack. In this study the effect
of replacing the tertiary hydrogen by a methyl group
in a model compound was evaluated. The results
suggest that membrane stability can be substantially
increased by elimination of tertiary hydrogens.

A membrane of 4-potassium-t-butylbenzene sul-
fonate was prepared by sulfonation of t-butylbenzene
with fuming H,SO, followed by neutralization with
K,CO;.  Isopropylbenzene-4-sulfonic acid was
prepared via sulfonation of isopropylbenzene using a
2/1 complex of SO; and (C;H;s);PO, dissolved in
1,2-dichloroethane. Stability was determined by
exposure to a saturated solution of K;Fe(CN)g in 5
N NaOH at 50°C for various periods of time. This
solution was chosen because it is a strong oxidizing
agent. Degradation products were identified by
proton-decoupled '*C NMR at 50.16 Mz.

The '3C NMR spectra of sulfonate isopropylben-
zene and t-butylbenzene established that sulfonation
occurs primarily in the para position. Several degra-
dation products were evident in the spectra of these
monomers after they had been aged. The solutions
of both model compounds had resonances
corresponding to carboxylic acid and carbons next to
an alcohol group. In addition, the sulfonated isopro-



pylbenzene spectrum had several peaks correspond-
ing to various aliphatic carbons. It was obvious
from the relative intensities of the degradation pro-
duct peaks that the isopropylbenzene derivative had
experienced much more degradation than did the t-
butylbenzene derivative. Since the only difference in
their structure is the replacement of a tertiary hydro-
gen by a methyl group, it is concluded that a similar
substitution in the grafting monomer of radiatively
grafted membranes may result in increased chemical
stability.

B. ZINC/HALOGEN CELLS

Flowing electrolytes are used in Zn/halogen cells
to promote the transport of Zn** across the cell and
to remove halogen as the cell is charged. The cell
performance is limited by the tendency of the elec-
trodeposited Zn to assume unwanted shapes, and
efforts are aimed at understanding the complex
phenomenon that control the Zn electrode morphol-

ogy.

Surface Morphology of Metals in
Electrodeposition

C.W. Tobias (Lawrence Berkeley Laboratory)

The objective of this project is to gain under-
standing of the partial processes and their interac-
tions involved in the electrodeposition and electro-
dissolution of metals. Of particular interest is the
influence of hydrodynamic flow on electrocrystalliza-
tion, and the distribution of charge-transfer rates on
advancing and receding metal profiles, as determined
by the electric and concentration fields in the solu-
tion, and by the kinetics of the charge-transfer reac-
tion. Control of the morphology of metallic deposits
has been traditionally effected by addition agents
that interfere with the crystallization process. In
energy-storage applications, however, other means
may have to be employed for the control of mor-
phology.

In a study of the micromorphology and current
efficiency of Zn electrodeposited from flowing, acidic
chloride solutions, the effects of six variable were
examined: flow rate, current density, Zn** and H*
concentrations, concentrations of Ni, Fe and Cd
impurity ions, and the nature of the substrate. The
development of micromorphology was studied in
situ by means of videomicrography and ex situ by
means of scanning electron microscopy (SEM). This
investigation focused on the formation of grooved
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deposits, which are found under a wide range of
deposition conditions. The major conclusions from
this study are: (i) the most important variable deter-
mining whether grooved deposits form is the interfa-
cial concentration; (ii) large protrusions orient them-
selves parallel to the flow direction with the orienta-
tion starting upstream and progressing downstream;
(iii) large protrusions become ridges due to growth of
the highest current density regions of the electrode
under mass transport control. The current efficiency
was measured using EDTA titration and weight
measurements. The fraction of the current taken by
Zn deposition increased with Zn concentration, rang-
ing up to 100%, and decreased with pH. The effi-
ciency of Zn deposition was affected by the flow rate
and the substrate employed. Impurities lowered the
current efficiency.

Procedures have been developed for the prepara-
tion of a micropatterned electrode to be used in the
study of electrocrystallization. Using microphotol-
ithography, in conjunction with evaporation and
pulse electrodeposition of thin films, a set of artifi-
cially roughened electrodes with hemispherical sur-
face features 5 p in diameter was developed. Elec-
trodes with different orientations and separations of
protrusions will be used to study the interaction of
growth centers and the genesis of striations. Voltam-
metric studies were conducted to determine the
material best suited as substrate for the micropat-
terned electrode. Gold, platinum and various carbon
surfaces were evaluated for Zn nucleation density
and H, overpotential. Surface homogeneity was
examined by both light and SEM. Gold was deter-
mined to possess the best combination of material
properties: chemical inertness, low melting point,
and a high work function allowing underpotential
deposition of Zn which reduces the rate of H; evolu-
tion. ‘
Stripping coulometry was employed to determine
Zn limiting currents and evaluate effective diffusion
coefficients in concentrated ZnCl, solutions.
Although the method worked well for dilute ZnCl,
and CuSQ, solutions, it failed at higher current den-
sities; the emergence of surface roughness obscured
actual limiting current plateaus.
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Electrode for Studies of Zinc Electrodeposi-
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from Flowing Electrolytes,” (M.S. Thesis),

LBL-21492.

Dendritic Zinc Deposition from
Flowing Zinc Halide Solutions

J.R. Selman (Illinois Institute of Technology)

The objectives of this project are to investigate
the formation and growth rates of dendritic or nodu-
lar deposits at Zn electrodes in flowing acidic halide
solutions by experimental and analytical methods.
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 are focal points of this research.

The kinetics of Zn dissolution in brominated
ZnBr; have been studied by a rotating hemispherical
electrode (RHE). The corrosion potential-current
relationships for different ZnBr, concentrations
(0.05-0.35 M) were measured and analyzed. A corro-
sion mechanism with parallel chemical/ electrochem-

ical reactions:

Zn - ZnT2 + 2e”
~ Brp + 2¢7 —» 2Br™

‘ ,
Zn + Br, > Zn** + 2Br”

was shown to fit the experimental results presented
in Fig. 5. The dashed lines plotted in this figure are
obtained by a least-square non-linear parameter esti-
mation procedure (simplex method). This analysis
leads to the following conclusions:
1. ~ The exchange current density for Zn dissolu-
“tion (assuming first-order kinetics) is ~20
mA/cm?.
The chemical reaction path is dominant at high
bromide concentration where Br is mostly
complexed to form Brj . This suggests that the
Br3 is the reacting species in the parallel chem-
ical reaction.
3. The dominance of the chemical reaction (in
' solutions containing excess of Br’) suggests that
Zn corrosion is appreciable even under
cathodic protection. Shown in Fig. 6 are SEM
photographs of Zn deposited from solutions
containing Br, and without Br,. In the pres-
ence of Br,, the nodules formed tend to be
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Figure 5. Typical corrosion current-potential response in
different zinc bromide concentrations and in zinc sulfate

solution,

smaller and flatter. This observation also qual-

itatively confirms the mechanism proposed
above. .

Morphological studies of Zn deposited from 0.2

or 0.8 M ZnBr; solutions under well-defined convec-

tion conditions (RHE) were initiated. The effect of

charging methods (DC vs periodic current reversal

(PCR)), and of KCl and Br; as additives are of spe-

cial interest. The results can be summarized as fol-

lows: v

1.  Charging methods and KCl additions have no

apparent effect on the size distribution and cry-

stal structure of the nodules. However, flow
lines are visible to the naked eye, except in the
case of PCR charging.

The presence of Br, resulted in smaller and

flatter nodules, presumably due to chemical

. attack,

3.  The addition of 100 ppm of Tween 60 surfac-
tant caused significant change in structure and
made the Zn morphology become wool-like.
Under prolonged deposition (3 h at 80
mA/cm?), flow lines of two-dimensional protru-
sions become visible.



Figure 6. SEM photographs of Zn deposits at magnifica-
tion of 500X. The total loading for both photographs is
75 mA-hr/cm?.  The operation conditions for the upper
photograph are ZnBr; = 0.2 M, «w = 1000 rpm, Cg,, = 10.5
mM, pH = 2.9; and ZnBr, = 0.8 M, «w = 1000 rpm, Cg,, =
0 mM, pH = 5.1 for the lower photograph.

KCl were determined from polarographic measure-
ments. The results indicate that Zn-halogen com-
plexes are influencing the migration flux of the
reacting species. The effective diffusivities exhibit a
minimum at a Cl/Zn ratio of ~3.5 (Fig. 7). A speci-
ation analysis shows that four species (Zn**, ZnCI",
ZnCl3, ZnCly ) are present in varying amounts in
the concentration ranges studied. Proton NMR
experiments performed on several solutions confirm
this behavior.

A computer analysis was undertaken to model
the transport of species to the electrode and to sub-
tract the migration effect of the Zn-halogen com-
plexes. A parameter estimation program was used to
obtain ionic diffusivities of the Zn species.
Corrected diffusivities were then calculated from the
migration-corrected experimental currents. The
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Figure 7. Effective diffusivity vs M KCL

results are in general agreement with a physical
interpretation of how diffusivity changes with ZnCl,
and KCI concentrations.
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Zinc Electrode Morphology in Acid
Electrolytes

J. McBreen (Brookhaven National Laboratory)

The purpose of this work is to elucidate the fac-
tors, other than mass transport, affecting the kinetics
and morphology of Zn electrocrystallization in ZnBr,
and ZnCl, electrolytes. A further objective is to dev-
ise methods to slow the kinetics in ZnBr; electro-
lytes, and thereby inhibit dendrite growth and
achieve higher capacity densities in Zn/Br, batteries.



The following research areas were investigated in
1986: (i) investigation of Zn deposition kinetics in
modified ZnBr; electrolytes, (ii) Extended X-ray
absorption fine structure (EXAFS) studies of Zn
halide electrolytes and, (iii) exploratory work on the
use of EXAFS as an in situ technique for investigat-
ing processes in battery electrodes.

Modified Zinc Bromide Electrolytes. Research with
modified ZnBr; electrolytes was extended to include
additions of various alkaline and alkaline earth
bromides in stoichiometric amounts, as well as
NH4Br, were investigated. The Zn deposition and
stripping processes on glassy carbon were investi-
gated in these electrolytes using cyclic voltammetry
and the potential-step method. The addition of
these bromide salts slowed the kinetics in ZnBr, elec-
trolytes; this effect is mainly related to the Br/Zn™"
ratio. There are secondary effects with Ca*™ and Cs*
that may be due to the water affinity of Ca** or
specific absorption of Cs*. In all of these highly
purified electrolytes, including pure ZnBr,, the depo-
sition kinetics were always faster on the second
sweep of the cyclic voltammogram, or the second
potential step into the Zn deposition region. This
effect is believed to be due to an unidentified surface
species that remains after the stripping process,
which could be eliminated by mechanical polishing.
In electrolytes with NH,Br, the effect did not appear.
The addition of NH4Br did not appreciably slow the
kinetics, but was beneficial in the stripping process.
EXAFS Studies of Zinc Electrolytes. EXAFS studies
were carried out on several Zn-containing electro-
lytes, including zincate ions in 8.4 M KOH, | M
ZnBr, with various additions of HBr, and 3 M ZnBr,
with additions of AlBr3. Pure electrolytes (e.g., 1 M
ZnBr, or 3 M ZnBr,) contain several species that
have not been identified. Electrolytes with high
Br/Zn** ratios (e.g., | M ZnBr, + 6 M HBr or 3 M
ZnBr, + 3 M AlIBr3) contain tetrabromide ions
exclusively. The Zn-Br distance is 2.4 A in the tetra-
bromide complex. At intermediate ratios (e.g., | M
ZnBr, + 3 M HBr), the Zn ions are coordinated with
two water molecules and two bromide ions. Thus,
the tetrahedral coordination is maintained. For these
complexes the Zn-Br distance is 2.37 A and the Zn-O
distance is 1.83 A. No evidence was found for tri-
bromide complexes, which suggests that either these
complexes do not exist, or they occur only in a nar-
row composition range. The fast kinetics observed
with electrolytes containing low Br/Zn*" ratios may
be due to the waters of hydration permitting close
approach of Zn** to the surface. The tetrabromide
““cage” inhibits this close approach at higher Br/Zn™"
ratios. Analysis of the zincate data confirm the pres-
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ence of tetrahedral Zn(OH); species with a Zn-O
distance distance of 1.77 A. So far no evidence of
dimerization or chain formation has been found.

In Situ EXAFS Studies. In situ EXAFS of Zn cells
presented some problems because of the high solubil-
ity of Zn in the electrolyte, which complicates data
analysis. Experimental cells were constructed, and
the Ni(OH),/NiOOH reaction using plastic-bonded
nickel oxide electrodes was studied. In this case
there is no soluble Ni species in the electrolyte, so
data analysis was simple. The results show that in
situ EXAFS is feasible in cells resembling actual bat-
tery cells, and that structural information can be
obtained on electrodes during charge and discharge.
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Transport in Aqueous Battery
Systems

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

The aim of this research is to determine mutual
diffusion coefficients and osmotic/activity coeffi-
cients required for interpreting and modeling the
zinc/chlorine batteries (of which other properties
have been studied by EDA and its subcontractors).
Consequently, LLNL has measured mutual diffusion
and density data for aqueous ZnCl, and ZnCl,-KCl
mixtures, and osmotic/activity coefficients for aque-
ous ZnCl, at 25°C.

Isopiestic measurements for aqueous ZnCl, were
completed in 1986. Twenty-eight points were meas-
ured this year, and the completed data now extend
from 0.31358 to 13.134 mol/kg. A detailed com-



parison is being made of the isopiestic data to pub-
lished isopiestic and emf data. Several conclusions
have been reached: (i) previous isopiestic data is in
fairly good agreement with LLNL results, to within
0.1 to 0.5%, up to at least 11 mol/kg; (i1) there are a
number of emf studies that extend to 12 mol/kg.
Emf data only to about 1.0 mol/kg are mutually con-
sistent, and these emf results are also in excellent
agreement with isopiestic data. However, a detailed
comparison of emfs at higher concentration indicates
large differences.
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C. COMPONENTS FOR
ALKALI/SULFUR CELLS

Superior alternatives to the (7-Al,O; ceramic
electrolyte and high-temperature sulfur-polysulfide
electrode used in Na/S cells, and stable components
for Li/S cells are under investigation.

Low-Temperature Beta”-Alumina Cell

L.C. DeJonghe (Lawrence Berkeley Laboratory)

The present focus of this program is to investi-
gate the properties of a novel class of organosulfur
positive electrodes and to characterize their behavior
in  intermediate-temperature  high-specific-energy
cells. Through determination of the mass transport
and electrode kinetic properties of the organosulfur
melts, insight can be gained as to the behavior of the
sodium/organosulfur cells.

Selected members of a class of novel organosul-
fur compounds have been studied. These com-
pounds are based on the reversible oxidation of
alkali metal thio salts to the corresponding disulfide.
Of the many thio/disulfide compounds to choose

from, efforts have largely centered on the
dithiocarbamate/(thiuram disulfide) system. The
overall cell reaction for this couple is:
R\ /S ¢ R B /S S\\\ R
2 /N——C Na™ == N—C /C—N/ 2 Na
R g R g "SR
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where R is an organic functional group (C,Hs,
CH30, C6H5, CIC.).

The sodium dithiocarbamates are characterized
by their low melting points (due to strong resonance
stabilization of the thio anion) and reversible oxida-
tion to the thiuram disulfide. Depending on the
electronic and/or steric influence of the R groups
attached to the nitrogen atom, the Na salts can melt
at surprisingly low temperatures (50-150°C). The
oxidized species, the thiuram disulfides, (R,NCSS),,
melt at even lower temperatures (25-100°C), and are
easily recrystallized to high purity. Fortunately, the
dithiocarbamate salts are also very soluble in the
corresponding disulfides, allowing an operating tem-
perature somewhat below the melting point of the
salt. There are many thiuram disulfides and related
compounds which may have merit as positive elec-
trodes; of these LBL has focused on tetraethylthi-
uram disulfide (TETD).

The theoretical specific energy of a Na/TETD
cell is 360 Wh/kg, and practical cells have been con-
structed with a maximum specific energy exceeding
110 Wh/kg. The TETD compound melts at ~74°C,
while the anhydrous sodium diethyldithiocarbamate
(NaDEDC) salt has a melting point of ~145°C. Stu-
dies of the ionic conductivity of NaDEDC in molten
TETD have been performed as a function of both
temperature and salt concentration, indicating rea-
sonable equivalent conductivity in the melt (evi-
dence of ion pairing) which can be further increased
by the small addition of a high-dielectric solvent.

More than 30 galvanic cells of the type
Na/TETD have been assembled and tested to date.
The cell seals were simple since commercially avail-
able epoxies were found suitable for this purpose.
These epoxies were quite resistant to Na attack at
the operating temperature of the cell (120-130°C) but
they began to show signs of softening on prolonged
exposure to the positive electrode. This was
corrected by the use of a second silicone rubber seal
which is resistant to the organosulfur melt. Prelim-
inary corrosion studies were also conducted which
indicated that Al is not attacked by the positive elec-
trode, even under slightly anodic conditions. This
has been supported by the lack of visual signs of cor-
rosion of the Al cell container after prolonged cell
testing. Graphite felt seemed to perform better as a
current collector than reticulated vitreous carbon.
The internal resistance of these cells typically ranges
from 0.5 to 2.0 ohms (0.025-0.10 ohms/cm? electro-
lyte area) which varies somewhat with state of
charge. Results from ionic conductivity studies indi-
cate that the cell internal resistance may be further
reduced by the addition of a small amount of sol-



vent. Peak discharge rates of over 100 mA/cm? (1
min at 1 V) have been demonstrated, as well as 25
mA/cm? at 1.5 V nominal for 8% of available capa-
city. However, for charge/discharge cycling to close
to available capacity, the Na/TETD cells seem to
perform best at a current density of 5 mA/cm?.
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Mathematical Modeling of the
Sodium/Sulfur Cell

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

A mathematical model of the sulfur electrode in
Na/S cells has been developed. It consists of a set of
partial differential equations which describes the
processes of diffusion, migration, and convection
occurring during the charge/discharge of such a cell.
The solution to the relevant equations will be
effected on a digital computer via implementation of
the Newman-IAD method for the solution of two-
dimensional partial differential equations. The
results of this modeling will be compared with data
from an operating cell which has been designed to
allow measurement of ionic potentials throughout
the sulfur electrode. An attempt will be made to
predict the effect of various charge-discharge regi-
mens upon cell operation.

PUBLICATIONS

1. S.A. Naftel, F.R. McLarnon and E.J. Cairns
(1986), “Studies of the Sulfur Electrode in
Sodium/Sulfur Cells,” Extended Abstracts of the
170th Meeting of the Electrochemical Society,
p. 116.

16

2. M.L. Smith, J. Winnick, F.R. McLarnon and
E.J. Cairns (1986), “Stability of a Vitreous Elec-
trolyte for Possible Use in High-Temperature
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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 conduc-
tion (FIC) in the temperature regime of interest
(<350°C) for Li/S batteries, and also possess the
physical attributes which eliminate the shortcomings
of ceramic components, such as current-blocking
grain boundaries, anisotropic ion transport (e.g., in
B8”-Al,03), high-temperature fabrication and rela-
tively large wall thickness. In particular, attention
was focused on the transport, electrochemical, and
corrosion-resistant properties of alkali-ion conduct-
ing glasses.

The influence of modifiers such as CaO, added
to improve stability against alkali attack, on Li* tran-
sport in Li borates was examined. Electrical conduc-
tivity, density and transition temperature measure-
ments have been performed on two families of FIC
glasses, a Li diborate and a Li metaborate in which 1
to 10 mol% of the Li has been substituted with Ca.
It is worth noting that conductivities remain within
an order of magnitude of Ca-free glasses in sharp
contrast to the known depressing effect of Ca addi-
tions on alkali-ion transport in alkali silicate glasses.
The fact that the Ca-containing Li borate glasses
remain highly conductive is of technological impor-



tance since CaO additions are believed to improve
durability in contact with Li metal or its alloys.

The decrease in conductivity with CaO additions
was found to be due to an increase in activation
energy. While the molar volume is only slightly
influenced, T, is observed to be substantially
enhanced over that of a corresponding binary glass
of like O/B ratio. A preliminary interpretation is
that Ca additions serve to strengthen the glass struc-
ture which results in lower conductivities and higher
activation energies.

The role of the mobile ion radius on conduction
and glass structure was examined. Earlier, it was
found that K dilates the structure to give reasonably
high K* conductivity above 200°C. The addition of
KCl to the K borate glasses generally enhanced tran-
sport but not necessarily in the manner observed
previously for the Li and Na borate systems. At a
fixed O/B ratio of 1.7, the K* conductivity increased
monotonically with increasing chloride content, but
in contrast to Li and Na borate glasses, the enhance-
ment in conductivity appears to be tied to an
enhancement in the pre-exponential term rather than
the activation energy which appears to be about 0.9
eV. Chlorine has a dilating effect on the structure
even for the larger K cation. On the other hand,
while T, initially drops with increasing KCI content,
it levels off after the 15% value in contrast to obser-
vations on Li and Na glasses where T, drops sys-
tematically with Cl additions. It appears that, at
least in the case of the K borate glasses, both free
volume and stiffness of the structure (related to T,)
play important and competing roles in controlling
transport processes in high Cl-containing glasses.
These features are of interest for further study.
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Glass Electrolytes and Advanced Cell
Concepts

I.D. Bloom (Argonne National Laboratory)

The objective of this research is to develop a
glass that has low resistivity (100 ohm-cm at 300°C),
i1s chemically stable in the hostile Na/S cell environ-
ment, and is easily fabricable at low cost. A novel
glass electrolyte was selected (composition in mol%,
42 Na,0, 8 Al,03, 5 ZrO,, and 45 Si0O,) for further
testing in Na/S cells because of its high ionic conduc-
tivity (7.1 X 10 ohm 'em™ at 300°C) and its chemi-
cal stability (comparable to those of the Dow borate
glass and 8”-alumina).

Glass electrolytes of sufficient size and quantity
for cell tests were prepared by hand directly from the
melt at ~1000°C. However, under cycling condi-
tions, cells of 0.1 to 0.8 Ah would fail routinely, after
a few cycles. To determine the cause for the rapid
cell failures, the glass electrolytes were examined for
sources of stress. The glass electrolyte tubes, before
and after annealing, showed no signs of internal
stress under a polariscope. Furthermore, micros-
copic examination of a cast disk of ANL glass under
back-scatter-electron imaging (30,000X) showed no
sign of phase separation. The analysis indicates that
failure of these cells is most likely due to water-
vapor damage on the glass tube surface, which most
likely occurs during the drawing process or subse-
quent handling at room temperature.

The process under development for the fabrica-
tion of precision glass tubes will take into account
the physical and chemical properties of the glass. It
has been found that the minimum temperature for
molten glass stability is ~1350°C. At lower tem-
peratures, such as 1200°C, Na,ZrSiOs precipitates as
prismatic crystals.

To demonstrate, in part, the electrochemical life
of the ANL glass, single-element cells have been
tested. A membrane of ANL glass (1-2 mm thick) is
attached to the end of an Al,O; tube (50-mm long,
3.2-mm od, 1.52-mm id), in which a mixture of sul-
fur and graphite (10 wt%) is added. A molybdenum
wire (0.25 mm) was inserted to serve as the current
collector. A glass or Swagelok-based seal was used to
contain the sulfur electrode. In tests of small-scale
cells (1-3 mAh capacity), no evidence has been found



to indicate a chemical problem native to the glass
electrolyte. Cells have been successfully cycled at 3
to 6 mA/cm? for 36 to 40 cycles (10-20% DOD)
before a capacity loss was observed.

The results of these experiments suggest that
most of the mechanical problems encountered in the
small-scale cell assembly can readily be solved. Thus
far, no signs have been found of a chemical or physi-
cal problem intrinsic to the glass. Better facilities for
glass-structure fabrication are needed to obtain more
meaningful test of the electrochemical life of the
glass. Once electrochemical life has been demon-
strated, further studies are needed for scale-up of
tubing manufacture, development of seal and hous-
ing, and design of electrode/current collector. Also,
studies of freeze-thaw cycling and electrolyte failure
containment are needed and efforts to study some of
these problems have been initiated.

An ANL glass-membrane sensor/reference elec-
trode has been developed to measure S and Na
activity in research and engineering cells for the first
time. The membrane electrode provides chemical
isolation of the reference electrolyte, thereby allowing
measurement of chemical and electrochemical
parameters in difficult systems and at temperatures
up to 700°C. Concentration and potential distribu-
tions can be measured with the resolution of 1 mm
in molten-salt cells and in certain molten-metal sys-
tems that were previously inaccessible to these inves-
tigations.
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New Battery Materials

R.A. Huggins (Stanford University)

The objective of this program is to develop
materials for high-performance secondary batteries.
The emphasis of the research is to understand the
important structural, thermodynamic and kinetic
properties of these materials which influence their
behavior as cell components. The relationships
between fundamental thermodynamic and kinetic
parameters, e.g., phase equilibria, Gibbs free energy
values and chemical diffusion within solid phases,
and the microscopic and macroscopic electrochemi-
cal phenomena of the new battery materials are
investigated in this project.
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Negative Electrode Materials. Work under this pro-
gram on negative electrodes has focused on the
investigation of Li alloys which undergo displace-
ment reactions, and have Li activities less than
unity. It has been found that solid-state diffusion and
heterogeneous reactions are rapid in a number of Li-
alloy systems at room temperature, a very positive
indication for their potential use in practical systems.
Work has continued on the characterization of
several Li binary alloys, in particular Li-Cd, Li-Zn
and Li-Sn, enabling suitable pairs of alloys to be con-
sidered for use in a mixed-conducting matrix elec-
trode. Such an electrode has been constructed con-
taining a finely dispersed reactant, in this case Li,Cd
(1 < x < 3), in a solid mixed-conducting matrix,
i.e., Li»Sns. The matrix material is a good elec-
tronic conductor and has a high diffusion coefficient
for Li, ~107 cm?/s. Furthermore, it is stable
towards the reactant material (i.e., the three phases
Li5»Sns, LiCd and LizCd lie at the corners of a tie tri-
angle on the Li-Cd-Sn ternary phase diagram) and is
stable at the potential at which the reactant is
operated, 55 mV for the two-phase LiCd-LizCd pla-
teau. A typical composite electrode containing
equimolar amounts of Cd and Sn has been cycled
repeatedly at ~55 mV vs pure Li, using a current
density of 0.1 mA/cm?.
Positive Electrode Materials. Progress has been
made in the study of the room-temperature electro-
chemical behavior of ternary-phase oxide bronzes in
the Li-Mo-O system. Only Liy;MosO,, has a signifi-
cant capacity for Li, inserting up to three moles of Li
per mole. The Li diffusion coefficient is of the order
of 10® cm?/s at room temperature. Powder X-ray
diffraction results suggest that, for the bronzes men-
tioned above, Li insertion proceeds without major
structural rearrangement of the host material. It has
been further determined that the electrochemical
behavior of LisMosO;; may be enhanced signifi-
cantly if it is prepared with an excess of MoO,. This
enhancement makes MoO,-rich LiyMos0;, poten-
tially interesting as a positive electrode material in
reversible nonaqueous Li batteries. By determining
the electrochemical behavior of several compositions
in the Li-Mo-O system, a room-temperature ternary
phase diagram has been constructed for comparison
with the high-temperature (equilibrium) phase
diagram. Such a phase diagram, showing the pres-
ence of metastable phases, enables the prediction of
the room-temperature electrochemical behavior of
any composition within the Li;O-Mo0O,-Mo-Li
region.
The Li-Si-S System. This system contains structures
with parallel chains of edge-sharing tetrahedra found
in SiS,. Compositions in the Li-Si-S system, both



crystalline and amorphous, are being considered for
use as both positive electrode materials (with suit-
able dopants to enhance the electronic conductivity)
and electrolytes.

The Li-Si-S phase diagram has been determined

using a variety of electrochemical methods and
powder X-ray diffraction. The Gibbs free energies of
formation of Li,SiS; and LisSiS4 have been calcu-
lated from electrochemical data to be -197 and -335
kcal/mol, respectively. Further, the Li,S-SiS, binary
phase diagram has been determined as a function of
temperature using differential thermal analysis.
Powder X-ray data for Li,SiS; and Li4SiS,4 have been
indexed for the first time. For Li,SiS; the unit cell is
orthorhombic with lattice parameters: a = 6.61 A, b
= 11.44 A and ¢ = 6.50 A. LisSiSs is also
orthorhombic, with lattice parameters: a = 6.88 A b
= 780 A and ¢ = 6.13 A. Various glasses in the
composition range LizSi3Sg-LigSi,S; have been
prepared in graphite-lined quartz tubes and their Li*
conductivities and activation energies were measured
using AC impedance spectroscopy.
Preparation of Thin-Film Electrode and Electrolyte
Materials. The atmospheric-pressure chemical-
vapor-deposition (CVD) technique is being used to
prepare battery materials. In this technique, a con-
tinuous belt carrying the desired substrate is moved
under a carefully designed gas-injector system that
permits CVD at atmospheric pressurc. Impressive
uniform and defect-free films of a number of highly
reactive materials have been made continuously at
temperatures well below their melting points. A spe-
cial small-scale mock-up of the critical parts of this
type of apparatus has been engineered and con-
structed by Watkins-Johnson Co.

Work on the deposition of ZrO, has been under-
taken as a precursor to various Li-conducting ZrO,
phases. ZrO, was deposited by the pyrolysis of zir-
conium n-butoxide at substrate temperatures
between 385 and 535°C. The temperature of the
chemical source through which the N, carrier gas
was passed was varied from 170 to 215°C. Sub-
strates were primarily single-crystal Si, although
deposits have also been made on Ni, Al and Mo.

Work has been initiated on the deposition of
FeS, films using Fe(CO)s and H,S as source materi-
als. The feasibility of this method has been demon-
strated using a small-scale apparatus at low tempera-
ture (~100°C).
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D. CORROSION PROCESSES IN
HIGH-TEMPERATURE, HIGH-
SULFUR-ACTIVITY MOLTEN
SALTS

The aim of these projects is to develop low-cost
containers and current-collector materials for use in
alkali-sulfur and other molten-salt cells.

Polysulfide Containment Materials

J.E. Battles (Argonne National Laboratory)

During the past 2 to 3 vyears, the corrosion
behavior of 33 metals and alloys in S and NaS, at
350°C was examined. The objectives of these studies
were to obtain a basic understanding of the corrosion
reactions and to develop an alloy for use as a posi-
tive current collector/container in the Na/S cell.
Work on this project has now been completed, and it
was concluded that the continued development of
new alloys would probably not result in an alloy
material of sufficiently low cost, low density, and low
corrosion rate to be useful for Na/S cells.

In general, a remarkable difference was found in
the corrosion behavior of the metals and alloys in
pure S, as opposed to a polysulfide composition of
Na,S;. For most of the metals and alloys studied,
corrosion rates were higher in NaS; than in S. Cr
and Ni were the only exceptions, and only with Cr
was the corrosion rate markedly lower in Na,S3 than
in S. The corrosion penetration of the metals and
alloys after 2500 h of exposure varied by as much as
two orders of magnitude between S and Na,Ss.

The principal cause for the higher corrosion rates
in Na,S3 is due to the corrosion-scale composition
and morphology. The high basicity of Na,S; results
in the formation of ternary sodium-metal-sulfides,
which are partially soluble in the corrosion medium,
e.g., Fe forms NajFeS;, Cr forms NaCrS,, and Al
forms several different phases depending on the
polysulfide composition. Even when a ternary sul-
fide phase is not formed, the binary metal sulfides
often exhibit sufficient solubility in the Na,S; to
modify the scale morphology, e.g., Ni-based alloys of
high Cr content form NiS,, and Al-Mg alloys form
MgS.



Based solely on considerations of corrosion resis-
tance, Mo is the only metal or alloy that can be
recommended as a positive current collector/ con-
tainer material for the Na/S cell. Electrochemically
dynamic or in-cell testing of selected Ni-based super
alloys of high-Cr content might result in an expen-
sive but more easily fabricable container material
that is corrosion resistant. If the metal or alloy is
used as a substrate for a corrosion-resistant coating,
then the best metal or alloy to provide adequate pro-
tection against coating defects would be a stainless
steel with a composition near to Fe-26Cr-3Mo, such
as Ferralium 255.
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Corrosion Resistant Coatings for
High-Temperature High-Sulfur-
Activity Applications

J.R. Selman (Illinois Institute of Technology)

The refractory compounds of Mo and Ti with N
and C possess unique combinations of chemical and
physical properties which are well-suited for applica-
tions demanding high-temperature corrosion resis-
tance. Besides Mo and Cr, TiN and Mo,C are possi-
ble candidate materials in the form of coherent coat-
ings on a mild steel substrates for current collectors
in sulfur-containing secondary batteries. The purpose
of this project is to investigate the optimal condi-
tions for producing Mo and Mo,C coatings by
molten-salt electrodeposition and Mo and TiN coat-
ings by chemical vapor deposition (CVD). The cor-
rosion resistance of these coatings in polysulfide melt
and in (Li-K)CI eutectic containing sulfide ions is
also determined.

Molybdenum was plated as a dense coating from
an all-fluoride bath with additions of alkali molyb-
date at temperatures between 750 and 800°C.
Current densities between 50 and 100 mA/cm? were
found optimal. Film thicknesses of up to 10 um were
obtained, whose surface morphology showed crystal-
lites of variable sizes.

Molybdenum carbide was plated from a similar
bath at 850°C or higher, with alkali carbonate addi-
tions as source of carbon. Current densities between
100 and 150 mA/cm? yielded dense coatings 30- to
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40-um thick, with superficial crystallites of 1 to 10
um in size. A SEM micrograph of a cross-section of
such a coating is presented in Fig. 8. The X-ray dif-
fraction confirmed the formation of «-Mo,C with
some preferential orientation. The electrolysis con-
ditions for both Mo and Mo,C are given in Table 1.

The chemical vapor deposition of TiN from a
mixture of TiCly(g) + N, + H, at a substrate tem-
perature of 915°C resulted in coatings with reduced
adhesion due to substrate deformation, which results
from the rapid variation in temperature caused by
induction heating. Using NH; as a N source permit-
ted the deposition temperature to be lowered to 600
to 700°C, and permitted coating deposition on Al
substrates. However, the relationships between the
properties of the coating and the deposition parame-
ters are not well understood. Significant quantities
of white solid NH4CI and a black, poorly adherent
coating on the Al substrate indicated that this system
is extremely sensitive to impurities and prone to
form by-products. A different approach such as
plasma-enhanced CVD appears to be necessary.

The behavior of Mo and Mo,C coatings in Na,S;
melt was studied using cyclic voltammetry. Only
unimportant differences were observed in the poten-
tial range -1.0 to +0.8 V with respect to a Mo/MoS;
reference electrode. In contrast to Mo metal, which
in polysulfide melt is covered with a thin black sul-

Figure 8. Micrograph of a cross-section of Mo,C after
exposure to Na,S; melt for ~25 h at 310°C. Sample
polarized between -1.0 and +0.6 V.



Table 1. Electrolysis conditions for Mo and Mo, C coating deposition.

Molybdenum

Molybdenum Carbide

Bath composition

FLINAK
K,MoO, (5-7 w/o0)

FLINAK
K,CO, (4-6 w/o)
Na,MoO, (5-7 w/o)

Atmosphere inert, dry inert, dry
Temperature, °C 780 850
Current density, mA/cm? 60 150
Current efficiency, % 22 (3e) 45 (10¢")

76 (16€°)
Deposit coherent coherent, dense

coating coating

Thickness, um 10 30-40

fide layer, Mo,C was not discolored and no variation
in weight was observed after more than 24 hours of
exposure at 300°C.

In Na,S; melt at 310°C, the Mo,C coating shows
a peculiar behavior in the cathodic part of the vol-
tammogram: the principal peak, assigned to the for-
mation of a blocking Na,S, film, is associated with a
second peak, suggesting a continued reduction to
Na,S. After exposure to this melt for more than 24
hours a black color was observed on the surface of
the sample. A SEM micrograph showed some disso-
lution of the sharp edges of Mo,C grains resulting in
a more or less flat area. This action seems not to be
extended deeply into the coating. Examination of a
cross-section confirmed that a solid, dense coating
covered the substrate evenly over some surface
imperfections and resisted sulfur attack.
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E. COMPONENTS FOR
AMBIENT-TEMPERATURE
NONAQUEOUS CELLS

Metal/electrolyte combinations that improve the
rechargeability of ambient-temperature nonaqueous
cells are under investigation.

Surface Layers on Battery Materials

R.H. Muller (Lawrence Berkeley Laboratory)

The purpose of this work is to provide direct
experimental information about formation and pro-
perties of surface layers on battery-electrode materi-
als and to find new means for controlling properties
that enhance cell performance. Present studies are
concerned with anodic oxide formation and the
behavior of Li in different ambient-temperature
nonaqueous battery electrolytes.

Lithium nitride has been studied as a possible
solid-electrolyte interphase between the Li electrode
and an organic electrolyte. The Li/Li;N electrode has
been obtained by exposing Li to a pure N, atmo-
sphere at ambient temperature. This procedure is
found to lead to the formation of a porous LizN
film, resulting from a decrease in the molar volume
during the reaction. Mercury porosimetry has shown



that most of the pore radii are less than 25 A (Fig.
9). The impedance behavior of the Li/Li3N elec-
trode can be interpreted by a porous-film physical
model deduced from a transmission-line electrical
model. The slow filling of the micropores of the film
and reaction of Li with the electrolyte at the base of
the pores are responsible for changes in the
impedance and open-circuit potential with time and
under cycling.
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Figure 9. Mercury porosimetry of LisN samples 0.7-cm
thick and 0.3-cm diameter. Differential pore-volume den-
sity as a function of pore radius, derived from cumulative
pore-volume as a function of applied mercury pressure.
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Spectroscopic Studies of the Passive
Film on Alkali and Alkaline Earth
Metals in Nonaqueous Solvents

D.A. Scherson (Case Western Reserve University)

The objective of this research is to investigate
the interaction, reactivity and energetics of nonaque-
ous solvent/alkali and alkaline earth metal systems.
The specific approach being utilized involves the
vapor deposition of the reactive metal onto a host
single-crystal metal surface followed by their expo-
sure to the nonaqueous solvent in the gas phase.
These operations are performed under ultra-high
vacuum conditions in order to avoid contamination,
and the reactions are monitored by in-situ work-
function measurements. An array of electron-based
analytical techniques including low energy electron
diffraction (LEED), Auger electron spectroscopy
(AES), and ultra-violet photoelectron spectroscopy
(UPS) are used to determine the surface structure
and elemental composition. Information regarding
bonding and energetics is obtained from high-
resolution electron energy loss (HREELS) and ther-
mal desorption spectroscopies (TDS). The results
obtained from this investigation are expected to pro-
vide considerable insight into the physicochemical
nature of the passive film on Li and other alkali and
alkaline earth metals.

During the second year of this project the opera-
tion of each of the spectroscopies currently available
in the ultra-high vacuum chamber, as well as the
overall methodology associated with the actual
experiments, have been carefully examined. The
adsorptions of CO and O, on Ni(111) were selected
as model systems for analysis, and the results are in
accordance with those reported earlier by other
workers.

No other features, except those associated with K
and Ni, were found in the Auger electron spectra
recorded before and after vapor deposition of the
alkali metal, indicating that within the limits of
detectability of this technique the K deposits are free
of impurities. LEED patterns for the Ni(111)/K sys-
tem have provided evidence for the formation of a
super-structure for low K coverages. Preliminary
TDS experiments have shown that the presence of K
on the surface shifts the desorption of CO towards
higher temperatures. Such information is particu-
larly relevant to the analysis of the proposed experi-
ments as CO is believed to be a common product in
reactions involving a variety of nonaqueous solvents.



Several measurements were conducted in which
the work function (A¢) was monitored in-situ during
exposure of Ni(111) to CO, both in the absence and
presence of K on the surface. A representative curve
for Ni(111)/CO is shown in Fig. 10, for which the
final value of A¢ (1.24 V) was found to be in good
agreement with that reported earlier.

Based on these studies it can be concluded that
the system components and the procedures involved
in the experiments appear to yield satisfactory
results, and thus may be expected to afford reliable
data in the case of the alkali and alkaline earth
metals/nonaqueous solvent systems.

Mass spectroscopy measurements indicate that
the long-term stability of propylene carbonate (PC) is
not as good as reported. Specifically, the presence of
CO, in amounts much larger than those expected
have been consistently observed upon opening a
glass-stainless steel container with PC to the ultra-
high vacuum chamber connected to a mass spec-
trometer. Although it is well-known that PC under-
goes decomposition at about 150°C, and thus much
lower than its boiling point, the present observations
may be the first indication that degradation might
indeed occur at even lower temperatures.
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Figure 10. Change in work function vs exposure time for
CO adsorption on Ni(111) at 85°C. The arrows indicate
opening (on) and closing (off) of the leak valve to the CO
bottle. The total exposure was 30 Langmiurs.
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In Situ Raman Spectroscopy of
Lithium Electrode Surface in
Ambient-Temperature Lithium
Secondary Battery

H. Tachikawa (Jackson State University)

The objectives of this project are (i) to develop
in situ Raman spectroscopic technique for the iden-
tification of substances in surface layers on Li elec-
trodes in nonaqueous-electrolyte systems, and (ii) to
apply in situ Raman spectroscopy to study other
electrodes (e.g., Zn) in aqueous solutions which are
used in secondary batteries. Structural information
on films and other compounds, which form on Li
electrode surfaces during charging, will be obtained
by in situ Raman spectroscopy. The electrode sur-
faces will also be studied during discharge in order to
find the effect of the applied potential on the surface
layers. Lithium electrodes in such solute and solvent
systems as LiAsF¢/PC, LiAsF¢/THF, LiAsFq/2-Me-
THF, LiClO4/2-Me-THF, LiClO4/THF, LiClO4/PC,
and LiBF4/THF are being studied. Surface layers on
the following Li electrode are being investigated: (i)
Li foil electrode and (ii) Li electrode which are elec-
trodeposited onto thin metal films, such as Al, Ni,
Au and Pt.

An electrochemical cell with Pyrex windows,
three electrode holders (fabricated from Ni), a
medium-size frit which separates working and auxili-
ary electrodes, and a reservoir for deaerating solution
has been built for /n situ Raman spectroscopy stu-
dies. Lithium foil is used as the reference electrode,
and either a Pt helix or Li foil is used as the auxili-
ary electrode. The cell is operated either under
vacuum or Ar atmosphere. I»n situ Raman spectra of
a Li electrode surface which was electrodeposited on
an anodized Ag electrode were recorded in 0.75 M
LiAsF¢/PC. The Raman spectrum recorded at -0.68
V vs Li/Li* showed 23 separate bands, most of
which are due to the vibrational modes of PC.



Three bands in the low-frequency region are in close
agreement with the vibrational modes of Li,COs
(reported for polycrystalline Li,COj). Another band
in the low-frequency region may be due to Li,O.
The above results clearly indicate the formation of
Li,CO;3 and Li,O on the Li electrode surface. These
preliminary results demonstrated the feasibility of
Raman spectroscopy for the in situ analyses of sur-
face layers on Li electrodes.

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 for use in high-specific-energy
batteries. A principal goal of this work has been to
understand the factors of structure and composition
which determine the transport properties of these
materials, in particular, those aspects which influence
the relative transport numbers for anions and
cations. Over the past year, a number of novel solid
polymer electrolytes containing poly(ethylene oxide)
[PEO| were prepared. Among them were solid solu-
tions of cations such as Cd(II), Zn(II), Ni(II), and
Co(II) with various anions. Mixed solid solutions
containing divalent cations and Li ions were also
prepared.

PEO Electrolytes Containing ZnX, Salts. Electro-
lytes containing ZnX, salts (X = Cl, Br, I and ClOy,)
were prepared and studied over a wide range of com-
positions, typically from ZnX,(PEO), to
ZnX,(PEO)3y. The composition which has the
highest specific conductivity varies from salt to salt.
Of those studied, ZnI,(PEO);¢ has the highest con-
ductivity, 3.6 x 10* ohm™-cm™ at 140°C. The initial
transport number measurements show that the ZnX,
electrolytes are essentially pure anion conductors.

PEO Electrolytes Containing Transition Metal
Cations. Electrolyte compositions containing NiBr,
and CoBr, were prepared. With both of these ions,
it has been possible to use optical spectroscopy to
study the coordination of the cations, both in dry
electrolytes and during various states of hydration.

The NiBr, compositions are the most unusual.
It appears possible to activate the transport of Ni(II)
in these materials by careful hydration and dehydra-
tion. For example, a freshly-prepared NiBr, electro-
lyte that has been carefully dried has a Ni(Il) tran-
sport number of less than 0.1. However, if the sam-
ple is allowed to hydrate first and then slowly dried,
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the Ni(II) transport number increases to about 0.7
(both transport numbers measured at 145°C). The
change in transport number is accompanied by a
large increase in the total film conductivity, from
about 10® ohm'-cm™ to 107 ohm™-cm™ at 150°C.
The electrolytes formed with CoBr; do not appear to
be affected by the same treatment. Optical spectros-
copy studies are underway to understand the
mechanism by which purposeful hydration and dehy-
dration can produce such a dramatic increase in
ionic conductivity, as observed in the case of Ni(II).
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Exploratory Cell Research and
Fundamental Processes Study in
Solid State Electrochemical Cells

W.H. Smyrl (University of Minnesota)

The objectives of this program are to perform
research to support the development of high-
performance and low-cost rechargeable batteries that
are desired for the development of viable electric
vehicles or utility load-leveling systems. The pro-
gram has two specific thrusts that will be con-
currently addressed: (i) to investigate the electro-
chemical performance of novel types of thin-film
polymer electrolyte, with emphasis on their feasibil-
ity for scale-up from performance, safety and cost
aspects, and (ii) to apply advanced techniques for
assessing the basic mechanisms occurring at the
electrode/electrolyte interfaces of novel electrochemi-
cal cells with emphasis on solid-state systems. The
study will emphasize solid polymer electrolyte sys-
tems, especially those systems that will allow the use
of Na, Ca, Mg and other low-cost metals.

Effort has been focused on a theoretical analysis
of transport in polymeric electrolytes and the tech-
niques of measuring transference numbers at steady
state. Preliminary conclusions of the analysis are at
variance with the literature on the subject, and this
study may be the basis for new techniques for
transference-number determination in polymer elec-



trolytes. In the steady state, measurement of the cell
thickness, initial concentration of electrolyte, initial
conductivity, and the current and voltage across a
cell will allow the determination of the diffusion
coefficients of both ions of a binary electrolyte, and
the transference numbers of each. The electrodes
must be identical and must have a negligible contri-
bution from surface overvoltage effects to determine
transference numbers by this method. Our new tech-
nique is based on the use of microstructured elec-
trodes and offers the advantage of being rapid, and
broadly applicable to all solid electrolytes.

A mass transport-kinetic model for metal disso-
lution has been extended to include homogeneous
reaction effects. It has been derived for metal disso-
lution reactions that involve multiple valence states,
the lower states of which may be oxidized in a
homogeneous reaction in the bulk of the electrolyte.
The steady-state analysis has been completed and
will be extended to treat the impedance of the cou-
pled system, as a possible analog of behavior at a
reacting battery electrode.

As part of the study of possible electrodes for
further exploratory cell research, an investigation has
begun on the electrochemical impedance of both
electrode reactions and transport in the electrolyte.
Results have been obtained on the electrochemical
behavior of electronically conducting polythiophene,
poly(3-mecthyl)thiophene, and polypyrrole. The
behavior has some similarities to that observed ear-
lier on the redox polymer polyvinylferrocene. The
materials behave as porous electrodes, with proper-
ties that depend on the concentration of injected
charge in the films.

The selection of alternative systems for study in
this program has begun, based on both fundamental
and practical bases. Systems based on polymeric
electrolytes (including but not necessarily limited to
polyethylene oxide), on materials less expensive than
Li (primarily Na), and on multivalent metals (e.g.,
Ca, Mg and Al) will be emphasized.

Metals Couples in Nonaqueous
Electrolytes

C.W. Tobias (Lawrence Berkeley Laboratory)

The objective of this project is to explore practi-
cal alternatives to high-temperature molten-salt sys-
tems for the efficient electrochemical reduction and

oxidation of reactive metals. Recent developments
in advanced primary cells and projected high-energy
rechargeable battery systems involve the use of
alkali-metal negatives. To expand the possibilities
for application of reactive metals at near-ambient
temperatures, new ionizing media are being sought
that have high decomposition potentials and are
capable of dissolving ionic compounds. The reduc-
tion of alkali metals, with reasonably high efficiency
in the PC family of solvents at room temperature,
has been demonstrated in this laboratory. However,
solvent stability in the presence of reactive metals
remains a critical issue, especially so in the case of
rechargeable galvanic-cell applications.

Cyclic voltammetry and limiting currents to a
rotating-disk electrode (RDE) have been used for the
determination of H,O in the 0.3 to 20 ppm range in
PC electrolytes. Carefully dried solutions yielded
voltammetric peaks proportional to the amount of
H,O added. In KPF4 electrolytes, the cathodic
current corresponding to the reduction of H,O was
observed at 0.48 V, whereas in KAICl; solutions
reduction started at 2.8 V, both relative to a K/K*
reference electrode. At these potentials, the current
to a RDE showed Levich-type dependence on rota-
tion rate and was proportional to the concentration
of H,O in the range of 0.5 to 20 ppm. The calcu-
lated diffusion coefficients of H,O are higher than
expected: at 25°C, Dy, is 8.5 ~+ ~2u x 10® cm?/s
in 0.5 M KPFg, and 10 ~+ ~2u x 10® cm %/s in
0.25 M KAICly.
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Corrosion, Passivity and Breakdown
of Alloys Used in High Energy
Density Batteries

(J. Kruger, The Johns Hopkins University)

The objective of this research is to further the
understanding of the passivity of metals and alloys
in nonaqueous and mixed solvents. There is a pau-
city of data in this area, despite its importance in
construction materials for high-specific-energy bat-
teries. This work is concerned with analyzing the
nature, mode of formation, and mode of breakdown
of passive films that exist on alloys in nonaqueous
and mixed solvents.

The first phase of this project has concentrated
on studying the effect of additions of PC and 0.01 M
CI" (as LiCl) on the current-potential characteristics
of Au and Armco Fe in 0.5 M LiClO,.

Slow potentiodynamic scans (0.1 mV/sec) of
Armco Fe in 0.5 M LiClO4 with various additions of
PC (resulting in solutions of 0 to 100 mol% PC) have
shown that while Armco Fe can passivate in all solu-
tions studied upon anodic polarization, it pits upon
further anodic polarization in solutions containing
greater than or equal to 50 mol% PC as a co-solvent
with H,O, without the addition of CI. It has also
been found that the pit morphology depends strongly
on the H,O content. In nominally dry PC, the pits
are small (~20 um) and widely spaced (Fig. 11). In
50 mol% PC, there is a radical change in the mor-
phology of the attack (Fig. 12). The morphology

Figure 11. Pitting in Armco Fe in nominally dry PC.
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Figure 12. Pitting in Armco Fe in 50 mol% PC.

observed in nominally dry PC is classical pitting
attack due to a localized breakdown of a passive
film. The scratches after polishing with 800-grit
paper can still be clearly seen. There is no apparent
crystallographic nature to the attack. The attack on
the majority of the surface in 50 mol% PC/50 mol%
H>O shows a crystallographic nature which Pickering
and Frankenthal! ascribe to active dissolution from a
film-free surface, i.e., activation-controlled dissolu-
tion. A polished surface with numerous pits can also
be observed in Fig. 12, and these pits are widely scat-
tered over the entire specimen surface. Such a
smoothly polished surface is characteristic of dissolu-
tion in the presence of a rate-limiting film which
forms in the active region at high current densities.’
Again, the tests cited above were conducted without
the addition of CI. When 0.01 M CI is added, pas-
sivity is destroyed in all of the solutions studied.

REFERENCES

1. H.W. Pickering and R.P. Frankenthal (1974),
Localized Corrosion, Staehle, Brown, Kruger,
Agarwal, eds., National Association Corrosion
Engineers, Houston, TX, p. 261.

2 K.F. Bonhoeffer (1953), Z. Metallkde. 44, 77.

F. CROSS-CUTTING RESEARCH

Cross-cutting research is carried out to address
fundamental problems in electrocatalysis, current
density distribution and gas evolution, solution of
which will lead to improved electrode structures and
performance in batteries and fuel cells.



Analysis and Simulation of
Electrochemical Systems

J.S. Newman (Lawrence Berkeley Laboratory)

The objective of this program is to improve the
performance of electrochemical cells used in the
inter-conversion of electrical energy and chemical
energy by fundamental investigations of the tran-
sport and interfacial phenomena. Results of this
work are used to-analyze experimental data, to iden-
tify important system parameters, and to aid in the
design and scale-up of these systems.

A mathematical model of the electrode/
electrolyte interface is being developed to calculate
the frequency. response of a rotating disk. The
working algorithm accounts for the effect of surface
coverage owing to specific adsorption and charge-
transfer reactions. Double-layer theory is used to
calculate the potentials at the interfacial planes and
the surface excesses of all the electroactive species
present in the solution. Presently, the microscopic
model of the interface predicts qualitatively the
measured complex impedance for the ZnCl, solu-
tions. This mechanistic approach allows the pro-
posed reaction process to be changed to account for
the experimental observations. Finally, the general-
ized model can be used to identify system limita-
tions and to guide further experimental research.
This microscopic model of the interface will be cou-
pled with the previously developed macroscopic
model accounting for convection, migration, and
multicomponent diffusion in concentrated solutions,
in addition to homogeneous and heterogeneous reac-
tions. :

A computer model is being developed to predict
the response to alternating current signals of a redox

reaction with soluble reactants and products in a

flow-through porous electrode. Terms accounting for
double-layer capacity have been added to the model.
An experimental investigation is underway to accom-
pany the modeling efforts.

The corrosion of iron in sulfuric acid is being
studied experimentally using rotating Fe hemispheri-
cal electrodes. The anodic polarization curve, the
sustained electrochemical oscillations, and the alter-
nating current impedance for this system are being
determined. The impedance data are being checked
for consistency with the Kramer-Kronig relations.
Finally, the experimental impedance results will be
compared with the predictions of recently developed
theoretical models to elucidate the fundamental
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“to many modeling efforts.

processes governing the behavior of the Fe-H,SO4
system. ’ ,

Double-layer adsorption is an important
phenomenon in heavy-metal ion removal from waste
streams and in discharge transients in high-pulse-
power battery systems. An experimental and theoret-
ical investigation of double-layer adsorption of Zn
ions on high-surface-area porous carbon is underway.

The solution of Laplace’s equation is important
Its solution is often
expensive and difficult to obtain accurately. The -
feasibility of a boundary-integral technique for use in
current-distribution problems is being investigated.
Preliminary observations appear promising. This
technique is being applied to primary and secondary
current distributions and can be used for more gen-
eral problems involving Laplace’s equation. In addi-
tion, a theoretical and experimental study is under-
way to determine how the conductivity varies in
solid mixtures of several phases used in solid elec-
trodes of varying composition. ‘
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10.

Ambient-Temperature Alkaline
Sulfur-Polysulfide Electrodes

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

The objectives of the present work are to obtain
information on the electrochemical and chemical
reactions of the aqueous sulfide/polysulfide redox
couple and to use that information to design a stable
and efficient redox electrode for use in photoelectro-
chemical cells (PECs) and redox batteries.

The kinetics of the aqueous polysulfide redox
couple were investigated using a transient potential-
step technique in a solution 1 M in S? and 1.3 M in
total S, at pH 12. This pH was selected in order to
minimize the disproportionation of polysulfides to
thiosulfate and sulfide. The low-overpotential region
(-25 to +25 mV) was investigated for Co and Pt elec-
trodes from 25 to 80°C. The active species concen-
tration was found to be several orders of magnitude
lower than those of any of the major (poly)sulfide
ions, and its temperature dependence corresponded
to an E, of about 10 kcal/mole. These results are
consistent with the idea that the electrochemically
active species is S;~. Deviations were found between
experimental data for temperatures above 45°C and
the simple analytical form of the current response for
an electrode reaction with one rate-determining step.
The results agree with a new model proposed here
that considers two rate-determining steps, one of
which is the homogeneous chemical reaction:

S~ Z 2S5 . (1
The rate constants for this reaction determined using
this new model agree with those measured for simi-
lar reactions. Exchange current densities were on the
order of 1 mA/cm? at 60°C. .

The steady-state current density-overpotential
relationships for Co and Pt rotating disk electrodes
were determined for a range of temperatures. A
model was developed to take into account the rate of
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Reaction 1 as well as a finite heterogeneous reaction
rate. The parameters determined by the potential-
step method could be used with this model to
explain the current density-overpotential behavior in
the low-overpotential cathodic region. At higher
overpotentials in the cathodic region a second
cathodic reaction was evident. This second cathodic
reaction was less prominent when the current densi-
ties were lower (as on Pt electrodes) or when the Sy
concentrations were  higher (as temperature
increased).

The addition of 13 mol% DMF to the aqueous
polysulfide solution was found to increase signifi-
cantly the current density, at a given temperature
and overpotential, by increasing the equilibrium con-
centration of the electrochemically active sulfur radi-
cal anion. In the range of overpotentials studied, the
first cathodic reaction wave becomes much more
prominent. Although independent quantitative data
are lacking for the DMF-water mixtures, the use of
reasonable values for the exchange current density
and the rate constant for Reaction 1 allows the quan-
titative prediction of the observed cathodic behavior
in the temperature range of 25 to 77°C.

The results of the rotating disk work indicate
that porous electrodes are required for the coun-
terelectrode in a PEC utilizing the aqueous
sulfide/polysulfide redox couple in order to meet a
design goal of supporting 10 to 20 mA/cm? at less
than 50 mV overpotential. A flow cell for testing
flow-through porous electrodes was constructed and
operated. The effects of electrode material, tempera-
ture, flow rate, and the addition of DMF on elec-
trode performance were studied. Co (plated on Ni
screens) and MoS, (grown by reaction of sulfur
vapor with Mo on expanded-metal mesh) electrodes
gave similar performances which were more than
adequate to meet the design goals. Flow rate varia-
tion between 0.1 and 1.6 liter/min had only a small
effect on the current density-overpotential curves.
Raising the temperature and/or the addition of DMF
had much larger effects. These observations are in
accord with the steady-state results obtained on the
rotating disk electrodes. The demonstrated electrode
performance is more than satisfactory for a high-
performance photoelectrochemical cell or redox cell.
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Engineering Analysis of Gas
Evolution

C.W. Tobias (Lawrence Berkeley Laboratory)

The objective of this project is to establish the
influence of electrode geometry and surface morphol-
ogy, and of electrolyte composition, on bubble size
and residence time, and to elucidate the role of free

and forced convection as it affects overpotential

behavior and ohmic resistance in gas evolution
processes.

A micromosaic ¢lectrode with an electrochemical
redox system was used in a study of the Benard-
Rayleigh problem of onset of convection in a fluid
with a time-dependent density profile contained in a
deep cell. The electrochemical technique offers
several advantages over thermal techniques, the
most important one being the precise control of the
surface condition. The well-controlled experiment
lends itself to a thorough analysis of the time-
dependent base state, the case of diffusion and
migration into a semi-infinite column of electrolyte.
In addition, the electrode serves as the monitoring
device, allowing a precise detection of the onset of
convection, the criterion for- which is a percentage
deviation of the Sherwood number (current) from
base-state behavior.

The critical Rayleigh number for the problem of
onset of convection at a rigid, conducting boundary,
due to a step change in the surface condition, was
found to be ~1350, based on the equivalent, linear-
segment concentration profile and using a deviation
criterion of 5% of the Sherwood number. For the
redox system employed here, a maximum in the
density profile was calculated. The relevant length
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for the equivalent, linear-segment density profile,
based on an equivalent destabilizing buoyant force
below the density maximum, s 16% lower than that
for the concentration profile of the reactant. The
critical Rayleigh number based on this length is
~800.

At sensing elements much smaller than the
wavelength of the disturbance, a sharp increase (or
decrease) in mass-transfer rate occurs immediately
after the first deviation from convection-free
behavior. Over a larger area, some averaging takes
place and a significant enhancement of the mass-
transfer rate does not occur until tens of seconds
after the first deviation in the mass-transfer raté is
detected.

A model has been developed for predicting the
current distribution and the increment in cell voltage
caused by the presence of bubbles attached to the
electrode surface. In describing the geometric confi-
guration of the bubble layer, great computational
savings are achieved by approximating the hexagonal
symmetry cell with a cylindrical one. This approxi-
mation is shown to be successful by comparison with
analogue measurements of primary resistance.

When supersaturation effects do not influence
the problem (either because they have been omitted
or because they are precluded by irreversible elec-
trode kinetics), both the current distribution and the
resistance increment associated with attached bub-
bles can be accurately correlated, for a given
geometric configuration, by a single parameter, the
Wagner number. When supersaturation does influ-
ence the problem, the solution depends on five
parameters, and the model predicts a lower voltage
increment than would be calculated without includ-
ing concentration effects. In this case, the current
distribution is strongly non-uniform, with highest
current density to the electrode region nearest the
bubble contact area. These effects depend strongly
on electrode kinetics as well as on contact angle and
on the density of the attached-bubble layer.
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IV. 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 technology for transportation applications.

A. METAL/AIR CELL
RESEARCH |

Projects on metal/air cell research address oxy-
gen electrocatalysis; bifunctional air . electrodes,
which are needed for electrically rechargeable
metal/air (Zn/air, Fe/air) cells; and novel alkaline Zn
electrode structures which could be used in either
electrically recharged or mechanically recharged cel]
configurations.

Electrocatalysts for Oxygen
Electrodes

E.B. Yeager (Case Western Reserve University)

The overall objective of the research is the
development of more-effective electrocatalysts for O,
reduction and generation, combining high activity
with long-term stability. Research emphasis is on
achieving a fundamental understanding of O, elec-
trocatalysis. '
Transition Metal Macrocycle Catalysts. The research
has continued on catalysts which promote the 4-
electron reduction of O, to OH" or H,O without pro-
ducing solution-phase peroxide. The spectroscopic
and electrochemical studies of iron phthalocyanine
(FePc) and its u-oxo species have been completed.
These included FTIR and Mossbauer spectroscopy,
scanning electron microscopy, voltammetry and
rotating ring-disk electrode, as well as measurements
on gas-fed electrodes. These catalysts dispersed on
carbon (Vulcan XC-72) show very little peroxide
formed in the solution phase at low polarization and
the activity, particularly with the u-oxo species, is
comparable to commercially available Pt-based
catalysts in alkaline solution. Iron tetra-pyridino por-
phyrazines (FeTPyPz) adsorptively attached to gra-
phite also show voltammetry and O, reduction
kinetics similar to FeTsPc, which catalyzes the direct
4-electron pathway in alkaline electrolytes.
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Attempts have been made to prepare sandwich-
type dimeric structures as adsorbed layers on pyro-
lytic graphite, using positive- and negative-charged
water-soluble transition metal macrocycles.. Thus far
these layers have shown no synergistic improvement
in the activity for O, reduction in alkaline solutions.
These ligands may not possess sufficient structural
compatibility to form the desired sandwich-type
species with proper spacing for binding of O.
Mono- and bi-nuclear metal chelates of tetradentate
Schiff-base ligands (obtained from Tanta University,
Egypt) have also been characterized. The catalytic
activity for O, reduction of the metal chelates is
much lower than that of the transition metal porphy-
rins or phthalocyanines. One reason for low activity
may be the lack of p-electron delocalization in the
ligand structure symmetrically about the central
metal ion, which may result in a tetrahedral
geometry.

Work has also continued on surface enhanced
Raman spectroscopy involving adsorbed monolayers
of phthalocyanine molecules on Ag electrodes and
AgBr substrates. The analysis of electronic energy
levels in semiconducting AgBr and the adsorbed
phthalocyanine molecules suggests a new mechanism
for the high enhancement factor in surface- enhanced
Raman scattering. :
Heat-Treated Catalysts Based on Nztrogen-
Containing Polymers. The high catalytic activity for
dioxygen reduction, that is achieved by bonding
transition metal ions (e.g., Co and Fe) and nitrogen
on high-area surfaces, is believed to be due to the
strong O, interaction with d-orbitals of the transition
metal. -Guided by this concept, the polymers,
polypyrrole black and polyacrylonitrile heat-treated
with Co salts, have been identified as very active O,
reduction catalysts in alkaline ' electrolytes. The
activity is comparable to highly dispersed Pt. These
catalysts function through a peroxide mechanism,
similar to that involved with heat-treated Co porphy-
rins, and have comparable activity but much lower
cost. Life testing of these catalyst systems is in pro-
gress. '

Perovskite Electrocatalysts and Possible Use in
Bifunctional O, Electrodes. One focus of the ongoing
research on perovskite electrocatalysts for O, reduc-
tion and generation has been the catalysis of perox-
ide decomposition. The methods (volumetric and
RDE) for monitoring HO; concentrations, which



have been used with catalyst suspensions, typically
yield first-order dependence of the reaction rate on
peroxide concentration. The open-circuit potential
decay (OCPD) method using gas-fed electrodes, how-
ever, yields both first- and second-order behavior,
depending upon the current density and the elapsed
time after opening the circuit. This -apparent
discrepancy with the OCPD method has been
explained recently by the discharge of the double
layer and Faradaic capacitance of the high-surface-
area carbon and the perovskite. A mathematical
model has been developed which quantitatively
describes this behavior.

Bifunctional Oxygen Electrodes. The development
of catalysts, which are active for both O, reduction
and generation in alkaline electrolytes, is continuing.
The catalysts receiving the most attention are those
which consist of tetramethoxyphenyl porphyrin
(TMPP), ecither metal-free or containing Co, heat-
treated on carbon and mixed with transition metal-
containing perovskites.

The presence of the perovskite does not appreci-
ably affect the O, reduction performance of heat-
treated CoTMPP on carbon. Cobalt-containing
perovskites, however, have been found to greatly
increase the performance of heat-treated H,TMPP
on carbon, probably because small amounts of Co(II)
can go into solution and re-adsorb at nitrogen-
containing sites on the macrocycle-carbon surface.
Since the loss of Co from heat-treated CoTMPP-
based catalysts may be an important failure mechan-
ism-in long-term operation, perovskites may provide
a back-up source of the transition metal.

It should be noted that most of the perovskites
examined have been found to undergo irreversible
surface reduction, some even in the potential range
where O, reduction takes place. This surface reduc-
tion can seriously affect the catalytic activity for O,
generation.
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Electrode Research for Electrically
Rechargeable Zinc/Air Alkaline
Battery :

P.N. Ross (Lawrence Berkeley Laboratory)

A new concept for an alkaline Zn electrode was
explored that would overcome the cycle-life limiting
phenomena characteristic of most Zn electrode con-
cepts. The new concept is a flow-through porous Zn
electrode with recirculating supersaturated zincate
solution. An alkaline Zn battery with recirculating
zincate is not a new concept itself, but many of the
prior systems used an inert (usually flat) current col-
lector with recirculating Zn particles. The concept
employed here uses an inert substrate having an
open “honeycomb” type porosity onto which Zn is
plated (and from which it is stripped) while electro-
lyte circulates through the open pores. Materials
having this type of porous structure are commer-
cially available as either “metal foams™ or “carbon
foams.” The use of Cu foam-metal, which has an
open honeycomb or reticulated structure (nominal
“cell” diameter is 0.2 cm and characteristic diameter
of the filaments is ~0.4 mm) was investigated. This
particular foam has a bulk density of 3% (97% poros-
ity) of the bulk density of Cu with a total BET sur-
face area of ~10* m? per m3. Using a 0.3-cm thick-
ness, the internal surface area is roughly 30 times the
superficial area, so the “true” current density for Zn
deposition/stripping will be more than an order of
magnitude lower than the nominal current density.
Low current density is known to promote uniform
Zn deposition/stripping and should extend cycle-life.
A full parametric study of the influence of current
density, electrolyte flowrate, and zincate concentra-
tion of Zn distribution was conducted. The max-
imum amount of Zn that could be deposited uni-
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formly was about 160 mAh/cm? (at 10 mA/cm?).
The Zn deposit mirrored the cellular structure of the
substrate and the distribution was found to be uni-
form and invariant with the number of cycles over a
wide range of conditions of flowrate, zincate concen-
tration.and current density.

Two types of carbon materials were identified for
air electrodes: (i) graphite fibers woven into a
“cloth” that serves as the current collector, and (ii) a
high-surface-area graphite powder formed by heat-
treatment of a carbon black. The latter was impreg-
nated with a mixture of transition metal oxides to
form the active catalyst. The electrode was fabri-
cated by bonding the catalyst layer to one side of the
graphite cloth, and a hydrophobic polytetra-
fluoroethylene (PTFE) film bonded to the other.
The electrode still showed acceptable voltage in the
current density region of 10 to 20 mA/cm? after 300
cycles in 12 N KOH containing 200 g/l zincate.

Proof-of-principle experiments were conducted
on 1.5-Ah Zn/air prototype cells employing the new
concepts in Zn and air electrodes described above.
The cell was cycled at the three-hour rate producing
1.2 V on discharge, required 2.0 V on charge, and
operated satisfactorily for over 150 cycles. Based on
the 1.5-Ah prototype performance characteristics,
engineering -design calculations were made for a 32-
kWh battery. These calculations project specific
energy of 110 Wh/kg, peak power of 140 W/ke,
electrical efficiency of 60% and an attractive materi-
als cost of < $20/kW. The prototype testing
revealed a number of problem areas that would have
to be addressed in further studies using multi-cell
prototypes: (i) shunt currents in the electrolyte. man-
ifold, (ii) the effect of air electrode dissolution pro-
ducts in the electrolyte on Zn cycling, and (iii) com-
"ponent reliability. '

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, evaluated and scaled up. One possible
particulate electrode is a fluidized-bed electrode
where Zn particles are maintained in a state of agi-
tated suspension by the upward-flowing electrolyte.
.Such electrodes have been the main subject of this
investigation to date.
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The *local, instantaneous and timie-averaged
potentials have been measured in fluidized-bed and
moving-bed electrodes at LBL. These measurements
support the concept that such beds function electro-
chemically by the conduction of electricity along
“chains” of particles that have a fleeting existence in
the bed. This suggests that of the three types of par-
ticulate electrodes, slurry electrodes (where the parti-
cles remain suspended in the electrolyte and flow
through the cell with it) are likely to be inferior to
fluidized-bed or moving-bed electrodes where the
particles are less widely separated. For discharge
(electrodissolution of metal) the moving-bed elec-
trode appears advantageous because of its lower
pumping requirements than a fluidized-bed elec-
trode. For charging (electrodeposition of metal)
fluidization is essential to avoid attaching the parti-
cles to each other and by ‘“bridges” of deposited
metal. Hence both types of electrodes are under
study at LBL. Moving-bed cells with particulate Zn
electrodes and air counter-electrodes have been built
and are in the process of testing and improvement.
Testing consists of measurement of current-voltage
characteristics and voltage-time characteristics on
discharge at constant current. Fluidized-bed cells are
being operated to study the deposition of Zn from
alkaline zincate electrolyte.

Experimental measurements have shown that Zn
can readily be deposited from alkaline zincate elec-
trolyte onto fluidized beds of Cu particles with a Zn
coating. The laboratory cell could be operated at a
superficial current density (current per unit area of
cell cross section) of 300 mA/cm? with an electrical
energy consumption of 2.7 kWh/kg Zn. This com-
pares very favorably with the 3-4 kWh/kg Zn typical
for the present day industrial electrodeposition of Zn
(from acid sulfate electrolytes). The Zn-coated Cu
particles that-are produced are most suitable for
discharge in a moving-bed cell. Complete (planned
or accidental) discharge can occur without impacting
the ability to recharge in a fluidized bed. The den-
sity of the particles changes only slightly on charge or
discharge; this facilitates their fluidization (in the
fluidized bed) or downward motion (in the moving
bed). _ o

Laboratory cells with moving-bed -electrodes
have been constructed using the Zn-coated Cu parti-
cles and commercially available air cathodes.
Discharge characteristics of these cells. have been
measured. The discharge efficiency of these cells (of
the order of 30%) is poor, but there is ample oppor-
tunity for improvement in efficiency by changes in
cell design.
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Technology Base Research on Zn/Alr
Battery Systems

J.L. Morris (Pinnacle Research Institute)

The slurry Zn/air battery is a good candidate to
power electric vehicles because it permits the energy
and power specifications to be designed indepen-
dently of each other, and in situ or centralized
recharging is possible. The research effort reported
here addresses the development of the discharge and
the recharge processes in separate cells. The objec-
tive of the discharge studies was to find ways to
increase the capacity and power by studying the
effect of (i) capacity-extension additives, (ii) KOH
concentration, (iii) temperature, (iv) coated polym-
eric bead slurries, (v) Zn powder slurries, and (vi) air
and O, depolarizers. Fundamental studies on the
effect of additives on passivation were also started
by determining the potentiodynamic critical currents
and transition times from galvanostatic transients at
the rotating disk electrode. The objective of the
recharge studies was to find a practical method to
recharge either the bead or Zn particle slurries. A
fluidized-bed cell was designed to recharge the beads.
Engineering improvements are required to solve
buoyancy and other problems in this cell. A scraped
rotating cylinder cell was built to produce dendritic
Zn slurries from discharged Zn particle slurries.
Magnesium and glassy carbon cathodes were
evaluated both in the rotating cylinder cell and in'a
static disk cell. Zinc dendrites, which were more
easily removed, were obtained at a lower cell poten-
tial on glassy carbon than on Mg substrates, but they
were produced with a lower current efficience (i.e.,
80%).

Additives to Extend Capacity. A summary of the
additive study is presented in Fig. 13, where a bar
shows the capacity, in Ah/¢ of Zn powder slurry,
achieved when the indicated compounds were added
to 12 M KOH at 55°C. The hatched bar indicates
the corresponding % utilization of Zn powder, start-
ing from 300 g/1 Zn to full discharge. Sorbitol is an
additive that is believed to increase the discharge
capacity by stabilizing the polymer chains involving
{OZnO},...{Zn(OH){ " ]}...{OZnO},, by means of
hydrogen bonding. Sorbitol by itself extends the
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Figure 13. Zinc utilization and capacity of selected addi-
tives. Dlscharge of 300 g/l simulated dendrmc Zn powder
at 200 mA/cm? in 12 M KOH in a 200-cm? bicell at 55°C
using 4.5 x rate of stoichiometric air.

capacity just below that obtained by silicate.
Titanate, aluminate, stannate and silicate additives
are believed to act by stabilizing micelles of ZnO or
zincate. However, when sorbitol was combined with
silicate, a 20% increase in capacity was obtained
compared to that with silicate alone, indicating com-
plementary mechanisms.

Comparison of Bead and Zn Particle Slurries. Slur-
ries made with a mixture of Zn powders outper-
formed the coated beads (from Sorapec) in discharge
with silicate additive in 12 M KOH, as shown in Fig.
14. The beads presented buoyancy problems that
were more difficult to manage in the fluidized bed
used for recharge than in the moving-slurry bed used
for discharge. The effect of pure O, versus air as
depolarizers was assessed. Better cell potential and
power at higher current densities were possible with
O,, as shown in Fig. 14.

Scraped Rotating Cylinder Recharge Cell. The fun-
damental concept of mechanical removal of den-
drites to form a slurry was verified. Complete scrap-
ing was possible both from Mg and glassy carbon
(GC) cylindrical electrodes. However, with both
substrates, agglomerations at the fixed scrapers favor
preferential growth at the blades that short-circuits
the cell. Preliminary measurements with the rotating
cylinder using 12 M KOH (saturated with ZnO, ~90
g/l) yielded current efficiencies of 83 and nearly
100% for glassy carbon and Mg substrates, respec-
tively. These preliminary data were obtained from
comparisons of the mass of Zn scrapped from the
electrodes. More reliable current efficiencies were
obtained from the quantity of H, evolved at the
static disk electrode, and these data are shown in Fig.
15.
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B. ALUMINUM/AIR BATTERIES

Projects on Al/air battery R&D are directed at
improving cell components and solving system
integration problems.

Aluminum/Air Power Cell Research
and Development

A. Maimoni (Lawrence Livermore National Labora-
tory)

The objectives of this program are to develop an
electric power source as an alternative to the internal
combustion engine, and to evaluate its ability to pro-

vide general-purpose vehicles with the range,
acceleration, performance, and rapid refueling capa-
bility of current internal combustion engines. Dur-
ing 1986 LLNL conducted research and provided
program direction on the development of the Al/air
battery. Most of the work was carried out under a
cost-shared contract with Eltech Systems Corpora-
tion, which has formed a consortium with Alcan
International Ltd., CWRU, SRI International, the
University of Akron and Oklahoma State University.

CELL DESIGN AND PERFORMANCE

The design efforts at Eltech focused on the
development of cell hardware that combines the
qualities of reliability and ease of assembly with
low-cost construction techniques. The following dis-
cussion briefly identifies those design improvements.
Modular Air Cathode. A reliable seal between the air
cathode, current colléctor, and air-cathode module
was developed which maintained good electrical con-
tact to the main electrical bus.

Anode Current Collector. The solution-side current
collector for the anode was eliminated because of
manufacturing difficulties and low reliability of
electrical insulation on the conducting tines. An
external connection to the anode was developed and
continuous anode recharge was demonstrated.
Anode/Cathode Separator. A low-cost plastic separa-
tor was developed with internal grooves to optimize
electrolyte flow through the battery. A constant
anode feed was demonstrated with this separator,
and the “scalloped” leading edge on the anode was
eliminated.

Cage Support for the Aluminum Anode. A vertical
cage support for the anode was developed which
could replace the separator tynes. The plastic cage
served the secondary purpose of increasing the rigi-
dity of the cell by acting as a compression member,
i.e., as a three-sided filter press.

Performance. An EL-2 five-cell stack was built and
integrated into a laboratory system. Hydraulic con-
trol of the cathode compartments was accomplished
with one valve for all ten cathodes, and it allowed
reproducible air-cathode pressure drops. The cell
voltages obtained were as follows:

Cell Cell
Number | Voltages
(V)

1.20
1.20
1.20
1.20
1.16

W oA W N




The maximum power density in 4 M NaOH
electrolyte occurred at 400 mA/cm? using an Al alloy
containing In and Ga manufactured by Reynolds.
There were substantial resistive drops (~210 mV) in
the external busbar. The performance criteria
characterized by the EL-2 cell design were repeated
with the five-cell stack; namely the continuous feed
of the Al wedge-shaped anode, rapid mechanical
rechargeability, high durability of the cathode struc-
ture, and continuous, moderate-term operation (10
h).

COMPONENT DEVELOPMENT

Air Cathode. The best catalyst identified by CWRU
for high-current O, reduction was ~5 wt% CoTMPP
on a highly conductive carbon black, such as Vulcan
XC-72 or Gulf Shawinigan acetylene black (steam-
activated), which was heat-treated at 450 to 800°C.
The catalysts were fabricated into a relatively thin
active layer (0.1-0.2-mm thick) structure on a con-
ductive hydrophobic backing layer. - These electrodes
were capable of reducing pure O, at 1 A/cm? at
about -1 V (vs Hg/HgO) in 4 M NaOH at 60°C. A
model was developed to explain the processes occur-
ring during heat treatment as well as the O, reduc-
tion performance. Heat treatment, especially at
800°C, destroys the structure of the macrocycle con-
siderably, but a sizable fraction of the N, content
remains, probably in a form which can complex the
transition metal ion. This complex containing the
transition metal is thought to be the active site for
O, reduction and/or peroxide decomposition. The
portion of the transition metal that is not complexed
can easily be converted to an oxide. The hydrated
Co oxide is active for peroxide decomposition, but
the Fe oxide has little activity.

Two types of N-containing polymers, polypyrrole
and polyacrylonitrile (PAN), were used to prepare
highly active catalyst for O, reduction. They were
heat-treated with either Fe or Co acetates at 300 to
900°C, with optimum O,-reduction performance
obtained at 700 to 850°C, depending on the particu-
lar combination of polymers and transition metal.

The primary emphasis of the Electromedia pro-
gram was to develop long-lived electrode structures
using CoTMPP catalyst. Initially, the electrode was
targeted for operation at 60°C in 4 M KOH, how-
ever, this specification was changed to 80°C in 5 M
KOH during the latter stages of the research. Elec-
trodes were fabricated using active carbon and car-
bon black substrates. The structures tested included
(1) Double Layer Single Grid (DLSG) electrodes, (ii)
Single Layer Double Grid (SLDG) electrodes, and
(iii) Double Layer Double Grid (DLDG) electrodes.
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Superior, long-lived, active carbon ' electrodes
were developed which operated for a full year in
KOH and NaOH at 60 and 80°C. Specifically, for
active carbon electrodes, long-term cycle life was
enhanced in KOH and at the lower temperature.
These electrodes still have a major drawback in
Al/air batteries because their potential showed a
steady decline from start-up to failure, with no stable
plateau. In order to insure uniform battery perfor-
mance with a well-defined, predictable failure point,
further innovation in electrode fabrication is needed.
Alternative carbon black substrates with increased
hydrophobicity and corrosion resistance compared to
the active carbons were selected. A new electrode
structure was tailored specifically for the carbon
black substrates. The result was an electrode with
superior voltage performance (ca. 700 mV, RHE at
600 mA/cm?) at both 60 and 80°C, with a well-
defined failure point, but shorter life than the active
carbon electrodes (<1500 cycles).

The tests at 80°C showed a drastic shortening of
the life of the standard DLSG electrodes, whether
they were made from active carbon or from carbon
black. The wetting tests revealed that the AB (con-
ducting) layer absorbed more electrolyte and lost

“more gas permeability at 80°C than at 60°C in a

one-week immersion test. Redesigning the electrode
structure resulted in SLDG electrodes which lasted
longer than the DLSG electrodes at 80°C. Cycle tests,
on the other hand, identified the DLSG electrodes as
the best-performing air cathodes, particularly for the
DLSG electrodes containing RB carbon or Norit car-
bon. The program now focuses on combining the
technology reported above to develop and optimize
an air cathode which will satisfy the demands of
both constant current and cyclic operation.
Aluminum Anodes. The compositions of seven fami-
lies of alloys were 1nvest1gated at Eltech based on the
following criteria: :

. Al-based alloys are commercially available,

. literature is available -on the effect of certain
metals on the electrochemlcal characteristics of
Al, and

. alloys can be prepared specially for the Al/air
‘battery by either Alcan or Reynolds.

The best-performing alloys are fabr1cated with
high-purity Al, either 99.99 or 99.999% pure, with no
or very little Fe contamination. Indium is a com-
mon alloying agent which improved the electrode
performance. Thallium was found to be beneficial
but later abandoned because it is highly toxic. Gal-
lium was shown to improve electrode potential, but
also increased parasitic corrosion of the electrode.
The best-performing alloy had proprietary composi-



tion (designated BDW) which yielded 4.2 kWh/kg Al
at 200 mA/cm>.

Operating the anodes at 80°C increased the
parasitic corrosion of most alloys, but BDW showed
only a slight increase in corrosion. At high current
densities, the increase in anode potential outweighs
the increase in parasitic corrosion, thus leading to
improved energy yields.

NaOH. .

An acceptable anode composition was identified
which exceeded the 0.6 W/cm? target and attained
over 90% of the specific energy target of 4.5 kWh/kg
Al

Experimental and theoretical studies were under-
taken at SRI International in order to optimize the
development of Al alloy anodes for the Al/air bat-
tery. Experimental techniques were developed for
delineating the anodic and cathodic reactions by oxi-
dizing evolved H, in a porous platinized-nickel elec-
trode located downstream of the Al specimen. This
technique allowed the separate examination of the
H, evolution and Al electrodissolution reactions over
a wide range of potential (-1.9 to -1.3 V) and tem-
perature (25-80°C). At 25°C, and possibly higher
temperatures, pure Al showed an active-to-passive
transition, a passive region, and transpassive dissolu-
tion in which the current varies linearly with voltage.
At the higher temperatures, the potential could not
be displaced to sufficiently negative wvalues to
observe the active-to-passive transition, but the pas-
sive region was still observed, at least at 50 and
60°C. In the case of the alloys containing Ga, In,
and Tl as alloying elements, the anodic curve
displayed a wide passive range from -1.9 to -1.5 V
(Hg/HgO), at which point the current/voltage curve
made the transition to that for pure Al Activation
of the Al alloy anode at -1.5 V was attributed to the
oxidation of a layer of the metallic alloying elements
on the surface, which exposed the underlying base Al
metal. The potential at which activation occurred at
25°C (-1.5 V) coincided well with the calculated
equilibrium potential for the Ga/GaO,-couple in
concentrated hydroxide solution, so that activation
tentatively could be attributed to the oxidation of
metallic Ga. :

- The electrodissolution mechanism of Al for pure
Al and Al alloys has been investigated using wide-
band-width AC Impedance Spectroscopy (ACIS).
The impedance spectra display both pseudo-
capacitive and pseudo-inductive relaxations; their
number and characteristics depend strongly on the
DC-bias potential. These relaxations were attributed
to the formation of adsorbed hydroxyl species from a

The performance in 5 M-
KOH was comparable to that obtained in 4-M.
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series of one-electron discharge steps coupled with
H, evolution, with all reactions competing for sur-
face sites. Additionally, a surface film is envisaged to
form that blocks reaction sites, or it imparts resistive
control over the current flow. In the case of the
alloys, the impedance spectra are complicated by the
metallic alloying species on the surface. However, at
potentials more positive than -1.5 V (activation vol-
tage), the impedance spectra are similar to those for
pure Al, as expected, because of the oxidation and
loss of the alloying elements from the interface.

Oklahoma State University conducted an
exploratory study into the metallurgical characteriza-
tion of Al alloy anodes. The program was divided
into three separate objectives: (i) computerized
literature search, (ii) a review of the literature, and
(iii) metallurgical analysis. The results show that it
is possible to use Raman  and Fourier transform
infrared spectroscopy techniques to analyze the Al
anode corrosion products.

CRYSTALLIZATION AND PRODUCT
SEPARATION

Research at LLNL focused on developing an
Electrolyte Management System (EMS) for the Al/air
battery. The experiments to validate the EMS design
were carried out at 80°C, using NaOH and KOH
electrolytes, and the following Al samples: 99.999%
pure Al, Alcan’s- BDW alloy and Eltech’s 353 and
1QY alloys. The solids concentration at the bottom
of the crystallizer was maintained at below 20 vol%.
Lamella Crystallizer/Separator System. Two Al/air

- cells provided the aluminate feed to the- crystallizer

system. During standby or shut down, the electro-
lyte resides in the electrolyte storage tank (EST) and
in the lamella crystallizer. The cells are started by
activating the electrolyte flow from the bottom of the
EST to the cells. The overflow from the cells returns
by gravity to the EST. The conductivity of the elec-
trolyte entering the cells is monitored by a Foxboro
conductivity meter. A peristaltic pump circulates
electrolyte from the bottom of the EST to an annular
passage at the bottom of the crystallizer.

The bottom of the crystallizer is a cone, 12.1-cm
ID at the top with 65° angle. The bottom of the
crystallizer acts as an elutriator to concentrate the
coarsest particles at the bottom, from which they are
sent to the product separation and wash section.
The annular flow at the bottom of the crystallizer
re-suspends the particles that have settled into the
sides of the cone. The return flow from the separa-
tion and wash section enters near the top of the crys-
tallizer. The lamella settler that makes up the top



portion of the crystallizer consists of 5 parallel plates,
5-cm wide with 1-cm plate spacing, 60-cm long with
30° angle of inclination to the vertical. A Foxboro
conductivity meter at the top of the crystallizer mon-
itors the conductivity of the electrolyte returning to
the EST.

The experimental results indicate that plate spac-
ing in the settler can be reduced to 0.5 cm or less,
leading to crystallizer volume for a 100-cell vehicle
system of about 40 ¢. ,

The product separation and wash section con-
sists of a 1-cm ID, 30-cm long, 1-cm ID tube settler.
At the bottom of the tube settler there is a splitter
which directs the underflow to a 1-cm ID zig-zag
wash section where the hydrargillite product flows
counter-current to the incoming make-up water to
the cells. The splitter has an adjustable baffle to con-
trol the solids flow into the zig-zag section. When
the baffle i1s open, solids are removed at a rate
corresponding approximately to a 300 mA/cm?
current density (180 Amp). When the system is
operated at lower current densities, the baffle is
opened intermittently. As the product falls into the
moving water stream at the end of each zig-zag, it is
washed of entrained caustic and only the finer parti-
cles are retained in the liquids. The product is col-
lected in any one of four product receivers.

The system operated very well, it. was started and
shut down many times without plugging of the lines
by solids. However, it was found that trouble-free
operation at high solid concentrations required
adherence to fixed operating sequences for startup
and shut down of the system.

.The experimental results indicate that the
aluminate concentration approaches closely the
equilibrium value when electrolyte is circulated
between the crystallizer and the EST for one hour
after cell shut down, and that none of the alloys
tested had alloying elements that unduly interfered
with the crystallization process.

Lamella and Tube Settlers. For hydrargillite
powders of four widely different particle size distri-
butions and a settler (60-cm long, 1-cm plate spacing,
5-cm wide) inclined at 30° to the vertical, there is
good agreement between the calculated and experi-
mental values of the ratio of solids concentration in
the overhead divided by the solids concentration in
the feed, as well as in the overall material balance.

System Analysis. It is of interest to estimate steady-
state performance of a system, which in this analysis
is assumed to consist of 100 cells with 600-cm?
active area each with 2-mm anode/cathode gap and a
40-¢ crystallizer. The most frequent operating mode
for the system is for the aluminate concentration to
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fluctuate between the equilibrium value and a peak
concentration determined by the average power den-
sity during vehicle operation. When the system is
shut down for an extended period and the system
temperature is about 20°C, the initial Al concentra-
tion is below 0.6 M.

The power densities (W/cm?) and energy densi-
ties (kWh/kg Al) were calculated for several
aluminate concentrations (1-2.9 M). The analysis
indicates that the Al/air system can easily deliver 15
to 20 kW of steady-state output power, and it per-
forms at its highest energy density (~4 kWh/kg)
under those conditions.
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C. FUEL CELL RESEARCH

Fuel cell research includes projects in several
areas of electrochemistry: theoretical studies, fuel-
cell testing, fuel processing, and fuel-cell component
characterization.

Fuel Cells for Transportation

J.R. Huff (Los Alamos National Laboratory)

The objectives of thi§ program are to conduct
basic and applied research in electrochemistry neces-
sary to take fuel-cell technology from its present
status to a proof-of-concept level where it becomes a
practical alternative to internal combustion engines
(ICE) for vehicular propulsion. The goals of the
effort are to improve the specific power and transient
response of the fuel-cell system and to reduce the
materials and manufacturing costs. Program
emphasis has been on the optimization of Nafion-
impregnated electrodes with low Pt loadings (0.35
mg/cm?), long-term testing of single cells based on
such electrodes, characterization and modeling of
membranes for polymer-electrolyte-membrane
(PEM) fuel cells, and investigation of the kinetics
and mechanisms of reforming required for fast-
response reformers.

Optimization of PEM Electrodes. A significant
improvement in the performance of low-Pt-loading
electrodes has been achieved. This has been accom-
plished by spraying the electrodes, by heating the
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modified electrodes after spraying, and by hot-
pressing the electrodes onto the Nafion electrolyte.
With 0.35 mg Pt/cm? the best electrodes have an
IR-free-oxygen-reduction-reaction (o.r.r.) current of
600 mA/cm? at 570 mV (RHE) at ambient tempera-
ture and 1 atm.

Rutherford Backscattering (RBS) measurements
have been used to determine that the Nafion content
of the modified electrodes is not uniform with depth.
The results showed that most of the Nafion was con-
centrated in the first 1 um, using a single spray of 5%
Nafion solution. This implies that, despite the
marked improvement in performance with such
treatment, the match between the depth that the pro-
ton conductor can penetrate and the Pt catalyst layer
in a Prototech electrode is still very poor. It should
be stressed, however, that the performance of
Nafion-impregnated electrodes with 0.35 mg Pt/cm?
is already comparable to that of electrodes with 4 mg
Pt/cm?.

Impedance results of Nafion-impregnated elec-
trodes in contact with Nafion membranes have been
analyzed with the aid of a powerful computer pro-
gram developed at LANL for this purpose. For the
o.r.r., a feature in the impedance plot due to diffu-
sion can be clearly resolved at high current densities.
The value of the apparent charge-transfer resistance
changes at a rate of one decade per 240 mV for
potentials below about 0.75 V vs RHE. This dou-
bling of the Tafel slope is due to the distributed
nature of the Faradaic process. At higher potentials,
a lower slope is seen. At about 0.5 V, the resistance
approaches an almost constant value. Such behavior
implies that an interplay between mass transport and
charge transfer effects determines the behavior of the
Nafion-impregnated O, cathode at potentials
between 0.8 V and the onset of limiting-current
behavior. The relative contributions of protonic and
gas transport limitations to the polarization of the
impregnated cathode in the intermediate current
domain still have to be clarified. The high-frequency
electrolyte (membrane) resistance shows a significant
dependence on the current density for the H, oxida-
tion reaction, the most likely explanation being local
drying of the membrane. For the o.r.r., the high-
frequency resistance tends to decrease with increased
current density, which could also be due to interfa-
cial H, content.

The performance of the modified electrodes at
higher temperatures (50°C or above) and at atmos-
pheric pressure did not improve. Neither the electro-
lyte resistance nor the kinetic components of the
overpotential changed very much with an increase in
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temperature. It appears that the membrane may not
be adequately hydrated “at higher temperatures.
There is also evidence that kinetic parameters are
adversely affected by partial dehydration. These
results provide additional evidence that stabilization
of the interfacial H, content is essential for high-
performance PEM fuel cell systems.

Measurements of the o.r.r. currents at a Pt RDE

that was coated with a recast Nafion film yielded the
permeability of O, through such films. Combined
with results from linear-potential sweep experiments
on similar electrodes, these measurements also
allowed the separate evaluation of the concentration
of O, and its diffusion coefficient in such films. This
information is required to analyze the effects of the
recast Nafion film on the kinetics of the interfacial
process and on the transport of the reactant gas to
the catalyst site in Nafion-impregnated electrodes.
The diffusion coefficient of O, in the recast film (4 x
10® cm?/sec) and the O, concentration in it (3 mM)
should allow O, fluxes as high as 10 mA/cm? of
catalyst area (i.e., ~10 A/cm? of electrode area)
through recast films 0.5-um thick. Experiments with
Pt RDE were also performed to evaluate the poten-
tial of Nafion coatings to improve the performance
of cathodes, particularly in H;PO,4 fuel cells, based
on the increase of O, solubility next to the catalyst
surface. The enhancement of o.r.r. kinetics due to
O, enrichment in the recast Nafion film was found
to be marginal at best in either dilute H,SO,4 or 85%
H3PO,4 at room temperature. Based on this result, it
was further concluded that the addition of a recast
Nafion film to the catalyst side of a fuel cell cathode
is most probably advantageous because of the great
improvement in protonic access to catalyst particles
and not because of a significant enhancement of
local O, concentration.
Electrode Fabrication and Fuel Cell Evaluation.
Electrodes produced in-house by the filtration
method (0.35 and 0.5 mg Pt/cm?), which were
impregnated with Nafion and hot-pressed onto
Nafion membranes at 120°C and 50 atm for 15
seconds were studied. Similar experiments were car-
ried out with Prototech electrodes (0.35 mg Pt/cm?),
both as-received and Nafion-impregnated. The
resuits showed that: (i) the performance (in H,, O,
and air) of Nafion-impregnated electrodes in contact
with Nafion membranes match the performances of
similar electrodes in contact with CF;SO;H at con-
centrations of more than 0.5 M; and (ii) the perfor-
mance of the electrodes prepared at LANL are com-
parable to the Prototech electrodes, except the diffu-
sional overpotential is higher with the LANL elec-
trodes at high current densities.



Single-cell tests were conducted to demonstrate
good, long-term performance of PEM fuel cells using
low-Pt loading electrodes. A General Electric/
Hamilton Standard (GE/HS) membrane and elec-
trode assembly (4 mg Pt/cm?) was used for com-
parison. For the test cells, as-received and Nafion-
impregnated Prototech electrodes were hot-pressed
onto Nafion membranes or onto Dow experimental
membranes at 120°C and 50- to 60-atm pressure.
Cell potential-current density measurements were
made periodically by interrupting the constant
current density operation of the cells at 25 and 50°C.

The high frequency (~1 KHz) resistances of the

cells were measured at several current densities.
The cell potential-current density data were
analyzed using an equation of the form

E=E, — blogi — Ri. (1)

In this equation, E, is a constant and, if it -is
assumed that the H, oxidation reaction is consider-
ably faster than the O, reduction reaction (evident
from -the half cell tests), the Tafel slope, b, is
representative of the O, reduction reaction. R is the
slope, which includes contributions from ohmic as
well as activation and transport overpotentials, the
last being due to rate limitations within the catalyst
layer. The parameters E,, b and R were evaluated
by means of a least-squares fit of the experimental
points. Figure 16 shows the least-squares plots and
the experimental points for the GE/HS control, the
as-received and the Nafion-impregnated Prototech
electrodes. These results clearly demonstrate that
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Figure 16. Cell potential vs current density for H,/O, fuel
cells at 50°C and 1 atm. (A) GE/HS control; (B) Nafion-
impregnated Prototech; (C) as-received Prototech; solid
line - least-squares fit; x - experimental points.

the difficulty in achieving access of protons to Pt
sites within the catalyst layer in the Prototech elec-
trode.is solved effectively by Nafion impregnation.
Using these electrodes hot-pressed onto the Dow
experimental membrane yielded a high-frequency
resistance, Ryr, which was about half that for the
other cells, indicating even higher performance
should be possible with this membrane.

The electrochemically active surface area of the
electrodes was approximately the same for the
GE/HS and the Nafion-impregnated Prototech elec-
trodes; however, it was at least an order of magni-
tude less for the as-received Prototech electrodes.
The results clearly demonstrate the extension of the
active reaction zone by incorporation of a proton
conductor into the electrode.

. Electrodes prepared at LANL by the filtration
method (0.35 and 0.5 mg Pt/cm?) were tested for H,,
0,, and air performance at room temperature in
H,SO,4 and CF3;SOsH of varying concentrations. The
H, overpotential is quite small (< 20 mV) up to
current densities of 500 mA/cm?, and only a small

- dependence of H, overpotential on acid concentra-

tion is observed. At high current densities, the O,
overpotential is markedly dependent on acid concen-
tration. With H,SO,4 at concentrations of 0.5 M or
less, there are significant effects of combined ohmic
and mass transport control. With CF3;SO3H, this
occurs at a lower concentration.

Membrane Characterization and Modeling. Experi-
ments were conducted to measure the rates of H,
transport in Nafion membranes. The results of ther-
mogravimetric, IR spectroscopy and conductivity
measurements led to the following observations:

. During fuel cell operation, polymers maintain
rather low H, content (~5 H,O/R-SO;H).
. Water motion is the result of two forces in the

polymer under steady-state conditions. First,
H,0 moves through the polymer as the result
of hydraulic permeability, driven by a H,0
activity gradient. Second, H,O is pumped by
the movement of H*, which is a function of
cell current. _

»  High current densities can result in the tran-
sport of H,O away from the anode-membrane
interface at a rate that is faster than it can be
restored, thereby causing dehydration. The
extent of this dehydration is a direct conse-
quence of the rate of hydraulic permeability,
the back-diffusion rate of H,O from cathode to
anode. Local partial dehydration can lead to
cell failure. : .

. Comparison of Nafion 11060 and Nafion 1200
showed clear differences in conductivity and

i
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H,O permeability rate (1100 gave higher values
in both cases). These results indicate that
lower-equivalent-weight polymers are closer to
optimum and also that H,O management
requires high hydraulic permeability.

Several new polymers have been characterized
that have resistances half that of Nafion or lower.
With these membranes, current densities near 4,000
A/cm? at a reasonable voltage have been obtained
with single cells by industrial collaborators. Such
new membranes are a major advance in PEM fuel
cell technology. These membranes are not optim-

ized, and future work is expected to yield perfor-

mance levels for Hy/air PEM fuel cells that are com-
parable to those obtained with alkaline fuel cells.
Reformer Kinetics and Mechanisms. Considerable
experience has been gained with a stirred - (forced
convective) heat-transfer reactor, which uses recircu-
lation to sustain a uniform catalyst temperature.
Depending upon the recirculation rate, the tempera-
ture variation across the catalyst bed is held to 10°C
or less, which is closer to isothermal than the
=200°C temperature variations found in conven-
tional reformer hardware. :

‘This reformer produces equilibrium values (1-
3%) of CO in the reformate; levels which are too
high for PEM fuel cells. Therefore, CO removal from
the process stream following the reforming step was
pursued.. The effectiveness of a partial oxidation
process for this step was initially suggested by Bal-
lard Technologies. The partial oxidation process was
investigated by examining the addition of small
quantities of O, (or air) to the reformer product mix-
ture and then passing the mixture over an oxidation
catalyst. Experiments, first with O, and then with
air, showed the utility of this approach. Gaseous
mixtures of H, containing 1% CO were reacted on
0.5% Pt on Al,O; As predicted, no reaction was
apparent at low temperatures. At temperatures near
165°C (gas-phase - temperatures), the CO concentra-
tion was decreased to below 0.01%. This was done
by the addition of 2% O; (2x stoichiometry). No O,
was found in the effluent so the excess O, was con-
sumed to produce ‘H,. At higher catalyst tempera-
tures, CO could be removed only by addition of ever
larger quantities of O,, at the expense of consuming
more and more H,. Therefore, this technique is suc-
cessful, in a narrow regime of temperatures. The
ability to operate low-temperature fuel cells with
reformed fuels depends on control of CO content.
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Advanced Chemistry and Materials
for Fuel Cells

J. McBreen (Brookhaven National Laboratory)

The objectives of this work are to understand
electrocatalysis at a molecular level, to minimize or
eliminate the need for noble metals in fuel cells, and
to enhance the kinetics of O, reduction and the oxi-
dation of C;, compounds. In 1986, research was
focused on: (i) EXAFS studies of pyrolyzed metal
macrocyclics on carbon and of carbon-supported Pt
electrocatalysts, (ii) in situ EXAFS studies in operat-
ing phosphoric acid fuel cells, and (iii) the synthesis
of new electrocatalysts based on conductive polymers
and tetrasulfonated metal phthalocyanines (M-TsPc).
EXAFS Studies of Pyrolyzed Metal Macrocyclics.
The structure of the active catalyst in pyrolyzed Fe
or Co macrocyclics on carbon is not known. There
is some evidence that the Co material has a max-
imum activity after pyrolysis at 600 to 800°C. At
these temperatures, the pyrolysis products show no
X-ray diffraction pattern, and thus are amorphous.

An EXAFS study was carried out on pyrolyzed
Co and Fe macrocyclics supported on carbon (Vul-
can XC-72). Both phthalocyanine (Pc) and TMPP

“materials were studied. The Fe macrocycles were
pyrolyzed at 920°C, and the Co macrocycles were
pyrolyzed at 800 and 900°C.

At 900°C, the Co macrocycles were reduced to
the metal possibly by carbothermic reduction. At
800°C, the Fourier transform of the EXAFS spectra
was very complex, however; it indicated the presence
of Co metal and some other materials. 'When the
pyrolysis product was leached in hot KOH solution
to remove Co, a bluish filtrate was observed. This
procedure removes up to 50% of the Co without
decreasing the catalytic activity. The remaining
material, which is presumably the catalyst, has a

“radial structure function similar, in most respects,: to
the original Co-TMPP material.. Apparently, some

after pyrolysis. After pyrolysis at 920°C, the Fe-
TMPP on carbon consists of both Fe metal and
another material. Leaching in either hot HCI or
oxalic acid removes the Fe and leaves a material
with a structure similar to the macrocyclic. Analysis
is continuing to fully elucidate these pyrolysis pro-

- ducts.

core moiety of the macrocyclic compound remains
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EXAFS Studies of Platinum on Carbon. Extensive
EXAFS studies have been done on commercial
carbon-supported Pt electrodes. This includes work
on as-received electrodes and electrodes in operating
fuel cells. The Pt-C interactions on these electrodes
were elucidated from EXAFS on reduced electrodes
(to remove the .oxide) and by subtracting the Pt-Pt
contribution in.the data analysis. This reveals two
Pt-C interactions — one with a Pt-C bond of 2.58 A,
and the other with a Pt-C bond of 3.40 A.

In operating cells, changes in the EXAFS were

observed in going from open circuit to load. Even
further changes were observed when operating on
hydrogen. These data are being analyzed.
M-TsPc  Compounds in Conductive Polymers..
Several M-TsPc compounds were successfully
prepared by direct chelation with. H,-TsPc in aque-
ous solution. The M-TsPc compounds of Ti and Mo
were synthesized for the first time. The ions (Mn?*,
Fe2*, Ni%*, Zn?*, Pd%**, Co?* and Sn?') that could be
chelated had ionic radii between 0.68 and 1.0 A.

Several polypyrrole electrodes were prepared
with M-TsPc compounds (M = Fe(Ill), Co, Mn, Ni,
Ga, Os, Ru, VO [vanadium in the +2 state with an’
axial O ligand] and Ir) as the counter anion in the
conductive polymer. The redox behavior of these
materials is being investigated.
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Oxygen Reduction on Platinum in
Fuel Cell Electrolytes

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

The reduction of O, on Pt electrodes in aqueous
alkali hydroxide and carbonate electrolytes were stu-
died over'a concentration range approaching practi-
cal fuel cell conditions. Parallel studies of the
mechanism on smooth electrodes and fuel cell
behavior on gas-diffusion electrodes are also being
carried out.

Kinetically limited currents at an electrode
potential of 880 mV vs RHE (reversible hydrogen
electrode at the same conditions as the working elec-
trode) are shown in Fig. 17 for KOH and K,CO; as a
function of electrolyte concentration. The right-hand
scale shows the same data corrected for the large
differences in O; solubility which occur over this
concentration' range. The smooth electrode studies
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Figure 17. Kinetic-current density dependence on electro-
lyte concentration in=KOH and K,CO; for O, reduction
on Pt. (XBL 8610-3873)

also indicated that Pt with low oxide coverages
showed negligible peroxide production when in con-
tact with the carbonate electrolytes during O, reduc-
tion, In the higher-pH hydroxides, however, perox-
ide production accounted for from 2 to 15% of the
total O,-reduction current. From a kinetic point of
view, therefore, carbonates are superior to hydrox-
ides at the same concentration, showing an average
of 60% higher kinetic currents and lower peroxide
production rates.

Oxygen reduction currents were also measured
for high-area Pt supported on carbon black porous
gas-diffusion electrodes (obtained from Prototech,
Inc.). The area of Pt actually in contact with the
electrolyte in these electrodes can be estimated from
the charge associated with hydrogen desorption. The
measured Os-reduction currents can then be com-
pared directly with the purely kinetically limited
results mentioned above. For the hydroxide electro-
lytes, this comparison indicated that kinetics, as
opposed to mass transfer of reactants and/or pro-
ducts or ohmic effects, is the controlling process over
most of the potential range of interest (800-1000 mV
vs RHE). This is not true for the carbonate electro-
lytes. Local pH changes occur in the pores of the
electrode due to hydroxide-ion production during
operation. This is believed to be the major cause of
the lower performance observed in carbonate vs
hydroxide shown in Fig. 18 (solid curves). Prelim-
inary experimental work indicates that addition of
CO; to the O, feed may be a way to improve this
situation by converting to carbonate some of the
excess hydroxide (dashed curves).
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Fi_gilr’é‘ 18. Performance curves for a Prototech electrode
(0.3 mg Pt/cm?) at 25°C in alkaline electrolytes with vari-
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