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PREFACE 

.This program on high-temperature secondary batteries consists of an in­
house research and development effort at Argonne National Laboratory and 
subcontracted work by industrial laboratories. The work at Argonne is 
carried out primarily in the Chemical Engineering Division, with assistance 
on specific problems being given by the Materials Science Division and, from 
time to time, by other .Argonne divisions. The individual efforts of many 
engineers, scientists, and technicians are essential to the success of the 
program; recognition of these efforts is given by the individual authors 
that are cited throughout the report. 
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HIGH-PERFORMANCE BATTERIES FOR 
ELECTRIC-VEHICLE PROPULSION AND 

STATIONARY ENERGY STORAGE 

Progress ·Report for the Period 
October 1978 - March 1979 

ABSTRACT 

This report covers the research, development, and management 
activities of the programs at Argonne National Laboratory (ANL) 
and at subcontractors' laboratories on high-temperature batteries 

·during the period October 1978 - March 1979. These batteries are 
being developed for electric-vehicle propulsion and for stationary 
energy-storage applications. The present cells, which operate at 
400-500°C, are of a vertically oriented, prismatic design with one 
or more inner positive electrodes of FeS or FeS 2 , facing electrodes 
of lithium-aluminum alloy, and molten LiCl-KCl electrolyte. 

During this six-month period, cell and battery development 
work has continued at ANL, Eagle-Picher Industries, Inc., Gould 
Inc., and the Energy Systems Group of Rockwell International. 
Fabrication of a 40 kW-hr battery by Eagle-Picher for testing in 
an electric van is nearing completion. Cost and design studies 
for a Mark II electric-vehicle battery, which will have somewhat 
higher performance and use potentially low-cost materials and 
fabrication methods, have been conducted by all three subcon­
tractors, and contracts are being negotiated for developm~nt of 
Mark II batteries. Conceptual design studies have continued at 
Rockwell International on a 100 MW-hr stationary energy-storage 
module. The present plan is to construct a·module based on these 
designs for testing at the BEST (Battery Energy Storage Test) 
Facility. Work has also been in progress at the Carborundum Co., 
General Motors Research Laboratories, and various other organiza­
tions on developing materials and components for' cells. 

SUMMARY 

Industrial Contracts 

The three major subcontractors of the battery program are Eagle-Picher 
Industries, Inc., Gould Inc., and Rockwell International's Energy System 
Group. 

In February 1978, Eagle-Picher was contracted to develop, design, and 
fabricate a 4'0 kW-hr electric-vehicle battery (designated Mark IA). The 
Mark IA battery will consist of two 20-kW-hr modules, each module having 
60 multiplate cells connected in series and housed in a thermally insulated 
case. ·In the cell development phase of the Mark IA program, Eagle-Picher 
fabricated about 120 multiplate Li~Al/FeS cells of varying designs, which 
were tested at their own laboratories or ANL. Several problems were 
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encountered during the development phase of the program, including high cell 
resistance, loss of capacity during cycling, and poor wetting of the separator 
by the electrolyte; these problems were resolved through intensive efforts at 
Eagle-Picher and ANL. The test results from individual cells indicate that 
the Mark IA cells, which are presently being fabricated, should meet our per­
formance and lifetime goals. According to the present schedule, the Mark IA 
battery will be completed and ready for testing by mid-May 1979. 

To aid in developing the final design for the Mark IA battery, Eagle­
Picher has fabricated a small (6 V) battery module which contains five 
Li-Al/FeS multiplate cells connected in series. This battery is presently 
being tested at ANL. 

Gould Inc. is investigating electrode assembly techniques that are 
suitable for mass-production, including fabrication of electrodes by extrusion 
and powder rolling techniques and assembly with the active materials in the 
semi-charged state. In addition, a cell design has been developed to 
accomodate HN felt separators, which have the potential for lower cost than 
that of the previously used BN fabric separators. During this report period, 
Gould also tested about 20 experimental Li-Al/FeS bicells. Based on test 
results reported in the previous period, thes~ cells had carbon, cobalt, and 
excess iron powder added to the positive electrode and a LiCl-KCl electrolyte 
with a LiCl content higher than that of the eutectic. These cells typically 
attained specific energies above 58 W-hr/kg at current densities of 
5 to 80 mA/cm2, and resistances of 2.5 mQ (t=O sec). The test data indic.ate 
that the near-term (1979-1981) performance goals for the electric-vehicle 
battery can be met or exceeded with the Li-Al/FeS system. ~ould has recently 
prepared a cost and design study for the 50-kW-hr Mark II battery. 

Rockwell International tested fourteen Li-Si/FeS electric-vehicle 
bicells. These cells showed significant improvements in p~rformance when 
operated at high temperatures (>450°C) or when the LiCl-KCl electrolyte had 
a high LiCl content. In addition, construction of cells in the partially 
charged state (i.e., substitution of Li2Si for FeSi2 in the negative 
electrode) increased the average cell voltage from 1.22 to 1.34 V at a dis­
charge current density of 60 mA/cm2 • In other work, Rockwell has completed 
a balance-of-plant (BOP) cost analysis for the 100 MW-hr energy-storage 
battery described in the last report in this series, and found that the BOP 
cost, $80/kW-hr, was significantly above that of our goal of $45-55/kW-hr 
(1979 dollars). Studies are under way at Rockwell and ANL to discover modifi­
cations in the basic battery design that will lead to a lower BOP cost. 

Cell and Battery Testing 

ANL Cell Tests. Over the past six uloatlu:;, ANL has l~sted 22 engineering­
scale Li-Al/FeS bicells fabricated at ANL. Four of these cells, designated 
M-series cells (pressed electrodes assembled charged; BN felt separators), 
were tested in a continuing effort to determine the effect ·on performance of 
the following: positive-electrode additive of Cu2S or LiCl-rich electrolyte~ 
and high positive-electrode loading (1.4 or 1.6 A-hr/cm3). All but one of 
these cells operated for between 300. and 375 cycles. The test results 
indicated that both the Cu2 S additive and the LiCl-rich electrolyte improved 
the performance of the Li-Al/FeS cell. In addition, the use of a positive­
electrode loading of 1.6 A-hr/cm3 appeared to result in a somewhat better 
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performance. Two other Li-Al/FeS bicells, designated the R series (pressed 
electrodes assembled uncharged; BN felt separators), were tested to determine 
the effect of current collector material on cell performance. One of the 
cells had a nickel current collector; the other had a low-carbon steel 
current collector. Somewhat surprisingly, both of these cells are exhibiting 
about the same performance after over 110 cycles. Operation of these cells 
will continue in order to determine the long-term effects (>300 cycles) of 
these two current collector materials. 

Carbon-bonded positive electrodes are being developed·as an alternative 
to those made by pressing techniques, and MgO powder separators are being 
developed as an alternative to the BN fabric and felt that are currently 
used as separators. During this period, we tested one bicell with a carbon­
bonded positive electrode (BN felt separator) and four bicells with MgO 
powder separators (pressed electrodes). The test results continue to indicate 
that the carbon-bonded positive electrode and MgO powder separator are viable 
altt:rnatives to the components presently used in lithium/metal sulfide cells. 

Two multiplate Li-Al/FeS cells with BN felt separators, one with a 
carbon-bonded positive electrode and the other with pressed electrodes, were 
tested at ANL; and their performance was compared with that of similar bicells 
having BN felt separators. To date the former cell has operated for 42 cycles, 
th~ other for 85 cycles. Even though not optimized for maximum performance, 
both of ~hese multiplate cells have attained performance levels slightly 
better than those of similar bicells. A third multiplate cell, which has an 
MgO powder separator, has recently been started-up; test res~lts will be 
reported in.the next period. 

Industrial Cell Tests. A number of the multiplate Li-Al/FeS cells fab­
ricated by Eagle-Picher for the Mark IA program were tested at ANL to 
determine the effect of continued cycling after cell failure, operating 
temperatures of 420 to 475°C, and simulated driving conditions. These tests 
indicated the following: the Mark IA battery can continue to be cycled after 
some of the cells have shown a marked decline in coulombic efficiency; the 
optimum operating temperature for the Mark IA cell is 460-470°C; and the 
Mark IA cells should produce· acceptable power under severe acceleration 
conditions without adverse effects to the cell. 

During the developmental stage of the Mark IA program, it was discovered 
(1) that the Eagle-l:'icher multiplate cells were frequently failing due to 
swelling of the cell can which resulted in· extrusion of active mater.i.al from 
the positive electrode and (2) that the cell power was lower ·than that re­
quired by the Mark IA goals. For the former problem, intensive investigation 
at ANL revealed that the melting of the electrolyte in these cells resulted 
in a pressure surge that was largely dependent upon the available void space 
in the cell prior to melting of the electrolyte. For the Mark IA battery, 
t:his edge-wise force will be controlled by the amount of electrolyte added 
to the cells; the cell tray is also being designed to restrain ~his force. 
To _increase the power at the Mark IA developmental cells, ANL. made and then 
tested various design changes to the current collector, bus bar, lead 
ribbons, etc. However, the most effective measure .resulted from adding a 
copper layer to the top of the Eagle-Picher cell to lower the resistance 
path between the negative bus bar and the intercell connectors. As a result 
of the design changes, the cells fabricated for use in the Mark IA should 
easily meet the power goals. 
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Battery Tests. A small (6 V) Li-Al/FeS battery fabricated by Eagle­
Picher, which contains five multiplate cells connected in series, was tested 
in the laboratory and in a Volkswagen van at ANL. In the laboratory tests, 
this battery was operated for 58 cycles with less than 5% loss of capacity 
and 7.6% loss of energy. After laboratory testing, the battery was connected 
in series to the 144-V lead-acid battery ·in a Volkswagen van and road tested. 
At the end of one hour, the internal temperature of the 6-V battery had 
decreased from 475 to 470°C. (The full-scale 40 kW-hr Mark IA battery will 
heat up slowly during discharge.) The performance of the battery was as 
anticipated. 

Cell Peformance and Lifetime Summary 

A review was conducted of the electrical performance of six Li-Al/FeS 
bicells fabricated by ANL as well as five Li-Al/FeS bicells and ten 
Li-Al/FeS multiplate cells fabricated by Eagle-Picher. As expected, the 
high~$t specific energy was achieved by the multiplate cells; however, these 
cells had the highest decline in energy and capacity with cycling. 

Two sets of ten status cells, one with BN felt and the other with MgO 
powder separators, are being built. These cells are being tested to obtain 
per.formance and lifetime data on at least six cells with an identical design. 

Post-test examinations have been completed on 22 multiplate cells fabri­
cated by Eagle-Picher and 20 bicells fabricated by ANL and industrial con­
tractors. Of the 22 multiplate. cells, the prlmary causes of cell falluL~ 
were as follows: extrusion of active material from the positive electrode, 
seven cases; short circuit in feedthrough, four cases; metallic deposits in 
the separators, three cases; and equipment malfunction, three cases. Measures 
to correct these problems are being·sought. Post-test examination of the 
bicells indicated that the major causes of cell failure in the past--extrusion 
of active material, cutting of separators by current collector, and cell 
assembly difficulties--appear to have been resolved by modifications in cell 
design and better quality control. 

Cell Development 

Engineering modeling studies are being conducted at ANL with the objec­
tive of developing empirical equations that relate cell performance to the 
physical and chemical characteristics of the cell and the mode of cell opera­
tion. Very general equations have been developed to fit FeS and FeS2 bicells 
and multiplate cells; the coefficients iu Llie ~4uatlo11s were determined by 
multiple regression analysis. Operating and performance data of 26 cells 
were used to develop the model, and data from a second group of 16 cells were 
usP-d as a sub:Jcqucnt check of the model. r:nnrl AgrPP.mP.nt has been obtained 
between predicted and actual cell performance. The model will be very useful 
in the optimization of the electric-vehicle cell design. 

Small-diameter (~3 mm) reference electrodes are being developed for 
polarization measurements in engineering cells and for basic electrochemical 
investigations. Long-term stability tests have been completed on five 
electrode systems--Li-Al/Li+, Li-Bi/Li+, Ni/Ni 3 S 2 /S~, Ag/Ag2S/s=, and 
Ag/AgCl--and the Ni/Ni 3s 2 system was found to be the most suitable. 
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Measurements will be made with reference electrodes in three sizes of cells: 
large (~100 A-hr) and intermediate-scale (5-15 A-hr) prismatic cells, and 
small tubular cells. 

Cell tests are in progress to optimize the performance of the Li-Al/FeS 
cells. Studies have been conducted on 11.3 A-hr Li-Al/6.5 A-hr FeS cells 
containing the following amounts of Cu2S additive to the positive electrode 
(in wt %): 0, 5, 10, and 20. The test results indicated that increasing 
the Cu2S concentration in the positive electrode increased its utilization. 
In addition, at current densities of 100 to 200 mA/cm2 , the positive-electrode 
utilization decreased only slightly with increased current density. 

Optimization studies were also conducted on engineering-scale cells. The 
utilization of four M-series cells, which have initial electrolyte volumes of 
0.39 to 0.49 at full charge, was measured at current densities of 20"to 120 
mA/cm2 , and the cell with the highest electrolyte volume was found to have the 
least dependence upon current density. ln general, the resistance of ANL cells 
was found to increase as the depth of discharge was increased (from 3.1 to 
4. 5 mS~). 

Materials and Components Development 

Electrode Development. Investigations are under way on the formation of 
agglomerated Li-Al in the center of the negative electrode during the dis­
charge of multiplate FeS cells; this agglomeration is believed to be partly 
responsible for the marked decline in capacity with cycling of these cells~ 
For these studies, we are using cells having small working electrodes of 
solid aluminum and large counter electrodes of porous Li-Al to eliminate any 
effects from metal sulfide. Results of these studies will be reported in the 
next period. In other work on the development of negative electrodes, we 
investigated the effect on performance of the addition of 15 wt % Zn to Li-Al 
electrodes; no improvement in performance was observed after 200 cycles of 
the Li-Al-Zn electrode. Next, indium additive will be evaluated in Li-Al 
electrodes. 

The cell chemistry of the positive electrode (FeS and FeSz) is being 
studied in cyclic-vol"tannnetry experiments, small-cell tests, and out-of-cell 
studies. 

For the FeS electrode studies, two 2 A-hr Li-Al/1 A-hr FeS cells 
(eutectic electrolyte) were operated to determine the potential at which 
LiK0Fe24S25Cl (J phase) forms during charge and discharge. Preliminary 
results indicate that J phase transforms to FeS at 1.6 V during charge. 

· Cyclic voltannnetry studies were completed on the FeS electrode in three 
different electrolytes--LiCl-KCl eutectic, LiCl-rich (i.e.~ 63.8 to 74.4 
mol %) LiCl-KCl, and LiCl-LiF-LiBr--and at temperatures of 400 to 500°C. 
The results obtained in the LiCl-KCl eutectic are consistent with the finding 
that J phase forms at the end of charge and also indicate that increasing the 
temperature improves the reaction kinetics of the FeS electrode. The results 
obtained with the LiCl-rich system indicate that some FeS is being formed at 
the end of charge, and that the charge and discharge electrode kinetics of 
the FeS electrode are improved as the LiCl content of the electrolyte is 
increased above that of the eutectic. The results obtained with the 
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LiF-LiCl-LiBr system indicate that X phase (Li2FeS2) and FeS are formed during 
cycling. Thermodynamic calculations were used to determine the cell potentials 
at which phase transition·s occur in a cycled FeS cell with eutectic electro­
lyte. 

In studies of FeS2 electrodes, powders of Li2S, Li2FeS2, Fe and FeS2 
were equilibrated with LiCl-KCl molten salt at 4~0°C; and the products were 
examined to identify the phases present. The information from this experiment 
was then used to further refine our understanding of the Li-Fe-S phase diagram 
presented in the last report of this series. In a continuing effort to under­
stand the electrochemistry of the FeS2 electrode during charge, three small 
cells were cycled at a current. density of 25-30 ·mA/cm2 for ten cycles and then 
cell operation was stopped after trickle charging at a selected cutoff voltage 
(1.64 V, 1.786 V, and 1.85 V, respectively) for about 18 hr. The results 
indicated that it is not possible to form FeS 2 at a potential of 1.76 V, which 
is the emf observed for the upper voltage plateau in Li-Al/1"eS2 cells. In 
turther studies, one of r:he above three cell~:; wa~:; l:Y l:leu at a L.Ln:rent density 
of 2 ~A/Gml; t~is study indicated that the ti-Fe-S phase diagram is more 
.complex than previously thought, and that there may be two forms of Z phase 
(Li 3Fe 7 S4) both of which can be charged to FeS2. 

Designing the thermal management of a cell requires knowledge of the 
entropic heat effects, and hence of the cell reactants and products. In 
cell-chemistry studies, estimated values were calculated for the absolute 
entropies of X phase (Li2FeS2), J phase (LiK5Fe24S26Cl), and Z phase 
(Li 3Fe 2S4), which are not available in the literature. These estimates were 
made by established procedures: Good agreement was found between the calcu­
lated values and those obtained from emf vs. temperature curves·from experi­
mental cells. In addition, the calculated entropic heating of an Li-Al/FeS 
cell based on these estimates agreed with values that were obtained from a 
cell that was designed specifically to measure heat balances. 

Separator Development. Carborundum Co. delivered a shipment of BN felt 
sheets to ANL. The physical properties of this material were then assessed 
before it was used in cells. 

Stress-strain measurements were made on BN fabric and felt to estimate 
the thickness of the separator during cell operation. At stresses of 210-
245 kPa (30-35 psi), the pressure at which FeS pellets have b~en found to flow 
significantly, the percent compression was·found to be 40% for the fabric and 
60% for the felt. Similar measurements will be made at higher stress levels. 

Four separator materials--MgO powder, BN felt; Y203 sintered ceramic, 
and MgO sintered ceramic--were evaluated in experimental Li-Al/FeS cells. 
The MgO powder separator was prepared by a new, potentially low-cost casting 
technique; the cell having this type of separator was found to have excellent 
performance in comparison with previously operated cells having MgO powder 
separators (vibratory loaded). The results of the separator tests also 

I . 
indicated that MgO sintered ceramic could be used successfully as a separator 
material in Li-Al/FeS cells. Three cells wen~ operated with RN felt · 
separators; one was treated with a \vetting agent (LiAlCl4) and the 
other two were not given the usual stabilization procedure (i.e. 3 bonds not 
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completely converted from Bz03 to BN). The test results indicated that BN 
felt treated with the LiA1Cl 4 wetting agent and BN felt with unstabilized BN 
bonds are suitable for testing in engineering cells. 

Current Collector Development. In the development work on current 
collectors, preliminary characterization has been completed on the following 
iron-base alloys for FeS electrodes: ANL-5-0 (Fe-5 wt% Mo), ANL-10-20 
(Fe-10 wt% Mo-20 wt% Ni), and ANL-15-30 (Fe~l5 wt% Mo-30 wt% Ni). 
Measurements of the resistivity, oxidation potential,' and hardness showed 
that these properties increased as the amount of alloying element is increased. 
The first two of the above alloys (ANL-5-0 and ANL-10-20) were subsequently 
tested in experimental cells, and both materials showed promise as a low-cost, 
long-lifetime current collector in FeS electrodes. 

In-cell tests are also being conducted on other candidate materials for 
current collectors and frames for metal sulfide electrodes. For these tests, 
nine 50 A-hr cells were operated at 450°C--three FeSz cells with positive­
electrode current collectors and frames of Hastelloy B and six FeS cells with 
collectors and frames of nickel. Of the six FeS cells, four were assembled 
semi-charged and two charged; the test results indicated that nickel has the 
necessary corrosion resistance for long· life in FeS electrodes. The corrosion 
rates of the Hastelloy B in the FeSz electrodes was found to be unacceptably 
high. Hastelloy B appears unsuitable for application in FeSz cells, but 
remains a candidate for FeS cells. 

Static corrosion tests are being conducted to evaluate electronically 
conductive ceramics as coating materials for metallic current collectors in 
FeS 2 electrodes. The following materials were tested. for 300 hr at 500°C in 
FeSz plus LiCl-KCl: TiN, TiC, and TiBz prepared by hot-pressing; TiN, TiC, 
TiCN, and TiB 2 chemically vapor deposited on AISI 1008 steel; and MaS and 
MoSii deposited on AISI 1008 steel by rf sputtering. The test results indi­
cated that only the hot-pressed TiN and TiC were chemically stable in the 
FeSz environment. The poor quality of the coatings was.thought to be the 
reason for their failure. Since it is difficult to obtain a defect-free thin 
coating, attempts are being made to fabricate monolithic ceramic (TiN and TiC) 
current collectors that can be used for in-cell testing. 

Systems Design and Analysis 

Early in 1978, a reference design of a 100 MW-h:t energy-storage battery 
having Li-Al/FeS or Li-Si/FeS cells was devised as a result of a joint effort 
between ANL and Rockwell International. However, investigations indicated 
that the cost of the battery hardware (exclusive of cells) and installation 
would be $80/kW-hr, which is well over the goal of $45-55/kW-hr. To reduce this 
cost, several changes in the battery design have been recommended. One of 
the major suggested changes .is to increase the cell size from 2.5 to 30 kW-hr; 
the dimensions for this large cell would be about 2.4 m x 30 em x 22 em. 
In the modified 100 MW-hr battery design, 168 such cells would be electrically· 
connected to form a module having an energy capacity of 5 MW-hr. Ten such 
modules would be connected in series to form one of two 50 MW-hr banks, each 
of which would have an ac-dc converter. 
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In studies of electric-vehicle battery systems, the thermal properties 
of the 6-V battery fabricated by Eagle-Picher were investigated. Cycling of 
this battery in the laboratory showed that a slow accumulation of hydrogen 
within the vacuum annulus had raised the pressure above the level required to 
maintain good insulating properties. For subsequent laboratory tests, the 
pressure of hydrogen was reduced to an acceptable level, about 0.026 Pa 
(2 x 10-4 torr), by the.use of an ion-pump or a room-temperature getter that 
was selective for hydrogen. Typical heat-loss rates at a pressure of 
0.026 Pa were found to be 160 W w:i,th a battery op-erating temperature of 465°C. 
These results reinforce our expectation of achieving the goal of a 400-W heat 
loss for the 40 kW-hr Mark IA battery. In other studies, two Eagle~Picher 
cells at operating temperature were crushed and the contents exposed to air; 
no signs of fire or other chemical reactions were observed. 

Calcium/Metal Sulfide Battery Development 

The objective of thie: program is to dlilv"l.op c~J.ch1m ;;~lloy/metal £:Hlfi.ile 
cells for inexpensive, high-performance batteries. The electrodes and 
electrolyte for these cells are being developed and optimized through cyclic­
voltammetry studies, cell tests, and ~ut-of-cell experiments. 

In out-of-cell experiments, the solubility of CaS (one of the active 
materials in the positive electrode of uncharged calcium cells) in LiCl-NaCl­
CaC12-BaC12 electrolyte was found to be a factor of ten lower than that of 
Li2S in LiCl-KCl electrolyte (lithium cell), and the vaporization rate of 
sulfur from CaS-FeS2 mixtures in the quaternary electrolyte was found to be 
significantly lower than that of Li2S-FeS2 mixtures in LiCl-KCl. 

Tests were conducted on small-;-scale cells having positive electrodes of 
either NiS 2 , FeS2, or FeS2-CoS2. The maximum utilizations of the NiS2 and 
FeS2 electrodes were satisfactory (64%), and the CoS2 additive improved the 
utilization of the FeS2 electrode by 8%. Voltammetry studies of these three 
metal disulfide electrodes in an electrolyte of LiCl-KCl and LiCl-NaC1-
Cacl2-BaC12 indicated that the Fes 2 electrode with rhe quarernary elecrrolyre 
and the NiS2 electrode with the binary electrolyte should exhibit the best 
performance characteristics. 

Two engineering-scale cells (theoretical capacity, 214 A-hr) were tested 
during this report period. One of these was a· Ca2Sl/Ni(Cu)S2 <.:ell that was 
operated for 115 cycles and achieved a specific energy of 61 W-hr/kg at the 
20-hr rate. The other was a Ca?Si/Fe(Co)S?.cell that is ~till operating 
after 30 cycles; the specific energy of this cell is the highest of any 
calcium cell built to date--78 W-hr/kg at the 24-hr rate. Both of these 
cells showed a significant decline in specific energy with cycling; efforts 
are in progress to resolve this problem. 
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I. INTRODUCTION 

Lithium/metal sulfide ·batteries are being developed by Argonne National 
Laboratory (ANL) and its subcontractors for use as (1) the energy source for 
electric-vehicle propulsion, and (2) stationary energy-storage applications 
such as load leveling on electric utility systems or storage of energy pro­
duced by solar, wind, or other intermittent_sources. The widespread use of 
electric vehicles would conserve petroleum fuels, since the electrical 
energy for charging the batteries could be provided by coal, nuclear, hydro­
electric, or other energy sources; a side-benefit would also be realized in 
decreased air pollution in congested urban areas. The use of stationary 
energy-storage batteries for load leveling could save petroleum by reducing 
the need· for gas turbines to meet peak power demands and by facilitating the 
use of alternative energy sources. 

'l'he major requirements for an electric-vehicle battery are high specific 
energy (W-hr/kg), high volumetric energy density (W-hr/L), and high specific 
power (W/kg). Economic considerations require a minimum battery lifetime of 
about 3 yr (~1000 deep discharge cycles or equivalent) and a cost goal of 
about $50-60/kW-hr.* Stationary energy-storage batteries have somewhat less 
stringent specific-energy and specffic-power requirements, but this applica­
tion demands a longer lifetime (~10 years and 3000 cycles) and a cost goal of 

. $45-55/kW-hr. As a result of these requirements, considerably different 
approaches are being taken in the designs of cells and batteries for these 
two applications. 

The current program on the electric-vehicle battery involves the 
development,' design, and"fabrication of a series of full-scale lithium/metal 
sulfide batteries, designated Mark IA,t II, and III. The main purpose of the 
Mark IA battery is to evaluate the technical feasibility of the lithium/metal 
sulfide system as an electric-vehicle battery and to resolve interfacing 
problems among the battery, the vehicle, and the charging system. The Mark 
II battery has some~hat higher performance goals than Mark IA, but the major· 
objective is to develop designs and materials that will permit low-cost mass 
manufacturing methods. ·It is anticipated that the Mark II battery may have 
commercial potential for certain limited applications. The Mark III battery 
is planned as a high-performance prototype suitable for evaluation and 
demonstration in a passenger automobile. The performance and lifetime goals 
for the Mark IA, II, and III batteries are presented in Table I-1. 

Wo.rk is nearing completion at Eagle-Picher Industries on· the fabrication 
of the Mark IA battery, which is scheduled for laboratory and mobile testing 
in an electric van in 1979. This battery consists of two 20 kW-hr modules, 
each containing 60 cells. Although various technical problems have been 
encountered in the design and fabrication of the cells and the insulated 
cases for the Mark IA battery, there appear to be no major obstacles to the. 
completion of this program. An effort has also been initiated on the Mark II 

* Co?t given in 1979 dollars throughout this report. 
t . . . . 

Tne original plan was to develop a series of Mark I batteries (IA, IB, and 
IC)·; however,· a decision· has .been made to proceed directly from Mark IA to 
Mark II in· tl1e development program. 
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Table 1-1. Program Goals for the Lithium/Metal Sulfide Electric-Vehicle 
Battery 

Goal 

Specific Energy, W-hr/kga 

Cell (Average) 

Battery 

Energy Density, W-hr/liter 

Cell (Average) 

Battery 
. b 

Peak Power; W/kg-

Cell (Average) 

BaLleL·y 

Battery Heat Loss~ We 

Lifetime· 

Deep Discharges 

Equivalent Kilometers 

Equiva~ent Miles 

Mark IA 

80 

60 

240 

100 

80 

vo 
400 

200 

32,000 

20,000 

a . 
Calculated at the 4-hr discharge rate. 

Mark II 

125 

100 

400 

200 

125 

100 

150 

500 

95,000 

60,000 

Mark III 

160 

130 

525 

300 

200 

l(iQ 

125 

1,000 

240,000 

150,000 

b . 
Peak power sustainable for 15 sec at 0 to 50% state of discharge; at 80% 
discharge, the peak power is 707. of the values shown. 

cThe values shown represent the heat loss of the battery through the 
insulated case; under some operating conditions, additional heat removal 
may be required. 

battery program. Late in 1978, three cost and design studies on the Mark II 
battery were conducted by Eagle-Picher Industries, Gould Inc., and the Energy 
Systems Group of Rockwell International. The next phase of the Mark II 
program, which is now under way, involves the development, design, and fabri­
cation of a 50 kW-hr battery by each of the two contractors (Eagle-Picher 
and Gou1d). 

Most of the recent effort.on stationary energy-storage batteries has 
consisted of conceptual design and cost studies, which were started in 1978 
as a joint study by Rockwell International and ANL. A reference design of 
a 100 MW-hr battery module utilizing either Li-Si/FeS or Li-Al/FeS cells was 
developed during 1978. Cost estimates of the battery ~ardware and installa­
tion, ·however, have resulted in a redirection of the effort to develop more 
cos-t-effective battery designs. The long-range objective of this work is to 
develop a 5-6·MW-hr battery module, which will be tested in the BEST 
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(Battery Energy Storage Test) -facility. · This ·facility is a joint undertaking 
by the U.S. Department of Energy, the_Electric Power Research Institute, and_ 
the Public Servic~ Company of New Jersey to provide for the testing of various 
types -of batteries on an electric-utility system •. 

The battery cells that are currently under development consist .of -Li-Al 
or Li-Si negative electrodes, FeS or FeS2 positive electrodes, a separator to 
provide electrical isolation of the electrodes, and molten LiCl-KCl electro­
lyte. The mel~ing point of the electrolyte at the eutectic composition 
(58.2 mol.% LiCl) is- 352°C, and the cells are operated. at temperatures between 
400 and 500°C. The cells nuw being developed for the Mark IA and Mark II 
electric-vehicle batteries have Li-Al negative electrodes and FeS positive 
electrodes; electric-vehicle cells for .the Mark III or other future batteries 
will probahly have FeS2 positive electrodes and lithium alloy negative 
electrodes. ·Stationary energy-storage cells will consist of Li-Al or Li-Si 
negative electrodes a~d FeS positive electrodes. 

The overall electrochemical reaction for the Li-Al/FeS cell can be 
written as follows: 

2e 
~ 2LiA1 + FeS ~ Li2 S + Fe + 2Al (1) 

The theoretical specific energy for-this reaction is about 460 W-hr/hg, and 
the voltage vs capacity curve has a voltage plateau at about 1.3 V. The 
reaction is actually more complex than shuwn; for example, an intermediate 
compound, LiK6Fe24S26Cl (J phase), is formed through an interaction with the 
KCl in tpe electrolyte. The overall reaction for.the Li-Al/FeS2 cell.can be 
written as: 

4LiAl + FeS2 
4e 

------'!> 
~ 2Li2S + Fe + 4Al (2) 

The theoretical specific energy for reaction (2) is about 650 W-hr/kg. The 
voltage vs capacity curve has two voltage plateaus at approximately 1.6 and 
1.3 V, respectively. Some Li-Al/FeS 2 cells are designed to operate only on 
the 1.6 V plateau and are referred to as "upper plateau" cells. Reaction (2) 
also involves several intermediate compounds (generally ternary compounds of 
lithium, iron, and sulfur). Althnue;h rPlls having FeS2 electrodec offer a 
higher specific energy and voltage than those with FeS electrodes, the higher 
sulfur activity of FeS2 leads to high corrosion rates and long-term instability 
of the electrode. 

A key cell component is the electrode separator, a porous material that 
provides electrical isolation of the electrodes but permits the migration of 
lithium ions between the electrodes. Separator materials currently being used 
include boron nitride (BN) fabric, BN felt, and powders such as HgO. In most 
cell .designs, it is also necessary to use screens or other structures to retain 
particulate mateiial within the electrodes. To enhance the electronic conduc­
tivity of the electrodes, metallic current collectors are used to provide a low­
resistance current path between the active material and the electrode terminal. 
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The cell designs currently being developed for the Mark IA, Mark II, and 
stationary energy-storage batteries all have a prismatic, multiplate configur­
ation with two or more positive electrodes and facing negative electrodes. 
The cells can be fabricated in a charged, uncharged, or partially charged 
state by using various combinations of reactants and products in the 
electrodes. Both ·the positive and the negative electrodes are normally fabri­
cated by cold- or hot-pressing methods. 

A major objective of this program is to transfer the technology to 
interested commercial organizations as it is developed, with the ultimate 
goa1 of a competitive, self-sustaining industry for the production of lithium/ 
metal sulfide batteries. To this end, most of the cell. and battery develop­
ment, design, and fabrication is subcontracted to industrial firms, which 
include Eagl.e-Picher Industries, Gould Inc., and the Energy Systems Group of 
Rockwel~ International. The Carborundum Co. is involved in the preparation 
of BN separator materials and the development of production processes for 
these materials. Other contractors currently participating in the program 
include the General Motors Research Laboratories, ESB, Inc.,' Illinois 
Institute of Technology, the University of Florida, and United Technologies 
Corp. 

The in-house research and development program at ANL consists of 
supporting cell-chemistry studies, materials development and evaluation, cell 
and battery development, cell and battery testing, battery design, and 
commercialization studies. Facilities are now available at ANL for laboratory 
and on-board testing of electric~vehicle batteries and lifetime testing of 
cells. Another small effort at ANL is directed toward the development of 
calcium alloy/metal sulfide cells, which are believed to have a potential for 
low cost in mass production. 
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II. INDUSTRIAL CONTRACTS 

The ultimate goal of the program at ANL is. the development of a competi­
tive, self-sustaining industry for the production of electric-vehicle and 
stationary energy~storage batteries. To this end, industrial firms have been 
invited to participate in the program, with approximately 50% of the current 
funding directed to industrial subcontracts. Three firms--Eagle-Picher 
Industries Inc., Gould Inc., and the Energy Systems Group of Rockwell Inter­
national--are developing manufacturing procedures and fabricating test cells. 
Other contractors are developing cell mat.erials and components. 

A. Eagle-Picher Industries, Inc. 

ln February 1978, Eagle-.Picher was· contracted to develop, design, 
and fabricate the Mark IA battery. The technical goals for the Mark IA are 
given in Tahl~ II-1. On the basis of previous test results from Li-Al/FeS 
and Li-Al/FeS2 bicells* (ANL-78-94, pp. 98-102), Eagle-Picher selected a 
multiplate cell design (three positive and four negative electrodes) for this 
battery. 

Table II-1. Technical Goals for 
the Mark IA Battery 

Battery Characteristics 

a Energy Output, kW-hr 
b Power Output, kW 

Maximum Weight, kg 

Maximum Volume, L 

Specific Energy,a W~hr/kg 
a . I Energy Density, W-hr L 

Goals 

40 

30 

667 

400 

60 

100 

Operating Temperature, °C 

Maximum Heat Loss, W 

400-500 

Battery Voltage, V 
. c 

Cycle Life 

aDischarge to 1.0 V/cell at the 4-hr rate. 

b 15-sec pulse at 50% discharge. 

cTo 20% loss of the design capacity. 

400 

144 

200 

*A central positive electrode and two facing negative electrodes. 

'. 
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1. Cell Development for Mark IA 

In the cell development phase of the Mark IA program, Eagle­
Picher fabricated about 120 multiplate cells, which were tested a:t their own 
laboratories or ANL.* The electrodes for these cells had many design t 
variables, including 0 to 20 wt % Cu2S added to the positive electrode, 
positive electrodef theoretical capacities of 355 to 448 A-hr, and lithium­
to-sulfur ratios of 0.89 to 1.29. Other cell design variables included 
positive current collector design and material (iron and nickel), LiCl 
content of the electrolyte (eutectic and 67 mol% LiCl),t and particle 
retainer material (Yz03 or Zr03 cloth on both electrodes, Yz03 cloth on the 
positive electrode only, and no retainer for either electrode). 

Several problems were encountered during the development phase 
of the program, including high cell resistance, loss of capacity during 
cycling, and poor wetting of. the separator by the electrolyte. These problems 
have peen resolved th;t;"ough intensive efforts both at ANL and Eagle-Picher. 
Performance data on the developmental cells tested during the past six months 
are givert in Appertdix A.l. Hased on the results of these tests, Eagle-Picher 
selected the final design for the cells to be used in the Mark IA, and began 
fabrication of these cells. 

The Mark IA cell has dimensions of 19 x 18 x 3.9 em and a 
weight of about 4 kg. The negative electrodes consist of 46 wt % Li-Al 
(theoretical capacity of about 440 A-hr) and have dimensions of 16 x 17 x 
0.57 and 0.27 em. The positive electrodes consist of FeS and 15 wt % CuzS 
(theoretical capacity of 410 A-hr) and have dimensions of 16 x 17 x 0.32 em. 
Other cell components include current collectors of AISI 1010 carbon steel, 
separators of0.175-cmthick BN cloth, particle retainers of Yz03 felt for 
the positive electrode and Type 304 stainless steel screen (200 mesh) for 
both the positive and negative electrodes, a crimp-type electrical feed­
through with a BN powder seal, and a cell container of AISI 1008 and 1010 
carbon steel witi1 a m3terial thickness of 0. 57 em. 

To date, Hl acceptable cells have been fabricated tor use in 
the Mark IA battery, which requires 120 cells plus 12 spares. Testing of a 
group of recent Mark IA cells revealed an unacceptably low resistance at 
room temperature of some of the cells. Metallographic examination of cell 
sections at ANL showed that this problem was caused by overcharging the 
cells during the electrolyte filling and initial cycling operations. 
Corrective actions have been taken by Eagle-Picher, and the problem appears 
to be solved. Additional cells are being fabricated and a high yield of 
acceptable cells is excepted. 

2. Insulating Cases for Mark IA 

Eagle-Picher was also contracted by ANL to design and fabricate 
the thermally insulating cases and other hardware required for the Mark IA 
cells; the Mark IA battery will consist of two 20 kW-hr modules, each housed 
* Those cells tested at ANL are reported in Section III.C. 

t Added to eliminate the formation of J phase, which causes poor electrical 
performance. 

f Limits. cell capacity. 
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in a thermally insulating case. Eagle-Picher subsequently contracted Thermo 
Electron Corp. and Budd Co. to fabricate the two Mark IA cases and a proto­
type case. The final design chosen for these cases consists of double-walled 
metal (Inconel 718) with multilayered foil in the evacuated space; the basic 
case design is illustrated in Fig. II-1. 
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Fig. II-1. Insulating Case for Mark IA Battery 

All three cases have been fabricated, and have undergone 
thermal testlug; Llte proLotype case was also subjected to vibration tests. 
In one of the Mark IA cases, a leak was discovered in the inner of its two 
walls; this defect is extremely difficult to repair. The current plan is to 
ship the cases to ANL for any necessary repairing of leaks, and bakeout and 
pumpdown of the vacuum annulus in each case. Eagle-Picher will then install 
the cells and hardware to complete the b~ttery. According to the present 
schedule, the Mark IA battery will be completed by mid-May 1979. 
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3. Construction of a Small (6-V) Battery 

Eagle-Picher* has fabricated a 6-V (1.8 kW-hr) Li-Al/FeS battery 
to aid in developing the final design for the Mark IA battery. This small 
battery has five Mark IA cells connected in series, which have been installed 
in a cell tray (see Fig. II-2) and housed in a thermally insulating case simi­
lar in design to that of the Mark IA case. Performance data (capacity and 
resistance) on the five cells selected for use in this battery are given in 
Table II-2; also included in this table are two extra cells which will be 
used as spares. The cells were operated at 450-465°C and discharged at 
a current of 70 A with a culoff voltage of 0.9 V. The resistances for these 
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II 
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FLANGE 

Fig. Il-2. 

Table 11-2. 

HEATER 

Cell Tray for 6-V Battery 

Performance Dataa on Cells 
Chosen for 6-V R~rrPry 

Cell 
Cell No. Capacity, A-hr Resistance, 

EPMI'-7 133 339 1.61 

EPMP~7-12G 3'10 1 . 71 

F:PMP-7-130 14') 1.55 

EPMP-7-131 334 1.50 

EPMP-7-129 345 1.54 

EPMP-7-127 335 1.63 

EPMP-7-134 339 1.64 

a 
Measured on 5th cycle. 

-----------------------

CELLS 

CELL TRAY 

m&G 

* Thermo Electron and Budd were contracted by Eagle-Picher to assist in the 
development and fabrication of the 6-V module. 
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cells are relatively high (1. 5-1.71 rnn), v7hich reflects the state of the 
art for multiplate cells at the time of the assembly of t.he 6-V battery. 
However, recent cooperative efforts with ANL (discussed. in Section III. C) 
have resulted .in the development of multiplate cells with a lower . 
resistance for the Mark IA cells • 

. ~fter assembly of the case for the 6-V battery, thermal tests 
at Thermo Electron Corp. revealed a ca~e heat loss of about 97 W with an 
internal temperature of 490°C. Upon completion of the thermal tests, the 

.6-V battery was completely assembled .and operated at Eagle-Picher for 10 
cycles. Performance data and heat loss during operation are given in 
Table II-3. As can be seen, the heat loss increased considerably during 
battery operation; this effect was due to a loss 9f vacuum in the annulus. 
Vibrational tests (4-hr discharge rate at up to 1.5 g and 5 to 50 Hz) were 
conducted on the battery during cycle 5 at a discharge current of 50 A; no 
adverse effects of vibrations on electrical performance were found. Upon 
completion of the above tests, the battery was cooled and shipped to ANL for 
testing.* 

Table II-3. Performance Data ·on 6-V Battery 

Operating Conditions Performance Heat 
Cycle No.' Temp .. , oc Current, A Cap., A-hr Energy, ·w-hr Loss, W 

0 400 120 

0 450 189 

1 449 50 343 2060 200 

2 451 50 349 2095 190 

3a 447 50 358 2150 190 

·4 451 48 329 1975 186 

5b 449 50 341 2040 206 

6 453 50 350 2100 221 

7 453 48 332 1980 231 

8 443 48 321 1915 233 

9 452 130, 40 335 2030 239 

10 453 135, 55 367 2180 220 

a . 
Discharged to ~ voltage of 2.53 V. 

bV.b . . . 1 ra.t1on tests. 

* The results of the battery tests are given in Section III.D. 
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B. Gould Inc. 

The program at Gould is directed toward the fabrication and testing 
of Li-Al/FeS cells; the development of electrode fabrication processes suit­
_able for mass manufacturing, and the expansion and improvement of cell 
testing facilities. The improvements in Li-Al/FeS cell performance achieved 
by the Gould cells over the two years prior to this report period are 
illustrated in Fig. II-3; all the cells in this fig'ure are bicells except for 
the multiplate cell Glll-2. 
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Fig. II-3. Performance of T.i.-Al/FeS Gould Cells 
Tested over the Past Two Years 

1. Cell Developmeri!_ 

Une of the early pr:lurltles at Gould was the development of 
electrode designs that are suitable for mass-production. Testing of the 
flrsl r~w X-::;eJ:ie:"l ce:ll.s~ which ucrc built during SeptemhPr lq77 (R~e ANT .• -
7R-94, p. 196), · ind;i..cated that cells could be operated with very simple,. 
homogeneous slab electrodes with no detrimental effects on performance. 
Subsequently, Gould investigated-potentially high-rate manufacturing tech­
niques such as extrusion and powder rolling for the productiu·n of electrodes. 
In early 1978, Alcoa produced Li-Al alloy negative elec.trodes (discharged 
composition) by the extrusion technique, but these electrodes did not perform 
satisfactorily, probably on account of certain microstructural peculiarities. 
At present, experiments on positive electrode extrusion are in progress, and 
cold- and hot-powder rolling of both electrodes is being evaluat.ed. 
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Recently, several experimental bicells have been fabricated 
with the electrode mat.erials half-charged. This method of electrode assembly 
offers several advantages over assembly with uncharged or charged active 
materials. For example, the positive electrode of the half-charged cell can 
be less porous (i.·e._, higher capacity loading) or thinner than that of the 
uncharged cell. The advantage of thinner electrodes is that they make cell 
assembly easier and produce compressive rather than tensile forces on the 
electrode separator, which is delicate and easily deformed during startup. 
Testing of the half-charged cells is under way. 

Lithium-aluminum reference electrodes have been developed at 
Gould to identify the capacity-limiting electrode in an engineering cell by 
monitoring polarization; the reference electrodes could also aid in tracing 
the sources of high internal cell resistance in a cell by using well-defined 
current-interruption data at 0 and 15 sec. 

A major task during this. report period was the development of 
cell designs that can accomodate BN felt separators; this material has the 
potential for lower cost than that of the BN fabric previously used as a 
separator material. Since BN felt was not initially available in significant 
quantities from other sources, early felts were fapricated from scrap BN 
cloth fibers at Gould. The performance of bicells with such separators ·was 
excellent, although mechanical design problems usually resulted in early cell 
failures due to localized short circuits. Frozen (room temperature) cell 
resistances of 105 to 106 ~ were obtained (excluding localized short 
circuits), which are significantiy higher than the 102 to 10 3 ~observed with 
earlier bicells having BN cloth separators. Felt fabrication was time con­
suming, and this procedure was discontinued as soon as BN felt separators 
became available from Carborundum Co. (see Section II.D). The first problem 
in the use of felt sheet separators is material containment at the electrode 
perimeter. A simple 'U' channel of metal around the positive electrode 
perimeter was tested out in 11 experimental cells, but the fragile BN felt 
was easily crushed against the metal channel, resulting in short circuits. 
Subsequently, the positive electrode was wrapped with a flexible metal screen 
and then the separator was inserted; this "technique proved to be successful 
and is e1nployed in cells currently on test and being fabricated. Efforts are 
in progress to achieve a better definition of felt characteristics acceptable 
for cell construction. 

2. Cell Testing 

Over the past six months, about 2·0 experimental Gould Li-Al/FeS 
bicells were tested, and performance data for these cells are given in 
Appendix A.2. One of the more important performance parameters for electric­
vehicle cells is specific energy, which is affected by the utilization of the 
active material in the limiting electrode. Cell testing during the last 
report period (ANL-78-94, p. 49) indicated that.a Li-Al/FeS cell having 
carbon, cobalt, and ·excess iron powder added to the po~itive electrode and a 
.LiCl-KCl electrolyte with a high LiCl content (>62.8 mol % LiCl) has a much 
higher positive electrode utilization than that of a baseline Li-Al/FeS-Cu2S 
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cell. Consequently, the cells tested during this period had the above addi­
tives and LiCl-rich electrolyte. Figure II-4 shows the specific energy 
achieved by five such cells at current. densities of 5 to 80 mA/cm2 • As can 
be seen in this figure, ali of these cells achieved specific energies of 
>58 W-hr/kg, the highest being achieved by X-56A (93 W-hr/kg).* The longest 
operating cell tested in this report·period was X-45, which operated for 123 
cycles at the 3.5-hr rate before short-circuiting; the capacity decline for 
X-45 over its lifetime was only about 5%. 
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Present experimental bicells have ohmic resistances 
·(~E/~I at t = 0 sec) of 2.5 mQ, which is a reduction in resistance of about 
45% over that of previously tested baseline cells (see ANL-78~94, p. 52). 
In addition to a significant decrease in cell·resistance, the'weight of the 
current collector for these cells has been reduced by 65%. These data 
indicate that multiplate cells with resistances of <1.0 mQ can be 
constructed. 

The increased cell fabrication capability at Gould has been 
matched by an expanded cell testing capability. The fill-formation facilityt 

* The higher specific energy of cell X-56A than that of cells X-53 and X-54 
is believed.to be due to the higher amount of excess iron additive 
(100 wt % vs 25 wt %) and assembly in the uncharged rather than the half­
charged state. 

tThis facility is used to fill the cells with electrolyte and then electro­
chemically form the electrodes. 
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was adapted to handle either eight experimental bicells or four full-scale 
multiplate cells. A computer-controlled cell test facility has been built, 
and is capable of automatically cycling and gathering data from 10 cells. 
In addition, five single cell cyclers have been built. 

At present, most of the cell hardware (can, current collector, 
seal parts, cell top, eta.,) is vendor-supplied to Gould; thus, it is 
possible to build a cell withi~ a day to study a specific design problem. 
The full ~xploitation of this advantage required the capability to dissect a 
cell within ~ day <_:>,r two after termination. of operation to critically 
evaluate the design concept under test. Post-operational capabilities are 
in place, and improved equipment is presently on order. 

4. Mark II Design and Cost Study 

A design and cost study has been prepared for the Mark II 
electric-vehicle battery. Using a computer-assisted design analysis pro­
cedure, 9ould evaluated 550 separate designs for Li-Al/FeS cells; this study 
was conducted to obtain a design for the Mark II cell that will result in 
maximum performance. The design variables ~ncluded sepa~?tor thickness and 
fiber density, current collector thickness, electrode porosity, and assumed 
utilization of the active materials in the electrode. 

Manufacturing cost. estimates were evaluated for material a~d 
hardware procur~ment and cost, electrode manufacture, and cell and battery 
assembly alternatives. These results were used to estimate the cost of 
batteries produced in pre-pilot, pilot, and full-scale manufacturing facili­
ties. The study also identified the key areas where developmental work on 
the Mark II battery must be directed to achieve the performance and cost 
goals. The results of this study.will·be discussed in the next report. 

C. Rockwell International 

The Energy Systems Group of Rockwell International has been 
developing, fabricating, and testing Li-Si/FeS bicells- for electric-vehicle 
appiications and is-conducting a detailed design/cost analysis of a 100 MW-hr 
energy-storage b~ttery. 

' 

1. Electric-Vehicle Cell Development 

a. Positive Electrode Development 

Past efforts at electrode design and fabrication were 
directed to structures capable of withstanding the swelling torces generated 
by discharge .of the positive electrode or charge of· the negative electrode. 
The internal constraint required for this purpose was provided by bonding 
the external electrode components (nickel screen:or current-conducting 
pl:-ate) to an internai structure (nickel vertical ribs). The positive 
electrode design is described in more detail in ANL-78-94, ~· 66. 

All positive electrode structures were fabricated with 
nickel, except where copper was used to provide added electrical conductivity 
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to a central current conductor. When copper was used, it was laminated 
between nickel sheets to protect it· from corrosion. -Corrosion of nickel 
components examined after cell tests was found to be unpredictable and was 
sometimes severe in isolated areas. The nickel-screen particle retainers 
were subject to intergranular attack. Since badly corroded areas were found 
in two cells outgassed at 450°C but not filled with electrolyte or placed 
in service, a possibility exists that the attack is due to chemical rather 
than electrochemical causes. 

A small cell assembled with a positive-electrode current 
conductor of copper failed within 40 cycles due to poor coulombic efficiency. 
Post-test examination disclosed that the copper structure was severely 
corroded and that copper had been transferred to the negative· electrode. A 
cell assembled with a positive electrode structure of nickel-plated copper 
has operated for over 370 cycles in 101 days with good coulombic efficiency 
(>98%) •. 

b. Separator Development 

Work has continued. on the development of separators 
containing Li3P04 and Li4Si04, which were first described by Hu, Raistrict, 
and Huggins as lithium ion-conductive. 1 The_ optimum resistance to attack 
and good ionic conductivity were fuuml with compositions containing· 25 to 30 
mol % Li4Si04, and the balance of Li3P04 (ANL-78-94, pp. 70-71). · Sintered 
plates were prepared using this composition range (2-nnn thick, 45 to 50% 
porosity). Small cells with 5 x 5 em electrodes using these separators have 
sustained over 300 cycles without-significant loss in coulombic efficiency. 

A number of cells are presently being fabricated to test 
the practical benefits of the ion-Gonductivity of the Li 3P04- Li4Si04 
separator material. Tests will be made in cells using MgO powder separators, 
shown to be stable. in tests made at ANL (ANL-78-94, p. 150) with Li-Al · 
negative electrodes, and lithium-silicate-phosphate powder separators. The 
physical properties of the separators will be held as constant as possible. 
Tests will be made in cells with lithium silicon electrodes in one case, 
and with Li-Al electrodes in the other. Since MgO is not ion-conductive, 
measurements of internal resistance and FeS utilization should indicate the 
practical benefits of the ion-conductivity of the lithium silicate phosphate 
composition. 

The stability of BN felt toward Li-Si electrodes has 
been questioned in view of the attack observed on HN fibers in tesl~ luvulv~ 
ing simultaneous contact with liquid lithium and molten electrolyte. To 
resolve ~his matter, a small cell ~~sc was started using a BN felt separAtor. 
Despite an unpromising start (94% coulombic efficiency), the cell has now 
completed 240 cycles during which time the efficiency gradually improved and 
has since remained in the range of 97 to 98%. The improvement may be 
associated with improved wetting of the separatorby electrolyte during 
cycling. · 
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c. Cell Testing 

Fourteen electric-vehicle Li-Si/FeS bicells (REVC series) 
were built and/or operated within this period. All had case-grounded nega­
tive electrodes (12.7 x 17.8 em). Slightly smaller central positive 
electrodes of two types were investigated. One design was dual-faced, with 
100- or 200-mesh nickel screen diffusion-bonded to vertical ribs spaced 3 mm 
apart. The second type employed a central-sheet current collector. of copper 
latninated between nickel facing sheets (0.3-mm thick) to which vertical ribs 
were welded 6 mm apart. The active material depth for both electrodes was 
0.48 em. Nickel screen was also diffusion-bonded to the rib edges to provide 
constraint. The positive electrodes were loaded with a dry powder mixture 
of LizS and iron powder and had a capacity loading of 0.8 A-hr/cm3. The 
negative electrodes had Type 430 stainless steel honeycomb core which was 
diffusion-bonded to a current-conductor back plate. After loading with 40-
to RO-mesh FeSiz (uncharged cell) or LizSi (partially charged cell), the 
electrodes wen~ sealed by welding an 80-mesh screen to the honeycomb 
structure. Separators consisted of fine (..:200 mesh) or coarse (-40, +80 
mesh) AlN used alone or in conjunction with ZrOz and/or Yz03 ceramic cloth 
over the positive and negative electrodes, respectively. The electrolyte 
contained either 55 or 50 wt % LiCl and the balance KCl. 

These cells were cycled routinely at current densities 
of 30 mA/cm2 on charge and 60 mA/cm2 on discharge, with variations in the 
discharge current density from 30 to 90 mA/cm2 • The upper. cut-off voltage 
was 1.7 V, and the lower cut-off voltage was 1.0 V. The operating tempera­
ture was 450-500°C. 

Performance data on the 14 cells* tested in this report 
period are presented i.n Appendix A.3. Th~ discharge capacities of these 
cells were found to be highly temperature-dependent, with stable results 
being obtained only at a temperature in excess of 450°C. A significant 
improvement in positive-electrode utilization was achieved at all tempera­
tures when the LiCl content of the electrolyte was increased from 50 to 55 
wt %. The use of heavy copper current conductors (lB) or the presence of 
excess iron or nickel powder (12A and 2B) in the positive electrode offered 
little, if any, apparent benefit in cell performance. Cell resistances 
(t = 0 sec) varied from 2 to 4 mQ, with cells lOA and 2B exhibiting the 
highPst values. 

The poor performance of 2B, assembled with a sintered 
lithium silicate phosphate separator, was the most difficult to explain. 
Initially attributed to the relatively dense separator, the low utilization 
observed at a very low current density discharge (5 mA/cm2) indicated that 
poor electrical contact with one negative electrode was the probable cause. 
The relatively high actlv~-material depth of the positive electrode (0.48 em) 
was the principal cause of poor positive-electrode utilization; future cells 
will use a more practical thick.u~ss of 0.2 to 0.3 em. 

Construction of Cells 12A, lB, and 2B in the partially 
charged condition (i.e., substitution of LizSi for FeSiz in the negative 
electrode) increased their voltage from 1.22 to 1.34 V at a 60 mA/cm2 discharge 
current density. The discharge voltage characteristics of Cells 9A-l 
(uncharged) and 12A. (partially charged) are shown in Fig. II-5. 

* Cell designations: lA to 8A, 9A-l, 9A-2, 9A-3, 10A-12A, lB, 2B. 
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2. Cost-for 100 MW-hr Energy-Storage Plant 

A balance-of-plant (BOP) cost analysis was completed for a 
100 MW-hr energy-storage plant (exclusive of cells and converter) for 
load-leveling applications. The basic design for such a facility is 
described in ANL-78-94, pp. 116-120. In this design, four 2.5 kW-hr cells 
are electrically connected in parallel to form a 10 kW-hr assembly, which 
is the basic replaceable unit of the plant. Twenty-four such assemblies ar·e 
stacked in two sets of twelve to form a submodule; a module consists of six 
rows of six submodules each (864 cell assemblies) connected in series. 
Nominal dimensions for an uninsulated, assembled module are 12 x 2.8 x 6 m. 
In this plant design, two groups of six modules are arranged on each side 
of an electrical-power processing center. 

Table u:-4 presents the cost breakdown of this conserva­
tively designed energy-storage plant. The total BO.P cost is $80.25/kW"'-lu:, 
which is significantly above the cost goal of $45-55/kW-hr. In this cost 
analysis, the contribution made to the total cost by the major battery 
functions are as follows: thermal management, $7.9/kW-hr; structural 
components, $30/kW-hr; power components, $32.4/kW-hr; and equalization, 
$19.2/kW-hr. Table II-5 presents a cost estimate tor minor and major 
design changes in these battery function systems. As can be seen in this 
table, the designated minor changes would result in a 50% cost saving, with 
further. changes resulting in another 25% cost saving. These plant design 
changes will require the use of taller modules (which will preclude the use 
of the plant in high seismic-risk areas), semiautomatl:c instead of cotnpletely 
automatic plant control, and more cells connected in parallel to reduce the 
equalization hardware required. 

For the modified design (middle column of Table II-5), the 
costs were further separated into four categories: cost proportional to the 
number of cells in the plant (e.g. 3 primarily connection costs evaluated 
for 2.5 kW-hr cells), costs proportional to the current conduction network 
(e.g. 3 interconnectors and bus bars for 2.5 kW-hr cells), costs proportional 
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Table II-4 •. Cost Breakdown. for 100 MW-hr 
Energy-Storage Plant 

Description 

Submodules 

Str·uctural Steel 
Copper Components · 
Ceramic Insulation · 
Miscellaneous 

Subtotal 

Modules 

Structura.l St.eel and Sheet· Metal 
Thermal Control 
Therinal Insulation 
Equalization and T/C WJ_ring and Connect.ors 

Subtotal 

Control and Instrumentation 

.Site Controller 
Th~rmal .Controllers 
Circuit Protectors 
Instrumentation (T/C) 
Equalization Pall~ts 

Subtotal 

Anci~lary Equipment 

Shelter (Hanger) 
Gantry 
Special Tools and Rack 
Far..ility Lighting and Power. 
Bus Ducts 

Subtotal 

Field Installations 

Foundations 
Mechanical Assembly 
Electrical 
Stflrt:up 
Equalization El~ctrical 

Subtotal 

Total Balance-of-Plant 

---- •-.,-----..,..-------------

Cost, 
$/kW-hr 

10.25 
20.57 

7.48 
1.44 

39.74 

8.06 
2,. fi9 
l.~~v 

12.34 

24.06 

1.82 
0.14 
3.38 
0 .4ll 
2.59 

8 ~·37 

0.42 
1.17 
0 .• 28 
1.46 
0.46 

3,. 79 

0.51 
1.85 
0.83 
0.34 
0.76 

4.29 

80.25 

Material 
·Percent:. 

12.8 
. 25.6 

9.3 
1.8 

49 •. 5 

10.1 
3.2 
1.3 

15.4 

30.0 

2 .3. 
0.'2 
4.2 
0.5 
3.2 

10.4 

0.5 
1.5 
0.4 
1.8 
o-.6 

4.7 

0.6 
2.3 
1.0 
0~4 

1.0 

5.4 

100.4 

. -
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Table II-5. Plant Cost After Changes in Design 

Resulting Resulting 
Cost,. Minor Cost, Further Cost, 

Functional Subsystem $/kW-hr Change $/kW-hr Change $/kW-hr 

POWER 
Copper Components 18.3 Insulation Quality 10.3 Quantity 8.3 
Insulation & Misc. 7.0 Quality 2.2 Quantity 1.2 
Circuit Breakers 3.4 Fuses & Switches 0.8 None 0.8 
Site Controller 1.8 Semiautomatic 1.4 Manual 0.4 
Facility Power/Light 1.1 Smaller 0.8 Smaller 0.5 
Installation 0.8 Less 0.7 Less 0.6 

32.4 16.2 ll.8 

F.QI)AT.T7.ATTON 

Wirin~ & Connector& 14.3 Partial '!l.~dt•rt.-1 nn 
'· 'j 

uelete Add!,!d l.:l~ 
Cl.rc:uitry 

Chargers & Controls 2.6 Quantity 1.6 ·Delete 0.0 
Il1sl,l,l.ation 1r Misc. 1.5 Quality 0.7 ·Delete o.o 
Installation 0.8 Quantity 0.4 Delete . o.o 

19.2 10.0 1.3 

STRUCTURES 

Submodule 10.2 Lighter, Quality 5:0 Delete 0.0 
Module 6.0 T.:lghtP.T., Quality 3.0 Smaller 2.0 
Facility 1.9 Smaller 1.0 None 1.0 
Installation & Misc. 1.9 Less 1.0 None 1.0 

20.0 10.0 4.0 

THERMAL 

Tubes lr nentiiM 2.0 Delete o.o None 0.0 
Blower Unit,; 2.6 Smaller 1.5 None 1.5 
Insulation 1.1 Quantity 0.8 None 0.8 
T/C Instrumentation 0.9 On Module 0.5 None 0.5 
Installation 0,8 Less 0.3 None 0.3 
Facility Power 0.4 Less 0.2 None 0.2 
controllers 0.14 On-Off. 0.1 No no 0.1 

7.9 3.4 3.4 

OTHER 0.8 0.7 0.7 

TOTALS 1!0.3 40.3 21.2 

3 Residual for voltage measurement. 
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to the total cell weight (e.g.~ structural supports, etc. for cells with.a 80% 
energy (W-hr) efficiency and a specific energy of 60 W-hr/kg); and costs indepen­
dent of the ab9ve. The costs for these four factors are given in Table II-6. 

Table II-6. Costs for Modified Plant Design 

Cost Factors 

Proportional to number of c·ells 

Proportional to conductor v9l. 

Proportional to cell weight 

Independent of above 

Cost, $/kW-hr 

3.3 

12.5 

16.5 

8.0 

All aspects of the plant design require further study including 
the design specification, support structure concept, mode of operation, 
seismic requirements, materials of construct·ion, and cell· performanc~. In 
general, design margins must be reduced and reliability and maintenance in­
fluences on cost assessed. A number of design approaches are being considered 
for reducing the BOP costs, including the following: 

(1) use of high-energy-density cells, 

(2) elimination of external equalization, 

(3) minimization uf cooling requirements through 
use of high-efficiency (>90%) cells, 

(4) optimization of cell capacity to minimize 
intercell connector cost,and structure cost, 

(5) use uf bus-bar materials other than copper, 

(6) use of inert atmosphere in battery module. 

The methodology being used to assess the cost of the design approaches is 
based ort the annualized bus-bar cost analysis. 2 

A perturbation analysis is currently in progress to determine 
the optimum combination of cell efficiency, cell size, and conductors in a 
100 MW-hr storage plant. A simplified Shepard model for the cells is being 
used to relate cell efficiency and utilization of active materials to the 
shunt and series resistances of the cells for the analysis. Preliminary 
results fr.om this analysis indicate that for cells of 110 W-hr/kg specific 
energy* at 5-hr discharge rate, the optimum cell size appears to be 2.5 -
5.0 kW-hr. This gives an energy efficiency of 82-85% for the system producing 
the minimum annualized cost. 

* This· is 90% of the specific energy goal for the Mark II battery cells. 
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D. Other Contracts 

Work has continued at the Research Laboratories of the General 
Motors Corporation on lithium-alloy/FeS2 cells with molten LiCl-KCl 
elect-rolyte. These investigations are concerned with the performance of the 
FeS2 electrode as a function of the electrode thickness, porosity, and current 
collector, and the composition of the electrolyte. The results of these 
studies will be used in the development of a comprehensive mathematical model 
of the FeS2 electrode. · . . 

Studies have continued at the Illinois Institute of Technology on 
the electroplating of molybdenum from molten-salt electrolytes, with the 
objective of developing low-cost, corrosion-resistant current collectors for 
FeS2 electrodes. A different approach to corrosion-resistant current 
collectors for FeS2 electrodes is being taken by investigators at the Institute 
of Gas Technology, who ~re studying methods of boronizing iron structures. 
It may be possible to form a protective coating of iron boride that could be 
made self-healing by the addition of a boronizing Ag~nt to the active malerlal 
i.n the electrode. 

The Carborundum Co. ·is continuing to develop a process. for the 
fabrication of boron nitride felt to be used as an electrode separator 
material.· A subcontract from ANL for this work is under negotiation. 
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III. CELL AND BATTERY TESTING 

Argonne is testing cells fabricated by ANL and industrial contractors. 
The ANL cells have designs that are expected to reduce cost and/or improve 
performance. Most of the industrial cells were fabricated by Eagle-Picher as 
part of the Mark IA battery program, which was described earlier in this 
report. In addition, ANL is testing a 6-V battery fabricated by Eagle-Picher 
for the Mark IA program. · 

A. Cell and Battery Testing Facilities 
(G. L. Chapman, J. D. Arntzen, V. M. Kolba 

A laboratory is being prepar~d and equipped for testing two 60 
kW-hr batteries. Batteries will be tested under a variety of modes, e.g.~ 
discharges and charges at constant current or constant power; discharges that 
follow a driving profile such ~sa SAE.J-227 profile; 3 or charges at constant 
voltage and cell equalization. after bulk charging; these tests will employ 
computer-controlled power supplies. This facility was described in ANL-78-94, 
pp. 89-90, and will be used to test the first full-scale lithium/metal 
sulfide battery (Mark IA). 

During this report period, the system hardware was made operational 
.as a complete unit, although some refinements in software have yet to be 
finished. The hardware for the watchdog backup system, which protects the 
battery in the event of primary system failure, is essentially complete, and 
software is being prepared. Tests of the overall primary system have been 
carried out in which series-connected lead-acid batteries were used as a 
substitute for the lithium/metal sulfide battery. In these tests, the battery 
was cycled in various modes of operation. The computer controlled charge· and 
discharge rates as well as current level, monitored battery and individual 
cell voltages, determined open-circuit time, commanded equalization when 
required, and stored and printed out performance data on co~and. 

Construction of a facility capable of simultaneous lifetime te·sting 
of up to 50 cells for the electric-vehicle program is essentially completed. 
The emphasis will be placed on the testing of cells fabricated by industrial 
contractors to acquire statistical data on the performance of these cells. 
The facility consists of 50 modules, each containing one cell and cycler, and 
a data acquisition system for processing the cell data (see ANL-78-94, pp. 
90-97). 

B. Testing of ANL Cells 
(H. Shimotake, F. J. Martino, T. W. Olszanski, T. D. Kaun, 
L. G. Bartholme) 

Over the past six months> ANL has fabricated and tested 22 
engineering-scale cells. A summary of the performance data for these cells 
is presented in Appendix A.4. The cells were assembled in the charged, 
uncharged, or semi-charged state. For most of the cells, the electrodes are 
pressed mixtures of active materials and electrolyte, the separators are BN 
felt, ;~nrl the electro"lytQ is LiCl-KCl eutectic. The cells have.designs·that 
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are expected to reduce cost, and/or im~rove lifetime and performance at high . 
discharge current densities (>75 rnA/em). Whenever advances in cell technology 
are demonstrated, these advances are incorporated ·into the contractor cells. 

1. Bicells with Pressed Electrodes 

For the past several years, Cu2S has been added to the positive 
electrode of Li-Al/FeS cells to eliminate the formation of J phase, which 
produces diffusional overvoltage and poor electrical performance. Post-test 
examinations of cells of this type (see Section IV.C) have indicated, however, 
that cell failure is sometimes caused by deposition of copper in the separa­
tor. Recent studies (ANL-78-94, pp. 122-125) have indicated that increasing 
the LiCl content of the electrolyte above that of the eutectic and/or using a 
high initial positive-electrode loadin~ (1.4 to 1.6 A-hr/cm3)* may significantly 
improve cell performance without adversely affecting lifetime. Both of these 
approaches have been investigated with the M-series cells; these cells have 
cold-pressed elect:rodes asHeml.Jleu lu Lhe c:harg,ed 3tatc and BN felt separators. 
The ceil characteristics and performance for th1H ~~tl~b are given in 
Table III-1. 

Table III-1. Cell Characteristics and Performance Data 
for M-Scries Cells 

M-8 M-9 M-10 M=ll H-12 

Cu2S Added to FeS, 
mol % 0 16 0 0 16 

LiC.l Content of Electrolyte. 
,58 a 58 a 58 a mol ~ 67 67 

l'os. 1<: I P.r . • L6ading, 
A-hr/r.m 3 1.4 1.6 1.4 1.6 1.4 

Specific b Energy. W-hr/kg 59 65 42 53 53 

Specific Power, c W/kg 62 76 66 75 70 

Cycle Life 347 244 300 365 202 

a 
Eutectic composition. 

b 
Measured at a current density of 75 mA/cm2. 

c 
· Peak power sustainable for 15 sec at 50% discharge. 

Three of the M-series cells, M-8, ~10, and -11, operateu for 
over 300 cycles with good electrical performance. Of these three cells, two 
had a positive capacity loading of 1.4 A-hr/cm3--cell M-8 (LiCl-rich electro­
lyte) and Cell M-10 (eutectic electrolyte). In comparison with Cell M-10, 
M-8 had a significantly higher active-material utilization, and consequently 
a higher specific energy (59 vs 42 W-hr/kg). In addition, the capacity 
decline of Cell M-8 was significantly less than that of M-10 (8% decline in 

* Measured with cell fully charged. 
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350 cycles vs 28% in 300 cycles). Mechanical problems with the c.ell contain­
ing LiCl-rich electrolyte and a positive-electrode loading of 1.6 A-hr/cm 3 

(Cell M-11) resulted in a capacity decline of 38% in 365 cycles; therefore, 
LiCl-rich electrolyte does not appear to have beneficial effects on the 
capacity retention of a cell with a 1.6 A-hr/cm3 loading. 

The performance data for the H-series cells indicate that 
specific power is improved by the use of a positive-electrode loading of 
1.6 A-hr/cm3. This effect can be easily seen by comparing the specific powers 
listed in Table III-1 for Cells M-9 and M-12 or M-8 and M-11. At 50% depth 
of discharge, the power improvement resulting from the higher capacity loading 
is only about 9% for the cells with CuzS additive, but about 30% for the cells 
with the LiCl-rich electrolyte. Thus, for cells with a positive-electrode 
loading of 1.6 A-hr/cm3, LiCl-rich electrolyte appears preferable to adding 
CuzS to the positive electrode to improve specific power. 

The fabrication of positive electrodes with high positive loading 
densities requires a reduction of the electrolyte volume fraction to accommodate 
the active material.. In the two Li-Al/FeS-Cu2S cells, the initial volume f.rac­
tion of electrolyte at full charge was 0.43 for Cell M-12 (1.4 A-hr/cm3) and 0.39 
for Cell M-9 (1.6 A-hr/cm3). Of the two cells with LiCl-rich electrolyte, the 

volume fraction of electrolyte was O.A9 for Cell M-8 (1.4 A-hr/cm3) and 0.42 
for Cell M-11 (1.6 A-hr/cm 3). Performance data indicated that the positive­
electrode utilization* of Cell M-9 was 10~ lower than that of M-12 (57 vs 67%) 
and that the utilization* of Cell M-11 was 20% lower than that of M-8 (54 Vs 
74%). Therefore, a positive-electrode loading of 1.6 A-hr/cm3 appears to 
have a detrtmental effect on utilization. This effect has been attributed to· 
the higher electrolyte volume in the positive electrodes of Cells H-8 and H-12. 
In the cells with LiCl-rich electrolyte, the higher utilization of Cell M-8 in 
comparison with M-11 resulted in a higher specific energy (59 vs 53 W-hr/kg). 
However, for the cells with the Cu2S additive, the higher utilization obtained 
from Cell H-12 did not produce a higher specific energy (see Table Ill-1); 
mechanical difficulties encountered with Cell M-12 probably account for its 
unexpectedly low specific energy. 

Present Li-Al/FeS cells have a positive current collector made 
of low-carbon steel; however, it was believed that the use of a nickel current 
collector in the positive electrodes of this type of cell would i~prove per­
formance and lifetime.t Therefore, two similar bicells (hot-pressed electrodes 
assembled uncharged and BN felt separators), one with a nickel current 
collector (R-47) and the other with a low-carbon steel current collector 
(R-48), were constructed and tested. To date, Cells R-47 and R-48 have opera~ 
ted for 112 and 147 cycles, respectively,. and have attained about the same 
performance: specific energy of 56 W-hr/kg at the 4-hr rate (72 mA/cm2), 
capacity decline of less than 1%, and cell resistance of 4. 5 mS'~ at 50% depth 
of discharge (3.8 m~ at 20% depth of discharge). Testing of these cells will 
continue in order to determine the long-term effects (>300 cycles) of these 
current collector materials. 

*Measured at a current density of 75 mA/cm2 • 

tNickel has a lower resistivity and corrosion rate (ANL-77-68, p. 41) 
than those of low-carbon steel. 



32 

2. Bicells with Carbon-Bonded Electrodes 

Over the past few years, carbon-bonded positive electrodes 
have been under development as an alternative to those made by pressing 
techniques. In the carbon-bonded electrode, the particulate active· material 
is supported in a matrix of pyrolyzed carbon. This structure is formed by 
the pyrolysis (450-550°C) of a paste-like mixture of active material (e.g., 
FeS or FeS2), a volatile pore-forming agent (ammonium carbonate), a binder 
(furan resin*), and a carbonaceous filler. 

. Cell KK-15 was the only bicell with a carbon-bonded electrode 
operated during this report period. This cell had essentially the same design 
characteristics as Cell M-8, including a positive~electrode loading of 
1.4 A-hr/cm 3 and LiCl-rich electrolyte. In Cell KK-15, however, the positive 
electrode was carbon-bonded (10 vol% carbon) and the-positive-electrode 
frame was eliminated. This cell operated for 245 cycles, and performance was 
as follows: a specific energy of 70.W-hr/kg at the 4-hr rate, and a specific 
power of 80 W/kg at 50% depth of discharge (104 W/kg at 3% depth of discharge). 
A cell resistance of 2.9 to 3.1 mQ at 50% discharge produced stable specific 
power throughout discharge. Testing of this cell was ended due to an 
accidental overcharge. During the next period, a cell with a carbon-bonded 
positive electrode having an initial capacity loading of 1.2 A-hr/cm3 at full 
charge and 15 vol % carbon will be tested. 

3. Bicells with MgO Powder Separators 

Earlier work (ANL-77-75, p. 35; ANL-78-21, p. 41) had indicated 
that nonconductive ceramic powders are a possible low-cost alternative to the 
BN fabric and felt that are currently being used as electrode separators in 
Li/MSx cells. The purpose of these investigations is to evaluate the use of 
MgO powder separators in engineering-scale Li-Al/FeS cells. Two techniques, 
vibratory compaction and hot-pressing (see ANL-78-94, p. 134), were used to 
form the powder separators. In cells with a vibratory-compaction separator, 
it is necessary to use frames and screens on.both the positive and negative 
electrodes to maintain a smooth electrode/separator interface during cell 
assembly and operation. In cells with hot-pressed separators, however, only 
the negative electrodes require frames and screens. 

During this report period, we tested two Li-Al/FeS bicells 
with MgO powder separators--PW-9 and -16. The separator was formed by the 
hot-pressing technique in Cell PW-9 and by the vibratory-compaction technique 
in Cell PW-16. Cell PW-:16 also had a LiCl-rich electrolyte to improve per­
formance. 

After 744 cycles, Cell PW-9 is continuing to operate with 
stable performance. The active-material utilization is 33% at a current 
density of 52 mA/cm3, and the coulombic efficiency is 98%. Cell PW-16 was 
operated for 330 cycles and then operation was terminated due to the end of 
testing. At the termination of operation, this cell had a coulornb~c efficiency 
of 98% and a capacity decline from the initial value of 19%. The results of 
these performance tests and previous ones (ANL-78-94, p. 134) indicate that 
powder separators may be a viable alternative to BN felt or fabric, and that the 
method of formation of the powder separator has little, if any, effect on 
cell performance. 

* A product of Quaker Oats Chemical Co •. , Morton Grove, IL. 



33 

4. Multiplate Cells 

The goals for the Mark II battery require that it attain a higher 
performance and lower cost than those of Mark IA. Consequently, separators 
of BN felt and MgO powder, both of which are potentially inexpensive, are now 
being tested at ANL in multiplate cells (three positive and four negative 
electrodes). The early bicell studies provided a basis for the design of the 
multiplate cells. 

As with bicells, use of BN felt in sheet form appeared to be 
the most practical approach for the multiplate cell. One of the major prob­
lems anticipated during extended operation of multiplate cells with BN felt 
separators was unequal electrode operation (through electrode dissimilarities) 
causing uneven stress on the separator. This problem is especially acute 
because presently available BN felt is delicate (96% porosity), though much 
stronger thanearlier samples. Thus, the BN felt was given structural support 
through the use of fine screen (200 mesh) at the faces of both the positive 
and negative electrodes; this support was intended to reduce electrode surface 
irregularity and possible rupture of the felt. 

Two multiplate Li-Al/FeS cells with BN felt separators, K-MP-1 
and M-MP-3, were tested. The electrode design for Cell K-MP-1 was based on 
that of bicell KK-15, which had a carbon-bonded positive electrode with an 
initial loading of 1.4 A-hr/cm3 at full charge and no positive-electrode frame. 
The other cell, M-MP-3, was similar in design to Cell M-8, which had pressed 
electrodes and an initial positive-electrode loading of 1.4 A-ltr/~m3. The 
design for Cell H-MP-3 is graphically presented in Fig. III-1. 

POSITIVE BUS 

BUS 

FINE SCREEN 

NEGATIVE ELECTRODE 

Fig. III-1. Design of ANL Multiplate Cell 
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The performance of Cells K-MP-1 and M-MP-3 is summarized in 
Table III-2. Cell K-MP-1 . operated for 42 cycles at which time it developed 
short circuits, while Cell M-MP-3 is continuing to operate after 85 cycles 
with only a 2.5% capacity loss (see Fig. III-2). Both of these multiplate 
cells attained performance levels slightly better than those of their 
respective bicells, even though neither multiplate cell was optimized for 
maximum performance. 

0 

Table III-2. Performance Data on Two Multiplate Cells 

K-MP-1 

Pos. Elect. Util.,a% 

Specific Energy,a W-hr/kg 

Cell Resistance.b m~ 
Specific Power,b W/kg 

Cycle Lite 

aMeasured at a current density of 
b 15 sec pulse at 50% discharge. 

cOperation still in progress. 

77 

79 

1.1 

101 

4L. 

75 mA/cm2 . 

M-HP-3 

50 

65 

1.14 

80 

.• u:. c 

~--------~~~-~--~~---------
l 14-• --75-----.1•1 ~---------75-----------. 

DISCHARGE CURRENT DENSITY, mA/cm2 

80 100 120 140 160 180 
CYCLE NUMBER 

15 28 44 68 85 
OPERATING TIME, days 

Fig. III-2. Capacity of Cell M-MP-3 
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The lower lifetime and somewhat higher performance of Cell K-MP-1 in compari­
son with that of M-MP-3 can be partially attributed to the elimination of the 
positive-electrode frames, which allowed the construction of a more compact 
cell. · 

A third multiplate Li-Al/FeS cell, which has a vibratory 
loaded separator of MgO powder, has been operated through four cycles. This 
cell is expected to achieve a specific energy of 50 W-hr/kg at the 4-hr rate. 

C. Testing of Industrial Cells at ANL 
(V. M. Kolba, T. D. Kaun, P. F. Eshman, w. A. Kremsner, 
G. W. Redding, J. L. Hamilton) 

In this report period, a number of industrially produced cells were 
tested at ANL, most of which were fabricated by Eagle-Picher for the Mark IA 
program (see Section II.A). The test results of the Eagle-Picher celts are 
discussed below. 

1. Continued Cycling after Cell Failure 

A battery composed of series-connected cells must continue to 
operate after individual cells have exceeded the normal discharge cutoff 
voltage; otherwise, battery life will be limited to that of the shortest­
lived cell •. Thus, two Mark IA cells (EPMP-7-027 and -060) were cycled long 
after a marked decline in their coulombic efficiency. The cells were cycled 
with a 4-hr discharge and an 8-hr charge, each amounting to about 300 A-hr 
of capacity. The cells operated in reverse voltage during discharge. One 
of the cells (-029) operated in reverse voltage for 90 cycles, and for the 
last 50 cycles the reverse voltage peak has been -1.44 V. The other cell 
has been operated in reverse voltage for 60 cycles, and for the last 30 
cycles the reverse voltage has been -1.64 V. We did not see a trend toward 
a dead short circuit (no resistance) or an open circuit. These tests in­
dicate that a battery can be cycled long after operation of some of the 
cells has terminated. A battery voltage loss equivalent to the output of 
two cells will occur for each cell that is badly deteriorated and run into 
voltage reversal. 

The effects of operating temperature on cell capacity have 
been investigated previously (ANL-78-94, p. 104). During this report period, 
three Li-Al/FeS multiplate cells--EPMP-7-060, -091, -162--were operated at 
temperatures of 425 to 475°C. The effect of these temperatures on cell 
capacity is shown in Table III-3. As can be seen in this table, in the 
temperature range studied, cell capacity increases with increased operating 
temperature. However, operation at high temperatures for long periods is 
expected to increase the corrosion rates of the FeS cell components, thereby 
shortening the cell lifetime. For the Mark IA battery, the optimum operating 
temperature appears to be 460-470°C. 
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Table III-3. Effects of Temperature on Capacity of 
Three Li-Al/FeS Cells 

CaEacit;y: 2 A-hr 

420°C 425°C 450°C 4.60°C 470°C 

EPMP-7-060 257 307 

EPMP-7-09la 200 290 320 

EPMP-7-162 3 250 315 

a 
Cu2S added to positive electrode. 

3. Driving Profile Tests 

475°C 

335 

Onlil of thlil EaglQ-Picher M~rk. IA collc (EPMP-7=071) w~o oyolod 
in the laboratory for 60 deep cycles under simulated driving conditions 
(the SAE J-227 driving profile3). During each cycle, the driving profile, 
which includes acceleration, cruise, and coast, is repeated every 72 seconds 
until the cell capacity is completely discharged; and then the cell is 
charged f6r the next cycle. For 35 of the cycles, the driving profile had 
constant power acceleration (140 W maximum power). Under these conditions, 
the cell would discharge about 305 A-hr each deep cycle. (This was close to 
the 4-hr discharge 'capacity for this cell, 320 A-hr.) For the balance pf 
the profile testing, more severe driving conditions were used (constant 

·acceleration with a 240 W maximum power). Under these conditions, the cell 
achieved the full power of 240 W over about 65% of its discharge capacity 
(200 A-hr). This cell failed after 118 deep cycles due to a mechanical 
failure. Post-test examination of the cell showed no unusual conditions 
which could be related to the severe simulated driving conditions under which 
the cell wa~ cycled. 

/1. Improvement a in Cell Performance 

During the developmental stage of the Mark IA program (Section 
II.A), it was discovered that (1) the Eagle-Picher multiplate cells were 
frequently failing due to swelling of the cell can which resulted in extru­
sion of active material from the positive electrode* and (2) that the cell 
power was lower than that required by the Mark IA goals. Efforts at ANL to 
resolve these problems are described below. 

a. Cell Swelling 

A frequent failure mode of the Mark IA developmental cells 
was a short circuit caused by a bowing out of the edges and bottom of the cell 
can, which allowed extrusion of the active material from the positive electrodes. 
This effect leads first to a loss of capacity and coulombic efficiency, and 
finally to a short circuit. The extrusion of active mate~ial occurred over 

* See Section IV.C for a more detailed description of the cell failure 
modes of Eagle-Picher's cells. 
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several cycles; thus, this type of cell failure was not caused by a large 
force generated in the positive electrode during a single cycle~ 

To achieve the very high specific and volumetric energy 
density goals for these cells, a large fraction of the cell volume is filled 
with active materials, cell hardware, and electrolyte. The electrolyte 
expands about 20% when it melts, leaving less gas volume inside the cell and 
thereby generating a higher gas pressure. As an example, in Cell EPMP-7-094, 
74.2% of the electrolyte plus gas volume was occupied by electrolyte before 
it was melted; with the electrolyte molten, this volume was 88.1%. The gas 
volume decrease from 25.8% to 11.9% causes a factor of 2.2 increase in the 
gas pressure. If the cell is sealed at room temperature and then heated to 
450°C, the pressure is increased by an additional factor of 2.6. Since the 
feedthrough is not completely gas tight, this pressure is relieved gradually. 
Because of the time required to heat the cell to operating temperature 
(several hours), the temperature effect on gas pressure is probably small. 
However, melting of the electrolyte takes place rather quickly once the 
eutectic temperature is reached, resulting in a pressure surge. This 
pressure surge was noted experimentally when a pressure gauge was attached 
to Cell EPMP-7-094 and the cell was cycled. Furthermore, this cell was 
operated for 74 deep cycles with the edges, bottom, and major faces 
restrained; post-test examination showed that the edges of the positive 
electrodes were essentially in perfect condition. 

Figure III-3 shows the effect of electrolyte volume prio.r 
to melting on the pressure differential, i.e.~ the internal cell pressure 
after the electrolyte melts divided by the internal cell pressure prior to 
electrolyte melting. In the case of Cell EPMP-094 (0.74 electrolyte volume 
prior to melting), the pressure inside the cell prior to melting is about 
1 atm (absolute), and after melting the pressure is about 2.2 atm (absolute). 
Thus, the pressure differential across the can wall after melting is about 
2.2 atm, which is sufficient to deform the thin wall can. As illustrated in 
Fig. III-3, the extent of the pressure increase is largely a function of the 
available void space after the electrolyte filling operation, which was not 
closely controlled in most of the Mark IA developmental cells. For the 
Mark IA battery, the force on the cell edges will be controlled by closely 
regulating the amount of electrolyte added to the cells, and the battery cell 
tray is being designed to provide cell-surface restrainl. 

As part of the experiment with Cell EPMP-7-094 to measure 
cell. pressure, gas samples of the internal cell atmosphere. were taken during 
the first cycle. These samples showed 2% (by volume) H2 and 1.6% CH4 in the 
helium atmosphere. Gas samples from another cell during its first cycle have 
shown essentially the same result. In this later test, sampling is continuing 
with cycling but results are not yet available. Gas releases of this small 
magnitude when the cell electrolyte melts have little effect on the pressure 
level. However, since hydrogen diffuses rather rapidly through the insulating 
jacket wall at operating temperature ·(discussed later), it is il"!lportant to 
determine if the cells are a continuing source of hydrogen in t~e battery. 

''· 
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P1 - CELL PRESSURE PRIOR TO 

ELECTROLYTE MELTING 

P2- CELL PRESSURE AFTER 

ELECTROLYTE MELTING 

--------· 

Fig. III-3. Increase in Cell Pressure Kelated 
to Electrolyte Melting Operation 

b, Power 

The power requirements for the Mark IA battery are 30 kW 
at 50% depth of discharge. At this 4isGharge depth, the Mark TA ce.Jl must 
attain a power. output of at least 250 W at a discharge current of 300 A, 
which is the motor-controller limit for the Mark IA test van. 

Figure III-4 shows the power output as a function of 
discharge current for three Eagle-Picher cells--E~~-7-067, -071. and ~091. 
At 50% discharge, Cell EPMP-7,..,091 a:ttained a power of 220 W at a current of 
300 A, which is clearly below the Mark IA power goal; the cell resistance 
is 1.65 and 1.79 mQ at 5 and 50% discharge, respectively. To improve th~ 
power characteristics of Cell EPMP-7-071, the negative terminal was bypassed, 
and the negative electrode connection made directly through the negative-* . electrode bus bars. This cell achieved a somewhat higher power (240 W at 
a current of 300 A) and a lower cell resistance (1.4-1.5 mQ) than those 
of Cell EPMP-7~071; however, the cell power was still below the Mark IA goal. 
For Cell EPMP-7-067, both the positive and negative electrode connections. 
were made directly to their respective bus bars. At 15% discharge, thi.s 
cell attained a power of 315 W at a current of 300 A, and a cell resistance 
of 1.05 mQ. 

* . See upper portion of Fig. III-6 for an illustration of location of typical 
negative and positive terminals and bus bars. 
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CELL -067 at 15% DOD 

CELL -071 

IOOL----.....L.II0-0------:2~0-=-0 ---~30=:0:-----4~00 

CURRENT, A 

Fig. III-4·. Power for Three Multiplate ·Cells 

As a result of the low power attained by Eagle-Picher 
Mark IA cells, ANL made resistance measurements on the components of a 
number of cells. As a result,' several recommendations were made to Eagle­
Picher on modifications in their Mark lA cell design that improved 
power capabilities. Figure III-5 shows the resistances obtained by various 
modifications in the components of the Eagle-Picher cells. The current co.llec­
tors in the first Mark IA cells were honeycomb structures (about 1.3 em honey­
comb cell size) woven from 0.0075-cm thick mild-steel (AISI 1010) ribbons. 
About half of these ribbons were connected to the electrode bus bars. Cell 
resistance was decreased by a·bout 0.1 ms-2 through the following changes in 
this structure: decreasing the honeycomb-cell size by half, increasing the 
ribbon thickness to 0.0125 em, and connecting all the honeycomb ribbons to 
bus bars. This modification is indicated by symbol REC in Fig. III-5. A 
thicker and wider positive bus bar and imprpved techn1ques for welding the 
current collector ribbons to the positive bus bar (RuB) gave a resistance 
decrease ·of about 0.05 nTh.l. The connection between the positive terminal 
and the bus .bar was improved (components redesigned and welding improved), 
and this modification (RpT) resul,ted in a decrease in resistance of about 0.1 nTh.l. 
Changes in the connection between the'negative bus bar and lead ribbons 
resulted in only small resistance improvements (RNB). The largest resistance 
improvement, 0.2 ms-2, came from adding a copper overlay to the top of the cell 
to lower the resistance path between the negative bus bar and the intercell 
connector (RNT). 'These changes have been implemented by Eagle-Picher in the 
final fabrication of Mark IA cells (see Fig. III-6), and .the resistance is 
now in the range of 1.1-1. 2 ms-2., which should increase the peak power well 
~.bove the Mark IA goals. 
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Fig. III-5. Resistance Mapping for Eagle-Picher 
Multiplate Cells 

Resistance, ron 

Symbol Standard Design Modified Design 

Electrode couples a at full charge state 

Positive bus bar 
connection 

!'osi.tive .cell 
terminal 

Negative bus bar 
connection 

Negative cell 
terminal connections 

Total Cell 

~c 

~T 

3
Add 0.1 mn for 50% depth of discharge. 

0.85-0.95 0.73-0.83 

0.05-0.1 0.025-0.05. 

0.25-0.30 0.15-0.20 

o.o.J~o.t 0.05-0.025 

0. 25 -:0 ~·'30'. 0.075-0.1 

1.45-1..75 l.0-1.?.3 
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MODIFIED DESIGN 

INTERCELL 
CONNECTOR 

ELECTRODE 

WELDS 

Fig. Ill-6.. Desi.gn Changes to Improve Resistance 
in Multiplate Cells 

D. 6 V Battery Teats 
(V. M. Kolba, J. L. Hamilton, G. W. Redding, M. K. Farahat, 
E. R. Hayes, G. L. Chapman, W. H. DeLuca) 

The 6-V lithium/metal sulfide battery module fabricated by Eagle­
Picher (see Section II.A) is being tested at ANL. 

During the laboratory testing of the 6-V module, small amounts of 
hydrogen were found in the vacuum annulus of the insulating case. The main 
source of hydrogen is probably Raybestos insulation between the cells, which 
apparently undergoes slow thermal decomposition, producing water vapor. The 
water vapor ·would react with various metals in the system to form hydrogen, 
which diffuses through the inner wall of the vacuum annulus. Some hydrogen 
may also be evolved from the cells; tests are in progress to obtain qualita­
tive information on this source (Section VII.C). The problem with hydrogen 
is b~ing controlled by periodic purging of the battery with argon and pumping 
on the vacuum annulus. 
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The 6-V battery module, which contains five cells, has now under­
gone 58 deep discharge cycles (70 A on discharge and 40 A on charge) in the 
laboratory with less than 5% loss of capacity and 7.6% loss of energy (from 
1.63 to 1.51 kW-hr). It has been difficult to equalize the cells in this 
battery because of the high resistance in the lead wires. During five 
cycles, beginning on cycle 27, battery cycling was programmed to simulate 
actual driving conditions (J2276 Cycle C driving profile 3). Theenergyoutput 
of the driving cycle tests was 1.65 kW-hr (best cycle). 

After laboratory testing, the module was connected in series to 
the present 144-V lead-acid propulsion battery in a Volkswagen van, and road 
tested for one hour (without regenerative braking). At the end of one hour, 
the internal temperature of the 6-V module had decreased from 475 to 470°C. 
(The full-scale 40 kW·-hr Mark IA battery will heat up slowly during dis­
charge). The performance of the battery was excellent. On-board instru­
mentation was used to monitor electrical interactions between the module 
and the propulsion system of the van; no adverse effects were observed. 
Testing of the module with the· ANL designed charger-equalizer resulted in 
complete equalization of all five cells. 
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IV. CELL PERFORMANCE AND LIFETIME SUMMARY 

During this period, we determined the average performance and lifetime , 
of recently operated Li-Al/FeS cells of similar design. These determinations 
are made to give some idea of the typical performance and lifetime being 
attained by Li-Al/FeS cells. Cell status tests are planned to establish the 
status of the development of various cell designs. In addition, 44 cells 
were subjected to post-test examinations to provide information on cell 
failure mechanisms. These results are evaluated and appropriate recommenda­
tions made for improving cell performance. 

A. Electrical Performance and Lifetime 
(E. C. Gay) 

Table IV-1 lists the average performance and tifetime of three 
series of cells tested during this report period. The M-series is three 
state-of-the-art bicells with felt separators (namely, M-8, -10, and -11); 
and the PW-series is three bicells with MgO powder separators (namely, PW-8, 
-9, and -10). Both of these series were tested at ANL (see Section III.B). 
The EPMP-series is 10 multiplate cells with BN fabric separators (namely, 
EPMP-7-017, -031,-046,-055, -056, -057, -062, -063, -075, and -086); these 
cells were fabricated and tested by Eagle-Picher Industries, Inc. (Section 
II. A). Also included in Table IV-1 is the !-series, which is five Eagle­
Picher bicells with BN fabric separators (namely, I3Bl, I3B2, IB4, I3C2, 
and IB6); these cells were operated at ANL during 1977-78. For comparison 
purposes, we computed the average performance of this series at an arbitrarily 
selected lifetime of 336 cycles; the average lifetime is actually much longer. 
As expected, the highest specific energy was achieved by the EPMP-series multi­
plate cells; however, these cells also had the highest decline in specific 
energy with cycling. The cause of this performance decline will be discussed 
later in this section. 

Table IV-1. Average Performance and Lifetime 
of Li-Al/FeS Cells 

---------·----------·-·----------------
Specific Percent Dcclinec 

a Initi.gl W-hr Specific A-hr Series Energy, 
Designation W-hr/kg Eff., % Cycles Ener. Decline 

·-·---------·-
M-series 53 81.3 337 13.3 

PW-series 40.7 84.3 281 9.2 

·EPMP-series 99.1 79.5 186 29.4 

!-series 62 82.2 3J6d 13.6 
--·---

a d d i f b 0 038 A/ 2 Base on current ens ty o a out • . em-. 

bBased on at least 10 cycles at the 5-hr discharge rate. 

cDecline from maximum at 5-hr discharge rate. 
d Arbitrarily chosen for comparison purposes. 

3 

0 

8.1 

1.2 

W-hr 
Decline 

0 

6.2 

11.0 

2.8 
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The performance and lifetime for six Li-Al/FeS bicells (!-series) 
are listed in Table IV-2. The design for these cells was similar for the 
pairs I3Bl and IJB2, I3Cl and I3C2, and IB4 and IB6; the design variations 
among these three pairs included electrode thickness, capacity.loading, and 
thickness of the positive terminal rod. As can be seen in this table, the 
average performance and lifetime for these cells meet the projected perfor­
mance and lifetime for the Mark IA bicell, except for the energy and specific 
power. The energy difference (0.11 vs 0.15 kW-hr) is not considered to be 
significant, especially since an energy of 0.40 kW-hr has been achieved by 
multiplate Li-Al/FeS cells built for the Mark IA program. The specific power 
of the Mark IA multiplate cells has also been significantly improved hy 
advances in technology, and the incorporation of these advances into the 
bicell design should result in higher specific power. 

TAhlP TV-/, Performance and Lifetime of 1-~eries 
Li-Al/FeS Bicells 

Sp •. Energy, 
a 

C~11 Nu. W=l11'/k.g 

I3Bl 64 
I3B2 60 

I3Cl 44 
I3C2 62 

IB4 62 
IB6 62 

Avg. 59 

t'rojected ;!;or 
Mark IA Hicell$ .JU 

Vol. Energy, 
W-hr/L 

164 
130 

102 
140 

154 
154 

140 

115 

a 
Sp. Power~~ 
W/kg 

23 

27 

23 

24 

35 

aBased on a current density of about 0.038 A/cm2 • 

Energy~ 

kW-hr 

0.13 
0.10 

0.076 
0.11 

0.12 
0.12 

0.1i 

0.15 

Cycle 
Life 

896 
505 

222 
527 

1273 
782 

700 

700 

bPeak power sustainable for 15 sec at 50% depth of discharge; measurements 
made tor only one ce!! ot each design Pair. 

B. Cell StatUs Tests 
(H. Shimotake) 

Twn sets of ten status cells, one with BN felt ccparatorc and the 
other with MgO powd~r separators, are being built. These cells are being 
tested to obtain performance and lifetime data on at least six similar cells. 
For each set of cells, we are using consistent electrode pressing and cell 
assembly techniques, and all operating conditions will be held constant. The 
results from these tests will be used to establish the status of th~ develop­
ment of various cell designs and to aid in the selection of the optimal 
design for the Mark II battery. 
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1. Cells with Felt Separators 
(F. J. Martino, W. Moore*) 

For these tests, ten Li-Al/FeS bicells are being built with a 
.design similar to that of M-8 (see ANL-78-94, pp. 122-125). The essential 
features of this cell are as follows: separator of BN felt, initial positive 
capacity ·density of 1.4 A-hr/cm 3 ,at full charge, no additives to positive elec­
trode, and a 67 mol %· .LiCl-33 mol % KCl electrolyte. This particular cell 
design was chosen because of th~s cell's performance. After 350 cycles, Cell 
M-8 had only an 8% decrease from the initial specific energy (60W-hr/kg at the 
4-hr rate). This rate of specific energy decline is well below the Mark II 
goal of <20% after 500 cycles. Recently, this basic cell design was used for 
a.multiplate cell (see Section III.B), which demonstrated similar performance 
stability after 110 cycles to that of the hicell. 

The electrodes for the status cells will be fabricated by the 
cold-pressing technique, the positive electrode having a theoretical capacity 
of 11.3 A-hr atld the m~ga.tive electrode having a theoretical capacity of 
'Vl70 A-hr. 

2. Cells with Powder Separators 
(T. W. Olszanski, C. Ruizf) 

For these status tests, ten Li-Al/FeS bicells are being built 
with a design similar to that of PW-16 (ANL-78-94, p. 134). The essential 
features of this design are as follows: separator of Mgb powder, initial pos­
itive capacity density of 1.1 A~hr/cm 3 at partially charged condition, no ad­
ditives to positive electrode, and a 67 mol % LiAl-33 mol % KCl electrolyte. 
The performance of this cell is discussed in greater detail in Section III.B. 

C. Failure Mechanisms 
(J. E. Battles) 

Post-test examinations are conducted on engineering-scale cells 
(fabricated by industrial contractors and by ANL) t·o determine cell failure 
mechanisms, in-cell corrosion reactions, and electrode morphology (i.e. 3 

microstructure, active material distribution and utilization, reaction 
uniformity, impurities, and cross-contami .. natl.on of electrodes). These 
results are evaluated, and appropriate recommendations are made for improving 
cell performance ?nd lifetime. 

1. Cell Failure Mechanisms 

Post-test examinatio~s have been completed on 22 multiplate 
cells fabricated by Eagle-Picher for the Mark IA battery program and 20 
bicells fabricated by ANL and industrial contractors; the results of these 
examinations are discussed below. 

* Student from Illinois Institute of Technology.· 

·!"University of Puerto Rico. 
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a. Multiplate Cells 
(F. C. Mrazek, N. C. Otto, J. E. Battles) 

Twenty-two multiplate cells were examined; operation was 
terminated because of electrical short curcuits in 12 cells and declining 
coulombic efficiency in seven cells.* Three cells had completed the scheduled 
testing without failure. A summary of the failure mechanisms is listed in 
Table IV-3. A short circuit (or partial short circuit) was identified in each 
of the cells whose operation was terminated due to declining coulombic 
efficiency; one of the cells that had reached the end of testing was also 
found to have developed short circuits. Therefore, 20 of the multiplate cells 
had developed short circuits. 

Table IV-3. Cell Failure Mechanisms for Multiplate Cells 

Causes 

Extrusion of active material 
from positive electrode 

Short circuit in electrical 
feed through 

Metallic deposits in 
separator 

Equipment malfunction 

Difficulty in cell assembly 

RuptnrP. :in separator 

End of toota 

No. of 
r.RRPC: 

7 

4 

3 

3 

2 

1 

) 

aOne of the~e cells was found to have a short circuit 
which was caused by a metallic deposit in the separator. 

I.u t:he seven cells with extruded .1ctive matcrinl, five 
of them developed a short circuit at the cell bottom where the material 
extruded through a rupture in the retainer screen and the overlapping BN 
fabric cups and made contact with the cell can. This rupture is apparently 
caused by the bulging of the edges of the cell. cans, which act to restrain 
the electrodes and the BN fabric cups. The bulging of the cell cans has been· 
attributed to gas pressure (see Section III.C.2). In the remaining two cells, 
one developed a short circuit at the top where extrusion forced the retainer 
screen into contact with a retainer plate at the top of the negative 
electrodes, and the other cell short-circuited near the bottom where it 
appears that the retainer screen of the positive electrode ruptured and the 
broken wires were forced through the separator. 

* Generally indicative of a developing short circuit. 
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Four cell failures·have been caused by short circuits in 
the electrical feedthroughs. In three feedthroughs, the short circuits were 
across the top of the upper insulator and were caused by corrosion due to the 
presence of electrolyte in this area. The electrolyte was apparently from a 
source outside of the feedthrough since there was no evidence of electrolyte 
migration through the BN powder seal. In the fourth feedthrough, the short 
circuit occurred because the lower insulator had broken, apparently during 
fabrication. 

Metallic deposits across the separator were the cause of 
short circuits in three cells. The wetting agent LiAlCl4 (see ANL-78-94, 
p. 158) was used on the separator of two of these cells. The amount of 
LiAlCl4 used was greater than needed to obtain electrolyte wetting of the 
separator, thereby resulting in significant metallic deposits as the LiAlCl4 
dissociated and/or. was reduced by lithium. This effect has not been observed 
in other .cells that used the minimum amount of the wetting agent. The short 
circuit in the third cell. was caused by a combination of Li-Al, copper, and 
irori deposits across the separator, and was probably initiated by the cell 
evacuation during the electrolyte filling process. 

Appendix B.l provides a summary of the post-test examina­
-tion for each of the multiplate cells. The following general observations 
were made from the post-test examinations: the typical negative electrodes 
expanded in thickness by 20-25%, the separators and negative electrodes were 
deficient in electrolyte, and varying degrees of Li-Al agglomeration occurred 
in the negative electrodes. Electrolyte deficiency and Li-Al agglomeration 
are believed to be important factors in the capacity decline observed in 
these cells (see Table IV-1). 

b. Bicells 
(F. C. Mrazek, N. C. Otto, J. E. Battles) 

During this period, 20 engineering bicells (fabricated by 
both ANL and industrial contractors) were subjected to post-test examinations. 
A summary of the cell failure mechanisms is presented in Table IV-4; this 
table also includes all vertical prismatic cells that have undergone post­
test examination to date. Cell operation has been terminated principally 
because of electrical short circuits, although in a few cases loss of 
capacity, broken conductors, or declining coulombic efficiency were the 
causes. A more detailed description of the causes of bicell failure is 
provided in Appendix B.2. 

For the combined total, the major causes of short circuits 
are extrusion of active material (25 cells), cutting of separators by the 
honeycomb current collector (22 cells), and cell assembly difficulties 
(12 cells). Most of the cells with cut separators were fabricated before the 
recommendation had been made to add protective screens, which have proved 
effective in preventing this problem. Extrusion of active material appears 
to have been solved in the cells with newer designs. Cell assembly 
difficulties included misaligned (or broken).electrodes, misplaced (or 
skewed) separators, and contact of Zr02 cloth (conductive after reaction 
with lithium) with both electrodes; as can be seen in the column of cell 
failure mechanisms for this report period, cell assembly problems appear to 
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Table IV-4. Failure Mechanisms of Bicells 

,, Mechanism 

Extrusion of active materials 
(inadequate confinement) 

Metallic copper deposits in separatorb 

Separator cut by honeycomb current 
collector 

Equipment malfunctionc 

Short circuit in feedthrough 

Cell anacmhly difficultie~ 

Broken positive-electrode conductor 

Declining coulombic efficiency 

Unidentified short circuits 

Loss of capacity & poor utilization 

Metallicd and/or sulfide deposits across 
separator 

End of test 

Ruptured BN felt separator & non-uniform 
expansion of electrodes 

TOTAL 

Number of Cases 

This Period FY 78 

3 5 

1 3 

2 11 

0 2 

2 4 

0 10 

0 0 

2 1 

0 3 

2 3 

2 4 

4 6 

2 0 

20 52 

RAll cells that have undergone post-test examinations to date. 

Total a 

25 

13 

22 

10 

9 

12 

2 

11 

5 

5 

9 

12 

2 

137 

bFeS cells with Cu2S additive; one cell used a copper current collector. 

c Overcharge, temperature excursion, or accidental polarity reversal. 

d Other than copper. 

have been resolved, mainly as a result of better quality control. In summary, 
the major causes of cell failure before this report period appear to have 
been eliminated by modifications in cell design and better quality control. 
The mechanism involved in the loss of capacity is being studied, but has not 
been identified as yet. 
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2. Copper Deposition in Electrode Separators 
(N. C. Otto, J. E. Battles) 

Copper sulfide is being added to the positive electrode of 
Li-Al/FeS cells to improve performance. However, post-test examinations have 
shown that copper deposits in the electrode separator cause declining 
coulombic efficiency, and in some cases complete short circuits. Microscopic 
examinations have determined that elemental copper is precipitated in the 
separator, but mechanism(s) for the phenomena is unknown at this time. This 
reaction is assumed to continue as long as the cell is cycled, ultimately 
resulting in cell failure. 

Seven Eagle-Picher bicells* were e~amined to determine the 
depth of copper penetration into the electrode separator and the morphology 
of the copper deposits. In cells with short operating times (<208 days), 
the copper particles are generally about 5 ~m in diameter and rather densely 
arranged within the separator (no more than about 500 ~m from the positive 
electrode). The electrolyte in this same area has a pronounced copper hue 
under polarized light, ·thereby indicating the presence of a-significant amount 
of sub-microscopic sized copper particles. This observation has been con­
firmed by scanning electron microscope (SEM) examinations. The depth of 
copper penetration into the separator is generally fairly uniform. In cells 
with longer times of operation, the copper particles are generally slightly 
larger and the depth of penetration more variable. Also, the copper hue of 
the electrolyte under polarized light is much less-pronounced, thus indicating 
fewer sub-microscopic particles. 

Figure IV-1 shows the penetration of copper into the separator 
(i.e., across the separator thickness) found in these seven cells at post­
test examination; as can be seen in this figure, the copper penetration 
increases with increasing cell operating time. This copper deposition 
probably causes a decline in coulombic efficiency when the amount present 
reaches a sufficient level. Chemical analyses will be performed to determine 
whether the amount of copper in the separator also increases with cell 
operating time; metallographic evidence suggests that the amount of copper 
deposited in the separator per cycle decreases with an increase in operation 
time. 

In most cells the BN cloth separator is compressed to about 
1.6 mm in thickness after a short period of cell operation. If this observa­
tion is assumed to be true, then the data in Fig. IV-1 indicate complete 
penetration of the separator in slightly less than 20,000 hr (833 days). 
Thus, this type of cell cannot be expected to operate longer than approximately 
two years before a substantial decrease in coulombic efficiency occurs. For 
a cell with a BN felt separator, which normally has a compressed thickness of 
1.0 mm, the expected cell lifetime would be even shorter, about 10,000 hr 
(420 days). 

* These are Li-Al/FeS-Cu2S bicells with BN fabric separators. 
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Fig. IV-1. Penetration of Copper into Separators 
of Li-Al/FeS-CuzS Cells 

3. Lithium Gradient in Negative Eiectrodeo 
(F. C. Mrazek~ J. E. Battleo) 

Previous (ANL-77-35, p. 44) metallographic and chemical 
analyses indicated that a significant lithium-concentration gradient existed 
in some Li-Al electrodes; this observation was confirmed by ion microprobe 
mass analysis (IMMA)* o£ Li-Al electrodes from bicells (ANL-78-94, p. 160). 
The results showed that the lithium concentration across the thickness of the 
electrode was fairly uniform in a discharged electrode, and exhibited a sub­
stantial lithium gradient in charged electrodes (i.e.~ lithium enriched in 
the front portion of the electrode). During this period, a similar study was 
conducted on electrodes from two Eagle-Picher multiplate cells--EPMP-7-032 and 
-035. One cell was fully discharged (EPMP-7-035) at a current of 70 A, the 
other fully charged (EPMP-7-032) at a current of 40 A. 

* ·Performed by D. V. Steidl, Chemical Engineering Division at ANL. 
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Determination of the lithium gradient for the metallic Li-Al 
structure in a matrix of LiCl-KCl electrolyte is very difficult. Variations 
in the Li-Al ratio within the electrode prevent bulk chemical analyses, and 
the microscopic examination is not quantitative since the optical difference 
is negligible for Li-Al containing between 10 at. % and 50 at. % lithium 
(the lithium concentration normally occurring in cycled negative electrodes). 
The only method or instrument capable of determining the Li to Al ratio 
within the Li-Al structure is IMMA. 

Figures IV-2a and -2b show the microstructures of the charged 
and discharged electrodes, respectively. (The white region is Li-Al, ·the grey 
is electrolyte, and the black is void.) The charged electrode shows the typical 
skeletal microstructure found in cycled Li-Al electrodes; an enlarged view of 
this fine metallic structure is shown in Fig. IV-2c. This electrode also showed 
considerable Li-Al agglomeration in the center; an enlarged view of this ag­
glomeration is shown in Fig. IV-2d. In the discharged electrode (Fig. IV-2b), 
the center portion showed considerable evidence of the original Li-Al particles 
indicating this region haR P.Xperienced little or no cycling. 

a. Full thickness of tlle 
charged electrode. 

L. Full Ll!lck.ueHf::l uf Lhe 
discharged electrode. 

Fig. IV-2. Microstructure of Charged and Discharged 
Negative Electrodes 



c. Example of the typical 
fine metallic structure 
observed in negative 
electrodes 
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d. Example of the agglomerated 
metallic structure 

Fig. IV-2 (Contd) 

Microstructure of Charged and Discharged 
Negative Electrodes 

The results of the IMMA analysis for lithium gradients are 
shown graphically in Figs. IV-3 and -4 for the charged and discharged 
electrodes, respectively. The morphologies of the cross-sectional areas 
selected for IMMA analysis are not typical of the total electrodes, but were 
intentionally chosen to show the undesirable effects of Li-Al agglomeration. 
In the fully charged electrode (Fig. IV-3), a low lithium concentration 
(10-20 at. %) was found in the agglomerated Li·-Al in the central portion of 
the electrode, and the area near the electrode face was enriched in lithium. 
Once agglomeration had occurred, lithium transport into and out of these 
massive metallic areas during cycling was comparatd!vely. sl(Jwer than that for 
the low-density, skeletal structure which is normally present. In the fully 
discharged electrode (Fig. IV-4), the middle portion showed a high lithium 
concentration, while the remainder was tully discharged (~8 at. % Li). The 
slopes of the lithium gradient appear more gradual in the charged electrode 
(Fig. IV-3) than in the discharged electrode (Fig. IV-4), presumably because 
of the additional time allocated for charging. 
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The mechanism for the agglomeration of Li-Al is unknown at 
this time. This behavior is unusual since an initially solid Li-Al electrode 
will form the typical skeletal microstructure during normal cycling. Also, 
the retention of lithium in the center portion of the discharged electrode 
is unusual. Both conditions could be factors in capacity loss observed in 
multiplate. cells, since· the charge and discharge cut-off potentials would be 
reached before complete utilization of the lithium. Additional analyses of 
the type described above should provide further insights into the causes of 
Li-Al agglomeration and lithium concentration gradients in Li-Al/FeS cells. 
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V. CELL DEVELOPMENT 

Developmental efforts are in progress to improve the performance of the 
Li-Al/FeS cell for electric-vehicle applications. Studies conducted in this 
report period include the following: development of a cell model that relat.es 
cell performance to design characteristics and mode of operation, development 
of reference electrodes for polarization measurements in cells and other 
electrochemical data, and tests of small-scale and engineering-scale cells to 
determine optimum cell designs. 

A. Cel~ Modeling Studies 
(E. C. Gay, W. E. Miller, F. J. Martino) 

Engineering cell modeling studies were conducted with the objective 
of developing empirical equations that relate cell performance to the design 
characteristics of the cell and the mode of cell operation. Design character­
istics that affect cell performance include electrode thickness, active 
material compos·ition, state of charge, volume fraction of electrolyte in the 
electrode, separator properties, cell resistance, and· cell. compactness. 
Operating modes that affect performance include charge and discharge cutoff 
voltages, charge and discharge. rates, and temperatures. 

For· this model, very general empirical equations were developed to 
fit FeS and FeS2 bicell and multiplate cells, the coefficients in the 
equations being determined by multiple regression analysis. This model, and 
a check of its accuracy, are described below. Future modeling studies will 
be directed to developing equations that relate cycle life to cell design and 
operating mode. 

1. Model Development 

The model to predict cell performance (i.e., specific energy 
and specific power) was developed from the performance of the following 
engineering-sc~le Li-Al/FeS and Li-Al/FeS 2 bicells: 19 Eagle-Picher bicells, 
5 ANL bicells, and 2 Gould bicells. Multiple regression analyses were used 
to develop equations of the general form, 

where bo, blt b2 and b3 are constan!s; xlt x2 and x3 are independent cell 
design or operating variables, and y is the dependent variable. 

The range of values of the variables that were used in the 
model is shown in Table V-1. Using multiple regression analysis, we 
developed the following equation to predict the cell specific energy 
(W-hr/kg): 

* 

SPE = 2.0710 - 0.37414FSUBL + 14.408TSUBLR 

- 1.2149VOLT1R - 1.0586 VOLT2R 

+ 1.4718F/LMUL- 20.790LTLV1R + 47.968LOGV1R 

These are M-series and KK-series bicells (see Section III.B). 

(1) 
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Table V-1. Variables Used in the Regression Analysis 
for Cell Model 

Cell Variable 

Fraction of Charge 

Electrode Area 

Separator Thickness 

Limiting Electrodea Thickness 

. Counter Electrode Thickness 

Average Cell Resistance 

Diochar:gc Current Dcnoity 

Charge Current Density 

Limiting ·Electrode Capacity Loading 
b Cu2S Composition 

Range 

0.05-1.0 

270-1806.5 em 

2.0-6.4 mm 

0.20-0.63 em 

0. 25-1.0 em 

1.7-13.3 mQ 

0.01-0.18 A/cmZ 

0.03-0.04 A/cm2 

0.64~1.45 A-hr/cm3 

0-25 wt % 

8 If the positive. electrode limits capacity, then its half­
thickness is used for this factor (the thickness of two 
negative electrodes equals that of one positive electrode). 

bAn additive used in the positive electrode to improve 
performance. 

where FSUBL * = F/L = percent utilization of the limiting electrode 

TSUBLR = TL = limiting electrode thickness/separator-:-retainer thickness 

VOLTlR = VIR= OCV - DCO/A iDR "I" 
· e c 

VOLT2R = CCO - A i R - DOC/A i R r · e~ c e c c 
MUL** = 0.01 (theor. cell capacity) (OCV - DCO)/cell weight 

F/LMUL = product uf F/L and MUL 

LTLVlR = natural logarithm of product TL and. VIR 

LOGVlR = natural logarithm VIR 

* The electrode that limits cell capacity~ 

t OCV is the open-circuit voltage (V); DCO is the discharge cutoff voltage 
(V); A is the limiting electrode area (cm2); fn·· is the discharge current 
densit~ (A/cm2 ); and R is the average cell resistance (n). 

f c 
ceo is the charge cutoff voltage (V) and i is the charge current density · 
(A/cm2). c 

** This is the only parameter that is not dimensionless (W-hr/kg). 
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For the specific power (W/kg), the multiplate regression analysis produced 
the-following equation: 

LOG (SP) = 0.28259 + 0.86170 LOG {PF) 

+ 0.12012 LOG (CF) + 0.31889FCCF 

where PF = (OCV) 2 /(4R w)* 
c 

CF = charge factort 

FCCF = fully charged correction factorf 

2. Check of the Model 

(2) 

As can be seen in Figs. V-1 and -2, the calculated and 
measured performance for the cells used.in the multiple regression analysis 
are in good agreement. As a further check of the model, the perfoFmance of 
five Li-Al/FeS multiplate cells (four fabricated by Eagle-Picher and one by 
Gould) and 11 upper-plateau Li-Al/FeS bicells (fabricated by Gould) was 
determined, and these values compared with those predicted by the model. As 
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Fig. V-1. The Measured and Calculated Specific 
Energy for 26 Lithium/Metal Sulfide Cells 
Used in the Multiple Regression Analysis 

OCV is the open-circuit voltage (V); R is the average cell resistance (n); 
and W is the cell weight (kg). PF is In dimensions of W/kg. . 

tThis factor is assumed to be 1.0 at full charge, 0.5 at 50% discharge, and 
0.05 at full discharge, i.e.~ discharged to the cutoff voltage which is 
normally 0.9-1.0 V. ·. 

fThis factor is assumed"to be 1.0 at full charge and 0.05 at any state of 
discharge. 
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Fig. V-2. The Measured and Calculated Performance 
for 26 Lithium/Metal Sulfide Cells Used 
in the Multiple Regression Analysis. 

can be seen in Figs. V-3 and ,...4,·there is good agreement between the pre­
dicted and the actual performance of these 16 cells. Statistical analysis of 
the error included normal distribution and scatter tests, both of which gave 
favurable re~ult~. 
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. Fig. V-4. Calculated and Measured Specific Power 
of 16 Lithium/Metal Sulfide Cells Not 
Used in Development of the Model. 

Reference Electrode System 
(L. Redey~) 

Small-diameter (3 lll11\) .reference electrodes have been developed for 
polarization measurements in engineering cells and for other electrochemical 
investigations. · 

1. Develop'ment 

The reference electrodes must be electrochemically stable, and 
possess a suitabie geometry with adequate mechanical strength. · Long-term 
stabilit~ tests ·have been completed on five electrode couples: Li-Al/Li+, 
Li-Bi/Li , Ni/Ni3Sz/s=, Ag/ AgzS/s:~ and Ag/ AgCl. In some. cases these systems 
have been investigated by others4 • All potential values present~d in this 
section are given vs the two-phase (a + S) Li-Al (40-45 at. % Li) alloy 
electrode. 4 Large (3 to 5 A-hr) Li-Al electrodes were found to show a very 
stable potential in LiCl-KCl melts, but were impractical as reference 
electrodes because of their size. 

On the basis of these tests, the Ni/Ni3S2 system was found to 
be the most suitable for the reference electrode couple. This reference 
electrode was fabricated usirig BeO tubing (0.3-cm dia) and ·a y, 2o3 diffusion 
barrier; the design is shown in Fig~ V-5. The Ni3S2 can be formed 
spontaneously on the surface of nickel wire in LiCl-KCi eutectic saturated 
with LizS, and the Ni/Ni 3s 2 couple :reaches a stable potential within 2-3 
days. With intermittent anodic polarization, one can develop a more stable 
electrode in·a couple of. hours. The electrochemical system used in this 
study can be described as follows: 

* Technical Institute of Budapest. 
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Ni/Ni 3S2/LiCl-KCl, Li2S (sat'd)/LiCl-KCl/Li(Al)/Fe 

The value of the mean potential at 425°C for four Ni/Ni3S2 reference 
electrodes was 1.3605 V. We have been collecting information on this system 
for about nine months. Taking the extreme values observed during our experi­
ments into consideration, the uncertainty of the mean is less than ±1.5 mV. 
The potential shift was usually not more than a few tenths of a millivolt 
per day and was within a ±0.5 mV range for the individual electrodes. 

Although the Ni/Ni3S2 electrode has a stable potential,during 
long-term tests (6 months), a slow potential shift could influence the 
accuracy of the measurements. To avoid this uncertainty, a second electrode 
system, aluminum wire intermittently charged with lithium, will be used to 
.obtain a well-defined potential. This charging technique can be characterized 
by the potentials recorded during the procedure (see Fig. V-6). The constant 
potential value indicated by the con~ecutive steady-state, open-circuit 
values correspond to the well-defined potential of the two-phase Li-Al alloy. 
This series of potential values can be obtained with a reproducibility of 
±1 mV on new aluminum wires or on the same wire with the consecutive charging 
procedures; After a period of time, depending on the quantity of lithium 
deposited, the steady-state potential of this alloy electrode shifts up toward 
positive values, but a repeat of the intermittent charging technique can again 
achieve the well-defined value. 
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2. Application 
(F. J. Martino, K. E. Anderson, L. Redey) 

Measurements will be made with reference electrodes in three 
different size cells: large- (~100 A-hr) and intermediate-scale (5-15 A-hr) 
prismatic cells and small tubular cells. To evaluate the polarization of the 
electrodes in the large engineering cells, an automatic data acquisition 
system (DAS) is being built. The DAS can be programed to obtain either IR­
free or IR-included potential data, as well as the relaxation characteristics 
of the electrodes as a function of current, state of charge, and cycle 
number. 

Eight reference electrodes have been incorporated into a 
bicell with a design similar to that of M-8 (Section III.B). The reference 
electrodes are positioned at various levels and locations relative to the 
positive and negative electrode interface. The information obtained from 
these studies will be valuable in future cell designs and will also be. used 
to determine single reference electrode placement in future engineering cells 
for routine electrode polarization measurements aimed at identifying the 
limiting cell electrode. 

A Ni 3S2 reference electrode has been placed at the interface 
of the electrodes in an intermediate-seale LiA1(12 A-hr)/FeS2(10 A-hr) cell 
with horizontally mounted electrodes. Measurements made with this reference 
electrode are being used to investigate the performance and capacity retention 
characteristics of the Li-Al/FeS2 system. Preliminary results indicate the 
following: . (1)· when the cell was operated at 25 mA/cm2, the capacity was 
limited by the positive electrode, and (2) no capacity decline occurred 
during the first 14 cycles (cutoff voltages of 1.9 and 1.0 V for charge and 
discharge, respectively). The reference electrode system seems to be 
working perfectly. 

Small (0.6-cm dia) tubular-type cells, which contain reference 
electrodes, are being developed to obtain electrochemical cell data, e.g., 
electrode polarization and current distribution for a one-dimensional cell 
model being developed by J. Newman and R. Pollard. 8 Data obtained from the 
model will be used to help optimize large-scale engineering cells. 

C. Par_ametr.ic · Stud!l!es 
(H. Shimotake, F. J. Martino, L. G. Bartholme, K. E. Anderson) 

Cell tests are in progress to optimize the performance of the 
Li-Al/FeS cells; some of the tests conducted during this report period are 
diRc.iu::;Red helow. 

1. Small-Scale Cell Studies 

Studies have been conducted on 11.3 A-hr Li-Al/6.5 A-hr FeS 
cells containing the following amounts of Cu2S additive to the positive 
electrode (in wt %): 0, 5, 10, and 20. In addition, a small-scale Li-Al/Cu2S 
cell was tested for comparison purposes. All of these cells had LiCl-KCl 
eutectic electrolyte and were operated at current densities of 50 to 200 
mA/cm2• 
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The results of these tests indicated that increasing the Cu2S 
concentration in the positive electrode increased its utilization. In addi­
tion, at current densities above 100 mA/cm2, the positive-electrode 
utilization decreased only slightly with increased current·density. The 
Li-Al/Cu2S achieved the highest utilization (~90%) of the cells tested, and 
the current density had almost no effect on utilization. 

Another small-scale cell was tested to determine the effect of 
LiCl-rich electrolyte (54 wt % LiCl-KCl) on the performance of a Li-Al/Fes-
10 wt % Cu2S cell. The results indicated that the positive-electrode 
utilization of this cell was about the same as .that of similar cells cont:,aining 
the eutectic electrolyte. It should be cautioned·that the cell with the LiCl­
rich electrolyte was operated in the flooded state (i.e., a :Large excess of· 
electrolyte)', which may have eliminated the benefits obtained from using the 
.cu2s additive. 

* During start-up, R- and M-oerico biccllo arc cycled at dis-
charge current densities of 37, 74, and 110 mA/cm2 (which correspond to 
discharge rates of about s~, 4-, and 2-hr, respectively). Fig. V-7 shows 
the positive-electrode utilization as a function of discharge current density 
for these two series. Of the five M-series cells, M-~ (LiCl-rich electrolyte, 
1.4 A-hr/cm3 loading) is much less dependent upon current density than its 
counterpart, Cell M-11 (LiCl-rich electrolyte, 1.6 A~hr/cm3 loading) or the 
other three M-series cells, M~9 (Cu2S additive, 1.6 A-hr/cm3 loading), M-10 
(no additive, 1.4 A-hr/cm3) and M-12 (Cu2S additive, 1.4 A-hr/cm3 loading). 
This effect is probably due to the high electrolyte volume fraction .(0 .49) 
of Cell M-8. 

* 
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Fig. V-7. Utilization vs Current Density of 
FeS Cells 

Performance data and design description of these cells are presented in 
Section III .B. 
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To. test the effect of .positive-electrode thickness on active­
material utilization, Cell R-50 was built with a design similar to that .of 
R-47 (nickel current collector); the only significant difference between the 
two cell designs was that the positive-electrode thickness of R-50 was 20% 
less (same capacity loading) than that of R-47. Somewhat surprisingly, at 
any given current density, the positive-electrode utilization for both cells 
was about the same. However, since a given hourly discharge rate corresponds 
to a lower current density for a thinner-electrode cell, the active-material 
utilization of Cell R-50 was higher than that of R-47 for any given hourly 
discharge rate. Further tests are planned on the effect of positive­
electrode thickness on utilization. 

Typically, M-series cells achieve cell resistances of 3.1 to 
4.5 mQ (electrode area, 270 ·cm2 ) depending on the state of charge. Prior to 
power pulse tests and intermittently during cycling, cell resistances are 
monitored through use of a 1-sec current interrupt. During these intervals, 
it is apparent that the cell resistance increases during discharge; a typical 
discharge may vary by 1 mQ between 3% and 75% depth of discharge (as rated 
prior to power pulse tests). Cell resistance has also been found to increase 
during discharge for the R- and PW-series cells. 
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VI. MATERIALS AND COMPONENTS DEVELOPMENT 

The objectives of this part of the program are (1) to provide solutions 
to chemical and electrochemical problems that arise in the development of 
cells and batteries, (2) to develop improved compositions for electrodes 
and electrolytes, (3) to acquire a basic understanding of the chemistry and 
electrochemistry of cells, and (4) to improve the performance of various 
cell components (e.g. 3 separators, current collectors, and other cell hard­
ware). 

A. Electrode Development 

Cell-chemistry studies are being conducteu on the Li-Al electrode 
and iron sulfide electrode, The studies performed during thil'> peri.od are 
reported below. 

1. S_t:udies of Li-:-.~ Electrode~': 
(A. K. Fischer, K. E. Anderson) 

Testing of multiplate cells has indicated a significant 
capacity decline·with cycling (Section IV.A), and post-test examinations 
indicated that the capacity deGline may be partly due to metallic agglomera­
tion in the center of the Li-Al electrodes (Section IV.C.l). Studies of the 
lithium gradient in a discharged negative electrode from a multiplate cell 
indicated a high lithium concentration in this agglomerated region (Section 
IV.C.4); thus it is believed that not all of the lithium had been consumed 
in cell reactions when the cutoff voltage had been.reached. The formation 
of the agglomerated Li-Al is believed to be due to pressure changes, which 
arise from the formation of less dense Li-Al from the denser. aluminum in 
the electrode. A ratchetting effect on the pressure is expected--the 
pressure increasing locally as Li-Al forms during charge .and decreasing when 
lithium is lost during discharge. 

To invest:i.gate Li-Al agglomeration further, we are operating 
cells having small working electrodes of solid aluminum* and large counter 
electrodes of porous Li-Al to eliminate any effects from metal sulfide. The 
polarization of the test electrode will be measured. Solid rather than 
porous electrodes are being studied because (1) a solid structure is more 
reproducible than a porous one and (2) the pressure changes that are suspected 
to cause the agglomeration are better trapped and their effects should be. 
revealed more clearly if they cannot be relieved. The sequence of phy~ic.al 
changes will be followed by metallographic examination of th~ solid electrodes 
from the cells at various stages o£ charge ~r discharge_and after various 
numbers of cycles. The current density of charging and discharging will also 
be an important variable. In addition to yielding information on the morph­
ology changes, the experiments will also provide information on the composite 
effect of the various diffusion processes t~at operate in the Li-Al 
electrode. 

* Solid Li-Al electrodes will be investigated in later experiments. 
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Variations in electrolyte composition on the Li-Al electrode 
surface at different stages of charge and discharge have been predicted9 ' 10 

and observed (ANL-75-1, p. 108). Precipitation of KCl as Li+ ion as 
locally consumed during charging at an LiAl electrode is followed by dissolu­
tion of KCl on discharging. This process is seen as p·ossibly involved in a 
pressure rise within the electrode that can lead to metallic compaction. Con­
sequently, another important part of the study is the examination of morphol­
ogy changes as a function of electrolyte composition. 

Since hydrogen was recognized some time ago as a product of 
cell processes, some consideration was given to the implications of a recent 
study of the Li-Al-H system by the Fusion Reactor Research Group from the 
Chemical Engineering Division at ANL (ANL-78-42, p. 47). It was concluded 
that, at the observed hydrogen pressure (~30 torr), there is a strong 
likelihood that LiH would precipitate from the Li-Al electrode. The best 
cure for the problem is probably to take steps to remove hydrogen sources 
from the cells before assembly. This would entail thorough drying of 
materials, particularly the separators, of water and alcohol. 

Studies are continuing on additives to the porous Li-Al 
electrode that may result in sustained high capacities during extended 
cycling. As mentioned previously, the decreasing capacity presently ob­
served in Li-Al electrodes may be due, in part, to morphological changes of 
the active material during cycling. The present study is focused on the use 
of zinc additive (15 wt %) to the binary alloy as a means of controlling or 
modifying these morphological changes. Earlier preliminary studies have 
indicated that the morphology of the Li-Al-Zn electrode was much different 
from that observed for a Li-Al electrode. The particles of this zinc con­
taining alloy electrode were coarser and appeared to have a three-dimensional 
structure that had better and more uniform electronic conduction pathways 
than those observed in the binary Li-Al alloy electrode. 

The electrochemical performance (capacity density) of a· 
LiAl-15 wt % Zn electrode was determined, and its capacity retention 
evaluated through 200 cycles. The cell design (see ANL-78-94, p. 182) 
utilized horizontally mounted electrodes, a LiAl-15 wt % Zn electrode with 
a theoretical capacity of 10 A-hr, and a liquid-lithium counter electrode 
with a theoretical capacity of 16 A-hr. In general, the cutoff potentials 
were 0.15 V during charge and 0. 70 V during discharge (all cutoff· p.otentials 
cited are IR-free voltage vs lithium). The. capacity density of the electrode 
at constant current was used as a measure. of electrochemical performance. 
The effect of the additive on the capacity retention of the electrode was 
assessed ·by measuring the .!'.ate of capacity ... dena:it.y .decline at a current den­
sity of 0.05 A/cm2 during cycling. 

Performance data from this study, along with performance data 
from the first 50 cycles ~f a baseline binary ·LiAl alloy electrode which was 
investigated earlier (ANL-78-94, p. 183), are presented in Table Vl-1. The 
lithium utilization achieved with the Li-Al-Zn electrode during the first 50 
cycles was less than that achieved with the Li-Al electrode. After 200 
cycles, the utilization of the Li-Al-Zn electrode dropped to a mere 28% of 
theoretical, whereas the Li-Al electrode had a utilization of 81% of theo­
retical at 200 cycles. These results clearly indicate that the 15 wt % zinc 
additive dot:!s not improv~ the per forin;;mce of the Li -Al electrode. The 

. ; ~. 
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Table VI-1. Performance Characteristics of 
LiAl and Li-Al-Zn Alloy Electrodes During 
the First Fifty Cycles of Operation 

Charge Discharge Cap~city Density, Lithium Utilization, 
Rate~ Rate A-hr/cm2 % of Theoretical 
A/em A/em~ Li-Al Li-Al-Zn Li-Al Li-Al-Zn 

0.050 0.050 0.60 0.51 92.3 75.8 

0.050 0.100 0.58 0.50 89.2 74.8 

0.050 0.200 0.55 0.49 84.6 71.8 

0.050 0.300 0.53 0.44 81.9 65.4 

0.100 0.050 0.52 0.39 80.2 58.0 

0.100 0.100 0.50 O.J7 76.6 55.0 

0.100 0.200 0.50 0.35 76.6 51.7 
0.100 0.300 0.43 0~33· 65.6 48.0 

poor performance of the Li-Al-Zn electrode is very probably related to its 
coarse particle structure which creates a low particle surface area for 
lithium transport. This conclusion. is in agreement with the performance 
improvements for the Li-Al electrode observed earlier with indium additives 
(ANL-78-94, p. 183), which tended to increase the surface area of the 
structure of the Li-Al electrode material. Future $tudies in this area will 
be directed toward the evaluation of the indium additive. 

2. Chemistry of FeS Electrodes 
(Z. Tomczuk, M. F. Roche) 

Previous cell-chemistry studies of the FeS electrode (ANL-77-17, 
pp. 45-46) established that the initial discharge of FeS in LiCl-KCl eutectic 
electrolyte proceeded in four stages: 

FeS + LiK6Fe24s26cl (J phase) (1) 

FeS + Li2FeS2 (X phase) (2) 

X 4- Li2S + Fe (3) 

J + Li2S + Fe (4) 

Attempts to establish the charge sequence, however, could not determine if X 
or J phase formed first on charge since both phases formed when electrodes 
containing Fe and Li2S were charged. Nevertheless, the likely charge sequence 
was thought to be: 

Li2S + Fe + X + J + FeS + Fe(l-x)S (5) 

The Fe(l-x)S phase was found only in cells which were overcharged (>1.6 V). 
Further cell-chemistry studies of the FeS electrode are reported below. 
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a. Cell Studies 

In previous Li/FeS cell studies (ANL-75-1, p. 103), two 
plateaus were observed on the time VB current curves during charge, corres­
ponding to the formation of J phase and FeS respectively. For a cell at 438°C 
and a current density of 21 mA/cm2 , the transition from J phase to FeS was 
reported to be 1.87 V VB Li or 1.57 V VB Li-Al. During discharge, only one 
plateau was observed on the time VB voltage curves for these cells; thus the 
potential of the FeS to J phase transition could not be measured. In studies 
performed in this report period, two 2 A-hr Li-Al/1 A-hr FeS cells (eutectic 
electrolyte) were operated at current densities of 6 to 12 mA/cm2 and 444°C, 
and two plateaus were again observed on the time vs voltage curves during 
charge. The J phase to FeS transition was found to occur at 1.62 V, which is 
only slightly above that observed earlier. During discharge of the cell, two 
plateaus were seen in the. time vs voltage curves; one of these plateaus was 
.very short (~7% of total capacity) and occurred at approximately 1.4 V. The 
short plateau is believed to~e asso~iated with the FeS to J phase transition, 
but the reason that it was not observed in the earlier studies is uncertain. 
It has been suggested that the higher current density used in earlier cells 
produced this discrep.ancy between the curves. The present results also suggest 
that there is a large overpotential associated with the J and FeS transition 
during charge. 

A third cell utilizing an LiCl-LiBr-LiF electrolyte was 
tested to elucidate the phases formed in the FeS electrode when J phase is 
not present. When the LiAl/LiCl-LiBr-LiF/FeS cell was operated at 490°C and 
cycled at a current density of 12 mA/cm2 between 1.0 and 1.6 v,. two distinct 
plateaus .were observed. Operation of the cell was terminated during a 
12 mA/cm2 charge at approximately the 50% charge point, and the positive 
electrode was rapidly removed. Metallo·graphic examination of the electrode 
revealed only the presence of X phase. The results of these studies are 
consistent with the Li-F~-S phase diagram (ANL-78-94, p. 16), and suggest 
that the discharge reactions are simply 

FeS -+ X 

X -+ Li2S + Fe 

b. Cyclic Voltammctry Studieo 

(6) 

(7) 

Cyclic voltammetry studies were carried out to investigate 
the effects of electrolyte composition and temperature on the reactions 

· of the FeS electrode. The FeS electrodes were cycled at a slow scan 
rate (O.Ol5-0.020.mV/sec) to ensure high resolution of the current peaks 
associated with each of the electrode react1ons. Electrode reactions which 
give rise to voltage plateaus in constant-current cycling produce current 

. peaks in a cyclic voltammogram t:if this type. 

A three-electrode cell consisting of an FeS working 
electrode, an Li-Al counter electrode, and an Li-Al (42 at. % lithium) reference 
electrode was used for the voltammetry experiments. In these experiments, the 
LiCl content of the electrolyte and cell operating temperature were varied as 
follows: 52.8 mol% LiCl at 389, 425, and 451°C; 63.8 mol% LiCl at 435°C; 
66.6 mgl % Li.Cl at 433, 440, and 451°C; and 74.4 mol % LiCl at 478 and 495°C. 
In addition, a voltammetry cell was operated with an electrolyte of 
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LiF-LiCl-LiBr eutectic at temperatures of 484, 492, and 495°C, The voltage 
range examined in the voltammetry studies was 0.98 to 1.606 V for all systems 
except the 66.8 mol % LiCl electrolyte one, which had a voltage range of 
1. 00 to 1. 70 V. 

A typical voltammogram obtained for the FeS electrode 
in the eutectic electrolyte at an operating temperature of 451°C is shown 
in Fig. VI-1.* As can be seen in this figure, a smooth peak is obtained on 
discharge and a doublet .is obtained on charge. This result and the above 
cell studies suggest, therefore, that only one species (J phase) is being 
discharged, and the two species formed during charge lead only to J-phase 
formation with the cutoff voltages used (<1.6 V). However, because the 
discharge peak is so large, it is possible that an additional electrochemical 
reaction is included in what appears to be one peak in the fi~ure. 

ELECTROLYTE- LiCI-KCI 
EUTECTIC 

1.0 

POTENTIAL, 
V vs LiAI 

I 7.5mA 

1.5 

Fig. VI-1. Voltammogram for FeS Electrode 
in LiCl-KCl Eutectic 

1.6 

In general. the voltammograms of the FeS elP.C'.trnc'IP i.n LiCl-KCl eut&<:tic in­
dicated that, with increasing temperature, the potentials for the observed 
reaction peaks decreased and the reaction peaks were completed over a narrower 
voltage range; this result suggests that the reaction kinetics improve with 
increasing temperature. 

Figure VI-2 shows a voltammogram obtained for the FeS 
electrode in 66.6 mol% LiCl-KCl electrolyte (operating temperature, 451°C). 

· Voltammograms at a lower scan ra~e than that used for Fig. VI-2 indicated that 
at least three species are involved in both the discharge and the charge 
reactions. Moreover, the voltage difference between the first two charge peaks 
increased with increasing temperature, thereby indicating that the first 
species formed is more stable· as the temperature is increased. However, 

* Charge reactions are shown above the horizontal line and discharge reaction 
below. 
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ELECTROLYTE- LiCI-RICH 
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Fig. VI-2 •. Voltammogram for FeS Electrode in 
LiCl-rich (66 mol %) Electrolyte 

the identity of the first species could not be determined. If the species is 
assumed to be X phase, then it can be concluded that X is more stable than 
FeS with increased temperature. The voltammograms also indicated that as the 
LiCl content of the electrolyte was increased above that of the eutectic at 
450°C, the reactions were completed over a narrower voltage limit, indicating 
better kinetics. 

The voltammogram obtained with the LiF-LiCl-LiBr 
eutectic indicated that three reactions occurred on discha.rge·, which are be­
lieved to correspond to 

FeS +X 

FeS + Li2S + Fe 

X + Li2S + Fe 

(8) 

(9) 

(10) 

Upon continuous cycling, only one discharge-charge peak could be observed, 
indicating that the reaction was simply 

(11) 

The latter condition was achieved only after considerable operation time, 
when s6me Li2 S from the electrode was .p·robably lost· by dissolution into the 
bulk electrolyte. 

c. Thermodynamic Calculations 
\ 

On the basis of the results from the above cell and cyclic 
voltammetry studies, previous studies (ANL-78-94, p. 179; ANL-77-17, p. 47), 
and free energy data available in the. literature, we were able to propose a 
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series of reactions and to calculate the cell potentials for the phase trans­
itions of the Li-Al/FeScell. These reactions are as follows: 

2Fe + J + 6Al + SLiCl t 26FeS + 6KC1 + 6LiAl 

13Li2FeS2 + llFe + 6KC1 + 20Al 7 J + 5LiCl + 20LiAl 
7 

26Li2S + 24Fe + 6KC1 + 46Al + J + SLiCl + 46LiAl 
7 

Fe + Li2FeS2 + 2Al + 2FeS + 2LiAl 
7 

Li2S + 2Al + Fe + 2LiAl + FeS 
7 

2Li2S + Fe + 2Al + Li2FeS2 + 2LiAl 

( 12) 

( 13) 

( 14) 

( 15) 

( 16) 

(17) 

Of the six proposed reactions, all ·have been ohsP.rved to be reversible except 
for reaction (13). The cell potentials calculated for the above rP..A.rtinns 
are presented in Fig. VI-3 (the rlARhP.rl line<;; ~rQ extrapolated data; the re­
ac.t1.ons rln nnt occur at thooe tcmpcrature3). AJJltioual cell rests to verify 
the calculated cell potentials for these reactions a'te being conducted. P·re­
lirninat·y results indicate, however, that precise determination of the emf for 
thes~ reactions will be extremely difficult. 
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Fig. VI-3. FeS Electrode Reactions and their 
Calculated Cell Potentials 
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3. Chemistry of FeS 2 Electrodes 
(A. E. Martin, z. Toniczuk) 

During the operation of aft .Li-Al/FeS2 cell, the composition 
of the FeS2 electrode traverses the Li2S-FeS-FeS 2 triangle and the Li2S-Fe­
Li2FeS2 triangle in the Li-Fe-S phase diagram (see ANL-78-94, p. 167). The 
phase relations in the latter triangle are simple and have been known for 
some time. The phase relations in the former triangle are more complicated 
and have been the subject of considerable study at ANL. 

Powders of Li2S, Li2FeS2, FeS and FeS2 were equilibrated with 
LiCl-KClmolten salt at 450°C in graphite crucibles in an inert-atmosphere 
glovebox. The salt, which was present in an amount approximately equal in 
weight to the powders, served as an inert vehicle to facilitate equilibration. 
Corrections were made to overall powder compositions for minor weight losses 
which were assumed to be sulfur. The products were examined metallographi­
cally and by X-ray diffraction* to identify the phases that·were present. 
The phase diagram for the Li2S-FeS-FeS2 triangle, with appropriate phase 
designations, is presented in Fig. VI-4; composition fields have been drawn 
from the data defining two-phase and three-phase fields; .the single phases 
are essentially the same as previously reported. The points C, D, E, and F 
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Fig. VI-4. The Li2S-FeS-FeS2 Triangle of the Li-Fe-S Phase Diagram 

X-ray diffraction analysis reported in this section was performed by 
B. S. Tani, Analytical Chemistry Laboratory at ANL. 
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c0rrespond toY phase (Li7Fe2S5), W phase (Li12Fe4S11), X phase (Li2FeS2) 
and Z phase (Li3Fe2S4), respectively. The line CDE appears to correspond to 
a solid solution; no abrupt change in metallographic appearance occurs in 
this composition region. Room-temperature X-ray diffraction data on samples 
in the CDE region were not useful in confirming whether this solid solution 
exists. It is possible that future X-ray diffraction data obtained with 
special equipment will resolve this question. 

Previous cyclic voltammetry studies (ANL-77-68, p. 48) 
indicated poor electrochemical reversibility by the FeS 2 electrode in the 
voltage range of 1.5 to 2.0 V. In the FeS2 voltammogram, the major dis­
charge peak begins at 1.74 V, which is the potential observed on the upper 
voltage plateau of Li-Al/FeS 2 cells; however, the major charge peak begins 
at 1.86 V, which is close to the potent~al required for oxidation of Li2S to 
sulfur •.. Thus, cell tests were carried out to further investigate the phases 
formed in the FeS2 electrode during discharge and charge. 

In a continuing effort to understand tne electrochemistry of 
the FeS 2 electrode during charge, we tested three small cells (Z-7, -8, and 
-9) at selected cutoff voltages. The test cells had 4 A-hr LiAl negative 
electrodes, 1 A-hr FeS2 positive electrodes, and an electrolyte of LiCl-KCl 
eutectic. Each cell was operated for at least ten cycles at a current 
density of 25-30 mA/cm2 and cutoff·voltages of 2 V (charge) and 1 V (dis­
charge). Cell temperatures varied between 407-419°C. Cell operation was 
stopped after a normal charge followed by trickle charging (less than 
1 mA/cm2) at a selected voltage for approximately 18 hr. The selected charge 
voltages for Cells Z-7, -8 and -9 were 1.786, 1.85 and 1.64 V, respectively. 

The results of these cell tests and others in this series, 
summarized in Table VI-2, indicate that, under these cell conditions, it is 
not possible to form FeS2 at the potential of 1.76 V, which is the emf ob­
served on the upper voltage plateau in Li-Al/FeS2 cells •. The results also 
indicate that Fe1_xs is formed in the transition region between Z phase and 

FeS2. When FeS 2 does form at a higher potential, it is found to grow on the 
Fe1_xs material. 

Table Vf.-2. · Sn111Imlry of the LiA1/t'e::;2 C.:ell l{esults 

Cell Charge Potential X-RaJ:: Findings Metallographic · 
Designation vs LiAl, v Major Phase Minor Phase Findings 

Z-1 1.53 X J X + trace of J 

Z-Y 1.64 Fe1_xs .Y and X X + Fe1 S 
-x 

z possible some Y and z 
Z-2 1.72 z z 
Z-7 1.786 z z + 5% Fe1_xs 

Z-3 1.82 z FeS2 + Fe1 s 
-x 

Z-8 1.85 FeS2 Fe1_xs FeS2 + trace 

Fe1_xs and Z 
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Ancillary st~dies were carried out during the early cycling 
of Cell Z-7 to investigate 'the phases formed during low current density dis­
charges and to determine the effect of discharge cutoff voltage on the 
reversibility of the FeS 2 u~per plateau. When Cell Z-7 was discharged at 
a current density of 2 rnA/em , five distinct breaks in the time vs voltage 
curves were observed; thus five reactions were taking place during discharge. 
The voltages and the reaction assignment for these breaks are given in 
Table VI-3. The results of these investigations are in agreement with the 
peaks observed for the cyclic voltammetry studies reported in ANL-78-94, 
p. 169, but indicate that further work is necessary on the Li-Fe-S phase 
diagram before the phase·relationshipsin the Li-Fe-S system are completely 
resolved. The present phase diagram predicts that the transitions on dis­
charge for the FeS 2 electrode are FeS 2+ Z.+ W + Fe1 _xS + Li2FeS 2 + Li2S +Fe. 

When Cell Z-7 was charged from the fully uncharged condition, 
the normal :i,r:r.eve.rsible upper plateau at 'Vl, 86 V was observed. However, 
when the cell was discharged to a 1.60 V cutoff, two charge plateaus w~re 
observed: one occurring at the reversible emf (1.74 V) and the other 
occurring at the irreversible emf normally observed during charging of 
LiAl/FeS2 cells. Surprisingly, the lengths of the two· plateaus were equal .. 
An explanation for the above results is not available, but one possibility 
is that there may be two structural forms of the Z phase. The results of 
these studies are in general agreement with earlier cyclic voltammetry and 
cell tests (ANL-78-94, p. 175) in which similar observations were reported. 

4. 

Table VI-3. Voltages Observed During Discharge 
of Cell Z-7 

Reaction Assignment Emf vc LiAl 

FeS 2 + Li3Fe2S4 1. 74 

Li3Fe2s 4 + W + Fe1_xs 1.64 

W + Fe
1 

S + ,.a 1.56b 
-x 

Ta + Li2FeS2 1.54 to 1.32 

Li2FeS2 + Fe + Li2S 1.32 

aThe product is designated as T because the 
composition of the reaction product is not known. 

bThe total observed capacity for this reaction 
was 'V2% of the total. 

Physical Properties of Electrode Materials 
(A. K. Fischer) 

Investigations of the physical properties of the electrode 
materials are being conducted to supply the information needed for cell and 
battery development and optimization. Mathematical modeling of the cell is 
especially dependent on such data. Ther:efore, electronic ·conductivity and 
t:nitrupy data- we.re gathered 'for the. diffet:ent electrode . 



74 

materials. Conductivity and entropy values of the different materials were 
obtained from the literature. Entropy values riot available were calculated. 
by established estimation procedures. 

a. Electronic Conductivity 

Pridmore et aZ. 11 have reported that the n-type conducti­
vity at room temperature of naturally occurring pyrite covers five orders 
of magnitude, from 0.0037 to 530/n-cm. The published distribution curve of 
conductivity vs numbers of samples shows a peak at about 10/n-cm. The varia­
tion arises from deviations from stoichiometry and from impurity content. 
Between room temperature and 450°C, the conductivity of FeS2 appears to rise 
somewhat less than one order of magnitude; 12 therefore, the range of conduc­
tivity of FeS2 at cell operating temperature is about 0.04 to 5000/n-cm, with 
the peak of the distribution curve corresponding to about 100/n-cm. However, 
d~cnmpn~itinn of FeS2 may be a problem above 280°C according to some authors. 13 

~·or FeS (or Fe1_ 3), tl~~~ conduction can bo n-type. ~.r:i. th 
excess iron or p-type with excess sulfur, and the magnitude of the conducti­
vity is variable. In molten FeS, the conductivity values range from 400/n-cm 
for stoichiometric FeS to 4850/n-cm for iron-rich material. 14 For solid 
non-stoichiometric Fe S, the conductivity below 150°C is markedly aniso­
tropic in single crystals. However, the curves for the conductivities at 
450°C parallel and perpendicular to the C axis appear to be merging and show 
about 1100 and 2700/n-cm, respectively. 15 For a polycrystalline sample, some 
intermediate value might be expected. Pyrrhotite (Fe 7s8) has been reported 
to have a conductivity of 62 to 5000/n-cm. 16 

The existing data for the conductivities of the iron 
sulfides appear to support the assumption that the ratio.of their electronic 
conductivities to that of the electrolyte 17 is large. Such an assumption is 
involved in some of the modeling of the cell that is being done by Newman 

8 . 
and Pollard. 

It would probably be most practical, if any conductivity 
measurements on positive-electrode species are made, to measure the conducti­
vity of X, J, and Z phases, rather than that of FeS and FeS 2, because these 
phases are involved over a large part of the cell cycle. 

b. Entropy .auu __ ~ntropic Heat 

Entropic heat effects in an operating cell have a strong 
hearing on the thermal management of the system (how much insulation is 
needed, how much cooling, if any, must be provided, etc.). Some of che data 
needed to calculate the thermal effeL:ts a·r~ in the litera lurid. Import21nt 
values that are not.in the literature are the absolute entropies of X, J and 
Z phases. Estimates of the entropies (S) of these species were made by the 
Latimer method. 18 In the case of LiAl, the value was derived from the data 
of Yao et aZ. 19 Table VI-4 lists the entropies for species of interest. 

Good agreement was found between reported observations 
and calculated (from the entropies) values of the slopes of emf vs temperature 
curves for several upper plateau and lower plateau processes. In the case of 
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Table VI-4. Entropies of Species Involved in Lithium-Iron 
Sulfide <::ells 

Szga, S723, 
Substance cal/mol deg cal/mol deg Source 

Fe(s) 6.529 12.678 Ref. 20a 

Al(s) 6.769 12.392 Ref. 20a. 

Li(£) 8.113 14.504 R~f. 20a 

Li(s) 6.954 12.992 Ref. 20a 

s (£) . 8.444 15.838 Ref. 20a 

S(s) · 7.631 13.787 Ref. 20a 

LiCl(s) 14 .i73 25.324 Ref. 20a 

KCl(s) 19.733 31.232 Ref. 20a 

Li2Fes2(s) 31.6 62.1 Estimatedb 

Li2S(s) 14 32 Estimatedb 

Fes 2(s) . 12.65 31.12 Ref. 2la 

FeS(s) 32.2 Ref. 22 

Li 3Fe2s 4(s) 59.0 114.0 Estimated b 

LiK6Fe24 s 26Cl(s) 466.0 824.9 Estimated 
b· 

KFeSz(s) 32.8 58.0 
·b 

Estimated 

FeClz(s) 19.8 35.4 
. b 

Estimated 

LiAl(s) 21.8 Refs. 19., 20 

a Interpolated for 723 K. 

bEstimates for s 298 for the solid compounds were made by the Latimer method. 18 

This step was regarded as accounting for the entropy effects associated with 
compound formation from the elements. Values of S723 were obtained by 
addin'g to s298 the entropy changes for the constituent solid elements between 
298 K and 72J K a!:; given by the' JANAF tables. 20 

the upper-plateau reaction in its simplest form, 

2 LiAl + FeS2 + FeS + Li2S + 2 A1 (113) 

the calculated value of dE/dT is 0.31 mV/deg. However, since the discharge 
of FeS2 is known·to proceed through Z phase, another reaction to describe 
the upper-plat~au process is 

(19) 

"· 
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for which the calculated value of dE/dT is 0.34 mV/deg. The experimental 
value for this upper-plateau is 0.33 mV/deg (ANL-77-17, p. 47*). Thus, the 
experimental and calculated values agree better for reaction (19) than (18). 
For the lower plateau, a simple representation of the reaction is 

2 LiAl + FeS + Fe + Li2S + 2 Al (20) 

for which the calculated dE/dT is -0.14 mV/deg. However, since X phase is 
known to be involved in this process 

2 LiAl + 2 FeS + Li2FeS2 + Fe (21) 

The calculated dE/dT for reaction (2l)is -0.18 mV/deg, which is in good agree­
ment with the experimental value of -0.16 mV/deg (ANL-77-17, p. 47). In 
addition, the calculated value of the entropic heating of a cell at 450°C 
is 0.13 W/ A for reaction (21) and 0.10 W/A for reaction (20). These valu~s agree 
fairly weil with a value ot U.l04 W/A observl:!tl lu an experiment with a call 
designed with special instrumentation for the specific purpose of measurlug 
heat balances.23 

B. Separator Development 
(J. E. Battles) 

The electrode separator is a key component of the cell, and must 
meet several requirements, including compatibility with the eleclrutle 
materials and electrolyte, adequate mechanical strength, acceptable cost, 
suitable porosity and thickness, and lack of electronic conductivity. Because 
the BN cloth separatorst currently used are expensive, efforts have been 
directed toward the development of BN felt, ceramic powder, and porous, 
sintered ceramic separators •. 

1. Characterization of BN Felt Separators 
(iL B. Swaroop) 

A shipment of BN felt sheets (2-mm thick) was received from 
Carborundum Co. The quality of these felts was then assessed before and after 
stabilization, which is a high-temperature (1750°C) treatment in nitrogen to 
decrease the residual B2o3 content. The thickness, basis w~ight, burst 
strength, and handling for cell assembly of sixteen randomly selected felts 
were measured both before and after ·stabilization. Table VI-S shows these 
measurements for ten felt separators. As-received felts had thicknesses of 
1.90 to 2.35 mm, an average basis weight of 34.5 mg/cm2, and an average burst 
strength of 4.5 kPa/mm. As expect~d, the basis weight of stabilized felts 
decreased to au average value of 29.8 mg/cm2 as a result of oxygen loss; 
however, the low burst strength and handling difficulties of stabilized felt 
were une~pected. This property decline is believed to be due to weaker bonds 
as a result of the long exposure of felts (~6 months) to room environment 

* . . A value.of 0.35 mV/deg was initially determined for the upper plateau 
reaction;.but.this value has been subsequently refined to 0.,13 mV/deg. 

tBo~on nitride cloth separators ·have been successfully used in cells of 
approximately 2.5 years life. 
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Table VI-5. Characterization of BN Felts (Batch IV) 
Before and After Stabilization 

Thickness, Basis Wt, Burst Strength, Cell-Assembly 
Felt No. mgJcm2 kPa/nnn a nnn Handling 

D244- Before After Before After Before After Before After 

29B2(T) 2.01 2.03 36.91 31.20 3.48 1.67 E F 

31B2 (M) 2.05 2.10 36.05 30.62 3.41 1.47 E D 

32Bl(T) 2.36 2.38 34.64 29.45 3.00 . 1.45 E F 

30Bl(B) 1.88 2.08 35.75 28.97 4.20 1.82 E F 

40-B 1.96 1.98 32.80 28.48 5.70 2.04 E D 

39B2(T) 2.26 2.25 33.04 28.87 4.51 1.84 E D 

37B2(M) 2.31 2.30 33.43 30.42 3.85 2.27 E E 

37Bl(T) 2.18 2.18 33.57 30.91 4.36 2.29 E E 

2l(T) 1.96 2.15 34.01 7.65 1.60 E D 

38Bl(M) 2.36 2.41 34.20 29.40 4.54 2.00 E F 

Average: 2.13 2.20 34.44 29.81 4.47 1.84 

a . for this follows: E, excellent; The symbols used separator property are as 
F, fair; and D, difficult. 

before stabilization. Therefore, BN felts should be protected from the 
ambient environment until they have been stabilized. An additional shipment 
of 200 sheets of BN felt was also received during this period; these felts 
are presently being characterized. 

Stress-strain measurements were made on BN fabric and BN felt 
to estimate the thickness of the separator during cell operation. As 
indicated in Fig. VI-5, the compression of the fabric resulting from an 
applied pressure is not the same as that of felt. At stresses of 210-245 
kPa (30-35 psi), the pressure at which FeS material has been found to flow 
significantly (ANL-78-45, p. 43), the compression of the felt was approxi­
mately 40% and 60% of the original.thickness, respectively. Furthermore, 
felts at stresses above ~175 kPa (~25 psi) have been observed to deform 
plastically (permanently). Similar measurements will be continued on BN 
fabric and felt at higher stress levels in order to understand their deforma­
tion behavior. 

Two separator materials, MgO powder and BN felt, were evaluated 
in small-scale, prismatic (7.6 x 12.7 em) cells; the design of these cells 
was discussed in ANL-77-75, p. 34. The MgO powder separators were cast as 
1.8-nnn thick plates of the desired size from an equal mixture of MgO powder 
(-60 + 120 mesh) and eutectic salt. This MgO-salt mixture was cast in a 
steel mold by raising the mold temperature to above the melting point of the 
elec.trol ytP. ('3';2°C:) And thP.n cooU.ng. ThP. r.ast MeO powder separator 
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Fig. VI-5. Stress-Strain Measurements on BN 
Fabric and Felt 

* offers an inexpensive fabrication technique for preparing easily handled 
separators. Cell SC-31 was assembled using the pre-cast MgO powder separators· 
and was operated for 122 cycles (99 days). This cell achieved excellent 
performance in comparison to previously operated cells with MgO powder 
separators. A coulombic efficiency of greater than 98% was maintained for 
the first .90 cycles. Figure VI-6 shows the active-material utilization of 
cell SC-31 along with two other cells, one with a vibratory·- loaded MgO powder 
separator (SC-ll) and the other with a BN felt separator (SC-27); the utili­
zation of SC-31 was higher than that of cell SC-21 (MgO powder) but lower 
than that of cell SC-27 (BN felt). The data in Fig. VI-6 also indicate that 
good performance can be obtained at low current densities (<60 mA/cm2) by 
cells with MgO powder or plate separators. Post-test examination of cell 
SC-31 revealed that the separator plate had been reduced in thickness by 
22% {from 1. 8 to 1.4 mm) and in porosity by 20%· (from 50 to 40%). 

Another separator-test cell (SC-30) was assembled with a 3.2 
mm-thick felt separator that had been pre-wetteq with "'14 mg/cm2 of L:i.A1Cl,.1 

powder.t The wetting agent facilitated separator wetting by the electrolyte 
during start-up and did not appear to have a detrimental effect on cell per­
formance. Two other separator-test cells (SC-33 and SC-34) were assembled 
with BN felt separators with unstabilized BN bonds. One cell is still 

* Patent request letter by F. Mrazek and J. Battles to H. Glenn, Jan. 4, 1979. 

tThis wetting agent is discussed in ANL-78-94, p. 158. 
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t:. SC-21, MgO POWDER (1.8 mm) 
o SC-27, BN FELT (1.6mml 
o SC-31, MgO PLATE (I.Bmm) 

Fig. VI-6. Utilization Performance of Separator-Test 
Cells SC-21, SC-27 and SC-31 

showing good performance ch~racteristics after 120 cycles (1800 hr). The 
good performance shown hy this cell indicates that BN felts with unstabilized 
BN bonds are suitable for testing in developmental cells. 

2. Porous, Sintered Ceramic Separators * 
(G. Baridyopadhyay, J. T. Dusek, and T. M. Galvin) 

Procedures are being developed to fabricate porous, sintered 
ceramic separators, which are then being evaluated by in-cell tests. Four 
cells were fabricated and tested using porous, sintered ceramic separators·: 
Cells MS-1 and MS-2 (Y203) and Cells MS-3 and MS-4 (MgO). The fabrication 
techniques for.these separators were reported in ANL-78-94, p. 150. The 
method of fabrication and the physical characteristics of the separators used 
for in-cell testing are given in Table VI-6; Figure VI-7 presents 
por~-size information on sintered plates of Y2o3 (60.7% porosity) and one of 
MgO (45% porosity). : The active-material utilization as a function of dis­
charge current density of these separator cells is shown in Fig. VI-8. For 
comparison, this figure includes the performance data for SC-21 (MgO powder 
separators, ~1.8-mm thick) and SC-25 (BN felt, ~1.25-mm thick). Of the six 
cells shown in this figure, the BN-felt cell exhibited the best active­
material utilization at current densities of 20 to 120 mA/cm2 • This is 
probably due to the higher pososity (and therefore lower internal resistance 
to ionic flow) of the felt separators. Of the four MS-series cells, MS-1 
and -2 had higher utilizations than those of MS-3 and -4. This result may 
also be related to the higher porosity of sintered Y203 separators as 
compared to that in MgO separators. 

* ·Materials Science Division, ANL. 



T::~ble Vl-6. Processing Conditions and Physical Characteristics of 
the Sintered Seoarators Used for In-Cell Testing 

Average Cumulative 
Thee:-. 3e~;arator Calcination Sintering Pore Pore· 

Cell Capacicy, E·late: Temp., Time, Temp., Time, :?o·:o.3ity, Diameter, a Volume, a Thickness, 
Ro. A-hr No. Composition oc hr ·•c hr % )Jm cm3/g .mm 

MS-1 35.7 115 Crushed Y203-nitric 
acid plaster and No 
12% binder 1250 -v8.5 1500 Hold 5.0·.6 2.47 

125 Crushed Y203-nitxtc 
acid plaster and no No 
binder 1250 "-8.5 1440 Hold .5L3 0.76 0.1364 2.13 

HS-2 50.0 179 Calcined. Y203 foam 
mixed with 10% as-
received Y203 1550 13 1450 6 5().8 0.50 0.2997 1.50 

180 Calcined Y2o3 foam 
mixed with 10% as-
received Y203 1550 13 1450 E 60.1 0.50 0.2997 1.47 ~ 00 

0 
HS-3 35.7 201 Calcined MgO 

mixed with -v5% as-
received MgO 1450 -v2.8 1400 !: 42.2 1.93 

202 Calcined MgO 
mixed with "'5% as-
received· MgO 1450 -v2.8 1400 5 38.5 1.88 

L"'S•4. 50.0 217 Calcined MgO 
mixed with 6.7% as-
received MgO 1450 4 1420 "-3.3 33.8 1.78 

218 Calcined MgO 
mixed with 6 • 7% as.-
receive!! MgO 1450 4 1420 -v3.3 44.2. 0.74 0.291 1. 74 

~ese values were determined from plates that are similar to the separators which were actually used in-cell. 
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Operation of Cells MS-2 and -3 was terminated because of a sig­
nificant loss of coulombic efficiency; whereas Cells MS-1 and -4 performed 
satisfactorily throughout their operation. Post-test examination of the 
former two cells (MS~2 and -3) identified the general areas where an electrical 
short circuit had occurred. In Cell MS-3, the short circuit developed at the 
top of the cell can due to contact being made between the positive- and 
negative-electrode frames; thus cell failure was attributed to faulty cell 
assembly rather than materials limitations. 

The metallographic examination of the separators in Cells MS-1 
and MS-2 indicated that the Y2o3 separators reacted to some extent on the 
positive electrode side (see Fig. VI-9). In addition, increased porosity, 
indicating possible damage of the separator, appeared on the positive side of 
the separators. X-ray diffraction analysis indicated the presence of Y2o2s 
and an unidentified phase on the positive side of the separators. Using 
scanning electron micrographs (SEM) and X-ray analyses of the fracture surfaces 
from these separators, we were unable to identify the reaction products. 
Through SEM examination the presence of small hexagonal-shaped platelets was 
identified in some isolated areas of the Y20 3 and MgO separators. Since 
Y202S was also detected in cells (ANL-78-94, p. 161) that used Y203 felt or 
Y203 powder separators, yttria is considered an unsatisfactory material for 
long-term performance of the Li-Al/iron sulfide cells. 

REACTION PRODUCT ON 
THE POSITIVE ELECTRODE SIDE 

Fig. VI-9. Section of Lhe SiuLen~J Y2 0 3 SeJ:Jd..t:ator 
frnm r.r.ll M~ 2 

In Cells MS-3 and -4, metallographic and X-ray diffraction 
examinations showed no evidence of chemical reaction between the active 
materials and the sintered MgO separators. · These results indicate that 
sintered MgO separators are probably suitable for application in Li-Al/FeS 
battery systems. The low utilization in these cells was attributed to the low 
porosity (~40%) of their separator. However, one should be able to fabricate 
sintered MgO separators with porosities up to ~60% (as was obtained for Y2o3 
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plates) by following the processing technique described in ANL-78-94, p·. 150. 
This porosity is still considerably lower than that in BN felts (~90% porosity); 
MgO separators with this porosity will be heavier than BN felt of the same 
thickness (densities of MgO and BN are 3.58 and 2.20 g/cm3, respectively). 
Despite these drawbacks, sintered MgO separators should be considered as 
promising candidates for use in Li-Al/FeS battery systems due to their low­
cost potential. 

C. Current Collector Development 
(J. E. Battles) 

The corrosiveness of the active materials in the positive electrodes 
(FeS and FeS2) and the molten electrolyte places severe restrLctions on the 
materials that. can be used for current collectors. Iron has been found to be 
a satisfactory current-collector material in Li-Al electrodes, and can be used 
for a limited period (<1 yr) in FeS electrodes; nickel, iron-based alloys, and 
several other materials are under investigation for longer-term. use in FeS 
electrodes. The only current-collector material that has been used success­
fully in FeS2 electrodes is molybdenum, which is expensive and difficult to 
fabricate; alternatives such as protective coatings for inexpensive metals are 
under investigation. 

1. Current Collector Materials for FeS Electrodes 
(J. A. Smaga) 

The deveiopment of experimental alloys has been one phase of 
the ·overall effort to obtain corrosion resistant and economically priced re­
placements for the low-carbon steel current collectors presently used in FeS 
electrodes. Three of these experimental alloys have been fabricated into 
sheet form by outside vendors.· These iron-base alloys--designated ANL-5-0, 
ANL-10-20, and ANL-15-30--contain nominal additions of 4.5 wt% Mo; 10 wt % 
Mo-20 wt % Ni; and 15 wt % Mo-30 wt % Ni, respectively. Some of the key 
physical properties of these alloys are listed in Table VI-7. 

Table VI-7. Physical Properties of the ANL Alloys 

Physical .Properties ANL-5-0 ANL-10-20 ANL-15-30 

Corrosion Rate, JJm/yr 11 +9a +18a 

Oxidation Potential, v vs Li 2.25 2.47 2.42 

Resistivity, 10-6 Q-cm 25.4 78.0 92.4 
b Hardness, R 15 T 53 84 77 

Density, g/cm3 8.08 8.89 rv9 .o 

aThe positive sign indicates the deposition. of a thin iron layer as 
the predominant reaction. 

b . . 
The Rockwell 15 T surface hardness scale. 
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Alloy ANL-5·-o is a binary alloy near the solid-solution limit 
of molybdenum in iron. X-ray diffraction analysis determined that this alloy 
has a body-centered-cubic crystal structure with a lattice parameter of 

0 

2.875 A. Samples of this alloy in both the as-received and annealed form 
experienced minimal corrosion attack in the FeS-salt environment. The 
average corrosion rate for these samples was 11 lJ.m/yr, which is 4·0 to 50 
times lower than the corrosion rates found for iron.or low carbon steel in 
similar tests. In the annealed condition the ambient resistivity of this 
alloy is twice that of fully annealed low carbon steel. Voltammetry 
measurements made on this alloy in LiCl-KCl eutectic at 425°C indicate that 
its oxidation potential (onset of rapid anodic dissolution) is 2.25 V vs 
Li, which is 0.1 V higher than the theoretical value for iron. 

For alloy ANL-10-20, the addition of nickel combined with 
proper heat treatment allows an increase in the molybdenum concentration 
without produci~g a two-phase alloy. X-ray diffraction analysis determined 
that thi.§ alloy has a face-centered-cubic structure With a lattice parameter 
of 3. 56 A. Thio alloy showe.d a sl:i.ght wei.ght ~ain :ln ~tatic co·rrosion teet3 
due to the deposition of iron from the FeS-salt environment. The higher 
alloy content of ANL-10-20 increases the oxidation potential by an additional 
0.22 V and results in significant solid-solution hardenability, as measured 
on the Rockwell 15 T surface hardness scale. The increased molybdenum and 
nickel concentration also increases the resistivity to 78.0 )JQ-cm, which is 
similar to that of Type 316 stainless steel. 

The above two alloys were fabricated by the Cabot Corp., which 
reported no fabrication difficulties. Alloy ANL-15-30 was obtained at an 
earlier date from AMAX Specialty Metals Corp. This vendor experienced great 
difficulty in working the as-cast ingot into final sheet form. Metallography 
and SEM analysis* of intermediate rolling samples revealed that the ingot was 
never homogeneous. A Mo-rich (>40 wt %) second phase caused the fabrication 
difficulties and was never fully eiiminated by the successive hot:-rulllng 
steps. A series of in-house solution anneals indicated t:hat Lhe alluy could 
be homogenized, but the required time at temperature would pr:ut.l.uce a mechani"' 
cally weakened alloy due to excessive grain growth. As a result, the pro­
perties listed in Table VI-7 are not optimum values. In static corrosion 
tests, ANL-15-30 developed layers of iron deposits. The somewhat lower oxi­
dation potential .and hardness values of ANL-15-30, in comparison to ANL-10-20, 
suggest that its molybdenum concentration in the primary pha!:;e 1::; ::;lightly 
lower. The higher resistivity of ANL-15-30 is expected on the basis of both 
the higher total alloy content and the presence of a second phase. 

All three of these alloys show the necessary corrosion resis­
tance for application it1 FeS elec tTudes. At this time, however, ANL-5-0 
appears to offer the best combination of corrosion resistanc.e, formability, 
and low cost with the smallest penalty in increased electrical resistivity 
and weight. Future alloy development work will center on further refinements 
of the basic ANL-5-0 alloy, and present expectations are that this alloy will 
be used for current collectors in the Mark II battery. 

* w. Shinn, Chemistry of Irradiated Fuels Group at ANL. 



85 

2. In-Cell Testing of Current Collector Materials 
(J. A. Smaga) 

Static corrosion tests (ANL-77-75, p. 35; ANL-78-94, p. 139) 
have been used to identify candidate materials which may be suitable for 
application as positive-electrode current collectors and frames. Subsequently, 
in-cell corrosion tests were conducted to evaluate the candidate materials 
i.dentified by the static corro$ion test~. Small-scale, prismatic cells 
(7.6 x 12.7 cm)wer.e used in this study. 

The results of the cell tests that have been completed thus 
far are summarized in Table VI-8. Commercially pure nickel was evaluated in 
a series of six Li-Al/FeS cells (3C-l, 2, 4, 5, 8 and 9). Cells 3C-l, -2, 
-4, anrl -5 were assembled in the semi-charged state; three of the cells had 
a 1.7 V charge cutoff voltage and one (Cell 3C-5) had a 1.6 V charge cutoff. 
The nickel components from all four of these cells exhibited the same type 
of cor.r.osion reaction, namely, minor surface attack (<6.4 ~m) except in 
localized areas (10-30%) which underwent severe intergranular attack that 
penetrated more laterally than perpendicularly to the surface; the mechanical 
strength was also severely impaired by this attack. The mean corrosion 
rates for Cell 3C-5 (13 ~m/yr for the collector and 21 ~m/yr for the frames) 
were substantially lower than the 100 to 300 ~m/yr range of rates obtained 
for the other three cells. This low corrosion rate for 3C-5 was attributed 
to a declining reaction rate with cycling, and possibly to a poor .utilization 
of active material. The latter performance characteristic of 3C-5 resulted 
from the use of a lower charge eutoff potential and the attainment of a 
higher internal resistance than those of the other two cells. 

Cells 3C-8 and 3C-9, both of which had nickel current 
collectors and frames, were assembled in the fully charged condition and were 
operated with a 1.65 V cutoff. Cell 3C-8 had 20 wt % Cu2 S added to the 
positive electrode and LiCl-KCl eutectic electrolyte; Cell 3C-9 used 54 wt % 
LiCl-46 wt % KCl electrolyte and no positive-electrode additives. Examina­
tion of these cells revealed iron deposition onto a virtually unattacked 
nickel substrate and no evidence of intergranular attack. X-ray diffraction 
analysis confirmed that the deposit was a-Fe and indicated that some inter­
diffusion had occurred between the iron layer and nickel substrate. Micro­
scopic measurements gave average deposit thicknesses of 5 ~m for 3C-8 and 
7 ~m for 3C-9, which correspond to corrosion rates of +20 ~m/yr and +30 ~m/yr, 
respectively. Iron was also deposited on the nickel screens used as particle 
retainers for these cells. The effect of th_e iron· deposition on the mechani­
cal properties of these nickel components appears to be minimal. 

The detrimental intergranular attack on the nickel current 
collectors was observed only in cells assembled in the semi-charged state, 
regardless of whether the charge cutoff voltage was 1.6 or 1.7 V. This 
corrosion mechanism was not observed in the two cells assembled fully charged 
and using a 1.65-V cutoff voltage. Thus, the charge state of the initial 
positive electrode mix, not the charge cutoff potential, was responsible for 
the severe localized attack. Furthermore, it is concluded that nickel has 
the necessary corrosion resistance for long life in FeS electrodes of cells 
assembled in the charged state. 

* See ANL-77-75, p. 35, for the general design of this cell. 
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Corrosion testing was also conducted on two Li-Al/FeS experi­
mental cells, 3C-10 and -11, which had components constructed of ANL-5-0 
(Fe-4.5 wt % Mo) and ANL-10-20 (Fe-10 wt % Mo-20 wt % Ni) respectively. Both 
of these cells were assembled charged, operated for one month, and then 
examined. The corrosion rates for the iron-base alloys are presented in 
Table VI-8. 

Table VI-8. Performance Data and Corrosion Results for 
Test Components of 3C Series Cells 

Description 
Cell No. Test Material 

Lifetime 
Days/Cycles 

Mean Corrosion Rates,a 
)lm/yr 

Collector Frame Comments 
------------------------~---·-·······----·---~~---

3C-l 

3C··2 

JC-4 

3C-5 

3C-8 

3C-9 

3<.:-10 

3-C-11 

3C-3 

3C-6 

3C-7 

Nickel 

Nickel 

Nickel 
Nickel 

Nickel 

Nickel 

ANL-5-0 

ANL-10-20 

Hastelloy B 

Hastelloy B 

Hastelloy B 

76/184 

31/4J 

35/50 

153/281 

91/169 

91/132 

31/56 

31/63 

31/38 

31/97 

74/102 

110 

i70 

240 

lJ 

+20 

+30 

<15 

+15 

610 

690 

300 

110 i 240 

2!10 

21 

+20 

+30 

<15 

+15 

950 } 
1000 

330 

Minimal attack over most 
expOsed surface. Severe 
la t<:ral inll!"I·granular 
attack over 10 to 30% of 
the component surface. 

5-)lm Fe deposition layer. 

7-Jlm Fe deposition layer. 

No measurable attack. 

1.5-)lm Fe deposition layer. 

General corrosion attack, 
the rate of which was lowest 
under the conducting rod and 
highest at the lower corners. 

----=------------------~---······-·················-.:...-~~--------

aValues preceded by "+" represent the r"t"'. of f t:l f -'h 1 ,.. ., . orma ... on or. an aw Ol'Oftt r~uc tur· dy~:n·. 

For the ANL-5-0 alloy components, micrometer measurements with 
a 0.1 mil precision indicated no change in material 'thickness. This corres­
ponds to a maximum possible corrosion rate of 15 ~m/yr. Microscopic examina­
tion also showed little evidence of corrosjve ~ttack. A 200-mesh stainless 
steel screen was used .in conjunction with the iron·~hR1'1e alloy h·amt:~s, and no 
evidence of a detrimental galvanic reaction between the two metals was noted. 
For the ANL-10-20 alloy components, micrometer measurements indicated a slight 
increase in thickness. Microscopic examination showed evidence of iron de­
posits which coated about 50% of the examined area and had a. maximum thickness 
of 2.5 urn. correspondine to an avQragf;'! depooition ,.. ... r_.. of 1~ ~m/yr. The 
observed deposition effect was comparable to that discussed for Cells 3C-8 
and -9 and was expected on the basis of static corrosion tests. The iron 
deposition layer should not impair the mechanical or electrical properties 
of. these components. The low reaction rates for both of these iron-base 
alloys is highly encouraging and give a preliminary indication that both 
materials will achieve a long life in FeS electrodes. Four additional cells, 
two for each alloy, have been placed in operation to complete the evaluation 
of these alloys. 
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Cells 3C-3, 3C-6, and 3C-7 were operated to test 
Hastelloy B for application in Fes 2 electrodes. For all three cells, the 
exposed surfaces of the collector and the inner frame exhibited the same 
uniform surface attack. The current collector showed a gradient in the rate. 

· of reaction, with the area innnediately below the conductor bar showing the 
least amount of corrosive attack and the lower corners showing the most severe 
attack .. These three cells had very high corrosion rates fo.r their Hastelloy B 
components, with the components of Cell JC-7 having the lowest corrosion rates. 
The calculated corrosion rates for 3C-7 ranged between 120 and 630 lJm/yr; the 
mean values were 300 lJm/yr for t.re collector and ·330 lJm/yr for the frame. It 
was inferred fr·om the data in Table VI-8 that the rate of attack decreased 
sharply with increased length of operation. This reduction is probably·attri­
butable to a decrease in.the effective sulfur-to-metal ratio in the positive 
electrode due to the high initial rate of attack. The lower rates for the 
components of Cell 3C-7 are still unacceptably high, ·and Hastelloy B must be 
considered unac~eptable for long-term use in Fes 2 electrodes. 

3. Ceramics for Positive-Electrode Current Collectors. 
(G~ Bandyopadhyay, T. M. Galvin, and J. T. Dusek)* 

Electrically conductive ceramic coatings on inexpensive metal­
lic s'ubstra·tes are being investigated as substitutes for the high-cost moly­
b9enuin current collectors now being used in the positive electrodes of FeS 2 

·cells •. The requirements of such a. cur.rent collector system include (1) 
·sufficient electronic conductivity to provide current collection efficiency, 

(2) corrosion resistance in the FeS2 and molten LiCl-KCl environment at 
450°C,. (3) resist.ance to damage under mechanical and thermal stresses that 
are generated in the cell ·environment, and (4) lower cost than molybdenum. 

Preliminary investigations (ANL-78-94, p. 144) indicated that 
a number of conductive ceramics, such as TiN, TiC, TiB 2 , iron boride, and 
niobium carbide, should be thermodynamically stable in the FeS2 positive 
electrode •. Preliminary static corrosion tests were performed on TiN, TiB2 , 
and irpn boride coatings on AISI 1008 steel substrates in an FeS2-salt 
environment at 500°C, and only the TiN coating showed adequate stability. 
Local de~ects in coatings rather than the coating compositions were thought 
to be .. responsible for the deterioration of the specimens. Further static 
corrosion .tests ·were thus performed on (1) hot-pressed TiN, TiC, and TiB2 
specimens, (2) specimens coated ·with the candidate materials by chemical vapor 
deposition (CVD)·or by the rf sputtering technique, and (3) duplex-coated 
str4ctures in which the defects in the top coating might be protected by the 
coating underneath. 

The results from these static corrosion tests are sunnnarized 
in Table VI-9.. As can be seen in this table, hot-pressed TiN and TiC showed 
good chemical stability whereas none of the coated specimens were sufficiently 

·stable>in the test environment. In most cases, the coating failure was 
initiat~d from the edges and sides of the specimens, indicating that the poor 

. quality of the coating in those areas probably resulted in failure. 

Additional samples have been prepared with CVD coated TiB2 , 
TiC and TiN, and sputtered Mo, TiN, TiC, and Cr (singly or as duplex coatings 
.of various combinations). Some preliminary microstructural data of the CVD 
* . Materials Science Division, ANL. 



88 

Table VI-9. Summary of Static Corrosion Results in 
FeS 2 + LiCl-KCl (1:1 volume) at 500°C 

Composition a 

Hot Pressed 

TiN 

TiC 

TiC 

'l'il:N 

TiB2d 

MoS 2 

l·lu!Ji:l 

Duplex Coatings 

TiC + TiN 

TiN + TiC 

Coating 
Thickness, 

\liD 

10-15 

10-20 

2U 

20 

7 

7 

5/5 

5/5 

Maximum 
Test Duration, 

hr 

1000 

300 

300 

1000 

1000 

;jQU 

143 

300 

JOO 

300 

300 

Comment 

No evidence of chemical attack. Weight gain 
<1%. 

No evidence of chemical attack. Weight gain 
<0.02%. 

Minor attack on grain boundaries. Weight 
loss '1.4%. 

Reacted completely. In 300-h tests, dis-:-
coloration and minor attack on the edges and 
eornero were detected, 

. Reacted completely. 

lU-l.)i!. ot the sample reacted completely. 

Reacted completely or severely attacked. 

Reacted completely. 

Re<u.:Leu I..Owyletely·. 

10-20% of the sample reacted completely. 

Severely attacked. 

aAll coatings were on AISI 1008 steel substrates. 

h MoS2 and MoSi2 coatings were deposited by rf sputtering. All other coatings. were deposited 
by chemical vapor deposition. 

l! TiN coating was tested in FeS2 + LiCl-KCl compositions with or without TiN or Fe2N/Fe4N 
addition in the corrosion bath. The additions in the bath did not influence the results 
Lo auy significant degree. 

dThe corrosion bath composition was r'eS2 + LiCl-KCl with or without elemental boron or 
FeB/Fe2B addition. 

coated specimens (ANL-78-94, p. 145) indicated that the coatings were 100% 
dense and free from microcracks, and that the interface between the TiN and 
TiCN coatings and the substrate appeared to be reasonably adherent. Additional 
characterization of these coatings and also the sputtered coatings will be done 
by microstructural and nondestructive techniques to identify local defects in 
the coated structures. Also, attempts will be made to characterize the coating 
compositions (such as stoichiometry or impurities) which might strongly in­
fluence the stability of the coatings in the test environment. In addition 
to the static corrosion tests, electrochemical corrosion tests on the coated 
samples will also be initiated. 
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Since it is difficult to obtain a defect-free thin c6ating, w~ · 
are investigating monolithic conductive ceramics, such as TiN and TiC, which 
have shown good chemical stability in static corrosion tests. Assembly of a 
cell having this type of coated current collector will require some develop­
ment of the current leadout from the ceramic current collector. However;. for 

. a preliminary evaluation of the in-cell corrosion behavior of a monolithic 
conductive ceramic, Cell MS-5 was assembled using a thin (1.9-mm thick) hot­
pressed TiN plate that was placed between the two positive electrodes. 
Cur.rent collection from the positive side was achieved through the TiN plate 
and also through the positive frames (made pf Hastelloy B) that were in 
mechanical contact with the TiN plate. The current leadout was welded to· the 
frames. Operation of this .cell has recently been terminated after 32 days 
and 47 cycles at a discharge current density of 50 mA/m2 • The internal resis­
tance .of this cell was initially 23 mQ •. However, with continued cycling; the 
resistance went up to ~28 mQ, thereby indicating the possibility of a 16ss of 
good mechanical contact between the TiN plate and the frames. Post-test 
examination of this cell will begin soon to identify the corrosion behavior 
of the TiN plate. 
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VII. SYSTEMS DESIGN AND ANALYSIS 

The approaches taken in the design of the systems for .the electric­
vehicle and stationary energy-storage batteries are discussed below. 

A. Conceptual Design of Stationary Energy-Storage Batteries 
(S.M. Zivi, J. A. E. Graae,* A. A. Chilenskas, I. Pollack,t 
H. Kacinskast) 

The objective of this two year engineering study is to produce a 
conceptual design of a low-cost ($45-55/kW-hr in 1979 dollars). stationary 
energy-storage battery based on the state of battery technology projected for 
the mid-1980s. Early in FY 1978, a reference design of a 100 MW-hr energy­
storage battery having Li-Al/FeS or Li-Si/FeS cells was devised as a result 
of a joint effort between ANL and Rockwell Jnter.nati.onal (RI). In creating 
th~ reference design, two criteria were adopted: (1) the energy capacity of 
the cells should not be more than a factor of 10 greater. than that of thP 
largest Li/.f:<'eS cells presently extant, and (2) the battery configuration 
should permit the replacement of failed cells without requiring the cooling 
of the module from its operating temperature. A general description of the 
ANL/RI design is given in ANL-78-94, pp. 116-120. However, the estimated 
cost of the battery hardware (exclusive of cells) and installation was found 
to be $80/kW-hr, which is well over the goal of about $50/kW-hr.f Therefore, 
the FY 1979 effort has been redirected to search for battery concepts that 
will permit attaining or approaching the cost goal. 

Much of the cost of the above conceptual design may be attributed 
to the two design limitations. Two very costly elements were the submodule, 
which contains ninety-six 2.5 kW-hr cells, and the char.ge equalization 
system. The high cost of the submodule arises from the large number of cells 
it consists of, and from the requirement that it be replaceable while at 
the operating temperature (475°C). The high CQ~?t Q{ the eQualizing system is 
attributed to the necessity of placing much of the length of the equalizer 
conductors in the submodule, which is maintained at the operating temperature. 

To reduce the battery cost, we have decided to use the largest cell 
possible within system limitations such as voltage requirements, converter 
capacity, etc. The following requirements were used to determine the largest 
cell size: (1) battery energy-storage capacity, 100 MW-hr for a 5-hr dis­
charge; (2) nominal size of available ac/dc converters, 10 MW; (3) range of 
de voltage permitted· for efficient converter operation, 2700 to 1600 V; and 
(4) range of voltage for an individual cell from the beginning to end of 
discharge, 1.6 to 1.0 V. These requirements resulted in the selection of two 
strings of 1680 cells connected in series, each string having one converter. 

* ETA Engineering. 

t Engineering Division at ANL. 

fThe cost studies are described in detail in Section II.C. 
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It follows that each cell should have an energy capacity of about 30 kW-hr, 
and each string a capacity of 50 MW-hr. The dimensions of the cell are limi­
ted by (1) the allowable te~perature rise of the cell midpoint during dis­
charge and (2) by the cost and permissible voltage drops of internal bus con­
ductors and current colle~tors. 

These two factors have been analyzed, and limitations to cell size 
have been identified for a discharge current density of 50 mA/cm2 • If heat 
is removed from only the two opposing faces of a cell in which the electrodes 
are vertically loaded, the maximum permissible value for the cell height is 
about 20 em. Assuming the cost requirement and a permissible voltage drop 
of about 20 mV in the internal conductors, the maximum value for the other 
two dimensions is on the order of 40 em. These dimensions suggest a capacity 
limit of about 8 kW-hr for a cell. However, a larger cell can be attained 
by inserting into a single container several 8 kW-hr assemblages of electrodes 
and their associated conductors, with each assemblage having its own external 
terminals, and then connecting these assemblages in parallel (to avoid large 
potential differences within the cell). Thus, the 30 kW-hr capacity that was 
found to be desirable for the 100 MW-hr battery can be achieved by combining 
four elementary 8 kW-hr cells· in a single can. 

In order to achieve a large amount of stored energy per unit area 
of floor, the cell height should be as large as practical; this height can be 
made as large as desired by stacking the electrodes horizontally instead of 
vertically. A stack height of about two meters has been assumed, which gives 
cell dimensions of about 2.4 m x 33 em x 22 em. A 30 kW-hr cell would thus 
contain 212 electrode pairs grouped in four elementary 8 kW-hr cells. Each 
elementary cell would have its own terminals, located on two of the side 
walls of the cell. Thus, there would be four positive feedthroughs on one 
side and four negative terminals on the opposite side (the cell can is 
electrically negative); the positive feedthrough conductors of one cell would 
be welded (at the battery site) to the negative terminals of the adjacent 
cell. 

This free ·standing cell concept assumes the technical feasibility 
of the use .of ho.riz_ontally oriented elec.trodes and submerged feedthroughs. 
Future experimental ·r-esearch is needed to validate these assumptions. 

In the modified lOO MW-h~ battery design, 168 cells would be 
electri.cally connected to. form a module having an energy capacity of 5 MW-hr. 
Ten such moQ.ules would 'be connected in series to form one of two 50 MW-hr 
battery banks, each of which· woul'd have an ac/dc converter. The size of the 
module is limited mainly ·by .the maximum dimensions allowable for truck trans­
port of prefabricated structures from factory to battery site. A width of 
2.1 m (7ft) and height-of 2.4 m (8ft) for the module (insulation not 
included) are thought ~o ·be optimal. The length of the module can be selected 
somewhat more freely •. The longer the module, the more field labor will be 
required in assembling it at the site, and. the greater the loss of electrical 
capacity when a module has to be cooled for repair. Obviously, shorter 
modules will entail more modules for the system, excess inter-module bus work, 
and more heat loss. through end walls. l>ie have selectec;l a ·module length of 
12m (40ft). · . 
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A high-temperature glass wool insulation, 3.0 em thick (1ft), would 
be attached to the module (ends, bottom, and sides) to reduce heat losses to 
about 20 kW, which is about 40% of the average net heat generated in the 
module on a daily charge-discharge cycle. The remaining 60% of the generated 
heat would be disposed of by a cooling system in which the coolant (air at . 
about 400°C) is circulated through cooling coils arrayed between cells, 
radiative heat transfer being the principal mode of heat transfer from cells 
to coils. The coils and the circulating air within them also would serve to 
redistribute heat among the various cells of the module. The assembled . 
module would be placed on concrete footings, which would be protected against 
exposure to high temperatures by a structural design which incorporates a 
load-bearing thermal barrier between the module and the footing. 

In the stationary energy-storage battery, each cell must be 
connected to a charge-equalization electronic module, which is located 
externally to the module since it cannot tolerate the 450°C to 500°C 
temperature range. The voltage drop in the equalizing conductors is an 
important consideration, and a significant advantage of the postulated module 
design is that it permits these conductors to operate at ambient temperature 
where their resistance is relatively low. The charge equalization system has 
been designed for an equalizing current of 30 A, which corresponds to a range 
of coulombic efficiency (difference between best and worst cell) among the 
168 cells in a module of about 0.4% after about ten years of operation. This 
is equivalent to a coulombic efficiency range of about 4% in the smaller 
electric-vehicle cells now being developed. 

B. Thermal Management Studies 
(M. Farahat, A. Jackson*) 

The current thrust of the thermal management studies is directed to 
the forthcoming tests to be performed with the 40 kW-hr Mark IA electric­
vehicle battery. In preparation for these tests, thermal tests were conducted 
on the 6-V module (described in Section II.A) while it was being cycled in 
the laboratory and in a van. Stationary cycling of this 6-V battery at ANL 
(discussed further in Section III.D) showed that a slow accumulation of a 
gas within the vacuum annulus had raised the pressure above the level required 
to maintain good insulating properties. This gas was later identified, using 
a mass-spectrometer, to be hydrogen. For subsequent laboratory tests, the 
pressure of hydrogen was reduced to an acceptable level, about 0.026 Pa 
(2 X 10-4 torr), by the use of an ion-pump ,or a room-temperature getter that 
was selective for hydrogen. Typical heat loss rates at a pressure of 0.026 Pa 
were found to be 160 W, with a battery operating temperature of 465°C. At 
465°C, the case outside temperature was ~30°C, the back side being ~40°C and 
the front flange ~50°C. These results further reinforce our expectation of 
achieving the goal of 400 Wheat loss for the 40 kW-hr Mark-IA battery. 

For the road test of this battery, it was connected in series to 
twenty-four 6-V lead-acid batteries in an electric van and heated to 47)°C, 
and a room-temperature getter was connected to the vacuum annulus to control 
the hydrogen pressure (slow diffusion of trace quantities of hydrogen through 
the inner case was still occurring at this time). The results of the van test 

* Components Technology, ANL. 
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showed that heat generation within the cells can keep the module temperature 
well within operating limits (420-500°C). The 6-V module, which had a heat 
loss rate of ~160 W, dropped only 5°C in one hour. This means that vehicle 
operation in excess of four hours can be tolerated without having to rely on 
auxiliary· heaters. The Mark IA battery, which has a much lower heat loss/ 
energy storage ratio than the 6-V module, will slowly increase in temperature 
under the same driving conditions. 

C. Safety Tests 
(A. A. Chilenskas) 

The Budd Co. has recently completed safety tests on two multiplate 
Li-Al/FeS cells fabricated by Eagle-Picher for the Mark IA battery program. 
Two Mark IA cells in the fully charged condition (taken to be the worst case) 
at 460°C were crushed in a drop-tower test that duplicated the impact of a 
50 km/hr (30 mph) barrier crash. The cells were· crushed by the impact of a 
50 kg weight dropped from a tower to about 66% of their normal thickness, 
resulting in the cell contents beirtg exposed to air; no evidence was detected 
of an explosion, electric arcing, electrolyte dispersion, fire, or fumes. 
Samples taken for hydrogen and hydrogen sulfide at the test site immediately 
after the test showed no evidence of these gases, although an oder ·taken to 
be H2S or so2 was noticed. An analysis was conducted on the forces and cell 
deflection obtained by the Budd Co. and it was concluded that in a battery 
containing cells of this type the battery pack may have to be restrained 
(e.g.~ use the vehicle frame to provide energy absorption in a crash) or the 
cell energy may have to be attenuated with supplementary absorbers (e.g.~ 
a crushable battery case). These tests are taken as further evidence to 
support our contention that lithium/metal sulfide batteries can be safely 
engineered for electric vehicles. 
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VIII. CALCIUM/METAL SULFIDE BATTERY DEVELOPMENT 

The objective of this program is to develop high-performance cells that 
use inexpensive, abundant materials while maintaining the performance levels 
required for electric vehicles or load leveling. These cells are expected 
to follow the lithium/metal sulfide cells into commercial production. The 
present goals for the cells are a specific energy of 160 W-hr/kg (same as 
Mark III goals listed in Table I-1) and a materials cost in mass production 
of $15/kW-hr (1979 dollars). Previous to this report period, studies were 
conducted with cells having negative electrodes of either calcium or magne­
sium alloy, positive electrodes of metal sulfide, and a molten-salt electro~ 
lyte. However, owing to problems with the magnesium system, we have decided 
to concentrate further efforts on development of the more promising calcium 
cell. 

A. Electrolyte Development 
(C. C. Sy, L. F., f.ln!=:s, M. F. RnchP) 

Our studies of electrolytes since the last report (ANL-78-94, 
p. 187) have concentrated mainly on the properties of 29 mol % LiCl-20 mol % 
NaCl-35 mol% CaC1 2- 16 mol% BaC12 (mp, 390°C), which has been operated 
successfully in combination with FeSz and NiSz electrodes (ANL-78-94, p. 188). 
This electrolyte is one of three known eutectics in this quaternary 
system; 24 Table VIII-1 presents the compositions and melting points of these 
eutectics. Melting-point measurements were made on twenty mixtures of LiF' 
(0-4 mol%), LiC1(3-33 mol%), NaC1(12-38 mol%), CaClz(35-47 mol%), and 
BaC1 2 (7-20 mol %) to find electrolytes with a low lithium content and a low 
melting point. None of these electrolytes had melting points below 383°C. 
Thus, it appears that E2 and E3 are the only eutectics with a low melting 
point and a low lithium content in this system. At present, E3 is being used 
in cell development work, but Ez may also prove useful since its melting 
point is slightly lower than that of E3, according to our measurements. With 
either Ez or E3, calcium/metal sulfide cells will contain less than 1 wt % 
lithium and will thus be low in cost. The studies conducted on E3 during this 
period are described below. 

Table VIrr-1. Eutectics in Quaternary System 

Eutectic Composition, mol % 

LiCl 47 33 29 

NaCl 3 12. 20 

CaC12 30 37 35 

HaClz 20 18 16 

Melting ao 
pt.' c (395) 383 (385) 390(378) 

aThe numbers in parenthesis are the melting points for 
these eutectics reported in Ref. 1. 
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1. Solubility Studies 

The CaS solubility in 29 mol % LiCl-20 mol % NaCl-35 mol % 
CaCl2-l6mol% BaCl2 was determined by chemical analysis. For this analysis, 
the electrolyte was saturated with CaS at various temperatures in a helium­
atmosphere furnace, and the sulfide concentrations were measured by gas- * 
chromatographic assay of. the H2S evolved on dissolving the samples in 6M HCl. 
Standard curves for this analysis were established by assays of known volumes 
of H2S; air oxidation of the samples and standards was avoided by employing 
a helium carrier gas. 

Two methods of sampling the CaS-saturated molten electrolyte 
were tried. In the first method, quartz sampler tubes with 40-micron quartz 
frits were used to draw samples from a CaS suspension in the molten electro­
lyte. This method led to poor results, the calcium sulfide concentrations 
at 430°C varying from rul50 to ru6000 ppm. The poor results were thought to be 
due to a CaS particulate contamination of the samples .. In the second method, 
5 g of CaS was placed in a sintered stainless-steel packet (25 cm2) with 15-
20 ~m-dia holes, which was then immersed in a Al203 crucible (250 cm 3) contain­
ing 295 g of molten electrolyte. The packet was flooded with electrolyte by 
alternate helium evacuations and repressurizations. Samples were obtained at 
various temperatures by immersing a small (5 cm3) Al203 crucible in the elec­
trolyte surrounding the packet and equilibrating for 4-5 days before with­
drawing the filled crucible. A calibrated chromel-alumel thermocouple was 
used to monitor the temperature of the electrolyte. 

The solubility of CaS in electrolyte as a function of tempera­
ture is shown in Fig. VIII-1; these data were determined by the second method 
described above. Also included in this figure is the solubility of Li2S in 
LiCl-KC1. 25 M.-L. Saboungi-Blandert computed the solubility product of CaS 
at 723 K in LiCl-KCl electrolyte from thermodynamic data; the solubility 
product divided by the ion fraction of Ca* in LiCl-NaCl-CaClTBaC12(0.35) 
is also plotted in this figure for comparison with the linear regression 
curve of the CaS data. It is apparent that the solubility product of CaS in 
the two electrolytes is similar and is lower than that of Li2S in LiCl-KCl. 
The heat of solution was calculated from the slope of the solubility curves, 
and was found to be 10.22 kcal/mol for Li2S in LiCl-KC1 25 and 7.97 kcal/mol 
for CaS in LiCl-NaCl-CaCl2-BaCl2. 

The above data are expected to be of use for thermodynamic and 
kinetic comparisons of calcium and lithium cells. For example, emf 
differences between the positive electrodes in calcium and lithium cells can 
be derived from the ratio of the CaS-to-Li2S solubility. This ratio indicates 
that, at 441°C, an Fe-FeS-CaS electrode would be 78.5 mV more cathodic than 
an Fe-FeS-Li2S electrode. 

---------·-····-········-···· 

* Assays conducted by M. Bouchard, A. Essling. and M. Homa, Analytical 
Chemistry Laboratory, ANL. 

tChemical Engineering Division at ANL. 
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THERMODYNAMIC CALCULATION 
(M.L. SobOufl(l•-tW:intleri 
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1000/T,K 
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Fig. VIII-1. Solubility of Li2S in LiCl-KCl and 
CaS in LiCl-NaCl-CaCl2-BaCl2 

2. Vaporization of Sulfur 

In an earlier study (ANL-77-75, p. 50), A. E. Martin showeu 
that suspensions of Li2S and either FeS2 or NiS2 ~n LiCl~KCl electrolyte at 
525nC lost sulfur through vaporization at a much higher rate than that of 
~imilar mixtures not containing Li2S. In addition, post-test examinations 
of Li-Al/FeS2 _and Li-Al/NiS2 cells (see Section IV.C) have shown that Li2S 
deposits form in the RN fabric separator of the cells. These two phenomena 
may occur through similar_mechanisms, namely, the formation and transport of 
polysulfide ions (e.g., S~) in the electrolyte. Such ions could be reduced 
by Li-Al to form a Li2S deposit in seal~d cells or rnuld be decompoBed by 
heat to form s= ions and gaseous sulfur in unsealed mixtures. We suspected 
that, in calcium cells, the low solubility of CaS (see above) would lead to 
less polysulfide formation, arid consequently, good sulfur retention by the 
positive electrodes. Tn the present study, weight losa experiments similar 
to those of Martin were conduct~d to measure the ffillfur los~ by vapori~ation. 
In later studies, a search for CaS deposits in the BN separato~ of- Ca alloy/ 

. FeS2 cells will be conducted. 

The vaporization tests were conducted by heating a suspension 
of FeS?, with and without CaS, in 29 mol % LiCl-20 mol % NaCl-35 mol % 
CaCl2-l6 mol % BaCl2. For comparison, a suspension of Li2S and FeS2 in 
LiCl-KCl was included in the test. The sample mixtures contained ~0.5 g of 
sulfides and ~1.5 g of electrolyte. They were heated simultaneously at about 
520°C in graphite crucibles (1.27-cm inside diameter) in a helium-atmosphere 
furnac~, and were occasionally removed, cooled, and weighed. Sulfur-to-iron 
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* ratios for these two suspensions and FeS2 alone as a function of heating 
time are given in Fig. VIII~2. The data show that CaS has little effect on 
vaporization and confirm the previous finding of a rapid sulfur loss in 
Li2S-FeS2 mixtures. 

N 1.9 
CoS:FeS2 (1:1) (f) 

~ 
LL. 1.8 0 

0 
i= 
<t 1.7 a:: 
Q.l Li2 S:FeS2 (1:1) LL. . .. 
(f) 

f-
z 
w 
a:: 1.5 <t a.. 
a.. 
<t 

I. 3..._ ______ ___._ ______ ----...J 

60 120 
TIME, hr (AT- 520 °C) 

. Fig. VIII-2. Sulfur Vaporization Losses From 
Li2S-FeS2(in LiCl-KCl) and CaS-FeS2 
(in LiCl-NaCl-CaCl2-BaCl2) 

A similar test was conducted with suspensions of NiS2 (with 
and without CaS) in the quaternary salt. Again, CaS had little_ effect .on· 
vaporization. Both the NiS 2 and the NiS2:CaS (1:1) samples exhibited losses 
of about 0.15 moles of sulfur per mole of nickel within 20 hr, and about 
0.25 moles of sulfur per mole of nickel after 120 hr. 

Assumin'g vaporization losses and electrode losses occur by a 
similar mechanism, the above experiments suggest that FeS2 and NiS2 
electrodes will retain sulfur reasonably well in calcium cells. · 

3. 

vity (K) and 
mol ~~ BaCl2. 

'1: 

Conductivity and Density Calculations 

Using. data from th~ literature, 26 we calculated the conducti­
density (p) of 29 mol % LiCl-20 mol % NaCl-35 mol % CaClz-16 

The equations used for these calculations were as follows: 

It was assumed that weight losses occurred exclusively through sulfur· 
vaporization from the FeS2. 
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p =(t f~) -1 

i=l p1 
(1) 

where fi and Pi -are the weight fraction and density, respectively, of the ith 
component; and 

. ( 4 )( 4 )-1 
K = ·p ~giAi ~ giei 

1=1 1=1 

. (2) 

where gi, Ai, and ei are, respectively, the eguivalent fraction, equivalent 
conductivity, and equivalent weight of the itli component. 

The calculated K and p at 427 and 527°C of the quaternary salt 
and the experimental K and p at these two temperatures of the binary salt27 

are presented in Table VIII-2. The quaternary salt, according to these 
calculations, is about 40% denser than LiCl-KCl (a significant weight penalty), 
but has about the same conductivity. However, the calculated conductivity 
may be too high since ion association in the quaternary salt could lower the 
conductivity significantly. Conductivity measurements will be required to 
test the above calculations. 

Table VIII-2. Molten-Salt Densities and Conductivities 

Density! g/cm3 · · Condtic ti vity 2 (n..:.crn).:.... 1 

Electrolyte l,27°C szrc t,27°C 527°C 

LiCl-KCl 1.660 1.607 1.426 2.023 

LiCl-NaCl-CaCl2-BaCl2 2.331 2.278 1.483 1.913 

B. Positive Electrode Development 

i. cell Studies 
(L. E. Ross, s. K. Preto, c. c. Sy) 

In the last report (ANL-78-94, p. 190), development work on 
negative-electrode ma~erials was discussed. From those studi~s, the Ca-Si 
negat~ve electrode (CaSi2 uncharged; Ca2Si charged) was ~elected for 
engineering-scale development. Recent studies have concentrated on develop­
ment of three types of positive electrode--NiS2, FeS2 and FeS2-CoS2.* In 
later studies, FeS electrodes will be tested. 

* In lithium cells, CoS2 is normally added to the FeS2 electrode to 
improve performance. 



99 

.The test cells employed metal-disulfide electrodes with 
theoretical capacities of about 4 A-hr. The metal disulfide (NiS2, FeS2, 
and Feo.93Coo.o7S2) was packed in carbon foam and then placed within molyb­
denum sheet-and-screen housings (area, 3.25 cm2; 0.8-cm thick). The theore­
tical. capacity densities ~re 1.00 A-hr/cm2 for the NiS2 electrode and 
1.20 A-hr/cm2 for the FeS 2 and FeS2-CoS 2 electrodes .. The negative electrode 
was a 7-10 A-hr CaAl2 electrode in an iron housing (area, 16 cm2). The 
reference electrode was a mixture of CaAl4 and aluminum and was used to 
control voltage limits.* Zirconia cloth was used as a particle retainer 
and BN fabric as a separator, and the ~lectrolyte was the quaternary salt 
described above (E3) (purified by Anderson Physics Laboratory). The cells 
were operated at 460°C in alumina crucibles, the positive electrodes being 
cycled between IR-included voltages of 2.1 V on charge and 1.0 V on dis­
charge. 

The achi~ved capa~ity densities for the NiS~, FeS2, and 
Feo.93Coa. 07s2 electrodes are shown in Fig. VIII-3. The maximum electrode 
utilizations (theoretical capacity density divided by achieved capacity 
density) were very satisfactory--64% for NiS2 and FeS2 and 72% for 
Feo.93Coo.o7S2. The beneficial effects of cobalt are evident from the high 
achieved capacity density of the Fe(Co)S2 electrode. The achieved capacity 
of the Fe(Co)S2 electrode in the above calcium cell is similar to that 
obtained.in earlier LiAl/Fe(Co)S2 cells (ANL-75-1, pp. 29-32). All three 
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Fig. VIII-3. Capacity Density of Metal Disulfide 
Electrodes in LiCl-NaCl-CaCl2-BaCl2 

*This avoided inclusion of the CaAi2 negative electrode in the polarization 
measurements, and thus simplified interpretation of the results. 
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cells were operated for about 60 cycles with no decline in their coulombic 
efficiency, which was typically about 98%. However, the NiS2 electrode ex­
hibited a capacity decline with cycling; post-test examination revealed that 
the electrode retainers had loosened because of swelling. It is' therefore 
believed that active material was lost in the NiS 2 electrode. Aside from 
this problem, no major difficulties were encountered with the cell operations. 

2. Cyclic Voltammetry of Metal Disulfides 
(S. K. Preto) 

Previous studies of slow-scan (0.02 mV/sec) voltammograms 
(ANL-78-94, pp. 168-173, 188-190) were conducted to determine the electro-. 
chemical behavior of FeS2 , Cosi, and NiS 2 electrodes in lithium-cell and 
calcium-cell electrolytes. In the present study, voltammograms at scan rates 
of 0.02 to 0.5 mV/sec were generated from these three metal disulfide 
electrodes in LiCl-KCl electrolyte· and LiCl-NaCl-CaCi2-BaCi2 electrolyte. 
In both electrolytes the working electrodes were ~100 mg qf ~owdered metal 
disulfide (FeS2,-NiS2, CoS2) in carbon foam within a molybdenum housing 
(1 cm2). The counter and reference electrodes were two-phase mixtures of 
LiAl and Al for the LiCl-KCl electrolyte and CaA14 and Al for the LiCl­
NaCl-CaCl2-BaCl2 electrolyte. The working electrodes were repeatedly cycled 
over a potential range of 1.0 V to l.O or 2.1 V vs the reference electrodes. 

The data obtained from the voltammetry studies were then used 
to determine the peak current (ip) and peak potential (Ep) at scan rates of · 
0.02 to 0.5 mV/sec for each of the major ~eactions of the individual * 
electrodes; these reactions and their emf''s are listed in Table VIII-3. The 

* 

Table VIII-3. Emf of Metal-Disulfide Electrode Reactions 

Emf 

Fes 2 -+ Fe1_xs 1. 74a 

FliiS -+ Fe 1.34b 

cos 2 -+ Co 3s4 1. 74 

Co 3S4 -+ Co 9s 8 1.63 

co 9s8 -+ Co 1.35 

NiS -+ Ni 2 1-x s 1. 75 

NiS -+ Ni7S6 1.60 

Ni7S6 -+ Ni3S2 1.56 

Ni3S2 -+ Ni 1.37 

ain-cell reaction: F~S2.-+ Li3Fe2S4. 

bin-cell reaction: Li2FeS2 -+ Fe. 

Volts 

Previously reported in ANL~78-94, p. 173 and 189. 

1. 78 

1.39 

1. 79 

1.68 

·1.40 

1.81 

1.65 

1.59 

1.42 
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results indicated that ip and Ep vary linearly with the square root of the 
scan rate, thereby indicating t·nat ohmic effects are dominant in these 
electrode reactions. Figure VIII-4* shows the peak current as a function of 
peak potential for the major reactions of the three metal disulfide electrodes 
in LiCl-KCl, and Figure VIII-5* shows the same type of plot for the reactions 
of the FeS2 and CoS2 electrodes in the quaternary salt. (Because of a variety 
of experimental difficulties, data ~or NiS 2 in the quaternary salt have not 
yet been obtained; these data will be presented in a future report.) As can 
be easily seen in these two figures, the peak current vs peak potential 
curves are linear. The linear regression curves through these data intercept 
the voltage axis at voltages slightly above the reaction emf on charge and 
slightly below the reaction emf on discharge. Note that two closed symbols 
are shown on the voltage axis (i.e.~ at zero current) for each reaction .. 
These represent the scan-rate-independent potential at which the discharge 
peak and charge peak start. These symbols are located slightly below the 
discharge and slightly above the charge reaction emf. 

The information in Figs. VIII-4 and -5 is of use in making 
·qualitative comparisons of the lithium and calcium cell systems. Some of 
the interesting features are as follows: 

1) The resistances, which are the reciprocals of the slopes, 
are generally much lower in the lithium than in the calcium system. However, 
this effect may be due to differences in cell design. For example, the 
lithium tests were run in a smaller cell in which the electrodes were more 
closely spaced; this difference in cell design could have minimized the cell 
resistance. We will investigate this apparent conductivity problem in 
calcium cells in later studies. 

2) As can be seen in the two figures, ·for a given electrode 
reaction, the charge resistance and discharge resistance often differ 
greatly. Ideally, these resistances are equal and about the same for all 
reactions in a given electrode. The NiS2 electrode in LiCl-KCl most closely 
approximates this condition. For the other electrodes, various resistance 
problems arc evident. We are unable L:o account for all these resistive 
effects with a simple model, but it seems appropriate to assess the influence 
of electrolyte composition on the curve slopes in later studies. 

3) The discon~inui~y between the point at which the charge 
and discharge curves ·for a given reaction intercept the voltage axis have 
been attributed to "crystallization overpotentials" of the type discussed by 
Vetter.28 For example, in studies of metal electrodeposition, crystalliza­
tion overpotentials have been found to range from ~10 to ~300 mV. In 
Figs. VIII-4 and -5, both the closed symbols and the voltage intercepts for 
a given reaction are separated by ~20 to ~110 mV. This separation would be 
zero in ~he absence of crystallization problems. On the basis of their low 
crystallization overpotentials, the NiS2 electrode in LiCl-KCl and FeS2 
electrode in LiCl-NaCl-CaCl2-BaCl2 appear to be better than the other 
electrodes tested. 
* In these figures, data for charge are above the voltage axis, and data for 
discharge are below the axis. The open symbols represent the ip and Ep 
for·a given scan rate; the closer the symbol is to the voltage axis, the 
lower the scan rate. 
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4) Not evident from the figures, but very obvious during the 
studies, was the rapid loss with cycling in the capacity of the high-voltage 
reactions of the metal disulfide electrodes in LiCl-KCl electrolyte; this 
effec.t i.s thought to be due to escape of·sulfur from these electrodes. In 
comparison with the electrodes in the lithium system, the electrodes in 
LiCl-NaCl-CaC12-BaC12 did not exhibit this capacity loss even though their 
operating temperatures were higher, and they generally exhibited much higher 
utilization. The low rate of capacity loss may be due to the low solubility 
of CaS. 

In summary, in terms of their overall electrochemical pro­
perties, NiS2 in LiCl-KCl and FeS2 in the quaternary salt are the better 
electrode systems. 
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c. Engineering-Scale Cell Tests 
(1. E. Ross, L. G. Bartholme, P. F. Eshman, M. F. Roche) 

The engineering-scale cell tests have two purposes: to provide in­
formation on capacity decline mechanisms and cell performance characteristics 
under practical conditions, and to provide a convenient measure of progress 
toward the program goals. 

1. Cell CA-15 

This cell was the first engineering-scale cell having the 
quaternary electrolyte LiCl-NaCl-CaCl2-BaCl2 (mp, 390°C). The cell had a 
sealed, prismatic (13.5 x 13.5 x 3.5 em) bicell design. Each of the two 
0. 7-cm-thick negative electrodes contained l.mole of CaSi 2., and the 1. S-cm­
thick positive electrode contained a mixture of 1 mole of Ni2. 79Coo 21S2 
(loaded as Ni + NiS + CoS2) and 4 moles of CaS. Based on th~ added CaS, 
the theoretical capacity of the cell was 214 A-hr. The current collectors 
were honeycomb structures of iron in the negative electrode and molybdenum 
in the positive electrode. Particle retention was provided by molybdenum 
screen and BN felt on the positive electrode and stainless steel screens on 
the negative electrodes; the separator was BN fabric. 

Salt filling of Cell CA-15 was a slow operation (taking about 
25 cycles) because of a gassing problem. In out-of-cell experiments con­
ducted by C. Sy with the support of the Analytical Chemistry Laboratory.at 
ANL, the gassing was traced to the presence of 13 wt % Ca(OH) 2 in the CaS, 
which led to hydrogen generation when the hydroxide contacted the negative 
electrode. Subsequently, a supply of high-purity calcium sulfide (98 wt % 
CaS) was obtained from a commercial source (Ventron), and was used in 
Cell CA-lt). 

The coulombic efficiencies and specific energies during cycling 
of this cell are summarized in Fig. VIII-6. Most of these cycles were at a 
temperature of 470°C and a current of 5 A (20-hr discharges at a specific 
energy of 60 W-hr/kg; 10-hr discharges at 38 W-hr/kg), but a current of 10 A 
was used near cycle 30 and between cycles 40 and 60 and a temperature of 
435°C was used near cycle 80. Two problems are evident from the data in 
Fi~. VIII-9. First. the coulombic etticiency is low 1n early cycl~s and 
increases with cycling, indicating a chemical react~on that C?nsumes 
capacity. Second, the specific energy declines during cycling; in addition, 
the resistance was found to increase during cycling, trom lU to rv2.J m5l. 

2. Cell CA-16 

Cell CA-16 was identical to Cell CA-15 except for the 
following: iron was substituted for nickel (thus the posi;ive active material 
was Fe+ FeS + Cos 2 +CaS), and four layers of carbon foam (12 x 12 x 0.7 em 
·each) current collector were compressed into the 1.5 · cm..,.thick positive 
electrode as it was hot pressed. 

* Supplied by Chemtronics Intern.ational, Inc., Ann Arbor,.Mich. 
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Fig. VIII~6. Performance Data on Cell CA-15 

This cell is presently under test at 460°C. It has achieved 
a higher specific energy than· previous· calcium cells , 7 8 W-hr /kg, which is 
about 60% of the.specific energy of a comparable Li-:Al/FeS2 bicell* 
(Fig. VIII-7). During the first 35 cycles, the cell resistance increased 
from 8 to 15 mQ, and the capacity decreased from 118 to 76 A-hr. In addition, 
the coulombic efficiency was low (~90%) in early cycles, but it had .increased 
to 99% by. cycle 30. Thus, this cell has cycling problems similar to those of 
Cell CA-15. The causes of these effects will be sought during post-test 
examinations of Cells CA-15 and CA-16. 

3. Performance Summa!Y 

The performance of the three most recent engineering-scale 
cells is given in Table VIII-4. As can be seen in this table, significant 
improvements in specific energy have been made in the calcium cells (from 

* . Fabricated by Eagle-Picher and tested at ANL. 
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42 to 78 W-hr/kg). Methods of eliminating the decline in specific energy 
with cycling will be investigated as more engineering-scale cells are 
fabricated. 

Cell No. 

CA-14a 

CA-15 

.CA-16 

Cl 

""' ' ~ ·.t:: 
I 

3: 
~ 
(!) 
a: 
LLJ 
z 
LLJ 

!:::! 
LJ. 

u 
LLJ 
Q_ 
U) 

100 

eo 

60 

40 

20 

EPI 7-3 

Li-AI/FeS 2 

Co-Si/FeS2 

r{ 

10 

DISCHARGE TIME, hr 
100 

Fig. VIII-7. Specific Energy of a 
Calcium and Lithium Ceil 

Table VIII-4. Performance of Three Calcium Cells 

s:eecific Energl:, W-hr/kg A-hr Eff., %" 
Max. Final Initial Final 

42b 3lb 99 74 

6lc 34c 90 97 

'78c d 88 e 

aThis Ca (Mg2Si) /NiS2 cell was reported in ANL-78-.94, p. 185. · 

bMeasured at a current of 6 A (6-hr rate). 

cMeasured at a current of 5 A (20-25 hr rate). 

dCell still operating.; specific energy has decli~ned by· 35%. 

eAt present, 99~.on cycle 30. 

···.·.· .. 

Cycles 
Operated 

120 

115 

>30 
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Appendix A. Summary of Cell Perfor~ance 

In.this appendix, cell performance data are presented for Li-Al/FeS 
multiplate cells fabricated by Eagle-Picher Industries for the Mark IA program, 
Li-Al/FeS bicells fabricated by Gould Inc., Li-Si/FeS bicells fabricated by 
Rockwell International> and Li-Al/FeS bicells fabricated by ANL. These cells 
were tested either at ANL or the contractors' facilities. 



Append:l!x A-1. Perfomance Data on Eagle-Picher li-Al/F~S Multiplate C~lls 

Maximum Life 
Per:ormance 

Characteristic:; 

~ Indicated lr.itial % r•ec 1 ine in 
Rate llates, h::-s Eff., % A-hr W-hr 

Cell Descriptions A-hr W-hr I•iech. Charge A-ht W-hr Daysb Cyclesb •Capac i ty Energy Eff. Eff. Remarks 

EPMP-7-021, Li-Al/FeS- Cell design: 15 wt % Cu2S added 

Cu2S, 400 A-h::, .3. 7 kg 328 373 8 99 80 35 65 9 9 3 3 teo positive electrode, and screen 
retainer only. Testing terminated 
teo make room for another cell. 

EPMP-7-022, Li-Al/FeS- Cell design: 20 wt % Cu 2S added 

Cu2S,. 398 A-h::,.3.7 kg 31& 35-3 8 97 77 40 86 28 27 0 0 teo positive electrode and Y203 
felt retainer on positive. 
Terminated. 

F;PMP-7-023, Li-Al/FeS- Cell design similar to.that of 

Cu2S, 398 A-hr, 3.5 kg 311 324 8 98 67 35 72 21 12 0 0 -022. Terminated. 

EPMP-7-024, Li-Al/FeS- Cell design: 15 wt % Cu2S in 
f-' 

Cu2S, 405 A-hr 32E: 386 8 >99 >83 23 33 21 23 53 53 peositive electrode, Y203 felt f-' 
retainer on positive. 0 
Terminated. 

EPMP-7-027, Li-Al/FeS- Cell design: 15 % Cu2S and nickel 

Cu 2S, 405 A-h::-, 3.69 kg 341 381 8 >99 77 42 . 87 58 61 72 74 positive current collector and 
rc·d. Terminated. 

EPMP-7-028, Li-Al/FeS- Cell design: 15 wt % Cu2S ·in 

Cu 2S, 405 A-h::, 3.6!1 kg 325' 374 8 >97 >73 47 78 20 23 10 ll pc-sitive electrode, Y203 felt 
retainer- on positive. Terminated. 

EPMP-7-029, Li-Al/FeS- Cell design: Fe-ribbon positive 

Cu2S, 405 A-h::-, 3.62 kg 311 355 8 >99 78 >112 >230 (30) (31) (28) ( 29) c~rrent collector and rod. 
Study of cell reversal. 

(Contd) 



Appendix A-1. Perfo~nce Data on Eagle-Picher Li-Al/FeS Multiplate Cells 

Maximum Life Characteristics Performance 
@ Indicated Initial % Decline in 

Rate Rates 1 hrs Eff. 1 % A-hr W-hr 
Cell Descriptior\8 A-hr W-hr Dis:h. Charge A-hr W-hr Daysb Cyclesb Capacity Energy Eff. Eff. Remarks 

EP~-7-030, Li-Al/FeS- Cell design: 15 wt % Cu2s in 
cu2s, 405 A-hr, 37:< kg 340 396 8 >99 >82 36 59 16 15 0 a po.sitive·, Yz03 .felt' retainer 

on positive and negative. 
Terminate6 to run another·cell. 

E.PMP-7-031, Li-Al/E'eS- Cell design: LiCl-rich elec-
Cu2s, 402 A-hr; 3.€5 kg 325 371 8 >99 80 99 186 21 21 3 4 trolyte·, Y2o3 felt retainer on 

positive and negative. Tested 
at 470°C. Terminated. 

EPMP-7-032, Li-Al/FeS, Cell design: LiCl-rich elec-
402 A-hr, 3.94.kg. 358 405 4 >98 >77 35 60 20 21 13 14 trolyte, Yz03 felt retainer on 

both· faces. Terminated. 

EPMP-7-033, Li-Al/FeS- Cell design similar to -031. ...... 
eu2s, 402 A-hr, 3.25 kg 322 393 8 8 >98 81 81 145 13 13 10 15 Testing terminated in discharged ....... 

condition. ...... 

E?MP-7-035, Li-Al/FeS, Cell design: LiCl-rich elec-
402 A-hr, 3.96 kg 333 385 4 8 >98 >79 52 102 9 9 5 5 . trolyte, y.2o3 felt on both faces, 

nickel-honeycomb current collector 
(instead of usual iron). Testing 
terminated for post-test analysis. 

EPMP~7-036, Li-Al/FeS, Cell design similar to -035. 
402 A-hr, 3.92 kg 343 379 4 8 >98 >74 31 78 9 7 7 5 Terminated. 

EPMP-7-038, Li-Al/FeS- Cell design: 15 wt % CuzS in 
Cu2s, 436 A-hr, 3.8? kg 364. 417 4 8 •99 79 ll 21 0 0 0 0 positive electrode and screen 

particle retainer. Terminated 
due to poor performance. 

(r.ontd) 



Appen:lix -~-1.. Performance Data on Ea~le-Picher Li-Al/FeS Multiplate Cells 

Maximum life Characteristics Pe::-for'llance 
@ l.nd icat~d Ir. it ia:l % Decline, in 

Rate RatE:s. hrs Uf., ::; 
A-hr W-hr 

Cell Descriptions A-l"rr w-tr Disch. Charge a-h~ W-tlr I:aysb Cy:lesb Capacity Energy Eff. Eff. Remarks 

EPMP-7-041A, Li-JU/FeS-. 
Cu2S, 436 A-hr, 3.3 kg 3::-• 388 4 8 99 8•) 34 58 29 30 13 21 Similar "to -038. Terminated. 

EPMP-7-043, Li-Al/FeS- Cell design: 15 wt % Cu2S in 
Cu2S, 409 A-hr_, "3.8 kg 339 39J. " 8 99 8) 38 76 44 47 6 13 positive electrode and Y203-

felt retainer on positive face .. 
Terminated. 

EPMP-7-044, Li-Al/FeS-
Cu2S, 409 A-hr, 3.9 kg 3•3 3S2 L 8 :·99 78 21 37 21 23 0 1 Similar to -043. Terminated. 

~ 
EPMP-7-045, Li-Al/FeS-
Cu2S, 409 A-hr, 3.8 kg 3.>1 4(o3 4 8 99 79 39 62 10 ll 3 4 Tested at 470"C. 

~ 
Terminated. N 

EPMP-7-046, .Li-fl~/FeS-
Cu2S, 409 A-hr, 3.8 kg 33.5 ·3&3 • 8 99 J9 ll8 203 24 25 3 4 Similar to -043. Terminated. 

EPMP-7-047, Li-Al/F~S-
Cu2S, 409 A-hr, 3.8 kg 3H 401 .:. 8 >99 E2 16 26 7 6 1 2 Similar to· -043. Terminated. 

·EPMP-7-050, Li-ll/FeS-
Cu 2S, 408 A-hr, 3.8 kg 3(·7 3.53 ~ 8 98 :s 28 53 24 26 30 31 Cell design: 20 wt % Cu 2s in 

positive electrode and Y203 
felt on positive face. 
Terminated because cell leaked. 

EPMP-7-053, Li-Al/FeS- Similar to -050. Terminated 
Cu2S, 408 A-hr, 3.9 kg" :no 4Jl 8 8 >99 34 12 17 42 46 58 60 due to poor efficiency. 

(Contd) 



Appendix A-1. Performance Data on Eagle-Picher Li-Al/FeS Multiplate Cells 

Maximum Life Characteristics Performance. 
@ Indicated Initial % Decline in 

Rate .Rates 1 hrs Eff. I % 
A-hr W-hr 

Cell Descriptions A-hr W-hr Disch. Charge A-hr W-hr Daysb Cyclesb Capacity Energy Eff. Eff. ·Remarks 

EPHP-7-054, Li-Al/FeS"' 
Cu S, 408 A-hr 1 3.9 ltg 334 386 4 8 >99 81 72 129 73 75 61 65 Termiruited-'due to poor efficiency. 

EPHP-7-055, Li-Al/FeS, 
402 A-hr, 3.9 kg 325 ·393 4 8 99 82 >144 >302 15 24 5 10 Cell has LiCl:·'rich E:lectrolyte. 

EPHP-7-056, Li-Al/FeS, Cell used LiCl-rich elec'trolyte. 

402 A-hr, 3. 71 kg 284 320 5 8 >99 79 78 179 42 4'3 0 3 Terminated. 

EPHP-7-057, Li-Al/FeS, Cell.used LlCl-rich electrolyte. 

402 ·A-hr, 3. 72 kg 336 380 4 8 >99 80 79 156 20 21 0 4 
.. 
Terminated. 

EPHP-7-058, Li-Al/FeS, Cell used LiCl-rich electrolyte. ...... 
402 A-hr 352 404 '4 8 >99 81 c c c c c c Testing at 47o•c. ...... 

w 

EPHP'-7-059," Li-Al/Fe3 1 

403 A-hr, 3.8 kg 322 390 4 8 98 82 28 50 4 14 15 Similar to -055. Terminated. 

EPHP-7-060, Li-Al/FeS, Similar ·to -055 . . Study of cell 

403. A-hr, 3.8 kg 240 271 4 . 8 99 76 96 172 (6) ( 7) (44) (43) · reversal. Terminated for 
examination. 

EP:<!P-7-061, Li-Al/Fe5- Eutectic electrolyte prepared by 
Cu2S, 409 A-hr, 3.8 ':tg 341 394 4 8 >99 81 97 210 72 73 2 ll Eagle-Picher. Similar to -045. 

Terminated. 

EPMP-7-062, Li~Al/FeS-
Cu2S, .409. A-hr, 3.8 kg 348 406 4 . 8 >99 81 91 191 32 32 4 6 Similar to -045. Terminated. 

EP:ofl'-7-063 1 Li-Al/FeS-
Cu2S, 409 A-hr, 3.8 kg 354 410 4 8 >99 81 67 176 27 28 5 8 Similar to -045. Terminated. 

(Contd) 



Appen:!ix A-1. Performar.c.e Data on Ea5le-Picher Li-Al/FeS Multiplate Cells 

Maximum Life Characteristics Per·forcance 
@ Indicated Initial % Decline i• 

Rate RatEs, hrs ut.., :; 
A-ft:: 01-hr 

Cell Descriptions A-hr W-hr Disch. Charge &.-h~ \1-:tr Caysb Cyclesb Capacity .Energy. E::f. Eff. Remarks 

EPMP-7-065, Li-Al/FeS- Sim;ilar to -045. 
Cu2S, 409 A-hr, 3.8 kg 34S 397 4 8 :·99• 30 48 141 58 56 0 1 Terminated for safety-test use. 

EPMP-7-066, Li-Al/FeS- Similar to -045. Testing termi-
Cu2S, 409 A-hr, 3.8 kg 31i3 394 4 8 =·99 19 27 43 38 40 oiil 63 nated--poor coulombic efficiency .. 

EPMP-7-067, Li-Al/FeS- Filled ·with LiCl- rich (410"C 
Cu2S, 409 A-hr, 3.8 kg 3(•2 352 olj 8 99 .32 .42 70 14 13 -il 40 liquldus) electrolyte. 

Terminated. 
EPMP-7-068, Li~Al/FeS-
Cu2S, 409 A-hr, 3.8 kg 3103 376 .: 8 98 31 34 69 31 30 :9 37 Similar to -067. Terminated. 

EPMP-7-069, Li-Al/FeS, Filled with LiCl-rich·elec- 1-' 
1-' 

409 A-hr, 3.8 kg 3Z~ 384 L 8 98 31 5 4 trolyte. Cell shorted. ~ 

EPMP-7-070, Li-Al/FeS- Design as -067; used for equali-
Cu2S, 387 A-hr; 3.7 kg 3(13 342 " 8 =·99 17 >22 >41 9 8 8 8 zation studies. 

EPMP-7-071, Li-Al/FeS- Filled with LiCl-rich (410"C 
Cu2S, 387 A-hr, 3. 7 kg 303 341 "· 8 99 75 67 118 16. 14 iS. 47 liquidus) electrolyte. Used for 

·J-227 driving profile test. 
Terminated. 

EPMP-7-072, Li-Al/FeS- 15 wt: % Cu S added to positive 
Cu2S, 387 A-hr, 3.7 kg 3!7 377 ·4 8 ·9e .80 67 128 34 34 4· 8 electrode. Terminated for 

safety test use. 

EPMP-7-073, Li-Al/FeS- Des~n similar to -072. 
Cu2S, 386 A-hr, 3.7 kg 315 368 4.S 8 >99 80 63 132 23 24 1 1 Terminated for safety test use. 

(Contd) 



Appendix A-1. .Pe-rformance Data on Eagle-Picher Li-Al/FeS Multiplate Cells 

Maximum Life Characteristics Performance 
@ Indicated [nitial % Decline In 

Rate Rates 1 hrs Eff. 1 % A-hr W-hr 
C:ell Descri'pt ion& A-hr . W-hr Disch. cCharge A-hr ·w-hr ·Daysb ·eye lesb Capacity Energy Eff. Eff . -Remarks 

EPMP-7-074, -Li-Al/FeS- Design similar tb -·on. 
Cu2S, 387. A-lir', 3.7 ·kg 329 381 4 8 9B 79 c 112 :33 39 0 0 Terminated 

EPME·-7-975, Li-Al/FeS- Design as -'0·1-2·. Testing 
Cu2S, 387 A-hr, 3.7 kg 332 386 4 8 9.3 79 80 167 54 56 64 '66 terminated .• 

·EPME·-076, Li-Al/FeS- J?esign as -012. 
Cu2~·.· 387 A-hr, 3·.6 kg 315 356 4 8 >99 77 55 68 24 30 0 1 Terminated. 

EPME'-7 -07.7., Li-Al/.FeS- Desi·gn as -072. 
Cu2~:, 387 A-hr, 3.7 kg 321 368 4 8 >99 80 c 137 27 26 0 2 Terminated. 

EPMP-7-078, Li-Al/FeS-
..... 

Design as -072. ..... 
Cu2·s, 387 A-hr, 3.6 kg 306 352 4 8 97 78 V1 c 126 c c c c Terminated. 

EPMP-7-079, Li-Al/FeS- De'sign as -072. 
Cu2S, 387 A-hr, 3.7 kg 292 338 4 8 99 80 c 90 13 13 1 2 Terminated 

EPHP-7-080, Li-Al/FeS- Design as :-·an·. 
CuzS, 387 A-hr, 3.7 kg 350 402 4 8 98 79 71 132 29 31 12 15 Testing terminated. 

EPHP-7-081, Li-Al/FeS-
·CuzS, 387 A-hr, 3.7 kg 327 376 4 8 99 80 c c· c c c c Design as -072. Testing @ 165"c. 

EPMP-7-082, Li-Al/Fes-· Desi·gn as -072. Restraint plate 
CuzS, 387 A-hr, 3.7 kg 278 331 4 8 99 83 7 15 0 0 0 2 bolts broke and test termi·nated. 

EPHP-7-083, Li-Al/FeS- Design as -072. 
Cu2s, 387 A-hr, 3.8 kg 320 372 4 8 98 79 c 124 23 24 0 0 Terminated. 

(Contd) 



Appendix J.-1. Performance Data on Ea~le-Picher Li-Al/FeS Multiplate Cells 

Maximum Life c·,aracterist ics 
Per.formanc~ 

@ Lndicated I nit id % Decline in 
Rate Ratea 1 hrs Eff., % A-hr lo"-hr 

Cell Description8 A-trr W-hr Dis6. Charge A-hr :w-hr Daysb · Cyclesb. Cap!lcity Energy Eff. Eff. Remarks 

EPMP-7-084, Li-Al/FeS- Design as -072. 
Cu2S, 387 A-hr, 3.7 kg 285 32!1 8 >99 80 c 103 25 25 2 3 Terminated. 

EPMP-7-085, Li-Al/FeS- Design as -072. 
Cu2S, 387 A-hr, 3.7 kg 32L 37l 8 98 79 47 96 27 28 0 1 Terminated. 

·EPMP-7-086, Li-Al/FeS- Design as -072. 
Cu2S, 387 A-hr, 3.8 kg 32L 370 L 8 >99. 80 78 161 21 21 0 2 Terminated. 

EPMP-7-087, Li-Al/FeS- Design as -072. Now testing at 
Cu2S, 387 A-hr, 3.7 kg 333 383 4 8 >99 80 >67 >129 21 21 0 1 4. 7-hr rate. 

....... EPMP-7-088, Li-Al/FeS- Design as -072. ....... 
Cu2S, 387 A-hr, 3. 7 kg_ 28:! 330 4 ·8 97 77 62 141. il.7 17 0 0 Terminated. 0\ 

EPMP-7-089, Li-Al/FeS- Design as -072. Now testing @ 
Cu2S, 387 A-hr, 3.7 kg 332 39S 5. 8 >99 83 >::.oo >232 34 38 2 8 5-hr rate and 470"C. 

IPMP-7-090,· Li-Al/FeS- Design as -072. 
Cu2S, 387 A-hr, 335 398 5.5 8 >99 83 c c c c c c Terminated. 

EPMP-7-091," Li-Al/FeS- Design as -072; used for power 
Cu2S, 387 A-hr, 3.8 kg 323 376 4 8 >99 80 >78 >181 :n 23 2 9 pulse tests. 

IPMP-7-092, Li-Al/FeS- Design as -072. 
Cu2S, 387 A-hr, 3.8 kg 348 418 5.5 8 >99 83 82 159 :!I 22 .0 2 Terminated. 

EPMP-7-09j, Li-Al/FeS- Design as -072. Testing 
Cu2S, 387 A-hr, 3.7 kg 348 41€ 5.5 8 99 83 70 120 57 63 0 15 terminated. 

(Contd) 



; Appendix A-1. Performance Data on Eagle-Picher Li-Al/FeS Hultiplate Cells 

Maximum '!..ife Characterist i·cs Performance. 
@ llldicated Initial % Dec 1 ine· in 

Rate Rates 1 hrs Eff. 1 % 
A-:hr W-hr 

Cell Description8 .&.-hr W-hr Disch. Charge A-hr w.:.hr Daysb Cyclesb Capacity Energy Eff. EH. Remarks 

EPMF'-7-094, Li:...Al/FeS- Design as -072. Terminated due Cu2S, 387 A~hr, 3.8 kg 268 302• 4 8 98 78 40 74 18 ~5 62 6' to short circuit. 

EPHP-7-095, Li-Al/FeS- Design as -072. Cu2S, 387 A-hr, 3. 7 k@, 325 379 4.5 8 >99 80 97 238 55 57 51 51 Terminated. 

EP.HP-7-096, Li-Al/FeS-
' C.u2S, 387 A-hr, 3.7 kg . 331 392 4.5 8 >99 80 >109 >224 20 23 1 4 Design as -072. 1-' 

1-' ....., 
EPMP-7-103, Li-Al/FeS-
Cu2s, 387 A-hr, 3.8.kg 329 376 4 8 99 79 19 37 22 22 0 .0 Terminated for safety test use. 

EPMP-7-113, Li-Al/FeS- Design.as -072. Terminated due Cu2S, 409 A-hr, 3.8 kg 304 352 4 8 .>99 80 41 86 6 8 0 1 to short circuit. 

EPMP-7-114, Li-Al/FeS- Design as -072. 
Cu2S, 387 A-hr, 3.7 kg 318 370 4.4 8 97 79 48 99 21 23 0 1 Terminated. 

ac·eu description includes· c~11 nwriber, compositlon of negative and positive electrodes, theoretical capacity, and cell .weight. b . 
The "greater .than" symbols denote continuing operation. 

cData not·available. 



Appendix A-2. Performa~ce Data on Gould Li-AliFeS Cells 

Pos. Electxgde Electrolyte, Cell Operal. ~esist., rill Frozen Speclfic Energy, W-hr/k~ Cycle Life a Cell Description Addittves ·.-/o' liCl t. = 0 t = 15 sec Resist., !1 20 n\/cm2 60 mA/cm- Cycles Hours 

X-40, 164.3 A-hr, 100 w/o Fe <9.3 2.L5 3.00 0.4 8:..3 69.8 20 550 
2.376 kg 3 vfo C 

1 v/o Co 
6.7 wfo Co 

X-41, 165.47 A-hr, 50 W/O·Fe 50.0 3.:.2 ~.s·8 3.9 X 105 93.3 61.4 11.5 452 
2.123 kg 3 V/0 C 

1 v;oJ Cc 

X-42, 178.8 A-hr, 25 WJ·J Fe 50.0 2.4 0.5 90 
2.071 kg 3 VJ•) C 

1 v, J Cc· 

X-43, 165.99 A-hr, as X-Ll 52.0 2.51 3.60 6 X 10
4 

92.2 70.7 11.5 451 
2.114 kg 

X-43A, 167.20·A-nr, as X-4L .52.0 4.2:; 5.59 5. 3 X 104 70.9 44.0 13.5 388 ...... 
2.04 kg ...... 

co 
X-438, 164.675 A-hr, as X-•1 52.0 :;,6 -4.1 9:5.6 71.2 14 644 
2.11 kg. 

X-44, 168.33 A-hr, as X-4-1 53.8 ~.16. 4.10 2.3 X 105 E4.2 58.1 36.5 700 
2.285 kg 

x-.45, 169;49 A-t.r, as X:-.U 48.0 ::.8:! 3.50 9,5 X 103 E83 61.4 123.5 1630 
2.148 kg 

• X-47, 169.10 A-hr, 25 w{'o F-a 52.0 ::!.93 3.57 7.3 X 10~ 83.5 59.0 13.5 428 
2.388 kg 3 V/0 C 

1 V/0 C·J 

X-48, 173.95 A-hr, 50 WJO F'e 52.0 2."99 3.63 . 6.9 86.8 62.7 11.5 420 
2.33 kg ) VJ 0 C: 

3 vjO MD 

(Contd) 



Appendix A-2. Performance Data· on Gould Li-Al/FeS Cells 

a Pos. Electrgde Elec.trolyte, Cell O!;!erat. Resist., ·mn Frozen S!;!ecific Energz, W~hr/k~ Czcle Life 
Ce~l Description Additives wjo LlCl t = 0 t c 15 sec Resist., .n 20 mA/ cm2 . 60 mA/ em Cycles Hours 

X-49, 175.77 A-hr, 50 w/o Fe 52.0 3.20 4.37 1.3 X 104 60.7 47.2 11.5 420 
2.35 kg 3 v/o C 

3 v/o Cr 

X-50, 179 .. 01 A~hr, 50 w/o Fe 52.0. 3.04 3.57 74.8 78.8 58.9 11.5 426 
2.35 kg 3 v/o C 

3 v/o V 

c . 
X-:53, 211.73A-hr, .. 25 w/o Fe 52.0 3.00 3.83 7.6 99.4 58.0 is 547 
2.30 kg 3 v/o C 

1 v/o Co 

x~s4,c.l84.04 A-hr, 25 w/o Fe 52.0 3 .. 65 4.21 1.4 .x ·10.7 89.0 58.4 11 431 
2.33 kg 3 v/o c 

1 V/0 Co 

X-55, 176.86 A-hr, 100 lo"/0 Fe 52.0 .3.62 ·4.72 74.1 60.0 13.5 .626 ...... 
2.46 kg 3 vfo Zr ...... 

\0 
1 vjo c 

X-56, 179.72 A-hr, 50 w/o Fe. 52.0 0.0 0.5 9 

2;47 kg 3 v/o c 
1 v/o Co 
2 ~/o Zro2 

X-56A, 176.266 A-hr, 100 w/o Fe 52.0 3.51 4.43 93.6 >4.5 >25 

2.. 27 kg 3 v/o. c 
1 v/o Co 
2 v/o Zro2 

lC-57, 190.4 A-hr, 100 w/o Fe 52.0 4.26 5.52 80.7 67.1 14.5 623 

2.46 kg 3.4 v/o c 
1 v/o Co 
2 v/o Zro2 

(Contd) 



Cell Descriptiona 

X-64, 186.8 A-hr 
2.11 kg 

a 

Pos. Eleo:tride 
Ad·Ji t i:tes 

100 -../ o Fe 

3.4 "' 0 c 
1 v/ o Co 

Appendix A-2. Performance Data on Gould Li-Al/FeS Cells 

Electrolyte, 
- ,.-fo LiCl 

·s2.o 

Cel· Op~at. Resist., mn 
t = 0· t = 15 sec 

Frozen 
~esist., fl 

(• 

S2ecific Energy, W-hr/k~ 
20 mA/cm' 60 mA{cm 

Cell description_includes cell number, co~ition of negative and positive electrodes, tneoretical capacity, and cell weights. 

bAmounts are parcent ::.f active ru1terial (n-~ salt) except for the 6. • w/o Co in X-40 which is the percent of. iron. 

cAssembled half-charged. 

Cycle Life 
Cycles· Hours 

140 

..... 
N 
0 



Cell No. 

lA to 6A 

JA 

SA 

9A-l 

9A-2 

llA 

12A 

Appendix A-3. Performance Data on Rockwell International Li-Si/FeS Bicells 

Design Characteristics 
Pos. Elect. · Sep. E.lectrolyte 

Dual-Fa::e 

Dual-fa::e. 

Dual-face 

Dual-face 

Dual-face 

Dual-face 

D--.~al-face 

Dual-face 

Fine AlN 

Fine AlN, 
Yz03 cloth 
on neg. 

Coarse AlN, 
Yz03 cloth 
on neg. and 
Zr02 on pos. 

Coarse AlN, 
Zr02 over 
pos, 

Coarse AlN, 
Zr02 over 
pos. 

Coarse AlN, 
Zr02 over 
pos. 

Lithium 
silicate 
phosphate 

BN felt 

Coarse AlN, 
ZrOz on · 
pos. 

55 wt % LiCl 

55 wt % LiCl 

55 wt % LiCl 

55 wt % LiCl 

.50 wt % ·LiCl 

50 wt % LiCl 

55 wt % LiCl 

SS wt % LiCl 

SS wt % LiCl 

Coulombic 
Eff., a % 

89 

93(75) 

91(180) 

95(187) 

98(92) 

90(52) 

90(103) 

Pos. 
Utiliz., b % 

Lifetime 
Cycles Days 

0 0 

28 10 

40-55 281 164 

40-50 255 121 

30-35 284 136 

30-35 92 36 

20-25 73 27 

50-55 149 45 

(Contd) 

Comments 

Four cells failed during startup; two cut 
up for inspection. 

Short circuit, tested at ANL. 

Subjected to six thermal cycles without 
apparent effect. 

Damaged by overcharge. 

None. 

Voluntarily terminated. 

Failure in positive electrode. 

Short circuit found in electrolyte. 

Assembled partially charged. Nickel powder 
added to positive. 

..... 
N ..... 



Appendix A-3 •. Perfonnance Data on Rodcwell .International Li-5i/:FeS Jl:.cells 

Cell No. 

lB 

2B 

Desigr. Characteristics 
Pas. Elect. ~ep. · Electrolyte 

Sp:it-rib 

Split-rib 

Lithium 
:ili=ate 
~hosphate 

'Lithium 
sili=ate 
;:nos;> hate 

55 w: % LiCl 

55 w-: % LiCl 

Coulomb:.c 
E::f.,a: 

~8(91) 

58(118) 

Pas·. b 
Utiliz., % 

40-45 

15-25 

Life tine 
Cycles Days 

120 53 

208 50 

~umbers; in parentheses are c:~cle; at which coulombic efficiemcy began to decline at accelerated rate. 

bApproximate range at 465-47.5"C. 

cTested at ANL and returned ::0 R[; data for RI -:esting only. 

dRebuilt after initial failu·~e; data shown ::or :subsequent test only. 

Comments 

Assembled partially charged. Heavy central 
copper current collector. Short circuit 
in ~r02 cloth. 

Assembled partially charged. Forty-three 
percent excess Fe added to positive. 
Voluntarily terminated; 

~ 
N 
N 



Appendix A-4. Performance Data on ANL Li-A1/FeS Cells 

Maximum Life Characteristics ?erform8nce 
@ Indicated ·rnitial % Deciine in 

Rateb Rates, h.-s Eff. ,c% A-hr W-hr d d 
Cell Descriptions P.-hr W-hr Disch. Charge A-hr W-hr Days Cycles Capacity Energy Eff .. Eff. Remarks 

R-36, Li-A1/NiS-CoS2 , 100 146 13.5 13.5 99 79 >444 >1084 33 30 20 18 Carbon fiber. added to NiS 
U, :80/150, 13.3 X 70 84 3.0 8.0 positive electrode. 
15.:! X 3;5 em, 1.8 kg 

R-41, Li-Al/FeS-Cu2S, 76 100 3.3 8.8 >99. 83 180 351 2 13 2 1.2 BN felt separator treated with 
u, 180/103, 13.3 X LiAlClr,. Terminated. 
15 .. 2 x 3.5 em, 1.7 k~ 

R-42, Li-Al/FeS-Cu2S, 61 75 3.0 6.0 60 :42 103 253 21 23.5 35 46 Similar to R-41 but with LiAlCl4 
U, 160/113, 13.3 X in positive electrode. Terminated. 
15.2 x 3.5 em, 1.7 kg 

R-43, Li-Al/FeS, U, 83 96 5 0 100 83 127 240 14.6 32.3 20 22 Destgn: BN felt separator with 
15•)/134, ·13.3 X 15.2 X LiA1Cl 4 , LiCl~rich electrolyte, 
3.5 em, 1.8 kg high-temperature carbon ·added. ..... 

N Terminated. w 

R-44, Li-Al/FeS, U, 80 98 4 10 99 82. >210 >326 0 0 0 0 · This cell has BN felt separatcr 
18(]/133~ 13.3 X 15.2 X with LiAlCl4, LiCl-rich elec-
3.5 em, 1.8 kg trolyte, high~temperature 

carbon added to positive, and 
iron current collector. 

R-~6, Li-Al/Fe, U, 56.5 65.0 7:2 7.25 98.5 79.5 70 121 20. 18 .11 This cell has BN felt separator 
lB0/133, 13.3 X 15.2 X with LiAlC1 4 , high-temperature 
3 .. ~. em, 1.8 kg carbon, LiCl-rich electrolyte, 

and Fe rod current collector 
with no sheet. Terminated. 

R-47, Li-Al/FeS, U, 90.3 108.4 4. !· 14.5 99.8 84.5 >102 >147 9 8 0 0 This cell has BN felt separator 
210/144, 13;3 X 15.2 X with LiAlCl4, high-temperature 
3.5 em, 1. 78 kg carbon, LiCl-rich electrolyte, 

and Ni current collector. 

R-•8, Li-Al/FeS, U, 80 102 4.0 10.8 100 87.5 >86 >ll2 0 2 0 3 Similar to R-47, but with all 

210/144, 13.3 X 15.2 X iron current collector. 

3.5 em, 1. 78 kg 
(Contd) 



Appendix A-4. Performance Data on ANL Lt-Al/FeS Cells 

'~aximum 
Pe·= forma nee Life Characteri;tics 

@ Indicated ln~t.ial % ::•ec 1 ine in 
Rate ltates, hrs Eff. ,c% 

A-hr W-hr 
Cell Description& A-h W-hr Di!!>eh. Charge A-h:r iol-hr Daysd Cyc lead Capacity Energy Eff. Eff. Remarks 

R-49, Li-Al/FeS, U, 8L 102. 4.2 11.2 99·.9 f-4 .~ :·44 ) 67 1 2 0 0 Similar to R-48, with only one 

185/144, 13.3 X 15.2 X electrode frame around positive 

3.18 em, 1.68 kg electrode. 

R-50, LiAl/FeS, U, 63 78 . 3 10 99 :-8 >17 >27 0 0 0 0 Similar to R-47, but thinner 

141/103, 13.3 X 15.2 X positive electrode. 

2. 7 em, 1.40 kg 

M-8, Li-Al/FeS, c s:: 101 :! 8.5 97 f:4 :.9.7 347, 9 10 0 0 Design: BN felt sepa~ator/ 
155/113, 13.3 X 13.5 X 7~. 88 3.8 i.5 retainer, LiCl-rich electrolyte 

2.8 em, 1.55: kg (Anderson) used.throughout, 
positive loading of 1.41 A-hr/ 
cm3. 3.5 mn cell resistance. 
Terminated. ..... 

N 

H-10, Li-Al/FeS, C, 56 65. 2.8 5.5 99 E3 iOO 300 18 15 9 0 Design: BN felt separator/ ~ 

155/115, 13.3 X 13.5 X 4":. 50 :1..4 4.5 99 83 
retainer, LiCl-KCl eutectic, 

2.8 em, 1.56 kg positive loading of 1.40 
A-hr/cm3. Terminated. 

M-11, Li-Al/FeS; C, 7L 80 3.5 7 99 19 130 365 18 15 0 0 Design: BN felt separator/ 

174/132, 13.3 X 13.5 X 6C 67 2 6 99 H retainer, LiCl-rich electrolyte 

2.8 em, 1.52 kg. (Anderson), positive loading 
of 1.61 A-hr/cm3• 3.5 mO 
cell resistance. Terminated. 

M-12; Li-Al/FeS-Cu2S, C, 67 80 3.3 6.8 98 83.6 83 202 44 41 6 6 Design: BN felt separator/ 

155/121, 13.3 X 13.5 X 
retainer, LiCl-KCl eutectic, 

2.8 em, 1.55 kg positive loading of 1.40 A-hr/ 
cm3. 3.5 mn cell resistance. 
Terminated. 

H-HP-3, Li-Al/FeS, C, 26:> 327 s.e 9 99 fn 48. 85 2 2.5 0 0 This cell had cold pressed 

420/346, 13.9 X 14.6 X 23~ 285 4 8 98 86 electrodes (three positive, 

· 7.9 em, 4.68 kg four negative); LiCl-rich 
electrolyte; BN-felt separators. 

(Contd) 
Cell resistance at 50% discharge 
is 1.14 mn. 



Appendix A-4. Performance Data on ANL Li-Al/FeS Cells 

Maximum Life Characteristics Performance 
@ Indicated Initial % Decline in 

Rateb Rates 1 hrs Eff. ,c% 
A-hr W-hr 

Cell Description8 A-hr W-hr Disch. Charge A-,hr W-hr Daysd Cyclesd Capacity Energy Eff. Eff. Remarks 

.KK-15, ·Li-Al/-FeS, c, 101 128 10 10 9.9 89 143 245 5 5 0 0 This cell has carbon-bonded 
150/.133, 13.3 X 13.3 X 87. 108 4.5 8 FeS electrode (1.4 A-hr/cm3), 
2.8 em; 1.54kg 77 .s 93.5 2.5 7 hot-pressed tiAl electrodes, 

LiCl-rich electrolyte, BN-felt 
separator. Resistance is 
2.8- mO. Terminated after 
accidental overcharge. 

K-~-1, Li-Al/FeS, C, 276 344 9 9 95 82 60 42 5 5 0 0 Hultiplate cell: BN-felt 
42~/333, ·13.3 X 13.3 >: . 263 313 4.3 8 ·separator, no electrode frames, 
6.9 em, 39_6 kg 246 279 2.7 7 carbon-bonded positive elec~ 

trode (1.4 A-hr/cc) and pressed 
negative. Achieved a very. high ..... 

· specific power - 101 W/kg at .N 
50% discharge. Feed through Vl 

·short-circuited .. 

PW-9, Li-Al/FeS, 1/2 c, 94 ll4 18.4 18.4 99 82 >451 >793 0 0 ·o 2.3 Design: hot pressed HgO powder 
216.'144, 13.65 X 13.02 X 69 82.6 6.9 9.3· separator, screen and frame on 
4.2 em, 1.94 kg 55.8 65.84 3.7 7.4 negative electrodes. .H-series 

cell design. Resistance 8-10 
mn. Addition of electrolyte 
returned performance to initial 
rate. 

PW-12, Li-Al/FeS, 1/2 C, '65 79.3 6.5 8.5 97 87 78 103 22 19 34 39 Hot-pressed HgO powder separator 
190/134, 14.53 X (2-cm thick, 70 wt% salt). 
13.97 X 2.69, 1.6 kg Resistance is 4.6-6.4 mfl. 

PW-13, Li-Al/FeS, 1/2 C, 83 96 .• 6 ll ll 99 80 125 188 47 48 28 29 HgO powder separator. Cell 
175/144, 14.63 X 13~97 X temporarily short circuited 
2.6 em, 1. 7 kg in early stages, but was re-

paired. Cell terminated. 

(Contd) 



. Appen:iix _ft-lo. Perfonaan<.e Data on ANL Li_-Al/FeS Cel1ls 

Cell Descriptions 

PW-16, Li-Al/FeS, 1/2 C, 
173/131, 14.63 X 13,69 X 
2.69, 1:8 kg . 

ll'axicum 
Perforaance 
@ :~dicated 

Rateb 

A-~,:- W-hr 

106 129 
~· 71 
8.3 96 

MP-PW-1, Li-Al/FeS, 1/2 C, 30·1.5 374.1 
530.1/388.2, 8.26 X 
13.97 X 17 .15, '\.6,0 kg' 

a 

Rates, hrs 
Initi.al 

Ei.f. ,c% 

Disdh. Charge A-hr w-hr D9ysd 

12: 
2.1 
.0.2 

.14 
8.i 

11 

15 

99 

96 

18 E>2 

82.~ :-5 

Life Characteristics 

% Decline 

Cyclesd Capacity _ Ene .. gy 

330 22 2~.4 

>4 0 

in 

A-hr 
Eff. 

0 

0 

W-hr 
Eff. 

0 

0 

Remarks 

Design: vibratory loaded MgO 
powder separator, LiCl-rich 
electrolyte (Anderson). 
Positive loading of 1.1 A-hr/ 
cm3. Internal resistance is 
5 mG. Leak has developed in 
cell container. Voluntarily 
terminated. 

Multiplate cell with vibratory 
loaded MgO and'LiCl-rich 
electrolyte. Same positive 
loading density as PW-16. 
Internal resistance is 2.2 to 
2-5 mll. 

The letter-s U ar,d C are used ·::o indicate uncharged and charged cells, respectively.. The· capacity ratio is the rumber of ampere-hours in the negative 
electrode over the number of ampere-hours ir; tf:e positive e!l.ect:rode; 

bBased on at least 5 cycies. 

cBased on at least 10 cycles a:; the 5-hr discha1ge rate. 

dThe "greater than" symbols den:Jte continuinl! o~e .. ation. 

ePercent declines from the maxi'llum values at ·t.hE ~--hr discha~ge, excep: •here noted. 
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. APPENDIX B • POST-TEST EXAMINATIONS OF CELLS 

The results of the post-test examination of multiplate·cells.and bicells 
are given below. 



Cell De_scriptiona 

EPMP-5-001, 
Li-Al/FeS, E 

EPMP-5-003, 
Li-Al/FeS, E 

EPMP-5-005, 
Li-Al/FeS-Cu2S, E 

EPMP-5-Q09, 
Li-Al/FeS-Cu2S, E 

EPMP-5-Ql8, 
Li-Al/CuFeS 2-Fe, 

EPMP-7-022, 

E 

Li-A1/Fes.:.cu2s, E: 

EPMP-7-026, 
-Li-Al/FeS-Cu2S, E 

Lifetime -
Cycles Days 

8 5 

39 

55 

39 75 

38 68 

6 " 
37 5E 

Appendix B-1. Summar:y of Post-Test Examinations of Multiplate ·::ells 

Reason 
Terminated 

Equ:lpment mal:func t:ion 

EnC: of 1:est 

End of test 

End of test 

Declinir.g A-hr efflcie:tc.y 

Shott _circuit 

.Sho~t ciTcuit 

Com:Dents 

Electrodes showed uniform thickness:,. no extrusion and no bulging of cell can. 
Separator showed considerable deficiency of electrolyte. 

Examination showed minor variatione in electro-de thickness, minor agglomeration 
of Li-Al in lower portion of negat:l\>e electrodes, deficiency of electrolyte in 
separator. No extrusion of electrc·cles. Negative electrodes swelled by abc;tut 
25% in thickness. 

This cell shoued a cold resistance -o£ 0•3 mn, indicating a short circuit. 
Negat"ive electrode thickness was ncn-unlfol!1D; negat-ive electrodes swelled by 
25-40% in thickness. Short ~ircuit was attributed to the migration of Li-Al 
from the negative electrode arul the dlep·)Bition of copper and iron (from positive 
electrode) in the open interstices of t'1e EN fabric separator. Separator was 
more completely filled with electrclyte; b~t not completely filled. 

Cell resistance was 9 n (cole). Electrode thickness was uniform. Minor extrusion 
at top. Very minor agglomer~tion af ~i-Al. Some unreacted Li-Al in outside 
e"lectrodes. ltegative electrodes sho-.P-d 15-20% swelling in thickness. 

This cell shoved a partial st.ort cir~Ji-: due to cracke~ lower insulator in feed­
through. Majc·r deficiency of -~lectt.)Ly~e in negative electrodes and separators. 
Major agglome~ation of LiAl in center o: negative electrodes. 

Multiple short circuits caused by ru?:ures in separator and screens, which in 
_turn were caused :tly the electrodes beln~; broken during cell assembly. 

Sho-rt circuit -caused by extrusion of :;>ositive electrode material through 
. ruptures in screens and separ.a::ors ;!;: bottom of cell. Cell th.ickness expanded 
by 20-25% (loose retainer plate bolts! and was refilled with electrolyte. Edge 
of cell showed bulging. Electrolyt~ :illing of separacors and electrodes was 
good. Little evidence of agglomeration in Li-Al. 

(Contd) 
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Cell Description 

EPMP-7-030, 
li-Al/FeS-CuzS, 

EPKP-7-032, 
Li-Al/FeS-Cu 2S, 

EP~-7-034, 

Li-Al/FeS, LR 

EPHP-7-035, 
Li-Al/FeS, LR 

EFMP-7-036, 
L:I-Al/FeS, LR 

EFMP-7-033, 
L:I.-Al/FeS, LR 

EPMP-7-048, 
Li-Al/FeS., E 

a 

E 

E 

L•"fetime 
Cycles Days 

33 59 

35 60 

0 0 

55 101 

2S 78 

81 145 

0 0 

Appendix 8-1. Summary of Post-Test Examination of Multiplate Cells 

Reason 
Terminated 

Shor;: circuit 

Shor-: circuit 

Short circuit 

Declining A-hr efficiency 

Deciining A-hr efficiency 

Dec]ining A-hr efficiency 

Short circuit 

Conunents 

The feedthr·~ugh developed a short circuit on cycle 49, which was isolated and the 
cell was operated an additional 10 .cycles. Short was in top of feedthrough and 
was caused by electrolyte from exterrral source. 

Short circuit caused by upward extrusio~ of one positive electrode, which 
ruptured screen and fabric and force~ screen into contact with top cover plate. 
Negative-electrode thickness in center-of cell was very non-uniform, with some 
areas showing 50-60% expansion. Some areas -..·ere slightly compressed .. Extensive 
agglomeration of Li-Al was present in the negative electrode. Separator was 
deficient in electrolyte. 

Short circuit developed during electrolyte filling, when 100 g of liquid LiAlC14 
. was added to cell followed by LiCl-rich electrolyte. Short was apparently 

caused by metallic deposits (from the LiAlCl~) within the separator. The 
separator was completely filled ..-ith electrolyte. Results indicate that LiA1Cl4 
should not be added as a liquid and that amount should be minimized. 

Short circuit caused by extrusion of positive electrode material through rupture 
in screen and separator at bottom of cell. Edge of cell· bulged. Minor agglomera­
tion of Li-Al. Electrode thickness was uniform and expanded by ~25%. Deficiency 
of electrolyte in negative electrode and separator. 

Cause of short circuit same as -035. Negative electrodes expanded ~25%, and 
showed some non-uniformity and minor Li~Al agglomeration; edge of. cell bulged. 

Cause of short circuit same as -035. Minor agglomeration of Li-Al in negative 
electrode. Negative electrode showe3 both compression and expansion. Very 
non-uniform thickness in center of ·cell. Edges of cell can were severely bulged. 

Separators were pretreated with wetting agent, LiA1Cl 4 • The amount used was 
excessive. Short circuit was attributed to metallic deposits across the 
separator from the LiAlC14 • Because of the nature of the fabric, the LiAlC14 
was concentrated in these areas. 

(Contd) 
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Cell Description.8 

EPMP-7-059, 
Li-Al/FeS, E 

"EPMP-7-068, 
Li-Al/FeS-Cu2S, LR 

EPMP-7-069, 
Li-Al/FeS-Cu2S, E 

EPMP-7-071, 
Li-Al/FeS-Cu2S, lR 

EPMP-7-094, 
Li-Al/FeS-Cu2S, E 

Lifetime 
Cycles Days 

27 5iO 

36 6-9 

'1.5 .. 

118 67 

74 45 

Appeniix B-1. Summary o: Post-Test Examination of Multiplate Cells. 

Reason 
Terminated 

Deo:lining A-hr eff_iciency 

Dec:Uni::~g A-hr effiden=y 

Sho::-t circuit 

Shc-rt circuit 

Short circuit 

Col!lments 

Cause of short circuit same as -035. Electrode thickness was very uniform. 
Considerable deficiency of electro.Lyte in ;eparator and negative electrode. 
Original Li-Al particles in =enter of negative electrode (unreacted). Negative 
electrodes expanded 20-25%. 

The short circuit was betwee~, one pBir of electrodes (a positive and the adjacent 
negative) about one inch fro~ the boa:tom. The retainer·screen of the positive 
electrode was ruptured in thiE area ~nd it appears that a broken wire penetrated 
the separator and contacted the ne,£t.ive electrode. Electrode thickness was very 
uniform. Minor agglomeratio~ of L~-Al. The two center negative electrodes had 
extruded through ruptures in the ret£iner screens at the bottom. Deficiency of 
electrolyte in separator. 2oJ-30% el!-:J:ansion in thickness of negative electrodes. 

The electrical feed;:hrough shcrt c:.rcuited. The short was caused by electrolyte 
corrosion at the top of the •Jf:per ir.Eulator. The electrolyte was from an 
external sour-=e and did not leak tbrcugh t'lle feedthrough. 

Short circuit was caused by :upture. fn se?arator near the edge in· the center 
positive electrode; Li-Al agr;lomeru:ior. was observed in the center portion of 
the negative electrodes. Areas of excessive corrosior. of the current collectors 
were observed, which indicate higher ·temperature operation (>450°C) or some 
overcharging. Negative electrode expansion was 30%. 

Short circuit was caused by a meta]lic ~ricge across insulator of the feed­
through; this problem was brought about by corrosion due to the accidental 
spill of electrolyte in this area. The BN powder'seal in the feedthrough was 
effective. Minor agglomeration ·observed ir, negative electrode. Inner negative 
electrodes showed 7% compression while outer negative electrodes showed 20% 
expansion. Positive electrodes shewed 80% expansion. Cell was fully discharged. 

(Contd) 
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- a 
Cell Description 

'EPHP-7-164, 
Li-Al/FeS-Cu2S, E 

- EPM?-7:-166, 
Li--~/FeS-Cu2S, E 

EPMP-7-287, 
Li-Al/FeS-_CIJ2S, E 

Lifetime 
Cycles Days 

5 3 

Appendix B-1. Summary of Post-Test Examination of Multiplate Cells 

Reason 
Terminated 

?oor coulombic efficie~cy 

Short circuit 

Short circuit 

Comments. 

Poor coulombic efficiency was caused by a loop in the positive screen penetrating 
the separator at one edge, which resulted in a partial short circuit. Electrolyte 
filling was very good in the electrodes and fair in the separators. 

Cell was accidentally overheated_ (>600°C).- Short circu-it, caused by molten Li-Al 
penetrating the separator. 

Short circuit was caused by accidental overcharge in electrolyte filling 
operation which resulted in metallic iron deposits across the- separator, 

aCell description includes cell number, composition of negative and-posi:ive electrodes, and electrolyte composition (the symbols E and LR represent 
the eutectic and LiCl-rich electrolyte compositions, respectively). 



Cell Description 

G04-019A, 
Li-Al/Fe52 

EP-I8L-035, 
Li-Al/FeS 2-CoS2 

EP-I8H-036, 
Li-Al/FeS2-CoS2 

G-0080-9, 
Li-Al/FeS 

CX-45, · 
Li-Al/FeS 

EP-138-2, 
Li-Al/FeS-Cu2S 

EP-13B-l, 
Li-Al/FeS-Cu2S 

Lifet:Lme 
Cycles Days 

18 20 

83 94 

104 106 

2 1) 

51 ll::. 

333 505 

417 896 

Appendix B-.2. Po;t-Test Examination of Bicells 

Reason 
'Terminated 

. Sh·:>rt: c:l.rcuit 

End o: test 

Decliaing capacity 

Short· circuit 

Sho:rt c:lircuit 

Short ci:rcu:i.t 

Shoc:t circuit 

Coi!Dlents 

Metallographic examination showed nassive intrusions of positive electrode material 
into the BN fabric separator, and ~li::.s appears to be che cause of .. the short 
circuit. · Li2S was deposited in se?aracor. Positive electrode was deficient in 
electrolyte, and expanded by 60%. 

Cell was subjected to vibration te:at:ln·g. The microstructure of the positive and 
negative electrodes was the same as c·bserved in non-vibrated cells, indicating 
that the vibration testing had no· effiect on electrode morphology. Li2S was 
deposited in the separator. Negat~~e electrode showed 40% expansion. Positive 
electrode sho~ed 7% compression. 

Cause of the declining capacity was not identified. Typical deposit of Li2S was 
observed in the separator. Negative e]ectrode showed 80% expansion. Positive 
electrode showed 8% expansion, 90 val% active material (10 vol% electrolyte), 
and was about half discharged. 

This cell used a copper current co1lector :In the positive electrode. The short 
circuit ~as caused by copper depos~t~n ac:ross the separator between the positive 
bus bar (copper) anrl the housing btacket at the negative electrode potential. 
Corrosion of the copper current collle::tor :ranged from 270 to 566 mils/year 
penetration. 

Short circuit was caused by rupture LA BN felt separator, which in turn was caused 
by the gross. non-uniform expansion of the negative· ele::trode and compression of 
the posicive electrode in localized a·~e3.s. 

Short circuit was caused by the horey.:o:nb current collector of the positive 
electrode cutting through the separ;~.cor. Also, metallic copper was deposited 
within the separator. ·Negative ele::c=ode showed 40% expansion. 

Short circuit w~s caused by the hone!'c:omb current collector of the positive 
electrode cutting through the separ3.tor. M2tallic copper was deposited within 
the separator. Positive electrode obowed non-uniform swelling. 

(Contd) 
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Cell Description 

R-31, 
Li-Al/NiS2-CoS2 

M-7, 
Li-A1/Fes

1
_
44 

M-5, 
Li-Al/FeS-Cu2S · 

K!C-14. 
L1-Al/FeS-Cu2S 

PW-14, 
L1-Al/FeS-Cu2S 

R...ql, 
Li.•Al/FeS-Cu2S 

Lifetime 
Cycl<>s Days 

378 1040. 

85 136 

132 240 

151 301 

22 26 

180 351 

Appencix B-2. Post-Test Examinat:on of Bicells 

Reason 
Terminated 

Short circuit 

Declining coulomb.ic 
efficiency 

Declining capacity 

Declining coulombic 
efficiency 

Short circuit 

Short circuit 

Comments 

Short circuit was caused by extrusion of positive electrode material around the 
folded BN fabric separator at the· top of the cell. The positive electrode was 
severely coopressed in this area by expansion'of the negative electrodes. 
Dimensional uniformity of the electrodes was poor. 

The cause of the declining coulombic efficiency (85%) was not identified. The 
Y203 felt ·separator showed evidence of reaction 'with the positive electrode to 
form Y202S •. Negative electrode showed expansion of almost 100%. The·6-mm 
thick separator was compressed to 'Vl.4-mm. Li2S was deposited within the 
separator. Utilization was non-uniform in the negative electrode. 

Specific cause of declining capacity was not identified. Negative'electrodes 
showed agglomeration in back positions ('V90 vol% Li-Al). Front portions of 
electrodes were 'V50 vol % Li-Al. Positive electrode very dense ·looking 
(50-70 vol 1.) for a charged condition. Metallic copper was deposited within· 
separator. BN felt separator was compressed from 6 to.l.5-1.7-mm. Negative 
electrodes showed excessive eXpansion (>50%). 

The cause for the declining couloobic efficiency ("'75%) was not identified. 
Possible contributing factors are: six freeze-thaw cycles, metallic copper 
deposits within. ·separators, and non-uniform utilization of the negative · 
electrodes (bottom portions were depleted of Li, while the upper portions 
contained normal· LiAl for charged electrodes). BN felt was compressed from 6 to 
'Vl. 9 mm. Electrodes showed ·considerable expansion 

Short circuit wa·s caused by a defective feed through. This cell used a MgO 
powder separator (-60 + 120 mesh) and was more densely loaded in the bottom 
portion ('V50 vol %) than in the top (>40 vol %). Also,_ a considerable amount 
of MgO was present within the positive electrode. This apparently occurred 
during vibratory loading of the MgO powders. 

Short circuit was caused by the electrode frames at·the top of the cell cutting 
through the BN felt separator. This was caused by the excessive swelling of 
the positive electrode (50-100% e>:pansion). Metallic copper was deposited 
within the separator. A band of n-LiA102 was observed at the top of the negative 
electrodes, indicating exposure to oxygen during assembly or operation. 

(Contd) 
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Cell Description 

JS-3, 
Li-Al/FeS-Cu2S 

R-38, 
Li-Al/Fes-c 

R-40, 
Li-Al/Fes-c 

HC-2, 
Li-A1/FeS2 

KK-6, 
Li-Al/FeS 2-CoS 2 

M-8, 
Li-Al/FeS 

PW-8, 
Li-Al/FeS 

Lifetime 
Cycles · Days 

8 10 

94 1:"2 

63 109 

111 l-!14 

183 313 

197 

280 673 

Appendix B-2. Po;t-Test Examinatic·n of Bicells 

Reason 
Terminate(] 

Shc·rt circuic 

Shc·rt circuit 

Shc·rt circuit 

Short circuit 

Er.d c.f test 

Er.d c·f test 

Er"l c.f test 

Cooments 

Short circuU. was caused by eKtrusi-Jn of t=ositive material through the overlap; 
point of the separatcr at tt.e top of the t=ositive electrode. The negative 
electrodes showed "-100% expa:1;ion :!:n. this area. The positive electrode showed 
excessive expansion at the b·Jttom (>50:1:), whereas the negative electrodes were 
severely compressed. · 

Short circuit. was caused by the extruslon ·of positive·electrode material past 
the overlap ~n the separator at the tO? of the electrode; appearance of the 
electrodes indicated non-unifJrm utili.~ation of the electrodes from top to 
bottom. 

Short· circuit was caused by the fee~h70u@b. Examination showed that· electrolyte 
leaked from the cell through the I!N po·•der seal. This allowed corrosion to· occur 
at the top of the feedthroush with the formation of a metallic bridge across the 
upper insulator. BN powder (-325 meshl was inadvertently used for the seal rather 
than the -40 +325 BN powder ··.Mich f,Jnna a better seal. 

Cell assembled in air, with I.J.2Fe!: 2 us·~d as starting material in the positive 
electrode. Examination sho~ Li~~ Ln the negative electrode tops, indicating 
air reaction with the Li-Al alloy. ShJrt circuit caused by sulfide deposits in 
the separator and conductive Zr02 ·c.oct;~cting both electrodes. 

Lithium sulf:.de deposits typi.cal cf !Fe 52 cells were observed within the separator. 
Also, Li2S or Al2S3 was observed in .th~ negative electrodes. The negative 
electrodes were cast plates with Jl wt % Li. these electrodes expanded by more 
than 100% in thic~~ess, and the back 113 was ~-Al(Li-Al depleted of Li), with 
the remainder LiAl. This indicates no:~-ur.iform reaction. 

Negative electrodes had expansion of about 100%. The BN felt separator had been 
compressed f=om 6 to 2.4 mm. The ccr~sion of the electrodes was-somewhat greater 
than normal. 

Negative eleetrodes showed excessive ~xpansion in thickness and the positive 
electrode was severely compressed. Th: MsO powder separator was 3-mm thick on one 
face of the positive electrode anc 5-mm thick on the other face. Also, MgO powder 
was observed inside the pos~tive electrode (see Cell PW-14). The positive 
electrode shewed some evideDOe of nan-~niform reactions from top (mostly 
Li2FeS2) to bottom (costly J-phase). 
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