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LITHIUM/IRON SULFIDE BATTERIES FOR ELECTRIC-VEHICLE
PROPULSION AND OTHER APPLICATIONS

Progress Report for
October 1981-September 1982

ABSTRACT

This report describes the work done on development of lithium/
iron sulfide batteries at Argonne National Laboratory during FY
1982. The work at ANL has been concerned principally with the
electrochemical and materials aspects of lithium—alloy negative
electrodes and iron sulfide positive electrodes, materials research,
cell design studies, and the testing and post—-test examinations of
cells fabricated by two industrial contractors—--Eagle-Picher
Industries, Inc. and Gould Inc. Particular emphasis was placed on
investigations of alternatives to the present Li~Al and FeS elec-
trodes that would be expected to lead to higher specific energy and
power, i.e., investigations concerned with Li-S8i, Li-Al-Si, Li-Al-Fe,
FeSgp.

Development work by the two contractors consisted of cell
design improvements to increase lifetime and specific power and the
fabrication of cells for testing in contractor laboratories and at
ANL. Eagle-Picher has continued to use two layers of BN felt as
electrode separators in its cells, whereas Gould has concentrated
its efforts on MgO powder separators, which are believed to offer
a near—-term cost advantage but are in a somewhat less advanced
stage of development.

SUMMARY

Molten Salt Cell Research

Electrochemical Characteristics of Li~Alloy and MS) Electrodes

Electrode characterization studies continued in the identification of
electrodes suitable for advanced high-performance battery cells. The approach
is to evaluate the electrochemical characteristics of the electrodes and the
effects that various design and operating parameters have on performance, as
well as to investigate voltage losses and voltage-loss processes 1n the elec-
trodes. The advanced electrode materials studied in this work were Li-Si
alloys and FeSp. The performance characteristics of Li-Al and FeS cell
electrodes were also evaluated, and were used as baselines for judging the
advanced electrode materials.

Galvanostatic cycling, dc¢ pulsing, and current interruption followed by
potential relaxation were the principal techniques used to characterize elec-
trode performance. The experimental cell designs used included a small,



one-dimensional-electrode cell (0.7 cmz), an open compact bicell, and a sealed
compact monocell. In each of these cells, the electrodes contained current
collectors that were essentially resistance-free. Hence, electrode-voltage
losses were confined to the electrode beds and the electrode current distribu-
tion was nearly one-dimensional, i.e., it varied essentially only in the
thickness dimension of the electrode. The results of this work have demom
strated the feasibility of each of these cell designs as investigative tools
with which to characterize electrode performance. The power characteristics
of the electrodes studied varied from very good to fair, depending on the
voltage plateau of the electrode material used. Baseline performance values
were obtained from the Li-Al and FeS electrodes, the power characteristics of
which were found to be very good.

Positive Electrode Research

Several FeSy electrode designs were evaluated before one was developed
that allowed accurate and reproducible emf measurements for the FeS; + LisFeSy
phase transition. The selected electrode design used a cylindrical, semi-
sealed, BN housing equipped with a molybdenum voltage lead. The emf vs.
temperature measurements for the above transition were found to be independent
of state of discharge in the 4.9 to 31.5% region. Analysis of the data
resulted in the following equation, E(V) = 1.558 + 0.0004785 T (°C). The
experimental results indicate that reproducible data for this transition can
be obtained with increasing or decreasing temperature scans.

An in situ analytical method for the determination of the solubility of
iron sulfides in LiCl-KC1l electrolyte has been developed. It is based upon
converting the dissolved iron sulfide species to Li95 and upon the Nerstian
emf response of the LiAl/Ni352 couple to changes in s2- activity (or concen-
tration at low levels). The method has been used to determine the solubilities
of LipS and LigFeSy at 400 and 450°C, respectively, and of FeSy at 450°C.

‘ The solubility of LijS in LiF-LiCl-LiBr electrolyte was determined to be
6840 ppm at 466°C and 8700 ppm at 498°C. The experiment involved the measure-
ment of the emf of the Li-A1/Ni3Sy couple at changing LipS concentrations;
when the LisS concentration reaches the saturation value, the emf of the
couple becomes constant. After the solubility measurements were completed,
emf vs. temperature data for the Li-Al/Ni3Sy couple were obtained for elec—
trolyte saturated with LijS. Comparison of emf data for the LiAl/Nij3Ss couple
in a variety of different electrolytes saturated with LipS indicates that the
emf of that couple is independent of electrolytic composition.

Hot-Cell Microscopy Studies of Li-Al and Li-Si Electrodes

A technique was developed and used for visual observation of the surfaces
of functioning electrodes in molten salts at high temperature. The apparatus
used included a stereo—zoom microscope and a hot-stage cell apparatus that
contained working and reference electrodes. Experiments were performed with
various configurations of Li-Al and Li-Si electrodes to explore the capabil-
ities of this equipment. The resulting observations yielded some tentative
conclusions about gas evolution, agglomeration, fines production, and the
spatial distribution of the electrode reaction in regard to these electrode
systems.



Electrochemical Engineering and Cell Design Studies

Tests of 25- to 35-Ah capacity Li-Al/FeS cells were done to evaluate the
lightweight cell design proposed for the experimental cells in the computer
cell design studies. The variables investigated included thickness of positive
and negative electrodes, theoretical loading density (Ah/cm3) of the negative
electrode, and lithium concentration in the negative electrode. A 0.3 cmthick
positive electrode with a loading density of 1.4 Ah/cm3 and a Li-Al electrode
with a loading density of 0.8 Ah/ cm3 produced the highest utilization at a 3-h
discharge rate and highest peak power density at 50% state of charge.

Small-scale Li-alloy/FeSy bicells (100 cm? electrode area, 30 Ah capacity)
are being tested to determine cell performance as a function of active material
composition, negative-to—positive capacity ratio, electrode loading density,
electrolyte composition, and electrode thickness. Eight Li-Al/FeS; bicells
have been tested. Similar cells with Li-Si electrodes are also being tested.

The initial version of a computer cell-design program to predict scaled-up
cell hardware requirements for given level of performance has been completed.
This version permits a verification of the equations in the program and allows
an evaluation of its performance forecasting capability.

Equations have been developed to calculate the area specific resistance
of Li-Al and FeS electrodes as a function of electrode utilization. Calculated
values of area specific resistance agree well with the measured values except
at the end of discharge. These equations will be used in the computer cell-
design program for Li-Al/FeS cells. Attempts are being made to develop similar
equations for FeSy electrodes.

Materials Research

Studies have been conducted to characterize the Li-Al alloy reaction
with the current-collector and retainer materials of the negative electrodes.
These studies showed that the reaction rate is initially controlled by the
galvanic deposition of aluminum (from the lithium—depleted Li-Al alloy) onto
the current-collector material, which later shifts to a diffusion—controlled
reaction. The deposition and diffusion rates were determined.

Protective coatings were investigated as a means of preventing the
reaction between aluminum and the current-collector material. The most suc-
cessful coating material was TiC, which showed no evidence of reaction with
aluminum or the current-collector material.

Lithium/FeS Battery Development Program

Testing of Gould and Eagle—Picher Cells

Lifetime testing was done during the year on one group of status cells
from Eagle-Picher Industries, Inc. and Gould Inc. The Group IX cells from
Eagle-Picher showed an improvement in cycle life over the previous group,

Group VI, with a mean time-to-failure of 345, as opposed to 138 cycles. This
performance improvement was achieved by suppressing protrusion growth in the
negative electrode through reduction of the hole size in the negative—electrode
retainers. In present development cells, the hole size is being reduced
further, in an attempt to eliminate the protrusion growth entirely.



The cycle life of the Gould cells was also improved. The second group
of status cells gave a mean time-to—failure of 330 cycles, compared with 26
and 218 cycles for the previous cell groups. The average specific energies
(4-h rate) for the Eagle-Picher and Gould status cells were 90 and 80 Wh/kg,
respectively, and the peak power values at 50% state of charge were 80 and
70 W/kg, respectively. Development cells from both contractors showed
improvement in power. A Gould development cell gave 130 W/kg and an Eagle-
Picher cell gave 104 W/kg. These results were achieved by using larger
feedthroughs to lower the ohmic cell resistance.

The characteristics of cells that are continued on cycle after short
circuits have developed are being studied. Individual cell tests are carried
out to simulate continued operation of a series—connected battery after cell
failures have occurred within the battery. Initially, the cell voltage goes
negative only near the end of discharge, and the heat generation for discharge
and charge is that of a normal, non-shorted cell. With continued cycling
(40-190 total cycles as a short-circuited cell), the negative voltage persists
for longer periods during discharge and heat generation peaks at 100 W on
discharge (three times normal), and at 40-50 W on charge (normally zero).

With continued cycling (up to 270 total cycles in the short-circuited condi-
tion), the cell reaches an end state with heat generation of 40 W on discharge
and 20 W on charge.

ANL Cell Research and Development Program

For state-of-the-art cells resistance mapping measurements were made to
determine the resistances of the various current-carrying elements of the cell,
to determine component design improvements that will lower cell resistance,
and to fabricate and test higher-power cells with the lower-resistance
components.

Thermal (freeze-thaw) cycling studies were completed on four engineering-
scale Li-Al/FeS bicells with BN felt separators that were either untreated or
treated with LiAlCl,; or a magnesium acetate solution as a separator-wetting
agent. All cells except the one containing the untreated felt exhibited good
capacity stability.

The program goals for the lithium—alloy/FeS electric—vehicle cells are
to develop cells of 150 to 350-Ah capacity, specific energy of 125 Wh/kg at
the 3-h discharge rate, peak power of 185 W/kg at 50% state of charge, and a
500-cycle mean time-to-failure. Development of such high performance cells
requires that particular attention be given to energy—power trade-off studies
and to cell designs that improve cycle life. A summary of these trade-off
studies is presented. It was concluded that none of the basic state-of-the-art
cell designs is sufficient to meet both the specific-energy and the specific-
power goals. Improvements are needed in the electrode compositions, to
provide higher specific capacity (Ah/g) and/or higher average discharge
voltage and better power characteristics.

Post-Test Analysis of Gould and Eagle-Picher Cells

Post-test examinations have been completed of the Eagle-Picher Group I,
III, VI, and IX status cells and the Gould Group I and II status cells. 1In the
Eagle-Picher cells, two major failure modes were identified: (1) formation of



Li-Al protrusions that penetrated the BN felt separator and contacted the
opposing electrode and (2) extrusion of positive electrode material at the
electrode edges as a result of ruptured retainers. The latter failure mode
was eliminated by adding an additional retainer around the edges of the elec-
trodes. Studies indicate that Li-Al protrusions can be prevented by adding a
fine mesh screen to the normal photoetched retainer on the electrode faces.

The major cause of failure in the Gould cells was penetration of the
Mg0O powder separator by material from the positive electrode. This condition
limited the cycle life to 300-500 cycles.

Metallographic examinations revealed that the Li-Al alloy forms a con—
nected, porous structure that remains relatively stable throughout cell life
(>1000 cycles).



I. INTRODUCTION

Argonne National Laboratory (ANL) and its subcontractors are developing
high-performance lithium-alloy/iron sulfide batteries for electric-vehicle
propulsion and for electric-utility system energy storage or storage of energy
produced by solar, wind, or other variable sources. The major emphasis, how-
ever, has continued to be on the electric-vehicle application. The widespread
use of electric vehicles would offer the dual benefits of petroleum conserva-
tion and air pollution reduction in congested areas.

During the fiscal period of this report, the research activities of the
program were performed at ANL under direction of Lawrence Berkeley Laboratory
(LBL) as lead laboratory. Sandia National Laboratories (SNL) provided the
lead function for the cell development and testing activities, which were
conducted by ANL and two subcontractors—-Eagle-Picher Industries, Inc., and
Gould Inc.

The cells that are now under development consist of lithium—alloy negative
electrodes, FeS or FeS) positive electrodes, boron nitride (BN) felt or MgO
powder separators, and a molten—salt electrolyte. The LiCl-KCl eutectic elec-
trolyte used in earlier cells has been replaced by other compositions, such as
"LiCl-rich" LiCl-KC1l (typically, 67 mol % LiCl), LiF-LiCl-KCl, or LiF-LiCl-LiBr.
To ensure that the electrolyte remains in a fully molten condition, the cells
are customarily operated at a minimum temperature of approximately 430°C.

The details of the electrochemical reactions and the cell designs have
been given in preceding reports of this series. The present Li-Al/FeS cells
are in a relatively advanced stage of development, and their overall perfor-
mance capabilities are summarized as follows: specific energy, ~100 Wh/kg at
the 3-h discharge rate; peak specific power, ~130 Wh/kg at 50% state of charge;
cycle life, 300-500 deep discharges. In designing a cell for a specific appli-
cation, some trade-offs are possible between the specific energy and specific
power.



IT. MOLTEN SALT CELL RESEARCH

The objective of this program is to meet the performance and lifetime
goals for advanced lithium—alloy/iron sulfide electric-vehicle battery cells.
These goals are considerably higher than are achievable with the present
Li-alloy/FeS cells. The general approach to be used in this research is to
utilize more energetic materials in the positive and negative electrodes,
thus obtaining higher cell voltages and capacities. The corrosion rates of
these more energetic materials will be evaluated through post-test examina-
tions of experimental cells. A computer program is being developed to pro-
ject the performance of full-scale electric-vehicle battery cells, based on
polarization data and other information from small-scale experimental cells.

A. Electrochemical Characteristics of Li-Alloy and MS; Electrodes
(L. Redey and D. R. Vissers)

1. Electrode Characterization Techniques

The electrode performance was characterized in these studies by using
the dc-pulse and/or the dc current-interruption, potential-relaxation (CIPR)
technique. In the dc-pulse technique, the voltage-loss characteristic of the
electrodes was investigated by applying a discharge pulse current to the elec-
trode and observing, by use of a reference electrode, the resulting potential
drop in the respective working electrodes. The pulse duration was usually
15-30 s. With the CIPR technique, the discharge current was interrupted and
the potentials of the electrodes were permitted to relax from their under-load
values. Using the reference electrodes, the relaxation of the electrode potemr
tials and the cell voltage were measured, principally in a l-ms to 15-s time

frame, after current interruption. The fast component of the relaxation (ﬁlms)
is believed to be characteristic of the ohmic component of the overpotential,

whereas the 15-s relaxation value (;153) includes a slow relaxation component
(npt) where

NAt = M15g — Nims (1)

The npt value relates to the processes that relax and reveal transients
in the cell in the time window being observed, such as the electron— and mass-
transfer processes, which are influenced by the transmissiomline effects.
Although the 15-s value represents only “70-907 of the entire, long-term (10-
12 h) voltage relaxation, it can be used conveniently in obtaining experimental
data undfr conditions that are theoretically relevant for electrode character-
ization.

Normalizing the partial relaxation values (ﬁt) for current density
gives the area-specific resistances, ASR¢ (ﬂ—cmz). These values are almost
independent of the current density in the lower current-density range (0-200
mA/ cm? ) and, therefore, can be used in comparing the behavior of different
electrodes and cells.



2. Electrochemical Characterization of Baseline
Electrode Materials

The advanced state of development and the extensive specific-energy
and power characterization of the Li-Al/FeS cell make the electrodes of these
cells and their performance characteristics ideal baselines for judging the
performance characteristics of other positive and negative electrode materials.
Consequently, work to develop such baseline information on the Li-Al and FeS$S
electrodes was carried out during the past year.

A specially designed, compact, prismatic bicell equipped with
reference electrodes was used to investigate the voltage losses that occur
within the electrodes of the Li~-Al/FeS cell. A detailed description of the
cell design was presented earlier.2 The plate area of the electrodes was
53.44 cm? and the current collectors consisted of heavy, 0.18-cmthick sheets
of nickel chosen to minimize the ohmic voltage drop in the plates. Conse-
quently, electrode-voltage losses are confined to the electrode beds and the
electrode current distribution is nearly one-dimensional, i.e., it varies
essentially only in the thickness dimension of the electrode. An important
consequence of the one-dimensional current distribution is that the electro-
chemical reaction across the face of the electrode is much more uniform; thus,
the equalizing currents are greatly reduced.

Pulse-current investigations of the Li-Al/FeS bicell indicate that
both the Li-Al and the FeS electrodes are capable of delivering very high
current densities, even in the 1-1.5 A/ cm? range, during 15-30 s current
pulses (see Figs. 1 and 2). As in any cell system, the electrode materials
reveal the general characteristics of the electrodes, namely, the polarization
potential sensitivity at any given current density varies with the utilization.
The data shown in these figures indicate that the power characteristics of the
Li-Al electrode are somewhat superior to those of the FeS electrode.

Area-specific~resistance (ASR) values for the Li-Al and FeS elec-
trodes were evaluated using the CIPR technique. Electrode thicknesses were
0.16 and 0.26 cm for the FeS electrode and 0.30 and 0.49 cm for the Li-Al
electrode. The ASR values were determined under various comnstant-current
conditions as a function of state of discharge and near steady-state con—
ditions (i.e., during a constant-current discharge). The ASR values corre-
sponding to a current density of 43, 60 and 270 mA/cm? are shown in Figs.

3 and 4 for the FeS and Li-Al electrodes, respectively.

An important observation in this work is that thicker electrodes
seem to possess more favorable high-power discharge characteristics than the

thinner electrodes.

3. Li-Si Electrode Characterization

Electrochemical characterization studies of advanced electrode
materials are being carried out, using small working electrodes with one-
dimensional current distribution. The details of the one-dimensional elec-
trode, which ensure that a uniform current distribution is generated across
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the face of the electrode, are given in Fig. 5. The observed power charac-
teristics, polarization, voltage-relaxation values, and calculated ASR of such
electrodes can be used to investigate the effects of various parameters on
electrode performance, without the hindrance of current-collection problems
or the need for compact cell construction.

W.E. EXPANSION MONITOR

WEIGHT

Fig. 5.
t
One-Dimensional Electrode
W.E. LEAD Configuration (W. E. = working
electrode; R. E. = reference
/
P electrode; C. E. = counter
BN electrode)
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The present one-dimensional electrode design has evolved through
several stages. In the initial studies with the one-dimensional electrode,
the actual IR-voltage drop that developed in the electrolyte between the ref-
erence electrode Luggin capillary and the face of the working electrode was
calculated based upon the electrode geometry and specific conductance of the
electrolyte, and was therefore somewhat uncertain. In the improved technique
now being used, the actual IR-voltage drop in the electrolyte is monitored
continuously by two properly located reference electrodes. Another recent
improvement in the design provides a nearly constant thickness of the working
electrode, which is operated under constant mechanical load (0-500 kPa). The
bed thickness is monitored to a resolution of *10 um, assuming negligible
expansion at the front electrode surface. The electrode bed pressures can be
monitored to a resolution of *10 kPa.
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Results from the one-dimensional electrode studies indicate that the
Li-Si electrode operates well over a wide range of lithium compositions. Two
such electrodes and their performance are described in Table 1. It is inter-
esting that the ASR values decreased with increased electrode thickness. 1In
operating the electrodes, (1) the ASRjs5g values increased on the respective
Li1-Si voltage plateaus as lithium was discharged from the electrode, and (2)
a sharp drop in the ASRj5g5 values was observed as the discharge reaction
shifted from one plateau to the next (see Fig. 6). Anomalous (very high) ASR
values observed after extended cycling are believed to have resulted from an

electrolyte-level problem caused by breakage of the inmer Al303 crucible (see
Fig. 5).

Table 1. Preliminary ASR)55 Values for Li-Si Electrodes

at 460°C
ODE-20 ODE-21
Li-Si Electrode
Thickness, cm 0.6 0.4
Capacity
kC 1.81 1.15
kC/ cm3 4.24 4.04
Approximate
Electrode
Compositions ASRj55 Values, a-cn?
Li3, 1751 0.2778 (0.374)b 0.514¢
Lij 581 0.347 (0.450) 0.704
Lig 2Si 0.277 (0.380) 0.588
Lij, oS1 0.443 (0.530) 0.871
Lij, 781 0.390 (0.550) 0.595
Lig,9581 0.600 (0.730) 1.100

4pischarge number 4, 42 mA/cm2.
bDischarge number 8, 100 mA/cm?.
®Discharge number 2, 42 mA/cm2.
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indicate good power characteristics on all but the Lij_ 7;Si-Si plateau. The
poor power characteristics probably resulted from the formation of elemental
silicon on the surfaces of the Lij 71Si particles. Lithium solubility and
diffusion in silicon are both very low.

Post-test examinations of the electrodes indicated the formation of
an extensive, uniformly distributed corrosion layer on the nickel Retimet cur-
rent collector (see Fig. 8), but separate from the nickel base metal. The
gradual formation of this layer could be responsible, in part, for the observed
increase in the ASRj55 values with cycling. Further studies are being carried
out to determine the composition of the corrosion-layer material.

4.  Li-Si/FeSy Sealed Compact Cell Studies

The objective of these studies was to evaluate the performance
characteristics of the Li-Si and FeSs electrodes in sealed, compact cells.
The cell design used in this work was changed from that of an open, compact
bicell, which utilized two positive and two negative electrodes in a parallel
array,é to that of a sealed, compact simple cell, or monocell design with one
positive and one negative electrode (see Fig. 9). Although the current col-
lectors used in the respective electrodes of the compact monocell are the
same as those used in the bicell, the elimination of the parallel electrode
design should tend to maintain the one-dimensional current distribution and
ensure a more-—uniform current distribution on the faces of the respective
electrodes. With the parallel plate design, slight resistance variatioms
in the charge (ion or electron) transfer system could cause significant
differences in the current density on the negative or positive plates.

The use of a sealed cell design to avoid sulfur loss at the cell
operating temperature does create a problem for the electrode characteriza-
tion studies. Because these studies require the use of the Ni/Ni3Sj refer-
ence electrode-thermocouple double sensor, and because a sealed feedthrough
. for the sensor did not exist, it was necessary to develop a suitable device
for the purpose. Such a semi-elastic seal between the metal cell can and the
alumina tube of the reference electrode has been developed by using a 1/8-in.
(A3 mm) Swagelok fitting, in which the front ferrule is removed and replaced
with several loops of BN yarn.

A description of the first sealed monocell, MC-1, is given in Table
2. The cell was fabricated in the partially charged state, and nickel Retimet
was used in the negative electrode, to improve current collection and morphol-
ogy of the Li-Si electrode.

Characteristic potentials and ASRj55 values for the respective
electrodes of Cell MC-1 are shown in Figs. 10 and 11 for 37 and 74 mA/ cm?
discharges, in that order. The reproducibility of the measurements is excel-
lent, and the measurements indicate that in the FeSy + LijFe3S4 transition
region, significant ASR]s55 values develop in the FeSy electrodes. The ASR]S5g
values for the Li-Si electrode are similar to those observed in the one-
dimensional electrode studies.

During charge (18.5 mA/cmz), the ASR]5g5 values (see Fig. 12) are
similar to those that were observed earlier for the Li-Al/FeS cell.3
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Li-Si ELECTRODE\ e Fig. 9.
(IN Ni RETIMET )~
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Mo FRAME — |
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Table 2. Description of Monocell MC-1
FeS) Li~si
Electrode Electrode

Area, cm? 53.44 53.44
Thickness, cm 0.3 0.5
Capacity, kC (Ah) 64.8(18) 97.2(27)
Loading Density, kC/cm3 4.0 3.64
Current Collector Plate

Thickness, cm 0.62 0.5b
Initial Charge State LigFeS2 LioSi

3plate made of molybdenum.
bPlate made of nickel.
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Although the electrodes in MC-1 have not been optimized for thickness
or loading density, their performance characteristics are very reproducible.
The ASR)s5g values of the Li-Si electrode are very similar to those that might
be predicted from the one-dimensional electrode studies, suggesting that this
technique can be used to evaluate the effects of various parameters on the
performance of the respective electrodes. Further optimization of the Li-Si
“and FeSy electrodes is necessary before valid comparisons of their perfor-
mance can be made with the baseline values of the near-optimized Li-Al and
FeS electrodes.

B. Positive Electrode Research
(Z. Tomczuk and D. R. Vissers)

1. Emf Measurement of FeSy Electrode Phase Transitions

As Li-Al/FeSy cells are discharged, the positive electrode
undergoes a series of phase changes, which are in the sequence
FeSy + LigFe9S4 + LigyyFe1-4xS2 (x = 0.2) + Fej-xS + LigFeSy + LiyS + Fe
During the same time, the LiAl electrode undergoes a single phase change that
is the formation of a-Al from B-LiAl. The emf values of the tramsitions that
take place in the FeSy electrode vs. a-Al + B-LiAl as a function of temperature
must be known if a complete thermodynamic description of the Li-Al/FeS; system
is to be developed. Therefore, the efforts of the past year have been directed
toward obtaining this information. However, as the experimental work was
begun, it became clear that there were difficulties in obtaining reliable data
for the FeSy + LijFepS, transition. Consequently, much of the past year's
effort was directed toward developing a suitable cell design for making the
emf measurements.
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Various cell designs were used in this effort. The first was
identical to that, previously described, for the FeS electrode measurements.%
However, this design was abandoned after three identical cells failed to yield
reproducible emf data. One common characteristic of these cells was that the
enf drifted at a given temperature, perhaps as a result of high self-discharge
rates. In each case, post-test examination found metallic particles exterior
to the positive electrode housing; it seems possible that short—-circuit paths
were generated between the electrodes by the formation of metallic bridges,
causing drifting emf values.

To circumvent the problems associated with the earlier FeSy electrode
designs, the design was changed to restrict the area of the interface between
the electrode bed and the bulk electrolyte of the cell. In this design, the
positive electrode housing was constructed from two threaded ATJ graphite
cylinders which, when joined, formed the electrode housing and generated a
Luggin capillary for the electrode. The partially slotted-thread design
permitted continuous variation of the cross-sectional area of the Luggin
capillary at cell operating temperature, by simply changing the extent to
which the upper cylinder section of the electrode housing was threaded into
the lower. The lower graphite cylinder in the design was mounted rigidly to
a molybdenum base plate, and a 1/4-in. OD molybdenum rod attached to the upper
cylinder served as the voltage lead for the electrode.

Reproducible emf data for the FeSy + LijFepS, phase transition were
obtained with this design. However, data were still not reproducible from cell
to cell; for example, at the same temperature, the emf values differed by as
much as 40 mV. As with the earlier cells, metallic particulate material was
found external to and in contact with the graphite housing, suggesting that a
"mixed potential” value was being measured, rather than the emf value for the
equilibrium phase transition.

To avoid the mixed potential problem, the FeSy electrode housing was
~constructed from BN, an electronic insulator (see Fig. 13). With this new
electrode design, it has been possible to obtain reproducible emf data at
different temperatures and from cell to cell.

A total of 21 data points were obtained in these studies, at various
states of discharge over the temperature range of 382 to 455°C. The experi-
mental results are shown in Fig. 14 and can be represented by the equation

E(V) = 1.5558 + 0.0004785T(°C) (2)

The correlation coefficient for the data represented by this equation is 0.996.
The data points used were all from long-term measurements (>100 min at given
temperature, with emf fluctuations of less than 0.1 mV over the time period).

The experimental points are numbered consecutively in Fig. 14.
They indicate that reproducible data were obtained with measurements made for
increasing or decreasing temperature, as well as at increasing state of dis-
charge. The theoretical states of discharge of the electrode for the respective
points were: points 1-8, 4.9%; points 9-13, 5.9%, with point 9 being obtained
at the same temperature as point 8 (the difference in emf between these points
was 0.16 mv); points 14-16, 13.37%; points 17-18, 15.8%; point 19, 16.8%; point
20, 28.9%; and the last point, 21, was obtained at 31.5%. At point 21, the
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cell had been discharged into the LijFe2S4 + Lig4yxFe1-xS2 (x = 0.2) + Fe]—S
region. However, before reliable emf values could be obtained as a function
of temperature, the BN housing shattered, resulting in a short circuit. There-
fore, the cell test had to be terminated. The BN shattered as a consequence of
the forces generated in the housing by the expansion of the electrode materials
during the discharge. 1In this electrode, insufficient volume has been provided
for the expansion created by the FeSy + LigFejS, transition.

The results of this work indicate that accurate and reproducible emf
Vs. temperature data can be obtained for the FeSyp + LijFesS, transition if the
proper experimental techniques are used. These measurements indicate that the
data are independent of state of discharge within the FeSs + LisFe»S4 region
and, therefore, provide additional support for the phase diagram and coulometry
data previously reported.4 The positive temperature coefficient of this tran—
sition emf (see Eq. 2) indicates that the entropy change for the transition
results in a significant entropic heat absorption process for the discharge of
the electrode (0.3340 W/A); this phenomenon will aid greatly in the thermal
management of a Li-M/FeSy battery during discharge.

2. Solubility of Iron Sulfide in LiCl-KCl Electrolyte

The positive electrodes of Li-Al/FeS and Li-Al/FeSy cells both
undergo a series of phase changes as they are ultimately discharged to LijS
and iron. With the exception of LisS, the solubilities of these phases as a
function of temperature were not known quantitatively. Qualitatively, the
solubilities must be low at cell operating temperatures because the cells
exhibit low self-discharge rates. However, from both practical and theoret-
ical points of view, it is important to know what these solubility values are
in LiCl1-KCl eutectic electrolyte. Hence, effort was directed during the past
year toward the development of an analytical technique that would allow quan-
titative determinations of the solubility values of the iron sulfides.

‘ The analytical method developed is an in situ method and is based on
the Nernstian response of the emf of the Li-A1/Ni3S) couple to changes in the
LigS activity (or concentration at low levels). An important advantage of
this method is that it eliminates the problems associated with obtaining a
representative sample and the handling difficulties, such as keeping the sample
in a moisture-free enviromment. 1In addition, the method is accurate for low
levels (25 ppm) of sulfide; most wet chemical methods either will not measure
such low levels or are very difficult to execute if accurate results are to
be obtained.

The analytical method can be used for most metal sulfides and
involves the following steps: (1) equilibration of the liquid LiCl-KCl with
the desired solid metal sulfide, (2) removal of the undissolved metal sulfide
from the electrolyte, (3) reduction of the metal sulfide in solution by LiAl,
to yield LijS and the metal, (4) formation of Ni3Sy by anodizing a nickel rod,
which is placed in the melt after the reduction step is completed, and (5)
measuring of the emf for the Li-Al/Ni3Sy couple. The LiS concentration in
solution is then determined, using a working curve generated previously. This
method was used to determine the solubilities of LigFeSy (an intermediate phase
in both the FeS and FeSy electrodes) and Li2S, as well as to investigate the
solubility of FeS9 in LiCl-KCl eutectic electrolyte.
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The working curve was obtained by measuring the emf of the Li-Al/
Ni3jSy couple for known LisS concentrations, which were generated by adding
weighed amounts of LisS to the LiCl-KCl electrolyte. The Ni/Ni3S) electrode
was formed by anodizing a Ni-200 rod (0.6 cm dia, 10 cm? area), using an
intermittent anodic current (n10 pA/cm?, ~0.1 C/cm?). The emf of the
Li-Al/Ni3Sy couple was measured about four hours after each addition of LijS
at 400°C, then measured again after the temperature had been increased to
450°C. The stability of the observed emf value was within 1 mV for >16 h.
For the LijgFeSy and FeS2 solubility measurements, ~1 g of LijFeSy or FeS3
powder was placed within a molybdenum cup, where the powders were confined by
the use of 100 mesh molybdenum screen and zirconium cloth. The equilibration
time at temperature was ~300 h and the reduction time with Li-Al was ~70 h.
These times were chosen arbitrarily and probably could be reduced significantly
if the solutions were stirred. However, because of possible contamination, it
was decided not to use stirring in this study.

The working curve obtained is shown in Fig. 15, and it supports the
claim of Redey and Vissers4 that the Ni/Ni3S» electrode potential obeys the
Nerst equation. From the breaks in the curves of Fig. 15, the solubility of
LizS in LiCl-KCl eutectic was determined to be 780 ppm at 400°C and 980 ppm
at 450°C. These values agree well with those obtained by the cyclic voltam—
metric procedure.5 Cyclic voltammetry was tried but could not be used for the
iron sulfides because of the competing reaction of iron and LigS, which takes

1500

; [ | I | | [

W 1480 [— (o) Lizs. T=450°C _|
§ O Li,S, T=400°C

& 1460 [— —
o

- 1440 — —
W

o

O 1420 — —
w

@

w 1400 — —
[T

7y

* 1380 |- —
<

® 25 50 100 250 500 1000 1500
g LigS* ppm

-

S B N N R N
E 1073 21073 . 51073 1072 2.10"2 s.0-2

a

st™» mol/L

Fig. 15. Emf vs. Li3S Concentration for the
Li~A1/Ni3Sy Couple



23

place in the same potential region where LijS is oxidized. The concentrations
of LigyS generated from the dissolved LijsFeS; were 2.06 + 0.14 x 1072 mol/L at
400°C and 2.28 + 0.16 x 1072 mol/L at 450°C. The LiyS generated from dissolved
FeS; at 450°C was 1.02 + 0.09 x 10~2 mol/L.

The analytical data obtained for LijFeS) were used to calculate the
free—-energy change for the reaction,

LisS + FeS + LigFeS) 3)
Our analytical results yield values of 1.5+ 1 and 2.6 + 1.0 kJ at 400° and
450°C, respectively. Because these calculated free-energy values agree well
with those derived earlier using emf data obtained with the FeS electrode,b

the analytical method appears to be producing satisfactory results.

3.  Solubility of LiS in LiF-LiCl-LiBr Electrolyte

Work with the LiF-LiCl-LiBr electrolyte in the past year was directed
toward completing the LisS solubility measurements in the different molten-salt
electrolytes and determining the emf-vs.-temperature characteristics of the
Li-A1/Ni3S) couple in the different electrolytes saturated with LigS. These
experimental values are important in providing information on how the elec-
trolyte composition affects the electrochemical characteristics of FeS and
FeSy electrodes. In the previous year,7 the solubility of LisS in the elec-
trolytes was shown to increase in going from KCl-rich LiCl-KCl to LiCl-KCl
eutectic, and then to LiCl-rich LiCl-KCl. The corresponding emf vs. tempera-
ture curves for the LiAl/Ni3Sy couple in these electrolytes saturated with LijS
were also reported.

The general procedure in making the solubility measurements consisted
of adding a weighed amount of LijS to the LiF-LiCl-LiBr electrolyte, allowing
sufficient time for dissolution of the added LijS, anodizing a Ni-200 rod to
form Ni3Sy, and measuring the emf of the Li-Al/Ni3Sy couple. At the end of
each measurement, more Li)S was added and the procedure was repeated until the
electrolyte contained LisS in excess of saturation. The Li-Al electrode for
these tests contained ~2.0 g of Li-Al alloy (~38 at. Z Li) and had a nickel
current lead to eliminate any possible thermal emf contribution to the mea-
sured emf. The time required to reach equilibrium emf value after formation
of NijSyp was typically 20 min, and the emf value was stable at a given tem
perature for periods >1 h. The amount of Ni3Sy formed ranged between 1 and
10 coulombs. The temperatures tested were 466 and 498 °C.

The experimental results for the solubility determination are shown
in Fig. 16, in which the break points in the emf vs. log LisS concentration
relationship occur at 6840 ppm at 466 °C and 8700 ppm at 498°C. These values
represent the solubility of LigS in this electrolyte at the respective
temperatures. The observed potential changes of 76.4 and 70.1 mV per decade
change in S2~ concentration (or activity) at 498 and 466 °C, respectively,
agree well with those predicted for a two—electron change, namely 76.5 and
73.3 mV at the respective temperatures.
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The measured solubility values agree well with those predicted from
thermod ynamic calculations® (6350 ppm at 466°C and 8775 ppm at 480°C). 1In
making these thermodynamic calculations, the known solubility values of LisS
in LiCl-KCl eutectic are used as the starting point. The activity of LigS is
then calculated, as are changes in the composition of the electrolyte from
LiCl-KCl to LiF-LiCl-LiBr electrolyte.

The horizontal portions of the curves in Fig. 16 yield the emf of
the Li-A1/Ni3So couple in electrolyte saturated with LijS at 466 and 498°C.
In order to establish the emf vs. temperature curve for the Li-A1l/Ni3Sj couple
in LijS-saturated electrolyte, additional emf data were obtained in the tem—
perature region of 462 to 520°C. The experimental points resulting from these
measurements, as well as those at 466 and 498°C, are shown in Fig. 17. A
linear regression analysis of the data shown in this figure was made, and
the data were fit by the equation:

E(mV) = 1.365 + 0.092T(°C) (4)

The emf data obtained in this electrolyte saturated with LijS compare well
with those obtained in different electrolytes; this comparison is made at
temperatures of 400, 450, and 500°C. The data in Table 3 clearly indicate
that the emf of the Li-A1/Ni3jSy couple for a given LiS concentration is
unaffected by electrolyte composition. This excellent agreement is con—
sistent with the x-ray diffraction findings that Ni3Sp is the only nickel
sulfide phase formed for the different electrolyte compositions tested.

*performed by M. L. Saboungi, ANL.
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Fig. 17. BEmf vs. Temperature Curve for the Li-Al/Ni3S)
Couple in LiF-LiCl-LiBr Saturated with LijS
(circles were obtained when temperature was
increased, squares when it was decreased)

Table 3. Emf Data for the Li-A1/Ni3S2 Couple in Different Electrolytes
Saturated with LijS

Emf, V vs. Li-Al

Electrolyte (composition in mol %) 400 °C 450 °C 500 °C
LiCl-KC1l (58.2-41.8) 1.3647 1.3688 1.3729
LiCl-KCl (49.1-50.9) 1.3648 1.3682. 1.3715
LiCl-KCl (69.6-30.4) 1.3651 1.3688 1.3724
LiF-LiCl-LiBr (22-31-47) 1.3628 1.3675 1.3721

The emf data in Table 3 were used to calculate the free energy of
formation of Nij3S, at 700 K. For this calculation, the overall cell reaction
is

4LiAl + Ni3S9 + 2L1i2S + 3Ni + 4Al (5)
and the available thermochemical data for LipS and LiAl were used .8:9 This

calculation yields a free energy value of -196.73 kJ/mol, which is in excellent
agreement with the reported value of -195.23 kJ/mol .10
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C. Hot-Cell Microscope Studies of Li-Al and Li-Si Electrodes
(A. K. Fischer and D. R. Vissers)

To study processes involved in the morphological changes of the Li-Al and
Li-Si electrodes, microscopic observations were made on functioning electro-
active Li-Al and Li-Si structures. The in situ technique developed for these
studies uses a cell with a quartz viewing window that is out of contact with
electrolyte and is protected from condensing vapor during nonviewing periods
by a shutter. Figure 18 is a photograph of the complete apparatus, showing
the American Optical Stereostar Model 590X microscope and hot-stage cell.

Fig. 18. Hot-Cell Microscope Apparatus

The hot cell used working electrodes of either cast aluminum or a silicon
block or powder; the counter and reference electrodes contained a powdered
ct-Al + 3-LiAl. Consequently, all voltages cited in this work are relative to
a-Al + 3-LiAl. To perform the experiments, the cell was loaded with its elec-
trodes and electrolyte in a high-purity helium-atmosphere glove box. The
assembled cell was gas-tight and contained the glove box atmosphere. For the
electrochemical operations and visual observations, the cell was then trans-
ferred from the glove box to a bench-top furnace. A slightly positive pres-
sure of the inert atmosphere was maintained in the cell with an inert gas
supply system.

1. Cast Aluminum Electrode Studies

The working electrode in these studies was cast in a stainless steel
cup. The first electrode in this series contained 510 mg of aluminum and had
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an area of 0.98 cm®. This electrode was charged initially with lithium at

20 mA/cm? to a voltage cutoff of 22 mV (IR-free). Gas bubbles evolved from
the surface when the experiment was started, and the surface appeared dimpled
within the first 10 min. As deposition proceeded, the surface became gray

and dark nodular spots appeared. The reaction product at the edges rose as

a ridge, and appeared spongy. After the first discharge, in which 647% of the
initially charged lithium had been removed from the electrode, the electrode
was recharged. The cutoff of the second charge was -72 mV (IR-free), and
nearly ten times as much lithium was deposited as in the first charge. During
this charge, particles flaked off the surface. Tentacular roughness on the
edges from the reaction product disk tended to break off easily, and the frag-
ments drifted away into the electrolyte. Overall, the reaction—product disk
appeared coherent, despite the loss of small particles. It protruded well
above the stainless steel cup and broke through the electrolyte surface.

This upward growth resulted from the volume changes associated with the
formation of B-LiAl from a-Al.

A similar experiment with a cast aluminum-block electrode (1.63 g Al,
1.12 cn?) was performed without any attempt to cycle. In this experiment,
lithium was deposited to a higher cutoff potential, -200 mV. 1In the early
stages, current densities of 18, 45, and 67 mA/cm? were used. Within 5 min
at 18 mA/cmZ, a visible ridge, with cracks, developed on the circumference of
the disk. After further growth at 45 mA/cmZ, this material appeared granular,
but remained coherent when the furnace and cell were deliberately vibrated. 1In
contrast, after the final high-current, high-overpotential portion was over,
fine gray powdery material floated on the electrolyte and was heaped alongside
the electrode. In the last stages of this experiment, the nominal current
density was approximately 100 to 150 mA/cm?, depending on how much of the
expanded disk protruded above the electrolyte.

In a third experiment, a 310-mg aluminum-block electrode covered with
a screen was used to examine a condition corresponding more closely to that in
a developmental cell in which screens cover the electrode faces; the particular
intent was to seek information on morphological events at the screen/electrode
interface. The reaction depth within the aluminum cylinder was uneven, because
the electrode was partially immersed and was tilted. During the first charge
cycle, which proceeded in 10 mA increments of increasing current from 10 to
80 mA to a cutoff of -110 mV (IR-free), expansion of the electrode ruptured
the screen. In the first discharge, where an electrode potential of +62 mV
was reached, the edge of the Li-Al disk became roughened and scalloped, but
there was no fragmentation of material. Subsequent charges and discharges
(7-1/2 cycles) proceeded to final electrode potentials of -200 mV and 62 nV.
Early in the second charge, the edge of the disk showed protrusive strands and
some separation of these features was observed. At the end of this charge,
granular reaction product in the main electrode area had begun to grow around
the ends of the screen wires. In later charges, considerable amounts of Li-Al
reaction product were seen separating from the submerged portion of the elec—
trode and moving past the ruptured screen. A pile of this material accumulated
on the bottom of the vessel, under the electrode. At the end of the fifth
charge, fine, drifting Li-Al material almost covered the screen. Coverage was
complete in the lower region of the screen at the end of the experiment.
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2. Li-Si Electrode Studies

To investigate the processes involved in the morphological develop-
ment of the Li-Si electrode, a powder electrode containing 55.1 mg of silicon
(see Fig. 19A) was charged at a constant current of 20 mA. During the early
portion of the first charge, where Lij 71Si was being formed, the material in
a sharp zone next to the screen was being displaced upward by the expanding
reaction product (Fig. 19B). As the reaction progressed, the electrode cavity
was slowly filled with the expanding electrode bed (Fig. 19C). By the end of
the Si + Lij;, 77Si plateau, the particle bed was nearly level with the top of
the cavity. A mound formed during the charge process on the next plateau,
Liy, 7181 + Lip 3351, as illustrated in Fig. 19D. Particles on the side of
the mound remained in place during vibration. The electrode potential at this
point was -1.18 mV.

C D

Fig. 19. Schematic of Cross—-Sectional Side
View of Reaction Product Distri-
bution Progression in Silicon
Powder Electrode

After a discharge cycle to -6 mV, the electrode was recharged.
During this charge, a new plateau was reached at a potential of -142 mV, cor-
responding to the two—phase system Lijp 33-Li3,955i. After an overnight, open-
circuit delay, charging was resumed and the -142 mV plateau was reestablished,
during which time considerable particulate matter, resembling flakes of Li-Si
reaction product, could be seen circulating in the electrolyte around the
electrode. Next, the electrode was charged to the Lig, 955i-Lij 4Si plateau
at -251 mV; again, many flakes of Li~Si reaction product could be seen entering
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the electrolyte. During the last discharge, the potential trace went through

a series of breaks of slumping plateaus, and ended in the Lij_ 7;Si single-phase
field, although the coulomb count suggested a possibly higher residual lithium
content. These results suggest that the internal diffusion kinetics are

rather slow, or that self-discharge might have taken place.

In the second Li-Si electrode study, a 70-mg cube of silicon was
brazed in copper powder with silver solder in a stainless steel cup. This
electrode is the only one of this series that was charged potentiostatically.
There were no discharges. Estimated current densities ranged from 15 to
515 mA/cm?. Initial deposition at +30 mV (in the Lij,718i-Si two—phase
region) resulted in some cracking, accompanied by growth of a rim at the
edges of the silicon surface. 1In a series of depositions at successively
more negative potential steps, the rim became lava-like in appearance,
showing cracking but no fragmentation. During this time, the block could
be seen growing upward. The most negative deposition potential was -100 mV,
which is in the Lip, 338i-Lij, 7181 two-phase field. No powder formation or
separation of particles or fragments was observed at any time in the experi-
ment. In the final period of the charge, as the coherent electrode grew
upward, it also pulled upward some of the casting matrix around its base.
Post—-experiment metallographic examination revealed only slight indications
that lithium had deposited and reacted at the surface of the copper-silver
solder casting matrix.

The results of these different studies clearly indicate that the
hot-cell microscope technique can be used to investigate processes associated
with morphological changes of electrodes operated in molten salt. The studies
indicate, for example, that (1) gases are released when lithium is first
charged into the a—Al (these gases may be associated with absorbed helium or
H90), (2) the morphology of the electrode material formed from a single charge
cycle tends to be coherent, (3) the quantity of fines generated in the elec—
trode during cycling appears to be related to the overpotential to which the
electrode was driven during the charge cycles, and (4) the lithium—reaction
"~ front into the silicon powder electrode tends to be focused initially at the
front face of the electrode, as is predicted theoretically for electrodes in
which the electronic conductivity of the electrode material is greater than
the ionic conductivity of the electrolyte.11

D. Electrochemical Engineering and Cell Design Studies
(F. J. Martino, W. E. Moore,* and E. C. Gay)

The purpose of this task is to develop a computer model that will corre-
late the effects on performance of design and operating variables observed in
small-scale experimental cells; these data will be used to provide a projection
of the performance of full-scale cells.

1. Operation of Experimental Cells

The performance of engineering-scale cells can be predicted by means
of computer modeling, using input data from small-scale experimental bicells
(100 cm?, 20-35 Ah). Such cells are being operated, using compact, cell

*Resident Student Associate, Illinois Institute of Technology, Chicago, IL.
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designs with lightweight hardware. Initial studies have been focused on the
effects on cell performance of design parameters, e.g., electrode thickness,
loading density, negative-to—positive capacity ratio, electrolyte and elec-
trode compositions. In addition, the effect of increased lithium concentra-
tion and activity on the separator performance will be determined. Operating
variables include discharge and charge current density, cut-off voltages, and
temperature. Performance measurements include utilization, peak power, cycle
life, capacity decline with cycling, and 15-second steady-state and transient
polarization (ASR values) measurements at different states of charge.

A factorial matrix of the major variables in the present study is
presented in Table 4. Additional cells will be operated under modified com-
ditions (e.g., charge rate, charge voltage cutoff) to determine the effects
of these variables on performance.

Table 4. Variables for Experimental Cell Study

Positive Negative Negative-to—
Electrode Electrode Positive
Experiment Thickness, Loading Density, Capacity

No. cm Ah/ cm3 Ratio

1 0.3 0.8 1.0

2 0.4 0.8 ‘ 1.0

3 0.3 0.9 1.0

4 0.4 0.9 1.0

5 0.3 0.8 1.2

6 0.4 0.8 1.2

7 0.3 0.9 1.2

8 0.4 0.9 1.2

a. Baseline Li-Al/FeS Cells

To provide baseline reference data for cells using advanced
active materials (i.e., Li-Si, Li-Al-M, FeSj, NiSp), Li-Al/FeS cells with
a lightweight, high-power design were tested. Both the positive and negative
electrodes had front-face current collectors of perforated iron sheet (0.25-mm
thickness, 45% open area, 0.97~mm ID hole size) with nickel terminals inserted
into the 8.7 cm-high by 6.3 cm-wide electrodes. Boron nitride felt was used
as the electrode separator in all the test cells.
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Design variables for the first five cells tested (MNU-1 to -5)
are shown in Table 5. The cells were designed to measure the effect on per-
formance of negative electrode fabrication method (pressed vs. slurried),
MNU-1 and -2; negative electrode loading density, MNU-2 and -3; electrode
thickness, MNU-2 and -4; and electrode orientation, MNU-4 and -5. Operating
conditions for these cells included deep-discharge cycling to 0.9-V cutoff and

a charge current density of 37 mA/cm? to a 1.65-V cutoff. The cell operating
temperature was 465°C.

A summary of the performance for the five test cells is pre-
sented in Table 6. The results were as follows: (1) Cell MNU-2 produced the
highest utilization (83% at the 3-h discharge rate) and peak power densities

Table 5. Li-Al/FeS Bicell Test Parameters

MNU-1 MNU-2 MNU-3 MNU-44 MNU-54

Positive Electroded

Thickness, cm 0.31 0.31 0.31 0.41 0.41

Theor. Cap., Ah 21.6 21.6 21.6 28.7 28.7

Electrolyte vol. fract. 0.51 0.51 0.51 0.51 0.51

Load. Dens., Ah/cm3 1.4 1.4 1.4 1.4 1.4
Negative Electrodeb

Thickness,C cm 0.32 0.32 0.29 0.43 0.43

Theor. Cap., Ah 26.0 26.0 26.0 34.4 34.4

Electrolyte vol. fract. 0.45 0.45 0.39 0.46 0.46

Load. Dens., Ah/cm3 0.80 0.80 0.90 0.80 0.80

Negative/Positive Ratio 1.2 1.2 1.2 1.2 1.2
Electrolyte 54 wt % LiCl-KCl

8A11 positive electrodes are pressed; 100 cm? electrode area.

ba11l negative electrodes are slurry-formed except for those of
cell MNU-1 (pressed).

CHalf-electrode thickness.

dThe electrode orientation for cell MNU-4 was 8.7-cm height by
6.3—cm width; for cell MNU-5, 6.3-cm height by 8.7-cm width.
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Table 6. Performance Summary of Small-Scale (100 cm2)
Li-Al/FeS Bicells

MNU-1 MNU -2 MNU-3 MNU—4 MNU-5
Positive Util.,a %
6-h rate 86 87 75.5 76 75
3-h rate 83.5 83 72.5 72.5 73
1-h rate 70 ‘ 70 57 57 58

Area—-Specific Resistance,bn—cm2

3% DOD 0.50 0.49 0.63 0.66 0.62

50% DOD 0.54 0.53 0.66 0.66 0.69

Peak Power ,¢ W
3% DOD D 93 8 78 79

50% DOD 65 61 43 60 49

Deep Discharge
Qxclesd

8Approximately 35, 60, 150 mA/cmz, respectively; cycled between
0.9 and 1.65 V.

bpetermined by 1-s current interruption.
CTaken with 15-s current pulse to ~125 A.
dBased on 3~h discharge rate (v60 mA/cm?).

253 220 247 120 60

(0.92 and 0.63 W/ cm? at 3% and 50% depth of discharge, respectively); (2)
pressed or slurry-formed negative electrodes performed equally well; (3) thick
electrodes and high negative-electrode loading densities resulted in the lowest
utilizations, and (4) electrode orientation (8.7-cm height vs. 6.3-cm height)
had little effect on performance.

b. Li-Al/FeSj Cells

Experimental small-scale (100-cm2, 30-Ah) Li-Al/FeSy bicells
are being tested to determine cell performance as a function of selected
variables. The variables of interest include active material composition,
negative-to-positive capacity ratio, electrode loading density, electrolyte
composition, and electrode thickness. These cells are being operated to
determine their voltage, capacity density and capacity stability, polarization,
and cycle life.
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The entire current-collector assembly for the positive elec-
trode is fabricated from molybdenum. At present, the most reliable and easily
reproduced current—-collector design is that of a welded center sheet/rod with
molybdenum screen at the electrode faces. The negative electrode current
collector is the same as that used in the series of tests on small-scale LiAl/
FeS cells. It consists of a mechanically perforated iron sheet attached to an
iron tray to which nickel terminals have been brazed and welded. The BN felt
separator was treated with LiAlCl,, an electrolyte wetting agent. The elec—
trolyte was LiCl-KC1l eutectic. The negative electrodes were 53 at. 7 Li-Al.

Eight Li-Al/FeSz cells are now in operation; six of them are
described in Table 7. The first series of cells was limited to a 1.95-V charge
cutoff and a charge current density of 16 mA/ cm? (8- to 10-h charge rate). A
review of previous Li-Al/FeS; cell tests showed a possible improvement in
capacity retention with cycling under these conditions.

Table 7. Small-Scale (100 cm2) Li—Al/Fe82 Bicell Test Parametersd

MLBL-1 MLBL-2 MLBL-5 MLBL-6 MLBL-7 MLBL-8

Positive Electrode?
Thickness, cm 0.30 0.40 0.30 0.40 0.30 0.40

Theor. Cap., Ah 25.2 33.3 25.2 33.3 25.2 33.3

Negative Electrode

Thickness,® cm 0.29 0.39 0.36 0.47 0.32 0.42

Theor . Cap., Ah 25.2 33.3 30.1 40.1 30.1 40.1

Electrolyte vol.

fract. 0. 445 0.445 0. 445 0.446 0.375 0.376

Load. Dens., Ah/cm3 0.80 0.80 0.80 0.80 0.90 0.9
Negative/Positive Ratio 1.0 1.0 1.2 1.2 1.2 1.2

4LiCl-KCl eutectic electrolyte.
byolume fraction electrolyte was 0.651; loading density was 1.55 Ah/cm3.
CHalf-electrode thickness.

A summary of the Li-Al/FeS; cell performance is presented in
Table 8. Cells MLBL-1 and MLBL-5 were identical, except for the difference
in the negative-to-positive capacity ratio, as were Cells MLBL-2 and MLBL-6.
There is a slight improvement in the utilization for cells having a negative-
to-positive capacity ratio greater than one. Cells MLBL-5 and MLBL-7 were
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Table 8. Performance Summary of Small-Scale (100 cmz) Li-Al/FeSg Bicells

Cell No. MLBL- 1 2 5 6 7 8

Positive Util.,2 %

8-h rate - 63 70 65 67.5 62
3-h rate 59 49 60 54.5 59 48
1-h rate 44 36 48 45 40 36

Area-Specific Resistance,b Q-cm?

3% DOD - 1.11 1.20 1.10 1.14 1.24
50% DOD - 0.87 1.05 1.05 1.01 1.26

Peak Power,C W
3% DOD - 69 65 69 72 55
50% DOD - 56 40 40 35 38

Cycle Life Datad

Deep Discharges >91 >64 145 >125 >135 >150
Capacity Decline,
%/ cycle 0 0 <0.01 <0.01 <0.01 <0.01

aApproximately 35, 60, 150 mA/cmZ, in the same order; cycled
between 0.9 and 1.95 V.

bDetermined by 1-s current interruption.
“Taken with 15-s current pulse to ~100 A.

dBased on 3-h discharge rate (260 mA/cm?).

identical, except for the difference in negative electrode loading density;
the same applies to Cells MLBL-6 and MLBL-8. The cells having a negative
electrode loading density of 0.8 Ah/cm3 showed slightly higher utilization
than those cells with a loading density of 0.9 Ah/cm3. All the cells showed
good capacity retention with cycling. The capacity-decline rates were 0 to
0.01% per cycle over 64 to 150 cycles. Examples of stable capacity for these
cells are shown in Figs. 20 and 21. The low capacity-decline rates are a
significant improvement over those for Li-Al/FeS; cells tested previously
and shown in Table 9. The operating conditions for these earlier cells are
shown in Table 10. The best performers among these cells were charged at
lower rates and to lower charge voltage cutoffs, but there were a number of
exceptions.
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Table 9. Li-Al/FeS) Bicells Tested at ANL during 1977 and 1978

Specific Percent
Theor. Specific Neg./Pos. Power Capacity
Cell Cap.,2 Energy (C/4), Cycles Capacity (50% SOC), Decline
No. Ah Wh/kg Tested Ratio W/kg Per Cycle
M4 165 87 292 0.6 90 0.14
M-7 194 97 137 1.2 125 ~0.26
2A5 68.8 65.7 310 1.0 55 0.13
2B6 155 75.4 225 1.0 b 0.22
2B8 155 78.7 532 1.0 b 0.06
18H-040 117 76.5 420 1.3 b 0.04
G-04-003 207 49.4 325 1.3 b 0.10
18F-17 170 43.9 250 1.0 b 0.12
YF-1 74.6 b 663 0.8 b 0.03

8Capacity of the limiting electrode.
bpata were not available.

c. Li-Si/FeSjy Cells

In response to emphasis on alternative negative-electrode

.active materials and compositions of higher gravimetric and volumetric energy
densities, a Lij, o5 Si/FeSy cell was constructed. The active material compo-
sition for this cell was similar to that used in the monocell reported in
Section II.A.4 of this report. The cell used in the present study contained
lightweight hardware, including a molybdenum positive-electrode current col-
lector identical to that used in the LiAl/FeSy cells reported earlier. The
nickel negative electrode current collector included a nickel Retimet sub-
strate, and boron nitride felt separator and LiCl-KC1l eutectic were also used
in the cell.

The positive electrode was fabricated in the partially dis-
charged state by mixing FeSy and X-phase, and the negative electrode consisted
of LigSi powder (vibrationally loaded into the nickel Retimet substrate). The
fully charged cell should be Lij, p5 Si/FeSy, with 20% excess capacity in the
negative electrode (25 Ah, positive; 30 Ah, negative). The charged cell was
virtually identical to its LiAl/FeSy counterpart (MLBL-5), aside from the
presence of the Retimet substrate and the composition of the negative elec-
trode active material. This cell (designated MLBLS-1) is undergoing charac-
terization cycling under operating conditions similar to those used in the
testing of the Li-Al/FeS; cells (i.e., 1.95-V charge cutoff, 16-mA/cm charge
current density, 427°C operating temperature). Comparison of the Li-Si/FeSj
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Table 10. Operating Conditions for Li-Al/FeSy Cells Tested at ANL during
1977 and 1978

Coulombic Cycles Charge Initial
Cell Efficiency with >95% Cut-off Cell Vol. Fract.

Cell Operating at End of Coulombic Voltage,d Resistance, Salt in
No. Temp., °C Testing, °C Efficiency v mQ Positive
M-4 450 79.4 145 2.2 3.2 0.60
M-7 450 82.2 25 2.2 2.4 0.60
2A5 430 91.2 190 2.0-2.2 8.5 0.76
2B6 430 82.7 200 1.9-2.1 b 0.75
2B8 435 63.7 300 2.0 b 0.75
18H-040 415 90.6 375 2.2 b 0.61
G-04-003 430 76.1 100 1.95 b 0.60
18F-17 425 100 250 2.0-2.2 b 0.77
YF-1 450 74.3 350 2.1 b c

#A11 of the cells were charged at the 8-h rate except Cell YF-1, which used
" current-limited constant-voltage (2.1 V) charging over a 5-h period. All
of the cells were discharged at the 4-h rate to a 0.9~V or 1.0-V cutoff.

bData were not available.

cHastelloy B foam used in the positive electrode; porosity not available.

cells and Li-Al/FeS2 cells indicates some improvement in overall cell per-
formance with the Li-Si electrode. For example, the positive electrode uti-
lization at the 3-h discharge rate (53 mA/cm?) was improved approximately 6%
and the specific energy by 6%; the upper voltage plateau was extended from
7.5 Ah (Li-Al) to 11 Ah (Li-S8i), which is about 50% greater than the range
for the Li-Al/FeS; cell. The average cell voltage remained at approximately
1.40 V, because the second voltage plateau is lower for the Li-Si/FeSy cell
than for the Li-Al/FeSy cell. A typical 3-h discharge voltage profile for
the Li-Si/FeSy and Li-Al/FeSy cells is presented in Fig. 22. The increased
capacity of the upper plateau in the Li-Si/FeSy cell is expected to provide
improved power output through 50% DOD.
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Fig. 22. Comparison of Discharge Voltages for Li-Al and
Li-Si Electrodes

Cycling of the Li-Si/FeS) cell through 100 deep discharge cycles
showed poor capacity retention with cycling. The capacity-decline rate was
0.20% per cycle. In the post—-test examination of the cell, particular atten-
tion will be given to possible high rates of corrosion of the nickel current

~collector by the Li-Si, which would account for the high rate of capacity
decline.

2. Computer Program for Advanced-Cell Design Studies

Important factors in the design of batteries for electric-vehicle
propulsion include battery capacity, specific energy, specific power, and
power-to—energy ratio. One approach to investigation of power and energy
trade-offs is to vary the size of the current collector, interelectrode
connectors, terminals, and thickness of the electrodes in the cell. A com-
puter program for the design and optimization of Li-alloy/iron sulfide cells
has been developed with the capability of calculating voltage losses across
all of the current-carrying elements of the cell. These losses can be dis-
tributed as desired across the electrode current collectors, interelectrode
connectors, and cell terminals. Input to the program includes the usable
capacity at a given discharge rate and the power-to—energy ratio. The pro-
gram was developed on the basis of data from small-scale experimental cells
that define the effects of design and operating variables on performance.
Ohmically and electrochemically related bed resistances are calculated from
equations derived from ASR measurements taken in electrode-polarization
studies. On the basis of these data, the program projects the performance
of full-scale cells for advanced systems.
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A modular approach was used in the development of the computer design
program. This approach provides flexibility in changing active material and
electrolyte compositions, type of separator, type of current collector, cell
shape, and cell configuration. The variables are changed by merely replacing
a data pack in the program.

An approach proposed by P. A. Nelsonl? was used to develop equations
relating the ARS to cell-design variables. Resistivity of the electrode bed
is equal to ASR divided by the electrode thickness. Based on considerations
of limiting conditions and theory:

a 6)
L -U)Q1 - eV

Rt=

where Ry = transfer resistance of the electrode
U = electrode utilization
V = electrode volume

ef* = volume fraction electrolyte in the electrode in the
charged state

a = constant

Also,
612 )
Ri = —¢
Ve
where Ry = lonic resistance

8¢ = electrolyte resistivity

T = electrode thickness

An analysis of the ASR data shown in Table 11 for Li-Al and FeS$S
electrodes provided the following equations. For the FeS electrode,

0.0226 ®)
A - Up) (L - e,

ASRjs5¢ =

where ASRj5g5 = l5-second area specific resistance

Up = positive electrode utilization

Tp positive electrode thickness



Table 11. Area—Specific Resistance? of Li—-Al and FeS Electrodes Based on the LCS-Series Cells

1.CS-2 LCS-3 LCS-4

Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.
Current
Dens.,P mA/cm? 43 43 271 271 40 40 60 60 271 271
vASRISS’
n&-cm? 480 70 620 120 410 70 250 60 380 120
Electrode
Half-thickness, 0.16 0.30 0.16 0.30 0.26 0.49 0.26 0.49 0.26 0.49
cm
Loading Density,
kC/ cm? 5.0 3.5 5.0 3.5 4.0 2.8 5.0 3.5 5.0 3.5

%The data shown in this table are for 50% state of charge and were provided by L. Redey based

on studies discussed in Section II.A of this report.

bElectrode area was 106.9 cmZ.

oy
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For the Li-Al electrode,
ASRy5¢ = 0.051/(1 - Up) (9)

where Uy = negative electrode utilization. Figure 23 shows the extremely
good correlation achieved with Eqs. 8 and 9 for the ASR of the LCS-series
cells over nearly the entire discharge. The largest deviations occurred

at the end of discharge, where very high polarization was observed in the
positive electrode. Further work in this area will focus on the development
of equations to calculate ASR values for FeSy electrodes.

UTILIZATION, %
o] 25 50 75
2.0 100
{ i |
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D-138
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Yo — Fig. 23.
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AREA-SPECIFIC -RESISTANCE, Qcm?

o

NEG. ELECT. POTENTIAL RELAXATION

-0.5 |— | | I

o] 10 20 30
DISCHARGE CAPACITY, Ah

An examination of the proposed equations for the electrode-bed
resistance, Eqs. 6 and 7, and the equations derived from the multiple regres-
sion analysis of the ASR data showed that the variables in Eq. 6 for the
transfer resistance were most similar to the form of the equations developed
for ASR. The form of Eq. 6 and the equation for the ASR of the FeS electrode
are equivalent, recognizing that the resistance is equal to ASR divided by the

electrode area.

Comparisons have been made between the calculated and measured per-
formance of a number of Li-Al/FeS cells. Included are the experimental base-
line-data Cells MNU-2, -3, and -4 (Section II.D.l of this report); Cell LCMP-17,
which achieved the highest combination of specific energy and specific power
for a Li-Al/FeS cell tested to date (Section III.B.3); and Eagle-Picher Cell
176 (Section III.A.3), which had nearly 400-Ah capacity. The calculated and
measured specific energy and specific power values are presented in Figs.

24 and 25. This comparison shows good agreement between the measured and
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calculated values. A more detailed comparison between as-fabricated cells

(MNU-2 and EP 176) and calculated component designs is shown in Tables 12 and
13. These results show good agreement between the calculated and as-fabricated

components, as well as agreement between the measured and calculated

performances.

Table 12. Design and Performance Correlation for Cell MNU-2

(fabricated by ANL)

Calculation
from
Cell Computer
MNU-2 Model
Positive Electrode
Size, cm x cm 6.2 x 8.7 5.9 x 8.7
Theor. Capacity, Ah 21.6 21.6
Thickness, cm 0.31 0.31
FeS Weight, g 35.5 35.4
Active Material Loading Density, Ah/cm3 1.4 1.4
No. of Parallel Electrodes 1 1
Electrode Utilization, % 83 83
Negative Electrodes
Thickness, cm 0.64 0.66
53 at. %Z Li-Al VWeight, g 29.9 30.8
Active Material Loading Density, Ah/cm3 0.8 0.8
No. of Parallel Electrodes 2 2
Negative-to-Positive Capacity Ratio 1.2 1.2
Electrolyte Weight (54 wt % LiCl-KCl), g 134.2 136.3
Current Collector
Perforated Particle Retainer Thickness, cm 0.025 0.026
Total Current-Collector Weight, g 113 100.2
Open Area Fraction of Perforated Plate 0.55 0.55
Terminal Diameter, cm 0.63 0.63
Cell Resistance, mf 5.6 7.4
Cell Housing
Thickness, cm 0.063 0.063
Weight, g 80.8 99.3
Total Cell Weight, kg 0.52 0.51
Specific Energy (C/3), Wh/kg 43.8 42.2
Specific Power (50% DOD), W/kg 117 114
Power-to—-Energy Ratio 2.7 2.7
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Table 13. Design and Performance Correlation for EP Cell 176
(fabricated by Eagle-~Picher)
Calculation
from
EP Cell Computer
176 Model
Positive Electrode
Size, cm x cm 18.4 x17.5 18.7 x17.5
Theor. Capacity, Ah 394.8 39.8
Thickness, cm 0.33 0.33
FeS Weight, g 647.2 647.2
Active Material Loading Density, Ah/cm3 1.4 (1.36)2 1.3
No. of Parallel Electrodes 3 3
Electrode Utilization, % 91.5 91.5
Negative Electrodes
Theor. Capacity, Ah 511.8 513
Thickness, cm 0.64 0.62
48 at. % Li—~Al Weight, g 741.7 743.8
Active Material Loading Density, Ah/cm3 0.93 (0.83)a 0.86
No. of Parallel Electrodes 4 4
Negative-to—~Positive Capacity Ratio 1.3 1.3
Electrode Utilization, 7% 70.6 70.6
Electrolyte Weight (54 wt %Z LiCl-KCl), g 1350 1315.6
Current Collector
Particle Retainer Thickness, cm 0.013 0. 012
Total Current-Collector Weight, g 1376 1030.5
Open Area Fraction of Particle Retainer 0.26 0.26
Terminal Diameter, cm 0.95 0.95
Cell Resistance, mf 0.86 0.93
Cell Housing
Thickness, cm 0.046 0.046
Weight, g 590 b 384¢
Total Cell Weight, kg 4,793 4.408
Specific Energy (C/4), Wh/kg 93.9 98
Specific Power (50% DOD), W/kg 102 105
Power to Energy Ratio 1.06 1.06

@Jalue in parentheses includes volume of retainer frame at edge of
electrode.

bTop of cell housing and feedthrough shell weight is 185 g.
CWeight with 185-g header would be 599 g.



45

E. Materials Research
(J. A. Smaga and J. E. Battles)

The reaction of the aluminum in the Li-Al alloy with the negative elec-
trode hardware materials (mnickel, low-carbon steel, and Type 304 stainless
steel) results in the formation of a brittle, intermetallic reaction layer,
which can reduce the conductivity of current collectors and decrease the
strength of the electrode retainers. The reaction is twofold: galvanic
deposition of aluminum onto the component surface and subsequent diffusion
into the components. In separate experiments, the deposition and diffusion
rates were measured to determine the rate-controlling mechanism. Additional
diffusion experiments were conducted to evaluate candidate coating materials
for the prevention of diffusion between aluminum and the substrate material.

1. Galvanic Deposition

Each galvanic deposition experiment was conducted in LiCl-KC1l
eutectic electrolyte in the temperature range of 470 to 530°C. The low-carbon
steel (AISI 1008) electrode with a surface area of 6.5 cm? was electronically
coupled, by a potentiostat, to an aluminum electrode of 32 cm? surface area.
Once the circuit is closed, the cathodically controlled couple is immediately
polarized to within 2 or 3 mV of the open—circuit potential for aluminum, and
remains near that initial value during the experiment. The current shows a
parabolic decay during the first one to three hours; after this initial phase,
the current increases linearly until it stabilizes within a narrow range. The
time to achieve a "steady-state” value ranged from 10 to 20 h, with tests at
the lower temperature requiring the longer periods.

The steady—-state current value was used to calculate a galvanic
deposition rate, G, for each of the different test temperatures. These cal-
culated rates were compared with the rates derived from measured weight gains

~of aluminum obtained in earlier tests in which the low-carbon steel/aluminum
couple was immersed in molten LiCl-KCl electrolyte for 240 h.l13 The data
from both types of experiments are represented graphically in Fig. 26. The
data show that the temperature dependence of the deposition rate obeys an
Arrhenius relationship:

G = Gy exp (-Q/RT) (10)

where the activation energy, Q, is 21.4 kcal-mol’l, the gas constant, R,
is 1.987 calemol~l+K~1l, and the galvanic deposition rate constant, Gy, is

5.2 x 108 mgeem—2y~1 or 1.65 x 102 g°cmf2°s'1.

This current-monitoring technique provides estimates of aluminum
deposition rates that are as reliable as those obtained from 240-h immersion
tests but in a much shorter time. The data for a similar study of aluminum-
nickel couples, although still incomplete, indicate that the deposition
behavior is analogous to that described for low-carbon steel.
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2. Aluminum Diffusion

Aluminum—diffusion experiments were conducted using a special
holder assembly that supports the test specimen between sets of aluminum 1100
(99.0 +%) cylinders. For each experiment, the assembly was placed in a fur-
nace well with an inert-gas atmosphere and heated at 475°C for 100, 500, or
1000 h. After testing, each diffusion couple was bonded in epoxy resin,
sectioned in the longitudinal direction, and then prepared for optical and
scanning electron microscopy (SEM) examination.

For the aluminum/low-carbon steel couples, the diffusion region
consisted predominantly of a single—phase zone of FeA13.* For the aluminum/
nickel couples, the diffusion region consisted of an inner zone of NijAl3 and
an outer zone of NiAlj. The diffusion region was thicker for the nickel
couples than for the steel couples after equivalent time intervals, and was
105 to 110 pym thick for the former after 1000 h. Thickness measurements on the
unaffected test metal were used to deduce the depth of penetration beyond the
original interface. For both materials, approximately 25% of the diffusion—
layer growth occurred at the expense of the test metal. For both materials,
the reaction follows a parabolic %rowth rate. The diffusion coefficients are

3.4+ 3 x10711 and 2.7 £ 3 x 10711 cm2:5~1 for nickel and low-carbon steel,
respectively.

*B. Tani, Analytical Chemistry Laboratory, ANL.
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3. Rate-Controlling Mechanism

An analysis of the data from both the deposition and diffusion
experiments for low-carbon steel indicated that the rate-controlling step
for the overall aluminum reaction shifts from galvanic deposition to dif-
fusion with time. At 475°C, Eq. 10 predicts a deposition rate, G, of
9.1 x 1079 g/cmz's. The thickness, x, of the deposited layer, allowing
for conversion to FeAlj, can be expressed as:

x=1.67(G/p)t 1)

where t is the time in seconds, p is the density of FeAlj, (3.8 g/cm3), and
1.67 represents a combination of conversion constants needed to derive the
weight of FeAl3 formed from the deposited aluminum. The growth of the dif-
fusion layer for low-carbon steel is governed by the equation:

x = Dt (12)

where the diffusion coefficient, D, is 2.7 x 1071l cm?/s at 475°C. Equa-
tions 11 and 12 are plotted in Fig. 27. At first, the overall aluminum
reaction is controlled by the initially slower galvanic deposition, and it
shows a linear dependence on time. However, once a certain transition time
has been reached, the reaction is limited by diffusion, as indicated by the
rate that follows a parabolic curve. Solving Eqs. 11 and 12 simultaneously
gives a value of 19.1 days for the transition time. By this time the reaction
layer is 66.7-um thick.
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The in-cell growth of aluminum reaction layers should follow the
same trend. The values for the transition time and thickness will differ,
however, because the negative electrode is in the aluminum—rich discharged
condition during only part of each cycle.

4, Coatings as Barriers to Diffusion

A successful barrier coating for the hardware material should
undergo little or no diffusional reaction and prevent deleterious diffusion
between aluminum and the substrate material. In addition, the barrier-
coating material must be compatible with the electrode enviromnment, elec~
trically conductive, and resistant to spalling. Preliminary screening testsl4
identified chemical vapor-deposited TiC and electroplated chromium as two of
the most promising coatings in terms of the latter criteria. Low—-carbon steel
substrates with these coatings were tested in the same manner as detailed in
Section II.E.2.

A TiC coating with a thickness of 17 um showed no microscopic evi-
dence of reaction and maintained distinct interfaces with both the substrate
and the aluminum, even after the 1000-h test period. This observation was
confirmed by x-ray scanning images, such as these shown in Fig. 28 for iron,
titanium, and aluminum. An SEM/EDAX™ analysis of this diffusion couple showed
a very low level of aluminum in both the TiC and steel regions; however, the
fact that the original steel ingot was cast by the aluminum-killed process is
likely to be the cause of the bulk of these counts. The TiC coating applied
by the chemical vapor-deposition process appears to provide an excellent
barrier to the interreaction between aluminum and substrate material.

A chromium layer with a thickness of 60 um also appeared to prevent
a reaction between the steel substrate and aluminum; however, localized areas
of the chromium coating did react with the aluminum to form conical protru-
sions, such as the one shown in Fig. 29. After a 2000-h test, this protrusion
had a base diameter of 100 pm, extended 80 pm into the aluminum and 25 um into
the chromium layer, and covered 15 to 20Z of the interfacial surface area. An
SEM/EDAX analysis determined that the tips of the protrusions were richer in
aluminum than the balance of the protrusion. The likely compositions are
CrpAlj; for the bulk of the protrusion and CrAly for the tip. This nonplanar
diffusional growth makes chromium less desirable than chemical vapor-deposited
TiC for a barrier coating.

*EDAX = energy dispersive x-ray analysis.
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Fig. 29.
Nonplanar Diffusion for a Chromium/

Aluminum Couple Tested for 1000 h
at 475°C
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III. LITHIUM/FeS BATTERY DEVELOPMENT PROGRAM

The lithium/FeS battery development program for FY 1982 consisted of work
at ANL, Eagle-Picher Industries, Inc. (EPI), and Gould Inc. The ANL program
consisted of (1) testing of Gould and Eagle-Picher cells and (2) post-test
analyses of Gould and Eagle-Picher cells, as well as cell research and devel-
opment. Groups of Gould and Eagle-Picher cells were subjected to lifetime
testing and to tests of specific power and specific energy. The ANL cell
research and development effort included cell-resistance mapping, electrode
polarization measurements, computer cell design and optimization studies,
thermal cycling (freeze-thaw) tests, and energy-vs.—power trade-off studies.
The post—test analyses of cells included failure analysis, electrode morphology
studies, and in-cell corrosion studies.

A. Testing of Gould and Eagle-Picher Cells
(W. E. Miller, J. D. Arntzen, and E. C. Gay)

The progress of the industrial contractors toward achievement of the
performance goals for Li/FeS cells of (1) high reliability, (2) specific
energy of 125 Wh/kg, and (3) peak specific power of 185 W/kg is monitored
by periodic testing of contractor cells at ANL for cycle life and power per-
formance. To establish cycle life for state-of-the—art cells, 12 identical
cells ("status cells”) supplied by the contractors are cycled to failure,
which is defined as a 20% loss of capacity or a coulombic efficiency of less
than 95%. To establish progress toward specific energy and power goals, both
status cells and developmental cells are tested for power, energy, and cycle
life as new developments become available.

1. Status Cell Lifetime Testing

Figure 30 shows the results of lifetime tests of the Eagle-Picher
Group IX status cells. These Li-Al/FeS cells were built with LiCl-KCl elec-
trolyte and BN felt separators; further design details are given in the pre-
vious annual.l® The mean time-to-failure (MTTF) (4-h discharge rate) for the
12-cell group was 345 cycles, with a Weibull slope of 3.2. The longest life
was 517 cycles and the shortest was 193 cycles. The average peak specific
energy (peak specific energy for each cell is the average specific energy for
cycles 6 through 10) was 90 Wh/kg for the 12 cells. Peak specific power,
measured on one representative cell from the group, was 80 W/kg at 507 state
of charge. For the 12-cell group, the standard deviation in discharge capacity
(average 340 Ah) was *2.1%, indicating good uniformity in cell manufacture.

The cycle life, which ranged from 193 to 517 cycles, showed a sig-
nificant improvement over that of the previous group of status cells, Group VI,
in which the first cell failure occurred at 100 cycles and the final one at
201 cycles. The mean time-to-failure was only 138 cycles for the Group VI
cells.l6 The improvement in cycle life was a direct result of reducing the
size of the openings in the photoetched electrode retainer screens (from
0.33-mm to 0.23-mm dia); this change greatly reduced the growth of protrusion
from the negative electrode. Nevertheless, failures of the Group IX cells
still resulted from the formation of protrusions at the Li-Al electrodes.
For a discussion of cell-failure modes, see the previous annual report17 and
Section III.C of this report. None of the cells failed through capacity loss;
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Fig. 30. Cycle Life of Eagle-Picher Group IX
Status Cells (BN felt separators)

all of them failed through short circuits. The average capacity-loss rate
was 0.0247% of peak capacity per cycle. This result indicates an anticipated
average life, based on 20% capacity loss, of more than 800 cycles once cell
short-circuit problems are solved.

Eagle-Picher has reduced the hole size in the negative electrode
retainer even further by placing a 200-mesh screen (opening size, 0.074 mm)
between the photoetched retainer and the electrode face. Five of these cells
are on cycle at ANL. All five have achieved more than 150 cycles at this time
with no loss in coulombic efficiency.

Lifetime testing was completed on a second group of status cells
with MgO powder separators from Gould. These cells were built with separators
of pressed MgO powder, instead of BN felt; were electrolyte-deficient; used
an all-lithium electrolyte (22 mol 7 LiF-31% LiCl-47%Z LiBr); and contained a
mixture of Li-Si and Li-Al for the negative electrode material. The test
results for different operating temperatures are shown in Fig. 31. The mean
time-to-failure at 455°C (the operating temperature recommended by Gould) was
268 cycles (Weibull slope, 3.1). The average specific energy for the 12-cell
group was 80 Wh/kg at the 4-h rate. The average capacity was 157.6 Ah, with
a standard deviation of +3.2%. Subsequent operation at higher temperature
increased the MTTF to 330 cycles (Weibull slope 2.9). All cell failures at
the initial operating temperature, 455°C, were by the 20% capacity loss
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criterion. At increased temperature, capacity loss was less than 20% in all
but one cell; and, in one other cell, a short circuit (coulombic efficiency
dropped to <95%) coincided with the 20% capacity loss at 455°C. 1In ten cases
out of eleven, raising the temperature restored the capacity to the extent
that additional cycles were logged; the range was 5 to 260 additional cycles.
A 5°C temperature increase from 455°C was equally effective in restoring cell
capacity, as was a 10°C increase; when capacity again declined after the
initial temperature change, subsequent temperature changes had little effect.
The abnormal temperature sensitivity of these cells is attributed to the use
of the high-melting-point (430°C) electrolyte of LiF-LiCl-LiBr. The average
capacity loss rate for operation at 455°C was 0.08% per cycle. When cycles
were added by raising the temperature, the average fading rate decreased to
0.06% per cycle.

2. Specific Power and Specific Energy Measurements

Cell capacity and specific energy were measured as a function of
rate of discharge for representative cells from the Eagle-Picher and Gould
status and development cells. Specific energy curves are shown in Fig. 32,
and results of power measurements are given in Table 1l4.

In Fig. 32, Curves 1 and 3 are for development cells; Curves 2 and
4 are for the latest Eagle-Picher and Gould status cells, respectively. For
both contractors, the major difference in the development cells and the status
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Table l4. Peak Power at 50% SOC for Gould and Eagle-Picher Cells

Cell Cell
Capacity, Peak Power, Cell Weight, Specific Power,
Cell No. Ah W kg W/ kg
EPI-176 394 497 4.79 104
EPI-194 394 371 4.63 80
Gould-P-112 194 351 2.69 130
Gould Status 70

Cells?

3Power test was made at Gould on a representative cell.
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cells was in the size of the positive terminal feedthrough and electrode
connectors. In the Eagle-Picher cells, the copper core in the positive
feedthrough was increased from 0.63-cm to 0.95-cm dia; in the case of the
Gould cells, the diameter was increased from 0.63 cm to 1.27 cm. This change
had only a modest effect on specific energy for the discharge times shown in
Fig. 32. Table 14 shows the results of power measurements made on the same
group of cells. The larger feedthrough increased the power by 30%Z in the
case of the Eagle-Picher cells, and that of the Gould cells by more than 80%.

3. Progress Assessment

Table 15 summarizes the performance of all status cell groups tested
at ANL to date, four groups from Eagle-Picher and two from Gould. The table
shows a definite trend toward improvement in cell performance as the contrac-
tors gained experience. The second group of Gould cells had noticeably
improved cycle life, less deviation from the average capacity (more uniform
performance), and higher specific energy. Eagle-Picher status cells showed a
gradual increase in specific energy while high cycle life was maintained. The
third group of Eagle-Picher status cells (Group VI) showed a noticeable decline
in cycle life, although performance was more uniform and specific energy and
peak power were increased. The cells built after Group III had noticeably
higher performance as a result of better utilization of active materials in
the cell, i.e., 88%Z for Group VI, compared with 75% for Group III. It is
believed that the better utilization resulted from improved electrolyte
wetting of the separator, achieved by incorporation of a wetting agent in the
separators. Better utilization of the active materials in the Group VI cells
resulted in greater expansion forces, which promoted protrusion growth out of
the negative electrode and resulting short circuits. This problem was par-
tially solved by using electrode particle retainers with smaller holes in the
Group IX cells; the mean time-to—-failure increased from 138 to 345 cycles.
Because negative electrode protrusions were still the major cause of failure
in Group IX cells, it is expected that the present development cells under
~test, in which the hole size has been reduced further, will demonstrate longer
cycle life.

4. Behavior of Operating Cells after Short Circuiting

One criterion for failure in the Li-Al/FeS status cell testing pro-
gram has been decrease in coulombic efficiency to <95%. Lifetime testing of
the status cells is terminated on the basis of this criterion. However, such
a cell failure would not necessarily terminate battery operation in a series-—
connected battery. Operation of a series—connected, ten—cell module containing
failed cells was described in a previous report.18

In a test of Eagle-Picher cells that were continued on cycle after
a short circuit had developed, a timed cycle (3 h) was used for discharge at
a 94-A constant current (282 Ah capacity). On charge, the same amount of
capacity (282 Ah) is passed through the cell at a constant current of 40 A.
This simulates cycling of a failed cell as part of a series string in a
battery. The cell voltage and the average heat-generation rate were
measured during cycling.



Table 15.

Summary of Li/FeS Cell Performance Tests at ANL

Gould Status Cells

Eagle-Picher Status Cells

I I1 Group I Group III Group VI Group IX
No. of Cells in Group 12 12 14 12 12 12
Theo. Capacity, Ah 194 194 360 394 394 394
Av. Operating Temperature, °C 465 a 465-475 475-490 470-480 465
Av. Peak Capacity, Ah 158 157 288 294 347 340
Std. Deviation in Peak
Capacity, + % 4.5 3.2 5.2 6.6 0.9 2.1
Av. Specific Energy, Wh/kg 74 80 71 81 94 90
Peak Specific Power, W/kg 70 70 55 55 74 80
Cycle Lifeb
High/Low, Cycles 307/14 467/121 542/158 1031/238 908/23 201/100 517/193
Mean Time-to-Failure,
Cycles 218/26¢ 268 330 410 362 138 345
Weibull Slope 2.0/3.4 3.1 2.9 2.9 1.4 2.1 3.2
Av. Capacity Loss Rate,
0.08 0.06 0.032 0.027 0.045 0.024

%4 per cycle

Temperature was 455°C until 20% capacity loss, then raised in 5° increments

to 455-475°C (see text).

bEnd of life defined as 20% capacity loss or coulombic efficiency decrease to <95%.
CCorrelated as five- and seven—cell groups.

Single group correlation not possible.

9g
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The behavior of cells that were cycled in the above manner is shown
in Fig. 33. The numbers on the voltage curves (1 to 4) depict changing volt-
age conditions that result as cycling is repeated. The numbers on the heat
generation curves correspond to the condition of the cell shown on the voltage
curves.
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CYCLES AFTER INITIAL SHORT-CIRCUIT FAILURE

State 1 results as soon as the cell is taken off voltage control.
Positive voltage is maintained through most of the discharge period, with the
cell voltage becoming negative only near the end of discharge, and the cell
recharges to +1.4 V. Useful energy is stored in the failing cell during this
period. This state lasted between 10 and 15 cycles for the four cells tested.
Average heat generation in this state 1is 30-32 W on discharge and zero on
charge.

State 2 begins with the cell voltage dropping earlier in the dis-
charge of each cycle, until it is negative throughout the discharge, and then
terminates in State 3. The heat-generation rate rises in each cycle during
both discharge and charge in State 2 and peaks in State 3. The duration of
State 2 is typically 30-40 cycles. State 3 is the condition where the cell is
at peak negative voltage discharge and peak heat generation. Peak negative
voltage is typically -1.4 to -1.6 V; peak heat generation is 90-100 W on dis-
charge and 45-50 W on charge. The duration of these peak conditions has been
15-30 cycles. The cell then tends toward its end state, State 4. Between
States 3 and 4, the voltage on discharge becomes progressively less negative
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and the maximum voltage achieved during charge drops. 1In addition, the heat-
generation rate declines with cycling. The period between the peak of State 3
and end of State 4 is, typically, approximately 50 cycles. State 4 is the end
state, where conditions remain unchanging with continued cycling. Typical
voltage conditions for the end state is -0.4 V on discharge and +0.4 V during
charge. Heat generation is approximately 35-40 W on discharge and 15-20 W on
charge.

B. ANL Cell Research and Development Program

The ANL cell research and development effort deals primarily with the
overall optimization of cells and electrodes. The effort is divided into
electrode-polarization measurements, resistance mapping, thermal (freeze-thaw)
cycling tests, and energy-power trade-off studies.

1. Resistance Mapping
(T. D. Kaun and E. C. Gay)

Resistance-mapping measurements on state-of-the-art cells were made
to determine the resistance of the various current-carrying elements of the
cell, to determine improved designs of these components for lower cell resis-
tance, and to fabricate and test higher-power cells with the lower resistance
cell components.

Results of the resistance measurements for Cell EPI-111 are shown in
Table 16. The total cell resistance was 1.31 ml. Approximately 49% of the
cell resistance was external to the electrode stack and had the following
distribution: 18% in the positive interelectrode connectors, 9% in the
negative interelectrode connectors, 9% in the negative terminal, and 13%
in the positive terminal.

Results of the resistance measurements for an improved cell design
~(LCMP-8) with lower-resistance components are shown in Table 17. This cell
was designed and fabricated at ANL, and has approximately the same capacity
as EPI-111. The objective was to reduce the cell resistance external to the
electrode stack. This objective was accomplished. Of a total cell resistance
of 0.47 ma, only 0.08 mQ resistance (17%) was external to the electrode stack.
The improvement resulted from (1) increasing the size of the cell terminals
and using copper—-cored negative and positive terminals, (2) using nickel
interelectrode connectors and electrode tabs, instead of steel as was used

in EPI-111, and (3) increasing the width of the electrode tabs from 1.0 to
6.4 cm. These improvements were later used in cells fabricated by Gould

and Eagle-Picher.

2. Thermal Cycling of Li-Al/FeS Cells
(F. J. Martino and E. C. Gay)

The thermal cycling studies, which were initiated to characterize
the effects of temperature changes (room temperature to 460°C) on cell perfor-
mance, have been completed. A summary of the results for four full-size
Li-Al/FeS cells is shown in Table 18. The cells were of identical construc-—
tion, except that the BN felt separator was treated with different wetting
agents.
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Table 16. Resistance-Mapping Measurements on
Cell EPI-111

Cell Component? Resistance, mg
1l to 2 0.175
4 to 5 0.110
3 to 4 0.115
2 to 6 0.230
Electrode Stack (50% SOC) 0.680
Total 1.310

4The resistance measurement points are numbered
as follows:
1. Positive Cell Terminal (6.3 mmdia copper
core)
2. Positive Interelectrode Connector
(3.2 marthick steel)
3. Negative Electrode Housing (9.9 mmrwide tab)
4. Negative Interelectrode Connector
5. Negative Cell Terminal (6.3 mmdia steel)
6. Positive Electrode Housing

Table 17. Resistance-Mapping Measurements on
ANL Cell LCMP-8

Cell Componentd Resistance, mQ
1 and 5 0.05
2 and 4 0.03
Electrode Stack (50%Z SOC) 0.39
Total 0.47

dResistance measurement points are numbered as
follows:

1. Positive Cell Terminal (9.5 mmdia copper
core)

2. Positive Interelectrode Connector
(4.8 mr-thick nickel)

3. Negative Electrode Housing (6.3 cm—wide nickel
tab)

4. Negative Interelectrode Connector
(4.8 mrthick nickel)

5. Negative Cell Terminal (1.3 mmdia
copper core)

6. Positive Electrode Housing (6.3 cmwide nickel
tab)
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Table 18. Summary of Thermal (Freeze-Thaw) Cycling Tests of
Li-Al/FeS Bicells

Cell

Designation MFTO MFT1 MFT2 MFT3

BN felt treatment Dusted with LiAlCl, MgO MgO0
powdered LiCl-KC1l

Thermal cycles 27 38 68 16
Deep discharge cycles 2274 217b 440 101¢
Capacity loss, 7% 21.6 7.4 7.0 2.7
Capacity loss/cycle, % 0.095 0.034 0.020 0.027

aVoluntary termination; test completed.
bTerminated as a result of cycler malfunction.

cTermination due to short circuit between electrodes
(identified later by post—test examination).

Numerous thermal (freeze-thaw) cycles were conducted over successive
deep-discharge cycles. With the exception of the baseline cell containing
the untreated felt, the cells exhibited good performance stability, with as
many as 68 thermal cycles for one cell. The overall capacity losses were no
greater than those shown by similar cells that were not subjected to re-
peated thermal cycling.

Post—test examinations of the thermally cycled cells showed that:
(1) the BN felt separators in cells in which wetting agents had been used
were completely filled with electrolyte, (2) there were no differences in the
physical appearance of cells that had been thermally cycled and cells that had
not, (3) no cell failures were caused by failures in the BN felt separators,
which retained their integrity during thermal cycling, and (4) the electrode
morphology of thermally cycled cells appeared to be the same as that of cells
that were not thermally cycled.

3. Cell Energy-Power Trade-0ff Studies

The program goals for the Li-alloy/FeS electric-vehicle cells are to
develop cells with 150- to 350-Ah capacities, specific energy of 125 Wh/kg at
the 3-h discharge rate, peak power of 185 W/kg at 50% state of charge, and mean
time-to-failure of 500 cycles. Development of such high-performance cells with
a power—to-energy ratio of 1.5 requires that particular attention be given to
energy-power trade-off studies and cell designs that do not compromise cycle
life.



61

a. Experimental Cells
(T. D. Kaun)

The initial effort in the development of high performance cells
at ANL was directed toward the demonstration of high power capability in cells
of greater than 150-Ah capacity. The design of these cells included a porous
facial current collector that also served as the electrode housing. Measure-
ments were made to determine the contribution to cell power of the size and
type of material used for the cell terminals and interelectrode connections.

A summary of the five cells tested in 1981-82 is shown in
Table 19. The range of specific energy for these cells was 77 to 101 Wh/kg.
At 50% state of charge, peak power ranged from 129 to 192 W/kg. The power-—
to-energy ratios were from 1.3 to 2.5. The major improvement in power for
these cells, compared with earlier ones, was due to reduction in resistance
in the terminals, interelectrode connectors, and electrode tabs.

Table 19. Performance of Li-Al/FeS Cells Designed to Improve
Power (tested in 1981-1982)

Specific Power, W/kg

Specific Energy,2d Number of
Wh/ kg 95% SOC 50% SOC Cycles Tested
77 233 192 94
88 142 129 100
92 178 130 >180
101 180 132 75
98 208 161 106

8Measured at 3.4-h discharge rate.

Efforts at ANL to fabricate a cell with specific energy greater
than 100 Wh/kg at the 3-h discharge rate, without sacrifice of high power, were
also successful. The performance of this cell, LCMP-17, and recent Gould and
Eagle-Picher cells are compared in Table 20. The improvement in the perfor-
mance of Cell LCMP-17 is attributed to the following design features:

(1) additives to the Li-Al electrode allowed a reduction in the negative-to-
positive capacity ratio (0.8 compared with 1.3 and 1.6 for Eagle-Picher and
Gould cells, respectively), which resulted in good utilization and stable
capacity with cycling, and (2) the combined current collector-housing weight
for Cell LCMP-17 was reduced by making the housing part of the current col-
lector for the positive electrode. 1In the Gould and Eagle-Picher cells, the
negative electrodes are in direct contact with the housing. A weight analysis
of the three cells is shown in Table 21.
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Table 20. Performance of Li-Alloy/FeS Development Cells
Fabricated by ANL and Contractors
Cell

Characteristic EPI-176 Gould Cell 112 LCMP-17
Specific Energy,2 Wh/kg 87 72 101
Specific Power,P W/kg 104 130.5 132
Utilization,2 % 85.3 80.0 76
Power-to—-Energy Ratio 1.2 1.8 1.3
Cycle Life 109 110 75
Theoretical Capacity, Ah 394.8 194 370
Total Cell Weight, kg 4.793 2.693 3.325

8Measured at the 3.4-h discharge rate.

bMeasured at 50% state of charge.

Table 21. Weight Analysis of Improved Performance Li-~Alloy/FeS
Development Cells
Cell Percentage of Total Cell Weight
Component EPI-176 Gould Cell-112 LCMP-17

FeS 13.5 12.3 21.7
Li-Al 15.5 14.1
Li-Al-Si 12.1
Electrolyte 28.0 23.9 25.6
Current Collector 23.5 22.0 23.5
Cell Housing 12.3 15.4 8.9
Feedthrough

Assemblies 4.3 9.8 4.1
BN Felt 2.9 2.1
Mg0 Powder 4.5
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b. Computer Cell Design and Optimization Studies
(E. C. Gay)

A computer program for the design and optimization of Li-alloy/
iron sulfide cells was described in Section II.D.2 of this report.

Cell LCMP-17, described in the preceding section of this report,
has achieved the highest combination of specific energy and specific power for
a Li-alloy/FeS cell tested to date. With the cell design program, calculations
were made to determine the effect of cell capacity and power-to-energy ratio on
the performance of cells with the same general design characteristics (such as
electrode size, thickness, and loading density) and electrode utilization as
Cell LCMP-17.

The design characteristics and achieved performance for Cell
LCMP-17 are shown in Table 22; the design characteristics and projected per-
formance calculated with the computer model are also given in this table. A
comparison of the calculated and measured performance showed good agreement.
The specific energy and specific power as a function of cell capacity and
power-to—energy ratio are shown in Fig. 34. These results show that if a
cell with the design given in Table 22 were capable of delivering 125 Wh/kg
(a power-to—energy ratio of 0.6) at the 3-h discharge rate at a capacity less
than 400 Ah, then the maximum peak specific power would be 75 W/kg at 50% state
of charge. At a peak specific power of approximately 145 W/kg at 50% state of
charge, the specific energy would decrease to “95 Wh/kg (a power-to-energy
ratio of ~1.5) at a cell capacity of 400 Ah.
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Table 22. Design and Performance Correlation for Li-Al/FeS Cell

Calculation
from
Cell Computer
LCMP-17 Model
Positive Electrode
Size, cm x cem 12.5 x17.5 13.2 x17.5
Carbon Additive Weight, g 85.0 85.0
Theor. Capacity, Ah 440.0 440.6
Thickness, cm 0.7 0.70
FeS Weight, g 721.0 722.0
Active Material Loading Density, Ah/cm3 1.4 1.4
No. of Parallel Electrodes 3a 28
Electrode Utilization, % 64.0 64.0
Negative Electrodes
Theor. Capacity, Ah 370.0 370.0
Thickness, cm 1.0 1.0
50 at. % Li-Al Weight, g 468.3 468.5
Active Material Loading Density, Ah/cm3 0.85 0.87
No. of Parallel Electrodes 2a 3a
Negative-to-Positive Capacity Ratio 0.84 0.84
Carbon Additive Weight, g 81.7 82.0
Electrode Utilization, % 76.2 76.2
Electrolyte Weight (54 wt %Z LiCl-KCl), g 850.0 832.2
Current Collector
Pos. Perforated Particle Retainer
Thickness, cm 0.025 0.033b
Neg. Perforated Particle Retainer
Thickness, cm 0.046 0.033b
Total Current Collector Weight, g >755¢ 857.9
Open Area Fraction of Perforated Plate 0.55 0.55
Terminal Diameter, cm 0.95 (neg)d 0.94 (neg/pos)
Cell resistance, mQ 0.9 0.97
Cell Housing
Thickness, cm 0.038 0.038
Weight, g 295 255.6
Total Cell Weight, kg 3.325 3.325
Specific Energy (C/3), Wh/kg 103 102
Specific Power (50% DOD), W/ kg 136 132
Power-to—Energy Ratio 1.3 1.3

4Total number of plates is the same in the two designs.

bBased on the difference between the design of LCMP-17 and the model

(positive electrode grounded vg. center electrodes), these are equivalent

dimensions.

CPositive electrodes were grounded to cell housing; fraction of housing

weight contributing to current collection for positive is not included

in the current collector weight shown.

dpositive grounded to cell can; center sheet of cell can was 70 g,

0.25 mm-thick copper sheet covered with steel sheet.
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It was concluded that the basic state-of-the—art cell designs
are insufficient to meet both the specific energy and the specific power goals.
Improvements in the electrode compositions are needed that will provide either
higher specific capacity (Ah/g) and/or higher average discharge voltage and,
hence, better power characteristics are needed. Improved current-collector
designs for higher utilization in thick positive electrodes are also needed.
Possible improvements are the use of Li-Al-Fe and Li-Si negative electrodes.
The present cell terminals and interelectrode connectors are believed to be
adequate to meet the performance goals.

C. Post-Test Analysis of Gould and Eagle-Picher Cells
(J. E. Battles, F. C. Mrazek, and A. A. Ziegler)

Post-test examinations, which have been an important part of the Li-Al/FeS
battery development program, have provided valuable information for recommen-
dations on designs to achieve improved cell performance and reliability and for
the selection of materials. The major objective of the post—test examination
has been the determination of cell-failure mechanisms. Other objectives are
(1) the determination of the electrode microstructure, (2) the distribution,
uniformity and utilization of active materials, and (3) the in—cell corrosion
of current-collector materials. Post—test examination methods include metal-
lography, chemical analysis, X-ray diffraction, ion and electron microprobe
analysis, and scanning electron microscopy. Because the cell materials
(LiCl-KC1, LiAl, Li2S) react rapidly with the ambient atmosphere, a unique
helium~atmosphere facility was constructed for the post-test examination of
cells. The results to be presented in this section of the report pertain to
failure analyses of Eagle-Picher and Gould status cells, the microstructure of
the Li-Al electrode, and the in-cell corrosion of current-collector materials.

1. Eagle-Picher Cells

Failure analyses have been completed for the Eagle-Picher Groups I,
III, VI, and IX status cells; the failure modes are summarized in Table 23.
In all cases, failure resulted from an electrical short circuit between opposing
electrodes, which was indicated by a decline in the coulombic efficiency. Two
major failure modes have been identified. The first is the formation of Li-Al
protrusions that penetrate the BN felt separator and contact the positive elec-
trode. A typical example of a protrusion, with the porous structure typical
of the negative electrode, is shown in Fig. 35. This failure mode was most
prevalent in the Groups III, VI, and IX cells, and it coincided with a change
in methods of cell assembly and pretreatment of BN felt separators; i.e.,
present BN felts are saturated with magnesium acetate or nitrate, compressed,
then pyrolyzed before assembly, whereas previous felts were untreated and
compressed during cell assembly. Although the mechanism for the formation of
Li-Al protrusions has not been completely elucidated, recent studies have
shown that they can be prevented by simple mechanical design changes. The
mean time-to-failure (MTTF) for the Group IX cells was significantly extended
over that of the Group VI cells; this improvement was accomplished by reducing
the size of the openings in the photoetched retainer screens (from 0.33-mm dia
to 0.23-mm dia). Post—test examination of the Group IX cells showed that,
although the failures were caused by protrusions, the number of protrusions
was considerably less than that observed in the Group VI cells. Additional
cell tests have shown that protrusion formation can be completely prevented by
incorporating fine mesh screen inside the normal photoetched retainer screen.
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Table 23. Failure Analysis of Eagle-Picher Status Cell
Groups I, IILI, VI, and IX
Failure Mechanisms Number
Li-Al Protrusions across BN Felt Separator 26

Extrusion of Active Material from Ruptures

in the Electrode Edge Retainers 9
Short Circuit in Feedthrough 1
Assembly Difficulty 3
Other 3
Not Identified 3
Not Examined 5

TOTAL 50

Fig. 35. Penetration of BN Felt Separator by Li-Al
Protrusion (the major cause of short-
circuit failure in Eagle-Picher Groups
III, VI, and IX Status Cells).
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The second major cause of short-circuit failures in Eagle-Picher
status cells was the extrusion of active materials at the edge of the elec-
trodes. An example of this failure mode is shown in Fig. 36, where the pos-
itive electrode material has extruded through a rupture in the edge retainer
and contacted the negative electrode. This failure mode, which was caused by
inadequate mechanical restraint at the electrode edges, was the predominant
cause of short-circuit failures in the Group I cells. No additional extrusion
failures have occurred since a U-shaped channel was added to reinforce the
mechanical restraints at the edges of both electrodes.

Fig. 36. Example of a Cell Failure Caused by Extrusion
of Positive Material Through a Rupture in the
Electrode Retainer (Cell EP-051).

2. Gould Cells

Post-test examination of the two groups of Gould status cells showed
only a single mechanism for the internal short-circuit failures. The failure
modes are summarized in Table 24. Two cell failures were caused by short
circuits in the external electrical feedthroughs. Although all of the cells
in the first group and most of the cells in the second group failed because
of capacity loss, cell operation was continued to the point of short-circuit
failure (coulombic efficiency decline) , except for two cells in the first
group. In these cells, the predominant failure mode was short circuits caused
by complete penetration of the Mg0 powder separator by active material from
the positive electrode, as shown in Fig. 37. The material from the positive
electrode compressed the Mg0 powder and its irregular advance resulted in
numerous localized penetrations, which eventually contacted the negative
electrode (300-500 cycles). This failure mode occurs because the mechanical
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Table 24. Failure Analysis of Gould Status
Cells Groups 1 and 2
Failure Mechanisms Number

Separator Penetrated by Positive

Electrode Material 9
Short Circuit in Feedthrough 2
Capacity Decline 2
Not Examined 11

TOTAL 24
Fig. 37.

Penetration of MgO0 Powder Separator
by Active Material from the Positive
Electrode (major cause of short-
circuit failures in Gould status
cells).

properties of the present Mg0 powder separators are inadequate for containment
of the positive electrode material. Elimination of this failure mechanism

requires substantial improvements in the mechanical properties of the powder
separator/retainer system.

Metallographic examinations of numerous negative electrodes have
shown that the Li-Al alloy forms a connected, porous microstructure regardless
of the state of the starting material, i.e., aluminum wire, cast Li-Al plates,
and Li-Al powders. This porous microstructure is formed early in the life of
the cell (<25 cycles), and it remains relatively stable throughout the life of
the cell. This microstructure appears ideal for high utilization of the active
material at high reaction rates, because of the open structure, high surface
area, and small size of the metallic structure.
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The in—-cell corrosion of current-collector materials has been
characterized by the use of metallography, x-ray diffraction, and electron-
microprobe analysis. 1In FeS electrodes, intergranular corrosion of the
low-carbon steel current collectors is initially very rapid, but diminishes
to a low value after 200-300 days. Studies have shown that the rapid inter-
granular corrosion can be eliminated by the addition of excess iron powder
to the FeS electrode. In the negative electrode, examinations have shown
that aluminum reacts with iron and nickel current collectors to form brittle,
intermetallic compounds. This reaction occurs by the galvanic deposition of
aluminum at the end of discharge when the Li-Al alloy 1is depleted of lithium.
This relatively slow reaction (20 um/y) becomes diffusion-limited after the
initial stage, in which it is limited by the transport of aluminum to the
surface of the current-collector material. Studies have shown that this
reaction can be reduced by maintaining excess LiAl in the electrode. Also,
protective coatings are being investigated as a means of preventing this
corrosion reaction.

D. Eagle-Picher Industries, Inc. and Gould Inc. Programs
(W. E. Miller and R. F. Malecha)

A summary of the battery development programs at Eagle-Picher and Gould
is given below. A detailed description of the ANL test results for full-size
electric-vehicle cells fabricated by these contractors is presented in Section
III.A.

The FY 1982 effort at Eagle-Picher Industries, Inc. was devoted to com
tinued development of 395-Ah capacity cells with BN felt separators. Eighteen
cells were delivered to ANL during the year.

One of the major problems addressed during the past year was the improve-
ment of cell life. The Group VI cells built and tested in FY 1981 revealed a
life-1limiting failure mechanism of negative electrode protrusion growth. This
problem was not prevalent in earlier cells, because they had lower electrode
"utilizations. The development of a separator-treatment process was completed
during the year, resulting in better wetting, and hence, improvement in elec~-
trode utilization. Coincident with the improved utilization came the increased
protrusion growth.

The corrective action taken to prevent the negative electrode protrusions
was to use electrode particle barriers with smaller hole size. The lifetime
improvement was demonstrated in the Group IX cells, which had a mean time-to-
failure of 345 cycles, compared with 138 in the Group VI cells. Cells built
late in FY 1982 are expected to show further improvement in lifetime, with
good performance, because the particle-barrier hole size was further reduced
in these test cells. Five cells now on test have passed 200 cycles with no
sign of short circuits.

Progress has also been made in lowering the cell resistance to increase
power. The effect on cell power of a feedthrough of larger diameter was to
increase the peak specific power from 80 W/kg in status cells to 104 W/kg in
a development cell (EPI-176). Tooling for production of the larger feedthrough
was completed late in the year for use on other development cells. These
development cells are of a new design, which incorporates a centerline current
collector to reduce cell resistance further.
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At Gould Inc., development work on 194-Ah cells with MgO powder separa-—
tors was carried out in FY 1982. Of the cells built, ten were sent to ANL
for testing. Fabrication procedures were improved during the year, which
helped to eliminate cell problems that had led to early failures. Cell
lifetime was improved, as demonstrated by a mean time-to-failure of 330
cycles for the second group of status cells tested at ANL. A larger feed-
through was developed. A Gould cell with the larger feedthrough gave a peak
specific power of 130 W/kg. Gould status cells with the old style, small
feedthrough gave a peak specific power of 70 W/kg. Variables investigated
in the development of cells with immobilized electrolyte and MgO powder sep~
arators included composition of the negative electrode, negative-to—-positive
capacity ratio, and reduction in the amount of electrolyte used. Negative
electrodes with mixtures of Li-Si and Li-Al gave higher cell performance than
cells with Li-Al electrodes. The Li-Si content, which does not exceed a third
of the cell lithium capacity, has not had adverse effect on cell cycle life.



10.

11.

12.

13.

14-

71

REFERENCES

D. L. Barney et al., Lithium/Iron Sulfide Batteries for Electric-Vehicle
Propulsion and Other Applications, Progress Report for October 1979-

September 1980, Argonne National Laboratory Report ANL-80-128, p. 67
(Feb. 1981).

D. L. Barney et al., Lithium/Iron Sulfide Batteries for Electric-Vehicle
Propulsion and Other Applications, Progress Report for October 1979-
September 1980, Argonne National Laboratory Report ANL-80-128, p. 69
(Feb. 1981).

D. L. Barney et al., Lithium/Iron Sulfide Batteries for Electric-Vehicle
Propulsion and Other Applications, Progress Report for October 1980-
September 1981, Argonne National Laboratory Report ANL-81-65, p. 14
(Feb. 1982).

L. Redey and D. R. Vissers, Extended Abstracts 160th Electrochem. Soc.
Meeting, Denver, CO, October 11-16, 1981, Vol. 81-2, p. 589 (1981).

D. Warin, Z. Tomczuk, and D. R. Vissers, Electrochemical Behavior of
LiS in LiCl1-KCl, J. Electrochem. Soc., 130, 64 (1983).

Z. Tomczuk, S. K. Preto, and M. F. Roche, J. Electrochem. Soc., 128,
760 (1981).

D. L. Barney et al., Lithium/Iron Sulfide Batteries for Electric-Vehicle
Propulsion and Other Applications, Progress Report for October 1980~
September 1981, Argonne National Laboratory Report ANL-81-65, p. 16
(Feb. 1982).

Z. Tomczuk, M. F. Roche, and D. R. Vissers, J. Electrochem. Soc., 128
2255 (198L).

C. J. Wen, B. A. Boukamp, R. A. Huggins, and W. Weppner, J. Electrochem.
Soc., 126, 2258 (1979).

Sulfide Mineralogy, P. H. Ribbe, Ed., Souther Printing Co., VA (1974).

W. Tiedemann and J. Newman, J. Electrochem. Soc., 122, 1482 (1975).
Private communication, P. A. Nelson, Argonne National Laboratory (1982).

P. A. Nelson et al., High Performacne Batteries for Off-Peak Energy
Storage and Electric-Vehicle Propulsion, Progress Report for the Period

July-December 1975, Argonne National Laboratory Report ANL-76-9, p. 45

(April 1976).

D. L. Barney et al., Lithium/Iron Sulfide Batteries for Electric-Vehicle
Propulsion and Other Applications, Progress Report for October 1979-
September 1980, Argonne Nationmal Laboratory Report ANL-80-128,

pp. 147-149 (Feb. 1981).




15.

16.

17.

18.

72

D. L. Barney et al., Lithium/Iron Sulfide Batteries for Electric-Vehicle
Propulsion and Other Applications, Progress Report for October 1980-
September 1981, Argonne National Laboratory Report ANL-81-65, p. 67
(Feb. 1982).

Ibid., p. 39.
Ibido Py ppo 47-540

Ibid., pp. 42-46.



