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Abstract 

Results obtained from computer programs simulating the behavior of LiAl/FeS2 and 

Li(Si)/FeS2 high temperature molten salt cells are presented. The models predict the cell vol-

tage, temperature, and heat-generation rate during cell operation. Position-dependent behavior, 

such as reaction rates and concentrations within the cell, is also calculated. The models predict 

operational characteristics and determine the influence of changes in design parameters on the 

performance of the cells. The effects of state of discharge, initial electrolyte composition, tern-

perature, and discharge current density on cell behavior are investigated. Factors that can limit 

a cell during operation are identified. The cell discharge behavior is compared with available 

experimental data. The models clarify our understanding of these battery systems and can help 

guide experimental research . 

Key words: Cell model, high-temperature battery, molten salt 

* Present address: General Motors Research Laboratories, Warren, Michigan ,18090-90.5.5 
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Introduction 

Secondary, high-temperature batteries employing molten-salt electrolytes based on lithium 

as the negative electrode and sulfur as the positive electrode were conceived for electric vehicle 

propulsion and energy storage applications. The melting point of the electrolyte in these cells 

usually restricts the operating temperatures to above 400°C. The stationary energy storage 

applications include off-peak storage for electric utility systems (also referred to as load leveling) 

and the storage of energy produced by wind or sun.111 The incentive for the development of these 

systems is the extremely high open-circuit potential and theoretical energy density of the Li/S 

couple (2.23 V and 2602 W-hr/kg, respectively).l21 The Li/S cell, which was invented in 1968 at 

Argonne National Laboratory,111 posed several engineering difficulties associated with the high 

lithium and sulfur activities. The advantages of using a molten-salt electrolyte over an aqueous 

electrolyte include reducing electrolyte decomposition, ohmic resistance, and mass-transfer limi-

tations. High-temperature operation also promotes faster electrode reactions relative to cells 

operated at lower temperatures. The disadvantages to operating at high temperatures are 

increased corrosion of cell components and increased volatility and solubility of active material. 

In Li/S cells, these same disadvantages are aggravated by the high lithium and sulfur activities, 

and the liquid lithium electrode is difficult to contain. In 1973, these problems were lessened by 

substituting solid, o:-/3 LiAl alloy for the lithium in the negative electrode and FeS for the sulfur 

in the positive electrode, at the expense of a lower cell voltage and energy density.121 Later, the 

Li(Si)/FeS2 couple was proposed as a higher voltage and higher power alternative to the 

LiAl/FeS cell. It should be noted, however, that the theoretical specific energy of a Li(Si)/FeS
2 .. 

cell operating only on the uppermost FeS2 voltage plateau (and the relevant plateaus of the 

Li(Si) electrode) is 434.5 W-hr/kg, while the theoretical specific energy of a LiAl/FeS system 

(with the negative electrode operating over a composition range which allows a fair comparison) 

is 436.4 W-hr/kg. The higher potential of the Li(alloy)/FeS2 cell, however, reduces the number 
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of cells per battery and increases the maximum power achievable relative to the LiAl/FeS cell. 

Also, the Li(Si) electrode has more usable lithium content than the LiAl electrode. (Li(alloy) will 

refer to either LiAl or Li(Si).) The Li(Si)/FeS2 cells share some of the disadvantages of the Li/S 

system associated with the increased activities of lithium and sulfur relative to LiAl/FeS cells. 

Currently, lithium(alloy), iron sulfide batteries require further development in order to 

reach commercial acceptability. We believe that ·theoretical efforts combined with experimental 

investigations provide an efficient method of development. Modeling these cells can aid in design 

and development by identifying system limitations and investigating the influence of changing 

operating parameters on cell performance. Mathematical models also contribute to a more fun­

damental understanding of battery systems. The comparison of model to experimental results 

helps substantiate our understanding of the systems. 

A mathematical model of the LiAl/LiCl-KCl/FeS cell was developed by Pollard and New­

man13·4·51 in 1979. Much of their work was done in conjunction with experimental investigations 

at Argonne National Laboratory. We have developed a mathematical model· of the 

Li(alloy)/FeS2 cell from Pollard and Newman's model. The galvanostatic discharge behavior of 

the cell constitutes the main emphasis of this work. The thermodynamic behavior of the 

lithium(alloy)/FeS2 cell is also discussed in this treatment. 

T~ermodynamic Behavior of Li(Si)/FeS
2 

Cells 

The description of the thermodynamic behavior of Li(alloy)/FeS2 cells can aid in the 

understanding, development, and design of these cells. An investigation of the thermodynamic, 

open-circuit potential behavior of the Li(Si)/FeS2 cell as a function of state-of-discharge, tem­

perature, and negative-to-positive capacity ratio is presented in this section. This thermo­

dynamic information is derived from open-circuit electrode potentials which are available in the 

literature. The thermodynamic data on the FeS2 electrode and the Li(Si) electrode are combined 
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in the examination of the open-circuit potential behavior for reversible-isothermal discharge of a 

Li(Si)/FeS2 cell. 

The intermediate phases of the FeS2 electrode are the subject of some controversy. Tomc­

zuk et a/.161 at Argonne National Laboratory have accomplished some of the most recent work 

with this electrode. In their work, the authors summarize the c~mtroversy, and we feel that they 

also resolve a great deal of it. We make use of their work in the construction of the 

Li(alloy)/FeS2 cell model. The researchers combined metallography and x-ray diffraction 

methods. Photomicrographs of coexisting electrode phases were examined, and the complex reac­

tion sequences were identified. Recently, another controversy has evolved regarding the FeS2 

electrode. The work of Schmidt and Weppner17•81 contradicts Argonne's work. This controversy 

has not been discussed in the literature. 

The compositions of the intermediate phases in the Li-Si system have also been subject to 

some controversy. We b~lieve that the work of Wen and Hugginsl91 resolves this disagreement. 

These researchers use the equilibrium coulometric titration technique iri the determination of the 

composition dependence of the Li(Si) electrode potential and X-ray diffraction analyses to charac­

terize the intermediate phases. 

The Li-Fe-S Phase Diagram.-Figure 1 gives the phase diagram for the Li-Fe-S system 

that is in accordance with Argonne'sl61 data. Table 1 shows the reactions for the four regions of 

discharge of an FeS2 electrode. (Electrochemical reactions are written for the three-phase regions 

of discharge, and the two-phase region will be discussed later.) In contrast to the FeS elec­

trode,II0•111 the overall cell reactions do not involve the electrolyte phase. Consequently, the 

regions are conveniently shown on a ternary phase diagram, and the open-circuit potentials rela­

tive to a Li, a LiAl, or a Li(Si) reference electrode are independent of the amount and composi­

tion of the electrolyte. The numbers on the phase diagram refer to the number of solid phases of 

.. 
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Figure 1. Ternary phase diagram for the Li-Fe-S system as given by Tomczuk et a/ .1
6
1 The 

numbers are in regions of particular interest and indicate_ the number of phases in equilibrium. 



Region 

Table 1. Electrochemical Reactions of the FeS2 

Electrode at 450°0 161 

a. 2FeS2 + 3Li+ + 3e- - Li3Fe2S4 

b. Li3Fe2S4 + 0.47Li+ + 0.47e-- 1.58Li2.2Feo.sS2 + 0.84Feo.s7.sS 

c. Fei-x'S and Li2+xFe1_xS2 produce Li2FeS2 

d. Li2FeS2 + 2Li+ + 2e-- 2Li2S +Fe 

6 

the positive electrode in equilibrium when the overall composition of the system is within the 

region. The addition of lithium to an Fe-S system corresponds to moving along a line connecting 

the Fe-S composition to. the pure-lithium corner of the triangle. Therefore, the reversible 

discharge of an FeS2 electrode corresponds to moving along the dashed line in Figure 1. The 

dashed line passes through four regions. The regions correspond to regions a through d in Table 

1. It is helpful to think of the dashed line as beginning just below pure FeS2. That is, beginning 

with a minor amount of the Fe0.875S phase. The reason for this will be discussed later. Region a 

is within the FeSx-Li3Fe2S4-Fe0.875S triangle. Region b is the thin triangle representing the 

Li3Fe2S4-Feo.s75S-Li2.2Fe0.8S2 equilibrium. Region c is a two-phase region. At the beginning of 

this region, Feo.s75S and Li2.2Fe0.8S2 are in equilibrium. Within the two phase region, the phases 

Fe 1_x'S and Li2+xFe 1_xS2 are in equilibrium. At the end of region c, virtually all the Fe1_x,S has 

disappeared, and only Li2FeS2 remains. In passing through the two-phase region, the composi­

tion variables x and x' range from 0.2 to 0 and 0.125 to 0, respectively. The final region of 

discharge, region d, is the Li2FeS2-Li2S-Fe three-phase triangle. Li2S and Fe are the final pro­

ducts of the complete discharge of an FeS2 electrode. The potentials of the FeS2 electrode in 
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regions a and d are frequently called the upper-upper and lower voltage plateau, respectively. 

The voltage behavior in regions a, b, and c are sometimes lumped together and referred to as the 

upper voltage plateau. 

We can compare the FeS2 electrode discharge sequence with the discharge of an FeS elec­

trode. The dotted line in Figure 1 represents the discharge of the FeS electrode (ignoring J­

phase). There are two regions of discharge shown for this electrode. The first region is the FeS­

Li2FeSz-Fe phase triangle. The second region is the same as region d of FeS2 discharge. 

Discharge of the FeS electrode through this final region occurs. with a larger iron content than 

the discharge of .the FeS2 electrode through the same region. In actuality, this simple, two-. 

reaction sequence would occur at a much higher temperature ( > 641.5°C)l10·12•131; at 450°C the 

intermediate phase LiK8Fe24S25Cl (J-phase) is also a stable discharge product of the FeS elec­

trode. 

We will not include any potassium-containing compounds in our treatment of the FeS2 

electrode. Experimental measurements indicate, however, that for the equilibrium discharge of 

an FeS2 electrode in eutectic electrolyte, minor amounts of J-phase are formed in region d.161 

Tomczuk et al. postulate that the slow chemical conversion of the electrochemically produced 

Li2FeS2 (X-ph~e) to J-phase accounts for this. The evolution of sulfur vapor during discharge 

(which allows FeS to form) can also lead to the formation of J-phase via the reaction of FeS with 

the electrolyte. Tomczuk et al. also indicate the presence of small amounts of the potassium 

containing compound KFeS2 in the nonequilibrium discharge of the FeS2 electrode. 

The Gibbs phase rule can be applied to the FeS2. electrode (at a constant temperature and 

, pressure) to show that there is only one degree of freedom for region c, and zero degrees of free­

dom for regions a, b, and d. In other words, reactions a, b, and d in Table I are characterized 

by potential plateaus, and region c has an open-circuit potential that varies with utilization of 

the electrode material. In this two-phase region, the solid phases change composition as the elec-
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trode is discharged. 

We describe the temperature dependence of the open-circuit potential in the three-phase 

regions with an equation of the form 

U, = a1 + b1T. (1) 

Table 2 gives the literature data for the coefficients in this equation corresponding to reactions a, 

b, and d in Table 1. With these coefficients, and temperature in kelvins, Equation 1 will give the 

potential in volts. All the electrode reaction potentials are given relative to a two-phase (a-,8) 

LiAl-alloy reference electrode. The data in this table are for eutectic composition of electrolyte; 

however, the open-circuit potentials of all the reactions relative to the (a-,8) LiAl reference elec­

trode should be independent of electrolyte composition. 

The reaction sequences described above are for the.temperature of 450°C. The temperature 

dependency of the Fe-S system is well characterized.fl 81 The length of the single-phase portion of 

Table 2. Coefficients for the Open-Circuit 

Potential of the ~eS2 Electrode 

. Region 

a. 

b. 

d. 

3. 

a, 

[VJ 

1-.42511141 

1.!2087711161 

1.432111111 

1.33891 111 

b1 X 103 

[V/KJ 

0.47851 141 

0.651421 161 

-0.1471 1!J 

0.1331 111 
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the Fe-S leg (Fe1 _x~S phase) will increase as the temperature is increased (up to 1015 K). The 

solid-solution phase Li2+xFe1_xS2 is not observed at room temperature. It is believed that this 

compound decomposes on cooling into Li2.33Fe0.67S2 and Li2FeS2 .161 

The solid line in Figure 2 is a plot of the thermodynamic open-circuit potential of the 

LiAI/FeS2 cell as a function of positive electrode utilization at 450°C. The dotted line is for a 

LiAI/FeS cell (ignoring J-phas~). This plot was constructed with the information given in Tables 

1 and 2, and with the assumption of a linear potential variation through the two-phase region c. 

The open-circuit potential at each end of this region is well characterized. The potential at the 

upper end of the region is given by the data for region b in Table 2. The potential at the lower 

end is given by the data for reaction three. As shown in Figure 2, this is also the potential of the 

first plateau for discharge of the FeS electrode. The data for the two end points of region c can 

be combined to give 

(2) 

for the open-circuit potential behavior as a function of temperature and state-of-discharge qe (the 

number of coulombs of charge passed for reaction c per unit volume of the electrode, see Equa-

tion 7). As we discussed earlier, the value of x'. (0.875 at 450°C) is a function of temperature. 

The data for the Fe-S system1161 can be used, and we can estimate x'. to have the following linear 

temperature dependence: 

x' • = -9.240 X 10--o T + 0.91658 . (3) 

, .. The numbers 2.2 and 0.8 in Equation 2 arise from the formula of the compound Li2.2Fe0_8S2 

phase, which is assumed to be independent of temperature. 

In Figure 2, region a of discharge terminates at 37.5% utilization, and region b terminates 

at approximately 42% utilization. The sloping potential region, region c, terminates at 50% 
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utilization of FeS2 . One may actually consider the FeS2 electrode to have yet another region of 

discharge with a small capacity within the FeS-Li
2
FeS2-Fe triangle, which is responsible for the 

vertical drop in potential at the end of region c. As shown in Figure 2, this potential drop is 

equivalent to the gap in plateau voltages for the LiAl/FeS cell. It arises because the dashed line 

in Figure 1 touches the corner of the Li2FeS2-FeS-Fe three-phase triangle. The width of the 

region would increase with increases in the ratio of Fe0.875S to FeS2 at the beginning of discharge. 

In this work we shall assume that there is always an infinitesimally small amount of the Feo.s7sS 

at the beginning of discharge to avoid discharge along the boundary in region a. 

In experimental cells, a constant FeS2 electrode potential is obtained with discharge along 

the FeS2-Li3Fe2S4 boundary of the FeS2-Li3Fe2ScFe0.875S triangle (Figure 1). These experi­

mental cells utilize stoichiometric FeS2 as the starting material. However, the potential during 

discharge along the boundary would be unstable. There are at least two explanations for this 

observed constant potential. The first possibility is the loss of sulfur due to the evolution of sul­

fur vapor. The dashed line in Figure l does not describe the discharge of an FeS2 electrode with 

sulfur evolution. The discharge line would be shifted downward (away from the S corner) and 

perhaps develop curvature depending on the sulfur content at each point during the discharge. 

Fe0.875S would then be a product of the first reaction, and capacity in the FeS-Li2FeS2-Fe 

· region would appear during discharge. Since FeS can react electrochemically to form J-phase, 

this may explain the presence of J-phase in experimental cells. 

A second possible explanation is .that the boundary may actually be a narrow, two-phase 

region. For example, the compound Li3Fe2S4 may have some range of iron and sulfur composi­

tion. Thus, Li3Fe2S4 would be represented by a corner of a two-phase triangle within the phase 

diagram. The discharge along this two-phase, FeS2-Li3Fe2S4 boundary would give a stable, con-. 

stant potential. On the diagram then, another two-phase triangle would also exist between the 

boundary of the first two-phase region and the Li2.2Fe0.8S2 phase. 
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For the sake of simplicity, the solubility of lithium in Fe1_x'S is omitted from Figure 1. 

During discharge through region c in experimental cells, minor amounts of lithium are detected 

in the Fe1_x'S phase.l161 That is, the single-phase portion of the Fe-S side of the triangle in Fig­

ure 1 has some width in lithium composition. Consequently, the FeS2-Fe0.875S two-phase field 

would also have some width. 

The Li2S-FeS2-S region of Figure 1 was not investigated by Tomczuk et a/. The poten­

tial in this region can be calculated from the Gibbs free energies of the components.1171 The cal­

culations give 1.88 V versus the LiAl reference electrode. This value agrees with the experimen­

. tal data of Schmidt and W eppner.171 

The phase diagram of the Li-Fe-S system is derived from the work of Tomczuk et a/. from 

Argonne National Laboratory .. We use their work in our calculations. One major conclusion in 

Schmidt and Weppner's work contradicts the work of Tomczuk et a/.: Schmidt and Weppner 

claim that Li2FeS2 is the 'mly ternary compound in the Li-Fe-S phase diagram; they do not agree 

with the existence of the Li3Fe2S4 phase. They consider the reaction of FeS2 to Li2FeS2 to occur 

in region a. They claim that X-phase has a wide range of nonstoichiometry, indicated by a slop-

ing potential region in their coulometric titration data.17•121 They show a 10% variation in 

lithium content about Li2FeS2• The stoichiometry given by Tomczuk et a/. shows a 20% varia­

tion in lithium content from Li3Fe2S4 to Li2FeS2 (through region c). To summarize, the two stu­

dies agree that an FeS2 electrode would encounter a sloping potential region on discharge. How­

ever, the position and width of the region are not in agreement. It should be noted that Tomc­

zuk et a/. did their experimentation at a temperature 50°C higher than Schmidt andWeppner. 

It is possible that the range and position of the sloping potential region are functions of tempera­

ture. Experimental cells distinctly show a second voltage plateau at 37% utilization, which sup­

ports the existence of the Li3Fe2S4 phase. More research is required to resolve the discrepancies 

in the two pieces of work. In Reference 12, a more complete comparison of References 6 and 7 is 
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given. 

The Phase Behavior of Li{Si) at 450°0.-Figure 3 gives a plot of the potential of a Li(Si) 

electrode relative to a two-phase LiAI reference electrode as given by a Wen and Huggins.l9
1 

Table 3 gives the corresponding electrochemical reactions and coefficients for the form of the 

open-circuit potential given in Equation 1. The potential is given in volts, and the temperature 

is in kelvins. Sharma and Seefurthi181 give the temperature dependence of the potential plateaus. 

The reactions are written according to the phase compositions given by Wen and Huggins. 

The equilibrium discharge of a Li(Si) electrode is shown by moving to the left in Figure 3 

from a chosen starting material. We have designated three regions of discharge. Each region is 

a two-phase :region and is characterized by a potential plateau (at constant temperature and 

pressure). For example, starting with the Li3.26Si alloy, the removal of lithium on discharge will 

form the Li2.33Si phase. When the starting material is exhausted, potential plateau II is reached. 

Reaction 

II 

III 

Table 3. Reactions and Coefficients for the 

Open-Circuit Potential of the Li(Si) Electrode 

[VJ [V/KJ 

Li3.:!5Si - Li2.33Si + 0.92Li+ + 0.92e- -0.187529 

Li2.33Si- Lit.71 Si + 0.62Li+ + 0.62e- -0.088097 

Lit.71Si- Si + 1.71Li+ + 1.7le- -0.0345 

0.0731 

0.1122 

0.1056 

*a1 and b1 were obtained from Reference 18. 
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If more lithium is removed from the Li2.33Si phase, the Li1.71Si phase is formed. The exhaustion 

of the Li2.33Si allows the potential to rise to plateau ill. In this region, ~he Lit.71Si is in equili­

brium with essentially pure silicon. 

There are several aspects that should be considered in the design of a Li(Si) electrode. The 

Li4.4Si alloy is not a desirable starting material because it is unstable and cannot be handled 

effectively in a dry room. Also, discharge through region m should be avoided because the elec­

trode has a high specific resistance is this region.Jtoj 

In Figure 3 the potential appears to rise vertically between plateaus. The vertical portions 

on this figure, however, are actually narrow single-phase regions. Wen and Huggins investigated 

these narrow regions of nonstoichiometry and gave values of the chemical diffusion coefficient of 

lithium in the each region. The width of the Li3.26Si, Li2.33Si, and Li1.76Si single-phase regions 

corresponds to ay = 0.028, 0.06, and 0.008, respectively. In our work with the Li(Si) electrode, 

we ignore the width of the single-phase regions. 

The Open-Circuit Potential Behavior of Li{Si)jFeS
8 

Cells.-The data in Tables 1 and 2 

and Equations 2 and 3 are used to calculate the open-circuit potential behavior of a Li(Si)/FeS2 

cell. All of the results are presented for a cell with the capacity limited by the FeS2 electrode. 

Figure 4 illustrates the open-circuit potential behavior as a function of positive-electrode utiliza­

tion. The cell is discharged reversibly and isothermally at 725 K ( 452°C) for different values of 

the parameter /3, the mole ratio of Li3.26Si to FeS2 . For a large value of /3, we expect to see the 

positive-electrode behavior reflected in the discharge of a Li(Si)/FeS2 cell. This is the case in 

Figure 4 for !3 = 8. 7. As the value of /3 is decreased, we would expect to see more of the 

negative-electrode behavior during discharge. 

In Figure 4, for the case of /3 = 8.7, the first drop in potential at 37.5% utilization is 

caused by the positive electrode going from region a to region b. The sloping potential region 
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reflects the positive electrode going through region c (the two-phase region). At 50% utilization, 

the positive electrode reaches region d, the. final plateau. Discharge with j3 = 2.6 is similar to the 

case with j3 = 8.7, except for the extra potential drop at 60% utilization. This potential drop 

reflects the behavior of the negative electrode going from region I to region II. For the case of j3 

= 1.08, the corresponding potential drop occurs much earlier in the discharge (at 22% utiliza­

tion). The second potential drop stems from the positive electrode going from region a to region 

b, the third potential drop marks the negative electrode entering region III, and the remainder of 

discharge reflects the behavior of the positive electrode. For the case with j3 = 1.08, the capacity 

of the negative electrode almost matches the capacity of the positive electrode. As we discussed 

earlier, discharge through region ill of the Li(Si) electrode is undesirable because of the high 

resistance of the pure silicon phase. One may reject the design of this cell based on the results of 

Figure 4 alone. 

If the temperature is increased for the case with j3 = 1.08, then the open-circuit potentials 

for the first four plateaus are increased. The open-circuit potential of the final plateau decreases 

with increasing temperature. 

With these thermodynamic data, we can also examine the heat-generation rate for the 

reversible, isothermal discharge of a Li(Si)/FeS2 celi.i121 This can give insight into the heating or 

cooling that may be required to maintain isothermal operation of a cell, which is an important 

aspect of cell design. 

Model Development 

The model of the Li(alloy)/LiCl,KCl/FeS2 cell 1s developed from Pollard and Newman's 

modeli3
•
4

•
5

1 for the LiAl/LiCI-KCl/FeS cell. 



18 

The galvanostatic discharge behavior of the Li(alloy)/FeS2 cell constitutes the mam 

emphasis of this work. We describe the mathematical model and the modifications that have 

been made to the original work of Pollard and Newman.l3
•
41 Model results for the Li(alloy)/FeS2 

cell are given, and comparisons with experimental results available in the literature are made. 

A cross section of a cell sandwich is shown schematically in Figure 5. The model is one 

dimensional and consists of a porous negative electrode (shown on the left) and a porous positive 

electrode (shown on the right) with a reservoir and separator in between. The hatched area in 

the electrodes refers to the cell's active material (called the matrix phase). The clear area refers 

to molten LiCl-KCl electrolyte that fills the pores within the cell. The negative electrode can be 

either LiAI or Li(Si). The fundamental equations are material-balance equations for species in 

the electrolyte phase and electrode matrix phase, a modified Ohm's law equation, a current hal-

ance equation, and electrochemical-kinetic equations. The equations are cast into finite difference 

form, along with the appropriate boundary conditions, and solved iteratively by the method of 

Newman.l201 The Fortran computer code for the cell model is given in Reference 12. 

FeS8 Electrode Behavior.-If the FeS2 electrode is discharged reversibly, then a single elec-

trode reaction occurs within each region, corresponding to the reactions given in Table 1. The 

irreversible discharge of the electrode allows the reactions to occur simultaneously. 

We shall first discuss the inc~rporation of the kinetic expressions for the reactions of the 

FeS2 electrode. A polarization equation of the form 

.. 

(4) 

is used, where 

T/,,1 = '7 - fft,o (5) 

represents the local surface overpotential and '7 is defined as the electrode potential minus the 
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electrolyte potential. The quantity U,,o is the theoretical, open-circuit cell potential for reaction 

/, relative to a reference electrode of the same kind as reaction b, shown in Table 1, at the com-

position prevailing locally. It follows that 11,,1 is 11- (U .. - Ub), 11, and 11- (Ud- Ub) for the 

reactions in regions a, b, and d, respectively. The values of U, are given by Equation 1 along 

with the coefficients given in Table 2. 

The kinetic equation for the reaction in region c is more complicated than the other reac-

tions because the surface overpotential is dependent on the extent to which the reaction has 

occurred. The surface overpotential is given by 

11,,c = 11 - ( Uc - Ub ), (6) 

where U0 is defined by Equation 2 and 

t 

qc = J ic dt · (7) 
0 

The behavior of the intermediate phases in the discharge of an FeS2 electrode is fairly com-

plex. In the mathematical model, we simplify the phase transitions. In the material balance for 

the matrix phase, we assume that the phase transitions that occur as a result of the transfer 

currents ib and j c are approximated by the single transition 

(8) 

The volume fraction of Li2FeS2 (X-phase) is calculated at each time step. One can think of this 

phase as being a lumped phase composed of .the solid solution phases Fe1_x'S and Li2 +xFe 1_xS2 . 

The molar volume of the lumped phase is assumed to be that of Li2FeS2 (X-phase). The approxi-

mation becomes accurate as reactions b and c approach completion. At this point, the amount 

of Fe1_x'S approaches zero and the Li2+xFe1_xS2 phase has the composition Li2FeS2 (x = 0). We 

do not have molar volume data for the Li2+xFe 1_xS2 compound as function of the composition 

variable x. 
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We use the same argument for the calculation of the matrix conductivity; the conductivity 

of the lumped phase is assumed to be that of Li2FeS2. The matrix conductivity expression is 

developed in Reference 12 . 

Li(Si) Electrode Behavior.-As we discussed earlier, in the discharge of a Li
3

_25Si electrode, 

three regions can be distinguished. The mathematical model simulates the first region; the 

region in which the reaction 

Li3.:zsSi - Li2.33Si + 0.92 Li+ + 0.92 e-

occurs. The simulation of the Li(Si) electrode is, therefore, virtually identical to the treatment of 

the LiAl electrode. The Li
3
.:zsSi alloy is analogous to .8-LiAl, and the Li

2
_
33

Si alloy is analogous to 

ll-Al. Initially, it is assumed that the negative electrode matrix consists of nonporous, spherical 

particles of Li
3
.:zsSi. On discharge, the outermost region of the particle reacts first, and a layer of 

Li2_33Si is formed which thickens gradually as the discharge proceeds. We refer the reader to the 

work of Pollard and Newman13.4l for the mathematical description of this process. 

A more complete description of the electrode behavior would include the reaction 

(9) 

which occurs in the second region. The reaction in the third region should also be incorporated; 

however, the high resistivity of the pure silicon phase makes this reaction undesirable. The 

Li(Si) electrode is twice as thick as the. LiAl electrode in the mathematical model simulations, 

because plateau II wasn't treated in the model. 

Operating Parameters. -We g1ve some of the base-case operating conditions and data 

required for the FeS2 model in Table 4. Many of the operating parameters are the same parame­

ters that were used in Pollard and Newman's original work.13•41 For example, the operating vari­

ables of the LiAl electrode are unchang~d, and we refer the reader to Pollard and Newman's 
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work for all of these values (Figure 9 of Reference 4). 

Deviations from the values in Table 4 will be noted in the figure captions. The kinetic .. 
parameters, io,l> O!a,l• and O!e,l• for the FeS and FeS2 electrode reactions are the same. The ther-

modynamic data. in Table 2 and Equation 2 are included in the model. 

The molar volume data of some phases in the FeS2 electrode are given in Table 5. The 

crystalographic data that are used to calculate the molar volumes are given in Reference 6. 

We assumed the values of 4 and 12 for the formulas per unit cell (given in the fifth column 

of Table 5) of the Li2.33Fe0•67S2 and Fe
0

_
876

S compounds, respectively. If we compare the molar 

volumes of these compounds to that of Li2FeS2 and FeS (18.55 and 46.23 cm3jmole,l3•41 respec-

tively), we see that our assumptions seem consistent. As we mentioned earlier, several simplify-

Table 4. Physical Parameters and Base-Case 

Input Data for the LiAl/FeS
2 

Cell Model 

Quantity Value Quantity Value 

O'Li~ 0 (O-cm)" 1 
O'Fe 8.23 X 104 (O-ctn)" 1 

uz 0.2 (O-cm)" 1 ux 5.1 (O-cm)"1 

O'FeS2 
100 (O-cm)" 1 i 0.0416 A/cm2 

L+ 0.21458 em To 743.15 K 

£Fes2 
0.245 ua,o 0.0878 v ... 

£0 
+ 0.755 ub,o o.ov 

£ccp0' ccp 2.1819 (O-cm)" 1 ud,o -0.37 v 

m 1/3 ub 1.6929 v 
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Table 5. Molar Volume Data for the Phases in the FeS2 Electrode 

Compound Mi crystal unit cell formulas per vj 
gfmol habit volume (A)3 unit'cell cm3/mol 

" 

FeS2 119.975 cubic 158.956 4 23.93 

Li3Fe2S4 260.767 monoclinic 164.65 1 99.17 

Li~eS2 133.853 hexagonal 82.72 1 49.82 

Li2.33Fe0.87S2 117.713 hexagonal 249.55 4 37.58 

Feo.87os 80.930 hexagonal 368.44 12 18.49 

Li2S 45.942 fcc 186.37 4 28.062 

ing assumptions have been made concerning the solid-phase material balances. Due to these 

assumptions, the simulation of the FeS2 electrode requires only the molar volume data for the 

The initial porosity of an FeS2 electrode must be larger than that for the FeS electrode 

material because the FeS2 electrode experiences a much larger volume increase upon full 

discharge than the FeS electrode. Researchers at General Motors build experimental FeS2 cells 

with theoretical porosities of 0.30 to 0.50 when fully discharged (to Li2S and Fe).121 •221 The data 

given in Table 5 for VFes2 and VLi~ and VFe = 7.1056 cm3/mole can be used to calculate £.f. 

from the theoretical Ef"GJ. For example, the theoretical final porosities of 0.30 and 0.50 

correspond to initial porosities of 0.727 and 0.805, respectively. For our base-case operating con-

ditions, we use an initial porosity of 0.755. 

The relevant Li(Si) electrode data are given in Table 6. The stoichiometric coefficients of 

the phases in the FeS2 electrode that are needed for material balances are also given in this table. 

The molar volume data of pure Li and Si are for !W°C and obtained from Reference 23. The 
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Table 6. Electrode Data 

Li{Si) Electrode FeS2 Electrode 

Quantity .. Value Quantity Value 

Li3.zs5i 
XLI 0.7647 nl 2.0 

Lia.zsSi 
xsi 0.2352 8 Li+,l -2.0 

Li~i 
XLI 0.6997 8K+,t• 8C!-,I 0.0 

Li2 s$)i 
Xgj 0.3003 8FeS2oa -4/3 

VLi 13.093 cm3/mol Sz,a 2/3 

Vsi 12.054 cm3/mol Sz,b(c) -2 

DLis.~i 7.9 X 10-6 cm 2js 8X,b(c) 4 

DLi2.:J33i 4.9 X 10-6 cm 2js 8X,d -1 

io 2.8 X 10-3 A/ cm3 
8Li:zS,d 2 

L_ 0.64 em BFe,d 1 

diffusion coefficients were obtained from Reference 9. We estimate the molar volumes of the 

lithium saturated Li3_25Si and Li
2

_
33

Si phases from 

(10) 
,. 

and 
• 

(11) 

respectively. For the base-case condition of isothermal discharge at H3.15 K with the Li(Si) 
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negative electrode, ub is 1.8261 v. 

Results and Discussion 

Behavior at 470°0 and Eutectic Electrolyte Composition.-The solid line in Figure 6 

represents the reversible cell voltage for a LiAl/FeS
2 

cell discharged at constant temperature. 

The utilization is defined as 

100 i t V Fes2 %Utilization of FeS2 = ____ __..;;;. 
L+ £f-es2 4 F 

(12) 

and may be thought of as a dimensionless time during discharge. 

The dashed line in Figure 6 gives the model result for the voltage of the FeS2 electrode in a 

LiAl/FeS
2 

cell, relative to a LiAl ( a-.8) reference electrode placed at the positive electrode-

reservoir interface. Four regions of discharge of the FeS2 electrode can be distinguished. The 

rounding of the discharge curve, relative to the solid curve is due to irreversibilities associated 

with ohmic losses, migration effects, ma5s-transfer, and reaction overpotentials. 

At 92% utilization, we predict the 1 V cell cutoff voltage to be reached .. This corresponds 

to approximately 6 hours of discharge. The cell voltage drops at this point because KCl precipi-

tate clogs the pores of the FeS
2 

electrode. All the FeS
2 

discharge reactions consume lithium ions, 

which causes the KCl concentration in the positive electrode to increase. If the KCl concentra-

tion increases above its saturation value, solid KCl precipitates within the electrode. The onset 

of KCl precipitation is predicted at 30% utilization; however, by 41.6% utilization the precipi-

tate is not present because it dissolves during the period that reaction c alone occurs within the 

electrode, and the reaction distribution is nearly uniform. KCl precipitation is initiated a second 

time, on the final plateau, at 68.6% utilization. KCl precipitation has limited the electrode utili-

zation to 92% utilization. At this point, the cell cutoff voltage is reached. 
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Li3Fe2S4 + 0.47Li+ + 0.47e-­

--~--------------- 1.~su2.2Fe0.8s2 + 0.84Fe0_875S 
2FeS2 + 3Li+ + 3e- ~ Li3Fe2S }----.\ 

\ 
\ 
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Fe1 _x~ and Li2+xFe1_xS2 --\~ c 
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Figure 6. Calculated voltage of the FeS2 electrode in a LiAl/FeS2 cell relative to a Li.Al ( et-{3) 

reference electrode placed at the electrode-reservoir interface. The solid curve is for a cell 

discharged reversibly at 4i0°C, and the dashed curve is the model result for a discharge current 

density of -11.6 mA/cm2 and 58% LiCl electrolyte (base-case operating conditions). 
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On the first plateau, reaction a is occurring, and the voltage drops at the end of the pla­

teau. The onset of reactions b and c is marked by the voltage leveling, and the FeS
2 

is exhausted 

at 39% utilization. Between these two points, three reactions occur simultaneously within the 

positive electrode. Reactions b and c occur together at the same position within the electrode, 

and reaction a occurs in a region located more toward the back of the electrode. Reaction c 

begins simultaneously with reaction b in irreversible discharge, although it does not proceed 

rapidly until reaction b is completed at approximately 43.2% utilization. 

The solid line in Figure 7 gives the FeS:z-electrode behavior when the discharge current 

density is increased to 100 rnA/cm2 •. The onset of the reactions b and c is initiated sooner 

(21.4% utilization) than for the case with the lower current density because of the increased 

overpotentials induced by the higher discharge current. The onset of KCl precipitation is 

predicted to occur at 17.6% utilization. In this case the FeS2 is not exhausted before the cell 

cutoff voltage of 1.10 V is reached. The larger discharge current density means that at a given 

utilization a shorter time period has elapsed. For example, the end of discharge for the 100 

rnA/cm2 case (27.8% utilization) is reached after 0.65 hours. For the case with 41.6 rnA/cm2, 

27.8% utilization is reached after 1.57 hours of discharge. 

The transfer-current density is equal to the divergence of the current density in the pores 

of the electrode.13·41 It is also proportional to the reaction rate per unit volume of the electrode. 

Figure 8 gives the distribution of the total transfer current at the onset of the b and c reactions. 

The behavior of the transfer-current distribution is understood most easily be examining the 

potential distribution. The potential distribution is governed by a modified Ohm's law equa­

tion.13'41 We can nondimensionalize this equation and define the different contributions to the 

potential gradient 
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100 

XBL 861-9413 

Figure 7. Model results for the voltage of the FeS2 electrode in a LiAI/FeS2 cell, relative to a 

LiAl (a- ,B) reference electrode placed at the electrode-reservoir interface, for two discharge 

current densities (base-case operating conditions, except for -i). 
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Figure 8. Transfer-current distribution within the FeS2 electrode at the onset of reactions b and 

c (parameters a.s in Figure 7 for the '11.6 mA/cm2 discharge). 
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1 1 [1 + d ln"YLiCI l 
'\1 XLiCI 

'\lry i pore ~ i matriz (T RT d lnxLicl 
(13) =-- ----

[! +! l [! +! l [! +! l FxLiCI 
0 [ i 1 l i ' ~+-; 

total = 8olution term + matrix term + concentration term 

The quantity i is the sum of the pore and matrix currents. The solution term is proportional to 

the fraction of current flowing in the electrolyte and the electrolyte's fraction of the total elec-

trode resistance at a given position within the electrode. Analogously, the matrix term is pro-

portional to the fraction of current flowing in the matrix phase and the matrix's fraction of the 

total electrode resistance at a given point. In the absence of electrolyte concentration variations, 

these two terms determine the potential distribution. The concentration term accounts for con-

centration variations and is proportional to '\!( lnzLiCI ). 

As shown in Figure 8, the solution current is transferred to the matrix phase at two main 

positions. These two spikes mark the positions of two reaction fronts. The position of the reac-

tion front for reaction a is deep within the electrode, and electrode reactions do not occur in the 

region of the electrode between these two fronts. There is a minimum in j
4 

that is explained by 

the terms in the Ohm's law equation shown in Figure 9. The minimum in j,. is associated with 

the total potential gradient passing through zero. The behavior of the potential gradient 

appears to be dominated by the concentration term. KCl precipitate is present in the reaction 

zone of reaction a. The electrolyte concentration is constant in this region and is partially 

responsible for the zero in the gradient of the potential. The solution term also decreases after 

the position of the reaction front because the fraction of current density in the pore phase is 

decreasing as current is transferred to the matrix phase. • 

The reaction front for reactions b and c is at the front of the electrode. Most of the '11.6 

mA/cm
2 

of current density is transferred to the matrix phase by reaction a ( i
4 

= 31.8 rnA./cm~} 

-The remaining 9.8 rnA/cm2 of current density is transferred to the. matrix phase by reactions b 
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and c at the positive electrode-reservoir interface. At the onset of reactions b and c, the surface 

overpotentials TJ,,b and TJ,,c are negative only at the front of the FeS2 electrode. At the front of 

the electrode :ib = 3.975 A/cm3 and ic = 0.131 A/cm3. The transfer current for reaction c is 

smaller than reaction b due to the state-of-discharge dependent overpotential. 

At 40% utilization, the FeS2 is exhausted, and eventually the capacity in region b is also 

exhausted. After this point, reaction c is the only reaction occurring within the electrode. 

As_ discharge proceeds, the reaction distribution becomes more uniform, and at 49.77% 

utilization the transfer-current distribution is uniform throughout the electrode with a value of 

0.195 A/cm3 . The dependency of the surface overpotential on the state-of-discharge forces the 

reaction zone to penetrate deep into the electrode, unlike the behavior of the reaction zone dep­

icted in Figure 8. After 49.77% utilization, the capacity in region c becomes exhausted at the 

front of the electrode, and the exhausted area moves deeper into the electrode as discharge 

proceeds. 

At 49.99% utilization, the surface overpotential TJ,,d at the front of the electrode becomes 

negative, this marks the onset of reaction d. The behavior of the reaction zone for reaction d is 

similar to that of reaction a. It is a sharp zone that starts at the front of the electrode and 

moves through the electrode as X-phase is converted to Li
2
S and Fe. 

Figure 10 gives the model results for the voltages of electrodes relative to a two-phase LiAI 

(a-,8) reference electrode placed at the positive electrode-reservoir interface. The upper, dashed 

line gives the potential of the FeS2 electrode in a LiAl/FeS
2 

cell, relative to this reference elec-

trode. The lower dashed line gives the potential of the LiAl negative electrode relative to this 

reference electrode; the difference between the two dashed curves, is the cell voltage. 

The results of the Li(Si)/FeS2 cell discharged only on the upper-upper plateau of the posi­

tive electrode are shown by the solid curves. The behavior of the FeS
2 

electrode appears to be 

.. 
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Figure 10. Model results for the potential of electrodes in a Li(alloy)/FeS2 cell relative to a LiAl 

( a-,8) reference electrode placed at the positive electrode-reservoir interface (base-case operating 

conditions). 
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independent of the negative electrode. we presume that the potential of the positive electrode in 

the Li(Si)/FeS cell would yield approximately the same potential as in the LiAl/FeS
2 

cell if we 
2 . 

chose to discharge to greater depths. As shown by this figure, a larger cell voltage is obtained 

for the cell with the Li(Si) electrode, relative to the cell with LiAl as a negative electrode. 

Behavior at 450°C and Lithium-Rich Electrolyte. -One of the most important aspects of 

modeling is to compare model results with experimental results. The more agreement that is 

seen, the more confident we are with our understanding of how a system works. Figure 11 com-

pares model and experimental resultsl211 for the FeS2 electrode behavior in a LiAl/FeS2 cell at 

450°C, 50 mA/cm2, and 68% LiCl electrolyte. The reversible discharge behavior is also shown in 

this figure. The 4 regions of discharge of the FeS
2 

electrode can be distinguished in the experi-

mental curve. As we dis..:ussed earlier, there is some controversy in the literature16•71 concerning 

different regions of discharge for the FeS
2 

electrode. The results of Figure 11 give some credence 

to the "4-region" behavior of the FeS
2 

electrode. 

The spike at the beginning of discharge is a common observation in experimental FeS
2 

cells, and we do not predict it with our mathematical model. We can postulate three possible 

reasons for the initial voltage spike. One explanation is the presence of a highly reactive impur-

ity. Secondly, the spike may be due to the reaction of liquid sulfur formed by over-charging the 

electrode. Another possibility is that the Li-Fe-S phase diagram may not be complete. For 

example, FeS2 may exhibit some degree of nonstoichiometry, and the point ori the diagram may 

actually be part of a single-phase segment. This region would not have much lithium capacity 

and would give rise to a sharp voltage drop on discharge. 

We can also contrast the start of region d in the model and experimental results. Region d 

begins at less than 50% utilization in the experimental cell, which indicates that some of the 

capacity of the electrode has been lost. We do not predict this capacity loss with our 
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Figure 11. Comparison of model and experimental resultsl21 1 for the voltage of the FeS
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mathematical model. The capacity loss problem with experimental cells has been studied by 

several researchers. The weight loss of FeS2 due to evolution of sulfur vapor in an argon atmo-

sphere has been determined as a function of temperature.1241 The FeS2 samples demonstrated 

stability at 300°C and severe weight loss at 450°C. The capacity loss of the electrode is also, 

however, dependent upon the electrolyte and potential. Weppner et a/.171 were able to obtain a 

stable voltage reading in the S-FeS2-Li2S region (see Figure 1) with molten, eutectic, LiCl-KCl 

electrolyte at 400°C, but not with solid-state Li4Si04 - Li3P04 electrolyte. Stable voltage read­

ings were obtained for all other measurements with the solid-state electrolyte. Figure 12 demon­

strates the capacitY. loss after 80 charge-discharge cycles observed by Dunning et a/.1211 for a tem­

perature of 450°C and lithium-rich electrolyte (68% LiCl). It was also observed that the rate of 

capacity loss is higher in the lithium rich than the eutectic electrolyte. 

The voltage drop shown for the experimental cell in Figure 11 IS probably due to the 

exhaustion of X-phase, since greater than 50% of the electrode's capacity ir. region d is not possi­

ble (region d spans from 45-95% utilization). The voltage drop to the cutoff point in the model 

result is due to the clogging of the pores with KCl precipitate. Under certain operating condi-

tions, a loss of capacity in region d is observed experimentallyi221 and may be explained by KCI 

precipitation. If the capacity loss in region d is caused by KCl precipitation, utilization in region 

d should increase with temperature, :rficl, and £~. All of these trends are observ~d experimen­

tally.i221 It is appropriate here to recall that in Figure 7 (for the case of 100 mA/cm2) the model 

predicted that KCl precipitation contributed to the apparent shortening of the upper plateau. 

The effects of KCI precipitation on the performance of model the FeS electrodes are discussed in 

References 12 and 13. 

At 13% utilization of FeS2, LiCI precipitation is observed in the LiAI negative electrode; 

the precipitation of LiC!, however, does not limit the utilization of the electrode's active 

material. 
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Some of the more recent work directed toward the capacity loss problem in experimental 

cells should be mentioned. As we discuss above, the capacity loss of the FeS2 electrode should 

decrease with decreasing temperature. Kaun1251 proposes an electrolyte with a lower melting 

point {310°C) and broader liquidus than LiCl-KCl electrolyte. His electrolyte, XLici = 0.25, xLiBr 

= 0.38, xKBr = 0.37, allows lower cell operating temperatures of 390 to 400°C. Kaun operates 

LiAl/FeS2 cells only on the upper plateau of the FeS2 electrode (regions a, b, and c) where X­

phase is the final discharge product. There is a much smaller volume change on discharge of this 

cell than in a cell that is discharged to Li
2
S and Fe; hence Kaun uses cells with dense positive 

electrodes (!+ = 0.5). The cell capacity remains constant· through more than 300 cycles at 50 

mA/cm2 and a temperature of 397°C. This is a substantial improvement over the more conven­

tional LiAl/FeS2 cells (discharged to Li2S and Fe) built in their laboratory. These conventional 

cells operate at 427°C with LiCl-KCl electrolyte and lose 30% of their capacity after 200 cycles 

(also see Figure 12). 

There are other disadvantages to high operating temperatures than capacity loss of the 

FeS2 electrode; for example, there are increases in corrosion of cell components at higher operat­

ing temperatures. Operating these cells at lower temperature may lessen the high-temperature 

problems. Also, operation only on the upper plateau of the FeS2 electrode has the advantage of 

a relatively constant voltage throughout the cell discharge. This is important because there may 

be applications for these cells that could not tolerate large voltage change between the upper­

upper plateau (region a) and the lower plateau (region d), which occurs between 37.5 and 50% 

utilization. It would be interesting, however, to investigate experimentally a LiAl/FeS2 cell 

discharged through the lower plateau with Kaun's electrolyte and the low operating temperature 

of 397°C. 
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Conclusions 

The equilibrium voltage behavior of a Li(Si)/FeS2 cell exhibits many regions (up to six) 

and can vary as much as 0.6 V during discharge. This must be considered in the design of these 

cells because there may be applications that will not tolerate the large voltage changes during 

discharge. 

All of the regions in the discharge of a Li(Si)/FeS2 cell are endothermic except the region in 

which reaction d of the FeS2 electrode occurs. Therefore, to maintain isothermal operation, a 

Li(Si)/FeS2 cell discharged reversibly would require external heating, up to 50% utilization of 

FeS2, and cooling after 50% utilization. 

The agreement between the model and experimental results supports the "4-region" 

behavior of the FeS2 electrode. The experimentally observed capacity loss problem on the upper 

voltage plateau during discharge must be solved if the system is to be practical. Our model 

predicts that KCl precipitation can limit the utilization of the FeS2 electrode, usually on the 

lower voltage plateau. The capacity loss due to KCl precipitation should decrease with increas­

ing temperature, LiCl concentration in the electrolyte, and porosity of the electrode. For certain 

operating conditions, limitations on the utilization of the lower voltage plateau are observed 

experimentally and are probably due to KCl precipitation . 
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List of Symbols 

a interfacial area per unit electrode volume, cm·1 

a.1 constant in the expression for the open-circuit potential of reaction I, V 

b1 temperature coefficient in the expression for the open-circuit potential of reaction I, V /K 

D diffusion coefficient, cm2 /sec 

e symbol for an electron 

F Faraday's constant, 96,487 C/equiv 

i current density, A/cm2 

1o,l exchange current density for electrode reaction I, A/cm2 

J transfer current density per unit volume of electrode, A/cm3 

L length of cell, em 

m precipitation parameter 

M; molecular weight of species i 

q, capacity for reaction I (see Equation 7), C/cm3 

R universal gas constant, 8.3143 Jjmoi-K 

8;,1 stoichiometric coefficient of species i in reaction I 

time, s 

T absolute temperature, K 



... 

f1t theoretical open-circuit potential for reaction l, relative to a reference electrode, V 

U,,o theoretical open-circuit potential for reaction l at the local composition within the 
electrode, relative to a reference electrode that is taken to be the same kind as the 
second reaction in the discharge mechanism, V 

V molar volume, cm3 /mole 

x, x composition variables in nonstoichiometric compounds 

x; mole fraction of species i 

y composition variable in a nonstoichiometric compound · 

Greek letters 

transfer coefficient in the anodic direction 

transfer coefficient in the cathodic direction 

the mole ratio of Li3.25Si to FeS2 

E porosity or electrolyte volume fraction 

volume fraction of species i 

'"'ti,j activity coefficient of species i in phase j 

overpotential, defined as the difference of the matrix and pore-solution potentials, V 

111,1 surface overpotential of reaction l, V 

/C effective ionic electrolyte conductivity, (O-cm)" 1 

p density, g/cm3 

solid-phase electrical conductivity, (O-cm)" 1 

Subscripts 

ccp current collector in the positive electrode 

eff effective 

refers to a species 

refers to a reaction 

41 



matrix refers to the solid electrode matrix 

pore refers to the pores of an electrode 

+ positive electrode 

negative electrode 

final at end of discharge 

Superscripts 

o refers to secondary reference state or initial 
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