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Abstract

We have previously reported the development of a physically-based mode describing the
discharge behaviour of the lithium/iodine battery. Values for the parameters of the model
have been determined through analysis of discharge data from a wide variety of battery
designs. This paper reviews the essential features of the model and describes several
applications. These applications include estimation of performance distributions through
Monte-Carlo simulations, analysis of variability in discharge performances, and identification
of the parameters to which discharge performance is most sensitive.

Introduction

The lithium/iodine battery is the most successfully commercialized solid-electrolyte
battery. It was introduced as a power source for implanted cardiac pacemakers twenty
years ago [1], and the high reliability, high energy density and manufacturability of
the system have made it the most frequently used power source for this application.
The cathode of this battery consists of a two-phase mixture of crystalline iodine and
a viscous solution of jodine and poly(2-vinylpyridine). When the battery is constructed,
the lithium and molten cathode material are placed directly in contact. The discharge
product, lithium iodide, forms the electrolyte ir situ as the battery discharges.

The general structure and principles of lithium/iodine batteries have been described
in reviews [2, 3]. Only recently have the mechanisms of voltage polarization under
load been discussed in quantitative terms [4]. There are several keys to understanding
the polarization behavior of the lithium/iodine battery:

(i) Recognition of the battery as a collection of bulk resistors and interfaces in
series. On this basis the total impedance is expected to be a sum of ohmic terms
corresponding to the bulk resistors and non-ohmic corresponding to interfacial processes.

(i) Separation of ohmic and non-ohmic polarization by analysis of complex
impedance data. Complex-plane plots of impedance for batteries under load show a
current-independent real intercept at intermediate frequencies and current-dependent
features at low frequencies.

(iii) Separation of electrolyte- and cathode-related components of the ohmic
resistance. These two components have different dependencies on discharged capacity
and work together to give discharge curves of lithium/iodine batteries their characteristic
shape.

(iv) Demonstration that discharge-dependence of non-ohmic polarization, comprised
of activation overpotential and concentration polarization, can in most cases be adequately
described by a single three-parameter logarithmic function of discharged capacity.
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(v) Establishment of the thermodynamic framework of the system through mea-
surement of open-circuit potentials as a function of cathode composition. This work
has identified the boundary between two-phase and single-phase cathode composition,
the limiting cathode composition, and the functional form of the loss in open-circuit
potential which occurs in the single-phase region of cathode composition.

Quantitative understanding of the processes which lead to voltage loss under load
has allowed the development of a physically-based mathematical model of the steady-
state discharge of lithium/iodine batteries. This model allows the load voltage of a
lithium/iodine cell to be calculated in terms of the application current and three-
parameter characteristic of the battery design: anode area, cathode capacity and initial
cathode composition.

In addition to prediction of mean behavior, the steady-state model has allowed
prediction of the distribution of mean behavior via Monte Carlo simulation, based on
the distributions of design-independent parameters of the model observed over a wide
range of battery designs.

Summary of the steady-state discharge model

The essential features of the lithium/iodine battery model are illustrated in
Table 1. The model describes the loss of voltage during discharge in terms of five
physical processes: ohmic resistance of electrolyte, ohmic resistance of cathode, charge-
transfer polarization, concentration polarization, and decrease in open-circuit potential.

Figure 1 shows ohmic and non-ohmic components of resistance as functions of
discharged capacity for a typical lithium/iodine battery. Changes in the electrolyte
component of ohmic resistance dominate much of the early discharge history. Electrolyte
resistance is observed to vary exponentially with depth-of-discharge as shown in
Fig. 1. The parameters of the exponential function used to model the electrolyte
resistance (B and B in Table 1) are normalized by anode area.

The electrolyte consists of a layer of lithium iodide of ever-increasing thickness
as the cell discharges. Dense planar growth of electrolyte has been shown to lead to
a linear relation between resistance and capacity discharged. However, practical batteries
are made with a coating of poly(2-vinylpyridine) on the anode. This coating has been
shown to break down to yield a small amount of liquid electrolyte wetting the lithium

TABLE 1

Summary of model®

Ohmic Non-ohmic Loss of OCV
Source Electrolyte  Cathode Charge-transfer  Concentration
polarization polarization
Determining Q, Area Cathode- Cathode- I/Area Cathode-
factors composition,  composition, composition
geometry I, Area
AdeStable Bclv Bcl Po» & Y «, K, Y M Y

parameters

*Fixed parameters from open-circuit voltage data: limiting cathode composition (r,), cathode
composition at phase-boundary (r,,), and effective value of ‘n’ in Nernst equation.
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Fig. 1. Ohmic and non-ohmic resistance for a typical lithium/iodine battery. Region of ohmic
resistance dominated by electrolyte and by cathode are indicated. Anode area: 10.9 cm?
stoichiometric cathode capacity: 1.53 A h; starting cathode composition: 30 parts I, per part
poly(2-vinylpyridine) (P,VP) by weight, and discharge rate: 19 pA.

iodide discharge product, reducing the resistance of the electrolyte and changing the
shape of the discharge curve to the exponential relation seen in Fig. 1 [5].

The cathode resistance is relatively small and varies little while the composition
of the cathode is two phase. However, once the cathode reaches its single-phase
composition, the resistance of the cathode increases rapidly and soon dominates the
total resistance of the cell. It is the shift from electrolyte dominance to cathode
dominance of the ohmic resistance that yields the characteristic ‘knee’ in the discharge
curve near end-of-service.

The cathode resistance in the single-phase region has been shown to be separable
into a geometric factor and a resistivity. The resistivity shown in Fig. 2 varies exponen-
tially with cathode composition (parameters p, and « in Table 1). A satisfactory
geometric factor for prediction of cathode resistance is the volume of the cathode at
the boundary between the two-phase and one-phase regions divided by the square of
the area of the anode. The cathode in the single-phase region increases in resistance
exponentially as iodine is removed. The apparent viscosity of the cathode material
also increases as iodine is removed, and the material goes from being fluid at the
phase boundary to glassy at end-of-service. We are unable to account for the exponential
dependence of cathode resistance on. composition at this point. However, similar
behavior has been observed for halide salts dissolved in inorganic glasses [6].

In the non-ohmic component of resistance both kinetic and mass-transfer effects
are important. In the two-phase region of cathode composition, the non-ohmic resistance
varies little (Fig. 1) and has been taken to be constant at a given current. For the
single-phase region, an expression for the polarization resistance as a function of
cathode composition and current density has been derived from the cathodic branch
of the current-voltage relation for heterogeneous kinetics. The result is a three-
parameter logarithmic function in discharged capacity which has been shown to fit
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Fig. 2. Resistance as a function of composition for iodine/poly(2-vinylpyridine} (P,VP) cathode
material.

and predict the non-ohmic impedance well. From the three parameters, a transfer
coefficient, a mass-transfer coefficient, and a heterogeneous rate constant have been
obtained (a, M, and K, respectively in Table 1). Finally, a cathode availability factor
(v) is included; this is found to vary little over a wide range of designs.

The nine design-independent parameters described above have been evaluated
for data from at least 15 different implantable battery designs varying widely in electrode
loading and cathode composition, leading to average values and standard deviations
for each parameter. Additionally, the model requires four fixed thermodynamic pa-
rameters; the open-circuit potential in the two-phase region of cathode composition,
the phase-boundary composition of the cathode, the limiting cathode composition, and
the effective value of ‘n’ in the Nernst equation. These have been experimentally
determined through evaluation of open-circuit voltage data as a function of cathode
composition.

Applications of the model

Simulation of performance distributions

The mean values of the design-independent parameters can be used to calculate
the expected value of the load voltage as a function of discharge for a battery design.
This information is of great value in designing a battery for a specific application.
However, in order to fully assess the applicability of a battery design, some knowledge
of its expected performance distribution is also necessary. This can be obtained from
the distributions of parameter values of the model via Monte Carlo simulation.
Simulations were carried out using the Lotus 1-2-3 (Lotus Development Corporation)
add-on program at risk (Palisade Corporation, Newfield, NY).

One important characteristic of lithium/iodine batteries in implantable medical
applications is the rate of voltage decline at end-of-service. Figure 3 shows mean
discharge curves near end-of-service for several groups of batteries of the design



115

pbability Limi

Vioad (V)
N

1.8
160 140 120 100 80 60 40
Remaining Capacity (mAh)
+ Build1 * Build2 o Build3
X Build4 A Build5

(%)
o

Fig. 3. Shape of lithium/iodine battery discharge curve near end-of-service. Cell described in
Fig. 1.
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Fig. 4. Distribution function for capacity delivered in voltage interval 2.5 to 1.8 V. Cell described
in Fig. 1.

described in Fig. 1. The curves have been translated on the capacity scale to that
they are coincident at 1.8 V, the end-of-service point; 5 and 95% confidence limits
are indicated. Figure 4 shows the distribution function for capacity between 2.5 and
1.8 V at 19 pA obtained from the simulations. In both Figs. 3 and 4 an outlying
group of batteries is apparent. The probability of such an event is quantified by the
distribution function in Fig. 4.
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TABLE 2

Comparison of model parameters of batteries in Fig. 3 to overall average parameters

Electrolyte Cathode Non-ohmic

ﬂel Bel K 14 o K 104

(cm?/A h) (kQ cm?) (kQ cm?) (k2 cm) (mA/cm?)
Group 1 34.1 0.26 1.12 4400 036 6.3
Average of group 2-5 323 0.61 0.95 4700 0.28 4.2
Model average 27.8 0.62 0.93 5670 0.31 3.8
Model standard deviation 4.5 0.22 0.19 910 0.03 1.1

Analysis of discharge data

Using a physically-based model to characterize and compare two or more sets of
discharge data can provide insight into the underlying source of variation. For example,
the discharge data from each battery group in Figs. 3 and 4 were fit to the discharge
model described earlier. The values of the design-independent variables obtained for
the four similar groups (groups 2-5) were averaged and compared with the values
determined for group 1. The results of this analysis are shown in Table 2 along with
the overall average parameter values obtained from analyses of about 15 different
battery designs.

The cathode parameters, p; and «, obtained for group 1 are nearly identical to
average of the four similar groups and the overall average. Thus, it is unlikely that
the observed difference in discharge behavior can be attributed to variation in the
cathode material or cathode processing. However, one of the electrolyte parameters
(B.) and two of non-ohmic resistance parameters (a and K) determined for group 1
differ significantly from the average of groups 2-5 and the overall average. While this
level of analysis does not identify a specific source of the variation in discharge
performance, it does eliminate certain sources and provides a general direction for
future experimental work.

Sensitivity analysis

As pointed out earlier, the distribution of parameter values obtained through
analysis of discharge data result in a relatively wide range of possible discharge
performances. It is of interest to know to what extent the variability associated with
each parameter affects the overall discharge performance. This knowledge can provide
additional focus for experimental work.

Sensitivity analyses were carried out using a 12-run Plackett-Burman experimental
design. The high value used for each parameter was its mean plus one standard
deviation, and the low value was its mean minus one standard deviation. The measured
response was the capacity between two voltages in the end-of-service region at a given
discharge rate. This is a simple but useful means of characterizing the shape of the
discharge curve in this region.

Figure 5 summarizes the results of such an analysis performed on the battery
design described in Fig. 1. The measured response was the capacity between 2.55 and
1.80 V at a discharge rate of 20 wA. The mean capacity between these two voltages
was calculated to be 88 mA h. The ordinate in Fig. 5 is the average effect of each
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Fig. 5. Sensitivity of end-of-service interval to parameter variation.

parameter in this interval. A negative effect denotes that a large value of the parameters
yields a shorter end-of-service interval than a small value.

The mass-transfer parameter, M, and the cathode availability factor, vy, have
virtually no effect on the shape of the discharge curve regardless of battery design.
These parameters have been excluded from Fig. 5.

The variation of the electrolyte parameters, B, and B have a relatively small
effect on the end-of-service in this case. This results from the fact that the electrolyte
resistance in this region is relatively small with respect to the cathode resistance and
non-ohmic resistance. Thus, variation of the electrolyte parameters have little influence
on the end-of-service characteristics. The most significant effects results from variation
in one of the cathode parameters (x) and one of the non-ohmic parameters (K). When
this knowledge is added to the analysis of the discharge data discussed above, it
becomes apparent that the aberrant behavior of group 1 in Figs. 3 and 4 is primarily
associated with variation of the non-ohmic parameter, K. Again, this analysis does not
identify a specific cause of the variation, but it does provide improved focus for
additional experimental work.

Additional sensitivity analyses have shown that the model parameters which have
the greatest influence on discharge performance are a function of battery design. As
the cathode loading per unit anode area increases, the end-of-service interval becomes
more sensitive to variation in the electrolyte parameters and less sensitive to variation
in cathode and non-ohmic parameters.

Conclusion

A model of the discharge behavior of lithium/iodine batteries has been developed
which accurately predicts voltage as a function of discharged capacity and current.
The distribution function of any quantity derivable from the voltage curve, e.g., capacity
to a cutoff voltage or capacity within a voltage window, can be simulated based on
the distributions of parameters of the model. Development of the model has given
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insight into the mechanisms of polarization in the lithium/iodine battery and has
provided a means of focusing research efforts.

Two important relations within the model are empirical: (i) the exponential
resistance of electrolyte as a function of discharged capacity, and (ii) the exponential
resistivity of the cathode as a function of cathode composition. Further study is needed
to understand these relations fully.
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