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a b s t r a c t

The discharge potential behavior of lithium-manganese dioxide cells designed for implantable cardiac
defibrillators was characterized as a function of extent of cell depletion for tests designed to discharge
the cells for times between 1 and 7 years. The discharge potential curves may be separated into two
segments from 0 ≤ x ≤ ∼0.51 and ∼0.51 ≤ x ≤ 1.00, where x is the dimensionless extent of discharge ref-
erenced to the rated cell capacity. The discharge potentials conform to Tafel kinetics in each segment.
vailable online 28 December 2009
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This behavior allows the discharge potential curves to be predicted for an arbitrary discharge load and
long term discharge performance may be predicted from short term test results. The discharge potentials
may subsequently be modeled by fitting the discharge curves to empirical functions like polynomials
and Padé approximants. A function based on the Nernst equation that includes a term accounting for
nonideal interactions between lithium ions and the cathode host material, such as the Redlich–Kister

used
ischarge
odels

relationship, also may be

. Introduction

Implantable medical devices require an internal, autonomous
nergy source to function. Examples of such devices include
mplantable cardiac rhythm devices (pacemakers, cardioverter
efibrillators and cardiac resynchronization devices) [1] neuro-
odulation devices and implantable drug pumps.
Cardiac rhythm devices treat patients with various cardiac con-

itions by applying electrical stimuli to heart tissue. A battery is
he energy source for all device functions, including therapy, sens-
ng and telemetric communication. Other types of power supplies

ere investigated, like nuclear and biological power sources, but
re not considered to be as practical [2].

Lithium cells have been proven to be safe and reliable power
ources for implantable cardiac rhythm devices since the 1970s
3]. A key determinant of battery electrical characteristics and dis-
harge performance is the cathode material. A number of cathode
aterials have been used for implantable cardiac rhythm device

atteries. Commonly used cathode materials today are iodine or
arbon monofluoride (CFx) for pacemakers and manganese dioxide

MnO2) or silver vanadium oxide (SVO) for implantable defibrilla-
ors.

Implantable cardioverter defibrillator (ICD) devices have two
asic therapeutic functions. They are pacemakers operating at rel-

∗ Tel.: +1 651 582 7974; fax: +1 651 581 3441.
E-mail address: michael.root@bsci.com.
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to predict discharge behavior.
© 2010 Elsevier B.V. All rights reserved.

atively low power levels over long periods of time. They have the
added capability of applying intermittent, high power electrical
shocks to the heart to correct life threatening cardiac arrhythmias
[1]. Cardiac resynchronization therapy defibrillator (CRT-D) devices
have the same functions as ICDs, but also treat patients with heart
failure.

ICDs and CRT-Ds are life sustaining devices. As a result, predict-
ing the expected service life of the cell under disparate discharge
conditions is important for patient safety. This requires a cell chem-
istry that is stable and reliable. Lithium cells using SVO cathode
materials commonly have been used in ICDs since they were intro-
duced in the 1980s and then, later, in CRT-Ds.

Manganese dioxide is an attractive cathode material as an alter-
native to SVO for powering implantable devices, including ICDs [4]
and CRT-Ds. It has a high energy density useful for low power device
operations, including cardiac pacing, and high rate capability to
provide sufficient power for rapid delivery of high energy therapy
shocks.

An extensive amount of work has been done to understand
MnO2 electrochemistry and to develop Li/MnO2 cells for a variety
of applications. MnO2 was one of the first lithium cells using a solid
cathode material to be commercialized. This chemistry has been
used since the 1970s in consumer and OEM applications where

high rate capability, chemical stability, reliability and longevity are
required [5–7].

An example of a device that requires high reliability and
longevity is the tire pressure monitor [8]. Serious accidents caused
by underinflated tires prompted the recall of almost 6.5 million

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:michael.root@bsci.com
dx.doi.org/10.1016/j.jpowsour.2009.12.083
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Fig. 1. Measured discharge potentials, Emeasd, under different resistive loads at 37 ◦C
with extent of discharge for Li/MnO2 cells. Key to symbols: circles for the 1 y dis-
090 M.J. Root / Journal of Powe

ires in 2000. That same year, the US Congress enacted legislation
equiring tire pressure monitoring systems in all US automobiles
nd light trucks.

Tire pressure monitors are pressure sensors that are mounted
n each wheel rim of a vehicle. They must operate for up to 10
ears under a wide range of unforgiving environmental conditions,
ncluding extreme temperatures (−40 to 120 ◦C), mechanical shock
nd vibration. Li/MnO2 cells are used to power certain types of these
ensors because they are capable of withstanding and operating in
arsh conditions.

The US military recognizes the value of Li/MnO2 batteries for
pplications like night vision goggles and emergency radio beacons
9] that require high reliability, rapid response after long periods of
nactivity and the ability to function in a variety of environmental
onditions.

The attributes described above suggest Li/MnO2 cells would
e practical for powering implantable medical devices. Merritt
nd Schmidt [10] explained the advantages of Li/MnO2 cells
or advanced implantable cardiac pacemakers that have power
emands beyond the capability of the Li/I2 cells that run most pace-
akers today. In addition to rate capability, they commended the

eproducible discharge behavior and predictable end of discharge
haracteristics of Li/MnO2.

We describe how the discharge characteristics of Li/MnO2 cells
esigned for ICD and CRT-D devices may be used to predict cell
epletion.

. Experimental

Cell description: Cells used in this study were designed for use in
CD and CRT-D devices. Hermetically sealed cells were assembled

ith lithium anodes and cathodes comprised of heat treated elec-
rolytic MnO2, carbon and polytetrafluoroethylene. The electrodes
ere assembled by alternatively stacking cathode and anode layers

s generally described in a US patent [11].
Equipment: Fixed load discharge potentials were measured

sing an Fluke Hydra II 2620A data acquisition unit or National
nstruments PXI-4106 multimeter. Pulses were applied using a

accor BT4000 battery test system. Thermotron and Hotpack
vens maintained temperature control

Test Procedures: All tests were performed at 37 ◦C. Cells were
ischarged by attaching resistors to the cell terminals. Resistance
alues used were 14, 42, 75 and 113 k� and were selected to deplete
he cells in 1, 3, 5 or 7 years. At 1- or 3-month intervals, depending
n the total test time, 3.0 A pulses were applied to a constant energy
nd point of 50 J. A minimum of 4 cells were analyzed for each test
evel.

Calculations: Fits of functions to data were performed
ith Igor Pro 6.0.2.4 (WaveMetrics, Inc., Lake Oswego, OR,
ww.wavemetrics.com), which uses the Levenberg–Marquardt

lgorithm. Errors are given as ±1�.

. Results

Discharge test protocols for evaluating the performance of
mplantable defibrillator device cells are generally comprised of
ow rate, fixed load discharge for months to years with infrequent,
igh current pulses [12]. Li/MnO2 cell discharge potentials during
ischarge at 1, 3, 5 and 7 y rates using fixed resistance loads are
hown in Fig. 1.
The low discharge rates used allow us to assume:

. Isothermal conditions.

. Insignificant electrolyte mass transfer effects.

. Homogeneous current distribution within the cathode.
charge rate, squares for the 3 y discharge rate, triangles for the 5 y discharge rate and
diamonds for the 7 y discharge rate. The solid lines represent the means of inter-
polated discharge potentials. Inset: Expanded x1 range plot of measured discharge
potentials with extent of discharge.

4. Negligible polarization of the Li anode.

The last assumption above is supported by estimating a max-
imum polarization for the Li anode to be <1 �V using literature
values for the exchange current density [13–15]. With these
assumptions, changes in discharge potential are attributed to the
electrochemical reactions of the MnO2 cathode material.

The discharge potentials for Li/MnO2 cells in Fig. 1 decrease
with increasing discharge current (decreasing fixed load resis-
tance) as a result of increased polarization. The characteristics
of these discharge potentials are similar to those observed in
previous studies [16–18]. The discharge potential curves may be
separated into at least two distinct segments, from 0 ≤ x ≤ ∼0.51
and ∼0.51 ≤ x ≤ 1.00, where x is the dimensionless extent of dis-
charge referenced to the rated cell capacity. The extent of discharge
within each of the two segments is calculated as x1 = x/0.51 and
x2 = (x − 0.51)/0.49.

Internal ohmic resistance polarization at intervals through-
out discharge was estimated from the initial voltage drop of the
intermittent high current pulses by extrapolating the change in
resistance with time to t = 0. Plots of the measured discharge poten-
tial, Emeasd, at different depths of discharge corrected for iR loss,
E−iR against ln(E−iR/RL), where RL is the fixed external load resis-
tance, are linear (Fig. 2). The discharge current is calculated here by
i = Emeasd/RL or i = E−iR/RL since the cell discharge was achieved using
fixed load resistors rather than by constant current. This behavior
suggests that MnO2 discharge may be described by Tafel kinetics
under the conditions used in this study.

The slopes of the lines in Fig. 2 are less than those observed for
many simple electrochemical systems. For example, the slope of
E−iR against ln(E−iR/RL) is 35 mV per decade current at 26% depth of
discharge and 18 mV per decade current at 76% depth of discharge.
Low Tafel slopes were also observed for �-MnO2 in aqueous 5 mol
dm−3 NH4Cl with 2 mol dm−3 ZnCl2 at pH5 (44 mV per decade cur-
rent) [19] and in 9 mol dm−3 aqueous KOH solutions (35 mV per

decade current) [20] at low current densities.

The maximum voltage correction for ohmic resistance is <1 mV
for the low discharge rates used in this study so subsequent cal-
culations were performed using measured discharge potentials,
Emeasd.

http://www.wavemetrics.com/
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Fig. 2. Discharge potentials corrected for iR loss, E−iR , under different fixed resis-
tance loads (RL) with extent of discharge for Li/MnO2 cells plotted against the
discharge current (E−iR/RL) on a logarithmic scale for the discharge potentials in
Fig. 1. The discharge current is calculated as (E−iR/RL). Key to symbols: closed cir-
cles: 20% DOD, closed squares: 26% DOD, closed triangles: 32% DOD, open circles:
63% DOD, open squares: 70% DOD, open triangles: 76% DOD.
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for the data set used. Discharge potentials calculated as described
previously in this section for tests lasting 1–5 years coincide with
the 7 y discharge rate. These results indicate that long term dis-
charge performance is readily predicted from shorter term testing
[22].

Fig. 4. Calculated discharge potentials at 37 ◦C, Ecalcd, for Li/MnO2 cells discharged
at 1, 3 and 5 y rates normalized to the 7 y discharge rate and measured discharge
ig. 3. Mean resistances for intermittent high current pulses drawn from Li/MnO2

ells at 37 ◦C with extent of discharge for the 3 y discharge rate (circles) and mean
f interpolated resistances (line).

The average pulse resistance shown in Fig. 3 for the intermit-
ent, high current pulses is calculated by (Eprepulse − Emean)/i, where
prepulse is the potential just prior to the pulse (Emeasd), i is the pulse
urrent, which is constant, and Emean is the mean potential for the
ulse. This value is estimated by dividing the pulse energy in Wh by
he pulse capacity in Ah. Pulse energy and capacity are reported by
he cell test equipment software. The mean pulse resistance varies
elatively little throughout discharge, until it increases when the
attery is depleted, especially when compared to SVO discharge
12].

. Discussion

As with any electrochemical power source, choice of cathode
aterial is a key consideration for optimizing performance of

mplantable medical device cells. SVO has been used in implantable
ardiac defibrillators since their introduction in 1985 and has
elped millions of patients worldwide extend and enhance the
uality of their lives. However, MnO2 is a cathode material with

ttributes that are important for advanced cardiac rhythm devices.

When the internal resistance of a cell increases, polarization
ncreases and has an effect on the high rate performance. This
s consequential for defibrillator batteries that must be capable
f delivering high current pulses. The resistance of SVO changes
ces 195 (2010) 5089–5093 5091

throughout discharge and is dependent on the rate of discharge
[12]. Increasing cell resistance can be managed by increasing the
number of high current pulses drawn from the cell [21], which
removes additional capacity from the cell. Conversely, the internal
resistance of Li/MnO2 cells is relatively invariable through dis-
charge and does not significantly increase until the battery is nearly
depleted (Fig. 3).

Predictability of the discharge potential with extent of discharge
under a wide range of discharge rates is central to determining
expected device life. Although cells designed for ICD and CRT-D
devices must be capable of providing high power on the order of
watts, most of the discharge occurs at low power, typically in the
microwatt range [1]. This means characterizing cell behavior at low
discharge rates is necessary to understand cell performance and
enable device longevity projections.

The measured discharge potential Emeasd varies linearly with the
logarithm of the discharge current, ln(Emeasd/RL), as seen in Fig. 2. As
a result, the discharge potential may be calculated for an arbitrary
load resistance. This also means the discharge potential character-
istics of cells discharged at low currents in long term tests may be
predicted from the discharge potentials of cells on shorter term dis-
charge tests using the slope of the lines in Fig. 2 for each discharge
segment.

The calculated discharge potential normalized to a refer-
ence discharge load, Ecalcd, is estimated as Ecalcd = Emeasd + RT/�cF
ln(Rref/RL) [22], where R is the gas constant, T is temperature, ˛c is
the transfer coefficient and F is the Faraday constant. The RT/�cF
term is the slope of Emeasd vs. ln(Emeasd/RL). Arbitrary resistance
Rref is a fixed, external load selected for calculating the discharge
potentials of a reference discharge test. The slopes of the Emeasd
vs. ln(Emeasd/RL) lines for both discharge segments in Fig. 1 used
to calculate the discharge potentials at the reference load were
−0.0155 V for 0 ≤ x1 ≤ 1 and −0.00677 V for 0 ≤ x2 ≤ 1.

Calculated discharge potentials for cells discharged at 1, 3 and
5 y rates adjusted to the 7 y discharge rate are shown in Fig. 4. The
depth of discharge was further adjusted by 0.7% per year relative
to the 1 year discharge rate to align the voltage curves. This adjust-
ment may be considered to be an estimate of self-discharge valid
potentials, Emeasd, for cells discharged at the 7 y rate. Capacities are further adjusted
for a constant 0.7% self-discharge per year relative to the 1 y discharge rate to align
the voltage curves. Key to symbols: circles for the 1 y discharge rate, squares for
the 3 y discharge rate, triangles for the 5 y discharge rate and diamonds for the
7 y discharge rate. The line represents the adjusted mean of interpolated discharge
potentials for the 3 y discharge rate.
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ig. 5. Padé [3/3] functions (lines) for each segment 0.14 ≤ x1 ≤ 1 and 0 ≤ x2 ≤ 1 fit
o the data in Fig. 4 (circles).

Discharge performance may be further characterized by finding
n appropriate functional relationship between discharge poten-
ial and extent of discharge. Various empirical functions have been
sed to describe the equilibrium, or open circuit, potential of cells
ith extent of discharge [23,24]. These, or similar methods, such as

ational functions like the Padé approximation [25], might be used
o fit the normalized discharge curve for the results in Fig. 4. Padé

3/3] equations,
(∑P

i=0aix
i
)

/
(

1 +
∑Q

j=1bjx
j
)

with P = 3 and Q = 3,

ere used to fit the data in each segment 0.14 ≤ x1 ≤ 1 and 0 ≤ x2 ≤ 1
Fig. 5). Values for the Padé coefficients are: a0 = 18.5 ± 5.2,
1 = 336 ± 40, a2 = 50.0 ± 25.3, a3 = −0.951 ± 0.435, b1 = 111 ± 13,
2 = 15.9 ± 8.1 and b3 = −0.302 ± 0.139 for 0.14 ≤ x1 ≤ 1 and
0 = 1770 ± 97, a1 = 2880 ± 79, a2 = 528 ± 61, a3 = -5.52 ± 0.60,
1 = 452 ± 60, b2 = 191 ± 22 and b3 = −1.92 ± 0.21 for 0 ≤ x2 ≤ 1.

Other functions may be used. The equilibrium potential for
nsertion compounds with extent of discharge has been described
y variations of Eq. (1), wherein the equilibrium potential, Eeq, is
function the ratio of the concentrations of oxidized and reduced

pecies.

eq = E0′ + RT

nF
ln(

xi

1 − xi
) + EE(xi) (1)

n Eq. (1), E0′
is the standard equilibrium potential for the experi-

ental conditions, xi is the fraction of discharged cathode material,
1 or x2, in either of the two segment observed in the discharge
otential curve (Fig. 1), (1 − xi) is the corresponding fraction of
ischarged cathode material in each segment, n is the number of
lectrons participating in the electrochemical reaction and R, T and
have the meanings defined above.

Departure from ideal behavior has been attributed to excess
ree energy resulting from interactions between Li+ and the host
nsertion compound. Including an interaction term, EE(x), in Eq. (1)
ccounts for these deviations by adjusting Eeq for nonideal activ-
ties. Several formulations for EE(xi) in Eq. (1) have been used to
epresent the excess Gibbs free energy in mixtures as a function of
i [26–28] including the Redlich–Kister relationship (Eq. (2)).

E(xi) =
M∑

k=0

Ak

[
(2xi − 1)k+1 − 2kxi(1 − xi)

(2xi − 1)1−k

]
(2)
here coefficients Ak are interaction parameters. Combining Eqs.
1) and (2) (M = 3 for xi = x1 and M = 3 for xi = x2) with the Tafel equa-
ion, E = Eeq + (RT/�cF)ln(i0)–(RT/�cF) ln(E/Rref) and setting E =Emeasd
r Ecalcd yields a function (Eq. (3)) for each segment 0 ≤ x1 ≤ 1 and
≤ x2 ≤ 1 that adequately describes the discharge potential behav-
Fig. 6. Adjusted discharge potentials [E − RT/�cF ln(E/Rref)], calculated from the data
in Fig. 4 (circles) with extent of discharge x1 and x2 and the corresponding fit lines
corresponding to Eq. (3).

ior with extent of discharge (Fig. 6).

E − RT

˛cnF
ln

(
E

Rref

)
= constant + RT

nF
ln

(
xi

1 − xi

)
+ EE(xi) (3)

The constant in Eq. (3) is [E0′ + RT/˛cF ln(i0)], which is
used as a fit parameter here. Values for the Redlich–Kister
coefficients are A0 = 0.0458 ± 0.0006, A1 = −0.0257 ± 0.0010,
A2 = 0.00934 ± 0.00129, A3 = 0.00389 ± 0.00200 for 0.14 ≤ x1 ≤ 1
and A0 = −0.188 ± 0.002, A1 = −0.160 ± 0.003, A2 = −0.148 ± 0.005
and A3 = −0.102 ± 0.006 for 0 ≤ x2 ≤ 1.

5. Conclusions

The selection of Li/MnO2 cells for use in implantable medical
devices is driven by a number of factors. The electrochemical behav-
ior of MnO2 is well characterized and proven to be stable under
diverse conditions.

The discharge characteristics of Li/MnO2 are predictable, which
is crucial for projecting cell service life in implantable medical
devices. The Tafel behavior of Li/MnO2 allows one to predict the
behavior of longer term tests from the results of short term tests.

The discharge potentials may be modeled by fitting the dis-
charge curves to a function that is based on determining the excess
Gibbs free energy to account for nonideal interactions between
lithium ions and the cathode host material or other empirical func-
tions, such as polynomial equations or rational functions like Padé
approximants.
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