Journal of Power Sources, 24 (1988) 229 - 241 229

THERMODYNAMIC DETERMINATIONS FOR LITHIUM/THIONYL
CHLORIDE AND LITHIUM/ BrCl-THIONYL CHLORIDE CELLS
AS A FUNCTION OF TEMPERATURE AND DEPTH OF DISCHARGE

ESTHER SANS TAKEUCHI*
Wilson Greatbatch Ltd , 10,000 Wehrle Dr, Clarence, NY 14031 (US A)

KENNETH J TAKEUCHI*, CAROL BESSEL and ERIC EADS
Department of Chemustry, State Unwersity of New York at Buffalo,
Buffalo, NY 14214 (US A )

(Received March 14, 1988, 1n revised form June 23, 1988)

Summary

The voltage versus temperature response of sixty-four Iithium/thionyl
chloride and hithium/BrCl-thionyl chlonde cells at seven depths of discharge
was measwred from —10 to 50 °C. The data were then used to determme
mnternal energy and entropy values for the two systems. The mternal energy
of the thionyl chloride celis ranged from —90,1 to —886.9 kcal/eq. and the
entropy ranged from —15.0 to —8.6 cal/K-eq. The internal energy of the
BrCl-thionyl chloride system ranged from —88.9 to —86.2 kcal/eq. and the
entropy ranged from —5.7 to —23.5 cal/K-eq. The relative contribution of
entropy to the free energy of the cells mcreased with depth of discharge for
the BrCl-thiony! chloride cells.

Introduction

Lithium cells have proven to be useful in implantable medical applica-
tions as they have excellent volumetric energy density and can be hermetic-
ally sealed [1]. Frequently, medical applhications require very long cell life-
times under low drain rates, which makes predictions of hfetime based on
real time data often impractical. A useful tool for the estimation of cell
lifetimes 13 microcalorimetry which allows the measurement of the heat
dissipation of cells either under load or on open circuit voltage [2]. The heat
dissipation of a cell under load can then be related to the self-discharge rate
of the cell, which 1s a good predictor of cell lifetime.

The heat dissipation of a cell under low drain rate can be mterpreted by
the following equation
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Gr =Qp + Qp + Qsp+ @sp {1)

where @ 15 the total dissipated heat as measured by the microcalormeter,
Qg 15 the heat dissipated by the resistor on the cell, Qp 1s the heat attnbuted
to polanization, Qgp 15 the heat attributed to entropy and Qgp is the heat
attributed to self-discharge Q¢ 15 measured by the calorimeter, @y and Q»
are calculated from the loaded voltage of the cell, Accurate determination of
Qsp, the heat attributed to self-discharge, depends on having accurate values
of the entropic heat contribution, Qgp, at various depths of discharge for the
cell systems under study. Therefore, proper interpretation of microcalorim-
etric data for the estimation of cell lifefimes requires knowledge of the
thermodynamic parameters of cells,

Cells for implantable biomedical applications have been designed util-
1zing both hthium/thiony! chlonide and Lithium/BrCl in thionyl chlonde
chemistries [1, 3 - 8]. Calorimetry has been applied in the prediction of cell
Iife under very low rate discharge for these chemical systems {1, 4, 7, 8]. In
some cases, however, entropic heat contributions were not constdered. This
paper describes the determination of the change 1n voltage with temperature
and the calculation of entropy and internal energy from those measurements
for Iithium/thionyl chloride and lithium/BrCl-thionyl chlornide cells Statis-
tically significant data were accumulated based on the measurement of 64
cells at seven depths of discharge at temperatures from —10 to 50 C

Expermmental

Construction of experimental thionyl chioride and BrCl-thionyl chioride
cells

All cells for this study had 1dentical construction. The cells were rectan-
gular with dimensions of 8.6 X 45 X 23 mm, and had cases and lids made
from 304L stamless steel The anodes, 15.32 cm? surface area, were formed
by pressing lithum onto a screen that had been welded to the pin of a
header equipped with a glass-to-metal seal. The anodes were surrounded by
separator prior to msertion mto the case. The cases were equipped with one
carbon cathode on each flat wall which was fabricated by pressing Teflon-
bonded-carbon onto a nickel current collector The cells were vacuum filled
with electrolyte and close welded to provide an hermetic seal The electro-
Iytes consisted of 1 M lithium tetrachloroalummate either in thionyl chloride
or 1n a six to one molar ratio of thionyl! chloride to bromine chloride The
stoichiometric capacity of the thionyl chloride cells was 29 Ahand 3G A h
for the BrCl-thionyl chloride cells.

Discharge of thionyl chloride and BrCl-thionyl chloride cells

Cells were discharged to six depths of discharge at 37 °C under 2 k&2
loads where the current density was 0 1 mA cm™? This rate of discharge
required 2 months for the cells to reach 2 0 V under load. Voltage measure-
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ments were taken twice a day by a computer-controlled measuring system
that was designed and built in-house

Determination of entropy of thionyl chloride and BrCl-thionyi chlonde cells

Open circuit voltages of cells were measured at temperatures of —10, 0,
10, 20, 30, 40 and 50 °C Temperatures were controlled by the use of circul-
ating constant temperature baths that were accurate to £0.1 °C Each cell
was allowed to equilibrate a minimum of six hours, although voltage was
stable 1n a shorter time. Six cells of each chemistry were tested in an undis-
charged state. Six cells of each chemistry that had been discharged to 2.0 V
under load were tested In addition, five groups of four cells of each
chemistry, were partially discharged before undergoing test. A total of 64
cells was used for the entropy determinations, 32 of each chemistry. Begmn-
ning of Life cells were tested within two weeks of manufacture. The dis-
charged cells were stored for a minimum of two months after removal of the
load.

Results and discussion

The change m Helmholtz free energy, A4, of an electrochemical cell at
constant volume can be related to open circuit voltage, E, by eqn. (2).

AA = —nFE (2)

The free energy 1s composed of mternal energy (AU) and entropy (AS)
as shown 1n eqn. (3)

AA =AU —TAS (3)

The internal energy and entropy can be obtamed from measurements
of the open crrcwit voltage of a cell at different temperatures as can be seen
in egns. (4) and (5).

A8 = nF (3E/3T) (4)
AU = nF (T(3E/3T) — E) (5)

Thionyl chloride cells

The voltage of thirty-two thionyl chloride cells was measured at tem-
peratures from —10 to +50 °C Six cells were tested undischarged, six cells
discharged to 2.0 V under load (2.6 A h deliwvered capacity) and groups of
four cells each were partially discharged 210, 390, 800, 1200 and 1670mA h
prior to test. A typical discharge curve for one of the thionyl chlonde cells
1s shown 1 Fig, 1.

Voltage versus temperature was plotted for all cells at the same depth
of discharge, as shown in Fig. 2. Table 1 summarizes the change m voltage as
a function of temperature at seven depths of discharge wath 95% confidence
Limits indicated. The values ranged from 0.65 to 0.37 mV K ! The mean
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Fig 1 Discharge curve of lithium/thionyl chloride cell at 37 °C under a 2 kQ load

TABLE 1
Voltage versus temperature respoanse of thionyl chloride cells

mA h discharged dEaT 95% confidence limits
(mV K71 ()

00 065 015
210 0 37 010
390 047 003
800 050 003
1200 044 0 05
1690 0 54 0 05
2600 0 58 014

value of the change m voltage with temperature at all depths of discharge 1s
0.50 mV K. At frve out of seven depths of discharge the change n voltage
with temperature is within 95% confidence of the overall mean Apparently,
there 1s little change m the voltage versus temperature dependence of these
cells at different depths of discharge

The voltage versus temperature dependence was used to determine
internal energy and entropy values, summarized m Table 2. The entropy 1s
negative at all depths of discharge and ranges from —15 cal/K-eq. to —8.6
cal/K-eq. The internal energy was calculated at 273 and 293 K At 273 K,
the internal energy ranges from —90 1 to —86.9 Kcal/eq , while at 293 K
the internal energy ranges from —89 2 to —87 1 kealjeq As the free energy,
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TABLE 2

Entropy and internal energy of thionyl chlonde cells

mA h discharged AS AU (kealleq )
K

(cal(K eq ) 273 K 293 K
00 —15 —901 —89 2
210 —86 —86.9 —871
390 —11 —87.9 —879
800 —11 —88 2 —88 2
1200 —10 --87 8 —878
1690 —12 —88 3 —88 3
2600 —13 —88 4 —884

AA, must be negative for a thermodynamically favorable reaction, it can be
seen that the negative 1nternal energy favors the reaction while the negative
entropy does not. The relative contributions of entropy and internal energy
to the free energy do not change significantly with depth of discharge.

Other reports of entropy and internal energy determinations of
hithmm/thionyl chloride cells exist 1n the literature and have been recently
summarized [9]. Three methods have been used 1n the past to determine the
mternal energy and entropy of thionyl chloride cells open circuit voltage
versus temperature; open circuit voltage versus temperature as extrapolated
from low rate discharge, and calorimetry. The entropy was reported as pos-
1tive when the voltage extrapolation method was used [10]. Other reports of
the entropy have ranged from —4 64 to —20.8 cal/K -eq. [9, 11 -13] The
mternal energy values reported have ranged from —90.4 to —77 kcal/eq.
Thus, the values found here are within the range of values previcusly
reported. The literature reports present data based on limited numbers of
cells, 1n most cases a sample size of two or three cells, at only one or two
depths of discharge. What distinguishes the work here 15 the large number of
cells measured, which allows significant statistical analyses to be done, plus
the multipie depths of discharge which present data for the entire cell Iife.

BrCl-thionyl chioride cells

The voltage versus temperature response of thirty-two lLithium/BrCl-
thionyl chloride cells was tested. Six cells were tested undischarged, six cells
were tested fully discharged (2.1 A h delivered capacity) and five groups of
four cells each were discharged 220, 400, 800, 1180 and 1690 mA h before
test. A typical discharge curve of a lithium/BrCl in thionyl chloride cell 1s
shown m Fig. 3.

The voltage versus temperature response of the BrCl-thionyl chloride
cells 15 shown graphically in Fig. 4. The dependence of voltage on temper-
ature 15 summanzed 1n Table 3. The change 1 voltage with temperature 1s
0.25 mV K™?! for undischarged cells. The dependence of voltage on temper-
ature steadily increases as the cells are discharged and reaches a value of 1.02
mV K™! for discharged cells.
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Fig 3 Discharge curve of lithium/BrCi—thionyl chloride cell at 37 °C under a 2 k{2 load

TABLE 3

Voltage versus temperature dependence of BrCl-thionyl chloride cells

mA h discharged dE/aT 95% confidence himits
(mV K™ (%)

co 0.25 0 20
210 0 38 016
400 0 58 009
800 063 006
1180 066 010
1690 083 013
2100 102 019

The voltage to temperature relationship was used to determine the
thermodynamic properties of the cells. Table 4 summarizes the entropy and
the internal energy at 273 and 293 K for the BrCl-thionyl chloride system
The internal energy 1s negative and ranges from —89.6 to —86 2 kcaljeq. The
entropy was found to be negative and becomes 1ncreasingly more negative as
the cells are discharged. Figure 5 shows the entropy versus depth of dis-
charge for the BrCl-thionyl chloride cells At begmnimng of life the entropy
was determined as —5.7 cal/K-eq., after 800 mA h of discharge the value 1s
—14 5 cal/K-eq , while for discharged cells the value 1s —23 5 cal/K-eq The
increasing dependence of voltage on temperature with discharge 1s not due to
changes m internal energy, AU, but rather to changes 1n entropy, AS. The
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TABLE 4
Entropy and internal energy of BrCl—thionyl chiorde cells

mA h discharged A8 AU (kealfeq.)
1/ K
(cal/K eq ) 273 K 293 K
00 —57 —89 3 —89 0
210 —8.7 —870 -—87 0
400 --13 —88 5 —88 4
800 —14 —889 —889
1180 —15 —388 —88 8
16290 —22 --89 6 —89 2
21C0 —23 —86 2 —86 2
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Fig, 5 Plot of entropy, AS, vs capacity for the BrCl-thionyl chloride system

entropic contribution to the free energy increases as the cells are
discharged.

A comparison of the thermodynamic values obtamned for the thionyl
chloride and the BrCl-thionyl chloride systems shows that they are not
1dentical. The internal energy of the hithium/thionyl chloride system ranges
from —90 1 to —86 9 kcal/eq. The mternal energy of the Lithium/BrCl n
thionyl chloride system ranges from —89 6 to —86.2 kcaljeq, thus not
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showing much difference between the two systems. The entropy for thionyl
chloride cells ranges from —15 to —8.6 cal/K-eq, where the change 1n
entropy 1s not a consistent trend with depth of discharge The BrCl-thionyl
chloride system has entropy values of —5 7 cal/K-eq at the beginning of life
which ncrease steadily to —23 5 cal/K-eq for discharged cells. The relation-
ship of entropy with depth of discharge 15 not linear for these cells as 1s
shown m Fig. 5 The relative contribution of entropy to the free energy of
the cells increases with depth of discharge much more for the BrCl-thionyl
chloride cells than for thionyl chloride cells

The BrCl in thionyl chlonde cell system differs from plain thionyl
chloride as there are at least four active components m the catholyte solu-
tion thionyl chioride, bromine chloride, bromine, and chlorine [14] The
halogens and interhalogens discharge at higher potentials than thionyl
chloride and are responsible for higher voltages early in the discharge of
these cells, as ts evident 1n Fig. 3 It 1s apparent from the change in entropy
as a function of discharge, that the effect of the mterhalogen addition on
battery characteristics 1s not hmited to the early stages of the discharge
where the voltage 1s higher, but extends through the entire range of discharge

Conclusions

The voltage versus temperature response was measured for thirty-two
hithium/thionyl chloride cells and thirty-two Lithium/BrCl-thionyl chloride
cells at seven depths of discharge The measured values were used to deter-
mine entropy and internal energy for the two systems. The internal energy
for the Iithium/thionyl choride cells ranged from —9(.1 to —88.9 kcal/eq
and was not strongly dependent on the depth of discharge. The entropy of
the thionyl chloride cells ranged from —15 to —8 6 cal/K-eq The enthalpy
of the hthium/BrCl-thiony!l chlonde system ranged from —89 6 to —86 2
keal/eq., while the entropy of the BrCl-thionyl chloride system depended
on depth of discharge and mcreased steadily from —-5.7 cal/K-eq at the
begmning of hfe to —23 5 cal/K-eq. for discharged cells The loss of free
energy 1n the BCX system with discharge 1s due to entropic contributions
The internal energy and entropy values provided here should assist i more
accurate interpretation of battery self-discharge when estimated by micro-
calorimetry
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