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Summary 

The voltage versus temperature response of  sixty-four h thmm/ th lony l  
chloride and h thmm/BrCl- th lonyl  chloride cells at seven depths of dmcharge 
was measured from --10 to 50 °C. The data were then used to determine 
internal energy and entropy values for the two systems. The internal energy 
of the thlonyl chloride cells ranged from --90.1 to --86.9 kcal/eq, and the 
entropy ranged from --15.0 to --8.6 cal/K-eq. The internal energy of  the 
BrCl-thlonyl 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 increased with depth of  d~scharge for 
the BrCl-thlonyl chloride cells. 

I n t r o d u c t i o n  

Llthmm cells have proven to be useful m lmplantable medmal applma- 
tlons as they have excellent volumetrm energy denmty and can be hermetic- 
ally sealed [1]. Frequently,  medmal applmatlons reqture very long cell life- 
tm~es under low drmn rates, whmh makes predmhons of lifetime based on 
real t ime data often lmpractmal. A useful tool for the estnnatlon of  cell 
lifetimes is mmrocalornnetry whmh allows the measurement of the heat 
dissipation of cells either under load or on open circuit voltage [2]. The heat 
dmmpatlon of a cell under load can then be related to the self-discharge rate 
of the cell, which is a good predmtor of  cell hfetime. 

The heat dissipation of a cell under low drain rate can be mterpreted by 
the following equation 
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QT = QR + QP + QsP + QSD (1) 

where QT lS the total  dissipated heat as measured by the mmrocalorLmeter, 
Qa m the heat dissipated by the resistor on the cell, Qp is the heat a t tnbu ted  
to polanzatmn,  QsP is the heat at t r ibuted to en t ropy and QSD is the heat 
a t t r ibuted to  self-discharge QT IS measured by the calorimeter.  QR and Qp 
are calculated from the loaded voltage of  the cell. Accurate determinat ion of  
QsD, the heat a t t r ibuted to self-discharge, depends on hawng accurate values 
of  the entropm heat contr lbutmn,  QsP, at various depths of  discharge for the 
cell systems under study. Therefore,  proper  mterpre ta tmn of  mmrocalonm- 
e tnc  data for  the estimation of  cell hfetlmes requires knowledge of  the 
the rmodynamm parameters of cells. 

Cells for lmplantable bmmedmal apphcatmns have been designed util- 
izing both h t h m m / t h m n y l  chloride and hthmm/BrC1 m thmnyl  chloride 
chemlstrms [1, 3 - 8]. Calorimetry has been apphed m the predlctlon of  cell 
hfe under very low rate chscharge for these chemical systems [1, 4, 7, 8]. In 
some cases, however, entroplc heat con tnbu tmns  were not  considered. This 
paper describes the de te rmmatmn of  the change m voltage with temperature  
and the calculation of  en t ropy and internal energy from those measurements 
for h t h m m / t h m n y l  chloride and h thmm/BrCl - th lony l  chloride cells Statls- 
tmally slgnffmant data were accumulated based on the measurement  of  64 
cells at seven depths of  discharge at temperatures from - -10  to  50 °C 

Expernnental 

Construction o f  experlmental thzonyl chloride and BrCl-thzonyl chlorzde 
cells 

All cells for  this study had ldentmal construction.  The cells were rectan- 
gular with dimensions of  8.6 × 45 X 23 mm, and had cases and hds made 
from 304L stainless steel The anodes, 15.32 cm 2 surface area, were formed 
by pressmg h thmm onto  a screen that  had been welded to the pm of a 
header eqmpped with a glass-to-metal seal. The anodes were surrounded by 
separator prior to insertion mto the case. The cases were eqmpped with one 
carbon cathode on each flat wall which was fabricated by pressing Teflon- 
bonded-carbon onto  a mckel current  collector The cells were vacuum filled 
with electrolyte  and close welded to provide an hermetm seal The electro- 
lytes consisted of  1 M hthlum tet rachloroalummate either m thlonyl  chloride 
or m a mx to one molar ratio of  thlonyl chloride to bromine chloride The 
s tomhmmetrm capacity of  the thlonyl chloride cells was 2.9 A h and 3 0 A h 
for the BrCl- th lonyl  chloride cells. 

Dzscharge o f  th~onyl chloride and BrCl-thtonyl chlorzde cells 
Cells were discharged to stx depths of  discharge at 37 °C under 2 k ~  

loads where the current  density was 0 1 mA cm ~2 This rate of  discharge 
reqmred 2 months  for the cells to reach 2 0 V under load. Voltage measure- 
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ments were taken twine a day by a computer-controlled measuring system 
that  was designed and built m-house 

Determ~na tmn  o f  e n t r o p y  o f  t h m n y l  chloride and B r C l - t h m n y l  chloride cells 
Open clrcmt 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 eqmhbrate a mm~num of six hours, although voltage was 
stable m a shorter time. S~x cells of each chemistry were tested m 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 partmlly discharged before undergoing test. A total  of  64 
cells was used for the entropy determmatmns,  32 of each chemistry. Begin- 
ning of  hfe cells were tested within two weeks of manufacture.  The din- 
charged cells were stored for a minimum of two months  after removal of the 
load. 

Results and dlscussmn 

The change m Helmholtz free energy, AA, of an electrochemmal cell at 
constant volume can be related to open c~rcmt voltage, E, by eqn. (2). 

A A  = - - n F E  (2) 

The free energy is composed of  mternal energy (AU) and entropy (AS) 
as shown m eqn. (3) 

A A  = A U - -  T A S  (3) 

The internal energy and entropy can be obtained from measurements 
of the open clrcmt voltage of  a cell at different temperatures as can be seen 
m eqns. (4) and (5). 

A S  = nF  (~}E/aT) (4) 

A U  = nF  ( T ( ~ E / a T )  - -  E)  (5) 

T h m n y l  chloride cells 
The voltage of thirty-two thlonyl  chloride cells was measured at tem- 

peratures from --10 to +50 °C Six cells were tested undischarged, sLx cells 
discharged to 2.0 V under load (2.6 A h dehvered capacity) and groups of 
four cells each were partially discharged 210, 390,800,  1200 and 1670 mA h 
prior to test. A typical discharge curve for one of the thlonyl  chloride cells 
is shown m 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 funchon of temperature at seven depths of discharge with 95% confidence 
lm~lts mdmated. The values ranged from 0.65 to 0.37 mV K -1. The mean 
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Fig 1 Discharge curve of hthmm/thlonyl chloride cell at 37 °C under a 2 k~  load 

TABLE 1 

Voltage versus temperature response of thlonyl chlorlde cells 

mA h discharged 3E/OT 95% confidence hmlts 
(m'V K -1) (+) 

0 0 0 65 0 15 
210 0 37 0 10 
390 0 47 0 03 
800 0 50 0 03 

1200 0 44 0 05 
1690 0 54 0 o5 
2600 0 58 0 14 

value of  the change m voltage with t empera tu re  at all depths  o f  discharge is 
0 .50 mV K -1. At  five ou t  o f  seven depths  o f  discharge the  change m voltage 
wi th  t empera tu re  is within 95% conf idence  o f  the overall mean  Apparen t ly ,  
there  IS ht t le  change m the voltage v e r s u s  t empera tu re  dependence  o f  these 
cells at  d i f ferent  depths  o f  discharge 

The voltage v e r s u s  t empera tu re  dependence  was used to  d e t e r m m e  
internal energy and en t ropy  values, summar ized  m Table 2. The en t ropy  is 
negative at all depths  of  discharge and ranges f rom - - 1 5  cal/K-eq, to  - -8 .6  
cal/K-eq.  The internal energy was calculated at 273 and 293 K At  273 K, 
the  mterna l  energy ranges f rom - - 9 0  1 to  - - 8 6 . 9  K c a l / e q ,  while at 293 K 
the internal energy ranges f rom - - 8 9  2 to  - - 8 7  1 kcal /eq As the free energy,  
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TABLE 2 

Entropy and internal energy of thmnyl chloride cells 
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mA h discharged AS AU (kcal/eq) 
(cal/K eq ) 

273 K 293 K 

0 0 --15 --90 1 --89 2 
210 --8 6 --86.9 --87 1 
390 --11 --87.9 --87 9 
800 --11 --88 2 --88 2 

1200 --10 --87 8 --87 8 
1690 --12 --88 3 --88 3 
2600 --13 --88 4 --88 4 

AA, must  be negative for a thermodynamical ly  favorable reaction, it can be 
seen that  the negative internal energy favors the reaction while the negative 
en t ropy does not .  The relative contr ibut ions of  ent ropy and internal energy 
to  the free energy do not  change significantly with depth of  discharge. 

Other  reports  of  en t ropy and internal energy determinations of  
h thmm/ th lony l  chloride cells exist m the li terature and have been recently 
summarLzed [9].  Three methods have been used m the past to  determine the 
Internal energy and ent ropy of  thlonyl  chloride cells open clrcmt voltage 
versus temperature;  open circuit voltage versus tempera ture  as extrapolated 
from low rate discharge, and calorunetry.  The en t ropy was repor ted as pos- 
itive when the voltage extrapolat ion method was used [10].  Other  reports  of 
the ent ropy have ranged from --4  64 to - -20.8  cal/K -eq. [9, 11 - 13] The 
internal energy values repor ted have ranged from --90.4  to  - -77 kcal/eq. 
Thus, the values found here are within the range of  values previously 
reported.  The li terature reports  present data based on limited numbers of 
cells, m most  cases a sample sLze of  tWO or three cells, at only one or two 
depths of  discharge. What dlstmgmshes the work here is the large number  of 
cells measured, which allows slgnffmant statlstmal analyses to be done,  plus 
the multiple depths of discharge whmh present data for  the entire cell hfe. 

B r C l - t h z o n y l  ch lor ide  cel ls  
The voltage versus temperature  response of thir ty- two llthlura/BrC1- 

thlonyl  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, 4 0 0 , 8 0 0 ,  1180 and 1690 mA h before 
test. A typical discharge curve of  a llthlum/BrC1 in thlonyl  chloride cell is 
shown In Fig. 3. 

The voltage versus temperature  response of  the BrCl- th lonyl  chloride 
cells is shown graphically m Fig. 4. The dependence of  voltage on temper- 
ature IS summarized in Table 3. The change in voltage with temperature  is 
0.25 mV K -1 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 -1 for discharged cells. 
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Fig 3 Discharge curve o f  l l thmm/BrCl- thmnyl  chloride cell at 3"/ °C under  a 2 k ~  load 

TABLE 3 

Voltage v e r s u s  temperature dependence of  BrCl-thionyl chloride cells 

mA h discharged ~E/DT 95% confidence hmlts 
( m V K  -1) (-+) 

0 0 0.25 0 20 
210 0 38 0 16 
400 0 58 0 09 
800 0 63 0 06 

1180 0 66 0 10 
1690 0 83 0 13 
2100 1 02 0 19 

The voltage to temperature relationship was used to determine the 
thermodynamm propertms of  the cells. Table 4 summarizes the entropy and 
the mternal energy at 273 and 293 K for the BrCl-thlonyl chlomde system 
The internal energy is negative and ranges from --89 .6  to - -86  2 kcal/eq. The 
entropy was found to be negative and becomes lncreasmgly more negative as 
the cells are discharged. Figure 5 shows the entropy v e r s u s  depth of  dis- 
charge for the BrCl-thlonyl chloride cells At begmnlng of  life the entropy 
was determined as - -5 .7  cal/K-eq., after 800 mA h of  discharge the value is 
- -14  5 cal/K-eq, whale for discharged cells the value i s - -23  5 cal/K-eq The 
increasing dependence of  voltage on temperature with discharge is not due to 
changes m internal energy, AU, but rather to changes m entropy, AS. The 
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TABLE 4 

Entropy and internal energy of BrCl-thlonyl chlomde cells 
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mA h dmeharged AS 
(cal/K eq ) 

AU (kcal/eq.) 

273 K 293 K 

0 0  - - 5 7  - -893  --89 0 
210 --8,7 --87 0 --87 0 
400 --13 --88 5 --88 4 
800 --14 --88 9 --88 9 

1180 --15 --88 8 --88 8 
1690 --22 --89 6 --89 2 
2100 --23 --86 2 --86 2 
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Fig. 5 Plot of entropy, AS, vs capacity for the BrCl-thlonyl chloride system 

e n t r o p m  c o n t r i b u t i o n  t o  the  f ree  energy  increases  as t he  cel ls  are 
dmcharged.  

A c o m p a r i s o n  o f  t he  t h e r m o d y n a m m  values  o b t a i n e d  for  the  t h l o n y l  
ch lo r ide  and  t h e  B r C l - t h l o n y l  ch lo r ide  sys t ems  shows  t h a t  t h e y  are n o t  
lden tmal .  The  in te rna l  energy  o f  the  h t h m m / t h l o n y l  ch lo r ide  sy s t em ranges  
f rom - - 9 0  1 t o  - - 8 6  9 kca l / eq .  The  in t e rna l  energy  o f  the  h thmm/BrC1  m 
t h l o n y l  c h l o r i d e  s y s t e m  ranges  f rom - - 8 9  6 t o  - - 8 6 . 2  k c a l / e q ,  t hus  n o t  
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showing much difference between the two systems. The entropy for thmnyl  
chloride cells ranges from --15 to --8.6 cal/K-eq,  where the change m 
entropy is not a consistent trend with depth of discharge The BrCl- thmnyl 
chloride system has entropy values of --5 7 cal/K-eq at the begmnmg of hfe 
which increase steadily to --23 5 cal/K-eq for discharged cells. The relatmn- 
ship of entropy w~th depth of d~scharge is not hnear for these cells as is 
shown m Fig. 5 The relative con tnbu tmn of entropy to the free energy of 
the cells mcreases with depth of discharge much more for the BrCl- thmnyl 
chloride cells than for thmnyl  chloride cells 

The BrC1 m thmnyl  chloride cell system differs from plato thmnyl  
chloride as there are at least four active components  m the catholyte solu- 
tmn thmnyl  chloride, bromme chloride, bromine, and chlorme [14] The 
halogens and mterhalogens discharge at higher potentials than thmnyl  
chloride and are responsible for higher voltages early m the discharge of 
these cells, as is evident m Fig. 3 It is apparent from the change m entropy 
as a functmn of discharge, that  the effect of the mterhalogen addltmn on 
battery charactenstms is not lumted to the early stages of the discharge 
where the voltage is higher, but extends through the entire range of discharge 

Conclusmns 

The voltage v e r s u s  temperature response was measured for thirty-two 
h t h m m / t h m n y l  chloride cells and thirty-two ht luum/BrCl- thlonyl  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 h thmm/ th lony l  chonde cells ranged from --90.1 to --86.9 kcal/eq 
and was not strongly dependent on the depth of discharge. The entropy of 
the thmnyl  chloride cells ranged from --15 to --8 6 cal/K-eq The enthalpy 
of the h thmm/BrCl- th lonyl  chloride system ranged from --89 6 to --86 2 
kcal/eq., while the entropy of the BrCl-thlonyl chloride system depended 
on depth of d~scharge and mcreased steadily from --5.7 cal/K-eq at the 
begmnmg of hfe to --23 5 cal/K-eq, for discharged cells The loss of free 
energy in the BCX system with discharge is due to entropm contnbutmns  
The internal energy and entropy values prowded here should assist m more 
accurate mterpretatmn of battery self-discharge when estunated by mmro- 
calorimetry 
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