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Abstract-The transported entropy and the Thomson coefficient for charge conducting ions are needed 
to predict reversible heat effects in batteries. Transported entropies and Thomson coefficients have been 
calculated from Seebeck coefficients of the cell Fe&, T1) 1 Me 1 8” alumina 1 Me 1 Fe@, 7”) for Na and K 
(Me). The result is S&+ = 56 f 3 JK-’ mol-’ at SOOK, with a Thomson coefficient rN.+ = 30 
f 2 J K-’ mol-’ in the temperature interval 333-773 K. The transported entropy of Na+ did not change 

by freezing Na at 370. The results for K+ are identical to those of Na+, within the accuracy of the 
experiments. The Thomson coefficient derived from measurements at different values of T, was consistent 
with the observed variation in emfwith AT for a given Tl. The reversible heat changes at the electrodes 
have been calculated for sodium sulphur and potassium sulphur batteries. During discharge both bat- 
teries produce a net reversible heat, the production always being largest at the alkali metal anode. At the 
cathode, the heat effect becomes relatively small when the composition of Na and S is within the one 
phase region. A change in composition from the one phase to the two phase region is expected to lead to 
changes in local temperature gradients. The systems were described by the electric work method, a 
method which has practical advantages compared to other electrochemical methods. 

Key words: transported entropy, sulphur battery, heat production, electric work method. 

1. INTRODUCTION 

Thermoelectric phenomena have been studied with 
solid state and molten salt electrolytes since the early 
1970s. Some phenomena remain unexplained; ie no 
generally valid model has been obtained for the 
transported entropy of ions[l]. The transported 
entropy is expected to be a tensorial material pro- 
perty. In the sintered solid state mixtures studied so 
far in our laboratory, we have found a scalar contri- 
bution to the transported entropy of oxygen ions in 
the mixture of ZrO, and Y,O,[2], and of silver ions 
in a mixture of LizSO and Ag,SO,[l]. The trans- 
ported entropy is a function of concentration and 
temperature[3]. The temperature variation is given 
by the Thomson coefficient. 

The transported entropy can be calculated from 
the emf of thermocells, which is a function of ther- 
modynamic entropies as well as transported 
entropies. Since the entropy depends on the tem- 
perature through the heat capacity, it is remarkable 
and even strange, according to Ruka[4], that the 
plot of emf versus the temperature difference of the 
electrodes, AT, is a straight line for large values of 
AT. One is then led to expect compensating second 
order terms in the expression for emz which indeed 
was demonstrated already[l]. An exact com- 

t On leave from: Institute of Structural Macrokinetics, 
Russian Academy of Sciences, 142 432 Chemogolovka, 
Russia. 

pensation cannot occur at all temperatures, however. 
It is the aim of this article to present a model system 
which is useful for a further discussion of these 
issues. The long term aim is to arrive at a model for 
the transported entropy. 

The family of &aluminas[S] may serve as model 
systems for studies with the aim given above. These 
systems are pure cation conductors[YJ, and data 
needed for calculation of transported entropy, S*, 
are known with high accuracy. We shall study t,he 
transported entropy of Na+ in this system, to a 
larger extent than has been done before[6] and also 
report data for an alumina in which Na+ has been 
exchanged by K+. 

Information about transported entropies of Na+ 
and K+ in r-alumina is needed for estimation of 
thermal effects in high temperature batteries. /3”- 
alumina is used as an electrolyte in sodium-sulphur 
and sodium-nickel chloride batteries. The value of 
S* is substantial, so it will contribute significantly to 
the local heat production. We report local heat 
effects in the sodium-sulphur battery and in the 
alternative potassium-sulphur battery. The pot- 
assium-sulphur battery may have advantages over 
the sodium sulphur battery; it has a higher energy 
density, operates at a lower temperature (206OC) and 
over a wider range of polysulphide compositions[7]. 

The experiments reported here were performed 
with cell (a): 

Fe@, TJ I Na I Na p-alumina I Na I Fe@, T2) (a) 
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with sodium in the molten and solid state, and cell 
(b): 

Fe@, T1) ) K([) I (K-)/Y-alumina I K(I) I Fe(s, TJ (b) 

with liquid potassium in the electrode com- 
partments. The electrolyte of cell (b) was prepared by 
replacing sodium ions in the crystal lattice of the /?“- 
alumina by potassium ions according to ref.[8]. 

The thermoelectric power of cell (a) was described 
by irreversible thermodynamics[9]. The electric 
work method of Hertz and Ratkje[lO] may be better 
suited than irreversible thermodynamics for a 
description of thermocells. The electric work method 
involves summing over the delocalised changes in 
the cell, and does not use flux equations with con- 
stant phenomenlogical coefficients. The result is a 
more direct description of the physical events taking 
place in the cell. To demonstrate the advantages of 
the electric work method, we shall apply it in this 
context and compare the treatment to previous 
treatments[9]. 

2. PRINCIPLES 

The electrochemical cells (a), (b) are drawn sche- 
matically in Fig. 1. The electrode compartments are 
thermostatted. When the electric current is passing 
in the outer circuit as shown, the electrode reaction 
on the left is: 

Me = Me+ + e-. 

The alkali metal is consumed at the left electrode at 
T1 and produced at the higher temperature, T,, at 
the right electrode. The transport number of Me+ in 
r-alumina is unity[ll], so no other mass changes 
take place in the system. 

The electric work method[lO] starts with the first 
law of thermodynamics in the following form: 

dU dQ dW 

dt=dt+dt (1) 

where U is the internal energy of the total system, Q 
is the total heat delivered to the system, W is the 
total work done on the system and t is the time. 

The electric work produced by system per unit 
time is El, where E is the emf (in V) and I the con- 

stant electric current (in A). The mass changes are 
rigidly connected to the electric current through the 
cell. On the left side Na is consumed, so that 
dn,,(l)/dt = - I/F (in mols-‘), and on the right 
side we produce Na according to dn,,(2)/dt = I/F, 
where F is the faraday constant. The volume change 
which accompanies these changes produces the 
mechanical work, p dv/dt: 

P $ = PC- k,(T,) + VdT,)l $ 
so that the total work supplied to the system is equal 
to 

dW 
- = -El + PCUT,) - GX.Jl ;. 
dt (2) 

The last term is small compared to the first term to 
the right. 

The local internal energy change also follows the 
mass variation. For the internal energy change at the 
cathode and anode we have the following total 
change per unit time: 

(3) 

where C, Mc is the heat capacity at constant volume. 
For liquids such as Na and K, C, can be replaced to 
good a approximation by C,. We shall use this 
approximation from now. 

The final terms to be summed are the localized 
heat changes in the sytem connected to the electric 
current. In order to keep the temperature Tl con- 
stant at the left electrode, we must add the heat: 

da 
dt = T,(--Sm. I + Sk+, I) ; 

The heat T,S,,. 1 is released per mole when Me is 
consumed, and the heat T,SMe+ 1 is removed per 
mole charge transported to the ri’ght from the inter- 
face between the p-alumina and the alkali metal. 
Supply of heat to the interface through the metal Fe 
can be neglected. When dq,/dt is positive, heat is 
added to the system according to the convention 
used in equation (1). The heat supply to the right 
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Fig. 1. Schematic diagram of the cell used for determination of reversible heat changes. 
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electrode is, by analogy: 

dq, 
- = T2P”c. 2 - %,+, 2) ;. dt 

In the bridge between the electrodes, we have the 
Thomson effect: 

where the Thomson coefficient ‘5uc+ is defined by 
T = T(&S*/aT). The transported entropy as a tem- 
perature function is thus for constant 7Mc+ 

T2 
S&+, z = S&+, , + 7Mc+ In - 

Ti 
(7) 

with Tl as the reference temperature. Any Fourier 
type heat conduction does not contribute to dQJdt in 
agreement with the Thomson principle[lO]. The 
temperature profile in the bridge does not influence 
the integration[l2]. 

When equations (2-7) are introduced into equa- 
tion (I), we obtain for constant T,,,~+ : 

Cp,,,(T, - G) = T,(-&es I + %+. 11 

+ 7&t,, 2 - S&e+. 2 ) 

+ r,,+(T, - Ti) - EF. (8) 

The entropies at the different temperatures are 
related by 

T, 
S,,, z = S,,, l + C,, Mc In r (9) 

1 

for constant CP,MF. When equations (7) and (9) are 
introduced into equation (8) we obtain: 

E = g = (S,,, 1 - S&,+, 1) 

+ G,Me - TMe+ ) ~ln~-~ . [ (10) 1 1 1 1 
Second order terms in I are neglected. By expanding 
the logarithm we have [T, ln(T,/T,) - AT] = 
[l/Z(AT/T,) AT] and: 

EF 
8 = E = Kk. 1 - %+, 1) + w,,,, - Gk+) +? 

1 

(11) 

This equation defines the Seebeck coefficient for 
AT/T,. 

The sum of the heat effects at the electrodes is : 

where A,S = SYe, 2 - Su,, 1 is the entropy of the cell 
reaction. Equation (12) can also be obtained in cells 
with dissimilar electrodes, such as the sodium- 
sulphur cell. The entropy change of the isothermal 
cell reaction can be obtained from the fundamental 

thermodynamic relation : 

A,S=y. (13) 

With identical electrodes at the same temperature, 
we obtain the trivial result that dE/dT = 0 and q1 = 
- q2. With different electrodes, we may calculate q2 

from equations (12) and (13) when q1 and dE/dT are 
known for a given temperature. 

3. EXPERIMENTAL 

3.1. Chemicals 

Sodium and potassium were obtained from 
Merck, Poole, UK. Alkali metals contained 
maximum impurities: Ca-O.OS%, Fe-0.001%. p- 
alumina was a gift from Beta Research and Develop- 
ment, Derby, UK. The composition was Na,O 
6Al,O, stabilized with 0.7w% Li,O. Nitrogen was 
from British Oxygen Company, “White Spot” and 
contained less than 5 ppm oxygen. 

The ceramic electrolyte for the cell (b) was pre- 
pared by an ion exchange process. The sodium ions 
were replaced with potassium ions in the /Y-alumina 
lattice by treating the ceramic material with pot- 
assium chloride vapour followed by molten pot- 
assium nitrate[8]. The samples of /Y-alumina were 
first kept at 1400K in the vapour of KC1 for 24 h 
and then in the molten KNOJ at 650 K for 48 h to 
remove residual Na,O. Nitrate residues were 
removed after cooling by rinsing in glycerine and 
ethanol. X-ray diffraction studies revealed the com- 
position to be K,O 6A1,0, after the preparation 
process. 

3.2. Cell assembly 

Cells (a) and (b) were made by putting solid 
sodium or potassium into two small alumina cruci- 
bles from recrystallised alumina obtained from 
DEGUSSA, Germany. 

The bridge between the electrodes, sodium or pot- 
assium p-alumina, was dipped into the electrode 
liquids. Dipping into each electrode chamber were 
also stainless steel sheathed Ni/Cr-Ni/Al thermocou- 
ples (type K). This allowed temperature recordings 
(within + 0.1 K), as well as emf measurements 
( + 1 mV) at the same position. The cell assembly is 
shown in Fig. 2. The right electrode of each cell was 
fitted with a small nichrome heater with resistance 
lOohm and power up to 10 W. It was wound directly 
onto the outside of the crucible. The entire cell was 
next mounted inside a Pyrex jacket, sealed to the 
atmosphere, filled with dry nitrogen, and placed 
inside a standard Kanthal furnace (tube height 92cm 
and inner diameter 94 mm). 

3.3. Procedure 

Seeback coefficients were determined for the ther- 
mocells (a) and (b) at the investigated temperatures 
in the following way. The thermocouple sheaths were 
used to measure the emA and the individual thermo- 
couple em> were used to find the temperatures of the 
two metal pools. The temperature of one electrode 
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Fig. 2. Cell assembly for determination of the Seebeck coef- 
ficients of cells (a) and (b). The numbers indicate: (1) stan- 
dard Kantal furnace; (2) electrode material (molten sodium 
or potassium); (3) alumina crucibles; (4) nichrome heater; 

(5) Pyrex jacket; (6) /Y-alumina; (7) thermocouples. 

was kept constant, while the temperature of the 
other electrode was set at different (higher) tem- 
peratures. In order to establish a steady state, 20min 
were allowed before the mf reading was taken. The 
Seebeck coefficient, E, was calculated from the slope 
of the line relating E to AT. The regression coeffi- 
cients of the lines were always > 0.98. 

4. RESULTS 

A typical experimental observation for thermocell 
(a) is shown in Fig. 3. A linear relation between E 
and AT was observed for both cells (a) and (b) for 

the different temperatures T,, and AT chosen in the 
study. Because AT was varied up to 16OK, the last 
term in equation (1 l), 1/2(AT/T,)(C, Me - Q~+), 
must be zero, and tMc+ x C,, ue. The Seebeck coefi- 
cients of the cells (a) and (b) at the different reference 
temperatures are given in Tables 1 and 2 for 
Me = Na and K, respectively. 

The results were used for calculation of S&+, 1 and 
gt+. 1 from equation (ll), see Tables 1 and 2. The 
thermodynamic entropies were taken from 
JANAF[13]. The Thomson coefhcients were then 
calculated from equation (7). This gives the result 

Table 1. Transported entropy of NaC and thermoelectric 
power for the cell (a). T, is the reference temperature, and 

AT is the maximum temperature difference which is used 

T,/K AT 

333 30 
433 140 
500 60 
553 75 
600 60 
653 60 
773 50 

Secbeck Transported 
coefficient entropy 
mVK_’ Jmol-’ K-’ 

0.05 50 
0.21 50 
0.19 56 
0.22 56 
0.20 60 
0.21 62 
0.31 57 

Table 2. Transported entropy of K+ and thermoelectric 
power for the cell (b). T, is the reference temperature, and 

AT is the maximum temperature difference which is used 

Scebeck 
coefficient/ Transported entropy 

T.iK AT mVK_’ Jmol-’ K-’ 

463 45 0.30 56 
500 60 0.33 56 
653 55 0.32 63 
113 40 0.45 57 

Fig. 3. The emfas a function of(T,-T,) in cell (a), T, = 433 K: (m) heating; (+) cooling. 
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Table 3. Local heal production per faraday transferred 
upon discharge of the sodium-sulphur cell, at the anode 
(-4,) and at the cathode (-q5,, or -q2,,,) as a function of 

temperature 

T,P -0J -c&J -42. IN 
433 8.8 -5.3 - 1.3 
500 9.2 -5.2 -0.5 
553 11.7 -7.3 -2.1 
600 11.6 -6.8 -1.1 
653 13.2 -8.0 -1.9 
773 23.1 - 16.9 -9.7 

7 x 30Jmol-‘K-’ for both Na+ and K+. The 
result is consistent with the disappearance of the 
second order term in equations (10 and 11) because 
the heat capacities at 600K are 29.80 and 
30.12JK-’ mol-’ for Na and K, respectively. 

The reversible heat changes in the sodium sulphur 
battery and the analogous potassium sulphur battery 
were calculated from the entropy balance of the elec- 
trode and the thermoelectric power, EF, of cells (a), 
(b), equation (12). For the anode we have, per mole 
of Na+ transferred : 

q1 = T,eF = T,[-Ss,, i + S* Me+. 1 1. (14) 

Since S& < S,, we have q1 c 0 (negative heat 
added), or a net heat production at the alkali metal 
anode. 

In the one-phase region of the phase diagram, the 
electrode reaction at the cathode is most likely a 
reaction between polysulphides (Sharivker et aI.[14]) 

nMe2Sn- i(Q = (n - l)Me,S,(I,) + Me+ + 2e- 

with n = 4 or 5. In the two phase region, with ele- 
mentary sulphur, the electrode reaction changes. 
Polysulphide entropies are not known with high 
accuracy. We plan to study this topic further in the 
future. At present we avoid the problem of a direct 
determination of q2 and obtain q2 by application of 
equations (12) and (13), for the one-phase as well as 
for the two-phase region. The entropy of the cell 
reaction was taken from the isotermal temperature 
coefficients of the cells. For the sodium system, we 
found dE/dT = -0.18 x lo-“VK-’ (for the one 
phase region) and dE/dT = -0.083 x 10m3 VK-i 
(for the two phase region)[9]. These values can be 
compared to the average values -0.20 x 10-j and 
-0.083 x low3 VK-’ reported by Gupta et aI.[15]. 
For the potassium system, we have dE/ 
dT = -0.24 x 10-3VK-’ (one phase region) and 
dE/dT = -0.060 x 10-3VK-’ (two phase 
region)[8]. The results for the heat productions at 

Table 4. Local heat production per faraday transferred 
upon discharge of the potassium-sulphur cell, at the anode 
(-qJ and at the cathode ( -q2,, or -qz,I,) as a function of 

temperature 

T,/K -q,/kJ 

463 13.4 
500 15.9 
653 20.2 
773 29.2 

-qz. &J 
- 10.7 
-13.0 
- 16.4 
-29.1 

-e&J 
-2.7 
-4.3 
- 5.0 

- 15.7 

the anode -ql and at the catode -q2,, (one phase 
region) and -q2,” (two phase region) are given in 
Tables 3 and 4. 

5. DISCUSSION 

5.1. Seebeck coeflcients 

The Seebeck coetrcients (Table 1) for cell (a) do 
not vary much with temperature when Na is in the 
liquid state, between 0.19 and 0.22mVK-i. The 
variation is not systematic, so this reflects the uncer- 
tainty of the experiments. A different result for the 
liquid electrode (0.31 mV K- ‘) occurs at the highest 
temperature only, so a clear trend cannot be report- 
ed. The Seebeck coefficient for the solid state elec- 
trode was also different, 0.05 mV K- ‘. 

These results can be compared to those of Ito et 
aI.[6]. They obtained a Seebeck coefficient for cell (a) 
of 0.20mV K-’ at 580 K, for B-alumina, in fair 
agreement with our results. The results with liquid K 
electrodes in cell (b) (Table 2) vary in the same way 
as results for cell (a), from 0.30 to 0.45 mV K- ‘, with 
the high temperature value being exceptional again. 

5.2. Transported entropy of sodium and potassium 
ions 

The transported entropy of Na’ from this investi- 
gation (Table 1) is comparable in magnitude to the 
thermodynamic entropy of sodium. This means that 
the transported entropy contributes significantly to 
the heat evolution at electrodes. A systematic varia- 
tion in SC.+ is seen from Table 1, with a possible 
exception at 773 K. The same pattern is repeated in 
Table 2 for Sz+ . 

An exceptional value for SA+ may be related to a 
change in the mechanism of conductivity for Na+ at 
this temperature. Similar data are not known for 
K+. The transported entropy has been related to the 
activation energy of electric conductivity[16], but 
this model was not found to be generally valid[l, 23. 

According to the third law of thermodynamics S,, 
is zero at OK. In this temperature limit, we expect 
that E = 0. It follows from equation (10) that 
S&,+ = 0 at OK. This means that the result obtained 
for the temperature coefficients, zMc+ z Cp,uc, is not . . 
of general vahdny. Because S,, > sg,, for the tem- 
peratures in this investigation, the variation in Sup 
and S&,+ (S, and Sz,) below 333 K (463 K) towards 
OK must differ. It follows that we must have T,,, < 

C p. ue, and a positive deviation from the straight line 
of Fig. 3, for lower temperatures. Unfortunately we 
have not been able to investigate this region of differ- 
ence. The value used for AT was too small to find a 
second order variation of the plot of E versus AT. 
The value of AT was limited by the melting point of 
sodium, 370.7[13] and by the reduction in conduc- 
tivity of r-alumina at low temperatures and/or 
contact problems. 

The most interesting fundamental result of this 
investigation is that the transported entropies of 
Na+ and K+ in p-alumina are the same, and that 
the transported entropy of Na+ does not change 
when Na undergoes a phase change. One may specu- 
late that the exchange of Na+ by other ions also has 
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a negligible influence on the value of the transported 
entropy. This issue deserves further investigation. 

5.3. Reversible heat changes in Na-sulphur and 

K-sulphur batteries 

The results in Tables 3 and 4 indicate that local 
contributions to the total reversible heat effects in 
the batteries show considerable asymmetry. 

Consider the discharge of the cells by passage of 
one faraday of charge. The anode heat productions 
contribute the largest terms. The anode will heat on 
cell discharge, more with K than with Na, and more 
at high temperatures than at low. The cathode heat 
production is negative (ie heat is absorbed here). It is 
seen from Table 3 that the cathode heat absorbtion 
is relatively large when the sulphur electrode is in the 
two-phase region, but it is smaller in the one-phase 
region. The resulting asymmetry can be compensated 
by Joule heating during operation of the battery. 
Joule heat is expected mainly in the sulphur elec- 
trode and in the p-alumina electrolyte, and may thus 
offset the effect of Peltier cooling of the cathode on 
discharge, to an extent which depends upon the 
current and the cell impedance. The same pattern is 
repeated when Na is replaced by K (see Table 4). In 
both cases, so far as reversible heat effects are con- 
cerned, there should be a net flow in the direction 
from the anode to the cathode. The transition from 
the one-phase to the two-phase region may cause 
local temperature instabilities. 

The net heat production during discharge is posi- 
tive for both batteries, meaning that both batteries 
will cool upon charging. The Joule heat effect, which 
may compensate by contributing extra heat addition 
during charging, should be similar in the two bat- 
teries. However, the thermal asymmetry is maxi- 
mised during charge; the alkali metal electrode then 
experiences Peltier cooling, while the sulphur elec- 
trode heats, both by Peltier heating and Joule 
heating[9]. 

The Thomson effect will contribute on the 10% 
level when the temperature difference between the 
electrodes is 50 K. This is likely to be negligible effect 
in practical battery operation. 

We conclude that the reversible heat effects of the 
two batteries investigated here do not indicate any 
advantage to one over the other and that thermal 
instability may occur for some operating conditions. 

5.4. The electric work method 

The electric work method was used to describe the 
thermoelectric power of cells (a) and (b) in this work. 
As other methods are also available, some comments 
should be made on its application. The derivation of 
the necessary equations is not so lengthy by the elec- 
tric work method as by irreversible thermodynamics. 
Less assumptions are furthermore involved in the 
derivation. Irreversible thermodynamics uses average 
transport coefficients, Onsager reciprocal relations 
and flux equations. Here, the emf was derived by a 
direct analysis of the local changes in the cell follow- 
ing charge transfer. Further more we do not use elec- 
trostatic potentials in our method. 

The transfer of heat, mass, energy and electricity 
are issues of primary interest to the engineer doing 
process analysis. The main advantage of the electric 
work method may be the direct link made between 
these properties. We only took advantage of a few of 
these aspects in the present work, since we did not 
include the time-dependent processes in our calcu- 
lation. 

6. CONCLUSIONS 

The transported entropy of sodium and potassium 
ions S&,+ and Sk+ in p-alumina have been deter- 
mined. We find that Sg,, = SE+ and that rMc+ z 
C p,Me for the investigated temperature ranges, and 
that ~~~ + < C,, Me for lower temperatures. A model 
for prediction of these effects is still lacking. The 
results lead to an asymmetric reversible heat pro- 
duction in alkali-sulphur batteries. The highest 
asymmetry, and the highest net heat production is 
obtained with the K-S battery. The electric work 
method may be useful for analysis of electrochemical 
cells and for calculation of cells in operation. 
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