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 INTRODUCTION 

    Significance of thermoelectric power in engineering 

     Thermoelectric power has two significant meanings in the 

field of engineering. One is grounded on the fact that the 

thermoelectric power can be one of the driving forces of the mass 

transfer phenomena in nonisothermal systems, and the other is 

that the Peltier heat of single electrode reactions can be 

determined from the value of thermoelectric power. The relation 

between thermoelectric power and Peltier heat is to be discussed 

in detail later. (cf. Chapter4) 

    The former is very important in studying corrosion of a 

system where the temperature gradient exists and so is the latter 

in designing or analyzing the energy balance of electrochemical 

reactors. 

     The purpose of this study is to show these engineering 

significances and at the same time, to investigate thermoelectric 

power of various systems theoretically and experimentally. 

Especially, the author believes that the experimental technique 

of thermoelectric power measurement has been established through 

this study.

      1.MASS TRANSFER PHENOMENA 

Many kinds of heat transfer material have been or are
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planned to be used in nuclear reactors for power generation. 

Some of them are water,  CO2 gas, Na liquid metal and molten 

salt[1]. 

      In any case, since a large amount of heat has to be removed 

from a core of a reactor, there exists a temperature gradient in 

a heat transfer system and this condition sometimes gives serious 

effect to the compatibility of structural material and heat 

transfer material. 

     In case of FBR(Fast Breeder Reactor), the structural 

material is stainless steel and the heat transfer material is 

liquid sodium metal. Since the solubility of some constituents 

of stainless steel gets larger as the temperature rises, they 

dissolve into the liquid sodium near the core of a reactor, where 

the temperature is high, and in turn precipitate on the stainless 

steel in the heat exchanger, where the temperature is lower[2]. 

     The same kind of phenomenon is observed in a gas cooled 

reactor. The mechanism of this phenomenon is reported to be 

caused by the temperature dependence of the equilibrium constant 

of the reaction shown below[3]. 

     C + CO2 = 2C0(1) 

     On the other hand, this phenomenon can occur in molten salt 

systems, too, eg. heat transfer loop of MSBR (Molten-Salt 

Breeder Reactor)[4], and three different mechanisms are 

considered to cause this phenomenon in these systems. 

    One of them is grounded on the temperature dependence of the 

solubility of the oxide on the surface of structural material, 

and the other one is on temperature dependence of the equilibrium



constant of the  disproportionation reactions, such as 

M2.. + M = 2M"'. [5](2) 

    Thus, the former is similar to the mechanism in FBR and the 

latter is to that in the gas cooled reactor. 

    The third mechanism is considered to be electrochemical one. 

That is, this sort of phenomenon can also be caused by the 

thermoelectric power in a system. In order to prove the 

possibility of the third mechanism and to make its mechanism 

clear, an experiment has been conducted as described below[6]. 

     The experimental cell is shown in Fig.I. The inside of the 

pyrex holder is filled with argon to minimize any side effects. 

LiCl-KC1 eutectic melt was used as a solvent and appropriate 

amount (0.05 mol/Kg-salt) of NiC12 was added as a solute. . To 

obtain a certain temperature gradient in a cell, the upper part 

of the holder was covered with glass wool and the lower part was 

cooled by air. 

     Figure II shows two different types of testing pieces. Each 

testing piece is constructed of two small nickel plates (7*25mm), 

and these plates are electrically connected in one type and 

electrically insulated in the other. During the experiment this 

testing piece was immersed into the melt as shown in Fig.I, where 

one of the nickel plates was exposed to the high temperature 

melt(450°C) and the other was exposed to the low temperature one 

(400°C ) . 

      After 100 hours of immersion, these pieces were compared

3
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with each other. 

     Figure  II shows photographs of the nickel plates after 100 

hours of immersion. The difference is obvious, and was confirmed 

by weighing the gain and loss of each plate. In case of the 

testing pieces with electrical connection, the increase in weight 

at the lower temperature side plate was 0.51g, while the decrease 

at the higher temperature side plate was 0.44g. On the other 

hand, in case of the testing pieces with no electrical 

connection, the weight change was less than  0.Olg in both the 

lower temperature side plate and the higher one. 

     These results indicate that the mass transfer by 

electrochemical mechanism can occur in molten salt systems under 

some condition. The mechanism was confirmed from the fact that 

the electric insulation between the two nickel plates prevented 

this phenomenon. 

             2.PELTIER HEAT 

      It is very important to understand temperature distribution 

in electrolytic cells quantitatively for designing their 

structure or establishing their electrolytic conditions. 

     For example, if Joule heat or the other kinds of heat 

evolved from electrode reaction is not estimated properly, the 

temperature of various materials such as electrodes, electrolyte 

or membranes, rises and in some case it leads to the destruction 

of the cell[7]. Conversely, if insufficient heat is supplied to 

the electrode region, where the reaction is endothermic, the
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temperature may fall, thus increases the voltage required for the 

electrolysis. Besides, in molten salt systems, even freezing of 

the electrolyte in a cell might occur under extreme conditions. 

     For such reasons, the quantitative evaluation of single 

electrode heat is very important from the engineering viewpoint. 

Especially it is indispensable for the optimization of 

electrolytic condition. But so far little attention has been 

paid to the single electrode heat in spite of its importance and 

most attention has been paid to the total enthalpy change in the 

electrolysis reactions, instead. 

      In this study, the relation between thermoelectric power and 

Peltier heat has been theoretically derived and empirically 

proved. So the author believes that this sort of study will 

 certainly contribute to the energy analysis of many types of 

electrochemical reactors of aqueous and molten salt systems, such 

as water electrolyzers, brine electrolyzers and fuel cells.
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          PART 1. THERMOELECTRIC POWER 

   CHAPTER 1. Thermodynamic description of thermoelectric power 

   The thermoelectric power can be thermodynamically described by 

use of irreversible thermodynamics. Here, the thermoelectric 

power in a nonisothermal but isobaric system is to be treated and 

that in nonisothermal and nonisobaric system is presented in 

Chapter 3. 

   According to  F  q5 rland and Ratkje[1], the entropy production 8 

per unit time and unit volume can be written as : 

k 
T-8 = -V 1nT-Jq-E D u Ti-Ji-V °bg•I(I-1) 

i=1 

Jq is the flux of heat, Ji is the flux of the component i, I is 

electric current density and \70  ob. stands for the differential 

emf that is observable by using a pair of identical electrodes. 

k independent components in the system can be divided into two 

groups: the components i=n+1^-k which belong to the electrode and 

those i=1--n involved in the electrolyte phase. Using the 

independent fluxes, eqn.(I-1) can be rewritten as: 

n 
T-8 = -V1nT•Jq-E V uTi•Ji-V 0 •I(I-2) 

                            i=1 
,where 

k 
V cb = V co °bs+E Zi-V !l Ti(1-3) 

i=n+1 

(Zi stands for complete coupling coefficient between mass flux of 

component i (i=n+1^-k) and current density) 

    From egn.(I-2), the fluxes of heat, mass, and charge are
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expressed as  follows by using their conjugate forces. 

Jq = -Ygg01fT-E YgiV /1 Ti-YQQV cb(I-4) 

Ji = -YigO1nT-E YiiO 11 1,-YiQV(I-5) 

     I = 1nT-E YQiV a Ti-Y,:Q(I-6) 

    The gradient of chemical potential V /,t Ti is expressed as 

eqn.(I-7) by using the chemical potential gradient V 

              V /1 Ti-V !1 i- ( S /1 i/ S T)VT(I-7) 

    This egn.(I-7) represents that the second terms in the rights 

of eqns.(I-4),(I-5) and (I-6) are equal to zero under the 

condition of no pressure gradient and no concentration gradient. 

The latter is achieved when there exists convection in a system 

or when the system is far from Soret equilibrium. 

    When V /1 Ti is equal to zero, the relation; 

v o = V°bd(I-8) 

is obtained from eqn.(I-3). By substituting eqn.(I-8) and 

V /tTi=O in eqns.(I-4),(I-5) and (I-6), they can be simplified as 

follows. 

            Jq = -YggV lnT-YgQV q5 °be(I-9) 

            Ji = -Yin V 1nT-YiQ V °be(I-10) 

            I = -YQgV 1nT-YQQV q5 0b6(I-11) 

    When the condition I=0 during thermoelectric power measurment
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is taken into account, the next equation is obtained from 

 eqn.(I-11) 

45 °be' = -(YQq/YQQ)V 1nT(I-12) 

     From this equation, thermoelectric power E T is expressed as; 

E T = (8 95 °b9/ ST) = -(YQq/YQQ) (1/T)(I-13) 

(It is noted that E T stands for initial thermoelectric power, 

where the system is far from Soret equilibrium.) 

     Next, physical meaning of the coefficient YQq/YQQ in 

eqn.(I-13) will be discussed. 

   The fluxes of heat, mass and charge are expressed as 

eqns.(I-9),(I-10) and (I-11) under the condition A P=0 and 0C=0. 

By eliminating V§5 °b9 from eqns.(I-9) and (I-il), egn.(I-14) is 

-obtained. 

Jq = -(Yqq-YqQ -------YQQ).71nT+YQQI(I-14) 

     The coefficient YqQ/YQQ of the second term on the right of 

eqn.(I-14) represents the heat that is transferred with unit 

charge. 

     The entropy absorbed from the external heat reservoir by the 

reversible transfer of unit charge is called Peltier entropy, 

which is usually symbolized as S'(Q). Using this entropy S'(Q) 

and the temperature of the electrode region T, the heat absorbed 

from the external heat reservoir under the condition described

11



above, is expressed as  T•S'(Q), so the coefficient of the second 

term of eqn.(I-14) is expressed as: 

YQQ/YQQ = T-S'(Q)/F(I-15) 

    Taking into account the Onsager reciprocal relation[2][3]: 

YQQ = YQQ(I-16) 

,eqn.(I-13) is rewritten as 

C T = ( 8 co °b6/ s T) = -S' (Q)/F (I-17) 

Peltier entropy S'(Q) is the sum of the transported entropy S 

and the entropy change As as shown in eqn.(I-18). 

S'(Q) = S + 0 s(I-18) 

    The former is the entropy that flows out from the electrode 

region into the electrolyte with the reversible transfer of unit 

charge and the latter is the change of the entropy in the 

electrode region under the same condition. The entropy change 

As is written as follows by use of the concentration of the 

oxidized and/or reduced species involved in the electrode 

reaction: 

As                                    [OX]   = 0 s° - n In [Red](I-19) 

    Consequently the concentration dependence of thermoelectric 

                              12



power is expressed 

 E  T = 

    This equation 

kinds of systems 

following chapters

 as: 

(S cb°ba/S T) 

C-(S+ A s°) + 2.303R log 

  has been experimentally 

  and some of them are to

COx]  ]/F (I -20) 
CRed] 

confirmed in various 

 be presented in the
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        CHAPTER 2. Thermoelectric power measurement in 

                     various molten salt systems 

    Thermoelectric power measurement has been carried out in 

several kinds of molten salt systems. Obtained data from these 

experiments are very important not only in engineering but also 

from a viewpoint of thermodynamical considerations on 

thermoelectric power. 

    The description of thermoelectric power derived in previous 

chapter will be confirmed by using these empirical data and it 

will be discussed how the thermoelectric power is effected by 

electrode material composition and its phase state. 

    Besides, the evaluation of transported entropy in  LiCl-KC1 

systems is also to be presented here. 

2-1 The relation between thermoelectric power 

              and valence number of electrode reactants. 

2-1-1 Experimental 

    Here, the thermoelectric powers measured in ; 

(T)Ag/LiC1-KC1+AgC1 /Ag(T+dT), 

(T)Ni/LiCl-KC1+NiC12/Ni(T+dT), 

             (T)Pb/LiCI-KC1+PbC12/Pb(T+dT), 

(T)Al/LiCl-KC1+A1C13/A1(T+dT), 

    and (T)Li/LiCl-KC1/Li(T+dT) 

are to be discussed. (The first system was investigated by 

Y.Ito, et al[4J.) The experimental cell used in the first 4

14



systems is shown in Fig.I-1. Commercial LiC1 and KC1 (Reagent 

Grade, Wako Chemicals Co.Ltd.) were mixed and the eutectic 

mixture was vacuum dried at the temperature of  200°C for more 

than 48 hours. It was melted in the H-type cell shown in Fig.I-1 

under argon atmosphere. 

    After preparing the eutectic LiCl-KC1 solvent, the 

appropriate amount of solute ion (AgC1, NiC12, PbC12, or A1C13) 

was added, and in case of Pb/Pb(II ) system, water as impurity in 

melt was expelled by supplying HCl gas into the melt. 

    On the other hand, in case of Al/Al(DI) system, a special 

pyrex tube whose tail was narrowed (cf.Fig.I-2) was used to 

dissolve A1C13 into melt, and the concentration of A1C13 in melt 

was measured by sampling small amount of salt and measuring it 

with ICP(Inductively coupled plasma-optical emission analytical 

spectrometry) method. 

    The structure of the Pb electrode was shown in Fig.I-3. 

Though the extra thermoelectric power between Pb and Ni lead wire 

is included in measured thermoelectric power when this type of 

electrode is used, this extra value was estimated from other 

experiments and corrected. 

     Since the other electrodes were solid state, they were used 

as a wire. 

    The temperature difference was established between the left 

part of the cell and the right part by using 2 separated heaters. 

After setting the temperature gradient in this way, the electric 

potential difference between 2 electrodes was measured with a 

digital multimeter and recorded. 

    As for Li/Li(I) system, the apparatus shown in Fig.I-4 is a

15
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little different from the previous one. This apparatus has a 

pair of carbon counter electrodes that were used to 

electrodeposit lithium metal on nickel wire. 

2-1-2 Results and discussion 

    First, the relations between temperature difference and 

electromotive force in systems of Ag/Ag(I),  Ni/Ni(II) and 

Li/Li(I) are presented in Fig.I-5,I-6 and I-7, respectively. 

    Every result of each system shows a good linearity between 

AT and emf. Since the emf on the vertical axis is the value 

measured on reference to low temperature electrode, it means that 

the electric potential of high temperature electrode is always 

more negative than that of the low temperature one except the 

case of Li/Li(I) system, and this tendency was observed in other 

systems, too. 

     In case of Li/Li(I) system, observed thermoelectric power 

shown in Fig.I-7 includes the thermoelectric power E ' between 

lithium metal and nickel lead. Since E ' is estimated as 

-0 .0641mV/K at 500°C from the published data[57, the net 

thermoelectric power of Li/Li(I) system is expressed as; 

E T =( s 95 °b&/ S T)- E'(I-21) 

                = O. 0947 X 10-3 V/K 

    Though the similar relations were obtained when concentration 

of the solute ion was changed, the slope (electric potential 

difference per unit temperature difference) was different. The

19
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concentration dependence of this slope,  i.e. thermoelectric 

power, was shown in Fig.I-8,9,10 and 11, and expressed as follows 

with respect to each system mentioned above. 

  Ag/Ag(I) : E _ -0.271 + 0.203 •log[Ag(I)] [X 10-3 V/K] 
(±0.015) (±0.032) 

Ni/Ni ( II ) : E = -0.094 + 0.1022 • 1og[Ni (II ) ] [ X 10-3 V/K] 
(±0.032) (±0.015) 

Pb/Pb( ) : E _ + 0.0081 + 0.0921 • 1 og [Pb (II ) ] [ X 10-3 V/K] 
(±0.087) (±0.018) 

Al/Al(M) : E _ - 0.0039 + 0.075 • log [A1 (III) ] [ X 10-3 V/K] 
(±0.0051) (±0.021) 

    In all systems, there exists a good linearity between the 

logarithm of the mole fraction of solute ion in melt and the 

thermoelectric power. 

    As seen from those figures and equations, when the solute ion 

is monovalent, the slope is very close to 2.30311/F, and when it 

is divalent the slope is close to 2.303R/2F. As for the 

Al/A1(III) system, the slope gets near to 2.303R/3F, though the 

deviation is large. 

    This tendency in concentration dependence of thermoelectric 

power is in very good accordance with theoretically derived 

eqn.(I-20) mentioned in Chapterl. 

    On the other hand, in case of Al/A1(III) system, the slope in 

Fig.I-11 is not in good accordance with 2.303R/3F. One of the 

reasons for this phenomenon might be the disproportionation 

reaction on Al/Al(III) electrode. The other reason is that the 

concentration of AiC13 in a melt was not stable due to its high 

vapour pressure and changed between after and before the emf 

measurement.
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     2-2 The effect of composition and phase change of 

           electrode material on thermoelectric power 

    Though many works including the author's have been presented 

concerning the theoretical and/or experimental study of 

thermoelectric power, almost no report exists that uses alloy in 

a single or coexisting phase as an electrode. 

    But, since construction material of heat transfer loop is 

made from metal alloys in most cases[6] and electrodes of 

electrochemical reactors are not necessarily pure  metal[7], 

thermoelectric power measurement with an alloy electrode is very 

important in studying mass transfer in such a loop or analyzing 

energy balance of reactors with alloy electrodes. 

     From such an engineering viewpoint, the author has studied 

on various aspects of thermoelectric power, especially how the 

thermoelectric power is effected by the composition or phase 

change of the electrode material. 

2-2-1 Experimental 

    In this work, LiC1-KC1 was used as a melt and the tin-lithium 

alloy of various compositions was used as an electrode. 

  In order to confirm the appropriateness of the experimental 

method adopted by the author, the same kind of experiment was 

carried out at first in Zn/Zn(II) electrode systems. 

   The experimental apparatus is shown in Fig.I-12. Inside of 

the cell was kept argon atmosphere, and the temperature

28
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fference was established between the left part of the cell and 

 le right part by using two separated heaters. After setting a 

:rtain temperature difference, electric potential difference 

;tween two electrodes was measured. The structure of the 

ectrode is illustrated in detail underneath the same figure. 

LiCl-KC1 eutectic melt was used as a solvent and appropriate 

nount of ZnC12 was added as a solute. The mixture of LiC1 and 

1:1 had been vacuum dried for more than 48 hours, and 

zermoelectric power measurement was carried out both over and 

der the melting point of zinc metal. 

  In case of tin-lithium alloy electrode systems, experiments 

3ve been conducted as in the followings. As shown in 

ig.I-13[8], when the lithium concentration is less than 40%, 

zis alloy keeps single liquid phase between 400 and 500°C. As 

pr more concentrated alloy, solid-liquid coexisting zone exists 

1 the same temperature range. When the lithium concentration in 

lloy is larger than 50%, the alloy is composed of two solid 

lases under the temperature of 470°C. 

   Thus, the experimental research concerning this alloy 

lectrode is composed of three parts. The first part is the 

tudy on single liquid phase electrode and the second is that on 

iquid-solid coexisting electrode and the last is that on 

)lid-solid coexisting electrode. 

   Since the temperature of this system is much higher than that 

E Zn/Zn(II) system, a different type of experimental cell as 

sown in Fig.I-14 was used. 

  The cylindrical cell was made of quartz glass and the
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vertical temperature difference was established by air cooling 

the bottom part of the cell. The  temperature  of the electrode 

was controlled by changing its elevation in a cell, and the 

temperature distribution in a cell was measured with 

chromel-alumel thermocouples before and after the experiments. 

    Lithium-tin alloy was prepared in the other apparatus and put 

into the pyrex glass tube with a molybdenum lead wire as 

illustrated in the circle of Fig.I-14. 

    On the other hand, the activity coefficients of lithium. in 

liquid alloy were measured with an apparatus shown in Fig.I-15. 

These data are indispensable because thermoelectric power cannot 

be analyzed without them. 

    The principle of measuring the activity coefficients was very 

simple. By measuring the potential differences between alloy 

electrodes and the pure lithium electrode and by analyzing them 

with Nernst's equation, activity coefficients of lithium in 

liquid alloy can be obtained. 

     This experiment was repeated as changing the temperature of 

the system, because their temperature dependence was also needed. 

    The condition of purification of salt and atmosphere in a 

cell was the same as that of the previous experiment. 

2-2-2 Results and discussion. 

1)Zn/Zn(II) electrode system 

    The result obtained from Zn/Zn(II ) electrode system is 

presented in Fig.I-16(A). The vertical axis of this figure 

presents the electromotive force between two electrodes, and the
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horizontal axis shows the temperature difference between them. 

    Since the temperature of low temperature electrode was about 

370°C and melting point of zinc is  420°C, the change of slope at 

point "A" is considered to be caused by the phase change of zinc 

metal. 

     In Fig.I-16(B), the change of thermoelectric power mentioned 

above is expressed more clearly, where the vertical axis presents 

6 95 °b8/ 6 T and the horizontal axis presents temperature of the 

system. 

    According to eqn.(I-20), the thermoelectric power is 

expressed as the sum of transported entropy and entropy change in 

the electrode region. Since the former can not be affected by 

the phase change of electrode, it must be considered how the 

latter is effected by it. 

     As seen in Fig.I-17, the molar change of each component in 

the electrode region under the transfer of unit charge is 

expressed as; 

         Zn-(1/2)mol 

Zn2` (1/2)(1-tzn2-) mol 

         Li-•-tj..mol 

K-•-tK_mol 

        Cl-•tcl_mol 

.where ti stands for the transport number of component i. 

    The entropy change in the electrode region can be obtained as 

a sum of the products of these values presented above and the

36



 1F

•  
1n2+: 1/2 mo 1

 Zn2+: t2+/2 
--------i 

Li+ : t Li+ mol 
----------> 

K+ : tK+ mol ---ice 

Cr:  tCl- mol

mol

F I , I-17 Mass balance in 

region

anode

37



partial molar entropy of each component, therefore it can be 

expressed as follows. 

In case zinc is liquid; 

 0  S liquid = -(1/2) S ZnCliquid,+(1-tZn+)/2 S Zn2+ 

                    -t1 S K +-tLi+ S Li++ t Cl- S C1-(I-22) 

In case zinc is solid; 

A S solid = -(1/2) S zncgolid>+(1-tzn+)/2'S zn2+ 

                     -tK+ S K+-tLi+ S Li++ t Cl - S Cl- (I-23) 

Here, S Zncliquid> and S zncgolid, stand for the molar entropy of 

pure zinc metal in liquid and solid phases, respectively. 

    Therefore the difference of thermoelectric power due to the 

phase change of zinc metal is expressed as follows. 

0 £ _ (0 S solid— L S 1iq.~id)/F 

(1/2)• (S zncgolid, — S zncliauid))/F (I-24) 

    Since the fusion entropy of zinc is 2*0.055mV/K187, A £ must 

be equal to 0.055mV/K. On the other hand, the change of the 

slope in Fig.I-16(A) is 0.058-F_0.013mV/K, so it can be concluded 

that both values are equal within experimental errors and our 

experimental method is reliable enough. 

2)Sn-Li electrode system (single liquid phase) 

    Next the experimental result where the electrode was in 

single liquid phase is to be discussed. The relation between the 
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temperature difference and the electromotive force is shown in 

Fig.I-18. Though a good linearity is observed between them just 

as the case of zinc electrode systems, the slope of the line, or 

thermoelectric power, changes according as the lithium 

concentration in the alloy. The concentration dependence of 

thermoelectric power is shown in Fig.I-19. 

    One of the interesting points is that the thermoelectric 

power decreases as the lithium concentration increases and the 

sign of the thermoelectric power changes at the point "A". This 

means that the electrodeposition of lithium metal in tin-lithium 

alloy is endothermic when lithium concentration of the electrode 

is lower than 30% and exothermic when it is higher than that. 

     Since a rigorous explanation between thermoelectric power and 

single electrode heat is presented in Chapter4, only a brief and 

conceptual explanation is to be described here concerning the 

reason why the negative sign of thermoelectric power corresponds 

to the exothermic reaction. 

    When the reaction; 

 Li- + e- -> Li 

is exothermic, the equilibrium shifts to the left as the 

temperature rises. It means that the electrode at high 

temperature presents more negative potential than a low 

temperature one. 

    On the other hand, in case of discussing how the 

thermoelectric power is effected by a phase change of an 

electrode, its effect on the entropy change of the electrode 

region; 0 s must be considered because such a phase change of the
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electrode metal causes no effect on the entropy of a salt phase 

in the system. 

    This  As can be expressed as the next eqn.(I-25) just like 

the case of Zn/Zn(II ) system. 

As = -sl.i + (1-ti.i..)SL,- - tK.SK..- + tcl-sc1-(1-25) 

    Here, all terms on the right except the first one are 

regarded constant with respect to the composition of the alloy. 

Therefore eqn.(I-25) can be rewritten as ; 

As = const. -s°i.i + 2.303R-log [Li) - s'i...i (I-26) 

,where s'41.,i stands for the excess partial molar entropy of 

lithium in alloy-

     According to egn.(I-26), if E -s`/F is plotted against the 

logarithm of Li mole fraction in the alloy, a good linearity 

whose slope is 2.303R/F must be obtained. 

    The excess partial molar entropy of lithium in the liquid 

alloy can be calculated from the activity coefficients of lithium 

in alloy by use of next equation. 

s"` = - Rln r - RT( S In r /ST)(I-27) 

    The measured activity coefficients of Li in alloy are shown 

in TableI-1. According to these data, RT( S In r / 6T) can be 

regarded as constant whose value is 0.762 ± 0.02mV/K, and s' in
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 Table.I 

t

-1 Activity coefficient of Li i n Li-Sn al Joy

emperatune 50.8Li%24.99Li%9.17Li%6.00Li%

482.6 'C 

487.5 

493.7 

500.0 

506.97 

511.7

 8 

 8 

 9 

 9 

1 

 1

.2123e-04 

.5428e-04 

.1498e-04 

.8136e-04 

.0709e-03 

.1271e-03

3 

4 

4 

4 

5 

5

.8718e-04 

.0875e-04 

.4228e-04 

.7386e-04 

.1718e-04 

.4545e-04

1 

1 

1 

1 

2 

2

.5413e-04 

.6188e-04 

.7418e-04 

.8495e-04 

.0011e-04 

.0840e-04

1 

1 

1 

1 

1 

1

.1930e-04 

.2575e-04 

.3543e-04 

.4503e-04 

.5763e-04 

.6493e-04
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eqn.(I-27) can be approximately expressed as; 

 sLi/F = 0.653XLi2-0.738XLi+0.406 [X 10-3 V/K] (I-28) 

   where XLi represents the mole fraction of lithium in alloy. 

Then the relation between E -s'/F and the logarithm of lithium 

mole fraction were obtained as shown in Fig.I-20. A good 

linearity is observed between them and the slope of the line 

accords with 2.303R/F as expected. 

    On the other hand, the activity coefficient of lithium; r is 

equal to 1 at the point where lithium mole fraction is equal to 

1, therefore sLi- must be zero there. This means if the line in 

Fig.I-20 is extrapolated to the point of XLi=1, the vertical 

value of that point must be in coincidence with the 

thermoelectric power of pure lithium electrode systems. 

    Since the observed thermoelectric power includes the 

thermoelectric power between liquid alloy and molybdenum lead 

wire, the extrapolated value of thermoelectric power in Fig.I-20 

must be the sum of thermoelectric powers of pure lithium 

electrode and that between liquid lithium and molybdenum lead in 

a more rigorous sense. As obtained in the previous section, the 

former is 0.095mV/K, and from the published data[5], the latter 

is estimated as -0.029mV/K. 

   The result is that the extrapolated value was 

0.047± 0.024mV/K and the sum of 2 thermoelectric powers is 

0.095-0.029=0.066mV/K. Though the coincidence is not perfect, it 

can be concluded that both values are equal within experimental
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errors. 

3)Sn-Li electrode system (liquid-solid coexisting phase) 

    Here the thermoelectric power with liquid-solid coexisting 

electrode will be discussed. The experimental result is shown in 

Fig.I-21. Since the lithium concentration of this electrode is 

about 47%, according to the phase diagram, the alloy is single 

liquid phase over the temperature of  440°C and separates into 

liquid and solid phases under this temperature. So the region 

"A" corresponds to the liquid-solid coexisting zone and the 

region "B" corresponds to the single liquid phase. 

    The shape of the graph is quite different from that obtained 

in the previous experiment. The most different point is the 

magnitude of thermoelectric power in liquid-solid coexisting 

zone. It is extremely large in comparison with the case of other 

single phase electrode systems. 

    Another unique point in this result is that the relation 

between temperature difference and electromotive force is not 

linear in region "A". That is thermoelectric power in 

liquid-solid coexisting zone cannot be regarded constant with 

respect to temperature. Theoretical explanations concerning 

these phenomena are to be discussed below. 

    As mentioned above, the important point is the entropy change 

of the electrode region under the transfer of unit charge. So 

first, it will be discussed how this entropy change is effected 

by the phase state of an electrode. 

    As shown in Fig.I-22 the entropy change in the electrode
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region can be divided into three terms as; 

 A  s = A S z t + 0 S 1 i qu i s + 0 Sso l i d.(1-29) 

    The first one is the entropy change of the salt phase, and 

the second one is that in the liquid alloy phase and the third 

one is that in the solid alloy phase. Since the first term is 

not affected by composition or phase state of the electrode 

metal, we can treat it as constant. 

     In order to evaluate other two terms, mass transfer between 2 

phases under the transfer of unit charge has to be taken into 

consideration. 

    When unit amount of lithium dissolves into a salt phase with 

the transfer of unit charge, as long as two phases coexist and 

the temperature is constant, the composition of each phase can 

not be changed. 

    That is, the effect of lithium dissolution into the salt on 

the composition of liquid phase must be canceled by the mass 

transfer between two coexisting phases. This mass transfer of 

each component in each electrode phase must be quantitatively 

discussed next. 

    As shown in Fig.I-23, p mole of Sn-Li solid alloy is supposed 

to dissolve into liquid phase when 1 mole of lithium dissolves 

into the salt phase under the transfer of unit charge. Then the 

molar changes of lithium and tin in liquid phase under the same 

condition are expressed as;
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                                    =  p-1 

       and 0 nsn = pmol 

    As mentioned above, the composition change in liquid phase 

can not occur, therefore the ratio A nLi/Z nsn must be equal to 

the original ratio XLi/(1-XLi) and following relations are 

obtained. 

OnLi/Onsn = (p-1)/p 

                                 = XLi/(1-XL1) 

            p = -(1-XLi)/(2XLi-1)(I-30) 

   where XLi stands for mole fraction of lithium in liquid phase 

before the transfer of unit charge. 

    Since the mass balance between 2 electrode phases is 

understood, evaluation of the entropy change of each phase is 

carried out by using the relation obtained above. The entropy 

changes of liquid and solid phases are expressed as eqns.(I-31) 

and (I-32), respectively. 

z = p (S L i C l i q u i d)+ S S n C 1 i q u i d >) - S L i C l i q u i d> 

= -( (1 - X) / (2 X- 1) } S S n C l i q u i d>- (X / (2 X- 1) } S L i< l i q u i d) 

(I-31) 

s801  = p (S L i C a o l i d>+ S S n< s o 1 i d)) 

= {(1-X)/(2X-1)}(SLiCaolid>+Ss.i<aolid)) 

(I-32) 

     On the other hand, the thermoelectric power of liquid-solid 
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coexisting electrodes is expressed as; 

 E  T = -(S + 0 Saa1t + A Sliquid + A soo11d)/F (I-33) 

,and that of single liquid alloy is expressed as; 

E T = -(S + A Seal + 0 S1iquid )/F(I-34) 

,where A Sliquia = -SLi Cliquia>• 

    So the thermoelectric power difference between them is 

expressed as the next eqn.(I-35). 

   A  T= $Liciiquid> - 0 S 1. 4 u i d - A Ssolid]/ F 

= C(1-X)/(2X-1)((sLicliquid> + Ssncliquid)) 

             -(sCB Olia>

l+SSnCaolid>)J/F             ={(1 - X) / (2 X- 1))(S L i S n C i n l i q u i d> S L i S n C i n s o l i d >)/ F 

(I-35) 

     The denominator of the coefficient in eqn.(I-35) is zero at 

the point of 50Li%, which explains the experimental result that 

the magnitude of thermoelectric power is extremely large when 

lithium is near 50%. 

     It also indicates that the sign of thermoelectric power in 

coexisting phase will change at the same concentration. 

    In order to verify this, the result of experiment is 

presented in Fig.I-24, where the lithium concentration of the 

electrode was 56.6%. In region(B) the thermoelectric power has a 

large value with an opposite sign of the previous case just as
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indicated by eqn.(I-35). 

   On the other hand, thermoelectric power of liquid-solid 

coexisting electrode was not constant with respect to temperature 

of a system. But this phenomenon is quite reasonable, because 

the composition of liquid phase changes as a function of 

temperature of the  system, which means ,--- in liquid-solid 

coexisting zone, any electrode with different composition must 

present the same thermoelectric power at the same temperature. 

It accords to the experimental result shown in Fig.I-25, which 

also presents that the magnitude of thermoelectric power 

decreases as the lithium concentration of the alloy get far from 

50%.

4)Sn-Li alloy electrode (solid-solid coexisting phase) 

  The last part of this section is a discussion about solid-solid 

coexisting electrode. Thermoelectric power of region(A) in 

Fig.I-24 corresponds to the solid-solid coexisting zone. Its 

magnitude is not so large and good linearity has been obtained 

between temperature difference and electromotive force. 

   In this zone, tin-lithium electrode is composed of 2 solid 

phases; LiSn and Li2Sn, so, the single electrode reaction of this 

electrode is expressed as:

LiSn + Li- + e- = Li2Sn (I-36)

   Therefore entropy change of the electrode material caused by 

the unit charge transfer must be expressed as eqn.(I-37) by using
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partial molar entropy of lithium in both phases. 

 0  Smetnl = SLi<Li2Sn> - SLi<LiSn> (I-37) 

     If this equation is valid, every term in eqn.(I-38) receives 

no effect from the composition change of the alloy. 

E =-(S+0Seal + O Smetai)/F (I-38) 

    It means thermoelectric power is expected to be independent of 

the composition of alloy under the temperature of eutectic point. 

The result is shown in Table.I-2, which accords with this 

expectation. 

     Before closing this section, one exceptional data is to be 

discussed, which is shown in Fig.I-26. Mole fraction of lithium 

in alloy electrode was 52%. 

    One of the most conspicuous point of this result is that the 

width of solid liquid coexisting zone is extremely narrow as 

compared with previous results. As for this phenomenon, it is 

estimated that the alloy composition is just that of the solid 

solution region, which is hatched in Fig.I-27. 

    At this composition, temperature range of liquid solid 

coexisting zone is extremely small, which corresponds to the 

narrow region(B) in Fig.I-26. 

     Besides, in FigI-26 thermoelectric power in region(c) is 

smaller than that in region(A). This indicates that the partial 

molar entropy of Li in solid alloy is much larger than that in 

liquid alloy at the same composition. 

    As for this matter, if the whole entropy of the alloy 

                              56



electrode is 

in Fig.I-28, 

curve line) 

phase, which

expressed 

 magnitude 

 at the 

accords to

as a function of composition 

of the partial molar entropy 

point of P gets larger than 

 the experimental result.

just as 

(slope 

that in

 shown 

of the 

 solid

57



Table.  I-2 Thermoelectric 
(Li-Sn alloy in 

solid phase)

power 

solid-

Li mol% Thermoelectric power mV/K

54.3

56.6

57.2

 

1  1 

iI 

I

0.13±0.03

 0.13±0.03

0.13±0.01
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             2-3 Evaluation of transported entropy 

    It has been discussed in previous sections how the 

concentration of electrode reactants and/or the composition of 

electrode itself effects on thermoelectric power, and the results 

have been thermodynamically explained by evaluating the first 

term on the right of next equation, ie. entropy change of 

electrode region under the transfer of unit charge. 

 d  y6  °ba/dT = (As + S)/F(1-39) 

    In this section, the second term; S is to be discussed and 

its magnitude is to be estimated. 

    As mentioned above, this term is called transported entropy 

and defined as the the entropy that flows out from the electrode 

region into the electrolyte under the transfer of unit charge. 

    In molten salt systems, when the solute concentration is not 

too high, since almost all charge is transported by solvent ions 

(Li-, K-, Cl- in systems mentioned above) through the 

electrolyte, this transported entropy is considered to be almost 

independent from solute ions. 

    This means once the magnitude of transported entropy can be 

determined in LiCl-KC1 molten salt system, thermoelectric power 

can be calculated with eqn.(I-39) by using As obtained from 

other experiments. 

    As seen from eqn.(I-39) the value of As is necessary to 

determine transported entropy from thermoelectric power. In case 

of Li(T)/LiC1-KC1/Li(T+dT) system, this entropy change can be
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expressed as; 

 0  S = -SLi + SLi - tLi-silty - tK.SK+ + tcl-Scl- 

             _ -SLi - (tLi~ - 1)SLic1 - tic.-SKCl (I-40) 

    In this case, since Li- ion is a constituent of solvent and 

is an electrode reactant at the same time, the equation is 

relatively simple, but in case of a system which includes solute , 

ions like Ag-, it can be more complicated as shown below. 

As = -SA,, - (tAg--1)SAg- - tLi-sLi- - tic.SK.- + tcl-Sc1-

                                                                (I-41) 

    This equation can be rewritten as; 

As = (SA, + Sci - SAg - S1/2C12) 

              - tA g.-SAgCl tLi.-SLiCl - tK.-SKC1 + S1/2C12 (I-42) 

    Sum of the first four terms on the right of eqn.(I-42) is the 

temperature coefficient of decomposition voltage of AgC1 in 

LiCI-KC1 and Takahashi[9] experimentally measured this kind of 

coefficients with respect to AgC1, NiC12, ZnC12, PbC12, etc in 

LiCl-KC1 systems. 

    On the other hand, when tAg_ is negligibly small compared to 

tLi- or tic-, the term; tAg_SAgC1 can be regarded as zero. 

    Since SLi and SC12 were already reportedEl0], if we can 

evaluate the transport numbers; ti". ,tK. and partial molar 

entropy of LiCI and KC1 at eutectic composition, the value of 0 s
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can be calculated from eqns.(I-40) and  (I-42) by use of 

thermoelectric power measured in previous sections. That means. 

by substracting this value from thermoelectric power, transported 

entropy in LiC1-KC1 system can be determined. As for NiC12, 

ZnC12 and PbC12, the procedure is the same. 

    First transport numbers of Li- and K- must be determined. 

Instead of measuring tLi_, tx~ in LiC1-KC1 system experimentally, 

these were estimated here. 

    By using tL;_ in pure LiC1 and tK_ in pure KC1111], these 

numbers in LiC1-KC1 have been calculated according as the molar 

ratio of each component in LiCl-KC1. Estimated values are as 

follows. 

tLi- : tx- : tcl_ = 0.438:0.258:0.304 (I-43) 

    Next, partial molar entropy of LiC1 and KC1 is to be 

estimated here. 

    First, suppose partial molar entropy of LiC1 and KC1 are 

expressed as follows. 

sLicl = s°Lice - R1nXL;c1(I-44) 

Sxcl = s°xc1 - R-1nXxc1(I-45) 

    According to J.Lumsden(12], the deviation of sxci from 

eqn.(I-45) is approximately 1% of its value. 

    As for 5°C[ and s°xci, the summation of fusion entropy and 

molar entropy of solid LiC1 and KC1 at 700K was used.
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(Difference between these values and the extraporated value from 

molar entropies of liquid region in higher temperature is small 

and negligible.) 

    By use of these values, partial molar entropies of  LiCl and 

KC1 are estimated as follows. 

sLici/F = 1.356 X 10-3 V/K 

sKCi/F = 1.667 X 10-3 V/K 

    Molar entropy of lithium metal and C12 gas had been obtained 

as follows[l0]. 

s°Li/F = 0.619 X10-3 V/K 

s° «i2,c12/F = 1.311 X 10-3 V/K 

    As a conclusion, transported entropy calculated by use of 

eqns.(I-40) and (I-42) are shown in Tablel-3 and Fig.I-29. 

Though obtained values of transported entropy measured in various 

systems are not rigorously coincident with each other, since the 

difference of thermoelectric power among various systems are 

about 0.7mV/K, the fact that the transported entropy obtained 

here agree with each other within ± 0.1mV indicates that the 

transported entropy does not depend on solute ion too much. 

    But this small disagreement cf obtained data is considered to 

be caused by the effect of solute ions in a system, because in 

case of nickel, whose chloride has high melting point, obtained
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Table  .1-3 Transported entropy 

   different electrode

estimated 

systems

from

S/F mV/K

Li 

Ag 

Ni 

Zn 

Pb

0.227 

0.366 ± 

0.204 ± 

0.304 ± 

0.364 ±

0.015 

0.03 

0.033 

0.01
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transported entropy is rather small and reversely in case of 

Zn,Pb,Ag, they are large. 

    On the other hand, the transported entropy can be divided 

into many terms as shown below. 

     S =  Se + tM+'SM- + tLi+'SLR- + tK-•SK. + tx-•Sx- 

                                                            (I-46) 

    In general, transported entropy of electron in metal is much 

smaller than that in melt. Besides when the concentration of 

solute ion is small, the relation tM.<<ts_ is available and the 

transported entropy has been simplified as follows. 

S = tLi--SLi- + tic--SK- + tx-'Sx-(I-47) 

    In this way, transported entropy can be expressed as that of 

ionic species and their transport number, so if solute ion 

effects on the transported entropy of any solvent ion in 

egn.(I-47), S may receive influence from solute ions. 

    As a conclusion, in order to avoid the effect of solute ion, 

the data by Li/Li- electrode system is considered to be most 

reliable, which is 0.227mV/K
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                       2-4 Conclusion 

1) The thermodynamical expression of thermoelectric power derived 

in Chapter 1 has been experimentally confirmed in molten  LiCI-KC1 

systems. The equation explains how the concentration and valence 

number of electrode reactants effect on the thermoelectric power. 

2) Thermoelectric power of lithium-tin electrode has been 

measured and analyzed accurately. The thermoelectric power shows 

different behaviors summarized below, according as the phase 

state of the electrode. 

    i)In single liquid phase: A good linearity exists between 

    temperature difference and electromotive force. The 

    magnitude of thermoelectric power depends on. lithium 

    concentration of the electrode. 

    ii)liquid-solid coexisting phase: Thermoelectric power is 

    extremely large in comparison with other systems and its 

    value is not constant with respect to temperature. Its sign 

    changes at the point of 50 Li%. 

    iii)solid-solid coexisting phase: A good linearity exists 

    between temperature difference and electromotive force. It 

    is constant between 52 and 60%. 

    These behaviors have been thermodynamically explained. 

3) Transported entropy in LiCl-KCI system at 425°C has been 

estimated to be 0.227mV/K.
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 CHAPTER 3 The effect of mass flow on thermoelectric power 

   As mentioned in the introduction of this thesis, 

thermoelectric power can be one of the driving forces of mass 

transfer phenomena, but these phenomena may also occur due to emf 

caused by a pressure gradient in a system. 

    Some theoretical descriptions of the emf in a nonisothermal 

and static system were presented by Agar[13],  Chanu[14) and 

ItoE15], and that in an isothermal and convective system was 

presented by Haase[16]. But so far, no one has dealt with the 

nonisothermal and convective system. 

    This chapter first presents thermodynamic description of emf 

in a nonisothermal and convective system, and then presents 

experimental data obtained by a model experiment using an aqueous 

system in order to verify the derived theoretical equation and to 

evaluate the degree of contribution of the pressure gradient in a 

system to the value of emf.

3-1

    In 

   /1 T i 

of which

. Thermodynamic description of thermoelectric power in a 

  convective system 

nonisobaric systems, the gradient of chemical potential 

expressed as egn.(I-7) can be divided into two terms, one 

 depends on concentration and the other on pressure.
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 S  uz   u
Ti=Oai-  ST  VT(I-48) 

S u fSu                  VC+i •VP (I-49)                    S C
i.•iSP 

    Since concentration gradient can be neglected in a convective 

system, the first term of eqn.(I-49) is zero and egns.(I-4),(I-5) 

and (I-6) can be simplified as follows. 

(It is noted that the condition V Ci=0 is also valid when the 

initial thermoelectric power is measured.) 

           Jq= -Y4q1nT-YQpP-Yqo bQ~~(I-50) 

                 = -Yi4V 1nT- YiPVP-YiQV 95 °ba (I-51) 

              I = -YQq V 1 nT- YQp V P-YQQV cb °ba(I-52) 

  Two following equations were used in the transformation above. 

0 =  oba(I-53) 

               Yxp = E Yx;-SSPT'(I-54) 
(X=q,i,Q) 

  Equation (I-54) is only a definition of a new coefficient Yxp 

Equation (I-53) is valid since the chemical potential in a solid 

phase does not depend on pressure too much. It means that the 

quantity: 

Q /I Ti =#6P1 VP (i=n+1^-k)(I-55) 

is negligiblysmall compared with the other quantities 

considered. 

    Taking into account the condition I=0 during emf measurement
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the next equation is obtained 

 Q  0 o b a = _  YQP  Y
QQ 

 This is the expression of 

the temperature gradient and

 from eqn.(I-52) . 

 VP - YQq  C1nT Y
QQ 

 emf in a loop as a 

pressure gradient.

(I-56) 

function of both
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   3-2 Thermoelectric power measurement in a convective 

 system 

    In order to confirm the appropriateness of eqn.(I-56) and to 

clarify the physical meaning of each coefficient appearing in it, 

following two experiments have been conducted. 

    The first one was carried out in a nonisothermal and isobaric 

system and the second one in an isothermal and nonisobaric 

system. From these two experiments, the scale of emf caused by 

pressure difference was compared with that of emf caused by 

temperature difference. 

3-2-1 Experimental 

(I)Emf in a nonisothermal aqueous AgNO3 solution system. 

    Experimental apparatus is shown in Fig.I-30, which consists 

of electrodes, chromel-alumel thermocouple coated with teflon, 

two flasks filled with AgNO3 solution and the bridge to connect 

these flasks. By using a heater and a water-bath, temperature of 

each flask can be controlled independently. 

    The electrode is a coiled silver wire (99.99%, 200mm length, 

1.2mm diameter) 

    After setting a certain temperature difference between two 

flasks by the heater and the water-bath, electric potential 

difference between two electrodes was measured with the digital 

multimeter (Takeda Riken TR6840). This procedure was repeated 

with respect to several concentrations. 

    A series of measurements on one concentration was completed
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within an hour and it had been confirmed in the other experiment 

that  0  Ci did not appear in this apparatus within such a short 

time. Since the value of the Soret coefficient measured by 

Snowdon and Turner[17] was not negligibly small, this 

experimental result showed that the system was far from Soret 

equilibrium. 

    The temperature of colder flask stayed between 0^-5°C. 

(II)EMF in a nonisobaric aqueous AgNO3 solution system (a system 

with volume flow) 

    Experimental apparatus is shown in Fig.I-31. In part "C", 

the tube is filled with ceramic beads and pyrex glass capillaries 

and by this some pressure difference is obtained when solution 

flows through this part. By controlling a power of pump or 

velocity of volume flow, pressure difference can be changed 

between 0-300mmHg. 

    The pressure near the electrode is measured with a manometer 

"B"
, and by reversing the stream of solution, pressure gradient 

in a system can also be reversed. 

    The electrode is a silver wire(99.99%, 12mm length, 1.2mm 

diameter), and just before being inserted into the apparatus, its 

surface was plated with silver in order to remove oxide layer and 

to obtain a stable Ag/Ag- potential. 

    After setting a certain pressure difference between two 

electrode regions by controlling the pump, electric potential 

difference between two electrodes was measured with a digital 

multimeter (Takeda Riken TR6840). This procedure was repeated
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with

this

respect to several 

It is noted that 

 apparatus.

 concentrations. 

the temperature gradient does not exist in

3-2-2 Results and discussion 

(I) EMF in a nonisothermal system 

 Fig.I-32 shows the relation between temperature difference 

and measured emf when AgNO3 concentration is O.1M. Linear 

relation can be observed clearly_ Electromotive force on the 

vertical axis is the value measured on reference to low 

temperature electrode. This means that the electric potential of 

high temperature electrode is always more negative than that of 

low temperature one. 

    Though similar linear relations were obtained when 

concentration was changed, the slope, electric potential 

difference per unit temperature difference, was different. The 

concentration dependence of this slope is shown in Fig.I-33 and 

this concentration dependence can be well explained by eqn.(I-20) 

derived before.

(II) EMF in a nonisobaric system 

    Fig.I-34 shows the relation between pressure difference and 

measured emf when AgNO3 concentration is 0.099 M. The linear 

relation can be observed clearly, just as the case of 

thermoelectric power experiment described above. Electromotive 

force on the vertical axis is the value measured on reference to 

low-pressure electrode. This means that the electric potential

77



of high pressure electrode is always more positive than that of 

low pressure one. 

   Though similar linear relations were obtained when 

concentration was changed, the slope, electric potential 

difference per unit pressure difference, was different. The 

concentration dependence of this slope is shown in Fig.I-35. 

    In  Fig.I-35 the slope is nearly equal to -1, which means that 

emf caused by the pressure gradient is inversely proportional to 

the AgNO3 concentration. This relation can be explained as 

follows. 

    From egn.(I-56), electric potential difference caused by unit 

pressure difference in an isothermal system is: 

         A 95 obs  YQp(I -57) O 
PYQQ 

    On the other hand, fluxes of heat, mass and charge are 

expressed as follows by using eqns.(I-50)--(I-52) and the 

condition V 1nT=0. 

             •q = -YqP V P-Y.„V 95 °bs(I-58) 

            Ji = -YipVP-YiQO q °bs(I-59) 

           I = -YQpC7P-YQQ obs(I-60) 

    Taking intoaccount of eqn.(I-60), it is clearly understood 

that the coefficient YQQ in eqn.(I-57) corresponds to electric 

conductivity and YQp stands for the "streaming conductivity", 

that is, current caused by unit pressure gradient. 

    Since the aqueous AgNO3 solution system does not include
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other electrolyte, conductivity of the solution is proportional 

to the concentration of  AgNO3[18]. If the streaming conductivity 

y,,. does not depend on the concentration of the solution very 

much, the emf given by eqn.(I-57) must be inversely proportional 

to the AgNO3 concentration. 

    In fact, linear relations can be observed in Fig.I-34 and 

Fig.I-35 as has been expected from the discussions above.
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    3-3 The effect of heat flow through the interface between 

        electrode and electrolyte 

    In an actual heat transfer loop, there exists a large heat 

flux through the interface between construction material and heat 

transfer material, and the experimental apparatus described in 

previous sections may not simulate this condition. 

    To examine if this large heat flux affects the value of 

thermoelectric power, the heat flux dependence of thermoelectric 

power was investigated experimentally by using a silver electrode 

with a rod-type heater built in (cf.Fig.I-36) 

    And no such dependence could be observed. This means that 

the experimental results and discussions in previous sections are 

available in order to describe the thermoelectric power in an 

actual heat transfer loop, where a large heat flux exists through 

the interface of heat transfer material and constructive 

material.
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                        3-4 Conclusion 

1) Theoretical expression of emf appearing in a heat transfer 

loop was derived with the aid of irreversible thermodynamics and 

its appropriateness was confirmed by this series of experiments. 

2) Emf caused by a pressure gradient in a system is very small. 

Besides, this emf is inversely proportional to the electrical 

conductance of a system. So, especially in a molten salt 

circulating loop it is considered to be negligibly small compared 

with that caused by a temperature gradient, since molten salt 

usually shows high electrical conductivity. 

3) A heat flux through the interface between the construction 

material and the fluid does not affect the thermoelectric power. 

This means that the thermoelectric power appearing in an actual 

heat transfer loop can be estimated or analyzed by use of the 

experimental results and discussions presented in this  study_
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                    PART 2. PELTIER HEAT 

  Chapter 4. The relation between  Peltier heat and thermoelectric 

               power 

     Before the relation between single electrode Peltier heat 

and thermoelectric power is discussed, entropy balance in an 

electrode region will be briefly explained here. 

    When unit charge passes reversibly through the electrolytic 

cell as shown in Fig. II-1(A), entropy change in the anode region 

is expressed as follows: 

        Os = Es1L v(II-1) 

,where si represents partial molar entropy of component i; 

(o S! 8 v i)Tp , and v i represents its stoichiometric 

coefficient in the equation of the electrode reaction. 

    In order to maintain the electrode region at constant 

temperature during the electrolysis, appropriate amount of heat 

H., has to be supplied to that region as shown in Fig. II -1(B). 

This heat He, is called the single electrode Peltier heat, and 

the quantity, Ho. divided by temperature T, is called Peltier 

entropy and symbolized as S'(Q)[1]. When cathodic reaction is 

the reverse reaction of anodic one, Peltier heat at the cathode 

is expressed as; 

III = - H.. = -T•S'(Q)(II-2)
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    There also exists another entropy that is transported from 

the electrode region into an electrolyte with the transfer 

of mass during the electrolysis with unit charge, which is 

called transported entropy and symbolized as S. 

 As shown in Fig. II -1(0), entropy change of the electrode 

region is expressed as the summation of what is transported from 

the environment and what is transported through the electrolyte. 

So the entropy change in the electrode region is expressed as 

follows; 

As = S' (Q) - S(II-3) 

    Though in a rigorous sense, the transported entropy must 

include the entropy transported through the lead wire with the 

transfer of electron, in most cases its value is very small in 

comparison with those through the electrolyte[2,3,4]. So it is 

neglected in this study. 

    Using these quantities mentioned above, the relation between 

thermoelectric power and the single electrode Peltier heat will 

be discussed in the followings. 

Fig.11-2 shows the situation where unit charge passes through 

the system that consists of two reversible electrodes of the same 

kind. As mentioned above, the heat T•S'(Q) is absorbed into the 

anode region from the heat reservoir and the same amount of heat 

is removed from the cathode region. In this case, no work is 

necessary to transfer unit charge trough the system because two 

electrodes are identical and reversible, which means dW=0 in
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Fig.  II  -2. 

    Next the case will be discussed where the temperature 

difference exists between two electrode regions. If it is 

assumed that Peltier entropy does not depend on temperature so 

much, similar relation is obtained as shown in Fig. 11 -3. (The 

appropriateness of this assumption has been confirmed by 

experimental results where a good linearity was obtained between 

temperature difference and electromotive force.) 

    It should be noted in Fig. II -3 that the entropy S'(Q) is 

carried from the reservoir of temperature T1+dT to that of 

temperature T1. This means that the work the whole system does 

on the environment is expressed as S'(Q)•dT. Besides, since this 

work is done during the unit charge transfer, electric potential 

difference between two electrodes is expressed as: 

-F•dchi°ba = S'(Q)•dT(11-4) 

,where S'(Q) can be rewritten as follows by using egns.(II-1) and 

(11-3). 

S'(Q) = E s; v + S( II -5)

from

Equation( 11 -4) indicates that Peltier entropy 

 the data on thermoelectric power(d 95 °'"/dT).

can be obtained

92



 Subsystem)

T1 
-es S

0

Subsystem2

S'(2) 1 System S'(A) 
TjTi 

Heat reservoir Heat reservoir 

Fig . II -2 Entropy balance in an 

            isothermal system

93



 d  cobs

r—*" — -1 
r Subsystem) Subsystem2 

                 ^•TiSTi +di/ -OS < +as 

r ./n / 
L.------------------J 

S' (8) System S' (B) 

V-------------- 

 TiTi +dT 

 Heat reservoir Heat reservoir 

Fig . II - 3 Entropy balance in a 

             nonisothermal system

94



 CHAPTER 5. Experimental study on Peltier entropy of hydrogen 

              electrode in NaOH and  H2SO4 aqueous systems 

    Single electrode Peltier heat of hydrogen electrodes have 

been measured by two different methods, one is thermoelectric 

power measurement and the other is calorimetric one. 

    The electrolyte of hydrogen electrodes used in this 

experiment was 0.05^-1.ON H2SO4 and 0.05^-5N NaOH aqueous 

solutions. 

    In this chapter, experimental data on thermoelectric power of 

a hydrogen electrode in various H` ion concentrations are to be 

presented first, where the single electrode Peltier heats are 

calculated based on these data. Then the study on direct 

measurement of the single electrode Peltier heat is to be 

presented, where newly designed electrolytic calorimeter was 

used. 

    The values obtained by these two methods are in fairly good 

agreement, though the value obtained by the thermoelectric power 

measurement is considered to be more reliable. 

    5-1 Evaluation of Peltier entropy from thermoelectric 

          power measurement 

5-1-1 Experimental 

Experimental apparatus to measure the thermoelectric power of a 

hydrogen electrode is shown in Fig.II -4. Two hydrogen electrodes
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of the same kind were connected by a bridge. Platinum plate (10 

x 20 x 0.1 mm) coated with platinum black was used as an 

electrode. 

    In order to set a temperature difference between two hydrogen 

electrodes, two kinds of heaters were used, one is a ribbon 

heater to  hcat solution and the other is a cartridge heater to 

heat hydrogen gas. These two heaters were controlled by a 

microcomputer unit (Casio FP1100 + A/D converter) and temperature 

difference between gas and solution was maintained within 0.1K. 

    After setting a certain temperature difference between two 

electrodes, electric potential difference was measured by the 

same computer unit with a high impedance amplifier. The maximum 

temperature difference between two electrodes was 40K and the 

temperature of the colder electrode stayed at 25°C. 

    As an electrolyte of a hydrogen electrode, solution of 0.05, 

0.1, 0.5 and 1.0 N H2SO4, and 0.05, 0.1, 0.5, 1.0 and 5.0 N NaOH 

were used. Before conducting thermoelectric power experiment, it 

had been confirmed by use of a Ag/AgC1 electrode that each 

hydrogen electrode gave stable and theoretically reasonable 

potential in these solutions. 

5-1-2 Results and discussion 

Fig. 11 -5 shows the relation between temperature difference 

and emf. Since this emf is the value measured on reference to a 

low temperature side, the electric potential of a high 

temperature electrode is more positive than that of a low one. 

This means that the reaction: H° + e- - 1/2H2 is endothermic. 

1N H2SO4 was used as an electrolyte of the electrode in the
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experiment of  Fig.  -5 and similar results were obtained with 

respect to other H- ion concentrations. Relations between 

thermoelectric power E T and concentration of H- ion are shown in 

Fig. IT-6  and Fig. II-7. These two results show that measured 

thermoelectric power ET is in good accordance with the 

theoretical equation; 

ET = const + (2.303R/F)-log[H-](II-6) 

just as the case of molten salt systems presented in Chapter2. 

    On the other hand, there are a lot of works on Peltier 

effect[5][6] and according to Ito et al[7][8], Peltier heat III, 

which is the heat absorbed from the external heat reservoir by 

the reversible transfer of unit charge, is expressed as follows 

in case of hydrogen electrodes by using the initial 

thermoelectric power ET. 

          III = FT- (ET- E ')(II-7) 

,where F represents Faraday constant and E ' represents 

thermoelectric power of the thermocouple consisting of electrode 

material and lead material. But since in this experiment the 

same platinum has been used where the temperature gradient 

exists, E ' should be equal to zero. 

      According to Fig.II -6 and Fig. II -7, the values of measured 

thermoelectric power are expressed as follows: 

ET = A + B• log[H')( II -8)
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,where in a  H2SO4 system: 

                      A = 0.610 ± 0.048 CxlO-3 V/K7 

        and B = 0.236 ± 0.057 [x10-3 V/K] 

,and in a NaOH system: 

                      A = 3.38 ± 0.21 [x10-3 V/K] 

        and B = 0.196 ± 0.015 [x10-3 V/K] 

, respectively-

     Peltier heat of hydrogen evolution calculated from these 

values and egn.(II -7) are, 

II = 17600 + 6800•log[H'7 [J/F] (25°C) 

         and R . = 18100 + 5600•log[OH-] CJ/F] 

in a H2SO4 system and in a NaOH system, respectively. 

    These results show that there is a big difference between the 

values of thermoelectric power in a H2SO4 system and those in a 

NaOH system when both H- ion concentrations are extraporated to 

the same value. For example when the concentration of H` ion is 

unity, E T is 0.610 mV/K in a H2SO4 system and CT is 3.38 mV/K 

in a NaOH system. 

    These results can be explained quantitatively by using 

Eastman entropy that Agar uses in his work[9]. 

   According to Agar, thermodynamical expression of 

thermoelectric power in a H2SO4 system is expressed as : 

E T = -(1/F)C(Se-s<(1/2)H2>+s°<H`>)+t<H`>S<H-> 

-(t<SO42->/2)S<SO42->-R1nEH-]l(II-9)
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,and that  in  a  NaOH  system  as  : 

 T  = -(1/F)C(Se-s<(1/2)H2>+s<H20>-s°<OH->)+t<Na`>S<Na`> 

-t<OH->S<OH->+Rln(OH-11(II-10) 

,where Se denotes transported entropy of electron in Pt, and 

s<i>, S<i> and t<i> denote partial molar entropy, Eastman entropy 

and transport number of component i, respectively. 

    In order to compare egns.(II-9) and (II-10), s°<OH-> and 

s°<H20> in egn.(II -10) are to be rewritten with s°<H->. 

    As a dissociation of water is in equilibrium, egn.(II -11) is 

valid among chemical potentials of each species. 

/1 <H20>  = ,u<1-1-> + ,Ct < OH- > ( II -1 1 ) 

    When concentration dependence of chemical potential is taken 

into consideration with respect to each ion, egn.(II-11) is 

transformed as follows: 

/l <H20> = /1 °<H-> + RT1n[H') + /L °<OH-> + RT1n[OH-) 

                       = ,u °<H`> + /1 °<OH-> + RT1n[H-1 [0H-] 

                     = /t °<H-> + /1 °<0H-> + RT1n Kw (II-12) 

,where Kw is the ionic product of water. 

    When concentration of H' or OH- ion is large so that excess 

chemical potential is not negligible, /1° can be considered as 

the sum of standard chemical potential and excess chemical 

potential. 

    Since the partial molar entropy of component i is expressed
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 as: 

si = -( 6 u i/ S T)p.n1( II -13) 

,by differentiating egn.(II -12) by temperature T: 

S µ <H20>S µ°<Hr> +  S u°<0H->6 In Kw  
S TS TS T-R l n Kw-RTST 

s<H20>=s°<OH->+s°<1°>-RlnKw-RT(S In Kw/ S T ) ( II -14) 

is obtained. 

    Since the ionic product of water is reportedClO] as : 

                       log Kw = -14.166 at 20°C 

             and log Kw = -13.833 at 30°C 

,the value of (S In Kw/ S T) is estimated to be approximately 

0.0767. By using this value in egn.(II -14), the following 

relation is obtained. 

s<1120> = s°<OH->+s°<1'>-Rln Kw-0.0764RT 

s°<H'>-R1nCH`]-0.0767RT = s<H20>-s°<OH->+Rln[OH-] (II -15) 

    By substituting eqn.(ll-15) into egn.(II -10), the 

thermoelectric power is expressed as follows: 

E -r = -(1/F)C(Se-s<(1/2)H2>+s°<H"'>)-0.0767RT+t<Na->S<Na°> 

-t<OH->S<OH->-R1nCH']](II -16) 

    By comparing this equation with egn.(II -9), it is expected
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   5-2. Direct calorimetric measurement of Peltier entropy 

5-2-1 Experimental 

    Figure.  II -8 shows an experimental apparatus to measure 

Peltier heat. The function of this apparatus is as follows: a 

part of the heat evolved in the reaction vessel P flows into the 

heat sink Q through the heat conducting tube and this heat flow 

is measured by the heat transducer M. The amount of heat evolved 

in the reaction vessel can be estimated from the value of the 

output signal from this heat transducer. As an output signal, a 

changing ratio of the heat flow just after heat evolution, or a 

changing ratio of temperature in the reaction vessel, was used. 

    The reaction vessel, the heat conducting tube and the heat 

sink are all made of copper and this apparatus was set in a 

constant temperature room. The inside of the reaction vessel is 

double coated with nickel and gold. 

    The heat transducer is made of piled 22 chromel-constantan 

thermocouples which are fixed to copper blocks surrounding the 

heat conducting tube. The electromotive force from these 

thermocouples are analyzed by a microcomputer (NEC PC-8801) after 

being amplified (YEW 3131) and degitalized. 

    By using the calibration heater H in the reaction vessel, a 

calibration line between the heat evolved in the vessel and the 

output signal from the heat transducer was obtained as Fig. II -9, 

which was used to estimate Peltier heat from the measured output 

signal. 

    The counter electrode A is made of Platinum plate (20x2Omm)
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and the working electrode C is a cylindrical(30*dia5mm) platinum 

mesh coated with platinum black. The measurement of Peltier heat 

was carried out with respect to  1N H2SO4 and 1N NaOH solution 

systems. 

    As can be seen from its appearance, this apparatus had 

originally been designed as a differential calorimeter, however, 

in this work it was not used as such. 

    Before the experimental results are presented, heat balance 

of an electrode region is to be discussed. 

    According to Ito et al [77 the heat W. to be absorbed in a 

cathodic region during the constant electrolysis is expressed as 

follows: 

W. = IIc•i/F - 7 •i + A (dT/dx)X.1(11-18) 

,where 110,i, 77 and A denote Peltier heat, electrolytic 

current, overpotential and thermal conductivity respectively, and 

(dT/dx)x=1 represents temperature gradient at the interface 

between cathodic region and electrolyte region. 

    However, in this experiment, there exists temperature 

gradient in a cathodic region as shown schematically in 

Fig. II -10, and the extra heat of C-AT evolves there with a 

transfer of unit charge. So, an additional term C-AT should be 

necessary in egn.(II -18). 

    Here, C represents heat content of matters that are 

transferred with unit charge, and AT is the temperature 

difference across cathodic region, which is assumed to be
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proportional to  (ST/6  x)x-i. The extra heat C-AT is thus 

rewritten as C(dT/dx)x-l•/3 with a proportional constant /3. 

    Hence, more appropriate expression of the single electrode 

heat balance can be obtained as: 

We = II c- i/F - 7 i + A (dT/dx)x.1 + C(dT/dx)x_1 • /3 • i (11-19) 

    On the otherhand it was also derived by Ito(7] that 

(dT/dx),c=1 is proportional to the square of electrolytic current 

i when most of the temperature gradient in a system is caused by 

Joule heat. Besides overpotential o can be regarded to be 

proportional to current i as shown later. (cf. Fig.II-13,14) 

    Thus, egn.(II -19) can be transformed into the following 

equation by dividing by i. 

We/i = II e/F + A-i + B• i2(11 -20) 

    Since an amount of heat absorption We can be measured by a 

calorimetric method with respect to various current i, the 

Peltier heat no can be determined by plotting We/i against i and 

fitting them to a square function. 

5-2-2 Results and discussion 

Fig. II -11 shows the relation between -Wc/i and i in a 1N 

H2SO4 solution system, and Fig. II-12 shows that in a 1N NaOH 

solution system. The value of Peltier heat derived from these 

results are presented below with those calculated from
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thermoelectric power. 

 n  c CJ/F] measured by a calorimetric method 

IN H2SO4IN NaOH 

    1270015200 

n c [J/F] calculated from thermoelectric power 

IN H2SO41N NaOH 

     1760018100 (at 25°C) 

    These fairly good coincidences give us also a sufficient 

support for the appropriateness of our experimental procedures 

and theoretical considerations mentioned above. 

    However, since the Joule heat evolved in a system is 

relatively large compared with Peltier heat, it is inevitable for 

calorimetric data to include some deviation, i.e. from an 

experimental viewpoint, determination of Peltier heat should be 

carried out by use of the thermoelectric power except in some 

special cases. 

    The appropriateness of the assumption that the overpotential 

77o is proportional to electrolytic current has been confirmed 

from other experiments.(cf Fig. II -13, Fig. II -14)
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                     5-3 Conclusion 

    Experimental results on thermoelectric power or Peltier 

entropy of hydrogen electrode in NaOH and  H2SO4 systems are 

summarized as follows. 

1) The thermoelectric power of a hydrogen electrode was measured 

accurately with respect to various H- ion concentrations. H- ion 

concentration dependence of the thermoelectric power accords with 

the theoretical equation derived in Chapter 1. 

2) The value of thermoelectric power depends on the kinds of 

species in a solution. This phenomenon can be explained 

quantitatively by using Eastman entropy. 

3) Single electrode Peltier heat of cathodic hydrogen evolution 

has been determined to be 17600 CJ/F] in 1N H2SO4 and 18100 CJ/F] 

in 1N NaOH, respectively at 25°C.
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 CHAPTER 6. Experimental study on Peltier entropy of Hydrogen 

              electrode in NaOH solutions at high concentrations 

    In this chapter, single electrode heats of H2 gas evolution 

in NaOH solutions were experimentally investigated and 

theoretically analyzed with respect to various concentrations up 

to  1ON. 

   Especially the data on NaOH aqueous systems at high 

concentration are important from the engineering viewpoint 

because such solutions are to be used in water electrolyzers and 

brine electrolyzers, etc. 

    As shown in Chapter 5, since the more reliable data can be 

obtained by thermoelectric power measurement than by direct 

calorimetric measurement, in this work the former method was 

adopted to determine the single electrode heat of hydrogen gas 

electrode.

     6-1 Evaluation of Peltier entropy from thermoelectric 

           power measurement 

    Thermoelectric power of H2 gas electrode in NaOH solution was 

measured with respect to several concentrations of NaOH. 

Fig. II -15 shows an experimental apparatus to deal with the 

solution of high concentrations (up to 10N). The outline of the 

apparatus is basically the same as that of the previous one shown 

in Chapters, except that a couple of points have been improved as
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follows. 

    The shape of a bridge has been changed as shown in  Fig.II-15 

to prevent the mixing of the solutions between the high 

temperature side and the low temperature side. A Ag/AgC1 

reference electrode was put into the apparatus to monitor the 

electric potential of H2 gas electrode in the low temperature 

side, and it has been confirmed that the potential of H2 gas 

electrode in NaOH solutions is theoretically reasonable during 

the measurement even in high concentration range. 

    Furthermore, the extra pure H2 gas (6N) delivered by Kyoto 

Teisan Co.Ltd., was used in this experiment in order to reduce 

the effect of impurity. 

   The procedure of measurement is the same as that in the 

previous one. 

    The relation between the temperature difference and emf is 

shown in Fig. II -16 and the concentration dependence of 

thermoelectric power is shown in Fig.II -17. As seen from this 

figure, the theoretical equation derived in Chapterl is no longer 

available in high concentration range (5N--10N) and theoretical 

discussions concerning this phenomenon are to be presented in 

next chapter.
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    6-2 Discussion 

    Here, the results obtained in highly concentrated  NaOH 

solutions (up to 10N) are to be discussed. In this range, the 

thermoelectric power shows a different dependence on OH- ion 

concentration and egn.(II -6) no longer applies. Some theoretical 

explanations are to be presented about this deviation. 

    According to Agar[9], thermoelectric power in NaOH solutions 

is expressed as follows; 

£ T = -(1/F)C(Se-s<(1/2)H2>+s<H2O>-s°<OH->) 

+t<Na->S<Na->-t<OH->S<OH->+R•1nCOH-]] (II-21) 

,where Se denotes transported entropy of electron, and S<i>, 

s<i> and t<i> denote Eastman entropy, partial molar entropy and 

transport number of component i, respectively. When 

concentration of OH- ion is large so that excess partial molar 

entropy is not negligible, s°<OH-> can be considered as the sum 

of standard partial molar entropy and excess one. 

    It is quite understandable that the thermoelectric power is 

not proportional to the logarithm of COH-] in high concentration 

ranges, because the partial molar entropy of H2O and the excess 

partial molar entropy of OH- can not be regarded as constant in 

such solutions. 

    If the concentration dependence of other terms are neglected, 

egn.(II -21) can be rewritten as; 

E T = const.-(1/F)•(s<H2O>-s<OH->) (11-22)
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By differentiating  egn.(II  -22), 

d e T = -(1/F)•(ds<H2O>-ds<OH->)(II -23) 

is obtained. 

    On the other hand, there exists the following relation among 

the partial molar entropies of each component in the system. 

X<H2O>•ds<H2O>+X<Na->•ds<Na->+X<OH->•ds<OH-> = 0 (II -24) 

,where X<i> denotes the mole fraction of component i. 

    Here, if the average partial molar entropy of NaOH defined 

as; 

ds< ± > = (ds<Na`>+ds<OH->)/2 (II -25) 

is introduced in egn.(II -24), the following equation is obtained. 

X<H2O>•ds<H2O>+2X<NaOH>•ds<± > = 0 

ds<H2O> = -(2X<NaOH>/X<H20>)•ds<±> (II -26) 

    When ds<OH-> in egn.(II -23) is substituted by ds<± >, 

egn.(II -23) is transformed as follows by using egn.(II -26). 

        d C T = (1/F) • (2X<NaOH>/X<H2O> + 1) -ds< ± > (II -27) 

    Though this substitution is not rigorous, d<OH-> is 
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considered to be approximately equal to  ds<i->. This comes from 

the fact that both Na` ion and OH- ion have the same amount of 

charge, and the effect that the unit Na- ion gives to the whole 

entropy of the system is regarded as nearly equal to that the 

unit OH- ion gives. 

    At least in a dilute solution, this approximate relation can 

be theoretically proved with the theory of Debye and HuckelClll. 

Equation( -27) means that the thermoelectric power C T at 

some concentration N1 can be calculated by means of integrating 

the right hand to the value of s<±. > at the concentration of N1 

from some standard value. Here the values at 2N were taken as 

standard, because the experimental data under that concentration 

are in good accordance with our theoretical equation and what we 

are most interested in is the phenomenon in higher concentration 

range. 

    By use of thermodynamical data on the activity coefficient of 

NaOH[12] and the following relation, 

s` = - R• In r - RT- (din r /dT)( II -28) 

the excess partial molar entropy can be calculated as shown in 

Table H-1, therefore the partial molar entropy of NaOH can be 

obtained. 

    By integrating egn.(II-27) with the data in Table II-1, the 

thermoelectric powers at various concentrations are obtained and 

shown in Fig.II -18 as a solid line. 

    But this curve line does not accord with the experimental
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Table.  II-1 Activity coefficient of NaOH

 30°C 

501C

0 

0

712 

693

0.911 1.32 

0.872 1.21

2.06 

1.78

3.31 

2.67

Cmol/1]

 s'  /F

CmV/K]

.0589 .0651 .0896 0.128 0 .177
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data, and deviation of the experimental data from ideal curve 

line became larger. 

    This fact indicates that the deviation is considered to be 

caused by the concentration dependence of the terms that contain 

Eastman entropy rather than that of partial molar entropy of  H2O 

or OH-. The relation between the concentration of OH- ions and 

the deviation of experimental data from ideal curve is shown in 

Fig. II -19, which is considered to present the concentration 

dependence of the terms that contain Eastman entropy; 

t<Na->S<Na->-t<OH->S<OH->-

    On the other hand, the value of single electrode Peltier heat 

of H2 gas evolution in 8N and 1ON NaOH solutions are estimated as 

1.03x104J/F and 9.79x103J/F respectively, from the experimental 

data obtained here.
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       6-3 Conclusion 

The results obtained in this chapter are summarizes as follows; 

 1)Thermoelectric power of H2 gas electrode in NaOH solutions has 

been measured accurately in NaOH solutions in a wide 

concentration range. Using this result, single electrode Peltier 

heats of H2 gas evolution in 8N and lON NaOH solutions are 

calculated as 1.03X104)/F and 9.79X103J/F, respectively. 

2)The concentration dependence of thermoelectric power in high 

concentration range (5N 10N) is different from that in more 

dilute range. The theoretical equation of thermoelectric power 

derived in Chapter 1 is no longer available in high concentration 

range. 

3)The cause of 2) is considered to be the concentration 

dependence of Eastman entropy (or transport number) rather than 

that of partial molar entropy.
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 CHAPTER 7 The estimation of single electrode Peltier heat 

              in a couple of electrochemical reactors 

    As mentioned in previous chapters, single electrode Peltier 

heat can be calculated from measured thermoelectric power by use 

of  egn.(II-7). 

    In this chapter, it is to be demonstrated how the single 

electrode. Peltier heats of a working electrode and a counter one 

in an electrochemical reactor are calculated respectively with 

the data of measured thermoelectric power. 

    Here, by using the single electrode Peltier heat of 

electrodeposition of lithium metal in molten LiCl-KC1 systems 

(LiC1 electrolytic cell) and that of hydrogen gas evolution from 

high concentration NaOH solutions (water electrolyzers), the heat 

balance of these reactors is to be discussed. The condition will 

also be discussed under which the evaluation of the single 

electrode Peltier heat is very important. 

    Though in case of a water electrolyzer there exists a 

considerable amount of heat absorption at the gas evolution 

electrode due to vaporization of electrolyte, this sort of heat 

absorption is not to be discussed here because it is not directly 

related to the electric current. 

    First, according to the experimental results in Chapter 2-1, 

thermoelectric power of Li/Li(I) electrode system is 

0.0947±0.001mV/K, therfore the single electrode Peltier entropy 

of the following reaction;
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 Li- + e- -4. Li(II-29) 

is 0.0947X 10-3X 96500=9.138J/F•K(endothermic). 

    On the other hand, the reaction at the counter electrode of 

LiC1 electrolyzer is the evolution of C12 gas when LiCi-KCl is 

used as an electrolyte. This Peltier entropy of C12 gas 

evolution at the counter electrode can be obtained by 

substracting that of the other electrode from the entropy change 

of the total reaction; 

AS = SLi + SC1/2)C12 - SLiC1 

,where SLic1 represents the partial molar entropy of LiCl in 

LiCl-KC1 eutectic composition, whose value is 130.8J/F•K as shown 

in Chapter 2-3. The molar entropy of lithium metal sL, and that 

of C12 gas sC1/2)c12 are 59.7J/F•K and 126.5J/F•K, respectively 

accoring to the published data[13]. 

    Therfore, since the total entropy change AS described above 

is calculated as 55.4J/F•1((endothermic), the single electrode 

Peltier heat of C12 gas evolution is obatined as follows. 

55.4-9.1=46.3J/F•K (endothermic). 

    Suppose the reactor is operated at 700K, the heat to be 

supplied into the electrode regions are calculated as follows and 

illustrated in Fig.II -20.
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    cathode (Li) 6.4X  103 J/F 

     anode (C12)3.2X 104J/F 

    This means that more than 80% of the total heat for the 

electrolytic reaction must be supplied to the anode region in 

this case. 

    Since Peltier heat is proportinal to the current and Joule 

heat is proportional to the square of current, the ratio of 

Peltier heat to the total heat change in an electrolyzer is not 

necessarily large when the current is relatively large. 

Therefore, under such a condition, the evaluation of Peltier heat 

is not so important. 

    But in molten salt systems, since their electrical 

conductivity is large(eg, 1.572S/cm in case of LiCI-KC1 at 723K 

[14]), the ratio of Peltier heat to Joule heat is not so small 

under the condition of low current. 

    For example, when the current density is 10A/dm2, Joule heat 

evolved in a lcm3 cube is estimated as 6.4X 10-3J/s and Peltier 

heat from a lcm2 square anode is estimated as 3.32X 10-2J/s. 

This means that Peltier heat is about 5 times larger than Joule 

heat, besides when the current gets 10 times smaller, the latter 

gets 50 times larger than the former and can not be negligible. 

    Next the case of water electrolyzers is to be discussed. 

    In case of H2 gas evolution in 8N and lON NaOH solutions, 

they are estimated as 1.03X104J/F and 9.79X103J/F at 40°C, 

respectively from the data of thermoelectric power measurement. 

     This means if water electrolysis is carried out in these
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NaOH solutions, the single electrode Peltier heat of anode is 

also endothermic as shown in  Fig.  II  -21, which is calculated in 

the same way mentioned above on basis that the entropy change of 

total reaction shown below is 80.8J/F•1(C11]. 

As = s<H2>+(1/2) • s<O2>-s<H2O>(II-30) 

    Though s<H2O> stands for the partial molar entropy of water 

in NaOH solutions, molar entropy of pure water was used in the 

calculation instead. This substitution is quite acceptable 

because the difference between partial molar entropy of water in 

NaOH solutions and that in pure water is negligibly small (within 

1%), which has been confirmed by estimating the activity 

coefficient of water, ie. excess partial molar entropy of water, 

with the data on the vapor pressure of NaOH solutionsEl5]. 

    As a conclusion, the evaluation of single electrode heat is 

important when the electrolysis current or overpotential is low, 

electric conductivity is large, and the single electrode Peltier 

heat of the anode is very different from that of the cathode. 

    From such a viewpoint, the energy analysis of LiC1 

electrolyzers should be carrid out with an accurate evaluation on 

the single electrode Peltier heat of each electrode.
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               GENERAL CONCLUSION 

    This thesis has described the theoretical and experimental 

studies on thermoelectric power in various systems from an 

engineering viewpoint. 

    The major points of obtained results in this work can be 

summarized as follows. 

    (1)It has been confirmed that mass transfer phenomena by 

    thermoelectric power can occur in molten salt systems under 

     some condition. 

 (2)The relation between thermoelectric power and single 

    electrode Peltier entropy has been confirmed by using a newly 

    designed single electrode calorimeter in aqueous systems. 

     (3)Thermodynamical descriptions of thermoelectric power in 

    both nonconvective and convective systems have beed derived 

    by use of irreversible thermodynamics, and the appropriate-

    ness of these descriptions have been experimentally confirmed 

     in both molten salt systems and aqueous systems. 

    (4)The effects of composition and phase change of electrode 

    material on thermoelectric power have been investigated by 

    using lithium-tin alloy electrodes. The thermoelectric power 

    shows different behaviors according as the phase state of the 

    electrode and these behaviors have been theoreticaly
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    explained by considering mass and entropy balance in the 

    electrode region. 

    (5)Thermoelectric powers of various electrode systems in 

    molten  LiCl-KC1 have been measured and by using these data, 

    transported entropy in a LiCl-KC1 system has been estimated. 

    (6)The single elctrode Peltier heat of hydrogen evolution in 

    high concentration NaOH solutions and that of lithium metal 

    electrodeposition in molten LiCl-KC1 have been estimated from 

    the thermoelectric power measurement with these electrode 

    systems. As for the former, theoretical consideration of its 

    concentration dependence has also been carried out. 

    The author believes that the work in this thesis will 

certainly contribute to the study on mass transfer phenomena of 

nonisothermal systems and to the energy analysis of 

electrochemical reactors. 

    Especially the work in Chapter 2-2. (The effect of 

composition and phase change of ..... ) is expected to directly 

contribute to the heat analysis of the energy storage battery 

whose electrode is made of tin-lithium alloy. 

    Besides, the obtained Peltier heat in Chapter 7 ( The 

estimation of single electrode ...... ) can also be directly 

applied to the energy analysis of water electrolyzers where high 

concentration NaOH solution is used as an electrolyte.
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          NOMENCLATURE 

concentration of component 

heat content 

Faraday constant, 

current density, 

electrolysis current, 

mass flux of component i, 

 thermal flux, 

 ionic product of water 

 valence number, 

 pressure, 

gas constant 

Peltier entropy, 

 (partial) molar entropy of 

 component i, 

 excess partial molar 

 component i, 

transported entropy, 

 transported entropy of cou 

Eastman entropy of 

 temperature, 

 transport number of 

evolved heat in cathode 

mole fraction of component 

Onsager coefficient,

96500

8.314

entropy of

                         of component 

component i, 

component i, 

hode region 

mponent

i

mol m-3 

J kg-1 

C mo1-1 

A m-2 

A 

mol m-2s-1 

J m-2s-1 

Pa 

J mo1-1K-1 

J K-1mo1-1 

J K-1mo1-1 

J K-1mo1-1 

J K-1mo1-1 

J K-1mo1-1 

J K-1mo1-1 

K 

J s-1 

J m-1s-1
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 YQi 

YQQ 

Yiq 

Yii 

YiQ 

YQQ 

YQi 

YQQ 

YQP 

YiP 

YQP 

Zi

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

Onsager coefficient, 

complete coupling coefficient 

of component i(i=n+1,n+2,...k)

       mol m-ls-1 

       J V-1m-1s-1 

       mol m-1s-1 

mole J-1m-1s-1 

       mol V-1m-1s-1 

C m-1s-1 

       mol V-1m-1s-1 

       C V-1m-1S-1 

       J Pa-1m-1s-1 

       mol Pa-1m-1s-1 

C Pa-1m-1S-1 

between mass flux 

 and current density, 

      mol C-1

Greek 

r 

E T 

£ ,

B

A

v

letters 

    activity coefficient,- 

    thermoelectric power,V 

      thermoelectric power between 

     electrode and lead metal, V 

     entropy production per unit volume 

  unit time,J 

    thermal conductivity,J 

     chemical potential of component i, 

J 

      stoichiometric coefficient, -

K-1

K-1 

 per 

K-1s-1m-3 

m s-1K-1

mot-1
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 95 

n

electric 

 Peltier

 potential, 

heat,

V 

J F-1
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