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General introduction

An electrochemical system comprising an electrolyte and two reversible
electrodes of the same kind produces an electromotive force (ensf) if these electrodes are
maintained at different temperatures. Such thermoelectric phenomena represent
transport of heat, charge, and mass under the coexistence of temperature, electric
potential, and chemical potential gradients. Thus, the proper understanding of the
phenomena is expected to contribute to the understanding on heat transfer accompanied
by charge and mass transfer, and on transport mechanism in the electrolyte.
Thermoelectric power (or Seebeck coefficient), which 1s defined as the slope of the emf
of a nonisothermal electrochemical system related to temperature difference, is one of

the central experimental quantities for investigating thermoelectric phenomena.

In this work, measurements of thermoelectric power are applied to investigate
the single electrode Peltier heats of an alloy electrode in part I of this thesis and the
conduction properties in a mixed conductor in part II of this thesis. The background and
the purpose of each work are outlined in detail in following section 1 and section 2.
Other engineering importance of researches on thermoelectric power and the connection
with this work are briefly described in section 3. Theory of irreversible thermodynamics
is employed to describe thermoelectric power. Classical thermodynamics deals with
equilibrium and the driving forces for reaction, but is not applicable where transport
processes exist. Contrary to this, irreversible thermodymamics has been developed to

deal such non-equilibrium situations, and is most suitable to describe interacting



transport processes [1].

1. Single electrode Peltier heat

For improving the energy conversion efficiency and ensuring the adequate
temperature control of electrochemical systems, such as batteries, fuel cells, and
electrolyzers, heat analysis in the system is important. Uncontrolled temperature
changes in a cell or in a part of a cell may be disastrous. For instance, if sufficient heat is
not supplied to an electrode where an endothermic process takes place, the temperature
of the electrode falls down. This may lead to an increase in the ohmic resistance of the
bell and that in the overpotential of the electrode reaction, and thus decrease the energy
efficiency of the electrochemical system. For molten salt electrochemical systems, even
freezing of the electrolyte may occur in an extreme case. On the other hand, if heat is not
removed from an electrode where an exothermic process takes place, the temperature of
the electrode rises. This may cause a breakdown of cell materials or boiling of the
electrolyte.

The heat evolution in electrochemical systems is asymmetric [2]. In order to
evaluate a detailed temperature distribution of an electrochemical system, it is thus not
enough to know the heat of the total reaction. One should also know the single electrode
heats of anodic and cathodic reactions respectively. The single electrode heat can be
expressed as a sum of heats due to Peltier effect, overpotential of the electrode reaction
and ohmic resistance of the cell [2];

O =x'l -l —pll® (1)

where Q' is the single electrode heat, =

is the single electrode Peltier heat, n is the
overpotential, p is the electrical resistivity of the system, £ is the half distance between

electrodes, and / is the current density. In contrast to the heats due to overpotential and



obmic resistance, the single electrode Peltier heat is reversed on charge, and is
independent of the cell design and size. The single electrode Peltier heat can be evaluated
from the value of thermoelectric power [1, 3]. This experimental approach is more

thermodynamically rigorous than a calorimetric measurement,

From an above engineering point of view, the single electrode Peltier heat of an
alloy electrode is discussed theoretically and empirically in part I of this thesis. In spite
of their importance, only few investigations on thermoelectric power of alloy electrodes
have been reported [4]. Chapter 2 of part I describes the single electrode Peltier heats of
a Li-Al alloy electrode in various coexisting phase states in LiCI-KCl eutectic melt,
Based on the theory of irreversible thermodynamics, the relation between the
thermoelectric power and thermodynamic properties of the alloy is established, and is
validated by the experimental results. In chapter 3 of part I, the single electrode Peltier
heats of a Li-Al alloy electrode in single phase states are presented. The effect of phase
change on the single electrode Peltier heat is discussed thermodynamically. Chapter 4 of
part I presents the single electrode Peltier heats of a Li-Si alloy electrode in LiCl-KCI
eutectic melt. The results are used to confirm the theories derived in chapter 2 and

chapter 3.

2. Electrolyte properties

Solid electrolytes are considered to be utilized as the electrolyte in fuel cells,
sensors and so on, but they often show mixed ionic and electronic conduction depending
on atmospheric conditions or states of compound. For instance, high temperature
pratonic conductors (HTPCs), which is investigated in this study, tend to exhibit mixed
conduction by protons and native charge carriers, typically oxide ions and electrons or

electron holes, depending on temperature, hydrogen partial pressure (or water vapor



partial pressure), oxygen partial pressure and dopant concentration [5, 6]. Such mixed
conduction becomes a disadvantage for practical use. For optimization of the operation
condition 6f electrochemical systems or proper material choice, it is therefore
indispensable to crlarify electrolyte properties under certain conditions. In order to reveal
complicated conduction mechanisms in solid mixed conductors, different experimental
techniques are necessary. Much attention has been paid to measurements in isothermal
electrochemical systems, e.g. conductivity measurements and emf measurements on
concentration cells, but, so far, little attention has been paid to measurements in

nonisothermal electrochemical system, i.e. thermoelectric power measurements.

In part II of this thesis, thermoelectric power measurements are applied to
investigate conduction properties in Sr-substituted LaPQ,. Sr-substituted LaPO, has
been suggested as a candidate for a HTPC [6]. This work shows possibilities of
thermoelectric power measurements for investigating electrolyte properties. The
expressions of the thermoelectric power for materials conducting protons, oxide ions and
electronic defects were derived, and the relation between thermoelectric power and
conduction properties for a mixed protonic conductor is clarified. According to the
derived expressions, the conditions where proton transport number can be regarded as
unity are determined, and charge carrer species in Sr-substituted LaPO, under mixed

conduction conditions are identified.

3. Other engineering importance of thermoelectric power

Thermoelectric effect can be applied to a direct energy conversion system from
thermal into electrical energy. Such energy conversion system is one of attractive ways
of energetic development when we consider the usage of industrial exhaust heat or

geothermal water. As one of this type of energy conversion system, the thermogalvanic



cell has been proposed [7~12]. The thermogalvanic cell is expected to have advantages of
longevity and simplicity of use, because there is no moving mechanical parts. To
provide high cell voltages, it is preferable to use electrolyte materials in which large
temperature difference can be put. Since the thermogaivanic cell has an efficiency which
are Camot limited [7, 8], cell operation at high temperature is also beneficial. From these
aspects, molten salts and solid electrolytes are promising electrolyte materials for
thermogalvanic cells. As an electrode active mass, gases, liquid metals, and redox ion
couples have been investigated [9~12] since these can avoid electrode degradation by
charge and discharge. Alloy electrodes are also suggested as interesting materials to
provide high cell voltage [7]. Considering above backgrounds, the results on
thermoelectric power obtained in this work could give fundamental information for

developing thermogalvanic cells.

Thermoelectric effect is known as one of driving forces for the mass transfer
phenomena [13~14]. In a circulating heat transfer loop of a molten salt breeder reactor
(MSBR), this mass transfer phenomena can cause deterioration of the construction
material; i.e. dissolution of elements in the construction matenal at higher temperature
side and precipitation at lower temperature side [13]. In order to solve this problem, it is
necessary to clarify the relation between thermoelectric power and thermodynamic
properties of materials as well as to accumulate data on thermoelectric power in molten
salt systems. At the present time, alloys, such as Hastelloy (Ni-Mo-Cr-Fe alloy) and
Inconel (Ni-Cr-Fe alloy), are planned to be utilized as a construction material in MSBR
[15]. Thus the knowledge on thermoelectric power of an alloy electrode obtained in part
I of this work would be useful to estimate the thermoelectric effect of construction

alloys and to develop better corrosion-resisting materials.
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Part I

Single Electrode Peltier Heats of Li-Alloy Electrodes
in LiICI-KCl Eutectic Melt



Chapter 1

Introduction

Heat analysis in electrochemical reactors is important for determining the
adequate operation conditions and the cell design. In order to quantitatively understand
the temperature distribution in electrochemical reactors, it is necessary to know the
single electrode heat, which includes the single electrode Peltier heat [1]. The single
electrode Peltier heat of an electrode can be evaluated from the value of its
thermoelectnic power [2, 3]. Though many concern the theoretical and/or experimental
study of thermoeleciric power for pure metal electrode systems [4~13], few concern
that of alloy electrode systems [14]. However, from a practical point of view, it is very
important to study thermoelectric power of alloy electrode systems, because alloy
electrodes are used in many electrochemical reactors.

In part I of this thesis, thermoelectric power of Li-Al and Li-Si alloy electrodes
in LiCI-K Cl eutectic melt is investigated theoretically and experimentally. The purposes
of the work are to establish methods for estimating the single electrode Peltier heat of an
alloy electrode in a coexisting or a single phase state, and to investigate how this Peltier
heat of an alloy electrode is affected by the phase change of the electrode itself.

Li-Al and Li-Si alloys are currently being utilized as an anode material in high
temperature lithium-based batteries with molten salts, typically molten chloride salts,
such as Li-alloy/metal sulfide, Li-alloy/lithiate oxide and Li-alloy/Cl, [15~21], since Li-

Al and Li-Si alloys are relatively stable compared to pure liquid lithium. The use of a Li-



Al or a Li-Si alloy electrode provides higher energy and power density, and higher and
more stable cell voltage than the use of other lithium alloy electrodes do, because of their
low densities, high lithium diffusion coefficients (107~10° cm*s"), high lithium
activities (> 10™) and wide concentration ranges of coexisting phase regions at the cell
operation conditions [16, 22~23]. High temperature lithium-based batteries have the
capability to deliver electrical energy at extremely high specific power, and thus are
being developed for uses as energy storage devices for load leveling and as power
sources for electric vehicles [15]. The single electrode Peltier heats of Li-Al and Li-Si

alloy electrodes obtained here can directly contribute to the heat analysis of such

batteries.
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Chapter 2

Single electrode Peltier heats of Li-Al alloy electrodes

in coexisting phase states

2.1. Introduction

This chapter presents experimental results of the thermoelectric power and
thermodynamic properties of Li-Al alloys in various coexisting phase states. The main
purposes of this chapter are to understand relations between the thermoelectric power,
thus the single electrode Peltier heat, of an alloy electrode and thermodynamic
properties of the alloy, and to establish an estimation method of the thermoelectric
power of an alloy electrode. The theoretical expression for the thermoelectric power of
an alloy electrode is established based on a thermodynamic treatment of entropy
production by heat, mass, and charge transfer developed by Farland et al. [1]. The
applicability of the estimation method offered in this chapter is confirmed by the

experimental results.

2.2. Principles

In this section, the thermoelectric power of the following nonisothermal cell (I-

a) is derived;

13



(T)) AM | AX-BX [ AM, .« (T3) (I-a)
In the cell (I-a) electrolyte is a salt mixture melt of AX and BX. The electrodes are
alloys, and the concentration of the component A in both electrodes are same. The
electrodes are reversible to the cation A™ in the electrolyte. The two electrodes are at
different temperature 7, and 75 (7> - T, = AT). In the following the theory of irreversible
thermodynamics by Ferland et al. [1] is applied for deriving the theoretical expression
for the thermoelectric power of the nonisothermal cell (J-a). In this derivation, only
operationally defined variables are used, while single ion chemical or electrochemical

potentials which are not operationally defined are used in common methods.

2.2.1. Flux equations

The forces in the system are -V In7, the gradients in chemical potential at

constant temperature, -V, ., =V, ,,and -Vu Al )T o and the electric potential
gradient of the cell (I-a), -V ¢ . The units used for forces are m™ for VIn 7', J'mol™ m’’
for Vi, Vg, and Vi, o o, and Jmel''m™ for V¢. The electric force in
Vm'!, VE, is related to V¢™ by VE = V¢™ /', where F is the Faraday constant. The
fluxes are the heat flux, J,, the mass fluxes J,y, Jpy, and jA(A,MI-,) of the component AX,

BX, and component A in the alloy electrode, and the electric current density j. The units
used for fluxes are: J'm™s™ for J,, mol-m™ s for J,y, Jzy, and J s s,m,..)> a0G mol'm2s!
for j. The dissipation function of the system, 76, can be expressed as the sum of the
force-flux products [17;

TO=-J,VInT —J Vit 1 =S peVitgy 1 - JA(A,M],,)Vlu'.-l(.‘l,.\ll_z yr~ I

(1-1)
where @ is the entropy production per unit volume and unit time. The unit of the

dissipation function is J'm=s.

14



The chemical potentials of the component AX and BX depend on each other
through the Gibbs-Duhem relation;

P
Vidge r = H;iX—VquX,T a-2)

BY
where x; is the molar fraction of the component / in the electrolyte. When the anion
lattice is chosen as a frame of reference for transport in the electrolyte, the fluxes of the
neutral components, AX and BX, are related as follows due to the electroneutrality
principle;

Jy+JTg =0 (I-3)
The flux of the component A in the alloy electrode is related to the current density;

afam) = (1-4)

By introducing eqs. (I-2)~(I-4) into eq. (I-1}, we obtain,

TO=-J VinT -J 4 z’;—"&i - jV¢ (1-5)

BY

where
Vg =V ¢’ob: + V:”A(Ar,\f,_,)r (I-6)
Equation (I-5) contains the three independent forces VInT, Vu,, ., and V¢, and their

conjugate fluxes J,, Juv, and j. The flux equations are then,

A%
Jy ==LV T - Ly~ [ Vg 17
o

Vidy r

Jup =Ly VInT =Ly, -L; V¢ (I-8)
BY
\'27

j=-LVinT -L,—*L-L,.V¢ | (1-9)

BY

where the coefficient L; is the phenomenological coefficient. These coefficients are
related by the Onsager reciprocal relations;

Lg' = Lﬁ ‘ (I-10)

15



2.2.2. Thermoelectric power

When there exist no composition gradient and no pressure gradient in the
system, the chemical potential gradients are zero, ie. Vi, =0. The condition of no
composition gradient can be established when the system is far from the Soret

equilibrium or when there exists convection in the system. Equation (I-6) is then

reduced;
Vg =Vg™ (1-11)
Considering eq. (I-11)and V. =0, équations (I-7)~(1-9) can be simplified as follows;
J, ==L, VInT - L V¢™ (1-12)
Jux =Ly VInT - L, Vg™ (I-13)
j==L,VInT - L, V$™ (I-14)
From egs. (I-10), (1—12), and (I-14), the following expression for emf can be obtained,
v J vT
(V:;b"b‘)_ = —(i)VlnT = -(i]——];=—(—") — (1-15)
1= Ly Ly) T 3] et T

In eq. (I-15), the term (/) or-o is the heat evolution or absorption per faraday in the
individual electrode regions, and corresponds the Peltier heat, 7' * . Equations (I-15)

then provides;

obs 1
(%‘f’-——) - % | (1-16)
T,

The Peltier heat is obtained from the reversible heat balance at one electrode [1].
The reversible heat changes are given by entropy changes in the electrode region. When
the anjon lattice is chosen as the frame of reference, mass changes in the electrode

regions of the nonisothermal cell (I-a) are summarized in Table I-1. In Table I-1, ¢,. and

The electrode region defined in the anion quasi-lattice frame of reference is generally different from that
defined in other frames of reference (for instance, the wall frame of reference). Thus, the value of the Peltier heat
normally depends on frame choice as the values of the transference coefficient do. However, one should note
that the Peltier heat is independent of frame choice when lemperature is constant and we have stationary state.
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Table I-I. Local mass changes at the electrode regions of the nonisothermal
cell (I-a) when one farady of positive charges are transferred.

Species Left-hand side electrode (7) Right-hand side electrode (7)

Ain AM, -1 mole 1 mole
AX (1-144) = {g+mole -(1-1 4+) = -tg+ mole
BX - g+ mole {g+ mole

t,. are the transport numbers of cations with reference to anions, i.e. internal transport

numbers of cations. From Table I-1, the transference coefficients of the salts are related
to the internal transport numbers of cations by the following equations;
Ly =1-t . =1, (17
tpy = —tg- (1-18)
The reversible entropy changes in the nonisothermal cell (I-a) are then schematically

illustrated as Fig. I-1, and they are summarized in Table I-2. From Table I-2, we have;
!

TSty S S 4 41,05, 450, @19

In eq. (I-19), §, is the partial molar entropy of the component A in the alloy, § ' and
S,, are the partial molar entropies of AX and BX, S;. and S, are the transported

entropies of A* and B in the electrolyte® | S

cle

is the transported entropy of electrons

® In the theory of irreversible thermodynamics by Ferland et al., only neutral chemical species are

considered as thermodynamic components, This definition fer thermodynamic components is based on the
principle that it is impossible to vary the amount of only ore kind of ion without violating the
electroneutralily condition. According to this definition, thermodynamic properties of ions such as single ion
chemical potentials, which are undefined and unmeasurable quantities, are avoided. Then, one may think that
uses of the transported entropy of ions are contradictory with abave definition for thermodynamic components.
However, it should be noted that the transported entropy is a transpori property and is net a thermodynamic
property. We can define the transported entropy for the electrolyte as the entropy transferred when one {araday
of positive charges are transferred inthe electrolyte. The transfer of charges in the electrolyte can be assigned
1o charge cariers, Thus, when we know the charge carrier species and their respective coniributionto the total
conduction, i.e. transport numbers, it is possible to assign the transporled entropy to charge carriers also. In
this manner, the transported entropy of ions can be defined on the operational level. See appendix A for
details.

17



Heat reservoir 1 Heat reservoir 2

Fig.I-1. Schematic illustration of the nonisothermal cell (I-a) when one
faraday of positive charges are trasferred.

Table I-2. Reversible entropy changes at the left hand electrode region of
the nonthermal cell (I-a) when one farady of positive charges are
transferred.

Entropy received

a¥yT the interface receives entropy from the heat reservoir.
kY y the dissolution of one mole A from the alloy liberates entropy.
Ip+ S BY the disappearance of /3+ mole BX liberates entropy.

Entropy consumed

Ig+ EAX the formation of 73+ mole AX consumes entropy.

Iyt S,T+ entropy transported by 74+ mole A* through the electrolyte
away from the interface.

*
g+ Sg+ entropy transported by p+ mole B* through the electrolyte
away from the interface,

S;e entropy transported by electrons through the electrode away
from the interface.

18



in the alloy electrode, and t. and t,. are the internal transport numbers of A™ and B*

with reference to anion, X". By solving eq. (I-19) with respect to x*/T, eq. (I-20) is

obtained;

s Sty Sy =1y S +1 .S 1,5 +8,, (1-20)

For practical measurements, different materials from the electrode alloy are often used as
an electrical lead. In this case, the Peltier heat includes also the transported entropy of

electrons in the electrical lead metal, S, _,;

.TI.'1 = = - . . . .
7T Syt S 1y Say +1 S 1S S0 = S s (I-21)

However, since the transported entropy of electrons in a metal is generally very small,
in the order of 10"'~10% F'mol"*-K! [2, 3], while the other entropies are generally in the

order of 10'~10% J-mol""K"!. Thus, the contribution of S and S, _, to the Peltier heat in

eq. (I-20) or (I-21) can be regarded as negligibly small. From this consideration, the
Peltier heats in eqs. (I-20) and (I-21) can be approximately expressed as eq. (I-22);

T= ‘_STA +tB'S'—AX _{BoAS‘TaX +[A'S:1' +t8p81;. (1‘22)

From egs. (I-16) and (I-22), the theoretical expression for the thermoelectric
power of the nonisothermal cell (I-a), ¢,,,, ., is obtained,

C (AEY 1 vg*
EAM;_,=hm - =—“%T_
j=0

= —II;{EA ~ 1, Sty Sy —t .S, —tﬂ.S;.} (1-23)

e
Equations (I-23) can be rearranged in the following way;

l(SA 1 S . Sy — 1,85 =1, )+%(§A -5,) (I-24)

EA:“I-: = F

where S, is the molar entropy of pure A. In the right hand side of eq. (I-24), the terms
in the first parentheses divided by the faraday constant are identical with the

thermoelectric power of an A"/A electrode in the AX-BX electrolyte, £,. On the other
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hand, the terms in the second parentheses show the relative partial molar entropy of the
component A in the alloy, AS . Then, eq. (I-24) gives;

i =
Earie =€ +EASA (1"25)

Equation (I-25) tells us that the thermoelectric power of the nonisothermal cell (I-a) can
" be estimated from the values of the thermoelectric power of an A™/A electrode in the

AX-BX electrolyte and the relative partial molar entropy of the component A in the

alloy.

2.3. Experimental

Before measuring the thermoelectric power and thermodynamic properties of
Li-Al alloys, the electrochemical formation of Li-Al alloy was investigated in detail by
using a chronopotentiometry and a potential-sweep method at 733 and 803 K. The
experimental apparatus is shown in Fig. I-2, The atmosphere inside the cell was dry
argon maintained by a gas flow. The experiments were conducted in LiCI-KC] eutectic
melt (LiCl : KCl = 58.5 : 41.5 mole %). All chemicals were reagent grade (Wako Pure
Chemical Industries, Ltd.). The eutectic mixture of the salts was contained in é high
purity alumina crucible (99.5 % Al,Os; Nikkato Co., Ltd., SSA-S), and was dried under
vacuum for more than 72 hours at 473 K to remove water. After the eutectic mixture
was melted, a pre-electrolysis was carried out with the terminal voltage of 2.5 V, in
order to remove residual water contamination further. A spiral of platinum wire and a
glassy carbon rod were used as a cathode and an anode, respectively, for the pre-
electrolysis. When the current density became less than 0.5 mA-cm? the pre-
electrolysis was terminated.

A Ag'/Ag electrode or a Li-Al alloy electrode in the two-phase (cAI+ALIAI)

concentration region was used as a reference electrode. The Ag*/Ag electrode comprised
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a sitver wire and LiCI-KCI eutectic melt containing 1 mol% AgCl, which were both
contained in a pyrex glass tube with a very thin bottom. The potential of the reference
electrode was calibrated relative to the potential of a Li'/Li electrode, which was
prepared by electrodepositing lithium metal on a nickel wire [4]. A Li-Al alloy in the
(aAl+BLIAI) phase or a glassy carbon (5 mm dia. x 25 mm) was used as a counter
electrode. The Li-Al alloy used as the reference and the counter electrodes was prepared
by electrodepositing lithium on an aluminum sheet (10 x 8 x 0.3 mm for the reference
electrode and 30 x 10 x 0.8 mm for the counter electrode, Wako Pure Chemical Industries,
Ltd.) in another cell. A working electrode was a pure aluminum sheet (99.99 %, 9x 15 x
0.8 mm) or a pure aluminum wire (99.99 %, 1 mm dia. x 10 mm). The analysis of the
electrochemically formed alloy electrodes were conducted by using the powder x-ray

diffraction technique (XRD) in dry argon atmosphere.

Thermodynamic properties for the two-phase (aAl+3LIAL, (BLIAILi;AL),
and (yLisAly+Hiq.) regions in Li-Al alloy were determined from emf measurements of the
isothermal cell (I-b) at 670~760 K;

(1) Li | LiCI-KCl | Li-Al (T) (I-b)
The Li-Al alloy in each coexisting phase state was prepared by a constant current
electrolysis from pure aluminum. The em/f of the alloy was determined by a rest

potential which was observed after a current interruption.

The thermoelectric power of a Li-Al alloy electrode is defined as the slope of
the emf of the nonisothermal cell (I-c) related to temperature difference between the
electrodes;

(T) Li -Al | LICI-KCI | Li-Al (7+ AT) | (I-c)
where both altoy electrodes have a same composition. The thermoelectric power of Li-

Al alloy electrodes in the two-phase (c AHLIAl) region was measured in this type of
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nonisothermal cell. The thermoelectric power of a Li-Al alloy electrode can be also
determined from emf measurements of the nonisothermal cell (I-d);

(T) Li| LiICI-KCY| Li-Al (T+AT) (I-d)
The emf value of the cell (I-d) is, of course, different from that of the cell (J-c). However,
the slope of the em/, i.e. the thermoelectric power, should be identical with each other.
Because of simple experimental procedures, the cell (I-d) was chosen for thermoelectric
power measurements for Li-Al alloy electrodes in the two-phase (BLIAlHYLizAl),
(yLi;Al,+iq.), and (BLiAl+liq.) regions in this study.

The experimental apparatus used for thermoelectric power measurements is
shown in Fig. 1-3. The purification procedure of the salt, each electrode used, and the
atmosphere inside the cell were all the same as those described above. A temperature
difference was established between the left part and the right part of the H-type cell by
controlling two separate heaters independently. The temperatures were measured by
Chromel-Alumel thermocouples placed close to the electrodes. Uncertainties in absolute
temperature were =2 K after careful calibration, while the uncertainty in the temperature
difference was much lower, possibly %0.5 K. The temperature of the left part which
contains the reference electrode was kept constant at 735 K, while the temperature of
the right part which contains the working electrode was varied from 673 to 823 K. After
establishing a certain temperature difference, the potential of Li-Al alloy working
electrode in each phase state was measured by two methods: (i) a potentiometric
method and (ii) a potential-sweep method. In the former method, the Li-Al alloy in each
phase state was formed by constant-current electrolysis, and the potential of Li-Al alioy
electrode was determined by a rest potential after a current interruption. In the latter
method, the potential of Li-Al alloy electrode was determined by the potential
extrapolated to the point / = 0 when current increased sharply during the potential-

sweep.
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2.4. Results and discussiocn

2.4.1. Electrochemical formation

A constant current electrolysis was carried out with an aluminum electrode at
733 and 803 K. Figure I-4 shows a typical chronopotentiogram obtained during the

constant current electrolysis (current density: -20 mA-cm™). In the potential transient

Lithium mole %
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0.3 T T I T I
= i
T 0.2
NS
g
=
=
5
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c
0
0 500 1000 1500 2000

Charge / C

FigI-4. Potential transient curve of an aluminum electrode in LiCI-KCl
eutectic melt at 733 K { Yand 803 K (- - -), current density: -20 mA-cm™2.
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curve at 733 K represented by the solid line in Fig. I-4, three potential plateaus a, b, and
c are observed. These three potential plateaus are attributed to the formation of various
types of aluminum alloy with lithium, since they were not observed in a case of using a
nickel electrode which does not form any alloys with lithium. XRD analysis of alloy
electrodes at room temperature revealed that the alloy which showed the potential a
contains the BLiAl, and the B’LiAl; phases, and the alloy which showed the potential b
contains the yLizAl, phase. The B’LiAly phase is a metastable phase, and is generally
observed only at low temperature below around 620 X [5, 6]. From the results of XRD
analysis and the phase diagram of the Li-Al alloy system shown in Fig I-5 [6], the
formation of the PBLiAl yLiAl,, and liquid phases are considered to occur at the

potential plateau a, b, and c, respectively, as represented by the following reaction

Weight Percent Lithium
0 10 20 a0 40 30 60 70 B0 100
sm T ? i i‘ T 'I T a T + ll % ""'"

E
<

Ternperature °¢

180.6°C
X 3

(L) —~

100
Al Atornic Percent Lithium Li

Fig1-5. Phase diagram of Li-Al alloy system according to McAlister [6].
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formulae °;

a ; aAl+Lit+e — BLiAl (1-1)
b . 2BLIAI+Li*+e —  yLiAl (i)
¢ ; YLzAL+Li"+e — lig.-phase (I-iii)

In the reaction formula (I-i), ¢ Al indicates the Li-saturated solid solution. In the reaction
formula (I-ii1), lig.-phase expresses the liquid Li-Al alloy at the solubility limit.

In the potential transient curve at 803 K shown by the dashed line in Fig, 1-4,
only two potential plateaus a and d are observed. At this temperature, the yLi;Al, phase
does not exist, as can be seen in the phase diagram. Thus, it is concluded that the liquid
phase is formed from the BLiAl phase at the potential d, as represented by the following
reactioﬁ formulae €

d BLIAl+Li*+e — lig.-phase (I-iv)

A potential sweeps with an aluminum electrode were carried out with a very
slow scan rate (0.1 mV-s™') at 735 and 803 K. Figure I-6 shows a typical voltammogram.
Three cathodic current peaks are observed on the voltammogram at 733 K shown by the
solid line in Fig. I-6. The current peaks a’, b’, and ¢’ seem to correspond to the

formation of the BLiAl yLizAl,, and liquid phase, respectively. On the anodic sweep,

three anodic current peaks, corresponding to the cathodic current peaks, are observed.
These three anodic current peaks come from the dissolution of lithium from each phase
in Li-Al alloy. On the other hand, the current peak b’ disappeared, and only two current
peaks a’ and d’ are observed on the voltammogram at 803 K, represented by the dashed
line in Fig I-6. At the cathodic current peak d’, _liquid phase is formed from the BLiAlI

phase. Such tendencies and the potentials for the formation of each phase in Li-Al alloy

¢ The reaction formulae (I-1}~({-iv) are simplified expressions and are not correct in a rigorous sense, because
in Li-Al alloy system the chemical formula for each phase at the phase boundary is not simple as that used
in these reaction formulac. For example, at 735 K, ‘@Al is Lig0Alose, ‘BLIAL’ is Lig.e1Algse in (I-1) and
Lio.saAlo.ss in (I-i1), and ‘liq.-phase’ is LiossAloor. It should be also noted that the lithium concentration in
each phase at the phase boundary varies with temperature as shown in the phase diagram.
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obtained by this method are in good agreement with those obtained by the

potentiometric method.
2.4.2. Thermodynamic properties

The results for emf measurements of the isothermal cell (I-b) are presented in

Figs. I-7(A)y~(C). The relationship between em/ and temperature is linear for the two-
phase (o Al+PLIAL) and (BLiAl+yLisAl,) regions, while the relation is not linear for the
two-phase (yLi;Al,+lig.) region. In the temperature range of 670~760 K, they are also
represented by the following relations; \

aABLIAL;  E=0.4627 (£0.0032) - 0.2457 (0.004)x 103 x ' (I-26)

BLiAMYLisAly; E=0.2340 (£0.0016) - 0.2505 (£0.002)x 10%x T (I-27)

vLisAl;#liq.;  E=0.3035 (£0.1952) - 9.728 (£5.425)x 10 x T

+7.915 (%3.766) x 107 x T* (1-28)

where £ is emfin V and 7 is temperature in K. In Fig. I-7(A), the values measured by
Sharma et al. [7], Wen et al. [8] are also shown for comparison. The emf values for the

two-phase (aAl+pLiAl) region obtained in this work agree fairly well with those

obtained by Sharma et al..

These emf measurements under equilibrium conditions at various temperature
made it possible to calculate the relative partial molar thermodynamic properties of
lithium for each coexisting phase in Li-Al alloy: the lithium activity a,,, the relative

partial molar free energy AEH , the relative partial molar entropy AS‘:,J., and the relative

partial molar enthalpy AH,,, according to following well-known equations;

AG, = RTlna,, = -nFE (1-29)
_ 9(AG,)

AS, = ——— 1-30
. oT (1-30)
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FigI-7. Emf as a function of temperature in the isothermal cell (I-b) with a Li-Al
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3(AG,)

AH, =AG, +T p

(I-31)

The relative partial molar thermodynamic properties of lithium for the two-phase
(cAI+BLIAD, (BLIAl+YLisAly), and (yLisAl,+lig.) regions in Li-Al alloy at 735 K are
given in Table I-3. The relative partial molar thermedynamic properties of lithium for
the two-phase (a AI+BLiAl) region were determined from e/ measurements by Sharma
etal. [8] and by Wen et al. [9], and from hydrogen titration method by Veleckis [9). The
values obtained in this work for the two-phase (atAl+BLIAl) region are in good
agreement with their values. For the two-phase (BLiAl+yLisAly) region, it was found

that the relative partial molar entropy of lithium has a negative value, while the results

by Wen et al. suggested a positive value [9].
2.4.3. Thermoelectric power

Figure 1-8 shows the potential of a Li-Al alloy electrode in the coexisting
(aAl+PLIAID) region as a function of temperature difference between electrodes. The

vertical axis of this figure presents the potential of the alloy versus that of the alloy of

Table I-3. Relative partial molar thermodynamic properties of lithium in
coexisting phase states of Li-Al alloy at 735 K.

AGy, AH AS;.

Phase state a; L L Li
kJ-mol! kJ-mol! Jmol 1K1

oAl + BLIAl 1.2x 1072 -27.2 -44.6 -23.7

BLIAl + yLi;Al, 4.5 x 10°] -4.8 -22.6 -24.2

yLizAl, +liq 7.8 x 107! -1.5 +12.0 +18.4
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the same kind at 735 K, and horizontal axis shows the temperature diﬁ'erence from 735
K. The thermoelectric power is given as the derivative of the potential-temperature
relation. A linear relationship between the potential of the alloy and temperature
difference is observed in Fig 1-8. The thermoelectric power of Li-Al alloy in this phase
region has a negative and constant value, -0.210 (%0.001) mV-K™'. The thermoelectric
power obtained by two methods, the potentiometric method and the potential-sweep
method, are in good agreement with each other. This shows that these two
thermoelectric power measurement methods are both available.

The experimental results of thermoelectric power measurements obtained with
a Li-Al alloy electrode in the two-phase (BLIAIHYLi;Aly) region are presented in Fig. I-9.
In this figure, the vertical axis shows the potential referred to Li*/Li electrode at 735 K.
The thermoelectric power for a Li-Al alloy electrode in this concentration region has the
same tendencies with those in the two-phase (o Al+PLiIAl) region, and is obtained to be
-0.180 (£0.019) mV-K™".

The potential for a Li-Al alloy electrode in the two-phase (yLizAly+liq.) region
as a function of temperature difference is shown in Fig. I-10. In this phase region, two
quite different tendencies are observed from the results obtained with a Li-Al alloy in
the two-phase (aAlHPLIAL) and (BLiAl+yLisAl,) regions. First, the sign of
thermoelectric power is positive, and second, its value significantly depends on
temperature. The thermoelectric power of a Li-Al alloy electrode in this region can be
approximately expressed as eq. (I-32) when AT is between -60 and +60 K

£= 0,237 (£0.06) + 1.63 (£0.39) x 107 x AT mV-K! (I-32)
where AT stands for the temperature difference from 735 K: AT=7-735.

The experimental result of the thermoelectric power measurements of a Li-Al
alloy electrode in the coexisting (BLiAl+lig.) region is shown in Fig. I-11. In this
concentration region, the thermoelectric power has the same tendencies as that of Li-Al

alloy in the two-phase (yLisAl,+1iq.) region. The thermoelectric power in this region can
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be approximately expressed as eq. (I-33) when AT is from +65 to +90K;
€=0210 (£1.19) + 5.68 (=1.55)x 102 x AT mV-K* (I-33)
According to eqs. (I-23) and (I-25), the thermoelectric power of the cell (I-c) or

(I-d) can be expressed,

1 = . .
£, =E{—S,_,. S~ LS + Sy +1,S) |

1
= EIJ +EASU (1-34)

The thermoelectric power of a Li*/Li electrode in LiCl-KCl eutectic melt was measured
to be +0.030 (0.013) mV-K™! by Kamata et al. [10]. The relative partial molar entropy
of lithium in the alloy can be obtained from emf measurements of the alloy electrode at
various temperature relative to the potential of a Li*/Li electrode according to eq. (J-30).
For the coexisting (aAl+BLIAL), (BLiAl+yLi3Al), and (yLizAl+iq.) regions in Li-Al
alloy, the values given in Table I-3 are available. The estimated values as well as the
experimental values of the thermoelectric power for various coexisting phase states are

presented in Table I-4. The estimated values agree with the observed values, These

Table 1-4. Measured and estimated thermoelectric power of Li-Al alloy
electrodes in coexisting phase states in LiCl-KCl eutectic melt.

Thermoelectric power / mV-K-!

Phase state _
Measured value Estimated value
QAI+BLIAl -0.210 (0.001) -0.216 (0.017)
BLIAl+yLi; Al -0.180 (+0.019) -0.221 (20.015)
yLi; Al +liq. +0.237 * +0.221 *
BLiAl+lig. +0.176 ** [

The values labelled with * and ** are data at 735K and 803K, respectively.
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results confirm that the thermoelectric power of a lithium alloy electrode can be
estimated by using eq. (I-34). It was found from em/ measurements that the relative
partial molar entropy of lithium for the two-phase (YLizAly+liq.) region increases with
increasing temperature while the relative partial molar entropies of lithium for the
coexisting (aAl+BLIAIL} and (BLiAl+yLiAly) regions are constant in the temperature
range of 670~760 K. The temperature dependencies of the thermoelectric power of Li-

Al alloy electrodes are also consistent with those of the relative partial molar entropies

of lithium.
2.4.4. Single electrode Peltier heat

From eq. (I-16), the relation between the single electrode Peltier heat and the
thermoelectric power can be obtained as follows;
ot = xeT (I-35)
where the signs + and - are for cathodic and anodic reactions, respectively. The unit of
the single electrode Peltier heat in eq. (I-35) is J-C™%.
From the measured value of the thermoelectric power, the single electrode
Peltier heat for the electrochemical formation of each phase in Li-Al alloy, i.e for the
cathodic reaction of a Li-alloy electrode, can be then evaluated as follows;
the formation of the BLiAl from the cAl;
At =-210x10"x T (673K < T <823K) (I-36)
the formation of the yLizAl, from the BLIAl,
at=-180x10"x7T (673K < T<793K) (1-37)
the formation of the liquid phase from the yLi;Al,;
al=-961x10"xT+163x10%x 77 (673K <T<793K)
(I-38)

36



the formation of the liquid phase form the PLiAl,
ot =-101x101x T+ 131x10%x 7? (793K < T < 843K)
(I-39)
The values of the single electrode Peltier heats for electrochemical formation reactions of
various phases in Li-Al alloy in LiCI-KCl eutectic melt are summarized in Table I-5. It is
found that the electrochemical formation of the BLiAl from the oAl and that of the
yLizAl, from the PLiAl, which are expressed by the reaction formulae (I-i) and (I-ii),
respectively, are accompanied by heat evolution. On the other hand, heat is absorbed for
the electrochemical formation of the liquid phase from the fLiAl and the yLizAl,, which

are represented by the reaction formulae (I-iii) and (I-iv), respectively.

Table I-5. Single electrode Peltier heats for the formation reactions of
various phases in Li-Al alloy in LiCl-K.Cl eutectic melt.

Single electrode Peltier heat / J-C°!

Temperature
I oAl = BLIAl BLIAI — yLizAl, BLIAlI —liq.  yLizAl, = lig.
650 -0.14 -0.12 e +0.06
700 -0.15 -0.13 — +0.13
750 -0.16 -0.14 — +0.20
800 -0.17  — +0.13 e
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2.5. Conclusions

1. The single electrode Peltier heats of the formation reaction for various phases in Li-Al
alloy could be estimated from the measured values of the thermoelectric power. It was

found that the formation reaction of the BLiAl phase from the cAl phase and that of the
yLi;Al, phase from the BLiAl are exothermic, and the formation reactions of the liquid

phase from the BLiAl and the yLi3Al, phase are endothermic.

2. The general method of estimating the thermoelectric power of a Li-alloy electrode was
derived thermodynamically: thermoelectric power of a Li-alloy electrode can be
expressed as sum of the relative partial molar entropy of lithium in the alloy and the
thermoelectric power of a Li*/Li electrode. The experimental results for the two-phase

(cAl+BLIAL, (BLiAl+yLi3Aly), and (YLisAl,Hiq.) reglons validated this estimation

method.
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Chapter 3

Single electrode Peltier heats of Li-Al alloy electrodes

in single phase states

3.1. Introduction

In the previous chapter, the single electrode Peltier heats of a Li-Al alloy
electrodes in various coexisting phase states in LiCl-KCl eutectic melt were evaluated
from measured thermoelectric power values. It was found that the thermoelectric power,
thus the single electrode Peltier heat, of a Li-Al alloy electrode in each coexisting phase
state has a constant value at a constant temperature. However, the value of the
thermoelectric power of an alloy electrode changes drastically with change of its phase
state. In order to understand the effect of the phase change on the single electrode Peltier
heat, it is important to investigate how the thermoelectric power changes on a
coexisting-single phase boundary, and to investigate how the thermoelectric power
depends on the alloy composition in a single phase region.

In chapter 2, it was also shown that the thermoelectric power of a lithium alloy
electrode can be expressed as the sum of the relative partial molar entropy of lithium in
the alloy and the thermoelectric power of a Li*/Li electrode. This relation should be
valid for a lithium alloy electrode in a single phase state as well as for that in a coexisting
phase state. The thermoelectric power of a Li*/Li electrode is regarded as constant in

LiCI-KCl eutectic melt [1]. Thus, the effect of the phase change on the thermoelectric
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power is considered to arise from the change of the relative partial molar entropy of
lithium in the alloy.

In this chapter thermodynamic properties of Li-Al alloy in the single BLiAl
phase region are determined from emf measurements as a function of lithium
concentration. The lithium concentration dependence of relative partial molar
thermodynamic properties of the single BLiAl phase are discussed in terms of defect
structure of the alloy. The single electrode Peltier heat of a Li-Al alloy electrode is
evaluated as a function of lithium concentration. The effect of the phase change on the

single electrode Peltier heat is discussed thermodynamically.

3.2. Principles

In this section we first denve the relation between thermodynamic properties
of a binary alloy in a coexisting phase and those in its adjacent single phase. Thereafter,
the change of the single electrode Peltier heat on a coexisting-single phase boundary is

discussed.
3.2.1. Thermodynamic properties on a coexisting-single phase boundary

Here we discuss a binary alloy which consists of two components, A and M.
We designate / and j for the two phases. In the coexisting phase state of i and j phases,
the relative partial molar free energies of the component A in the two phases should be
equal with each other;

AG, = AG/ (1-40)

Differentiating eq. (I-40) with respect to temperature, eq. (I-41) is obtained;
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d(AG;) d(aG))
dT 4T (I-41)

Both of AG, and AG/ are a function of not only temperature but also of the
concentration of component A, x; and xf(, on each coexisting-single phase boundary.

Equation (I-41) then can be written as eq. (I-42);
0T [T (s (A0 (o)) (0
a |, d, [ \dT) ar |, acy | \ar)

The first terms in the right and left hand sides in eq. (I-42) correspond to the relative

(1-42)

partial molar entropies of component A for the single / phase and for the single j phase

on the phase boundaries, respectively. Then we obtain eq. (I-43);

AS; -{B(A(.;;)} (‘b‘;\ = AS! -{B(A@;)} (dm (1-43)

o ar] EY dr |

For component M, eq. (I-44) can be obtained in a similar way;

AE;, _ {3(A5fif)} (dxiw\ - AE!{, _{@} (Eﬁi\ (I-44)

', dT } ax, dr |

Since the concentration of component M is related to that of component A by

x, =1-x,, eq. ([-44) is rewritten as follows;

A5 - {B(A@;)} (dx;\ -85 - {6(«:@;)} (dx:;\ 145)

o, dr ) ) dr}
In the two-phase (i+/) region, the following reaction takes place when 1 mol of

component A is added to the alloy;

—x/ -x
e A Y

j i -x i
X=X, * Xa "Xy

4 ! Ml-xi (I'V)

a4

The relative partial molar entropy of component A in the two-phase (i) region is equal
to the entropy change of the reaction (I-v), and can be expressed by the following

equation;
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_ -x R = 1-x/ - R,

D51 w2 L A5 4 (1= w4 )85)} - <2 (xS + (1, S,
A Xa T X4
(1-46)
From eqs. (I-43), (1-45), and (I-46), and the Gibbs-Duhem relation, we obtain;

i _ o | 28GI)] (i _ o [21AGH)] (@)
ASH = AS) - ~ ( 4l = AST - : ( 4 1-47

/ ”{&;}Tdf} ! &y [ \dr) (1-47)

In a similar way, the relative partial molar free energy and enthalpy of component A in
the coexisting phase state can be expressed as follows;
AG) = AG, = AG) (1-48)

AR = AH, - T{ a(A(,.}”' )} (dxi* Vo AH - T{‘;(A(.;‘j) } (‘M ) (1-49)
ax, | \dr) a) [ \dr]

Equations (I-47)~(I-49) give the relations between the relative partial molar
thermodynamic properties of the coexisting phase state and those of its adjacent single
phase on the phase boundary. One should here note that the relative partial molar
entropy, and enthalpy of the coexisting phase state is not identical with those of the
adjacent single phase on the phase boundary, because the alloy composition on the
phase boundary generally depends on temperature. On the other hand, the relative
partial molar free energy of the coexisting phase is equal to that of the adjacent single

phase on the phase boundary.

3.2.2. Single electrode Peltier heat on a coexisting-single phase boundary

As shown in eq. (I-25), the thermoelectric power of the nonisothermal cell (I-a)
can be expressed by the sum of the relative partial molar entropy of the component A in
the alloy and the thermoelectric power of an A"/A electrode. This relation should be
valid for an alloy electrode in a single phase state as well as for that in a coexisting phase
state. Thus the change of the single electrode Peltier heat for the cathodic reaction on a

coexisting-single phase boundary can be expressed by introducing eqs. (I-25) and (I-47)

44



into (I-35);

+f i T Cit+f oi
7t -x =};(ASA ! "ASA)

T {a(Acf;“;)} (dx;\ (1-50)

F| & dT )

Equation (I-50) predicts that the single electrode Peltier heat of an alloy electrode shows
discontinuities at coexisting-single phase boundary compositions. The change of the
single electrode Peltier heat on a coexisting-single phase boundary can be estimated from
composition dependency of the relative partial molar free energy in the single phase and

the temperature dependency of the phase boundary composition according to eq. (I-50).

3.3. Experimental

The experiments were conducted in LICI-K.Cl eutectic melt. The experimental
apparatus appeared in the previous chapter. The eutectic mixture of the salts was dried
under vacuum at 473 K for more than 48 hours and then at 573 K for more than 48
hours. After the eutectic mixture was melted, a pre-electrolysis was carried out with the
terminal voltage of 2.5 V until the current density became less than 0.2 mA-cm™, in
order to remove residual water contamination further.

Thermodynamic properties of the single BLiAl phase were determined from
emf measurements of the isothermal cell (I-b). The reference and counter electrodes used
were same as in experiments described in chapter 2. A working electrode was Li-Al
alloy, which was electrochemically prepared by a constant current electrolysis with the
current density of 5.0 mA-cm™ from a pure aluminum plate (7 x 5 x 0.3 mm, Wako Pure
Chemical Industries, Ltd., 99.99 %). The weight of the aluminum plate was measured to
an accuracy of 0.1 mg before the electrolysis. The lithium concentration was calculated

from the charge passed during the constant current electrolysis and the current
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efficiency. The current efficiency was estimated from the values of the applied current
and the residual current observed at the pre-electrolysis. The emf of the alloy was

determined by a rest potential observed immediately after a current interruption.

3.4. Results and discussion

3.4.1. Thermodynamic properties of the single BLiAl phase

Figure I-12 shows the lithium concentration dependence of the emf for the
single BLiAl phase at four different temperatures. At all temperatures, a similar
concentration dependency of the emfis observed. The emf curve exhibits two inflections
near 47 mol% of" lithium and the stoichiometric composition. The temperature
dependency of the emf is negative for the whole composition range of the single BLiAl
phase region,

The experimental data obtained by Wen et al. [2] are also plotted for
comparison in Fig. I-12. Though each em/f curve shows a similar lithium concentration
dependency, results obtained in this work disagree with those by Wen et al. in two
points. First, emf values in this work are lower than those by Wen et al.. Secondly, the
emf shows a negative temperature dependency at 47-52 mol% of lithium and a positive
temperature dependency at 52-56 mol% of lithium in the data of Wen et al., while the
emf shows a negative temperature dependency in the whole concentration range of the
single PLiAl phase region in this work. The former disagreement may come from
experimental error for the lithium concentration in the data of Wen et al., as pointed out
by Chen et al. {3]. Considering the consistencies with the phase diagram data and with
the thermodynamic data of liquid and oAl phases, Chen et al. concluded that the lithium

concentrations presented by Wen et al. are higher than real lithium concentrations. In
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fact, if the data by Wen et al. are shifted to lower lithium concentration by ~2 mol%, as
suggested by Chen et al., there would be reasonable agreements between the data in this
work and those in Wen et al.. Concerning the latter disagreement, the data of Wen et al.
implies that the emf for the two-phase (BLIAl+yLizAly) region shows a positive
temperature dependency. However, this conflicts with the results of emf measurements
for the coexisting (BLiAl+yLi3Al;) phase state presented in the previous chapter. Thus
we concluded that the data of Wen et al. are in error also in this point.

Constant emf values observed at the lithium deficient and the lithium rich sides
in Fig. I-12 correspond to the emf values for the two-phase (aAl+BLIAl) and
(BLiAI+yLiAl,) regions, respectively. The lithium concentration range for the single
BLiAl phase is then evaluated as shown in Fig. I-13. Experimental data by Wen et al. [2],
by Levine et al. [4], by Veleckis [5], and by Schirmann et al. [6] are also presented in
Fig 1-13. The difference of ~2 mol% is again observed for both lithium deficient and rich
phase boundaries between the results in this work and those by Wen et al.. The lithium
concentrations for the lithium deficient limit obtained in this work are in agreement with
those obtained by Schiirmann et al. [6].

Relative partial molar thermodynamic properties of lithium in the single LIAl
phase can be determined according to eqs. (I-27)~(1-29). Figures I-14(A)}~(C) show the
relative partial molar free energy, entropy, and enthalpy of lithium at 714 K, in order, as
a function of lithium concentrétion. Experimental curves of all these thermodynamic
properties show inflections near the stoichiometric composition and in the vicinities of
phase boundary compositions for the single phase region. Such composition
dependencies of the thermodynamic properties may be correlated with structural
properties’ change of the alloy.

The stoichiometric fLIAl compound crystallizes in the fcc B32 (Zintl)
structure (space group: Fd3m; prototype: NaTl), which consists of two distinct

diamond sublattices interpenetrating each other [7, 8]. The unit cell of the LAl
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compound is shown in Fig. I-15. The defect structures in stoichiometric and
nonstoichiometric fLiAl phase have been studied by using various techniques such as
lattice parameter and density measurements, nuclear magnetic resonance, and neutron
diffraction [9~11]. It was concluded that vacancies on Li sites and Li antistructure atoms
on Al sites are the dominant defects for lithium deficient and lithium rich compositions,
respectively. For single phase alloys with such crystal and defect structures, Chang and

co-workers have statistically derived expressions of thermodynamic properties under
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FigI-15. Unit cell of BLIAL

the following assumptions: (1) interactions, i.e. bond energies, only between first-
nearest neighbor atoms are taken into account and are independent of the composition,
(2) the concentration of the defects are small and thus the distribution of the defects is
statistically random, and (3) all entropy contributions other than the configurational
entropy are independent of the composition [3, 12, 13]. Relative partial molar
thermodynamic properties of lithium with reference to those at the stoichiometric
composition are then expressed as follows;

(AG, -AG, ) o ﬂ_) _ L all+z(1-a)

RT B \ 210 (1—2Xz+2x)(1+a)2

(I-51)

Bl ntele e - )3 5) (2.
1-52)
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(AEU ;{EH.O) _ (AHU ;ﬁHb -0) _ ln(_‘_’b‘_) (I-53)

o

where the subscript 0 indicates the state at the stoichiometric composition. In eqs. (I-
51)~(I-53), z is the vacancy concentration, x is the deviation of the lithium
concentration from the stoichiometry, and ¢ is the vacarcy concentration at the

stoichiometric composition, 1.e. the intrinsic disorder parameter,
1
X=X,-= (I-54)

=z, (I1-55)
The intrinsic disorder parameter ¢ is related to z and y by the following equation [3, 12,
13};

a® =2z +2x) (I-56)
From eqs. (I-51)~(1-56), the relative partial molar thermodynamic properties of lithium
can be calculated as a function of the lithium concentration under the assumptions given,
if the intrinsic disorder parameter is known,

Kishio et al. evaluated the vacancy concentration of the single BLiAl phase at
room temperature {9], and found that it is 1.8 mol% at the stoichiometric composition,
i.e. a = 0.018. Vacancies at the stoichiometric composition are considered to be formed
mainly as a consequence of the thermal agitation. The value of the intrinsic disorder
parameter for the stoichiometric BLiAl compound at high temperature is therefore
expected to be higher than above value. Since there exists no available data of the
intrinsic disorder parameter for the BLiAl phase at high temperature, we here assume o
= 0.04, as Brun et al. have done [14]. The solid lines in Figs. I-14(A)~(C) show the
relative partial molar thermodynamic properties of lithium for the single BLiAl phase
calculated by using eqs. (I-49)~(I-54) when o = 0.04 is assumed and our experimental
values of AGy, o =-10.9kJ'mol”, AS, , =-25.1 J'mol"K™!, and AH,,, =-28.8 kJ-mol”

are used. The calculated curves are seen to reproduce the shape of the experimental
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results near the stoichiometric composition, 47~51 mol%. The calculated curves also
show inflections near the stoichiometric composition, though the inflections observed in
experimental results are much larger than those in the calculated curves. These results
imply that the inflections observed in the experimental curves near the stoichiometric
composition are related by the change of the defect structure of this alloy phase, i.e. the
change of the dominant defects from wvacancies on Li sites in lithium deficient
composition to Li antistructure atoms on Al sites in lithium rich composition.

In the vicinities of the phase boundaries for the single BLiAl phase region, i.e.

in the lithium concentration ranges below 47 mol% and above 51 mol%, the
experimental results considerably deviate from the calculated curves. In these
composition ranges, defect concentration is considered to be relatively high:
approximately, 10 % of Li sites are expected being vacant at the lithium deficient limit
and 5 % of Al sites are expected being substituted by lithium at the lithium rich limit.
Such high defect concentration may cause ordering or clustering of the defects, or lattice
relaxations, as suggested from the results of neutron diffraction, heat capacity and
electronic resistivity measurements [14~18]. In such situations, the assumptions used to
derive eqs. (I-51)~(1.53), thus egs. (I-51)~(I-53), may not be valid. Krachelar and Ipser
have derived statistical expressions for activity by taking the effect of vacancy ordering
into account, and have applied the expressions to interpret experimental data in
transition metal-chalcogen systems {19~21]. According to their expressions, activity-
composition curve shows inflections at the ordering composition as well as the
stoichiometric composition, and the shape of the curve seems similar as that obtained in
this work. This may imply that defect ordering takes place in the single BLiAl phase
near the phase boundaries. However, at the present time, it 1s difficult to conclude
whether defect ordering accompanies the anomalies on thermodynamic properties 0f the

single BLiAl phase near the phase boundaries because of lack of detailed crystal analysis

data at high temperature.
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3.4.2. Single electrode Peltier heat as a function of lithium concentration

According to egs. (I-34) and (I-35), one can obtain the single electrode Peltier
heat of a Li-Al alloy electrode in LiCl-K.Cl eutectic melt from the value of the relative
partial molar entropy of lithium in the alloy and the thermoelectric power of a Li*/Li
electrode in LiCI-K.Cl eutectic melt. The thermoelectric power of a Li*/Li electrode was
determined to be +0.030 (£0.030) mV-K™! by Kamata et al. [1]. For the relative partial
molar entropy of lithium in each coexisting phase state of Li-Al alloy and that the single
BLiAl phase, values shown in Table I-3 and Fig. I-14(B)} are available. In order to
estimate the relative partial molar eﬁtropy of lithium in the single aAl and the single
liquid phases, the subregular solution model is employed here. In this model, the relative
partial molar free energy of component A is approximated as eq. (I-57);

AG =F +RThx, + A (1-x, ) +Bx,0-x,) 1-57)
where F, is the lattice stability parameter of component A in i phase, A4} and Bj[ are
the interaction parameters of componentr A in i phase. These three parameters are all
independent of x,. As special cases, eq. (I-57) gives the relative partial molar free
energy of lithium in the ideal solution when 4 = B, = 0, and that in the regular
solution when B, = 0. Differentiating eq. (I-57) with respect to temperature at constant

x , the relative partial molar entropy of component A are obtained as follows;

i dF‘\_ o d/l"\ _ 2_'(dBi\ R i
AS! = (Ef‘t} Rlnx, (?T‘L}(l x,) F}‘f}x,,(l x,) (I-58)

The lattice stability parameters and the interaction parameters for the single Al phase
and the single liquid phase were given by McAlister [22], and are summarized in Table

I-6. The lithium concentration of the single Al phase at the Li-saturated limit was

obtained as a function of temperature by Wen et al. [2], by Schiirmann et al. [6], by
Jones et al. [23}, and by Costa et al. [24]. The lithium concentration of the single liquid

phase at the solubility limit was measured by Schizrmann et al. [6], Grube et al. [25],
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Table I-6. The lattice stability and the interaction parameters for sclution
phases in LiAl alloy system [21].

i i

Phase state F L ALi B Li
oAl -1787+7.16T -14873 -13200
liquid 0 -11000 -36000

and Sharmray et al. [26].

Figure I-16 shows the single electrode Peltier heat for the cathodic reaction of a
Li-Al alloy electrode at 714 K, which i1s evaluated from the relative partial molar
entropy of lithium and the thermoelectric power of a Li'/Li electrode. For the two-
phase (cAl+BLIAlL, (BLiAl+yLizAly), and (yLizAly,+liq.) regions, the single electrode
Peltier heats evaluated from thermoelectric power values are also shown by the short-
dashed lines in Fig, I-16. From Fig. I-16, it turns out that the single electrode Peltier heat
ofa LiﬁAI alloy electrode exhibits discontinuities at the phase boundary compositions.

As shown in eq. (I-50), the change of the single electrode Peltier heat for the
cathodic reaction of a lithium alloy electrode on a coexisting-single phase boundary can
be estimated from composition dependency of the relative partial molar free energy of
lithium in the single phase and the temperature dependency of the lithium concentration

on the phase boundary. From the results shown in Fig. I-14(A) and Fig. I-13, the values
for {z?(AGﬁ)/dxﬁ} and (dxﬁ /dT) are estimated to be 8.6 x 10* kJ'mol™! and -1.0 x 107
K on the (aAl+BLIAI)-BLIAl phase boundary, and to be 1.3 x 10” kJ'mol™ and 1.6 x
10 K on the PLIAI-{(BLiAl+yLi;Aly) phase boundary at 714 K. The change of the
single electrode Peltier heat is then expected to be -0.64 J-C™! on the (¢ Al+BLIAI-BLIAl

phase boundary, and to be -0.15 J-C”! on the BLiAI-(BLiAl+YLi;Al,) phase boundary at
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dashed lines show values determined from thermoelectric power values.

714 K. These values are in good agreement with the results shown in Fig I-16, which
are.-0.64 J-C! on the (0 A+BLIAl)-BLIAl phase boundary -0.14 J-C! on the BLiAl-
(BLiAl-+LizAl) phase boundary, respectively. In a similar way, the change of the single
electrode Peltier heat can be estimated to be -0.19 J:C™! on the a Al-(c AH-BLIAI) bhase
boundary, and to be -0.10 J-C! on the (}'Li3A12+1iq.)~l_iq. phase boundary by applying
the subregular solution models by McAlister [21] and the phase diagram data in
literature [2, 6, 23~26]. The value for the (yLi;Al,+liq.)-liq. phase boundary agrees well
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with the result in Fig I-16, -0.09 J-C'!, while that for the ctAl-(ctAl+BLiAl) phase
boundary is slightly different from the results in Fig I-16, -0.26 J-C!. McAlister has
determined the parameters in the subregular solution model for the single aAl phase to
fit experimental data on the lithium solubility limit of this phase. However, experimental
data of the lithium solubility data are inconsistent with thermodynamic data obtained by
Wen et al. at 969 K [2]. Such experimental uncertainties on the phase diagram data and
thermodynamic data for the single aAl phase may cause the discrepancy between the
result shown in Fig. I-16 and the estimated result.

In Fig. 1-16 we treat the yLizAl, phase as a line compound. However, the
yLizAl, phase is considered to have a certain concentration range like the single PLiAl
phase, though the concentration range of the single yLi;Al, phase may be very narrow.
From the phase diagram data and the activity data for the two-phase (BLiAl+yLi;Aly)
region and (yLizAl,+liq.) regions, the values of (de /dT) and {o"(AGIE)/&xL} are
expected to be very small. Thus, the changes of the single electrode Peltier heat on the
(BLiAl+YLisAl)-yLisAl, and yLisAly-(yLizAl,Hig.) phase boundaries may be negligibly
small, and the single electrode Peltier heat for the single yLi;Al; phase may vary from
the value for the coexisting (BLiAl+yLisAl,) phase to that for the coexisting

(yLisAl,+lig.) phase as the lithium concentration increases.

3.5. Conclusions

1. The single electrode Peltier heat of a Li-Al alloy electrode was evaluated as a function
of lithium concentration in the alloy. It was found that the single electrode Peltier heat
shows discontinuities at the compositions of coexisting-single phase boundaries. The

changes of the single electrode Peltier heat at the phase boundary compositions can be
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estimated from thermodynamic data in the single phase and phase diagram data.

2. In the single BLiAl phase, the relative partial molar thermodynamic properties, thus
the single electrode Peltier heat, considerably depends on lithium concentration. The
lithium concentration dependence of the relative partial molar thermodynamic
properties near the stoichiometric composition can be statistically interpreted in terms
of its defect structure. In the vicinities of the phase boundaries, relative partial molar
thermodynamic properties exhibit anomalies, which is considered to be caused by

ordering or clustering of the defects, or lattice relaxations.
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Chapter 4

Single electrode Peltier heats of Li-Si alloy electrodes

4.1. Introduction

In chapter 2 and chapter 3, relations between thermoelectric power of an alloy '
electrode and its thermodynamic properties were theoretically derived, and were
validated by experimental results of a Li-Al alloy electrode system in LiCI-KCl eutectic
melt. In this chapter, the thermoelectric power and thermodynamic properties of
various coexisting phase states of Li-Si alloy in LiClI-KCl eutectic melt were
experimentally determined, and the thermodynamic relations derived in chapter 2 and

chapter 3 are confirmed by experimental results of this alloy system.

4.2. Experimental

The experimental apparatus used is schematically illustrated in Fig. I-17. The
experiments were conducted in LiCI-KCl eutectic melt. The pretreatment of the
electrolyte salts and the atmosphere inside the cell were the same as those described in
chapter 2. A working electrode was a single crystal silicon plate (13 x 7x 0.5 mm, P
doped silicon, Nilaco Co., Ltd., 99.999 %) held in a nickel mesh cage {mesh size: 1 mm).

The reference and the counter electrodes were the same kinds as described in chapter 2.
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Fig.I-17. Schematic illustration of the experimental appratus: (A) Ar gas inlet, (B)
working electrode, (C) thermocouple, (D) Li*/Li electrode (nickel wire), (E)
counter electrode, (F) reference electrode, (G) Ar gas outlet, (H) pyrex holder, (I}
LiCI-KCl eutectic melt, (J) crucible, (K) nicke foil holder, and (L) furnace.
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A nickel wire was employed as an electrical lead for each electrode.

The electrochemical formation reaction of Li-Si alloy was investigated by using
a constant curmrent electrolysis and a potential sweep method at 713 K. The
electrochemically formed alloy electrodes were analyzed by using the powder x-ray
diffraction technique (XRD) in dry argon atmosphere. Thermodynamic properties of Li-
Si alloy in each. coexisting phase state were determined from emf measurements of the
isothermal cell (I-e) at 670~770 K;

(7) Li | LiCI-KCl| Li-Si (7) (I-e)
The lithium silicon alloy in each coexisting phase state was electrochemically prepared
by a constant curmrent electrolysis from pure silicon. The emf of the alloy was
determined by a rest potential which was observed after a current interruption.

The thermoelectric power of a Li-Si alloy electrode in each coexisting phase
state was determined from emf measurements of the nonisothermal cell (I-f);

(T) Li| LiCI-KCI | Li-Si (T+ AT) (I-f)
A temperature difference between the electrodes was established vertically by
controlling two electric heaters individually. The temperature of the Li-Al alloy and the
Li*/Li reference electrodes was kept constant at 713 K, while the temperature of the Li-
Si alloy working electrode was varied from 703~743 K. After setting a certain
temperature difference, the potential of the Li-Si alloy was measured in the same manner

as the emy measurements of the isothermal cell (I-¢).

4.3. Results and discussion

4.3.1. Electrochemical formation

A constant current electrolysis was carried out with a silicon electrode at 713

K. Figure I-18 shows a typical potential transient curve during the electrolysis (current
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Figl-18. Potential transient curve of a silicon electrode mn
LiCI-KCl eutectic melt at 713 K. Current density; 20 mA-cm™2,

density: -20 mA-cm™). Five clear potential plateaus a~e are observed. These potential
plateaus are attributed to the formation of various types of silicon alloy with lithium,
since they were not observed in a case of using nickel electrode which does not form any
alloys with lithium. For Li-Si alloy system, it is known that four intermetallic
compound phases, Lij;Sis, Li;Sis, LijzSis, LinSis, and a liquid phase exist at this
temperature, as shown in Fig I-19 [1, 2]. From the results of XRD analysis, it was

found that each electrode, which showed the potentials a~d, contained the Li,,Si, Li;Sis,
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Fig.I-19. Phase diagram of Li-Si alloy system according to Gkamoto [2].

Li;5514 and LiySis phases, respectively. This suggests that the formation of the Li;,Si,,
Li;Si5, Li;3Sis, LisySis and liquid phases occur at the potentials a~e, as represented by

the following reaction formulae (I-vi)~(I-x);

a l St + Ll+ +e - LLi]zSi-; . (I—Vl)
2 12
3 . . ke - 7 - - .
b ; 3 LijzSi+Li" +e —>‘ 1—3L17SI3 (I-vi1)
4 . . o - 3 « . A
c o LisSiz+Li" +e — ELI]gSlq (I-viii)
5 -« - a»f- - 4 . . .
d 3 LijaSig +Li" +e - i“ngzles (I-ix)

65



0.025

! ] |
0
o
=
3
&  -0.025 N
z
g
©  _0.050 ]
fus]
5
Q
-0.075 _ .
| d
-0.100 i ' !
0 0.2 0.4 0.6

Potential / V vs. Lit/Li

Fig J-20. Voltammogram of a silicon electrode in LiCI-KCI eutectic melt at
713 K. Scan rate; 0.01 mV-s7L.

e ; yLinpSis+Li"+e - lig.-phase I-x)*
In the reaction formula (J-x), the liq.-phase expresses the liquid Li-Si alloy at the
solubility limit. Though a single crystal silicon with (100) or (111) surface was used as a

starting material, no significant difference was observed on the potential behavior during

* Since the lithium concentration of the liquid phase in Li-Si alloy at the solubility limit depends on
temperature, the quantity of the Lix;Si;s phase needed to produce one mole of the lig.-phase by 1F of charge
varies with temperature. Therefore, the symbol “p” is introduced to designate the quantity of the L1,,51s phase
in the reaction formula (I-x). The value of y is 7.2 x 10~ mole at 713 K.
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the electrolysis.

A cathodic potential sweep with a silicon electrode was performed with a very
slow scan rate (0.01 mV-s™') at 713 K. The result is presented in Fig. 1-20. Five clear
cathodic current peaks a’~e’ are observed. The current peaks a’~e’ correspond to the
formation of the Li;»Si;, Li;Sis, Lij3Siy, LissSis and liquid phases, respectively. The
potentials for the formation of each phase in Li-Si alloy obtained by this method are in

good agreement with that observed during the constant current electrolysis.
4.3.2. Thermodynamic properties

The results for emf measurements of the isothermal cell (I-e) are presented in
Figs. I-21{A)}~(E). In the temperature range of 670~760 K, they are also represented by
the following relations;

Si+Li,Sis ; E=0.4383 (£0.0013) - 0.146 (x0.007)x 10%x T (I-59)

LipSiz+LisSis;  £=0.3855 (£0.0040) - 0.146 (x0.013)x 10°x T (I-60)

Li;Siys+Li3S1s ; £ =0.2783 (£0.0022) - 0.174 (£0.009) x 103x T (I-61)

LijsSis+LizsSis; £=0.1624 (£0.0044) - 0.165 (0.014)x 107 x T (1-62)

LinSistHig. ; E=-0.0113 (£0.0016) + 0.018 (£0.008)x 10° x T (I-63)
where E is emfin V and T is temperature in K. In Figs. I-21(A)~(E), the values measured
by Sharma et al. [3], Lai [4] and Nikolaiev et al. [5] are also shown for comparison. The
emf values for the two-phase (S%+Li12$i7), (Liy»Si;+Li,S13), (Li;Si3+Li3Sis) and
(LipSistHiq.) regions obtained in this work agree with those in the literature. For the
two-phase (Li 3Sig+LizSis) region, emf values in the literature are inconsistent with each
other. Our em/ values for this coexisting phase state are close to those by Lai, though
their results showed different temperature dependence from ours. With regard to
temperature dependence of the emf, the results obtained in this work are in agreement

with those by Sharma et al. for all coexisting phase states.
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Fig.1-21. Emf as a function of temperature in the isothermal ceil (I-e) with a Li-Si
alloy electrode in the coexisting phase state: (A) Si+Li;,Siq, (B) LijpSiy+LisSis,
(C) LiSiz+Li;3Sig, (D) Lij3SigtLisySiy and (E) LijySistliq.. The short-dashed |
line, the long-dashed line, and the dash-dotted line show the values obtained by
Sharma et al. [3], Lai et al. [4] and Nikolaiev et al. {5], respectively.
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These emf measurements under equilibrium conditions at various temperature
permitted us to calculate the thermodynamic properties of each coexisting phase in Li-Si

alloy: the activity a,, the relative partial molar free energy A(_}Ti, the relative partial -

molar entropy AS‘;, and the relative partial molar enthalpy AH, of component i,

AG,, = RTlna,, = -nFE » (1-64)
AGy =RTlnag = -RT| Ol—xi—d(maﬂ) (1-65)
LR
_  dAG
AS, = - (45) (1-66)
oT
- — 944G
AH =AG, + T(TT—) (1-67)

where F and R have their usual meanings, and x,; is lithium mole fraction in the alloy.
Thermodynamic properties of various coexisting phase states in Li-Si alloy at 713 K are

given in Table I-7.
4.3.3. Thermoelectric power

Typical experimental observations for the em/f of the nonisothermal cell (I-f)
are shown in Figs. [-222(AY{E). A linear relationship between the emyf and the
temperature difference was observed in each measurement. The gradient of the line
corresponds to the thermoelectric power. Measured thermoelectric power values of Li-
Si alloy electrodes in various two-phase regions are summarized in Table -8,

Equation (I-34) is valid to express the thermoelectric power of a Li-Si alloy
electrode as well as that of a Li-Al alloy electrode. That is, the thermoelectric power of a
Li-Si alloy electrode can be estimated from the values of the relative partial molar
entropy and the thermoelectric power of a Li*/Li electrode. The thermoelectric power of
a Li*/Li electrode in LiCI-KCI eutectic melt was measured to be --0.030(£0.013) mV-K'*

by Kamata et al. [6]. The values of relative partial molar entropy of lithium in the alloy
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Table I-7. Relative partial molar thermodynamic properties of coexisting phase states in Li-Si alloy at 713 K.

AGy; AHy; ASy ‘ AGyg; AHg; ASg;
Phase state aLi asi
kI'moil  kI'mol'l T-mol-l-K-} kI'mol-l  kJ-mol! Jmol-1-K!
,Si+LipySi;  43x103  -322 -42.3 -14.1 1.0 0.0 0.0

Li|,Si; +LisSi;  1.0x102 272 -37.2 141 23x100 g7 -8.7 0.0
Li;Si; +Lij3Siy  8.1x102  -14.9 -26.9 168 1.8x10% 373 -32.9 +6.3
Lij3Sis + Liy,Sis  48x101  -43 -15.7 159 56x100 717 -69.2 +3.5
Liy,Sis + lig. 98x 10l -0l +1.1 +1.7  25x107 900 1429 742
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Fig.I-22. Emf as a function of temperature in the nonisothermal cell (I-f) with a
Li-Si alloy electrode in the coexisting phase state: (A) Si+Li},Siq, (B) Lij,Sis+
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for the coexisting phase states in Li-Si alloys are given in Table I-7. The estimated
thermoelectric power values of Li-Si alloy electrodes in various coexisting phase states
are presented in Table I-8. The estimated values agree well with those obtained by
experiments within the experimental error given.

Let us consider the relation between thermoelectric power and lithium activity.
The relative partial molar entropy of lithium can be expressed by using lithium activity

as follows;

_ dllna,,
AS,, = -Rlna,; —RT% (1-68)

Combining eqs. (I-34) and (I-68), eq. (I-69) is obtained;

dlna,
52_(_%) =, -Elnau (1-69)

E,. +
Uedley = @ g7 F

Figure I-23 provides the values of {sﬂ_a,by +RT/Fxd(In au)/c?T} for various two-

phase regions in Li-Si alloy plotted against logarithm of lithium activity. A good linear

relationship is observed. The slope of the line accords well with the theoretical slope

Table 1-8. Measured and estimated thermoelectric power of Li-Si alloy
electrodes in coexisting phase states in LiCl-KC! eutectic melt.

Thermoelectric power / mV-K-1
Phase state

Measured value

Estimated value

Si + Li,Si,
Lij,Sis + Li-Si
Li;Siy + Li |55,
Li 5Si, + Li,,Sis

Li,,Sis + lig.

-0.121 (0.009)
+0.121 (0.006)
20,150 (0.011)
-0.126 (0.008)

+0.051 (0.015)
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Fig.l-23. Lithium activity dependence of {&;; nypp,, + RT/F X 0(lnay;)/dT} for
the coexisting phase states in Li-Si (@), Li-Al (O), and Li-Sn (X) [6] alloys.

expected from eq. (I-69). Equation (I-69) also holds for other Li-alloy electrode systems.
The values for Li-Al and Li-Sn [6, 7] alloy electrode systems are also shown in Fig. 1-23.
The values in these alloy electrode systems fit well with the line obtained in Li-Si alloy
electrode systems. According to eq. ([-69), the thermoelectric power of a Li*/Li
electrode can be estimated from the vertical value, when the line in Fig. I-23 is

extrapolated to the point a,; =1. It is evaluated to be +0.033(+0.013) mV-K~, which is

in good agreement with the experimental value by Kamata et al., +0.03 0(x0.013) mvV-K.™!

(6].
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4.3.4. Thermoelectric power of an alloy electrode in a solid-liquid coexisting

phase

According to eqs. (1-34) and (I-47), the thermoelectric power of a Li-Si alloy
electrode in the two-phase (LixSistliq.) region can be estimated from thermodynamic
properties of the single fiquid phase, the phase diagram data and the thermoelectric
power of a Li*/Li electrode. For the single liquid phase in Li-Si alloy, the subregular
solution model can be used to describe thermodynamic properties [2]. Then the relative
partial molar entropy of lithium can be expressed as eq. (I-58). The values of the lattice
stability parameter and the interaction parameters for the single liquid phase in Li-Si
alloy were given by Okamoto [2], and are F =0, A4,7=-53790 and Bi'=-40180. The
lithium concentration at the solubility limit of the single liquid phase in Li-Si alloy was
measured as a function of temperature by Fedorov et al. [9]. The dashed and the dash-
dotted lines in Fig. I-24(A) show the estimated thermoelectric power of the two-phase
(LiySistig.) alloy electrode by assuming the subregular solution and that by assuming
the ideal solution, respectively. In Fig, I-24(A), the experimental values is also given by
the solid line for comparison. Both estimated results by assuming the subregular
solution and those by assuming the ideal solution are in agreement with experimental
results.

The estimated curves in Fig. I-24(A) suggest that the thermoelectric power of a
Li-Si alloy electrode in the two-phase (Liy,Sistliq.) region increases slightly with
increasing temperature, whereas a constant value, +0.051(20.015) mV-K™', was
observed in experiments for the temperature range of 703~743 K. However, temperature
dependence of the thermoelectric power of this alloy phase is predicted to be very
small; +0.062~+0.080 mV-K! at 703~743 K in the case of assuming the subregular
solution. The experimental error in this study may include such small temperature

dependence,
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Fig.I-24. Thermoelectric power of a lithium alloy electrode in the solid-
liquid coexisting phase state: (A) Li-Si alloy and (B) Li-Al alloy. The dotted
line, the dash-dotted line, and the solid line show the values estimated by
assuming the subregular solution, those by assuming the ideal solution and

experimental data, respectively.
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The thermoelectric power of a Li-Al alloy electrode in the two-phase
(yLisAl,+liq.) region increases significantly with increasing temperature, as already
shown in chapter 2. The estimated thermoelectric power values of the two phase
(yLi;Al;#liq.) alloy electrode by assuming the subregular solution and those by
assuming the ideal solution are presented by the dashed and the dash-dotted lines in Fig.
I-24(B), respectively. The values of the interaction parameters in the subregular solution
model for the liquid Li-Al alloy are given in Table I-6 [9]. The calculated thermoelectric
power by assuming the subregular solution exhibits similar temperature dependence as
that observed in experiments. On the other hand, the calculated values by assuming the
ideal solution differs from the experimental data. In Iithium alloy systems, the
approximation by assuming the ideal solution is available only for very high lithium
concentration region [10, 11]. The lithium concentration at the solubility limit of the
liquid phase in Li-Al alloy is far from unity: 0.85~0.78 at 683~783 K [9], while that in
Li-Si alloy 1s close to unity:. 0.98~0.95 at 683~783 K [2]. This would be the reason why
the estimation by assuming the ideal solution is applicable to Li-Si alloy system but not

to Li-Al alloy system.
4.3.5. Single electrode Peltier heat

The single electrode Peltier heat for the cathodic reaction of a Li-alloy electrode,
e for the electrochemical formation of Li-alloy, can be evaluated from its
thermoelectric power according to eq. (I-35). Single electrode Peltier heats for
electrochemical formation reactions of various phases in Li-Si alloy in LiCI-K.CI eutectic
melt are shown in Table I-9. It is found that the electrochemical formation of the Li,Sis,
Li,Sis, Lij3Si4, LinSis phases, which are expressed by the reaction formulae (X-1x)~(I-ix),
are accompanied by heat evolution. On the other hand, heat is absorbed for the
electrochemical formation of liquid phase in Li-Si alloy, which is represented by the

reaction formula (I-x). Similar tendencies were observed in Li-Al alloy electrode system.

78



6L

Table I-9. Single electrode Peltier heats for the formation reactions of Li-Si alloys in LiCI-K.Cl eutectic melt.

Single electrode Peltier heat / I-C1

Temperature / K L - o . a1 o _— T
Si—Lij,Si;  LijySi; = Li;Si;  LiySiy = Li38iy  LijgSyy = LipySis  LipySig — lig.

650 -0.079 -0.079 -0.098 -0.082 +0.033

700 -0.085 -0.085 -0.105 -0.088 +0.036

750 -0.091 -0.091 -0.113 -0.095 +0,038



4.4. Conclusions

1. Single electrode Peltier heats for electrochemical formation reactions of various phases
in Li-Si alloy were evaluated from measured thermoelectric power values. It was found
out that the formation reactions of the LijsSiy, LizSis, LijsSis, LipSis phases are

accompanied by heat evolution, while that of liquid Li-Si alloy phase is accompanied by

heat absorption.

2. The estimation method of the thermoelectric power of a Li-alloy electrode, which was

offered in the chapter 2, was validated by the experimental results for coexisting phase

states in Li-Si alloy.

3. The thermoelectric power of the two-phase (LipSistHiq.) alloy electrode and that for
the two-phase (yLizAlytliq.) alloy electrode were estimated by assuming the liquid
phases as the subregular solution. The estimated results agrees well with the

experimental results in the values as well as in the temperature dependence.
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Chapter 5

Conclusions

The main results obtained in this work are summarized as follows;

1. The single electrode Peltier heats for the formation reactions of various phases in Li-
Al alloy and Li-Si alloy in LiCI-KCl eutectic melt were determined from thermoelectric
power measurements. In Li-Al alloy and Li-Si alloy systems, it was found that the
formation reactions of the solid phases are accompanied by heat evolution, while those

of the liquid phases are accompanied by heat absorption.

2. According to the theory of irreversible thermodynamics, it turned out that the
thermoelectric power of a Li-alloy electrode can be expressed by the sum of the relative
partial molar entropy of lithium in the alloy and the thermoelectric power of a Li*/Li
electrode. This relation was validated by experimental results of Li-Al alloy and Li-Si
alloy electrodes in coexisting phase state. Similar estimation would be applicable also to

the other alloy electrode systems.
3. The single electrode Peltier heat of a Li-Al alloy electrode was evaluated as a function

of lithium concentration. It was found that the single electrode Peltier heat of the alloy

electrode exhibits discontinuities at the phase boundary compositions.
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4. The relation between relative partial molar thermodynamic properties in a coexisting
phase state and those in its adjacent single phase state are theoretically discussed.
According to this relation, the changes of the single electrode Peltier heat at the phase
boundary compositions could be explained. Moreover, this relation was applied to
estimate the thermoelectric power of a Li-Al alloy and a Li-Si alloy electrodes in a solid-
liquid coexisting phase state from thermodynamic properties for the single liquid phase

state and phase diagram data. The estimated results were in good agreement with the

experimental results.

5. In the single BLiAl phase, the relative partial molar thermodynamic properties, thus
the single electrode Peltier heat, considerably depends on lithium concentration. The
lithium concentration dependence of the relative partial molar thermodynamic
properties néar the stoichiometric composition could be statistically interpreted in

terms of 1ts defect structure.
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Part 11

Proton and Native Conduction
in Smol% Sr-substituted LaPO,

Studied by Thermoelectric Power Measurements
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partial pressure, p, . From a fundamental point of view it is of interest to characterize

the conduction properties of HTPCs under various conditions, and from an applied
point of view one needs to determine the conditions for pure protonic conduction,
Different experimental techniques can be employed to reveal the conduction

mechanisms in HTPCs. Conductivity measurements versus p, (or p, ,)and p, may

give fundamental information on the defect structure, charge carrier types and
conduction mechanisms. H/D isotope effects in the conductivity are particularly
suitable for qualitative identification of protonic conduction [5]. Emf measurements on
concentration cell [4, 6] and faradaic transport experiments [7, 8] can be used to
determine protonic and other transport numbers. Thermoelectric power measurements
have also been employed in studies of mixed protonic, oxide ion, and electronic
conduction in oxides [9, 10], though the thermoelectric power of these materials have

not been quantitatively interpreted yet.

LaPOyq, in which La is partially substituted with a divalent metal (acceptor) has
been suggested as an interesting system for dissolution and transport of defect protons,
thus a candidate for a HTPC. Based on this, the total ac conductivity of LaPQ,
substituted with 5 mol% Ca or Sr has been investigated under oxidizing conditions as a
function. of temperature and water vapor partial pressure by Norby and Christiansen
[11]. They concluded that the conductivity is due to mainly protons at low temperature
and high water vapor partial pressures, supported by the presence of a H/D isotope
effect in this region. At higher temperature and/or drier conditions a native conduction
became predominant. In wet atmospheres the protonic conductivity was predominant
below 1073 K. The protonic conductivity increased with water vapor partial pressure
and was higher in the Sr-substituted than in the Ca-substituted sample.

Altﬁough it was assumed as a working hypothesis that the protons charge
compensates the acceptor dopants, there were details in the conductivity behavior that

did not confer with this model: The proton conductivity did not reach a plateau as a
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function of water vapor partial pressure, and the native (non-protonic) conductivity
contributions did not appear to vary with water vapor partial pressure so much. In this

respect, the present phosphate behaved differently from oxides.

In this work, a bar-shaped sample of 5 mol% Sr-substituted LaPO, fabricated
in parallel with the one used in conductivity measurements in ref. 11 is used for studies
of the thermoelectric power of this mixed, partially protonic conductor. By using the
theory of irreversible thermodynamics by Ferland et al. [12], theoretical expressions of
the thermoelectric power for a pure conductor by protons, by oxide ions, by electronic
defects, and for a mixed conductor by these three types of charge carrier species are
derived. The purpose of this work is to test the application of derived theoretical

expressions for thermoelectric power and to utilize the method for further

characterization of this and other materials’ conduction properties and defect structure.

2. Principles
2.1. Thermoelectric power

As a general case, the thermoelectric power of the cell (II-a) is discussed;
(Tl)Pt | HZO(szo), Oz(pOz)|Mixcd conductor | HZO(p,,zo), 02(p02)|Pt(T2)
(1I-a)
A homogenous gas mixture of oxygen, inert gas, and water vapor (with partial pressures

' pp, and p, ) is kept in the cell (II-a), while the two electrodes are at different

temperature 7; and 7, In the following we derive the theoretical expressions for
thermoelectric power using the theory of irreversible thermodynamics by Ferland et al.

[12]. In this derivation, only operationally defined variables are used, and single ion or
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electrochemical potentials, which are not operationally defined, are avoided contrary to
other derivation methods. We will first consider the thermoelectric power when the
electrolyte conducts one type of charge carrier only. We choose to do this in the three

cases of conduction by protons, by oxide ions, and by electronic defects. Thereafter, we

address cases of mixed conduction.
2.1.1. Pure protonic conductor

When the electrolyte conducts only protons and the electrodes are reversible to
protons, no chemical potential gradient of neutral components arises in the system. In
such a system, the dissipation function of the system, 70, is [12];

TO=-J,VInT - jV$™ ‘ (I1-1)
The fluxes are the measurable heat flux, J,, and the electric current density, j. The forces
are -VInT and the electric potential gradient of the cell (d-a), —-V¢**. The flux
equations of heat and charge are then accordingly;

J, ==L, VInT -1, Vg™ - (11-2)

j==LVInT -1, V¢ (1I-3)
where L;'s are phenomenological coefficients. When no net current is drawn (j=0), the
following expression for the cell emf can be obtained using eqs. (II-2) and (II-3) together

with the Onsagar reciprocal relation, L;=L;;

(\7915‘“"‘)1_o - -(%]vm T = —(%z-]vmi"

J vT 7zt
= - 4 _— ] —
( J )m‘.o r ( T )VT | {l-4)

The Peltier heat effect, (Jr‘/T), is obtained from the reversible heat balance at one

electrode [12]. The reversible heat changes are given by entropy changes and the

transported entropies. When the electrolyte is a pure protonic conductor, the half cell
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reactions are;

~,0(5)- 1(5)+ 5 0,(1)+ e (5) (i)
H'(5)+20,(5) +e () - 28,0(z) (1L-i)

The reversible entropy changes in the system are summarized in Table II-1. From Table
II-1, we have;

.TEL ]. 1 * .
—_']T = _ESHJO +ZSO' + SH* +SPr (H-S)

where S, , and S, are the partial molar entropies of water vapor and oxygen, and S;I.
and S,, are the transported entropies of protons in the electrolyte and of electrons in the

electrode. Equations (II-4) and (II-5) give the expression for the cell emf,

Table II-1. Reversible entropy changes at the left hand electrode region of
the nonisothermal cell (Il-a) for the transfer of one faraday positive charges

when the electrolyte is a pure protonic conductor.

Entropy received

/T the interface receives entropy from the heat reservoir.
1284 o the disapearance of 1/2 mole of water vapor liberates
2
entropy.

Entropy consumed

S}*{J, entropy transported by protons through the electrolyte away
from the interface.
S ;, entropy transported by electrons through the platinum
electrode away from the interface.
174 SO, the formaticnof 1/4 mole of oxygen consumes entropy.
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.

obs 1 1 A
(Vd? b )}-0 (2 Sy0 _ZSO' -8, -—SP,} vr (11-6)

If we assume constant heat capacity for gases, ¢,, over the considered temperature range,

the temperature dependence of the partial molar entropies of water vapor and oxygen

are;
0 pﬂzo T
Sino (T) Sﬂzo( ) Rln Cpt120 In— (11-7)
PH:.O L
0 Po, T
SOz (T) = SO: ('T ) Rln—5~ p.Oz In— (11_8)
pOz I;
For the transported entropies we have;
L] - T
5;(1)=5() + 7 - (11-9)

1

where 7 is the Thomson coefficient. By introducing eqs. (II-7)}-(I-9) into eq. (II-6), and

integrating from 7, to T, we obtain the practical expression of the thermoelectric

pOWEer;

(@,

j=0

111 R PH 1 R Po .
= — _S l' 20 —_— S 0 ___.1 -

1/1 1 —TP,)( T, T

_}-;“\ECPJHO - ZCP,OZ '_TH“ 1 _Zzz—,‘ln?z) (II-].O)
1

In the limit of small temperature differences we have lim (“A%hl IZ) =1, and then we
AT—0 1;

obtain;

(), -5l

= szG Poz

1)1 R Pumo 1 R Po . .
=F{£SEZO(TI)“; n;fo HZ-ng(Z)+zln-—g‘—~SH. (Tl)—Sn(];)} (I1-11)
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2.1.2. Pure oxide 1on conductor

When the electrolyte is a pure oxide ion conductor, the half cell reactions are;

S07(5) - 50,(5) + '(5) (nii
$0.(5)+ (1) - S0™(z) (1)

The thermoelectric power can be obtained in a similar way as for a pure protonic

conductor as follows;

() L[ 1o (), RuPa 1o (1) o _
(£) -+ 2@ Enl s )-5,(n) o)

‘where S, represents the transported entropy of oxide ions in the electrolyte.

2.1.3. Pure electronic conductor

In a cell with a pure electron or electron hole conductor, no electrochemical
reactions take place with the gases. The thermoelectric power is then expressed only by

transported entropy terms. The equation for a pure electron conductor is;

(%‘;’;)T - %{S;(I;)—S;,(I})} - (11-13)

, and that for a pure electron hole conductor is;

(&) -2-s@-sm) ar-14)

where S’ and S, express the transported entropies of electrons and of electron holes in

the electrolyte, respectively.
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2.1.4. Mixed conductor

For a conductor having conduction by protons, oxide ions, and electronic
defects, the assumption of no net current still can be applied and thus equation (II-4) is
still valid, if the electrodes are reversible and there is no condensation or dilution of
protons, oxide ions, and electronic defects in the electrolyte. The reversible entropy

changes in the system are summarized in Table II-2, and then the Peltier effect can be

Table II-2. Reversible entropy changes at the left hand electrode region of
the nonisothermal cell (I-a) for the transfer of one faraday positive charges

when the electrolyte is a mixed protonic, oxide ion and electronic conductor,

Entropy received

/T the interface receives entropy from the heat reservoir.
12 ty+ SH_,O the disapearance of 1/2 {;+ mole of water vapor liberates
entropy.

ty+S ; + entropy transported by /z+ mole of proton through the
electrolyte away from the interface.

I S; entropy transported by f, mole of electron hole through the
electrolyte away from the interface.

Entropy consumed
1/4 152 SO2 the formation of 1/4 {,2- mole of oxygen consumes entropy.

1/2 (02_ S;Z—
Y

¢ e

s
SP!

entropy transported by 1/2 /52. mole of oxide ion through
the electrolyte away from the interface,

entropy transported by f, mole of electron through the the
electrolyte away from the interface.

entropy transported by electrons through the platinum
electrode away from the interface.
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expressed as follows;

t {e 1 . . . R
‘]'T = _7 H,0 +ZSo, +tH'SH' "tol-Sol- 1,8, — 1S, + S, (II-15)

where £ is the transport number of charge carrier species i. In a similar way as for the
derivation of eq. (II-11), the expression of the thermoelectric power for a conductor
having conduction by protons, oxide ions, and elecironic defects can be derived as

follows, when the temperature difference between electrodes is small;

dE 11, t.R Pyo 1 R
(£) s Le ). Ryl

\E)AT-O.J'-D Fl2 2 P 4 o 1+4 sz
b 5y (@) 10850 ()5, () £5200) 5,05
(II-16)

Considering ¢,. +t,.- +1, +t =1, equation (II-16) can be rewritten as follows;

dE\  t,. |1 R Puo 1 R, Po, . .
() el - Sulie Lo () Tnt )5 )
T

\ar/, F 25 pp, 4 4" pd
- |1 R, Po _
ol i) En e 1))
b [ o . 1, f . :
+2{-5(5)- 80 + £{8(B) - 52 (5)} 1-17)

In the right hand side of eq. (II-17), the terms in the four braces are identical with the
thermoelectric power for a pure conductor by protons, oxide ions, electron holes, and
electrons in order. It is thus found that the thermoelectric power for 2 mixed conductor
can be written as a sum of the thermoelectric power of each charge carrier weighted with
their respective transport number. This corresponds to the so-called Chambers’ relation
found for mixed electron and electron hole conductors {13]. One should here note that

the transport numbers in eq. (I-17) are functions of p, and p,, as well as

temperature, although it is common to assume constant, average transport numbers over

the small temperature gradient used in thermoelectric measurements.
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2.2. Defect structures in Sr-substituted LaPOy,

The strontium ions are assumed to dissolve substifutionally for lanthanum in
LaPQ,, forming acceptor defects which in Kroger-Vink notation are termed 51;2 [11]
The effective negative charge of the acceptor substituents is compensated by effectively
positive defects. In oxides these would comprise oxygen vacancies, electron holes, and
protons (hydroxide ions). If ST°° can be incorporated, while the orthophosphate lattice
grows and remains fully occupied, these defects may also be expected in phosphates. In
phosphates we may have to consider oxygen deficiency in terms of defects of di-
(pyro-) or poly- (meta-) phosphate groups in the orthophosphate lattice. Like in many
oxides, electron holes may be regarded as O ions. Protons may be regarded as part of
hydroxide ions, OH", or biphosphate ions, HPO,”, but in the following we will refer to
them as interstitial protons, denoted as H;. For further simplification we will use
oxygen vacancies as a symbol of some kind of oxygen deficit (true vacancy, diphosphate,
metaphosphate}, i.e. some positive native point defects. We will disregard native cation
defects as well as defect electrons.

If the substitution of S©°* for La** is done by reacting the substituent La and Sr
orthophosphates there will be a permanent PO, deficit such that the main positive
compensating defects are phosphate vacancies. These can not be annihilated through
interaction with the atmosphere, but they can Passiﬁiy be filled with O andfor OH
ions in various consteflations.

If we express the defects in the phosphate in terms of simplified species like
oxygen vacancies, interstitial protons, and holes, these defects are in equilibrium

according to the following defect equilibria;

1 T 1 o . '

EOZ(g)+EVD *—*EOQ +h (T1-v)
B T S R |

K =[h ][Vo ] ? Po, (11-18)
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and

1 .1 .
EHzO(g)**h < H; +j4'02(g) (TE-vi)

) L

& =[] (0] puop (:-19)
where Kroger-Vink notation is used and K's are the equilibrium constants, assuming
ideal conditions (low concentrations and partial pressures). If we assume that electronic
defects are present in minor concentrations and disregard the possibility of phosphate
group vacancies, the electroneutrality condition can be approximated by;

2[vg ]+ [m;] - [se] (11-20)
which then resembles the situation found in many acceptor-doped oxides. The
concentration of each defect can be obtained from eqgs. (II-18)~(11-20) with knowledge of
the doping level and the values of the equilibrium constants. When the native positive

point defects, denoted as V, here, are dominant defects, the concentration of majority

and minority point defects can be expressed as eq. (-21)~(I1-23);

AAE %[SILJ 1-21)
. 12
[HE]=K2([§%“"]) (Pao) (11-22)
' 12
[h- ] =K, [S%Lﬂ}) (poz )”4 (11-23)
When protons are dominant defects, the concentrations of defects can be described as
follows;
5] =[sr,,] (I1-24)
. [Sr;_a- : -1
| Vo ]= ) (szO) (I1-25)
_ K,
. X, {STII_;, ] -1/2 1/ 4
b ] —K—") (pmo) (poz) (11-26)
2
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Figures II-1(A)and (B) show the defect concentrations versus p, , under constant p,,

and versus p,, under constant p, , for the two limiting electroneutrality conditions.
2.3. p,..and p, dependencies of thermoelectric power

Kjelstrup Ratkje and Tomii [14] found that the transported entropy of oxide

ions in yttria-stabilized zirconia (YSZ) does not depend on charge carrier concentration,

(A) B)

2AVE1=[Sg) 1 [E1=[Sr,)

|
g : LI ]
3 -1” ' .
&b i
a i ‘
- |
ho : }. /h.
1
, \ |
' 4
\
: \
H
i
I
tog(water vapor pressure) log(oxygen pressure)

FigII-1.  Schematic illustration of a possible defect situation in Sr-
substituted LaPO, as a function of (A) water vapor partial pressure and (B)
oxygen partial pressure. The concentration ratios are arbitrarily chosen for
illustrative purposes.
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while others have found certain variations [15]. If we assume that the transported
entropy of protons is independent of p, , and p, , eq. (I-11) predicts that a pure
protonic conductor will have a thermoelectric power with a slope of -R/2F when plotted
versus Inp,. , under constant p,, and aslope of R/4F when plotted versus In p, under

constant p, ,. Such distinctive pressure dependencies of the thermoelectric power can

be a guide to detect the condition for pure protonic conduction. Similarly, eq. (II-12)
predicts that a pure oxide ion conductor will have a thermoelectric power with a slope

of R/4F when plotted versus Inp, , while it will have a thermoelectric power
independent of p, ., if we assume the transported entropy of oxide ions is independent
of p,.,and p, .

The thermoelectric power of mixed conductors depends on the transport
numbers, as shown in eq. (II-17}. When the electrolyte conducts only protons and oxide

ions, i.e. when the conduction by electronic defects is negligible, the expression for the

thermoelectric power can be simplified by introducing the relation ¢, +z, =1, we

obtain;

() =%{_%ng(:rl)+§- i%——is;iz)—sﬁ:)}

t |1 R Pyo 1. .
+${58220(T1)—5 ;gf;soz.(n)—sﬂ.(z;)} (11-27)

In such a conductor, the concentration of protons and oxygen vacancies may be regarded
independent of p, as shown in Fig II-1(B), i.e. the proton transport number may be
regarded independent of p, . As a consequence, the thermoelectric power for a mixed
protonic and oxide ion conductor is then proportional to Inp, with a slope of RI4F at
constant p, , under the assumptions made. For mixed ionic electronic conductors,
transport numbers depend on both p, . and p, , and complicate the p, , and p,

dependencies of the thermoelectric power. According to these consideration,

99



thermoelectric power measurements versus p, can be used to evaluate the contribution

of the conduction by electronic defects to the total conductivity in a mixed conductor,

3. Experimental

The material examined in this work is 5 moi% Sr-substituted LaPQO, The
preparation of this material is as follows. 0.2 M solutions of La(NOs); and Si{NO3),
were mixed in the appropriate proportions, and then a 0.2 M solution of (NH,),HPO,
was added dropwise. The precipitation was calcined at 1073 K for 5 hours and was
grounded into a powder, The Sample were cold pressed in a steel tool with 1.5 t-cm™,
and was sintered at 1573 K for 5 hours to bar with approximate dimensions 2 x 6 x 35
mm. The samples used for thermoelectric power measurements was fabricated in
parallel with the one used in conductivity measurements in ref. 11. This makes it
possible to compare the results obtained in this work directly with the results in
conductivity measurements. It is not well known what content of phosphate relative to
the cations this preparation method leads to. However, the atomic ratio in the sample
after thermoelectric power measurements was estimated to be LaStP =
0.965:0.036:1.000 by the inductively coupled plasma (ICP) spectrometry. That is, the
sum of cation contents is approximately equal to P content in the material used. This
may suggest that phosphate vacancies are not present in considerable amount in this
material.

The thermoelectric power was determined from emf measurements of the

following nonisothermal cell (II-b) at the investigated temperatures;
(Tx)Pt I Hzo(Pmo)a 02(p02 ) | St - substituted LaPO, | Hzo(Pfho)’ O, (POI )l Pt(Tz)
(1I-b)

The experimental apparatus is illustrated in Fig. II-2. The cell was shielded by using an
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Fig.II-2. Schematic illustration of the cell used for thermoelectric power measurements; (A)
sample (5 mol% Sr-sbstututed LaPOQ,), (B) thermocouple (Pt-10%PtRh), (C) porous platinum
electrode, (D) electrical lead (platinum wire), (E) alumina tubes for gas inlet and outlet, (F) inner
heating element, (G) furnace, (H) silica tube, and (I} electrical shield.



earthed platinum foil to avoid electric noise from furnace. An extra heating element was
used to produce temperature differences over the electrolyte. The temperatures were
measured with two Pt/Pt10%Rh thermocouples placed on the electrodes. The furnace
and the inner heating element were controlled individually. The temperature of one
electrode was kept constant (reference temperature), while the temperature of the other
electrode was set at seven higher temperatures to obtain temperature difference in the
range of 0 K < AT < +30 K. The thermoelectric power was calculated from the linear
regression slope of the emf plotted versus AT

The partial pressures, p,, and p,, were the same at both electrodes,
maintained by flowing the gas mixture through the cell. The p, was varied from 0.4 to
100 kPa by using Ar-O, mixtures, air, and pure O, The p, , was varied from 0.2 to 6
kPa by bubbling the gas through saturated aqueous solutions of KBr, NaBr, MgCl,, LiCl
or LiBr, or distilled water at 298~308 K. The gas line to the cell was heated to avoid

water condensation. The values of p, , and p, were confirmed by humidity and YSZ

oXygen Sensors.

4. Results and discussion
4.1. Thermoelectric power

Typical experimental observations for the emf of the cell (II-b) as a function of
the temperature difference are shown in Fig. I-3. The linear relation between the emf
and the temperature difference was observed with a regression uncertainty of less than
£0.006 mV-K! for all measurements. The slope of the line corresponds to the
thermoelectric power of the cell (I-b) under given condition. The points on the lines

were obtained by first increasing and next reducing the temperature of the right hand
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FigII-3. Typical observation of the emf of the cell (II-b) as a function of
temperature difference in wet air at 873 K Pr,0= 5.3 kPa; solid circles;
increasing AT, open circles; decreasing AT: Pry0 =15 kPa; solid squares;
increasing AT, open squares; decreasing A7

side electrode. The fact that slopes stayed constant demonstrates the reversibility of the
phenomenon (no diffusion or thermal diffusion), and also no deterioration of the
material.

4.2, Identification of charge carrier species

The thermoelectric power of the cell (II-b) in wet air as a function of p,, at

873~1173 K are shown in Figs. II-4(A)~(D). A linear relation is observed for 1 kPa <
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FigIl-4. Thermoelectric power of the cell (II-b) as a function of water vapor
partial pressure in wet air at (A) 873 K, (B) 973 K, (C) 1073 K and (D) 1173 K.
The solid lines show the theoretical slope given by eq. (II-11). The doshed lines
represent the calculated values by using eqgs. (-28) and (1I-31).
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Do <6 kPaat 873 K and for 3 kPa < p,, <6 kPaat 973 K. The slopes of the lines

are in good agreement with the theoretical slope -R/2F given by eq. (II-11) for a pure
protonic conductor. It is thus concluded that the proton transport number in the
electrolyte in wet air is unity above these water vapor partial pressures at 873 and 973

K. Deviations from the theoretical slope are observed for p,, <1 kPa at 873 K and
Do <3 kPaat 973 K. This suggests that the conduction by other charge carrier species

becomes significant below these water vapor partial pressures. At 1073 and 1173 K, the

thermoelectric power does not show the theoretical p, , dependency in the range of
Pu,o investigated. The thermoelectric power decreases with decreasing p, , and this

tendency becomes stronger at 1173 K than at 1073 K. This indicates that the material
exhibits mixed protonic conduction and that the conduction by other charge carrier
species than protons becomes more significant as temperature increases,

The p, dependence of the thermoelectric power for p, , =4.3 kPaat 873 K,
Dyo =43 kPaand 1.5kPaat 973 K, p,, =43 kPaat 1073 K, and p, , =0.26 kPaat
1173 K are shown in Figs. II-5(A)~(D). At p,, =4.3 kPaand 873 K, and at py, , =4.3
kPaand 973 K, the thermoelectric power varies linearly with In p,, in the range of p,,

used. The slope of the lines is R/4F, which is in agreement with the theoretical slope

predicted by eq. (II-11). These result support the conclusion obtained from p,

dependence of the thermoelectric power that the proton transport number in Sr-

substituted LaPOy, is unity abovea p, , of 1 kPa at 873 K and above a p, , of 3 kPa at
973 K. At pyo =1.5kPaand 973 K, and at p,, =4.3 kPaand 973 and 1073 K, when
the theoretical py,, dependency was not observed in Figs. II-4(B) and (C), we also see
deviations from the theoretical p, dependency in Figs. I-5(B) and (C). In Figs. II-5(B)
and (C), the theoretical relation (slope of R/4F) is observed below a p, of

approximately 10 kPa, while at higher oxygen partial pressure the results deviate

slightly from the theoretical dependency. As mentioned in the theoretical section, such
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Fig.II-5. Thermoelectric power of the cell (II-b) as a function of oxygen
partial pressure for (A) Pr,0 =43 kPa at 873 K (O), B) py,o = 4.3 kPa
(O) and Py,0= 1.5 kPa (@) at 973 K, (C) Pp,0=43 kPa at 1073 K and
(D) Py,0 = 0.26 kPa at 1173 K ([3). The solid lines show the theoretical
slope predicted by eq. (II-11). The dashed lines present the calculated values
by using eq. (I-28) and (I1-31).
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deviation from the theoretical p, dependency is expected only when the contribution

of the conduction by electronic defects to total conductivity becomes significant. The

deviations from the theoretical slopes become larger as p,, , decreases in wet air, and as
Do, increases. These results indicate that a contribution by electron hole conduction
becomes more significant, as this would increase the more p, , decreases and p,
increases according to the defect model proposed. For p,, = 0.26 kPaat 1173 K, the
theoretical p, dependency for a pure protonic conductor is not observed at all in the
p,, range investigated, and the thermoelectric power decreases with increasing p,, (Fig.
1I-5(13)).

The proton transport number in Sr-substituted LaPO, can be approximately

estimated to be unity at 873 K, 0.96 at 973 K, 0.90 at 1073 K, and 0.73 at 1173 K for

Do, =21 kPaand p,, = 2.5 kPa from conductivity data by Norby and Christiansen

[11], where the authors also suggested a contribution from electronic hole conduction by

comparing the conductivities under different p, conditions. The obtained information

on partial conductivities in Sr-substituted LaPQ, from this work agrees well with the

conclusions obtained in ref. 11.
4.3. Transported entropies

The thermoelectric power assigned to protons at high p, , ,low p, , and low
temperature can be introduced into eq. (I-11). By eliminating the known constants, the
transported entropy of protons, S; ., can be obtained. The value for the entropy of
water vapor and oxygen gas was taken from JANAF [16], and the value for the
transported entropy of electrons in platinum electrode was obtained from the results by
Moore and Graves [17]. Figure II-6 gives the transported entropy of protons as a

function of temperature. The transported entropy of protons is calculated to be 1131
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J-mol 'K at 873 K, 11222 Jmol’ K" at 973 K, and 11242 J'mol "K' at 1073 K. The
magnitude of the transported entropy of protons is surprisingly large. It compares well
with thermodynamic entropies of large molecules. A similar value was obtained,
however, for a very different material, a proton conducting ion exchange membrane [18].

If we assume that the electrolyte conducts only protons and electron holes, the

thermoelectric power can be expressed as eq. (II-28) by introducing z,. +#, =1 into eq.

(II-17),

(i@) =fﬂ; l _E szo_l 0 .ili Po, - .
\dTT F ZS:?izO(Ii) zinpgzo 4S1(7;)+4 pgz SH'(I;)'*‘S;.(];)

+%{S,: (1) +s3,(1)} (11-28)

As discussed in the previous section, the main charge carrier species in 5 mol% Sr-

substituted LaPO, at low p, ,, high p, , and high temperature are believed to be

protons and electron holes. Ass;unﬁng that 5 mol% Sr-substituted LaPO, conducts only
protons and electron holes in mixed conduction conditions, the transported entropy of
electron holes can then be estimated from eq. (II-28) and the thermoelectric power data
for mixed conduction conditions, if the proton transport number and the transported
entropy of protons are known. When the transport number estimated from conductivity
measurements is employed, the transported entropy of electron holes is calculated to be
approximately 90 I'mol™K™! at 973 and 1073 K.

Howard and Lidiard [19] have pfoposed that the transported entropy of ions

can be expressed as a sum of the partial molar entropy, 5”, , and the heat of transport of
ions, q,.;
s [N giL
g =Sy * T (11-29)

The heat of transport is a term related to thermal diffusion [12]. Although there exists a
question whether such an expression of the transported entropy as eq. (II-29) is really

possible (see appendix A for details), eq. (I-29) is conventionally used to interpret thé

108



transported entropy. Ahlgren has applied this equation to interpret thermoelectric
power of high temperature protonic conductors [9, 10] as well as that of oxide ion
conductors [15]. From this point forward in this section, we discuss what conclusions
we can obtain, if the conventional interpretaion of the transported entropy expressed by
eq. (II-29) is applied to our system. The partial molar entropy of protons in the
electrolyte may include configurational and vibrational parts similarly as partial molar
entropies of neutral component. The configurational part may be expressed by
S

i (conpy = RN C where c,. is the site occupancy of protons in the electrolyte [15,

20, 21]. If we assume that the vibrational part is negligibly small and c,. is constant at
moderate temperatures and under wet conditions, a plot of Sr;,. vs. I/T yields q;]. as
well as c,,.. Our experimental results gives .g,. = 7kJ'mol™ and c,. =3x 10°in the
temperature range of 873~1073 K. In LaPQOy,, protons can have three almost equivalent
sites on each oxygen pointing towards nearest neighbors within the PO,* octahedron.
Thus a sample with nominally 5 mol% of Sr will have a site occupancy of protons of
~0.004, if it has 5 mol% of protons. The value for ¢ . estimated from the thermoelectric
power is considerably small and is only 1/1000 of this.

Similarly, in order to interpret the transported entropy of electronic defects in
small polaron hopping conductor, the equation proposed by Heikes has been frequently
used [22];

s =R1nﬁ—(1;c”—) ‘s (11-30)
Cy

where 8 is a factor due to spin and orbital degeneracy, ¢, is the fraction of hopping sites
occupied by charge carriers that are free to take part in the conduction, and s is
interpreted as the vibrational entropy associated with the ions surrounding a polaron
[23]. Normally, the term S is treated to be one and the term s is negligibly small [24, 25].
Then the value for ¢, could be estimated from the transported entropy of holes, and is

estimated to be 2 x 107 for 5 mol% Sr-substituted LaPO, at 973~1073 K.

109



The estimated values for ¢, and q;,,, can not be verified experimentally. The
¢, can be found by using other experimental methods, but is yet known. One should

also note that eqs. (II-29) and (II-30) themselves can not be verified by experiments (see
appendix A). Further theoretical as well as experimental investigations will be needed to

clarify the relation between transported entropy and defect structures.

4.4. p,, and p, dependencies of the thermoelectric power under mixed

conduction conditions

As a simple case of mixed conductors, let us here consider the thermoelectric
power for an acceptor doped material which conducts only protons and electron holes.
that the 5 mol% Sr-substituted LaPO,4 conducts only protons and electron holes. From
eqs. (I-22) and (If-23) or eqs..(-24) and (II-26), the transport number of protens in

such a conductor can be expressed,

—_ 1 -
tH- - 1+ A(pﬁzo )—1/2 (poz )1/4 (H 3 1)

K[ 2 .
(5)e)

il

where

In eq. (II-32) u,,. and u, are the mobilities for protons and electron holes. At a constant
temperature, the equilibrium constants and the mobilities, thus the term A, can be
regarded to be constant. By combining eq. (II-31) with (II-28), the p,, and p,
dependencies of the thermoelectric power can be computed, if the values for S;,. .S,

and A are known,
The dashed lines in Figs. 4 (B)~(D) and 5 (B)~(D) represent the computed

thermoelectric power at 973~1173 K, when we assume S,. =112 J'mol"K™, S, = 90

Jmol"K™'. The value of the term A at each temperature was estimated from
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conductivity data [11]. The transported entropies of protons and electron holes may
depend on their concentration, thuson p,, and p, , as expected from the theories of
the transported entropy proposed by Howard and Lidiard for ionic conductors and by
Heikes for electronic conductors [15, 19, 22]. However, constant values for the
transported entropies were assumed for the calculation, because the validity of these

theories has not been confirmed yet and because such p, , and p, dependencies ofthe

transported entropies anyhow give only small differences in the calculated results in the
narrow partial pressure ranges investigated. All computed curves qualitatively
reproduce the shape of the p,, and p, dependencies as well as the values of the
thermoelectric power. These results suggest the conclusions regarding the charge carrier

species and the proposed defect structure in Sr-substituted LaPQOy, are reasonable.

5. Conclusions

1. The theoretical expressions of the thermoelectric power for materials conducting
protons, oxide ions, and electronic defects were derived. It was found that
thermoelectric power of HTPCs exhibits distinctive p,, and p, dependencies
according to conduction conditions.

2. Based on above theoretical consideration, thermoelectric power measurements were
applied to investigate conduction in Sr-substituted LaPO,. It was found that the proton
transport number in Sr-substituted LaPO, can be regarded as unity when p,, > 1 kPa

at 873 K and p,, > 3 kPaat 973 K in wet air. This is in agreement with earlier findings

by conductivity measurements: the material is a protonic conductor at moderate
temperature.

3. Deviations in p, and p,, dependencies of the thermoelectric power at high

temperature, high p, , and low py, , indicate that electron holes becomes significant
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charge carriers in these conditions. The contribution of the electron hole conduction to

the total conductivity becomes significant with temperature increases, p, increases,

and p,, decreases.

4. p,, and p,, dependencies of the thermoelectric power in the mixed conduction

conditions were computed based on the propesed defect model and the conclusion
regarding charge carrier species obtained above. The computed results were in good
agreement with the experimental results. This implies that the conclusion regarding the
charge carrier species and the proposed defect structure in Sr-substituted LaPOy are
reasonable.

5. The transported entropy of protons in Sr-substituted LaPO,4 was almost independent
of temperature, and was calculated to be 112+2 J'mol ™K™' at 873~1073 K. The

transported entropy of electron holes was 90 J-mol ™K.
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General conclusions

In this thesis, single electrode Peltier heat of an alloy electrode and conduction
properties in a mixed conductor were investigated by thermoelectric power
measurements. The results were mainly discussed by means of irreversible

thermodynamics.

In chapter 2 of part I, the single electrode Peltier heats for formation reactions
of various phases in Li-Al alloy in LiCI-KCl eutectic melt were determined. The

formation reactions of the BLiAl and the yLi;Al, phases were found to be exothermic,
while the formation reactions of the liquid phase from the BLiAl phase and that from the
yLi;Al, phase were found to be endothermic. The relation between thermoelectric power

and thermodynamic properties of the alloy was theoretically established. It was found
that the thermoelectric power of a Li-alloy electrode can be expressed as a sum of the
relative partial molar entropy of lithium in the alloy and the thermoelectric power of a
Li*/Li alloy electrode. Experimental results of the thermoelectric power- and the
thermodynamic properties of Li-Al alloy system validated this relation.

In chapter 3 of part L, the effect of the phase change on the single electrode
Peltier heat of an alloy electrode was discussed. The single electrode Peltier heat of a Li-
Al alloy electrode was estimated as a function of the lithium concentration. The single
electrode Peltier heat of a Li-Al alloy in single phase states considerably depends on the
alloy composition, while that in coexisting phase states is independent of the alioy

composition. It turned out that the single electrode Peltier heat of a Li-Al alloy electrode
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exhibits discontinuities on the coexisting-single phase boundary compositions. The
change of the single electrode Peltier heat on the phase boundary composition was
discussed thermodynamically, and could be related to thermodynamic properties in the
single phase and phase diagram data. According to this relation, the changes of the single
electrode Peltier heat on the phase boundaries in Li-Al alloy system were estimated. The

estimated results were in good agreement with experimental values.

In chapter 4 of part I, the single electrode Peltier heats for formation reactions
of various phases in Li-Si alloy in LiCI-KCl eutectic melt were elucidated. The formation
reactions of the Li,,Si;, LisSi5, Lij3Siy and Liy,Sis phases were found to be exothermic,
while the formation reaction of the liquid phase was found to be endothermic. The
thermodynamic relations derived in chapters 2 and 3 were confirmed by using
experimental results of thermoelectric power and thermodynamic properties of Li-Si
alloy system.

Li-Al and Li-Si alloys are considered to be used as a negative electrode in
lithium-based batteries. The single electrode Peltier heat obtained in this work can
directly contribute to the heat analysis in such batteries. Furthermore, the knowledge on
thermoelectric power obtained in this work would be available to not only lithium alloys

but also other alloys.

In part II of this thesis, thermoelectric power measurements were applied to
investigate conduction conditions in Sr-substituted LaPQ,, which is a mixed, partially
protonic conductor. The theoretical expressions of the thermoelectric power for
materials conducting protons, oxide ions and electronic defects were derived. The
derived expressions predict that the thermoelectric power of a high temperature protonic

conductor exhibits distinctive p, , and p, dependencies according to conduction

conditions. The experimental results for Sr-substituted LaPQ, were interpreted in terms
of protonic and electron hole conduction. The conditions where the proton transport

number is regarded as unity were determined. Finally, Pino 20d p,. dependencies of the
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thermoelectric power in mixed conduction conditions were computed based on the
proposed defect structures. The computed results fairly reproduced the experimental
results, which suggested that the obtained conclusion on conduction conditions and
defect structures are reasonable. It was shown that thermoelectric power measurements
can be one of useful experimental techniques for investigating electrochemical properties

of mixed conductors.

The main results obtained in this investigation have been or will be published in

scientific journals as follows;

1. K. Amezawa, M. Osug, Y. Tomii, and Y. Ito, “The Effect of Phase Change of Li-Al
Alloy Electrode on Thermoelectric Power in LiCI-K.CI Eutectic System.”, Denki Kagalku,
61, 736 (1993).

(chapter 2 in part I)

2. K. Amezawa, Y. Tomii, and Y. Ito, “The Single Electrode Peltier Heats of Li-Al
Alloy Electrodes in LiCl-KCl Eutectic System.” | J. Electrochem. Soc., 141, 3096
(1994). |

(chapter 2 in part I)

3. K. Amezawa, N. Yamamoto, Y. Tomii, and Y. Ito, “Thermodynamic Properties and
Single Electrode Peltier Heats of Li-Al Alloy in LiCI-KCI Eutectic Melt.”, J
FElectrochem. Soc., to be published.

(chapters 2 and 3 in part I)
4. K. Amezawa, N. Yamamoto, Y. Tomii, and Y. Ito, “Single Electrode Peltier Heats of

Li-Si Alloy Electrodes in LiCI-KCI Eutectic Melt.”, J. Electrochem. Soc., 145, 1986
(1998) .
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Appendix A

Transported entropy and thermodynamic entropy

As already described in chapter 2 of part I, a transported entropy is a
transport property and is not a thermodynamic property. However, this does not mean
that the transported entropy is independent of thermodynamic entropies of
components. In this section, the relations between transported entropies and
thermodynamic entropies are presented. The relation between transported entropies and
thermodynamic entropies is first derived based on the theory of irreversible
thermodynamics by Ferland et al. [1~3], in which only neutral chemical species are
considered as thermodynamic components. We will see that quantities used in this
derivation method are defined on the operational level. Thereafter, the derived relation is
compared with the relations obtained by conventional derivation methods [4~7], and
thermodynamic importance of the quantities used in conventional derivation methods

are discussed.

The system discussed in this section is the nonisothermal cell (I-a). The flux
equations are expressed as eqs. (I-7)~(I-9). When there exists no pressure gradient in the
system, eq. (I-11) is still valid. The flux equations are then rewritten as follows;

Vi

Jo=-L,VInT -1, — LV ™ (A-1)

BY
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v
Ju = ~LyVInT - L,—tHT [ vt (A-2)

Xax

Vidyr

J=-L,VInT - L, - L33V¢°b: (A-3)

BY
From eqs. (A-1)~(A-3) together with the Onsager reciprocal relation (see eq. (I-10)), the

transference coefficient of the component AX and the Peltier heat are related to

phenomenological coefficients as follows;

. L, L,
Ly =lg = (J’i\ = =2 (A-4)
J jv,;-o,vr 0 L33 L33
e (ﬁ) Ly Ly (A-5)
.] V=0, VT a0 1'33 1'33
From eq. (A-3), we have for j=0;,
\%
V™ = iVln T - Ly Ylwr (A-6)
3 3 Xax

By introducing eq. (A-6) into egs. (A-1) and (A-2), we have for j=0;

v
J, =<} VInT -1, —4L (A7)
X gy
v
Ty =l VInT =1, AT (A-8)
X gy

where the coefficient /, is called an electrode independent phenomenological coefficient,

and is related to phenomenoclogical coefficients as follows;

L
by =L, ‘% ' (A-9)
3

Considering the Onsager reciprocal relation (see eq. (I-10)), we have the following
relation between electrode independent phenomenological coefficients;

L=l (A-10)

if J
In a system consisting a mixture of two or more electrolyte components with a
temperature gradient, there may be a mass flux leading to a partial separation of the

electrolyte. When there is no mixing by convection, the separation process continues
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until the thermal force is balanced by the chemical force, i.e. stationary state. The
stationary state is the situation where there is no mass transfer, i.e. J, =0. From egs.
(A-7), (A-8) and (A-10), we have the following relation between the gradients in
chemical potential and temperature at the stationary state;

v ) / J
(ﬂ) =-(A)v1nr=—(‘—2)v1n7’=-(—i—) VinT
xBX T IZZ 122 JAX j=0, VT =t

(A-11)

In eq. (A-11), the term (Jq 1 J ) is the heat transported by diffusion at constant

j =0, T w0
temperature, and corresponds the heat of transport, ¢ . Equation (A-11) then provides;

Vie, .
(M) - g'VInT (A-12)

X
by j=0, 4 ¢ =0

By introducing eqs. (A-4), {(A-5) and {(A-12) into eq. (A-6), we obtain;

(wab:) =(_;ﬂ +{B,q‘)vln1’" = (—E?s +rB.-c;—')VT (A-13)

jm0. 2 gy =0

Since the phenomenological coefficients in eqs. (A-1)~(A-3) are independent of the
forces, the Peltier heat at the stationary state is also given by eq. (I-22). Equation (A-

13) is then rewritten as follows;

obs = = — . . q ‘
(\7915 )j_wM_O =(SA S F Sy 1S =1 S TJVT (A-14)

A ”

Equation (A-14) shows that the heat of transport contributes to the emf of the
nonisothermal cell (I-a) at the stationary state. The emf at the stationary state is thus
different from that at the initial state.

At stationary state, the mass flux is equal to zero, J, =0. That is, the
migration of A" away from the left hand side electrode must be balanced by the
diffusion of A*. A similar balance must be achieved for B*. The entropy changes at the
electrode-electrolyte interface are then the same as those caused by the transport of one

mole of A" away from the interface in the nonisothermal cell;
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A q? -5 (A-15)

Rearranging eq. (A-15) and remembering that /,. +1,. =1, we obtain;

*

e
Sy =Sy =S = Su v (A-16)

All terms in eq. (A-16) are independent of the forces, eq. (A-16) is valid whether we
have stationary state or not. Equation (A-16) means that the difference between the
transported entropiés is different from the difference between the thermodynamic
entropies of components and that the transported entropies are related to the

interchange of positions of the charge carriers.

From eq. (A-14), the expression of the thermoelectric power for the

nonisothermal cell (I-a) at the stationary state, £, , can be obtained;

p e . ‘ : ‘
. = F(S" 1y Syl Sy =18~ 1,8 1, q?) (A-17)

€
Introducing eq. (A-16) into eq. (A-17), the expression of the thermoelectric power at the

stationary state, &, , can be simplified,

ci = (5, - 550) (A-18)

Similarly, from egs. (A-16) and (I-23), the thermoelectric power at the initial state,

€, .. » Can be expressed;

1{ = , q"
€M e =E(S_4 —SA. +IB. ?) (A-19)

Equations (A-16), (A-18) and (A-19) tells us that the transported entropies of ions and

the heat of transport can be determined independently by experiments.

In the literature, the transported entropy of ions is conventionally expressed as

the sum of the partial molar entropy of ions and the heat of transport of ions [4~7];
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SA' TPy +T' (A-20)

s, =5, + 2 (A-21)
T

S, =S, + % (A-22)

The partial molar entropies of ions may be related to the thermodynamic entropy of

neutral component as follows;

(A-23)

N 1

S, +58,. =

S

bJDjI

8 =S : (A-24)
Considering the relation between the fluxes of AX and BX, 1e, eq. (I-3), the heat of
transport in the electrolyte may be split into its ionic contributions, i.e. the heats of

transport of ions, q;. and q;.;

7 =4, ~ - (A-25)
If we use the relations shown by egs. (A-23)~(A-25), eqs. (A-20)~(A-22) vyield eq. (A-
16). That is, equations (A-20)~(A-22) give a similar interpretation on the transported
entropy as eq. {A-16) does: the transported entropy of ions is related to not only
thermodynamic entropy change in the electrolyte but also the heat of transport.

However, the expressions of the transported entropy of ions given by egs. (A-
20)~(A-22) fundamentally have a question whether such expressions using the partial
molar entropy of ions and the heat of transport of ions have any physical realities or
not. The partial molar entropy is defined as follows;

5 (is) (A-26)

TR

But when i and ;j are ions, this operation can not be done in reality because of the
electroneutrality principle. That is, the entropy of ions is an undefined and
unmeasurable quantity in terms of physical realities. They therefore do not have any

physical significance and are rather considered as mathematical devices. For the heat of
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transport in a system containing two electrolyte components, it is not possible to

experimentally distinguish between the heats of transport of ions, q;. and gq,., and

there is only one measurable heat of transport, g , because the fluxes of AX and BX
depend on each other. From these consideration, we can conclude that the expression of

the transported entropy such as eqs. (A-201(A-22) does not have any physical

realities.

In the first half of this section, we have seen that the thermoelectric phenomena
can be well described without introducing individual ionic thermodynamic properties.
Thermoelectric power of the nonisothermal cell (I-a) at the initial and the stationary
states can be expressed by eqs. (I-23) and (A-17) or egqs. (A-19) and (A-18),
respectively. The relation between the transported entropies and thermodynamic
entropies is given by eq. (A-16). These expressions can give similar understandings of
the system as those obtained in conventional methods do, while using only quantities

which are well defined and measurable.

124



References

(1]

[2]
[3]

(4]

K. S. Ferland, T. Ferland, and S. K. Ratkje, [rreversible Thermodynamics;
Theory and Application, 2nd repr., Wiley, Chichester (1994).

S. K. Ratkje and Y. Tomii, J. Electrochem. Soc., 140, 59 (1993).

A. Grimstvedt, S. K. Ratkje, and T. Ferland, J. Electrochem. Soc., 141, 1236
(1994).

R. E. Howard and A. B. Lidiard, Disc. Faraday Soc., 23, 113 (1957).

J. N. Agar, Advances in Electrochemistry and Electrochemical Engineering, 3,
ed. by P. Delahay, Interscience Publ., New York (1963).

R. Haase, Thermodynamics of Irreversible Processes, Addison-Wesley (1969).
E. O. Ahlgren and F. W. Poulsen, Solid State Ionics, 70/71, 528 (1995).

125



Nomenclature

A, Interaction parameter of component A in i phase (J-mol™)
a, Activity of component A (—)
B, Interaction parameter of component A in i phase (J-mol™)
Cp.i Heat capacity of gas i (Jmol K™")
o Site occupancy (—)
E Electric force (V)
F Faraday constant (96487 C-mol™")
l F, Lattice stability parameter of component A in i phase
(Jrmol™)
AG, Relative partial molar free energy of component A (J-mol™)
AH, Relative partial molar enthalpy (J-mol™)
I Current density (A-m™)
Ji Mass flux of component i (J'm2s™)
Jy Heat flux (J-m?*s™)
j Current density (mol-m™s™)
K Equilibrium constant
Lj Phenomenological coefficient
I Electrode independent phenomenological coefficient
¥4 half distance between electrodes (m)
)2 Partial pressure of gas / (Pa)
0 Single electrode heat (J-C™)
q Heat of transport for electrolyte (J'mol™)
q; Heat of transport of charge carrier / (J'mol™)
R Universal gas constant (8.314 J'mol K1)

Molar entropy of i (J-mol™ K™)
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Greek symbols

94

B
£
¢
¢Ob:
n

“1’, s

Partial molar entropy of component i (J-mol™ K1)
Transported entropy of charge carrier / (JmolK ™)
Relative partial molar entropy of component i (J-mol K1)
Vibrational entropy associated with the ions surrounding a
polaron (J-mol™K™)

Temperature (K)

Transference coefficient of component i (—)

Transport number of charge carrier / (—)

Molar fraction of component i (—)

Vacancy concentration (—)

Intrinsic disorder parameter (—)

Degeneracy factor (—)

Thermoelectric power (V-K™)

Electric potential (J-mol™)

Observed electric potential (J-mol™)

Overpotential (V)

Chemical potential of component i at constant temperature
(Jmol™h)

Single electrode Peltier heat (J-C!)

Electrical resistivity (S m)

Entropy production per unit volume and unit time
(Jm3stK

Thomson coefficient of charge carrier i (J-mol K™

Concentration deviation from stoichiometry (—)
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