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Abstract

Nonequilibrium thermodynamics for surfaces is used to obtain general formulae for elec-
trochemical cells. This theory gives boundary conditions for all thermodynamic variables
at surfaces, enabling us to integrate the electric field across the electrode surface. Half cell
potentials are obtained by integration half way through the cell. The electrode surface
is seen as a two-dimensional, polarized, electroneutral, and open thermodynamic syvstem.
The electric potential jump across the surface gives significant contributions to the cell
emf compared to the electrolyte contribution to the cell emf. The theory reduces to
the classical emf values for certain conditions, and imposes conditions on experimental
designs and interpretations.

Keywords: surface contribution, nonisothermal electrode concentration cells.

1. Introduction

We have recently used the theorv of nonequilibrium thermodynamics for

surte | I. We have
predicied serature jumps [2] and formulated new equations for overpo-
tentials | ected single electrodes. We have analvzed

conditions at the anode and cathode in the aluminium electrolysis |
These cases all concern cells 1 operation, e.g., cells with a sizable current
density, 7. We shall now see in more detail how the em/ measurement can
be described and understood in terms of nonequilibrium thermodynamics

for surfaces and bulk materials.
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A simple example 1s used to bring out the features of the theory: a cell
with sodium amalgam electrodes and the ceramic material NasO-6A1503,
28 . : ; . . . .

7" -alumina, as electrolyte. In common notation this is given by:

Na(Hg) | 3" — alumina | Na(Hg). (1)

Sodium is dissolved in mercury, in different amounts on the two sides. The
temperatures of the two sides are also different. A negligible positive current
is passing from left to right in the cell during the emf measurement; here
carried by Na™ in 3”-alumina. The emf (in Volts) of the concentration cell
(1) is, at constant temperature, according to classical thermodynamics:

1 . .
Ap = ~E(Lt§a - B3 )

—
N

where ., is the chemical potentlal of Na (in J mol™!), F is Faraday's
constant, and superscripts ¢ and ¢ indicate cathode and anode, respectively.
The thermoelectric power of the same cell is, for small AT = Tc — T and
CONSTant fin,:

; P - E3 . * - 1Y 1C _ @ {2
Here SI! is the entropy of Na in the metal. 5 and SZ . are the transported
Na Na™ k3
entropies in the metal and the ceramic mateual. respectively, and T is the
temperature. In this context we alm to answer the following questions:

where do the contributions to the cell emf come from. how do they vary

o Iy

and what are thelr likely magnitud The exact solution for potc?nrial and
temperature profiles will be given for j = 0 when we have stati '
conditions in the cell.

Knowledge of energy changes during reversible transformation of chem-

(=1

l

ical to electric energy gives a basis for understanding the electrochemical cell

e

in operation. Our long range aim Is to understand how energy

changes can
be made efficient, that is without more entropy production than necessary.

in cells in operation, i.e., when 7 # 0. As premises for the derivation we use

that the cell is everywhere electroneutral, and that the surface polar
s constant in time.

On this background we derive first the emf contributions from the
bulk materials, and next the (significant} contributions from the electrode
surfaces. The potential differences across the surfaces of the elecirodes are

given a completely new meaning through this analy The general ex-

pression for emf defines the conditions for the emf experiment and show
relations between different properties of the cell. A strict new expression

can be given for evaluation of cell emfs for large temperature gradients.
Nonequilibrium thermodynamics for surfaces [1] assumes that the sur-
face is capable of storing so much energy and/or matter that one may define
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the surface as a separate system in the thermodynamic sense. This was
already done by GIBBS [5]; see BOCKRIS and KHAN for a recent reference
in electrochemistry [6]. Hence, we can have temperatures and chemical po-
tentials at the surface which are different from those of the bulk materials

if the sy ystem 1s not in equilibrium. A cell notation which illustrates this is:

Na(Hg)|*"|3"-alumina |*°|Na(Hg). (¢

- ’J-_,

The separate. open thermodynamic systems defined by the anode and cath-
ode metal| electrolyte interfaces are given the notation |°“| and |*|.
Sodium is consumed in the anode surface according to

Na —— Na™ + e~ (5

In the cathode surface, sodium is produced by the reverse of reaction (3).
The density of Hg is expected to drop to zero faster than that of Na, because
3"-alumina prefers the presence of Na. There is an excess of Na in the surface
relative to the equimolar surface of mercury, see Fig. 1. The extension of the
surface is given by the polarized Na. The surface thickness, d, is thus the
distance between Na™ on the electrolyte side of the surface and the electron
(its lmage charge) on the metal side of the surface. The surface thickness
is naturally of molecular order. This means that the electrode surface is
two-dimensional on a macroscopic length scale.

=iy
o
I
’D
o
jon
D

The cell is divided into five open subsystems when the sur
separated from the remaining parts in this manner. The five subsystmgs.
coupled in series. are the bulk anode {m,a}. the anode surface (s, a). the

bulk electrolvte (e}, the cathode surface (s,¢) and the bulk cathode (m.cj.
The surface thickness 4. is usually one or a few nanometers. The electrode

and electrolyte have thicknesses in the cm range. The emf of the cell. A¢,

is then composed of five parts:

nd Ag®C while the

The surface potential jumps are denoted by Ag™ an '

other potential differences refer to the extension (_" the metal anode. of
the electrolyte and of the metal cathode, respectively. According to the
nonequilibrium theory of surfaces, we may have jumps in the nem} erature

to the surface and across the surface. The cell emf is measured between the

temperatures, 77 and 7799,

We aim to give the functional relationships between A¢ and the gra-
dients in temperature and chemical potential across the cell. These rela-
tionships are derived from the entropy production rates. or the dissipation
functions for each part of the cell.
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Hg

Na

e

Fig. 1. The concentration variation of Hg and Na across the anode surface, and
the equimolar surface of Hg between Na (Hg) and 3”-alumina

2. Dissipation Functions
The dissipation function TO, determines the ﬁuxeq and forces of the cell (see

de GROOT and Mazur [7]. Ch. XIIL °q. 169 Fm Lho two bulk electrodes.
the most convenient form of the dissi

’ 7 [”f )~
Tm Om . ]m a’T ]n_l i Na - JA 07/ 7
s O Na or Jx S
Here —dT /da is the ccm'uﬂ‘ate force of the absolute entropy flux The
/ J P

sodium diffusion fux and sodium flow. has
/dr and the electric current has as the conjugate

absolute mass flux. J', which is

the conjugate force —(//1’"7,

force the electric field, —dy/de. The dissipation function, T°©°, for the
bulk electrolyte is:

The dissipation function for a surface is found in terms of excesses of the
various densities in the layer of thickness 4. Gradients are integrated across
§, so all forces are therefore given as differences between the larger and
smaller z-values of the variables. The expression for the anode surface is [2.
3]

T(l @(l — _“.]‘:TLUAT”I.(I . ]f X T( N3 . ,]f,’;i‘u A/JT{I R Av . ‘9)



SURFACE CONTRIBUTIONS 129

The driving forces for J[™% and Ji® are —AT"™% and —AT®?, respectively,
where AT™® = T%%_T™@ is the difference between the surface temperature
and the temperature close to the surface on the metal side, and AT®? =
T¢% —T*%% is the difference between the temperature close to the surface on
the electrolyte side and the surface temperature. The mass flux, Ju, . is

finite out of the metal, with the conjugate force —Apuny” = —(uxy — pxg ).
The electric force at the surface is —Ap®?.
For the cathode the variables are defined similarly [2, 3]:
TCO = —JIVCAT™C — JECATS — JLEAuG" — jAQSE. (10)

We have chosen the same positive direction for the forces for both electrodes,
so there is a sign shift in the forces of Eq. (10) compaxed to those of Eq (9),
giving AT™¢ = T™C _ T5¢ AT = T3¢ - T¢° Apu® = pued’ — s

Na *

3. The Cell EMF
3.1. The emf Contributions from the Bulk of the Electrodes

The flux equations for the bulk metal are according to Eq. (7):

,dT diixa dy
J' = LN — L}, —— —~ L7 —/—, 11
© S dr Hodx e Ly
dT ditx dy
JT_” — LTTI _ LT" Na LTU ___'_. 12
e dx BB dr HE dy (12)
: m dT m dpixa m 47 /
= —L.,—~ L, — L = 13
J 7 da H dy Y7 dx (13)

The transference coefficient of Na, ¢, is defined by:

o m

mo <]\~> _ Lu” (14)

tNa T . Lm : ’
o J dT/de=0, dyx,/dx=0 g

Electrons conduct charge in the bulk of the electrode. After Na is produced
in the cathode surface. it flows into the Hg. at a rate proportional to the
electric current. This leads to ¢ (in mol ¢!

1
i

Lmo
tNa —

:
<t

1
F .
m

The Peltier coefficient of the metal, ", is defined by [7, 8):

Jn L7,
7 =T < > = T—ff— (16)
7 dT/dv=0. duxn, /de=0 I‘;;
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This Peltier coefficient (given in Volts) is given by the reversible heat trans-
ported by the electrons and the Na flow

. 1

M= T(5._ + 5;2_)?. (17)
The transported entropy of the electrons, 5;_, is small. The contribution to
the cell emf from the anode is obtained by integrating Eq. (13) for j = 0. We
integrate from the contact point of the potentiometer 7% to T™¢ and pws
to pay®. The chemical potentials have been given the same superscripts as
their corresponding temperature. By introducing Egs. (14)-(17) we obtain
for the anode:

FA}Qm.a - _S:~(Tr71,cz _ To,a‘)
(18)

m.am,a m,*. 0 0.a m,a 0.,
) 'aT * 4 S 7% —

\ Na ;:u.\Ia — Hna )
Onsager’s reciprocal relations, L7 = LT were applied. In the cathode
3 I L] ij
metal phase we have accordingly:

FA;”Z.C - "‘S;— (TO,C . Tﬂl,C)

(19)

M,%,C o, m.cm,c o,c m,c
_SNa r~ +S\a Tt - (N.\' — HxNa ).

In the case of pure sodium metal, the entropy term will cancel out the
chemical potential term and we are left with the small contribution from the
-transported entropy of the electrons. The potential profile in the electrodes
will then be essentially flat.

3.2. The emf Contribution from the Flectrolyte

The flux equations from the dissipation function {8) are next written for
2l .
3" -alumina:

dT dis

J¢ = ~L¢ — — L[° —, {20)

i ** da 5 de 2Y)
[T (e

jo= L8, (21)
¥ dr Y dx

The phenomenological coefficients for the electrolyte have supersecript e. The
Peltier coefficient for the electrolyte, =, is defined hy:

Je Ie.
75:T<‘> =T22 (22)
I dT ) dw=0 Li:




SURFACE CONTRIBUTIONS 131

The Peltier coefficient is given by the temperature times the entropy trans-
ported by Na™ away from the surface:
. 1 5
Nzt 'f . (-‘3)
We integrate Eq. (21) for j &~ 0, from the temperature at the anode side, T%¢,
to the temperature at the cathode side, 7%° using Eq. (22) and Onsager’s
reciprocal relation. The result is the

contribution to the emf from the electrolyte:

=TS

FAQ® = =S5 T9 + SULT°. (24)

The transported entropy in Eq. (24) is positive. The electric potential con-
o o , o 3l :

tribution to the emf from the transport of Na™ through 8"-alumina from

a low temperature 7% to a high temperature T is then negative from

Eq. (24).
3.8. The emf Contribution from the Anode Surface
There are four independent fluxes at each electrode surface, according to

the dissipation functions. For the anode, the flux equations from Fg. (9)
are:

ma a m.a a e.a _ ra ma _ ra . 8a 9x

']s - I‘mm T - I‘nr' T I‘mu A:“;\‘a Lm “AY (" )

ea a TN, a €. a m.(l 7@ A .S.a DY

]a - Lun T - I‘LC AT - Lc,u Nz I’EJ‘AT’ : (“6)

m,a _ a m.a a €.a a m.a a S.a i

JUC = L8 AT™ LY AT - L!,#_\pk — L8 AT (2T)

j — Lzm AT La&g;kf("u Lu A ”7‘;0 - Ltl L\T:Q,a (23)

th Ape®® is the contribution that we are seeking. The interpretations

"~ the phenomenologl al coefficients, Lf;. for the surface follow those of
the bulk coefficients [6]. Their dimensionality is the dimensionality of the
corresponding bulk coefficient divided by m. The transference coefficient for

=)
Na is defined by:
opmma m,a
,Ta ]\‘ Luv fan
- = 29
Ine = - = Tma- (29)
\~ J AT;‘HJ::A'TA,.’___O -A,U b

m, e Lo
The definition of ‘\. differs from that of

both definitions, but the conditions for the coefficient determination vary,
as indicated by the subscripts of definitions (14) and (29). Nevertheless the
value of the transference coefficient, is the same as for the bulk metal:

t . The bulk flux of sodium enters

Jma
INe =

z (30)
F’ :



132 5. KJELSTRUP et al.

The Peltier coefficients of the surface are defined by:

a
a _ Te,a ‘J;.’a - Te .a I’E (31)
J /) aTse=aTme=0, Apl =0 L%,
and
(I g
ﬂ_m,a — Tm,u .>A - Tm,a my ) (32)
7 ATm8=ATz=.a=0, Au;’;ava =9 Lg;

These Peltier coefficients have the values:

1
7 Tm a(Se + gga)f (33)
and .
=TS, IR (34)

9:

The contribution to the cell emf from the anode surface is now, from Fg. (28)
for 7 = 0, using Fgs. (29-34):

,\_m.a 7.6.(1
Ap®?® = — AT AT — A,
Tﬂl,(l Té.u
Fi&gs,a — _(5:_ “+ ;?13,0)(1—,5,(1 _ Tm,a«) _ 5 ,(TE a s.a) _ (ﬂif - #.7\7'1;(1’).
(35)

This equation shows that thermal and chemical equilibrium between the

surface and the bulk materials give zero surface potential for j ~ 0. as
expected.

5

2.4. The emf Contribution from the Cathode Surface
The fux equations for this surface have the same form as those for the
anode. The transference coefficient for sodium is defined by:

mL,e o\ m.c
Lm.e ]\v LNY‘ T
InNe = : = e (36
\ J A']‘::L.C:_\Y‘r,c:()’ Ap ) FE

Sodium does not conduct charge into the electrode, but flows into the elec-
trode, at a rate proportional to the current density. so the transference
coefficient of Na equals:

|-

The Peltier coefficients of the cathode are:

Tm,f Tm s 5 - 57" f‘/ ,
F
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and
1
c RE,C o F,C

= T | S\. [

Na F

The same expressions for the transport coefficients are obtained for both
surfaces. The electric potential contribution from the cathode surface is
accordingly:

(39)

/ 3,C 7rm*C / m,c ﬁe‘c ; e.,C ,T7IC 77lC
Ap™ = _Tmc'('\T T TecAT' — tna D ’

(40)
FA;‘;’S‘C - —(S;_ + m, c) pe Ts,c) _ 5i:~ (Tsfc _ Te,c) _ (#;;7C _ /Ji:‘)

Expressions (35) and (-‘10) for the surface contributions to the emf are valid
in stationary state or not.

3.5. The Total emf of the Cell

The five separate contributions to the cell emnf have now been identified and
discussed. It remains to combine them.

FAp = —(p3y = i3 = (s = pdd) = S (T9° = T2 4+ 754 = 17

(41)

m, u + 771 A rmG,a m.C 0,0 = TLC s, . £,C RS *.0 8.a

—Sxa na L Na L S T ST+ 5,170
This 1s th: general expression for the csz in the stationary as well as in the

non-stationary case.

) can be reduced to classical expressions for the emf when the

chemical potential (n' Na in the surface is known. The present cell has a fixed

electrolyte, the Na7-conductor #7-alumina. At a given oxygen pressure,
the electrolyte is uniquely detined

L}l(‘ \LHTH( e state OI \d i contact with

through the equilibrium:

1
= 2Naf{l) + —0s{g). {42}
; 52l 22
This cqulhmn im was recently discussed by NAFE [10] in relation to the
stability of #"-alumina as an ion conductor. The electrolyte, as well

ha\'e no compositional degrees of freedom (at a given oxygen
sure) according to this equilibrium. We may therefore anywhere in the
o?unolxw take out a cross-section of the material and obtain the same
surface state for adsorbed Na in equilibrium with the ceramic material. It 1s
likely that a temperature difference has a negligible influence on the different
surface states over a certain temperature interval. This leads to the relation:

s.a o € &, 490
Hra = Hxg ™ He e (23]
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When the oxygen pressure is changed. a new chemical potential of Na results.
It 1s not likely that this condition changes, when the electric current density
through the system is small. (The presence of a large electric current may.
however, alter the value of the chemical potential in the surface. This was
one of our assumptions for the derivation of the overpotential of an electrode
surface [3].) With this condition we see that Eq. (41) reduces to Eq. {2) in an
isothermal cell. Eq. (3) is obtained in the absence of temperature jumps at
the electrode surfaces, when T%% = T%° but with a temperature difference
between the electrode surfaces.

Our cell potential is obtained by integrating the electric fleld of Maxwell’s
equations across the electrode, electrode surface and part of the electrolyte
[1]. It is as such uniquely defined. The results shown for the simple case
chosen here can of course be generalized. Concepts like inner and outer
potentials [9] are not needed for the calculation of the electric field given by
the Maxwell equations, which are the basis of our derivation [1. 7}

3.6. Half Cell Potentials

Classical electrochemistry uses the half cell potential for electrochemical
tables. Eq. (41) contains variables which are suitable for a division into half
cell potentials. The half cell potential of our cell, is first determined by
dividing the emf contribution of the electrolyte into two parts, separated
by the temperature Th. We then define:

- }‘ ’.’, ) .
A;‘:-—A;"“—;—;&;’” (44)

vith
(49

and
(46

Fq. (44) gives the cell emf as the right hand side potential minus the left

hand side potential. as is common in electrochemistry. By adding the po-
tential contributions from o to h, we have the anode half cell potential.

/ [ — ;o m,a ; s.a h.a . ;0. 8

FAL " = =F(Ag™" + A" + A7) = =lpd, — s

¥

LT M= A emo,a | T s,
SSI(TO - T - ST 4 ST

The cathode half cell potential is similarly:

F;’lp(‘ = F(A;m.c + A;‘:S‘(r + A'Jh,:r) -
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SSI(TOC = T5¢) — SIUOTOC 4 ST - ST, T 4 ST The

’ Na™
Eqgs. (47) and (48) represent reduction potentials according to Fg¢. (44). Half
cell potentials can, according to this procedure, be computed accurately. For
a critical analysis of the concepts of absolute electrode potentials we refer
to REISS [9] and references therein.

4. Numerical Calculations and Results

Transport coetficients of the bulk materials and of the surfaces are needed
to do the calculations described above. While the transport coefficients for
the bulk materials were obtained from the literature (for data, see below},
the surface coefficients must be guessed. The coefficients of the surface
are given per unit surface area. They deviate from the coefficients for the
bulk materials if they deviate from the bulk value divided by the surface
thickness.

One way to circumvent the guess of the diffusion coefficient from the
metal to the surface is to assign a value for the chemical potential of Na in
the surface. We have chosen:

#m,( , m,c
LN 5.C Na 7 FNe . .
Hxa = HNa ™ 5 : (49)

We have this freedom because the surface chemical potentials do not affect
the emf and the temperature profiles in the present case. In the metal. the
chemical potential is given by:

/11” = ;1&’:2 + RT In (1'\': {50}

O,

. . . ; N o,m .
where u is the standard chemical potential {at 1 bar) and ay, is the

sodium activity. The data compiled by NAFE {10} indicate that the sodium
activity is smaller than one for 3”-alumina in air for a range of temperatures
when sodium is in the liquid state. This means that the assumption given by
Eq. (49} probably overestimates the value of the surface chemical potential.

1e difference between the sodium chemical
potential at the surface and in the bulk of the electrode 1s large. and that
our values, though qualitative, sii i

I give a realistic illustration of the

these jumps.
The following model was used for the surface heat conductivities:

/\:»,1:':' I \':»\il'l»;. {‘.)1)

The relative conductivity factor & was taken to be unity in the first case.
This means that the surface behaves as the adjacent bulk phase. In the
second and third case. the surface conductivities were multiplied by k=1077
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and k=1077, respectively. The second choice was motivated by excess co-
efficients from earlier work [4]. The electric resistance of the surface is not
needed for emf calculations (the current density is zero). The cross coupling
coefficients Ime. e and I, for the surfaces were always neglected in the
calculations.

We took the temperature in the cathode constant. The temperature
profile was otherwise allowed to change according to the flux equations (11)-
{13), (20), (21) and (25)-(28). This situation can be compared to the case
where heat is flowing from a thermostatted cathode and cathode surface,
through the electrolyte to the anode. The energy flux through the cell
leads to a variation in the temperature of the surfaces and their adjacent
temperatures. We used the surface thickness é = 1 nm. and an energy flux
Je=—10%1J m~2 571,

The thermal conductivities of Na and of 3"-alumina were taken from
Janaf and V. Sharivker, 78 and 2.3 J s7! K™! m, respectively. When T°%=
433 K and {T9° — T'*?%) is 140 K, the emf is equal to 29.40 mV [11]. The
Thomson coefficient is unknown for Na™ transport, and was mostly set equal
to the heat capacity of Na, 4.3 J K~! mol™! {JaNaF).

!
=

-

Table 1. Effect of heat storage at the anode surface on emf contributions — deter-
mination of transported entropy.
The surface heat conductivity relative to the bulk heat conductivity is &
for both sides of the anode surface. the emf is 29.40 mV, T9° — T%% =
140 K. 7 = ¢y na. The electrodes are pure sodium.

Set k Electrolyvte Surfaces
contribution | contribution
mV mV
1 1 —78.06 107.45
2 107° —77.53 106.93
3 ] - 1.12 30.52

Backup effects of heat at the anode surface on the emj contributions
were first lnvestigated, see Table 1. Such backup meay take place when the

surface has a large excess resistance to heat conduction (bad material con-

tactj. The temperature profile across the cell and the transported entropy.

*

|95}

5.+ and the contributions to the emf were calculated, for b = 1, 1077 and

107Y, see Figs. 2. $ and Table 1. Fig. 2 gives a typical profile for data set
2, while Frg. 5 is a close-up of the temperature profile in the anode for setrs
1-3 (see Table I).

Further calculations were performed to see whether the Thomson co-
efficient (the derivative of the transported entropy with respect to the tem-
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perature), could be obtained from the functional relationship between the
emf and (T%°—T%°). The emf contributions were not sensitive to doubling
the value of the Thomson coefficient and the transported entropy changed
from 54.13 to 54.21 J K™ mol™! upon this change. This 1s small compared
to experimental uncertainties.

Mercury was introduced into the sodium electrodes to change the ac-
tivity of sodium in the electrodes. A small contribution to the emf from
the Soret effect in the metal, between 0.006 and 0.010 mV, resulted. Also,
we found that introduction of mercury into the electrode lowers the entropy
and increases the contributions from the electrode to the emf.

5. Discussion

The numerical results, which show the new method at work, will be discussed
first. After this we shall compare our method to classical nonequilibrium
thermodynamics methods, and comment the new theoretical insights.

5.1. Numerical Results

The results of the investigation of heat storage in the anode are shown in
Table 1 and in Figs. 2 and 3. The temperature gradient across the electrolyte
is always linear. In the anode bulk. the temperature is (nearly) constant
because of the high conductivity of the metal. The temperature jumps at
the surface are negligible for k& = 1 as expected. They remain insignificant
for k= 107", For k = 1077 a large jump is seen. This means that surface
coefficients which have excess values of the order of 107> are not able to
give substantial excess heat in the surface. We have chosen k =107>, which
s probably more realistic. for the further calculations.

The chemical potential difference of the metals between the two sides
is due to the different temperatures (the entropic contribution). and, as
the model Eq. (49) prescribes, the difference is divided equally between the
surfaces. The electric potential profile varies across the cell according to the
temperature profile and the changes in the chemical potentials. The electric
potential profile is thus linear in the electrolvte. (nearly) constant in the
metal and has jumps at the surfaces. see Fig. 2. The chemical potential
differences between the surfaces and the electrodes give the main part of
the electric potential jump across the surfaces. The numerical results for
the electric potential profile are as expected; the Soret effect gives a small
contribution, changes in the activity of the bulk electrodes alter the surface

contributions.

Table 1 also shows that the determination of S . is not sensitive to

the temperature profile across the electrolvte. This is so because the Peltier
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Fig. 2. Numerical results for cell temperature, chemical potential of Na and electric

potential with data from Table I
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coefficients for the bulk materials and the surface are always the same. The
temperatures 7%° and T%% are normally measured inside the electrodes of
the cell. as close to the interface as possible [11]. We see that the position
is not critical when 57 . is not sensitive to the temperature profile.

The change obtained in S7_; by changing the Thomson coefficient is
well within the experimental uncertainties. As a consequence, a seemingly
linear relationship between Ay¢ and (T%° — T%?) does not contain accurate
information about the Thomson coefficient, at least for the temperatures
chosen here. A straight line observed when the emf is plotted against AT,
up to AT as large as maybe 100 I, can be explained by these features.

In order to use Eq. (3) as a simplification of Fq. (41) we found that it is
imperative that the entropies are evaluated at the mean temperature of the
cell, however. AGAR [13], and KEUNING and KETELAAR [14] recommended
that AT should not be too large, so that Ao /AT can be related to the mean
temperature of the cell. With our expression (41). there are no limitations
on the magnitude of the experimental temperature difference that is used.
Empirical fits, used so far for thermoelectric powers, can be replaced by

Eq. (41).

5.2. FElectric Potential Jumps at the Electrode Surface

The central point in this work has been to show, by a theoretical method
of analysis which is new in electrochemistry [2] - [4], that a more general
expression for the electric potential of a cell is obtainable This expression
contains jumps in the electric potential at the electrode surfaces. mainly
because there is a difference in the chemical potentials of 'the reactant at
the surface and in the bulk of the electrode. We are building heavily on

1 de GroOT and MAazUR [7 in our analys
two elements to their presentation: the surface as a separate

the groundbreaking work of
and addin

thermod 1 its own intensive variables, and the choice of

neutral components { parate discussion below).

The pommz(l jumps are given for a sunple cell, (1), but similar jumps
are present across all electrode surfaces. In addition to the chemical poten-
tial jumps. there are also temperature jumps. ulthouql- of minor significance
in an emf experiment (see Fig. 5 for kb = 107 The meaning of the jump
in the variables is that the surface and the ad‘]acem bulk materials are not
in chemical or thermal equilibrium. The lack of equilibrium between the
phases also means that we have a local driving force for the electrochemical
face is new.
has no net

reaction {5). This postulation of a local driving force in the sur

The classical nonequilibrium thermodynamic theory ‘
driving force for transport across the surface. The classical th ory uses elec-
trochemical equilibrium across the surface. For both electrodes. we have 7]

Agpinas = =FA . (52)
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Fig. 3. The temperatures 7™, T%% and T¢* close to and in the anode surface
I
for data sets 1-3, Table 1.

where A refers to a difference in bulk values across the surface. Eq. (52) says
that the chemical potential difference of sodium ion is balanced by a jump

in the electrostatic potential across the surface. The temperature is taken

e a e < fanetion across the sirfae (52} neelects the surf: .
as a continuous function across the surface. Eyq. (52) neglects the surface as
a thermodynamic system and assumes interface equilibrium. In Eo (41) we

have a surface which is not in equilibrium with the bulk electrolvte. The
electrostatic potential difference 1s an equilibrium charge distribution across
the junction, while our potential difference originates in the lack of equi-
librium between the surface and the bulk metal. Equilibrium between the
electrolyte and the surface was assumed in the special case treated here,
see Fg. (52). but in general there may also be a lack of equilibrium be-
tween the surface and the electrolvie. The classical approach allocates one
temperature to the surface reglon, while our method may result wn three
different temperatures in the same region. In spite of these seemingly differ-
sumptions, our expression (41) reduces to the cla
It is also common in theories of thermoelectricity to distinguish between

ical resul

ent basic as

and bulk or

interface contributions {so-called heterogeneous contributions)
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homogeneous contributions. a description which dates back to HOWARD and
1i1DIARD [15]. Both such heterogeneous and homogeneous contributions are
derived from a condition of zero net force as in Eq. (52).

The addition of the surface as a separate thermodynamic system offers
a tool for the analysis of reversible and irreversible terms in the cell potential
in greater detail than before. In the present analysis, we addressed reversible
terms only. In previous works [2] - [4], we found that the overpotential
of an electrode contained the pmaently discussed reversible cell potential
contributions. in addition to irreversible terms. In these works we identified
the electric potential jump at the surface, —A "¢, with the overpotential.
n®. Within the context of an emf experiment. it is not appropriate to
use the term overpotential for the surface potential contributions, since the
overpotential traditionally has been linked to a loss of energy, a dissipative
process. We have therefore not used the name overpotential here.

5.5. The Choice of Components

One advantage of using a number of neutral components according to the
phase rule in the description is that a mimimum representation is obtained
which immediately shows the number of independent measurements to be
made. It allows for a clear distinction between the thermodynamic level
and the level of modeiling molecular mechanisms in which all ions are cru-
cial. The operational approach is independent of which charged species are
really prese

bt

1. which may not be known. The minimum representation is
mnh(’rmoze convenient because it greatly reduces the number of Ousager

oo .
COETCIents.,

6. Conclusion

Nonequilibrium thermodynamics theory for surfaces has been further devel-
oped for electrochemical cells by this work. The theos

. which extends classi-
cal irreversible thermodyunamics, gives boundary conditions for the electrode
surface, which makes it possible to find a unique solution for the electric fleld
of Maxwell's equations for the electrochemical cell. Central variables of the
theory were defined for practical apphcamons. .\umerlcal examples were
used to show that the more detailed theory gives new information, even for
the very simple case chosen. The theory shows how to produce and inter-
pret experimental results more accurately. This means that the new theory
should be helpful in experimental design and understanding.
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