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sor to monitor the glucose concentration in the body for
the treatment of diabetes mellitus.
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ABSTRACT

Nonequilibrium thermodynamics for surfaces has been applied to the electrode surfaces of an electrochemical cell. It
is shown that the temperature of the surface differs from that of the adjacent electrolyte and electrode, and that a tem-
perature jump exists across the surface. Mathematical expressions are derived for the temperature profiles of two cells at
steady-state conditions. Methods for estimating transport coefficients for the coupled transport processes at the electrode
surface are discussed. Possible numerical results for the temperature profile, the overpotential, and the dissipated ener-
gy are reported. The results reflect the relative importance of heat conductivities, electric conductivities, and the Peltier
coefficients for the electrode surface phenomena in combination with bulk properties. Significant temperature jumps may
occur at normal electrolysis conditions io to io A m2, and for temperature jump coefficients which are smaller than io
J s K m2. The overpotential may have contributions from the Peltier coefficients for the surface larger than the ohmic
contribution. The method of analysis gives new information useful for heat control of electrochemical cells, electrode
kinetic studies, and interpretation of overpotentials.

Infrocluction
The energy dissipated as heat in a process is equal to the

entropy production rate per unit volume, a, times the tem-
perature, T The dissipated energy can be regarded as lost
work. Its value is therefore a measure of the efficiency of
the energy conversion process. In a reversible process the
lost work is zero. The dissipated energy of an electrochem-
ical cell can be separated into the dissipation in the bulk
materials and the dissipation at the electrode surfaces. The
electrode surfaces are important, because they are sites for
the electrode reactions and overpotentials. Chemical reac-
tion kinetics depends on the temperature. This is one

* Electrochemical Society Active Member.

reason why it is important to have access to the surface
temperature. We show here that a temperature jump exists
across the surface, or that the surface temperature is
in principle different from the temperature of the
surroundings.

It is customary to calculate the dissipated energy at the
surface from the product of the overpotential and the elec-
tric current plus the joule heat. In this work we show that
the overpotential contains reversible parts, so-called
Peltier effects, in addition to irreversible parts. The Peltier
effects do not contribute to the entropy production at the
electrode surfaces, but they do affect the temperature pro-
file across the cell. Therefore it is important to address the
coupling of phenomena at the electrode surface. This has
not been done before. We see that the magnitude of the
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pu = — div (Jq) + i•E + E
cit

—div(J) + 0'
dt

interacting thermal effects depends largely on the materi-
al parameters of the cell,

Local heating or cooling effects in batteries, fuel cells,

electrolyte. The system is polarizable, i.e., it allows
charge separation. We neglect any bulk velocity, so d/dt
= 8/ät, and the electrolyte is incompressible. The balance

and electrolysis cells during passage of electric current are equation for the internal energy is obtained from de
important in industry. Thermal effects can damage the cell Groot and Mazur3
construction in critical cases. Molten electrolytes may be
freezing in electrode compartments,' and ceramic elec-
trolyte materials may crack2 if the cell temperature is not [1]

controlled. Our overall objective is to make possible a
quantitative prediction of local heating and cooling effects
in electrolytic cells.

Several books (e.g., Ref. 3) have been written on the
entropy production rate and flux equations for bulk
systems. These equations have also been applied to elec-
trochemical cells (e.g., Ref. 4). Nonequilibrium thermody-

where p is the mass density, u the internal energy per unit
of mass, t is the time, Jq is the heat flux, and j the electric
current density, Ii the electromagnetic field, and I' the
polarization density per unit volume. There are n indepen-
dent components in the bulk electrolyte. The conservation
equations for these are

namics for surfaces has not been applied to electrochem-
ical cells before, however. In particular; the dissipated
energy has not been calculated for an electrode surface

= —div (ak) k = in [2]
cit

with this theory.
Our long-term aim is to apply and show the significance

of the nonequilibrium thermodynamics of surfaces to eec-
trochemical cells using the basic equations of Albano and

where nk is the molar density per unit volume and k the
molar flux of component k.

The Gibbs equation is

Bedeaux.5 We use the dissipation of energy as the central
tool for obtaining equations which determine the temper-
ature profile across the cell. To establish a basis for subse-

fl
dP 'ç dnkT = .421L — E. — k [3]dt dt

quent work, we first describe the full set of equations that
is needed to deal with the important coupled transport where T is the temperature, s the entropy density per unit
phenomena at the electrode surface. Finally, we apply the
equations to examples which elucidate conditions when

of mass, Eeq the electric field in reversible transformation,
and p the chemical potential of component k. Substi-

temperature jumps may be important. tuting Eq. 1 and 2 into Eq. 3 gives the entropy balance
The temperature profile of an electrochemical cell was equation

calculated by Ito et at.6 They used nonequilibrium thermo-
dynamics for bulk systems alone. The present work can be [4]
seen as an extension of their work to include the effects of
the surface. The following questions are answered: (i) in
which manner is the temperature profiles across the elec— with as entropy flux J,

trochemical cell affected by the coupled transport process-
es at the surface, or in which manner do our results differ
from those of Ito et at.?6 (ii) How do we define the overpo-
tential of an electrode surface in the presence of tempera-

= 1
— [5]T

ture jumps? (iii) How do we find the temperature of the
surface, and how does it compare to the bulk tempera-

and entropy production rate per unit volume, a

tures? (iv) What is the energy dissipated at the electrode
surface compared to that in the bulk materials, and what Ta = — J9T1VT + j . E + (E —

Eeq)

are typical values of the overpotential?

Principles
In this section we establish the basic set of equations for

— TE k ' v [6]
k4

a study of electrode surfaces in terms of nonequilibrium
thermodynamics. In an electrochemical cell, the total
entropy production is the sum of contributions from the
bulk electrodes, the bulk electrolyte, and the two electrode
surfaces. The entropy production is obtained by combin-
ing the energy conservation equation (the first law of ther-
modynamics) and the conservation equations for mass
with the Gibbs equation (the total differential for
entropy). Forland et at.4 have done this using a minimum
of mathematics. We follow the procedure of de Groot and
Mazur3 for the bulk materials, and the extension of their
procedure for polarizable systems to the electrode surface
by Albano and Bedeaux.5 We combine this procedure witI
the choice of independent variables used by Førland et al.
This means that the components of the system are the mm-
imum number of neutral components which are needed to

The function, Ta, is the dissipation function for the bulk
electrolyte, or the total energy dissipated in the electrolyte
per unit time and volume. The first term on the right is the
contribution from the heat flux to the dissipation of ener-
gy, the next contains the ohmic dissipation, and the third
term is due to changes in the polarization distribution.
This term is negligible in the bulk electrolyte.3'7 The last
term contains heat dissipated by mass transport. The
chemical potentials in Eq. 6 are for neutral components
and therefore do not contain contributions from the elec-
tric field.3

The same equation applies to the bulk electrode materi-
als of the cell. However, the components are different.
Also, if the electrodes are metal electrodes, there are no
polarization contributions.

compose the system in practice, and that the convenient
heat flux is the measurable heat flux. Furthermore, the
electric current, I, is an independent flux, controlled by the
external circuit. The separation of the electric current into
ionic contributions inside the cell is not needed for this
level of description. This approach gives a mathematical
separation of terms which distinguishes between revers-
ible and irreversible phenomena, and gives a representa—
tion of bulk and surface thermodynamics which facilitates
the introduction of useful assumptions.

The excess dissipation function of the electrode sur-
face—The characteristic length scales of the bulk and the
surface differ by order(s) of magnitude. Measured on a
length scale appropriate for the bulk, the surface appears
infinitely thin. The integration of thermodynamic van-
ables across both the bulk and the surface therefore is a
problem. The thermodynamic theory of surfaces according
to Albano et al.5'81° copes with this problem by introduc-
ing the so-called excess variables as surface singularities
on a two-dimensional dividing surface.

The dissipation function in the bulk of an etectrochein-
icat cell—Consider first a control volume in the bulk

Already Gibbs" introduced excess densities (per surface
area) to set concepts like the surface tension and adsorp-
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pa = — div (Jq) + j. E + E
dt

interacting thermal effects depends largely on the materi-
al parameters of the cell,

Local heating or cooling effects in batteries, fuel cells,
and electrolysis cells during passage of electric current are

electrolyte. The system is polarizable, i.e., it allows
charge separation. We neglect any hulk velocity, so d/dt
= 8/ät, and the electrolyte is incompressible. The balance
equation for the internal energy is obtained from de

important in industry. Thermal effects can damage the cell Groot and Mazur3
construction in critical cases. Molten electrolytes may be
freezing in electrode compartments,' and ceramic elec-
trolyte materials may crack2 if the cell temperature is not [1]

controlled. Our overall objective is to make possible a
quantitative prediction of local heating and cooling effects
in electrolytic cells.

Several books (e.g., Ref. 3) have been written on the
entropy production rate and flux equations for bulk
systems. These equations have also been applied to elec-
trochemical cells (e.g., Ref. 4). Nonequilibrium thermody-

where p is the mass density, u the internal energy per unit
of mass, t is the time, Jq is the heat flux, and j the electric
current density, If the electromagnetic field, and I' the
polarization density per unit volume. There are ii indepen-
dent components in the bulk electrolyte. The conservation
equations for these are

namics for surfaces has not been applied to electrochem-
ical cells before, however. In particular, the dissipated
energy has not been calculated for an electrode surface

dn
di

= —div (ak) k = l...n [2]

with this theory.
Our long-term aim is to apply and show the significance

of the nonequilibrium thermodynamics of surfaces to eke-
trochemical cells using the basic equations of Albano and

where nk is the molar density per unit volume and k the
molar flux of component k.

The Gibbs equation is

Bedeaux.5 We use the dissipation of energy as the central
tool for obtaining equations which determine the temper-
ature profile across the cell. To establish a basis for subse-

,
T 4!. = — E . dP 'ç dn

dt dt dt
— [3]

quent work, we first describe the full set of equations that
is needed to deal with the important coupled transport where T is the temperature, s the entropy density per unit
phenomena at the electrode surface. Finally, we apply the
equations to examples which elucidate conditions when

of mass, eq the electric field in reversible transformation,
and 11k the chemical potential of component k. Substi-

temperature jumps may be important. tuting Eq. 1 and 2 into Eq. 3 gives the entropy balance
The temperature profile of an electrochemical cell was

calculated by Ito et al.6 They used nonequilibrium thermo-
dynamics for bulk systems alone. The present work can be
seen as an extension of their work to include the effects of

equation

dps— = —div(J,) + a [4]
dt

the surface. The following questions are answered: (i) in
which manner is the temperature profiles across the elec- with as entropy flux i,.

trochemical cell affected by the coupled transport process-
es at the surface, or in which manner do our results differ
from those of Ito et el.?6 (ii) How do we define the overpo-
tential of an electrode surface in the presence of tempera-

= 1
—

kJk]
[5]T

ture jumps? (iii) How do we find the temperature of the
surface, and how does it compare to the bulk tempera-

and entropy production rate per unit volume, a

tures? (iv) What is the energy dissipated at the electrode
surf ace compared to that in the bulk materials, and what Ta = -J9T'VT + j . E + (If -

Eeq)
are typical values of the overpotential?

Principles
In this section we establish the basic set of equations for

— Tt ik v [.huJ [6]
k2

a study of electrode surfaces in terms of nonequilibrium
thermodynamics. In an electrochemical cell, the total
entropy production is the sum of contributions from the
bulk electrodes, the bulk electrolyte, and the two electrode
surfaces. The entropy production is obtained by combin-
ing the energy conservation equation (the first law of ther-
modynamics) and the conservation equations for mass
with the Gibbs equation (the total differential for
entropy). Forland et al.4 have done this using a minimum
of mathematics. We follow the procedure of de Groot and
Mazur3 for the bulk materials, and the extension of their
procedure for polarizable systems to the electrode surface
by Albano and Bedeaux.5 We combine this procedure witl
the choice of independent variables used by Forland et al.
This means that the components of the system are the min-
imum number of neutral components which are needed to

The function, Ta, is the dissipation function for the bulk
electrolyte, or the total energy dissipated in the electrolyte
per unit time and volume. The first term on the right is the
contribution from the heat flux to the dissipation of ener-
gy, the next contains the ohmic dissipation, and the third
term is due to changes in the polarization distribution.
This term is negligible in the bulk electrolyte.37 The last
term contains heat dissipated by mass transport. The
chemical potentials in Eq. 6 are for neutral components
and therefore do not contain contributions from the elec-
tric field.3

The same equation applies to the bulk electrode materi-
als of the cell. However, the components are different.
Also, if the electrodes are metal electrodes, there are no
polarization contributions.

compose the system in practice, and that the convenient
heat flux is the measurable heat flux. Furthermore, the
electric current, f, is an independent flux, controlled by the
external circuit. The separation of the electric current into
ionic contributions inside the cell is not needed for this
level of description. This approach gives a mathematical
separation of terms which distinguishes between revers-
ible and irreversible phenomena, and gives a representa-
tion of bulk and surface thermodynamics which facilitates
the introduction of useful assumptions.

The excess dissipation function of the electrode sur-
face—The characteristic length scales of the bulk and the
surface differ by order(s) of magnitude. Measured on a
length scale appropriate for the bulk, the surface appears
infinitely thin. The integration of thermodynamic van-
ables across both the bulk and the surface therefore is a
problem. The thermodynamic theory of surfaces according
to Albano et al.5'8'° copes with this problem by introduc-
ing the so-called excess variables as surface singularities
on a two-dimensional dividing surface.

The dissipation function in the bulk of an electrochein-
ical cell—Consider first a control volume in the bulk

Already Gibbs" introduced excess densities (per surface
area) to set concepts like the surface tension and adsorp-
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1 dPS dP
+—D+———--+E+———— [81

cit cit

tion into a systematic thermodynamic context. We may
also refer to the second chapter of Bockris and Khan2 for
a discussion of the introduction of excess densities in elec-
trochemical systems. The excess molar density distribu-
tion of AX, AX' is given by

6x(Y' z) fLflAX(2 y, z) — n(x, y, z)0(x)

— n(x, y, z)9(—x)]dx [7]

The density in the electrode, n, is zero. The density n in
the electrolyte is finite. At the surface n deviates from
these asymptotic values giving the excess molar density as
a surplus in the surface. The function 0(x) is the Heaviside
function (equal to zero if x is negative and equal to one if x
is positive). It follows from Eq. 7 that the excess density
depends on the choice of the origin of the coordinate frame.
If one shifts the origin over a distance ci in the x-direction,
the value of n is increased by d(n — na). It is common
to use this property to eliminate one of the excess densities
by choosing ci such that the excess becomes zero; ci may be
chosen positive as well as negative to provide for this.

The balance equation for the excess internal energy of
the surface is written as5

ci p u = —div (Jq) — + J11 E +

The balance equation for the excess molar density n
has the typical form

= —divJ — Ax,fl [9]

where the first term on the right side gives the two-dimen-
sional divergence of the excess molar flux of AX along the
surface, and the second term, —

&JAX,n, is the
total molar flux of AX away from the surface into the bulk
regions. Superscripts m and e denote locations adjacent to
the surface on the metal and electrolyte side, respectively
(Fig. 1). When AXn is negative, one has adsorption at the
surface. (The normal vector points into the metal.) The
flux of AX in the metal is zero, so that J, = 3Xn For a
more detailed discussion of the introduction of excess den-
sities and fluxes and the form of the resulting balance
equation for the excess density we refer to Albano et at9'°

The Gibbs equation of the surface is

T — dpsus E D 1 ciP
cit

— t +)I,eq +,n,eq ci

— 4 [10]

where subscript eq denotes the value of the corresponding
field in a reversible transformation.3'5

The combination of Eq. 7-10 for all m components k,
gives the balance equation for the excess entropy of the
surface

=_div(Js)_J +u 1111
dt

S

where div (J) is the two-dimensional divergence of the
excess entropy flux, is the entropy flux away from the
surface into the bulk, and c? is the excess entropy pro-
duction rate per unit area of the surface. The excess
entropy flux along the surface can be expressed equiva-
lently to Eq. 5

= - I 4JJ [121

The dissipation function for the surface, found by combin-
ing Eq. 8 to 12, is

= _Jq,u(TSY1VTS + [J5(T5 — T)L + . E1 + I0E

-D )+, +, eq +,n +,fl,eq

— k,II V [.-]
— [k,Qk — i4)L [131

The terms of Eq. 13 can be compared to those of Eq. 6. For
each of the terms in Eq. 6 there are two terms in Eq. 13,
one vectorial term for the parallel components and one
scalar term for the normal component contributions.
Equation 13 is considerably simpler that the comparable
equation in Ref. 5 due to the assumption that net bulk and
surface velocities are negligible.

The normal component of the excess electric field at the
surface (see Ref. 10 for further comments on its derivation)
can be identified, in analogy to Eq. 7, with

JLEfl(X) - E0(x) - EO(-x)Idx [14]

The variation in Ejx) over the surface is illustrated in
Fig. 1. The electric field in the electrolyte adjacent to the
surface is E, while the corresponding value for the elec-
trode is ET. The integrand becomes zero outside the in-
terfacial region. The surface excess of the normal compo-

From now on, superscript s denotes the surface, while
absence of this symbol means a bulk quantity. Excess den-
sities are always defined by integration of a density per
unit volume (like pu) over x which results in a density per
unit surface area (like p5u5, where p5 is the excess mass den-
sity per unit of surface area). The introduction of specific
densities on the surface make the equations for the surface
more analogous to those of the bulk.3 Excess fluxes along
a flat surface are introduced in essentially the same way as
excess densities.581° Subscripts II and n denote compo-
nents parallel and normal to the surface.

First we discuss the electrode surface for which the nor-
mal points into the metal. This is the cathode surface of an
electrochemical cell. The subscript + then means the aver-
age value of the metal property and the electrolyte proper-
ty, and — denotes the difference between the metal proper-
ty and the electrolyte property. Both properties are
evaluated on the outside of the region where the fast vari-
ation of the thermodynamic variables and the fields occur
(Fig. 1). Furthermore I" is the excess polarization per unit
of surface area and €, is the dielectric constant of vacuum.
The divergence of a surface flux is a two-dimensional
divergence of a two-dimensional flux along the surface. As
the two-dimensional flux does not depend on x, its deriv-
ative with respect to x is always zero. (This is the reason
why we have chosen not to indicate the two-dimensional
nature of this divergence explicitly.)

The meaning of Eq. 8 is analogous to the meaning of
Eq. 1. For the heat flux, we have the two-dimensional
accumulation term, div (Jq), but there is also a net heat
flux, Jq,,n — .], out of the surface into the metal. The
electric current density, j5, is a flux along the surface, while

is the average of the bulk current densities in the x-
direction normal to the surface. We use for the normal
component of the average bulk electric displacement
fields, P, for the normal component of the excess polariza-
tion per unit of surface area, and E÷1 for the average bulk
electric fields parallel to the surface. Magnetic field con-
tributions are neglected. For the surface we assume that
the net surface velocity can be set equal to zero. This
means that the net flow of excess total mass along the
surface is negligible. In the normal direction it means that
the coordinate frame is moving along with the electrode
surface.
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1 dP+—D+0——-5-+E+-——— [81dt dt

tion into a systematic thermodynamic context. We may
also refer to the second chapter of Bockris and Khan2 for
a discussion of the introduction of excess densities in elec-
trochemical systems. The excess molar density distribu-
tion of AX, AX' is given by

'6x(Y' z) JLnAx(x y, z) — n(x, y, z)0(x)

— n(x, y, z)9(—x)]dx [71

The density in the electrode, n, is zero. The density n in
the electrolyte is finite. At the surface n deviates from
these asymptotic values giving the excess molar density as
a surplus in the surface. The function 9(x)is the Heaviside
function (equal to zero if x is negative and equal to one if x
is positive). It follows from Eq. 7 that the excess density
depends on the choice of the origin of the coordinate frame.
If one shifts the origin over a distance d in the x-direction,
the value of n is increased by d(n — n3. It is common
to use this property to eliminate one of the excess densities
by choosing d such that the excess becomes zero; ci may be
chosen positive as well as negative to provide for this.

The balance equation for the excess internal energy of
the surface is written as5

PSUS = —div (J) — Jq,n + J E0 +

The balance equation for the excess molar density n
has the typical form

= —divJ — J,1 [9]

where the first term on the right side gives the two-dimen-
sional divergence of the excess molar flux of AX along the
surface, and the second term, — is the
total molar flux of AX away from the surface into the bulk
regions. Superscripts m and e denote locations adjacent to
the surface on the metal and electrolyte side, respectively
(Fig. 1). When AXn is negative, one has adsorption at the
surface. (The normal vector points into the metal.) The
flux of AX in the metal is zero, so that J = 4Xn For a
more detailed discussion of the introduction of excess den-
sities and fluxes and the form of the resulting balance
equation for the excess density we refer to Albano et at.9"°

The Gibbs equation of the surface is

T — dp0u0 E D 1 dP
cit

—
+,ll,eq +,0,eq dt

— 14 [10]

where subscript eq denotes the value of the corresponding
field in a reversible transformation.3'5

The combination of Eq. 7-10 for all m components k,
gives the balance equation for the excess entropy of the
surface

=_div(J0)_J +u Ill]
cit

where div (J) is the two-dimensional divergence of the
excess entropy flux, J,, is the entropy flux away from the
surface into the bulk, and cr0 is the excess entropy pro-
duction rate per unit area of the surface. The excess
entropy flux along the surface can be expressed equiva-
lently to Eq. 5

= -
p.jJ

[121

The dissipation function for the surface, found by combin-
ing Eq. 8 to 12, is

T0cr' = Jq,u(T'Y5'T + [J00(T0 — T)L + + I00E

+ .' (E÷0 — E304) + .1!±'!L 2 (D — D,)

— Jill v [.] — [J5,0Qi. — I4)L [13]

The terms of Eq. 13 can be compared to those of Eq. 6. For
each of the terms in Eq. 6 there are two terms in Eq. 13,
one vectorial term for the parallel components and one
scalar term for the normal component contributions.
Equation 13 is considerably simpler that the comparable
equation in Ref. 5 due to the assumption that net bulk and
surface velocities are negligible.

The normal component of the excess electric field at the
surface (see Ref. 10 for further comments on its derivation)
can be identified, in analogy to Eq. 7, with

- E0(x) - E0(-x)Jdx [14]

The variation in E(x) over the surface is illustrated in
Fig. 1. The electric field in the electrolyte adjacent to the
surface is E, while the corresponding value for the elec-
trode is ET. The integrand becomes zero outside the in-
terfacial region. The surface excess of the normal compo-

From now on, superscript s denotes the surface, while
absence of this symbol means a bulk quantity. Excess den-
sities are always defined by integration of a density per
unit volume (like pu) over x which results in a density per
unit surface area (like psus, where p0 is the excess mass den-
sity per unit of surface area). The introduction of specific
densities on the surface make the equations for the surface
more analogous to those of the bulk.3 Excess fluxes along
a flat surface are introduced in essentially the same way as
excess densities.5'° Subscripts II and n denote compo-
nents parallel and normal to the surface.

First we discuss the electrode surface for which the nor-
mal points into the metal. This is the cathode surface of an
electrochemical cell. The subscript + thenmeans the aver-
age value of the metal property and the electrolyte proper-
ty, and — denotes the difference between the metal proper-
ty and the electrolyte property Both properties are
evaluated on the outside of the region where the fast vari-
ation of the thermodynamic variables and the fields occur
(Fig. 1). Furthermore I" is the excess polarization per unit
of surface area and is the dielectric constant of vacuum.
The divergence of a surface flux is a two-dimensional
divergence of a two-dimensional flux along the surface. As
the two-dimensional flux does not depend on x, its deriv-
ative with respect to x is always zero. (This is the reason
why we have chosen not to indicate the two-dimensional
nature of this divergence explicitly)

The meaning of Eq. 8 is analogous to the meaning of
Eq. 1. For the heat flux, we have the two-dimensional
accumulation term, div (J5), but there is also a net heat
flux, J5 J. —4, out of the surface into the metal. The
electric current density, j', is a flux along the surface, while
j, is the average of the bulk current densities in the x-
direction normal to the surface. We use D0 for the normal
component of the average bulk electric displacement
fields, P for the normal component of the excess polariza-
tion per unit of surface area, and E÷1 for the average bulk
electric fields parallel to the surface. Magnetic field con-
tributions are neglected. For the surface we assume that
the net surface velocity can be set equal to zero. This
means that the net flow of excess total mass along the
surface is negligible. In the normal direction it means that
the coordinate frame is moving along with the electrode
surface.
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1J =—J
T

laTTa=—J ——+jEn

Jq,n = - - L + IJqEn

= — 2- L T + IJE

Fig. 1. The excess of the normal component of the elecfric field to
the surface, E, which is identified with the overpotential. The value
of E is given by the shaded area.

x

The resulting flux equations are

the previous sections. The left electrode is the anode, while
the right electrode is the cathode in the cell according to
normal conventions. The dissipation functions for the bulk
electrode material (superscript m), the bulk electrolyte
(superscript e), and the electrode surfaces (superscript s)
give flux equations for this cell. We see that the flux equa-
tions for each phase together with the appropriate balance
equations for energy and mass in the steady state give the
temperature profile across the bulk electrodes, surfaces,
and bulk electrolyte.

Fluxes in the bulk electrode.—The electrode has density
ptm and zero flux. The internal energy of the electrode
material is then from Eq. 1

= + jE [18]dt

There are no independent component densities and fluxes.
The entropy flux Eq. 5 reduces to

[191

so that the dissipation function Eq. 6 becomes

[20]

[21]

[22]

where L are phenomenological coefficients of the elec-
trode. The electric potential gradient of Eq. 22 is

E__it__T+rmj [23]T dx

so that the heat flux becomes

= _+ [T + tj [24]

The phenomenological coefficients are: the coefficient for
heat conductivity

1= I41 tI4 [25]

the Peltier coefficient

m [26]
q

and the electrical resistance in the metal

rm r,_2_ [27]IJ
The Onsager reciprocal relations are

[28]

which implies
= [29]

By substituting Eq. 23 and 24 into Eq. 18 for steady-state
conditions, we obtain

-
iT—- + rmj2 0 [30]

The temperature profile in the electrodes is found from
this equation. The ratio

= Atm [31]
T

nent, according to this, is a consequence of the thin elec-
trode surface region alone. Its value may be considerably
larger than the potential difference over a comparable dis-
tance in the bulk regions. We identify the excess of the
normal component of the electric field to the surface with
the overpotential

[15]

A positive value for the overpotential means that work
must be supplied to the system to make the electrode reac-
tion go. It follows from Eq. 13 that the electric current
density times the overpotential is only one of many flux-
force pairs at the surface. We discuss the coupling between
the overpotential, the chemical force, and the thermal
force in this work.

The chemical potential of the surface is a well-defined
thermodynamic property

= [16]

where gS is the excess of Gibbs energy of the surface per
unit surface area, nk is the molar density per unit surface
area of k, and -y is the surface tension. This definition of
the chemical potential differs from the one used by Albano
and Bedeaux,5 and by de Groot and Mazur,3 who used spe-
cific densities instead of molar densities.

This completes the presentation of the dissipation func-
tion for the bulk materials and the surfaces of electro-
chemical systems. We progress stepwise by studying dif-
ferent combinations of the effects given by the dissipation
functions, and gain insight eventually into the intereaction
of all phenomena in this way. We consider the scalar con-
tributions to the dissipation function in this work. The
problem is then one-dimensional, since we neglect the
components parallel to the surface. Charge neutrality of
the bulk implies zero charge density in bulk regions. Using
this fact and the overall charge neutrality, it follows that
there is no excess charge at the surface either. We have

= = j, the electric current density in the bulk.
Furthermore, we restrict ourselves here to the case that
there is no excess polarization density. By introducing the
assumptions above into Eq. 13 we obtain the dissipation
function for the cathode surface

= [J(T5 — T)L — — + j-q [17]

Flux equations of a model cell.—The simple cell

A(s) I AX(aq) I A(s)

with electrodes of the material A and an aqueous solution
of AX as electrolyte is used to illustrate the implications of

J T q

13TTcr=—J ——+jES

E =itm_T+rmj'S
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theprevious sections. The left electrode is the anode, while
the right electrode is the cathode in the cell according to
normal conventions. The dissipation functions for the bulk
electrode material (superscript m), the bulk electrolyte
(superscript e), and the electrode surfaces (superscript s)
give flux equations for this cell. We see that the flux equa-
tions for each phase together with the appropriate balance
equations for energy and mass in the steady state give the
temperature profile across the bulk electrodes, surfaces,
and bulk electrolyte.

Fluxes in the bulk electrode.—The electrode has density
pm and zero flux. The internal energy of the electrode
material is then from Eq. 1

pmu m + jE [18]

There are no independent component densities and fluxes.
The entropy flux Eq. 5 reduces to

Fig. 1. The excess of the normal component of the elecfric field to
the surface, E, which is identified with the overpotential. The value
of E is given by the shaded area.

x

so that the dissipation function Eq. 6 becomesnent, according to this, is a consequence of the thin elec-
trode surface region alone. Its value may be considerably
larger than the potential difference over a comparable dis-
tance in the bulk regions. We identify the excess of the
normal component of the electric field to the surface with
the overpotential

[151

A positive value for the overpotential means that work
must be supplied to the system to make the electrode reac-
tion go. It follows from Eq. 13 that the electric current
density times the overpotential is only one of many flux-
force pairs at the surface. We discuss the coupling between
the overpotential, the chemical force, and the thermal
force in this work.

The chemical potential of the surface is a well-defined
thermodynamic property

=
[._-J

[161
an1,

where g' is the excess of Gibbs energy of the surface per
unit surface area, n1. is the molar density per unit surface
area of k, and -y is the surface tension. This definition of
the chemical potential differs from the one used by Albano
and Bedeaux,5 and by de Groot and Mazur,3 who used spe-
cific densities instead of molar densities.

This completes the presentation of the dissipation func-
tion for the bulk materials and the surfaces of electro-
chemical systems. We progress stepwise by studying dif-
ferent combinations of the effects given by the dissipation
functions, and gain insight eventually into the intereaction
of all phenomena in this way. We consider the scalar con-
tributions to the dissipation function in this work. The
problem is then one-dimensional, since we neglect the
components parallel to the surface. Charge neutrality of
the bulk implies zero charge density in bulk regions. Using
this fact and the overall charge neutrality, it follows that
there is no excess charge at the surface either. We have

= = f'S j, the electric current density in the bulk.
Furthermore, we restrict ourselves here to the case that
there is no excess polarization density. By introducing the
assumptions above into Eq. 13 we obtain the dissipation
function for the cathode surface

[J,(T' — T)] —
[Jk,00sk

— p4)] + ui [171

Flux equations of a model cell—The simple cell

A(s) I AX(aq) I A(s)

with electrodes of the material A and an aqueous solution
of AX as electrolyte is used to illustrate the implications of

[191

[20]

The resulting flux equations are

Tq,n m —T + [21]

j=_f4tqj_T+LEn [22]

where L'j are phenomenological coefficients of the elec-
trode. The electric potential gradient of Eq. 22 is

[23]

so that the heat flux becomes

+ t'j [24]

The phenomenological coefficients are: the coefficient for
heat conductivity

[25]

the Peltier coefficient

[26]
q

and the electrical resistance in the metal

rm _J_ [27]

The Onsager reciprocal relations are

[28]

which implies

= 14 [29]

By substituting Eq. 23 and 24 into Eq. 18 for steady-state
conditions, we obtain

-
uT_-!*-

+ rj2 =0 [30]

The temperature profile in the electrodes is found from
this equation. The ratio

= [31]
T
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is Fourier law's heat conductivity which normally is con-
stant. The term with the cross coefficient is small in met- = — l - T — lp TAX,T + t:j [46]

als and is neglected.14 Equation 30 is then reduced to
The phenomenological coefficient for pure heat conduc-

Xm—T + rmj2 = 0 [32] tionis
dx lq = Lq — tUqp [47]

This equation, which gives a parabolic temperature profile with the Peltier coefficient
if rm is also constant, is one of the equations we need to
give the temperature profile through the electrochemical
model cell. The dissipation function of the bulk electrode t = [48]
becomes 1 JT,RAXT

1 1dT 2 The main diffusion coefficient isTa = _xmI_I + rmf [33]
T dx) l — [49]

A low resistance makes the last term negligible both in and the Soret coefficient is
Eq. 32 and 33. This results in a linear temperature profile
in the metal electrode. lq = Lq — teqIip [50]

Fluxes in the bulk electrolyte.—The internal energy bal- The transference coefficient for AX is
ance of the electrolyte is obtained from Eq. 1 in the
absence of polarization

t: = = [51]d e . + [34] i ). L7—pu = -
dt dx qu

and the electric resistance of the electrolyte is
Equation 2 gives for AX

1
d d= [35]

= [52]

The entropy flux (Eq. 5) is For a further discussion of the determination of these
coefficients see Ref. 4. Onsager reciprocal relations are
valid for all cross coefficients, i.e., both the U and the je

s,n = 4 (Jq,n
—

IJAXJAXfl) [36] matrices are symmetric. We are interested in the steady-
state solution of the temperature profile of the cell. In this

so that the dissipation function in the electrolyte becomes state J = 0, giving

Ta=—J !!_TJ __±-'l+E [37]
1 Wi' e dPAxT+t5O [53]AX,n Idx dx T ) dx

Using the thermodynamic relation from Eq. 46. The corresponding steady-state energy bal-
ance is

= —

-—dT [38] — + iE = 0 [54]T)
we obtain the alternative form The equation analogous to Eq. 32 is found from Eq. 44, 45,

53, and 54
1 dT + jE [39]Ta=—J' AX,nI

(te) IITdx dx) (l)21dT_jTdI1[te_
where d1AxT is the derivative of the chemical potential of dx ? —

j J J [ qAX for constant temperature. The heat flux, qn, is related
to the measurable heat flux, Jq'fl,by 2

.Jn Jq — [40] + +

where h is the partial molar enthalpy of M(. ]
2 = 0 [55]

The resulting flux equations are
Onsager relations have been applied. The same equation

= — Ifqq .— T — L +
was obtained by Ito et at.6 We define the steady-state re-

[41] sistance of the bulk electrolyte

+ Sf1 [56]
— — 4 Lq T — L. PAX,T + IJE0 [42]

= re
c1.

The heat conductivity at steady state is defined as
= _;Iiqj_T — L.a—PAxT + I4EU [43]

. [l
(çj2

The electric potential gradient of Eq. 43 is
= — — —ii--—! [57]

P4L }
= tq dT + e dILAX,T The Soret effect in the bulk is also relatively small, so the

T dx dx + rei [44] coupling coefficient i can be neglected.4 By taking the
contents of the second large parenthesis constant, Eq. 55 is

so that the heat and mass fluxes become reduced to

= —4;- lq j—T — c + t) [45] Xe 1' + rf = 0 [58]
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is Fourier law's heat conductivity which normally is con-
stant. The term with the cross coefficient is small in met- = — l T — l AX,T + çej [46]

als and is neglected.14 Equation 30 is then reduced to

a2
The phenomenological coefficient for pure heat conduc-

— T + rmjl = 0 [32] tion is
ax2 lq L — tL [471

This equation, which gives a parabolic temperature profile with the Peltier coefficient
if rm is also constant, is one of the equations we need to
give the temperature profile through the electrochemical .- [48]model cell. The dissipation function of the bulk electrode t = —- —

becomes (
—

1 aT 2 The main diffusion coefficient is
Tcr——XmI—i +rmjz [33]T vax) — L — lL [491

A low resistance makes the last term negligible both in and the Soret coefficient is
Eq. 32 and 33. This results in a linear temperature profile
in the metal electrode. l = L — tL6 [50]

Fluxes in the bulk electrolyte.—The internal energy bal- The transference coefficient for AX is
ance of the electrolyte is obtained from Eq. 1 in the
absence of polarization

= [511
d Jq, + jE [34]

3 LpeU = —
dt ax

and the electric resistance of the electrolyte is
Equation 2 gives for AX

1
d aAX = — AX,n [35]

re = — [52]

The entropy flux (Eq. 5) is For a further discussion of the determination of these
coefficients see Ref. 4. Onsager reciprocal relations are

= 1 valid for all cross coefficients, i.e., both the L and the l
T q,n — I.IAXJAXfl) [36] matrices are symmetric. We are interested in the steady-

state solution of the temperature profile of the cell. In this
so that the dissipation function in the electrolyte becomes state J = 0, giving

1 aT TJ a + jE [37] —
1 T + tj = 0 [53]— AX,nTITi = —Jqfl 7' ax ox T ) -. l .—

— _____
ax

Using the thermodynamic relation from Eq. 46. The corresponding steady-state energy bal-
ance is

TdI--' = dp.AxT — [381 — J,, + jE,, = 0 [54]T)
we obtain the alternative form The equation analogous to Eq. 32 is found from Eq. 44, 45,

53, and 54
1 T (a,J.AXTTr = — J' ——

AX,eI I + jE [39]q,n T ax ax
1 r (l;)21 a (t)

TI[twhere dp.AXT is the derivative of the chemical potential of ax T
—

_.i;__j_ Tj

— — — —
AX for constant temperature. The heat flux, Jq,, is related
to the measurable heat flux, Jq', by

J Jq, — [40] + [re + 2] 2 0 [55]
where h is the partial molar enthalpy of AX. [ l

The resulting flux equations are
Onsager relations have been applied. The same equation

J,, = — .— L -— T — L —--AX,T + L6E
was obtained by Ito et al.6 We define the steady-state re-

1] sistance of the bulk electrolyteT ax ax
+ [561AX,n = — --. L T — L AX,T + L6E [42]

= reT ax ax
The heat conductivity at steady state is defined as

j = —L —T — L LAXT + L6E [43]

[

(i)
The electric potential gradient of Eq. 43 is

e = — — [57]

E = .. . + te aLAXT + The Soret effect in the bulk is also relatively small, so therej [44]T ax ax coupling coefficient l can be neglected.4 By taking the
contents of the second large parenthesis constant, Eq. 55 is

so that the heat and mass fluxes become reduced to

= -—T — l + tj [45] Xe —-——T + ,j2 = 0 [58]ax2
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The temperature profile from this equation is parabolic for
certain constant coefficients. We combine the solutions of
Eq. 32 and 58 with the boundary conditions for the elec-
trode surface.

The energy dissipation function of the electrolyte is
finally

[59]T ax)
Flux equations for the cathode and anode surfaces.—The

dissipation function for the cathode surface is according to
Eq. 17

= — r) — J(r — r)
— JAx,n04x — + frj [60]

The equations for the scalar fluxes are accordingly
= — r) — — r)

— — i4x) + Lil [61]
= — r) — — r)

— — isix) + Lq [62]

AX,n = — r) — — r)
— — 16X) + Lii [63]

— — i6) + Li [64]
Superscript m and e mean the value of the quantity just
outside the electrode surface in the electrode or in the
electrolyte. The flux equations 61 and 62 represent bound-
ary conditions for the differential equations 32 and 58
which describe the temperature in the bulk materials. One
may rewrite Eq. 6 1-64 as

= l(T — r) — lne(7 —

= —l:m(r — r) — i(r — r)

AX,n = —l,m(r — r) — lje(7 —

— l(jJ4x — ,4) + tJJ [67]

= - T) ÷ - T) ÷ t4 - ut) [68]

The matrices 6 1-64 and 65-68 are both symmetric.
Relations between the LS and j5 coefficients can be derived.
The meaning of the coefficients, which follow from their
definition by the flux equations, are discussed further in
the Calculations section. The 1 coefficients relate to diffu-
sion or heat conduction, while t are transference coeffi-
cients. We write, in analogy with Eq. 48, the definition of
the transference coefficient for heat for the metal side of
the interface

1! [69]
)

In the metal the heat flux is given by the entropy flux
times the temperature, so that

I]
I]

17m =Ts =T 'AX AX

The definition of the transference coefficient for heat for
the electrolyte side of the interface is

= - r) - - r)

— — IAX) + [65]

(jmfl
[70]

2 T T

Since in the electrolyte AXn = 0, we get

(rr I]t5=i S,fl =Te_eie )m.se s eT T T ''AX 'AX

The heat fluxes of Eq. 69 and 70 are defined in the same
manner as the heat flux of Eq. 40. The coefficients, t and
t, are called the Peltier coefficients of the surface. The
transference coefficient for mass is similar to Eq. 51

= [hinJ [71]
2

Tm=Ts=Te4X=X

The electric current density has the same direction
through an electrochemical cell. This means that the def i-
nitions Eq. 69 and 70 give opposite signs for the t coeffi-
cients of the electrode surfaces in a cell with two identical
electrodes. We denote the difference by introducing the
symbols t for the cathode and ta for the anode.

The solution for the temperature profile at an electrode
can be most easily obtained from the inverted form of
Eq. 61-64

— r = —rJ —
TeJZn

— r,JAXfl + r4 [72]
r — r = —rJ — reJn — rJAXfl + rj [73]

IAX — PAX = —rmJn — reJ,n — + r4 [74]

= rmJn — —
r,JAX,fl + rj [75]

The Onsager relations imply that the rs matrix is also sym-
metric. Still the matrix contains ten unknown coefficients.
In lack of other information we use the approximation
that the cross coefficients which do not relate to transfer
of charge are zero, ie = l = i= 0. The relations between
the is_coefficients of Eq. 65-68 and the rs coefficients of
Eq. 72-75 are then

rrnerflfr0 [76]

1 1 1
r =—-— [77]

1 t5 , 1 t:=
Tlmm r = r = [78]

The steady-state electrical resistance of the surface is

2 2 jIts 1 1 (t51 1 t)= r8 + —--I — + —I — +
;S I7'l i

¼. ) mm ¼. J ee it [79]

We proceed to write equations for the cathode surface. The
energy balance for the cathode surface in the steady state
is found from Eq. 8 (J = 0)

+ J, +ji- = 0 [80]

At steady state EqL 72-75 for the cathode reduce to

— = —-rmJn + rj [81]

— = + [82]

PAX,C
—

I.LAXC
= rj [83]

= — —- rJ — + r,j [84]

ts
— lepAILAX —

PAX) + 2 [66]

5
3
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ts
— i,(jLXx

— i6) + 2 [66]

U
= T" —-

IJ

= = r = 0

1 , 1 ,= r = — r =

1 t' 1 t'r =——--- r r =—-sp T" i,,m eP T 1 "
1:,.

The temperature profile from this equation is parabolic for
certain constant coefficients. We combine the solutions of
Eq. 32 and 58 with the boundary conditions for the elec-
trade surface.

The energy dissipation function of the electrolyte is
finally

Ta = ,
[371)2

÷

Flux equations for the cathode and anode surfaces.—The
dissipation function for the cathode surface is according to
Eq. 17

= —J(r" — 7') — 3,,(r —7')
—

JAx,Q4X — ) + j [60]
The equations for the scalar fluxes are accordingly

= L=(T" — 7') — I'=(7" — 7')
— — i4X) + L'=i1 [61]

= —L(7"' — 7') — — 7')

— L:(p. — p.) + L'i1 [62]

AXA = —14j7" — 7') — — 7')

— Ls,,,(j4X — i'X) + Lq [63]

3 = -14,,(r - 7') - L?Q,(7' - 7')
— — p.) + L'1 [64]

Superscript m and e mean the value of the quantity just
outside the electrode surface in the electrode or in the
electrolyte. The flux equations 61 and 62 represent bound-
ary conditions for the differential equations 32 and 58
which describe the temperature in the bulk materials. One
may rewrite Eq. 61-64 as

= •-i'==(7"' — 7') — l[,,(r — 7')
—

i7,,(p$<
— p.) + 3 [65]

= —l:m(7" — 7') — i'(r — 7')

AX,n = —l;m(7"' — 7') —
lse(7?

— 7")
_ISI S — a

L'JLAX FLAX) j
11 — T') + 5-(T' — 7') + t(4X — I4,) [68]

The matrices 61-64 and 65-68 are both symmetric.
Relations between the V and 1' coefficients can be derived.
The meaning of the coefficients, which follow from their
definition by the flux equations, are discussed further in
the Calculations section. The 1 coefficients relate to diffu-
sion or heat conduction, while t are transference coeffi-
cients. We write, in analogy with Eq. 48, the definition of
the transference coefficient for heat for the metal side of
the interface

tfl [691

In the metal the heat flux is given by the entropy flux
times the temperature, so that

(rj
€1

—

)Tm_Ts_Tese

The definition of the transference coefficient for heat for
the electrolyte side of the interface is

(jfl
[701

2 T T

Since in the electrolyte AXn = 0, we get

(Tr '\t'=l "'I =T5—-C

j )m.se ,T T T €AX

The heat fluxes of Eq. 69 and 70 are defined in the same
manner as the heat flux of Eq. 40. The coefficients, t, and
t, are called the Peltier coefficients of the surface. The
transference coefficient for mass is similar to Eq. 51

= [71]
2

The electric current density has the same direction
through an electrochemical cell. This means that the defi-
nitions Eq. 69 and 70 give opposite signs for the t' coeffi-
cients of the electrode surfaces in a cell with two identical
electrodes. We denote the difference by introducing the
symbols t for the cathode and t5 for the anode.

The solution for the temperature profile at an electrode
can be most easily obtained from the inverted form of
Eq. 61-64

7" — 7' = —r',,J,"' —
T,,eJ'n

— r',,jAXfl + r',4 [72]

7' — 7' = —r',,J',, — r'5,,J — rJAXfl + r'€j [73]

i$,x — 14X = —r?,,,,J",, — r,5J€ —
r,,,,JAX,, + r,4 [74]

1 = —rmJ'n — rJ — rJAX,fl + r',3 [75]

The Onsager relations imply that the r' matrix is also sym-
metric. Still the matrix contains ten unknown coefficients.
In lack of other information we use the approximation
that the cross coefficients which do not relate to transfer
of charge are zero, Q = l = l= 0. The relations between
the l'-coefficients of Eq. 65-68 and the i-' coefficients of
Eq. 72-75 are then

[76]

[77]

[78]

The steady-state electrical resistance of the surface is

2 2It' 1 1 t:I 1 t,,)r = r + —- —— + v-i .;— +
¼.T ,) t,,,,, ¼. ) ee [79]

We proceed to write equations for the cathode surface. The
energy balance for the cathode surface in the steady state
is found from Eq. 8 (J = 0)

—.1; + J,, +j = 0 [80]

At steady state Eq 72-75 for the cathode reduce to

7" — 7' = + r,j [81]

—7' = + [82]

FLAX,c — FL.X,c
= rj [83]

1€ = — _2_ rJff — _L. + rj [84]
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The cathode has position d on the coordinate axis, while
the anode has position —dr For the anode, the corre-
sponding equations are

Jn — + j1 = 0

— Tafl' = — .- rJ + r1j

r — = __Lrje +

PAX,a — PAX.a

= —.-J-—r;mJcrn —
—1—reJn + rj

Each overpotential has three contributions. The sum (m +
1a) contributes to the electric potential which is needed for
the electrolysis. In a cell with identical electrodes we have
t = —t, , = —t, and t = —t. The direct coefficients
remain the same. With a symmetrical temperature profile,
the four terms in the sum which contain the Peltier coeffi-
cients then canc& and make the total equal to twice the
ohmic potential drop of one surface. It follows that TI > 0
represents electric work done to the surface, while TI < 0
means that electric work can be delivered by the surface.

The dissipated energies of the surfaces do not include
cross terms of the forces. For the cathode surface we have

with

Ta = lim(V fl2 + — r)2 + rf

r = r +

The dissipated energy for the anode is given by the same
equation in which index c is replaced by a. The product iij
is unequal to r&, and it is also different from r72 because
Eq. 84 and 89 contain reversible terms.

The temperature profile through the eell.—The exact
solution of the temperature profile through the cell is
found by solving Eq. 24, 32, 45, 53, and 58 with 80-89. A
first-order solution of the same equations can be used to
predict whether the surface discontinuities Eq 72-75 are
significant or not. We therefore give the details of a first-
order solution below.

We start by fixing the temperature 7', to positions —
and dm inside the two electrodes. The temperature profile
in an electrode is to a good approximation linear, when the
dissipation of joule heat in the electrode is small. We have
for the cathode

T(X)=Ae(dmX)+ T3 for de<X<dm
The heat flux is then from Eq. 24 and 31

Jq = Xtm T = XmAC

For the anode we have correspondingly

and
T(x) =Ac(dm + x) + T0 for dm<X< de

Jq = XmAa

The temperature profile in the electrolyte is from Eq. 58

for de<X<de [96]

The maximum temperature in the electrolyte is 7', at loca-
tion x, The chemical potential gradient is given from
Eq. 53. By introducing the derivative of the temperature
from Eq. 96 and this chemical potentia' gradient, we have
the heat flux from Eq. 45

= — cia)

rj[Xedm + (Atm -.

(r5 r=
e mX [Ad + (A — A)d]

[90]

[911

= rf(x - Xe) + - i
[85] for decX<d, [97]

[86]
The coefficient expression in the parenthesis is denoted 1'

=

[t;
—

.½!L_t:]
[981

[87]

The unknowns of the above equations, A, A, Xe and 7's,
[881 are found by using the boundary conditions at the surfaces

of the electrodes. In the zeroth order approximately we
[89] consider first the case when the r2 matrix is zero. The

chemical potentials and the temperature are then continu-
ous functions at the electrode interfaces. This is the case
analyzed by Ito et at.6 The overpotentials are also zero,
when the ? matrix is zero, and the heat currents are con-
tinuous at the surface. The zeroth order approximation
obtained in this way is indicated with superscript 0. The
continuity conditions for the temperatures at the electrode
surfaces are from Eq. 92, 94, and 96

Ac°(dm —d€)+TD =T rP2(d —x)2 for X=de
[99]

Aa°(dm — de) + 7', = T,° — 2(d + x)2 for x = de
[100]

Continuity of the heat flux for the cathode gives from
Eq. 93, 97, and 98

= rj2(de — x°) + 15 [101]

and for the anode we have from Eq. 95, 97, and 98
= —r'j2(d, + Xe°) + rj [102]

The solution of the Eq. 99-102 is

[103]

[104]

A° =djI— 1€
[105]C

[xedm + (Atm —

[92] r'dj2 Xe ( 1'(d — dT°=T+ (d —d)+-——I Tn
0 B 2r jX'd + (Atm —

[93] +if—j2d2 [106]

The first-order approximation for the jumps in temper-
ature at the anode is now found by using the zeroth order

[94] solution for the heat fluxes, and (Eq. 101 and
102), putting 2'' r = T0, with the Eq. 81 and 82. The
chemical potential differences and the overpotentials for

[951 both electrodes are further given by Eq. 83, 88, and 107.

ia = — (r + r,) 3rL.a + rj [107]

The chemical potential difference maintained at the sur-
face at steady state is proportional to the electric current
density. The overpotential is a function, i.e., of the heat
flux to and from the surface.

The first-order results obtained in this manner give a
qualitative picture of the phenomena taking place at the
electrode surface and make it possible to find whether the
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surface effects are significant or not. Exact solutions can
be obtained by computer, by solving Eq. 32, 58, 80-89, 95,
and 97 for the six unknown temperatures ?, T, ra, 7, 7,
2, and the four unknown heat fluxes, n,c,' 1n,a' and
Jn,c.

On estimating transport coefficients for the surface.—
Some remarks are needed about the coefficients of the
constitutive equations for the electrode surfaces. There are
in principle two ways to find these values. The most reli-
able way is to measure them, but many coefficients are
involved. So far such measurements have not been done.
The other way is to give theorectical estimates. It is diffi-
cult to do justice to the full microscopic nature of the sys-
tem. To some extent molecular dynamics simulations can
be used to gain such insight. As a first approximation, one
may use simpler considerations or models to estimate the
coefficients, or to give bounds. We formulate some general
ideas to guide such estimates.

We start with Eq. 65-68 and the main coefficients.
Picture the surface and its surroundings as a layered
structure, it follows that the resistances of the layers are
additive in the direction normal to the layers. It is known
from nonequilibrium molecular dynamics simulations15
that the resistance to transport perpendicular to the sur-
face is higher than the resistance to transport parallel to
the surface.

Consider first the resistivity, rs, of the surface. The
nature of the charge-transfer in the bulk electrolyte and in
the bulk electrode materials presumably is simpler than
across the surface. In a metal the resistivity is due largely
to electrons colliding with impurities. In the electrolyte,
collisions among the ions and between the ions and the
solvent molecules limit the conductivity. For the electrode
surface, however, collisions are necessary to give charge-
transfer through the surface. Therefore, it is reasonable to
assume that the resistivity of the surface layer is large
compared to bulk material resistivity. The excess surface
resistivity is obtained as the integral over the increment of
the resistivity above the extrapolated bulk values (Fig. 2).
A smooth decay from re to r" leads to rs 0, or no excess
resistivity. The function in the plot gives rs > rsS with S
being the thickness of the surface. A reasonable estimate
for rs is therefore large compared to the product of the
electrolyte resistivity times the thickness of the surface.

We next assume that the resistance to adsorption or de—
sorption of salt, the inverse of l, is larger, but not that
much larger, than the corresponding value in the bulk
(Fig. 3). As a first estimate we use the bulk value of the dif-
fusion coefficient divided by the thickness of the surface.

The arguments of series resistances also apply to the
temperature jump coefficients, r and r. These coeffi-

x=O x
Fig. 3. The excess diffusionol resistivily of a component on the

elecfrolyte side of the surface.

cients reflect the resistance to heat flow in the absence of
net mass and charge flow, and are, in the absence of polar-
ization, not particular for electrochemical processes.
Kinetic theory suggests that the coefficients lm and l:e are
orders of magnitude smaller than the typical heat conduc-
tivity of the bulk divided by the thickness of the surface
(and the temperature).16 For evaporation from a surface,
we have / \3/2

Is =
ee TM [1083

Here T0 is the temperature of the surface, P is the gas con-
stant, M the molar mass, and p the molar density of the
species that is actively adsorbed or disturbed at the sur-
face. For T0 = 1273 K, we obtain l = 130 J K' s m2 for
oxygen gas at a surface. This is larger than corresponding
bulk values by some orders of magnitude (see the
Calculations section). According to Eq. 108, the coefficient
increases with the inverse of the root of the temperature.
The values of l and 1e should depend on the bulk mate-
rials m and e, respectively.

The cross coefficients are also special properties of the
surface. There are two Peltier coefficients of the electrode
surface, t and C. These coefficients express the heat trans-
ported at uniform temperature and composition, per moles
elementary charges or per coulomb- (We choose the last
unit.) The coefficient, t, belongs to the electrode side of
the surface and Cbelongs to the electrolyte side of the sur-
face. The Peltier coefficients should be largely indepen-
dent of the surface thickness. Lacking other information,
we take t as given by r times the entropy change by
reduction of the relevant species minus the transported
entropy in the metal. The t has similar contributions from
transported entropies by the ions in the electrolyte and the
thermodynamic entropy changes by changing composition
in the surface. At steady state, for the model cell chosen
here, t is equal to the transported entropy of N time r. We
neglect that the entropies of the surface may be different
from those of the bulk.

It remains to discuss t. This coefficient is the transfer-
ence coefficient for AX into the surface (divided by
Faraday's constant). It represents the transfer of AX due
to the electric current density alone. The transference
coefficient is related to the transport number of ions in a
manner analogous to relationships for the bulk elec-
trolyte.4 The transport numbers in the electrolyte are func-
tions of ionic mobilities and concentrations. Though the
concentration of the salt at the surface is expected to be
different from that of the bulk, the value of t7nevertheless
is of the same order of magnitude as tt, since it is related
to the fraction of the electric current carried by one of the
ions. It is independent of surface thickness, but should
depend on polarization.

Calculations
The temperature profile, the heat fluxes through the

electrodes, the overpotentials and the dissipated energies
were calculated according to the above procedures for two
electrolysis cells, I and II

Ii' c-1 A

r (x)

x=O x

rm

Fig. 2. The excess electric resistivity of the surface,?.
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surface effects are significant or not. Exact solutions can
be obtained by computer, by solving Eq. 32, 58, 80-89, 95,
and 97 for the six unknown temperatures T', 7 r, 7, 7
2, and the four unknown heat fluxes, 1na' and
J,n,c.

On estimating transport coefficients for the surface.—
Some remarks are needed about the coefficients of the
constitutive equations for the electrode surfaces. There are
in principle two ways to find these values. The most reli-
able way is to measure them, but many coefficients are
involved. So far such measurements have not been done.
The other way is to give theorectical estimates. It is diffi-
cult to do justice to the full microscopic nature of the sys-
tem. To some extent molecular dynamics simulations can
be used to gain such insight. As a first approximation, one
may use simpler considerations or models to estimate the
coefficients, or to give bounds. We formulate some general
ideas to guide such estimates.

We start with Eq. 65-68 and the main coefficients.
Picture the surface and its surroundings as a layered
structure, it follows that the resistances of the layers are
additive in the direction normal to the layers. It is known
from nonequilibrium molecular dynamics simulations15
that the resistance to transport perpendicular to the sur-
face is higher than the resistance to transport parallel to
the surface.

Consider first the resistivity, ?, of the surface. The
nature of the charge-transfer in the bulk electrolyte and in
the bulk electrode materials presumably is simpler than
across the surface. In a metal the resistivity is due largely
to electrons colliding with impurities. In the electrolyte,
collisions among the ions and between the ions and the
solvent molecules limit the conductivity. For the electrode
surface, however, collisions are necessary to give charge-
transfer through the surface. Therefore, it is reasonable to
assume that the resistivity of the surface layer is large
compared to bulk material resistivity. The excess surface
resistivity is obtained as the integral over the increment of
the resistivity above the extrapolated bulk values (Fig. 2).
A smooth decay from re to r" leads to ? 0, or no excess
resistivity. The function in the plot gives rs > res with S
being the thickness of the surface. A reasonable estimate
for rs is therefore large compared to the product of the
electrolyte resistivity times the thickness of the surface.

We next assume that the resistance to adsorption or de-
sorption of salt, the inverse of l, is larger, but not that
much larger, than the corresponding value in the bulk
(Fig. 3). As a first estimate we use the bulk value of the dif-
fusion coefficient divided by the thickness of the surface.

The arguments of series resistances also apply to the
temperature jump coefficients, r, and re. These coeffi-

x=O x
Fig. 3. The excess diffusional resistivity of a component on the

elecfrolyte side of the surface.

cients reflect the resistance to heat flow in the absence of
net mass and charge flow, and are, in the absence of polar-
ization, not particular for electrochemical processes.
Kinetic theory suggests that the coefficients l,.m and e are
orders of magnitude smaller than the typical heat conduc-
tivity of the bulk divided by the thickness of the surface
(and the temperature).16 For evaporation from a surface,
we have / \3/2

=
ee TM [1083

Here T0 is the temperature of the surface, R is the gas con-
stant, M the molar mass, and p the molar density of the
species that is actively adsorbed or disturbed at the sur-
face. For T0 = 1273 K, we obtain l = 130 J K' s m2 for
oxygen gas at a surface. This is larger than corresponding
bulk values by some orders of magnitude (see the
Calculations section). According to Eq. 108, the coefficient
increases with the inverse of the root of the temperature.
The values of l and l,Se should depend on the bulk mate-
rials m and e, respectively.

The cross coefficients are also special properties of the
surface. There are two Peltier coefficients of the electrode
surface, t,, and . These coefficients express the heat trans-
ported at uniform temperature and composition, per moles
elementary charges or per coulomb. (We choose the last
unit.) The coefficient, t,,, belongs to the electrode side of
the surface and t belongs to the electrolyte side of the sur-
face. The Peltier coefficients should be largely indepen-
dent of the surface thickness. Lacking other information,
we take t', as given by 7" times the entropy change by
reduction of the relevant species minus the transported
entropy in the metal. The t has similar contributions from
transported entropies by the ions in the electrolyte and the
thermodynamic entropy changes by changing composition
in the surface. At steady state, for the model cell chosen
here, t is equal to the transported entropy of At time 7'. We
neglect that the entropies of the surface may be different
from those of the bulk.

It remains to discuss t. This coefficient is the transfer-
ence coefficient for AX into the surface (divided by
Faraday's constant). It represents the transfer of AX due
to the electric current density alone. The transference
coefficient is related to the transport number of ions in a
manner analogous to relationships for the bulk elec-
trolyte.4 The transport numbers in the electrolyte are func-
tions of ionic mobilities and concentrations. Though the
concentration of the salt at the surface is expected to be
different from that of the bulk, the value of tt,, nevertheless
is of the same order of magnitude as t, since it is related
to the fraction of the electric current carried by one of the
ions. It is independent of surface thickness, but should
depend on polarization.

Calculations
The temperature profile, the heat fluxes through the

electrodes, the overpotentials and the dissipated energies
were calculated according to the above procedures for two
electrolysis cells, I and II

Ii' v-1"Mi A
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Fig. 2. The excess electric resistivity of the surface,?.
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Na(Hg), T, NaC1(aq) T,, Na(Hg)

02(g), 7', Zr02(s) 7:, 0,(g)
The current density was io A m' (cell I) and io A m2
(cell II). The temperature in the bulk electrode, 1',, was
300 K (cell I) and 1273 K (cell II).

There are only two independent fluxes across the elec.-
trolyte in both cells, the fluxes of heat and of charge. Cell I
is a direct example of the model cell treated in the preced-
ing sections. There is no net electrolyte mass flux in cell II,
since oxygen ions conduct all charge. This corresponds to
a situation with AX = 0, but with the chemical potential
gradient of AX absent, in contrast to cell 1. The electrolyte
resistivity is thus the resistivity of the homogeneous elec-
trolyte only in cell II. We neglect possible chemical poten-
tial differences between the bulk 02 gas and the surface
absorbed gas. The equations of the preceding chapters
then apply also to cell II. Different aspects of a cell in
operation shall be illustrated with these cells.

Our purpose is to illustrate principles. Therefore, we have
used a somewhat unphysical condition in our calculation,
of constant or zero transport coefficients. The electrode sur-
faces can be modeled more accurately by including variable
coefficients. At present this is premature since the coeffi-
cients of the surfaces await experimental determination.

The temperature profile, the heat fluxes, and the over-
potentials were determined approximately from Eq. 92-
106 and exactly using the MATLAB program version 4.2 of
Nov. 1994 from Math Works, Inc. In cell I conditions are
chosen so that Peltier effects do not influence the temper-
ature profile, while in cell II they have important influence
on the temperature profile.

The cell Na(Hg) I NaCZ(aq) J Na(Hg) .—The distance be-
tween the electrodes is taken to be 10 cm, giving d, = 5 cm.
The position of 7', in the electrodes is taken to be d,, = 6 cm.
The thermal conductivity of the Hg electrode is approxi-
mately X" 8 J K'ml s' at 300 K, and the resistivity

= 9.4 10 Cl m. ' From ktm we find l,, = fltm =2.4 kJ m'
We take the Peltier coefficient t' = 0.

The electrolyte solution of 0.1 M NaC1 has >J = 0.6 J K-'
m' s' or = = 180 J m' s', andre = 0.67 fim. '7The
Peltier coefficient of Na is neglected, t = 0. The transfer-
ence coefficient of NaC1 in this cell is —t,-,4 giving t =

= —0.57 10 mol C' (taken for infinitely dilute
solutions). The diffusional coefficient is calculated from the
diffusion coefficient in NaC1 in water to be 1' = 6 10'
mol2 m's'J'. ' The cross coefficient is small and taken to
be zero, 1 = 0, so that 1' = t. The stationary state resistiv-
ity is obtained by introducing appropriate numbers into
Eq. 56: r = 1.2 Cl m. This value is about twice the value of
? due to the current-induced concentration gradient.

As the surface thickness we take a value slightly larger
than the Debye length, 1.5 nm. The surface resistivity to
charge-transfer is taken to be ten times the comparable
resistivity in the electrolyte giving r' = 10-' Cl m'. The
transference coefficient is slightly changed from the bulk
value, to t= —0.3 10'mol C' The magnitude of lis
estimated from l divided by the thickness to give l, = 4
io mol2 m' 5'J'. These values for the transport coeffi-
cients for mass mean that the only significant contribution
to the resistance in the steady state in Eq. 83 is from?.

The transported entropy of Na in the solution is 59 J
K' mot'or 0.61 103J K'C'"(for 300 K). From this we
estimate the entropy transported across the electrolyte
side of the cathode interface to ç = 0.61 10' J K-'
C' = 0.61 mV K-'. The entropy change at the metal side
of the cathode interface is t,/T' = —0.52 103J K' C' =
—0.52 mV K'. (Heat is required to produce metal at the
cathode.) The overpotentials in mV are thus

= —0.52[7: — T'] + 0.61[T — 7:] +10) [109]

= —0.52[7' —7:] + 0.61[7: — 7:] +10'j [110]

where the current density has units A m2.
The temperature jump coefficients 1,m and 'ewere varied

between 12 and 250 J K2 m2 s'. If the surface has the

[I] Table I. Resistance coefficients, temperature jumps, and overpoten-
tials for the cell Na(Hg, 300 K) I NaCl(aq) I Na(Hg, 300 K).

Setl Set2 Set3

4'lO'
8'10, 410-gio- 4.10-2

410-'rrr, —2.1 10'
4.9 10'
1.4 10'

—2.1 10'
2.4 10'
3.6 10-'

—2.1 10
4.9 . 10'
5.1 10'

7:(K) 375.0 375.0 375.0
1 (K) 375.6 381.4 381.4
7 (K) 376.9 387.6 393.6
i,(m') 0.46 0.39 4.2
2 (K) 376.9 387.6 393.6
1 (K) 375.6 381.4 381.4
7: (K) 375.0 375.0 375.0
ii,(mV) —0,43 —0.32 —4.1

The surface coefficients have the dimensions: tnm, r, (J8 K' m'
s), (Km' s C'), ?, (Km' s C-'), and r (11 m').

Surface coefficients are tt,,, = 25 mol m' s J and , = 2.4
io' m' s J C'moL'.

Other coefficients are given in the text. The electrolysis is per-
formed with io A m2.

same heat conductivity as the electrolyte, 1, is 2 '10' J K'
m2 s. The r coefficients calculated from Eq. 76-79 with
the numbers above are given in Table I.

The cell 02(g)iZrO2 Y2O3O2(g).—The single cell has an
electrolyte layer about 200 p.m thick, and two electrodes
which are 150 p.m thick, each giving de = 100 tim and dm =
250 p.m. The temperatures at the electrode surfaces, posi-
tions dm and dm were put equal to 7', = 1273 K, In a fuel
cell, the electrode surfaces may differ from each other. The
electrical current density is between io and io A m'.

The electrode surfaces of this cell are three phase con-
tacts between gas, ceramic material, and metal. The ther-
mal conductivity of the electrode is X" = 2 J K-' m' and
the electric resistivity is ?' = 1.0 ' 10 Cl m.2° We again
neglect t' and t.'4 For the electrolyte we have K' = 2.7 J
K' m' s, which gives l = fl' = 3.44 kJ m' sfl', and?
0.1 tim.20

The electrode surface thickness is taken to be 20 nm. The
excess resistivity of the surface is chosed to be? = 2 ' 10
Cl m2. The transported entropy of O in the ceramic plate
is 42 J K' moL' = 2.1 10 J K' C-'. 'The entropy trans-
ported to the electrolyte side from the right side of the
electrode surface is set by transport of 0.5 mol O away
from the surface. This gives t'jr = —2.1 ' 10"'J K' C' for
the cathode, The other Peltier coefficient of this electrode,
which is related to disappearance of 0.25 mol of O,(g),
gives t,f7" = 6.5 ' 10 J K-' C-1. The entropy of 02 at 1273
K is 262 J K mot'. The overpotentials in mV are with these
numbers

= 0.65[7: — 7"] — 0.2117:— 7:] + 2 ' 10'j [111]

= 0.65[7: —7:] — 0.2117: —7:] + 2 10'j [112]

The temperature jump coefficients, l, = 1, were varied
between 10 and 1000 J K-' m2 s' in this case. The result-

Table It. Resistance coefficients for the surface of the cell 02(9)
1273 K)Zr02l02(g) 1273 K.

Set4 SetS Set6 Set7 Set8

0.1 0.01 0.001 0.01 0.01
i',
4,
?,,

0.1
6.5 ' i0

—2.1 - 10'
0.01

6.5 ' 10'
—2.1 10'

0.001
6.5 ' 10'

—2.1 ' 10'
0.01

6.5 ' 10'
—2.1- 10'

0.05
6.5 ' 10'

—4.2 10'

[II]

The surface coefficients have the dimensions: r' , 4 (J' K' m'
s), % (Km' s C'), 4,JK m' s C'), and 4, (11 m').

The electric current density is always io A m'. The electrolyte
resistance is 0.1 11 m, but 1 11 m in set 7. The surface resistance is
4, = 2.0 ' 10" 11 m', but 2.5 ' 10' in set 4. Other coefficients used
in the calculation are given in the text.
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ing coefficients in the rs matrix from these numerical val-
ues and Eq. 76-79, are given in Table II.

Results
The exact solution was tested for consistency by chang-

ing parameters. Changing the direction of j led to inter-
change of the results of the electrodes, as expected. The
numerical uncertainty in the calculations of overpoten-
tials is estimated to 0.01 mV, while the temperatures
have an uncertainty of 0,01 K.

The cell Na(Hg)NaCl(aq)Na(Hg).__For all conditions
chosen, the temperature profile is linear in the metals, par-
abolic in the electrolyte (not shown), and at the surfaces
there are marked temperature jumps. These temperature
jumps are listed in Table I. Heat is leaking out of the sys-
tem in an asymmetric way. The heat fluxes going out of the
anode and out of the cathode, Jq are different, which
means that net work has been done on the system. The
temperature jumps are largely due to the heat fluxes in Eq.
81 and 82. The slight asymmetry in the temperature profile
can be explained by the Peltier coefficients. The work is
determined by the contribution from the Peltier coeffi-
cients to the overpotential, see below.

The temperature jumps also depend on the coefficients
Tnm and r. The smallest values used for these coefficients
give temperature jumps of 1 K (data set 1, Table I). When
the coefficients are equal in magnitude, the surface tem-
perature, 7', has a value between the values of the temper-
atures in the adjacent bulk materials (compare sets 2 and
3, Table I). A larger value for the resistance to heat flow on
the electrolyte side moves the surface temperature rela-
tively closer to the electrode value (compare sets 1 and 3).
The temperature jumps can be substantial for the coeffi-
cients chosen, more than 20 K over 1.5 nm.

We find that the first-order solution estimates the order
of magnitude of the temperature jumps. Equations 103-
106 give an essentially symmetric temperature profile. The
approximate solution gives a maximum in the electrolyte
temperature of 2875 K at xclose to 0. The exact solution
gives 2990 K for a slightly larger Xe. The approximate coef-
ficients A°a=A = 7.5 1o K m1 are very close to the exact
value of dT/dx at 7478 K m'. The first-order esti-
mates of the temperature jumps are 7 —T =7 — 7 =

— = — 7 = 8 K, while the exact solution gives 7
= 6.3 K, 2— = 6.2K, and T — = 6.5K, 7 —

= 6.2 K.
The ohmic contribution to the overpotential in Eq. 109

and 110 is negligible for cell I, 0.01 mY. The overpotentials
for both electrodes are small, <5 my, and of different
signs. The sign difference can be explained by the nature
of the temperature profile. The second term in the expres-
sion for the overpotential is the leading term. Work is
required to move positive heat uphill the temperature gra-
dient on the anode; and it is gained when heat is trans-
ported downhill the temperature gradient on the cathode.
The relative contribution of positive and negative terms in
the expression of the overpotential can change, however,
depending on the value of the temperature jump coeffi-
cients, since these decide the value of the temperature of
the surface (compare data sets 1 and 2).

The temperature gradient at tlm is close to constant for
all calculation conditions for cell I, i.e., the flow of heat
through the electrode, fla' is not much affected by the
surface coefficients, consistent with small values for the
overpotentials. The results for at t1m as well as at tim
is 6 io J s'. The main impact of the surface resistance
coefficients are on the magnitude of the temperature
jumps, and the magnitude of the dissipated energy. For
data set 3, the dissipated energy of the electrode surfaces
in this cell is 1800 W m2, a considerable number. The tem—
perature profiles of this example are not being plotted
because the temperature jumps at the surface are small
compared to the overall temperature variation.

The cell O2(g)ZrO2 Y2O3O2('g).—The results of the calcu-
lations are shown in Table II and Fig. 4 and 5. The figures

12734

1272 C
—0.3 —0.2 —0,1 0 0.1 0.2 0.3

X /mm

1273.15

127295
—0.3 —0,2 —0.1

illustrate the effect of varying temperature coefficients
(Fig. 4 and 5), the effect of varying the electrolyte resist-
ance, and the relative magnitude of the temperature jump
coefficients.

Again the temperature profiles in the metals are linear,
and the electrolyte temperature profile is parabolic. The
temperature jumps at the surfaces are generally much
smaller than for cell I, due to smaller heat fluxes (this con-
dition changes by changing T0), but a rich variation
appears in the profiles. The temperature V is always
highest on the cathode, while r is highest on the anode.
This is because heat is released when 02(g) disappears, and
is taken away when 02(g) is formed. The surface tempera-
ture on the cathode is lower than that on the anode
because entropy is transported from the cathode surface to
the anode surface. In Fig. 4 and 5 we have singularities in
the surface temperature as a consequence of the interplay
of flows between the heat sources and sinks in the cell.

There is generally an asymmetry in the heat fluxes out of
the electrode surfaces. Not only the magnitude, but also
the direction of the heat flux into the surfaces may change,
see e.g., Fig. 4 and 5. The electric resistance of the surface

x /rpm
0.1

F-

0.2 0.3

Fig. 4. The temperature profile of cell ll(a, top) for data set 4; (b,
middle) for data set 5; and Ic, bottom) for data set 6 (Table II).

F-

Fig. 5. The temperature profile of cell II (a, bottom) for data set 7
and (b, top) for data set 8 (Table II).
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ing coefficients in the r' matrix from these numerical val-
ues and Eq. 76-79, are given in Table II.

Results
The exact solution was tested for consistency by chang-

ing parameters. Changing the direction of j led to inter-
change of the results of the electrodes, as expected. The
numerical uncertainty in the calculations of overpoten-
tials is estimated to 0.01 my, while the temperatures
have an uncertainty of 0.01 K.

The cell Na(Hg)NaCl(aq)Na(Hg)._—For all conditions
chosen, the temperature profile is linear in the metals, par-
abolic in the electrolyte (not shown), and at the surfaces
there are marked temperature jumps. These temperature
jumps are listed in Table I. Heat is leaking out of the sys-
tem in an asymmetric way. The heat fluxes going out of the
anode and out of the cathode, Jq"are different, which
means that net work has been done on the system. The
temperature jumps are largely due to the heat fluxes in Eq.
81 and 82. The slight asymmetry in the temperature profile
can be explained by the Peltier coefficients. The work is
determined by the contribution from the Peltier coeffi-
cients to the overpotential, see below.

The temperature jumps also depend on the coefficients
r;, and r,. The smallest values used for these coefficients
give temperature jumps of 1 K (data set 1, Table I). When
the coefficients are equal in magnitude, the surface tem-
perature, r, has a value between the values of the temper-
atures in the adjacent bulk materials (compare sets 2 and
3, Table I). A larger value for the resistance to heat flow on
the electrolyte side moves the surface temperature rela-
tively closer to the electrode value (compare sets 1 and 3).
The temperature jumps can be substantial for the coeffi-
cients chosen, more than 20 K over 1.5 nm.

We find that the first-order solution estimates the order
of magnitude of the temperature jumps. Equations 103-
106 give an essentially symmetric temperature profile. The
approximate solution gives a maximum in the electrolyte
temperature of 2875 K at X0,close to 0. The exact solution
gives 2990 K for a slightly larger Xe.The approximate coef-
ficients A°a=A = 7.5 io K m are very close to the exact
value of dT/dx at 7478 K m'. The first-order esti-
mates of the temperature jumps are 7 —T =7 — =

— Tf' = 7 — = 8 K, while the exact solution gives 7
= 6.3K, 7— 7 = 6.2 K, and 7 — 7' = 6.5K, 7 —

= 6.2 K.
The ohmic contribution to the overpotential in Eq. 109

and 110 is negligible for cell I, 0.01 ml!. The overpotentials
for both electrodes are small, <5 my, and of different
signs. The sign difference can be explained by the nature
of the temperature profile. The second term in the expres-
sion for the overpotential is the leading term. Work is
required to move positive heat uphill the temperature gra-
dient on the anode; and it is gained when heat is trans-
ported downhill the temperature gradient on the cathode.
The relative contribution of positive and negative terms in
the expression of the overpotential can change, however,
depending on the value of the temperature jump coeffi-
cients, since these decide the value of the temperature of
the surface (compare data sets 1 and 2).

The temperature gradient at — tIm is close to constant for
all calculation conditions for cell I, i.e., the flow of heat
through the electrode, fla' is not much affected by the
surface coefficients, consistent with small values for the
overpotentials. The results for .J at dm as well as at tIm
is 6 io J s'. The main impact of the surface resistance
coefficients are on the magnitude of the temperature
jumps, and the magnitude of the dissipated energy. For
data set 3, the dissipated energy of the electrode surfaces
in this cell is 1800 W m2, a considerable number. The tem-
perature profiles of this example are not being plotted
because the temperature jumps at the surface are small
compared to the overall temperature variation.

The cell O2(g)ZrO2 Y2O3O2('g).—The results of the calcu-
lations are shown in Table II and Fig. 4 and 5. The figures
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illustrate the effect of varying temperature coefficients
(Fig. 4 and 5), the effect of varying the electrolyte resist-
ance, and the relative magnitude of the temperature jump
coefficients.

Again the temperature profiles in the metals are linear;
and the electrolyte temperature profile is parabolic. The
temperature jumps at the surfaces are generally much
smaller than for cell I, due to smaller heat fluxes (this con-
dition changes by changing T0), but a rich variation
appears in the profiles. The temperature V' is always
highest on the cathode, while r is highest on the anode.
This is because heat is released when 02(g) disappears, and
is taken away when 03(g) is formed. The surface tempera-
ture on the cathode is lower than that on the anode
because entropy is transported from the cathode surface to
the anode surface. In Fig. 4 and 5 we have singularities in
the surface temperature as a consequence of the interplay
of flows between the heat sources and sinks in the cell.

There is generally an asymmetry in the heat fluxes out of
the electrode surfaces. Not only the magnitude, but also
the direction of the heat flux into the surfaces may change,
see e.g., Fig. 4 and 5. The electric resistance of the surface
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and (b, tap) for data set 8 (Table II).
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is so high in cell II that the only contribution to comes
from rs. By increasing re from 0.1 in the data set used for
Fig. 5, to 1 0 m, the temperature profile becomes similar to
the one of cell I. The heat fluxes through the electrolyte
increase and the Peltier terms become less important for
the temperature profile for the cell in Fig. 5.

Decreasing the current density by a factor of ten,
decreases the temperature jumps (not shown). The temper-
ature jumps are very small with the coefficients chosen.
The overpotentials derived for cell II are therefore also
smaller than S mV. The dissipated energy of the electrode
materials is negligible in cell II for data set 4. For the elec-
trolyte it is 20 W m2. For the electrode surfaces we obtain
20 W m2 for data set 4. Most of this dissipation of energy
is due to the temperature jumps.

Discussion
This is the first application of nonequilibrium thermo-

dynamics for surfaces to electrochemical systems. The
main point of the paper is to demonstrate a method of
analysis which should be applicable to all kinds of elec-
trochemical cells. We have chosen to apply the theoretical
method to two systems of a different nature, to demon-
strate some of the effects that can be expected, and the rel-
ative importance of the phenomenological coefficients of
the surface. Cell I represents a case where large heat flux-
es predominate the temperature profile. In cell II, the heat
flux contribution to the temperature jump is more compa-
rable to the Peltier term contribution, and several differ-
ent profiles may occur.

The cases we have chosen to calculate are not fully real-
istic in the sense that the transport coefficients for the
bulk materials are taken to be constants. The electric
resistivity is normally a temperature function, and limits
the unreasonably high temperature rise in the electrolyte
that we have obtained for cell I. We consider it outside the
scope of this article to improve on this aspect of the calcu-
lation. A temperature dependent resistivity can be intro-
duced, following Ito et al.6 The examples were chosen for
theoretical, not for practical reasons. The theoretical con-
clusions are clear: significant temperature jumps can be
obtained for reasonable choices of surface coefficients.
The electrode surfaces may have a strong impact into the
overall temperature profile of the cell and lead to a signif-
icant dissipation of energy, not necessarily related to the
overpotential.

We have shown that a first-order solution of the problem
can be used to find whether the discontinuities at the sur-
faces are significant or not. However, the answer given by
this solution is qualitative. The discussions below are
based on the exact solutions.

The temperature jumps at the electrode surface.—The
theory predicts a separate surface temperature 7' and tem-
perature jumps at the surface, 7" — 7' and 7' — r. Our
calculations have shown that the magnitude of the tem-
perature jumps depends largely on the value of the tem-
perature jump coefficients, lm and l (cell I), but also on
the bulk heat flux (compare cells I and II). In practice the
bulk heat fluxes can change by changing the resistivity or
heat conductivity (insulation), in short the cell construc-
tion. We have seen with cell II that it is the interplay
between all transport coefficients which determines the
overall temperature profile of the cell. A variation in the
bulk material properties thus may promote a desired
change in the total profile.

While heat conductivities of the bulk materials are
known with good accuracy, there are no experimental data
available for the surface temperature jump coefficients.
The value 130 J K-2 m2 s', obtained for oxygen gas at
1273 K from kinetic theory for an evaporating system from
Eq. 108, is therefore important. The surface of our second
example, which is a solid-state/gas electrode surface, may
have a temperature jump coefficient of this order of mag-
nitude. Heat fluxes like the ones in cell I, when applied to
cell II, produce significant temperature jumps at the sur-
face. Cell I with a liquid/liquid electrode may have a high-

er value for 'm and 1e, since liquids in general conduct
heat better than gases. Still a change of even 10 K for io
A m2 at the surface is possible. Higher current densities,
which are common in practical situations, enhance the
temperature jumps. This means that significant jumps can
occur across the thin surface region. Knowledge of the
exact surface temperature may be important for electrode
kinetics, and interpretation of temperature-dependent
electrode phenomena. Material stresses may occur, e.g.,
due to thermal gradients. This may explain observed con-
tact problems between the phases in cell II.

It is probably impossible to measure the surface temper-
ature in the conventional way by inserting a thermocouple
into the system. At low temperatures, Raman spectroscopy
on probe molecules has been used to follow the tempera-
ture in transparent systems.22 Difficulties related to exper-
imental techniques, mean that we probably must rely on
indirect proofs for the existence of the temperature jump.
The overpotential, produced by the heat flux is one such
indication. Overpotentials have not been associated with
temperature jumps before. A value for 7' also may be
obtainable by molecular dynamics computer simulations.
Otherwise we must rely on calculations like the ones pre-
sented here. This points to the importance of experimental
determination of 1m and l:e' as well as of theoretical mod-
els for these coefficients.

Local maxima and minima in the temperature profile, in
particular at the electrode surfaces, were found for various
conditions in cell II. Maxima or minima in the surface
temperature are thus consequences of the equations for
the surface. Such optima cannot be observed in systems
which obey the simple Fourier's law. They are special fea-
tures of systems which have coupled transports of heat
and mass, and may arise here because of the shift of the
charge carrier at the surface. The shift of charge carrier
requires a change in the heat content in this region to
maintain energy conservation (where there is no charge or
mass accumulation). The energy flow has different contri-
butions from the heat flux on the two sides of the surface,
see e.g., Eq. 80. A similar situation was obtained earlier for
coupled transport of heat and mass across liquid/gas
interfaces.'6 The heat sinks or sources at the surfaces, and
the work done to the surface explain the temperature pro-
files of Fig. 4 and 5. Equations 72-75 and 81-84 predict
electrode surface temperatures which can be lower or
higher than their immediate surroundings. This situation
occurs, when the terms of the matrix to be solved are sim-
ilar in their order of magnitude.

The present results extend the analysis of Ito et al.6 They
calculated the temperature profile across the electrochem-
ical cell using essentially Eq. 32 and 58, and the assump-
tion of continuous intensive variables at the surface. We
may compare their analysis to our zeroth order results.

The steady-state resistivity of the surface—A special
feature of cell I is that the electric resistivity in the steady
state, r, (defined by zero mass flux in the electrolyte and
zero heat fluxes in Eq. 79) can have major contributions
due to the current-induced concentration jump and the
temperature jump. The temperature jumps and the chem-
ical potential differences p.NaoaS — PNaC1,a =

PNaCI,c
—

PNaCI,c
are accounted for in the overpotential by changing rs
(which is 10-80 m2) into r (see Table I).

This finding, which requires a relatively large tempera-
ture jump coefficient compared to the electric resistivity,
may in general have a consequence for interpretation of
measured electrical surface resistivities. However, only a
part of the "electric resistance" coefficient r, r con-
tributes to the dissipated energy at the surface. The Peltier
coefficients do not do so, as is to be expected for a re-
versible effect.

The contributions to the overpotential.—The nonequilib-
rium thermodynamic theory for surfaces also gives a poten-
tial jump at the electrode surface, see Eq. 13 or 17. Usually,
such a jump has been associated with the overpotential for
the electrode and is our background for the identification
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is so high in cell II that the only contribution to rj comes
from r'. By increasing re from 0.1 in the data set used for
Fig. 5, to 1 0 m, the temperature profile becomes similar to
the one of cell I. The heat fluxes through the electrolyte
increase and the Peltier terms become less important for
the temperature profile for the cell in Fig. 5.

Decreasing the current density by a factor of ten,
decreases the temperature jumps (not shown). The temper-
ature jumps are very small with the coefficients chosen.
The overpotentials derived for cell II are therefore also
smaller than 5 my. The dissipated energy of the electrode
materials is negligible in cell II for data set 4, For the elec-
trolyte it is 20 W m2. For the electrode surfaces we obtain
20 W m' for data set 4. Most of this dissipation of energy
is due to the temperature jumps.

Discussion
This is the first application of nonequilibrium thermo-

dynamics for surfaces to electrochemical systems. The
main point of the paper is to demonstrate a method of
analysis which should be applicable to all kinds of elec-
trochemical cells. We have chosen to apply the theoretical
method to two systems of a different nature, to demon-
strate some of the effects that can be expected, and the rel-
ative importance of the phenomenological coefficients of
the surface. Cell I represents a case where large heat flux-
es predominate the temperature profile. In cell II, the heat
flux contribution to the temperature jump is more compa-
rable to the Peltier term contribution, and several differ-
ent profiles may occur.

The cases we have chosen to calculate are not fully real-
istic in the sense that the transport coefficients for the
bulk materials are taken to be constants. The electric
resistivity is normally a temperature function, and limits
the unreasonably high temperature rise in the electrolyte
that we have obtained for cell I. We consider it outside the
scope of this article to improve on this aspect of the calcu-
lation. A temperature dependent resistivity can be intro-
duced, following Ito et al.6 The examples were chosen for
theoretical, not for practical reasons. The theoretical con-
clusions are clear: significant temperature jumps can be
obtained for reasonable choices of surface coefficients.
The electrode surfaces may have a strong impact into the
overall temperature profile of the cell and lead to a signif-
icant dissipation of energy, not necessarily related to the
overpotential.

We have shown that a first-order solution of the problem
can be used to find whether the discontinuities at the sur-
faces are significant or not. However, the answer given by
this solution is qualitative. The discussions below are
based on the exact solutions.

The temperature jumps at the electrode surface.—The
theory predicts a separate surface temperature 7' and tem-
perature jumps at the surface, 7" — 7' and 7' — 7". Our
calculations have shown that the magnitude of the tem-
perature jumps depends largely on the value of the tem-
perature jump coefficients, l,m and l (cell I), but also on
the bulk heat flux (compare cells I and II). In practice the
bulk heat fluxes can change by changing the resistivity or
heat conductivity (insulation), in short the cell construc-
tion. We have seen with cell II that it is the interplay
between all transport coefficients which determines the
overall temperature profile of the cell. A variation in the
bulk material properties thus may promote a desired
change in the total profile.

While heat conductivities of the bulk materials are
known with good accuracy, there are no experimental data
available for the surface temperature jump coefficients.
The value 130 J K-2 m2 s', obtained for oxygen gas at
1273 K from kinetic theory for an evaporating system from
Eq. 108, is therefore important. The surface of our second
example, which is a solid-state/gas electrode surface, may
have a temperature jump coefficient of this order of mag-
nitude. Heat fluxes like the ones in cell I, when applied to
cell II, produce significant temperature jumps at the sur-
face. Cell I with a liquid/liquid electrode may have a high-

er value for l,,m and l, since liquids in general conduct
heat better than gases. Still a change of even 10 K for io
A m2 at the surface is possible. Higher current densities,
which are common in practical situations, enhance the
temperature jumps. This means that significant jumps can
occur across the thin surface region. Knowledge of the
exact surface temperature may be important for electrode
kinetics, and interpretation of temperature-dependent
electrode phenomena. Material stresses may occur, e.g.,
due to thermal gradients. This may explain observed con-
tact problems between the phases in cell II.

It is probably impossible to measure the surface temper-
ature in the conventional way by inserting a thermocouple
into the system. At low temperatures, Raman spectroscopy
on probe molecules has been used to follow the tempera-
ture in transparent systems.22 Difficulties related to exper-
imental techniques, mean that we probably must rely on
indirect proofs for the existence of the temperature jump.
The overpotential, produced by the heat flux is one such
indication. Overpotentials have not been associated with
temperature jumps before. A value for 7' also may be
obtainable by molecular dynamics computer simulations.
Otherwise we must rely on calculations like the ones pre-
sented here. This points to the importance of experimental
determination of l,,,,, and 1e, as well as of theoretical mod-
els for these coefficients.

Local maxima and minima in the temperature profile, in
particular at the electrode surfaces, were found for various
conditions in cell II. Maxima or minima in the surface
temperature are thus consequences of the equations for
the surface. Such optima cannot be observed in systems
which obey the simple Fourier's law. They are special fea-
tures of systems which have coupled transports of heat
and mass, and may arise here because of the shift of the
charge carrier at the surface. The shift of charge carrier
requires a change in the heat content in this region to
maintain energy conservation (where there is no charge or
mass accumulation). The energy flow has different contri-
butions from the heat flux on the two sides of the surface,
see e.g., Eq. 80. A similar situation was obtained earlier for
coupled transport of heat and mass across liquid/gas
interfaces.'6 The heat sinks or sources at the surfaces, and
the work done to the surface explain the temperature pro-
files of Fig. 4 and 5. Equations 72-75 and 81-84 predict
electrode surface temperatures which can be lower or
higher than their immediate surroundings. This situation
occurs, when the terms of the matrix to be solved are sim-
ilar in their order of magnitude.

The present results extend the analysis of Ito et al.6 They
calculated the temperature profile across the electrochem-
ical cell using essentially Eq. 32 and 58, and the assump-
tion of continuous intensive variables at the surface. We
may compare their analysis to our zeroth order results.

The steady-state resistivity of the surface—A special
feature of cell I is that the electric resistivity in the steady
state, r6, (defined by zero mass flux in the electrolyte and
zero heat fluxes in Eq. 79) can have major contributions
due to the current-induced concentration jump and the
temperature jump. The temperature jumps and the chem-
ical potential differences P'NaOa' — P'Nacl,a

=
PNacI,c

—
PNac1,c

are accounted for in the overpotential by changing rs
(which is 10_oft m2) into r (see Table I).

This finding, which requires a relatively large tempera-
ture jump coefficient compared to the electric resistivity,
may in general have a consequence for interpretation of
measured electrical surface resistivities. However, only a
part of the "electric resistance" coefficient r, r con-
tributes to the dissipated energy at the surface. The Peltier
coefficients do not do so, as is to be expected for a re-
versible effect.

The contributions to the overpotential.—The nonequilib-
rium thermodynamic theory for surfaces also gives a poten-
tial jump at the electrode surface, see Eq. 13 or 17. Usually,
such a jump has been associated with the overpotential for
the electrode and is our background for the identification
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given in Eq. 15. We show here that there are contributions
to the cell electric potential from temperature jumps at the
surface, the so-called Peltier contributions. The contribu-
tion from the chemical potential difference, cf. Eq. 68, was
small (or zero) in the cases studied here.

Equations 65-68 give an entirely new basis for the
description and understanding of the overpotential. In this
paper we have concentrated on the contribution to the
overpotential from temperature jumps at the surface and
from the excess resistivity. We will elaborate on polariza-
tion contributions and contributions from chemical reac-
tions to the overpotential in a future paper.

The sign of the overpotential shifts with the surface tem-
perature, Eq. 102-112, and thus with coefficients which
influence its value. We have also seen that, e.g., a heat sink
at an electrode surface (due to the electrode reaction) can
favorably exploit a temperature peak at the surface and
deliver a voltage. By temperature regulation of the cell, in
principle, it may then be possible to reduce the total work
needed to operate an electrochemical cell. However, the
gains at this point seem to be small.

The sizes obtained for the overpotential in most of the cal-
ciñated cases are reasonable. They give small contributions
to the cell potential. This lends some support to the choice of
surface coefficients which enter the expression for q. The
oxygen gas electrode in the fuel cell is known to have a large
overpotential.'9 Our finding may help explain a part of this
resiñt for large current densities and larger heat fluxes.

The dissipated energy—We see from the above cases
that the dissipation of energy that takes place at the sur-
face can be substantial. The most important place for
energy dissipation in an electrochemical cell may be the
surfaces of the electrodes, considering also changes in
chemical activity. The relative importance of the different
contributions to the dissipated energy may vary greatly.
The dissipation due to the temperature jumps may be
important compared to the joule term. This gives a new
understanding of electrode processes, and points to possi-
ble means of reducing the dissipation by better tempera-
ture control.

The expressions for the dissipation function of the elec-
trode surface Eq. 60 and 85 are important, not only for
determination of energy losses. Equation 60 is important
because it defines the necessary and sufficient flux equa-
tions, the boundary conditions for the electrochemical cell,
from which all these results are derived.

General comments.—The nonequilibrium thermodynam-
ics of surfaces distinguishes between scalar and vectorial
properties of the surface and the bulk electrolyte. The heat
flux in the bulk electrolyte is a three-dimensional vector.
At the surface the parallel component of the excess heat
flux is a two-dimensional vector, but the normal compo-
nent of the bulk fluxes enter the energy dissipation func-
tion as a scalar flux. This makes the coupled transport of
heat, mass, and charge across the surface scalar phenome-
na. The clear separation of bulk and surface effects, first
suggested by Gibbs11 for equilibrium surfaces, resolves the
difficulties one faces if one tries to describe the heat flux of
the total cell including the interface by nonequilibrium
thermodynamics for bulk systems only.4

We expect that some of the approximations that we have
used have a broad validity. The neglect of the cross coeffi-
cients le and l is reasonable, because they represent cou-
pling across the interface. The cross coefficient l, however,
may play a bigger role, as it couples processes on the same
side of the interface. Such a coupling phenomena should be
investigated further. More important an effort should be
made to obtain the temperature jump coefficients to verify
our predictions. We have further assumed that the electrode
reactions are infinitely fast compared to diffusion in this
study This assumption is relaxed in a further study.

Conclusions
The nonequilibrium theory for surfaces has been elabo-

rated and demonstrated for electrode surfaces under vary-

ing thermal conditions. We have shown that coupling of
processes at the surface is essential, and that the results
differ in significant ways from results using nonequilibri-
um thermodynamics for the bulk phases only. We have
given equations and procedures for finding the variables
of the surface. The temperature jumps at the surface are
significant when the constitutive coefficients of the sur-
face, i.e., 1mand "tm are smaller than i0 J s' K2 m2. The
overpotential has several separable contributions defined
similarly for the electric potential of the bulk electrolyte.
The contribution to the overpotential from the Peltier
effect may be significant for normal electrolysis condi-
tions, io-io A m2, depending on the value of the surface
temperature. It also appears that in some electrochemical
cells significant energy dissipation may take place at the
electrode surface. These results taken together point to a
new way of interpreting experiments on electrodes and to
new possibilities for model developments.
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given in Eq. 15. We show here that there are contributions
to the cell electric potential from temperature jumps at the
surface, the so-called Peltier contributions. The contribu-
tion from the chemical potential difference, cf. Eq. 68, was
small (or zero) in the cases studied here.

Equations 65-68 give an entirely new basis for the
description and understanding of the overpotential. In this
paper we have concentrated on the contribution to the
overpotential from temperature jumps at the surface and
from the excess resistivity. We will elaborate on polariza-
tion contributions and contributions from chemical reac-
tions to the overpotential in a future paper.

The sign of the overpotential shifts with the surface tem-
perature, Eq. 102-112, and thus with coefficients which
influence its value. We have also seen that, e.g., a heat sink
at an electrode surface (due to the electrode reaction) can
favorably exploit a temperature peak at the surface and
deliver a voltage. By temperature regulation of the cell, in
principle, it may then be possible to reduce the total work
needed to operate an electrochemical cell. However; the
gains at this point seem to be small.

The sizes obtained for the overpotential in most of the cal-
culated cases are reasonable. They give small contributions
to the cell potential. This lends some support to the choice of
surface coefficients which enter the expression for q. The
oxygen gas electrode in the fuel cell is known to have a large
overpotential.'9 Our finding may help explain a part of this
result for large current densities and larger heat fluxes.

The dissipated energy—We see from the above cases
that the dissipation of energy that takes place at the sur-
face can be substantial. The most important place for
energy dissipation in an electrochemical cell may be the
surfaces of the electrodes, considering also changes in
chemical activity. The relative importance of the different
contributions to the dissipated energy may vary greatly.
The dissipation due to the temperature jumps may be
important compared to the joule term. This gives a new
understanding of electrode processes, and points to possi-
ble means of reducing the dissipation by better tempera-
ture control.

The expressions for the dissipation function of the elec-
trode surface Eq. 60 and 85 are important, not only for
determination of energy losses. Equation 60 is important
because it defines the necessary and sufficient flux equa-
tions, the boundary conditions for the electrochemical cell,
from which all these results are derived.

General comments.—The nonequilibrium thermodynam-
ics of surfaces distinguishes between scalar and vectorial
properties of the surface and the bulk electrolyte. The heat
flux in the bulk electrolyte is a three-dimensional vector.
At the surface the parallel component of the excess heat
flux is a two-dimensional vector; but the normal compo-
nent of the bulk fluxes enter the energy dissipation func-
tion as a scalar flux. This makes the coupled transport of
heat, mass, and charge across the surface scalar phenome-
na. The clear separation of bulk and surface effects, first
suggested by Gibbs11 for equilibrium surfaces, resolves the
difficulties one faces if one tries to describe the heat flux of
the total cell including the interface by nonequilibrium
thermodynamics for bulk systems only.4

We expect that some of the approximations that we have
used have a broad validity. The neglect of the cross coeffi-
cients l,e and l is reasonable, because they represent cou-
pling across the interface. The cross coefficient l, however,
may play a bigger role, as it couples processes on the same
side of the interface. Such a coupling phenomena should be
investigated further. More important an effort should be
made to obtain the temperature jump coefficients to verify
our predictions. We have further assumed that the electrode
reactions are infinitely fast compared to diffusion in this
study. This assumption is relaxed in a further study.

Conclusions
The nonequilibrium theory for surfaces has been elabo-

rated and demonstrated for electrode surfaces under vary-

ing thermal conditions. We have shown that coupling of
processes at the surface is essential, and that the results
differ in significant ways from results using nonequilibri-
um thermodynamics for the bulk phases only. We have
given equations and procedures for finding the variables
of the surface. The temperature jumps at the surface are
significant when the constitutive coefficients of the sur-
face, i.e., lim and lm are smaller than iO J s' K2 m2. The
overpotential has several separable contributions defined
similarly for the electric potential of the bulk electrolyte.
The contribution to the overpotential from the Peltier
effect may be significant for normal electrolysis condi-
tions, io-io A m2, depending on the value of the surface
temperature. It also appears that in some electrochemical
cells significant energy dissipation may take place at the
electrode surface. These results taken together point to a
new way of interpreting experiments on electrodes and to
new possibilities for model developments.
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J flux
1, L phenomenological coefficient
n molar density, mol m3
p pressure, N m2
P polarization density

per unit volume, C m2r surface resistance coefficient
t surface constitutive coefficient, or

Peltier coefficient of bulk materials
t time, s
T temperature, K
u specific energy, J kg
x, y, z coordinates, m

dielectric constant of vacuum
overpotential, V
heat conductvity, J s K' m

s chemical potential, J mol'
p density, kg m3
a entropy production rate

per unit volume, J K' m3 s'
Subscripts
a anode
c cathode
e surface position or position of maximum

temperatureAX salt AX
eq equilibrium
k number of independent components
m reference temperature position
n normal
q heat coupling
5 entropy
p electrical coupling
s chemical coupling
o reference temperature

Greek
€0
1
K
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Superscripts
e electrolyte
in metal, electrode
s surface
o zeroth order
Mathematical
e Heaviside function
V gradient operator
— (subscript) difference
+ (subscript) average
II parallel component

reduced (measurable)
3/&x partial derivative
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ABSTRACT

A new general equation is derived for the overpotential of a polarizable, electroneutral, isothermal electrode surface
using nonequilibrium thermodynamics for surfaces. Local equilibrium at the surface is assumed. The use of independent
variables allows a separation of fast and slow processes and a simple incorporation of the chemical reaction into a set of
coupled scalar fluxes. The theory is illustrated by the hydrogen evolution reaction in the steady state. This reaction can
be regarded as the coupled transport of mass fluxes with the electric current density. The overpotential, which is a sin-
gularity of the electric field at the surface, can be described entirely in terms of linear flux-force relationships. It is
explicitely shown how the formulation includes different versions of the empirical Tafel equation and how parameters of
the Tafel equation may be reinterpreted. This gives a completely new basis for describing and understanding the overpo-
tential of an electrode. The value 0.5 of the so-called symmetry factor a, is in our theory a consequence of stoichiometric
relationships and special transport coefficients at the surface, not, e.g., of the position of the activation energy barrier.
Deviations from 0.5 can be explained by interacting fluxes. Such interactions are dependent on the current density and
on the temperature, and eventually may lead to a shift of rate-limiting Steps. The inclusion of coupling phenomena into
the theory for the overpotential may resolve observations quoted in the literature as anomalies. The overpotential in the
steady state can be obtained as a function of several transport coefficients for the surface in addition to the ohmic sur-
face resistance. A negative slope of in j with partial gas pressure of hydrogen is predicted.

Introduction
The electrochemical literature (see, eg., Ref. 1) distin-

guishes between the concentration overpotential (also
called the diffusion overpotential) and the reaction over-
potential (also called the activation or surface overpoten-
tial). The ohmic potential drop at the surface is often
excluded from the definition of the overpotential. The
concentration overpotential has been described using the
format of a concentration ce1l, while the successful model-
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ing of the reaction overpotential traditionally has been
based on the Butler-Volmer equation or equivalent formu-
lations of this equation.2 The Butler-Volmer equation gives
the net electrode reaction rate as the difference between
the forward and the backward reaction rates. The unidi-
rectional rates have Boltzmann-like probability for their
advancement across an activation energy barrier. The
height of the barrier is different in the two directions,
under the mfluence of the electric fie'd, and this gives the
net rate. The Marcus theoiy6 extends this picture by
including the reorganizational energy of the surroundings
into the charge_transfer process.


