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Electrochemical Promotion of Catalysis

I: Thermodynamic Considerations
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A simple model to describe the reversible electrochemical promo-
tion of supported metal catalysts has been formulated. This model
is derived from first principles and allows for the presence of two
forms of catalyst surface oxygen, one ionic and one neutral. Both
forms of surface oxygen are able to undergo charge-transfer reac-
tions with the ion-conducting support. The ionic oxygen is assumed
to be the only ion present with a significant surface coverage and,
as such, dictates the properties of the catalyst surface double layer.
Using this basis thermodynamic relationships governing the chem-
ical potentials of the catalyst surface oxygen species are derived
for the case of a pure ion-conducting support with fast surface
and gas-phase diffusion of species. It is shown that, in the case
of very stable oxygen ions, the application of a moderate overpo-
tential to the catalyst/support interface results in a change in the
catalyst surface potential equal to the applied overpotential pro-
vided that lateral interactions between oxygen ions can be neglected.
c© 2001 Academic Press
1. INTRODUCTION

In recent years the importance of spillover processes
in catalysis has been widely acknowledged. Delmon and
Froment in particular have promoted the idea of “remote
control” (1) in catalysis where an inert support phase may
donate spillover species to an active catalytic phase. In this
manner the selectivity and activity of the catalytic phase
may be “controlled” by the support. More specifically, it has
been shown by Vayenas and co-workers that when an active
catalyst, in the form of an electrode in a solid–electrolyte
electrochemical cell, has small currents of ions supplied to
it or removed from it, there can be a dramatic change in the
activity of the catalyst. Such an effect has been termed the
non-Faradaic electrochemical modification of catalytic ac-
tivity (NEMCA). Electrochemical promotion, or NEMCA,
has been observed for over 50 catalytic reactions (a number
of reviews exist (2–4)) performed over a number of metal
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catalysts with differing supports (5) including oxygen-ion
conductors (6–11), sodium-ion conductors (12), proton con-
ductors (13–15), and fluorine-ion conductors (16). Electro-
chemical promotion has also been observed in the case of
a titania mixed ionic-conducting and electronic-conducting
support (17). The effect has been explained in terms of a
modification of the work function of the electrode catalyst
as a result of changes in the electrode overpotential; these
changes in the work function have been confirmed by the
use of a Kelvin probe (9). It has been found that (9)

η = 18, [1]

where η is the applied overpotential and18 is the change in
electron extraction potential of the catalyst. Any imposed
overpotential is reflected by a change in the macroscopically
determined work function (determined with a Kelvin probe
and equal to e18 where e is the charge on an electron). It
has been postulated that the work function of the catalyst
is changed by an electrochemically induced oxygen species,
much less reactive and more ionic than chemisorbed oxy-
gen, which spills over the catalyst surface. This change in
work function modifies the kinetic behaviour of the catalyst
and, in general, the new reaction rate, R, can be related to
the overpotential by an equation of the form (e.g. 2)

ln
R

R0
= αe(18−18∗)

kT
, [2]

where k is the Boltzmann constant, R0 is the open-circuit
reaction rate, and α and 18∗ are empirically determined
constants.

In other work Metcalfe and co-workers (18–20) have
studied the behaviour of a platinum electrode both in air
and under reaction conditions. They found that the change
in electron extraction potential was related to the overpo-
tential (within the range of investigation); however, the two
were not equal,

18 = ξη, [3]

where ξ depends upon operating conditions and electrode
morphology. As with the work of Vayenas, reaction rate
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modifications were observed and obeyed Eq. [2]. ξ was
found to decrease as the atmosphere became more reduc-
ing and also to decrease as the gas–electrode interfacial sur-
face area was increased relative to the length of electrode–
electrolyte–gas three-phase boundary. This was explained
in terms of the finite reactivity and surface diffusivity of
the ionic spillover species responsible for changes in ex-
traction potential and reaction rate. (Later, recent work by
the group of Vayenas has also recognised the significance
of low rates of surface diffusion of spillover species (21).)
Only in the case of low reactivity of the spillover species
with fast surface diffusion, would Eq. [1] be expected to
hold. It should be noted that therefore, in general, the ex-
traction potential need not be constant but will vary spa-
tially. Hence both reaction rate and measured extraction
potential change will depend upon an average extraction
potential change; however, this averaging is performed dif-
ferently in each case.

Imbihl et al. (22) investigated the variation of extrac-
tion potential with applied overpotential for electrodes
prepared in their own laboratory and electrodes prepared
in the laboratory of Vayenas and co-workers in Patras.
They did indeed find Eq. [1] to be valid for the Patras
electrodes but found that their own electrodes showed no
change in extraction potential under similar conditions. This
was attributed to spillover species remaining close to the
three-phase boundary line and not spilling over the en-
tire catalyst surface (an explanation consistent with that of
Metcalfe et al. (18–20)). However, work using photoelec-
tron emission microscopy (PEEM) to measure dynamic
work function changes on NEMCA-active electrodes with
a resolution of 1 µm (23) was unable to resolve work func-
tion fronts spreading across the catalyst surface as expected.
X-ray photoelctron spectroscopy indicated the nature of the
oxygen spillover species (24) to be the same as chemisorbed
oxygen from the gas phase. Imbihl et al. have also recently
(25) attempted to use simple thermodynamic arguments to
comment on the origin and validity of Eq. [1].

The purpose of this paper is to derive from first principles
a framework for understanding and interpreting catalytic
behaviour in the presence of ionic spillover from a sup-
port to a metal catalyst. As an example, a metal supported
on an oxygen-ion-conducting support will be considered.
However, the approach developed here could equally be
applied to other support materials. In particular the area of
electrochemical promotion will be addressed.

2. THE CLEAN METAL SURFACE

Let us consider a working electrochemical cell. The elec-
trochemical potential of electrons associated with an elec-

trode, µ̄e, can be related to the inner or Galvani potential of
the electrode,φ, and the chemical potential of the electrons,
TCALFE

FIG. 1. Energy levels at a metal surface relative to the energy of a
free electron, Ee.

µe (see Fig. 1),

µ̄e = µe − eφ. [4]

This potential can be split into a surface potential, χ , and
an outer potential or Volta potential, 9,

φ = χ +9. [5]

Substituting Eq. [5] into Eq. [4],

µ̄e = µe − eχ − e9. [6]

Using the definition of work function, e8, where 8 is the
electron extraction potential,

e8 = −µe + eχ, [7]

and substituting into Eq. [6],

µ̄e = −e8− e9. [8]

It should be noted that the work function is not uniform
over a catalyst surface but will be different on different
crystal faces. Indeed a rough surface will have a lower work
function than a smooth surface because of the orientation
of surface dipoles. Consequently, as the electrochemical po-
tential of electrons in a metal catalyst must be uniform, spa-
tial variations in work function result in spatial variations
in outer potential in accordance with Eq. [8].

3. THE METAL SURFACE IN THE PRESENCE
OF AN ADSORBATE

If an adsorbate, such as oxygen, is introduced onto the
metal surface, electron exchange between the metal and ad-
sorbate may occur (here we will confine our discussion to
oxygen but we could alternatively describe the influence of

an alkali metal promoter such as sodium in the same man-
ner). As oxygen is electrophilic, there will be a tendency
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for electrons to be donated from the metal to the surface
oxygen. Here, for the purposes of illustration, we will con-
sider only two adsorbed oxygen species, neutral O atoms
and O2− oxygen ions, to have significant coverages. Fur-
thermore, we consider the coverage of all other ions to be
insignificant compared to the coverage of oxygen ions such
that the properties of the surface double layer are dictated
by the presence of the oxygen ions alone. (This is simplistic
as we may expect more forms of ionic oxygen, as well as ions
associated with coadsorbates, to be present. The approach
used here is general and can accommodate more species
if necessary.) If the chemical potential of surface oxygen is
fixed by equilibrium with the gas phase,

1
2
µO = 1

4
µO2 , [9]

the electrochemical potential of ionic forms of surface oxy-
gen will be fixed at equilibrium,

1
2
µ̄O2− = 1

2
µO + µ̄e = 1

4
µO2 + µ̄e, [10]

where the electrochemical potential of electrons associated
with the bulk of the metal is given by Eq. [4]. Remembering
that the oxygen ions reside on the surface of the catalyst
we can relate their electrochemical potential and chemical
potential. Let the potential of electrons associated with the
oxygen ions be φ2−

O , then

1
2
µ̄O2− = 1

2
µO2− − eφO2− . [11]

Combining the above with Eqs. [4] and [10] gives

1
2
µO2− = 1

2
µO + µe − eφ + eφO2− . [12]

The energy required to remove an electron from the
metal and hold it on the surface in the form of an oxy-
gen ion depends upon the surface potential barrier, χ , and
any lateral interactions between the ions (or more correctly
dipoles), Vlat,O2−. We can relate the potential of electrons
associated with the metal to the potential of electrons as-
sociated with the oxygen ions,

φ = φO2− + χ + Vlat,O2− , [13]

provided that electrons must cross the entire surface poten-
tial barrier on creation or destruction of an O2− ion (this
is true if O2− ions are the only ions present in significant
amounts). Note that combining Eqs. [5] and [13] gives

9 = φO2− + Vlat,O2− , [14]

and in the absence of lateral interactions the outer potential

is equal to the potential of the electrons associated with the
oxygen ions.
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FIG. 2. Energy levels at a metal surface in the presence of oxygen as
an adsorbate at equilibrium.

Figure 1 can be extended to show the equilibria associ-
ated with adsorbed oxygen species (see Fig. 2).

Substituting Eq. [13] into Eq. [11],

1
2
µ̄O2− = 1

2
µO2− + eχ + eVlat,O2− − eφ. [15]

Combining with Eqs. [4] and [10],

1
2
µO2− + eχ + eVlat,O2− = 1

2
µO + µe. [16]

Equation [16] can be written in terms of differences, remem-
bering that the chemical potential of electrons associated
with the metal remains constant,

1
2
1µO2− + e1χ + e1Vlat,O2− = 1

2
1µO. [17]

To proceed further we need to investigate how each of the
terms of the left-hand side of Eq. [17] depend on the cov-
erage of oxygen ions.

For a Langmuir adsorption isotherm (i.e., no lateral in-
teractions and similar energetics for all sites), it can easily
be shown that

µO = µθO + kT ln
θO

θ∗

θs–∗
θθO
, [18]

with the superscript s−− referring to a standard state and θ∗
being the coverage of vacant sites. Furthermore,

µs–
O =

1Gs–

2
,

where 1Gs– is the free energy of chemisorption per

molecule of oxygen. With the standard state defined as
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having equal coverages of occupied and unoccupied sites,

µO = µs–
O + kT ln

θO

θ∗
. [19]

Using the Fermi distribution function (see Appendix A),
we can show that the chemical potential of oxygen ions is
given by

µO2− = µs–
O2− + kT ln

θO2−

θ∗
. [20]

Hence,

1µO2− = kT ln
θO2−

θ∗

θ0
∗

θ0
O2−

, [21]

where the superscript 0 is used to represent an initial cata-
lyst state.

We may express changes in the surface potential in terms
of changes in ionic coverage through the Helmholtz equa-
tion. As doubly charged oxygen ions are the only ions with
any appreciable coverage,

e1χ = (σ − σ 0)µ

2ε0
= Neµ

(
θO2− − θ0

O2−
)

ε0
, [22]

where N is the density of surface sites, σ is the surface
charge density, ε0 is the vacuum permittivity, and µ is the
dipole moment of the oxygen ion. Obviously the coverage
of neutral oxygen atoms does not appear in the above ex-
pression because of a zero dipole moment (oxygen adsorp-
tion increases surface potential as a result of increasing the
oxygen-ion coverage).

We take account of the potential energy of an ion (or
more correctly a dipole when the image charge is included)
as a result of lateral interaction with all other surface ions
or dipoles. By considering a hexagonal array of oxygen ions,
with aO2− being the separation distance of the dipole charges
for the oxygen ion and rO2− being the effective ionic radius
of the oxygen ion, we can show from simple electrostatic ar-
guments (see Appendix B) that the lateral interaction po-
tential between ions is given by

Vlat,O2− = Nµ

ε0

π
√

3
16

aO2−

rO2−
θ

3/2
O2− . [23]

Hence,

e1Vlat,O2− = Neµ

ε0

π
√

3
16

aO2−

rO2−

(
θ

3/2
O2− − θ0 3/2

O2−
)
. [24]

If we return to Eq. [17],

1
2
1µO2− + e1χ + e1Vlat,O2− = 1

2
1µO,

substitution of Eqs. [21], [22], and [24] above yields a dif-
ferential form of the oxygen-ion adsorption isotherm; we

know how each of the terms on the left-hand side of the
TCALFE

equation depend on oxygen-ion coverage. Provided that
ionic oxygen is not completely absent from the surface, and
neither is the surface coverage of ionic oxygen so high as to
approach limiting coverages, and given that

Nµ

ε0
À kT

e
,

we may neglect the logarithmic terms in θO2− which ap-
pear in the expression for the change in chemical potential
of oxygen ions (Eq. [21]) in comparison with the surface
potential barrier (Eq. [22]) and lateral interaction terms
(Eq. [24]) which have a stronger dependence on θO2− . (Typ-
ical values of dipole moments for surface ions indicate that
Nµ/ε0 will be of the order of tens of volts whereas kT/e
will be of the order of tens of millivolts.) Therefore,

1µO2− ≈ 0, [25]

and

e1χ + e1Vlat,O2− ≈ 1
2
1µO. [26]

In the absence of lateral interactions, Eq. [26] becomes

e1χ ≈ 1
2
1µO. [27]

Consequently, increasing oxygen chemical potential will in-
crease the work function, while decreasing oxygen chemi-
cal potential will decrease the work function as expected.
In addition, Eq. [25] shows that the oxygen-ion coverage
is severely limited as a result of the presence of a surface
double layer (the Weisz limitation).

4. THE METAL/ION-CONDUCTING SUPPORT INTERFACE

Now consider a metal in contact with an oxygen-ion-
conducting support (again the arguments presented here
could also be applied to any other ion-conducting support
such as a sodium-ion-conducting support) in the presence of
an oxygen/inert atmosphere and under open-circuit condi-
tions. The oxygen ions of the support (here denoted O2−

supp)
will equilibrate with the adsorbed oxygen and electrons as-
sociated with the catalyst,

O2−
supp. ⇔ O+ 2e−, [Reaction 1]

and indeed all other forms of oxygen on the catalyst surface
through parallel charge transfer reactions,

O2−
supp. ⇔ O2−. [Reaction 2]

It should be noted that the charge-transfer reactions do
not need to be responsible for introducing a new form of
surface ionic oxygen. Rather, all forms of surface oxygen

are present on the surface of the metal even in the absence
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of the ion-conducting support provided that equilibrium is
achieved.

At equilibrium electrochemical potentials can be equa-
ted for the two charge-transfer reactions,

1
2
µ̄O2−,supp =

1
2
µO + µ̄e [28]

1
2
µ̄O2−,supp =

1
2
µ̄O2− . [29]

This equilibrium would also exist for any other forms of
ionic oxygen present and there will also be equilibrium be-
tween electrons associated with the support and those asso-
ciated with the catalyst as a result of an additional charge-
transfer reaction involving only electrons,

µ̄e,supp = µ̄e. [30]

We can now modify Fig. 2 (see Fig. 3) to show the presence
of the oxygen-ion-conducting support and the equilibrium
of the charge-transfer reactions, Reactions 1 and 2.

The reactions involving oxygen can be described by a
simple reaction network (see Fig. 4). Reactions 1 and 2 are
the two previously referred-to charge-transfer reactions in-
volving neutral adsorbed oxygen and adsorbed ionic oxy-
gen, respectively. Adsorbed ionic oxygen can decompose
through Reaction 3 to form neutral adsorbed oxygen and
electrons associated with the bulk of the metal. Reaction 4
represents oxygen adsorption and desorption.

The arguments can be now extended for the case of a
reactive system where there need no longer be equilibria
between oxygen on the catalyst surface and oxygen in the
gas phase and between different forms of oxygen on the
surface of the catalyst. Under reaction conditions, achieved
for example by the addition of a reducing gas to the oxy-
gen in the gas phase, we assume an inert support surface
and we do not allow the reducing gas to participate in any
charge-transfer reactions. Reactions 5 and 6 are now in-

FIG. 3. Energy levels at a metal surface in the presence of oxygen
as an adsorbate and in contact with an oxygen-ion-conducting support at

equilibrium.
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FIG. 4. Reaction network for oxygen species associated with a metal
supported on an oxygen-ion conductor. The support surface is assumed to
be inert.

cluded in Fig. 4 and involve the removal of surface oxygen
and surface ionic oxygen respectively by reaction with the
reducing gas. At steady state the chemical potential of ad-
sorbed oxygen species (which will be different on differing
surfaces because of differences in reactivities) must be less
than or equal to that of gas-phase molecular oxygen,

1
2
µO ≤ 1

4
µO2 .

Likewise, the electrochemical potential of the ionic oxy-
gen species must be less than that which would be in equi-
librium with the adsorbed oxygen,

1
2
µ̄O2− ≤ 1

2
µO + µ̄e.

As oxidation and reduction of the support cannot take place
through the support surface alone because of its inert na-
ture, the electrochemical potential of the support ionic oxy-
gen must lie between these two extremes,

1
2
µ̄O2− ≤ 1

2
µ̄O2−,supp ≤

1
2
µO + µ̄e.

Therefore, because of the reactivity of the surface ionic
oxygen species there can be, at steady state, a consump-
tion of adsorbed oxygen to produce adsorbed ionic oxygen
through both the reverse of Reaction 3 and the reverse
of Reaction 1 and forward Reaction 2 in series. This of
course means that although the system is under open-circuit
conditions the charge-transfer reactions do not need to be

at equilibrium under reaction conditions (rather an effect
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FIG. 5. Energy levels at a metal surface in contact with an oxygen-ion-
conducting support showing how lack of equilibrium between adsorbed
oxygen and adsorbed ionic oxygen can lead to a corrosion current.

similar to a corrosion current can occur resulting in the
production of ionic oxygen). Figure 5 illustrates the ener-
gies associated with this particular case. In Fig. 5 we can
see that there is a driving force for the reverse of Reac-
tion 1, i.e., electronation of surface oxygen resulting in the
formation of an oxygen ion in the support. There is also
a driving force for the forward Reaction 2 resulting in the
formation of surface oxygen ions from support oxygen ions.
Therefore, we would not expect a metal catalyst supported
on an oxygen-ion conductor to behave in the same man-
ner as the unsupported metal as, even under open-circuit
conditions, interfacial reactions will modify the coverages
of adsorbates.

To allow future energy diagrams to remain clear, we will
assume that under open-circuit conditions Reactions 1 and
2, and hence Reaction 3, are not polarised, i.e., there is
no corrosion-like current resulting in continuous spillover
of ionic oxygen in the catalyst/support interfacial region.
The energetics of the open-circuit case are therefore repre-
sented by Fig. 3 and not Fig. 5. This situation would occur if
the ionic oxygen is of low reactivity, i.e., it does not easily re-
act with any reducing gases present through Reaction 6 (in-
deed later we also need to invoke a low reactivity to explain
the validity of Eq. [1]) and therefore equilibrates with ionic
oxygen in the support as well as adsorbed neutral oxygen.

5. SOLID–ELECTROLYTE SUPPORT AND POLARISATION
OF THE METAL/ION CONDUCTOR INTERFACE

We now form an electrochemical cell consisting of two
metal electrodes separated by the ion conductor. Provided
that the electronic conductivity of the ion conductor is
very low compared to the ionic conductivity then the elec-

trochemical potential of oxygen ions will remain uniform
within the support when both electrodes are exposed to dif-
TCALFE

ferent conditions. Furthermore, the low electronic conduc-
tivity will mean that only a small flux of electrons, and hence
oxygen ions, crosses the membrane under open-circuit con-
ditions. Therefore Reactions 1 and 2 will be at equilibrium.
The above conditions are satisfied by solid–electrolyte sup-
ports and we will hence confine our discussions to these
materials. (Note that Reactions 1 and 2 can only be in
equilibrium across the entire electrode/electrolyte inter-
face if chemical potentials at the interface are uniform. Un-
der reaction conditions this is achievable in a gradientless
reactor.)

Provided that the assumptions behind Eq. [25] hold, the
chemical potential of oxygen ions on the two electrodes will
be approximately the same. As a result of the electrochem-
ical potential of oxygen ions in the support being uniform,
under open-circuit conditions the potential of electrons as-
sociated with surface ionic oxygen must be the same for
both electrodes (i.e., the outer potential is fixed in the ab-
sence of lateral interactions). Consequently the emf of the
cell will depend upon the potential differences across the
gas-exposed electrode surface double layers and, hence, in
the absence of lateral interactions, the emf will depend upon
the surface potentials of the two electrodes as has previ-
ously been suggested by Vayenas et al. (2) as a result of
experimental work.

We have already argued that, in general, we must con-
sider at least two charge-transfer reactions between the ad-
sorbed oxygen species and the oxygen-ion-conducting sup-
port. However, there is also indirect experimental evidence
that there must be at least two parallel charge-transfer reac-
tions occurring in the case of solid–electrolyte supports. We
may argue that for the metal work function to be modified
the coverage of at least one form of oxygen must be modi-
fied significantly. If there is a single charge-transfer process,
modification of a surface coverage would mean the occur-
rence of limiting currents. However, electrodes are known
to exhibit rate modification in the absence of limiting cur-
rents and under conditions where the Butler–Volmer equa-
tion is obeyed (2). In addition, although modification of the
coverage of an ionic species is required for a change in the
catalyst surface potential, Imbihl et al. (24) have only ob-
served changes in the coverage of an oxygen species (not
necessarily ionic) similar to those species formed by oxygen
chemisorption from the gas phase. It is possible that a sec-
ond charge-transfer reaction is occurring which results in a
change in the coverage of a more ionic species (this change
would be limited by the Weisz limitation) undetected by
the X-ray photoelectron spectroscopy because of the other
strong oxygen signal. Therefore we may expect at least two
parallel charge-transfer reactions.

On polarisation the potential of the metal is instanta-
neously (on the time scale of spillover and reaction effects)

modified. If the potential of the electrode is measured rela-
tive to the potential of a fixed-potential reference electrode,
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then

η = 1φ = φ − φ0,

where the superscript 0 is now used to signify the initial
unpolarised value of the metal potential and η is the over-
potential. (If the oxygen-ion conductivity is low it may be
necessary to allow for resistive losses in the electrolyte. Al-
though this affects the way in which overpotential is mea-
sured it does not affect the analysis presented below.) From
Eqs. [4] and [8], and remembering that the chemical poten-
tials of electrons will be unchanged,

eη = e(φ − φ0) = −µ̄e + µ̄0
e = e(8−80)+ e(9 −90),

or
η = 18+19 = 1χ +19. [31]

However, instantaneously, the surface potential cannot be
modified as there is no possibility of instantaneous spillover,

1χ i = χ i − χ0 = 0,

where the superscript i refers to the instantaneous value of
the variable immediately after polarisation. Surface cover-
ages remain unchanged, with

η = 19 i = 9 i −90.

The energetics immediately after polarisation (and before
spillover has occurred) are shown in Fig. 6 (note that the
use of a fixed-potential reference electrode exposed to a
constant oxygen chemical potential means that for a fast
oxygen-ion conductor with negligible resistive losses the

FIG. 6. Energy levels at a metal surface in contact with an oxygen-
ion-conducting solid electrolyte immediately after polarisation. For clarity
lateral dipole–dipole interactions are neglected. The reference electrode

(not shown) is held at a fixed potential and resistive losses in the electrolyte
are considered to be negligible.
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electrochemical potential of oxygen ions in the support
electrolyte is both uniform and fixed). In addition we con-
sider the case of the working electrode being exposed to
constant chemical potentials of gas-phase species, i.e., any
reaction rate changes are small or the reactor is operated
differentially. This imposed change in outer potential re-
sults in a driving force for oxygen migration between the
YSZ electrolyte and the three-phase boundary (tpb) where
either of the two charge-transfer reactions may take place.
Oxygen supplied electrochemically from the support may
form either adsorbed oxygen or adsorbed ionic oxygen. Ini-
tially the activation overpotentials for these two reactions
are equal and equal to the electrode overpotential,

η = ηi
1 = ηi

2.

Both the ionic oxygen species created by Reaction 2, and
the neutral oxygen species created by Reaction 1, spill over
the catalyst surface. The ionic species in turn can decom-
pose to form adsorbed oxygen species. As spillover onto the
catalyst surface takes place, the chemical potentials of the
adsorbed species may be modified. This results in the forma-
tion of concentration overpotentials which will, in general,
be different for the different charge-transferreactions.

It is possible to separate the overpotential into individ-
ual contributions due to the activation overpotential for the
charge-transfer reaction, η1 or η2, an overpotential due to
the kinetics of surface diffusion of the oxygen species in-
volved in the charge-transfer reaction, ηsd,O or ηsd,O2− , an
overpotential due to the finite rate of the decomposition
of surface ionic oxygen into surface oxygen, η3, an overpo-
tential as a result of the kinetics of oxygen adsorption and
desorption (Reaction 4) and removal through Reaction 5,
η4/5, and an overpotential due to the finite rate of oxygen
diffusion in the gas phase, ηd,O2. By inspection of Fig. 4,

η = η1 + ηsd,O + η4/5 + ηd,O2

η = η2 + ηsd,O2− + η3 + η′sd,O + η4/5 + n′d,O2
,

where η′sd,O and η′d,O2
are not necessarily equal to ηsd,O and

ηd,O2 as different length scales may be involved in the two
different overall charge-transfer processes. We will assume
that gas-phase diffusion is fast and hence we get

η = η1 + ηsd,O + η4/5

η = η2 + ηsd,O2− + η3 + η′sd,O + η4/5.

ηsd,O, ηsd,O2− , η3, and η4/5 will vary over the catalyst surface
with ηsd,O and ηsd,O2− approaching zero close to the three-
phase boundary and η3 and η4/5 approaching zero at infinite
distances from the three-phase boundary where concentra-
tions of adsorbed species cannot be modified.
Here let us ignore any spatial variations in coverages, i.e.,
we assume fast surface diffusion of all species and set ηsd,O
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and ηsd,O2− equal to zero and therefore η3 and η4/5 will take
the same value at every point on the catalyst surface,

η = η1 + η4/5 = η2 + η3 + η4/5. [32]

Before polarisation, restating our assumption that both
charge-transfer reactions are at equilibrium, i.e., no net con-
version of one form of surface oxygen into the other form
through these reactions, then we can use Eqs. [28] and [29],

1
2
µ̄0

O2−
supp
= 1

2
µ0

O + µ̄0
e [33]

1
2
µ̄0

O2−
supp
= 1

2
µ̄0

O2− . [34]

At any time after polarisation these equations no longer
hold as there is no charge-transfer equilibrium and they
should be modified to show the influence of the relevant
activation overpotentials,

1
2
µ̄O2−

supp
= 1

2
µO + µ̄e + eη1 [35]

1
2
µ̄O2−

supp
= 1

2
µ̄O2− + eη2. [36]

(Note that Eqs. [34] and [36] are valid at all locations on
the catalyst surface provided that the chemical potential
of adsorbed ionic oxygen is uniform, i.e., oxygen-ion sur-
face diffusion alone is fast. Fast surface diffusion of neutral
oxygen and fast gas-phase diffusion are not required.)

As the electrochemical potential of oxygen ions asso-
ciated with the support is constant when using a fixed-
potential reference electrode, Eqs. [33] and [34] can be used
to eliminate the electrochemical potential of oxygen ions in
the support to give

eη1 =
(

1
2
µ0

O + µ̄0
e

)
−
(

1
2
µO + µ̄e

)
eη2 = 1

2
µ̄0

O2− − 1
2
µ̄O2− .

Substituting for electrochemical potentials,

eη1 =
(

1
2
µ0

O + µ0
e − eφ0

)
−
(

1
2
µO + µe − eφ

)
eη2 =

(
1
2
µ0

O2− − eφ0
O2−

)
−
(

1
2
µO2− − eφO2−

)
.

Recalling Eq. [13],

φ = φO2− + χ + Vlat,O2−

eη2 =
(

1
2
µ0

O2− − eφ0 + χ0 + V0
lat,O2−

)
(

1
)

−
2
µO2− − eφ + χ + Vlat,O2− .
TCALFE

The chemical potential of the electrons is constant so
we can conveniently rewrite these equations in terms of
differences,

eη1 = eη − 1
2
1µO [37]

eη2 = eη − e1χ − e1Vlat,O2− − 1
2
1µO2− . [38]

Equation [32] gives

eη3 = eη1 − eη2,

and therefore, using Eqs. [37] and [38],

eη3 = e1χ + e1Vlat,O2− + 1
2
1µO2− − 1

2
1µO. [39]

Equations [32] and [37] give

eη4/5 = 1
2
1µO. [40]

The energetics corresponding to the above equations are
shown in Fig. 7. The network with the appropriate driving
forces is illustrated Fig. 8.

Therefore in general the coverage of O2− will be kinet-
ically determined, although it may be true that if such a
species is relatively stable then for appropriate systems and
conditions these species may reach equilibrium with O2−

FIG. 7. Energy levels at a metal surface in contact with an oxygen-ion-
conducting solid electrolyte while polarised, at steady state. The general
case where overpotential may result in a change in adsorbed ionic oxygen
chemical potential is shown. Lateral dipole–dipole interactions are ne-
glected under open-circuit conditions; however, their effect under closed-
circuit conditions is shown. The reference electrode (not shown) is held
at a fixed potential and resistive losses in the electrolyte are considered to

be negligible.
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FIG. 8. Reaction network for electrochemical oxygen supply to a
metal surface showing driving forces for individual reactions.

in the electrolyte, i.e., the activation overpotential for Re-
action 2 goes to zero. There are a number of interesting
limiting cases that are worth considering, including slow
Reactions 1 and 2, slow Reactions 4 and 5, and slow Reac-
tions 1 and 3 with or without slow Reactions 4 and 5. Here
we only consider steady-state behaviour and not the tran-
sient behaviour associated with achieving the steady state
after polarisation. We also continue to confine ourselves to
consideration of a uniform surface, i.e., one with an absence
of spatial concentration gradients.

If the kinetics of the charge-transfer reactions (Reac-
tions 1 and 2) are relatively slow then the equilibria on the
surface will not be disturbed and the work function cannot
be modified. In the case of a reactive system the reaction
rate will not be modified although one must allow for the
extra supply of oxygen.

If Reactions 4 and 5 are slow then the chemical potential
of surface oxygen will be modified and there will be a change
in extraction potential. This case has an equivalent effect
on the surface as changing the gas-phase composition.

If we introduce the idea that the ionic spillover oxygen
is relatively stable, i.e., it is not consumed by reaction with
the reducing gas (slow Reaction 6) and it does not easily
undergo Reaction 3, then Reaction 2 will be in equilibrium
and η2 will be approximately equal to zero at steady state,
i.e., Reactions 1, 3, 4, and 5 are slow. This is an important
case as surface ionic oxygen chemical potentials are being
dictated by the support while surface oxygen chemical po-
tentials are being dictated by conditions in the gas phase.
(It is not the intention of this paper to discuss in detail why
such an oxygen-ion spillover species might be stable; how-

ever, this could be related to the presence of surface impu-
rities. The presence of sodium, for example, would decrease
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open-circuit extraction potentials and stabilise oxygen-ion
coverages possibly through the formation of some sodium-
oxide-like surface species.)

Setting the driving force for Reaction 2 to zero yields the
relationships

eη = e1χ + e1Vlat,O2− + 1
2
1µO2− . [41]

The change in surface potential and hence work function
depends on any applied overpotential, the change in the
energy associated with lateral interactions and the change
in the chemical potential of the oxygen ions. In a reactive
system the rate of reaction will be modified (26) in addition
to the effect of the extra supply of oxygen even though no
limiting current is observed if Reactions 4 and 5 are fast
compared to Reaction 1.

We may proceed with a very simplistic analysis. If cov-
erages of oxygen ions are neither very low or very high
(i.e., intermediate coverages) such that logarithmic terms
in the expression for oxygen-ion chemical potential can be
neglected relative to other terms in Eq. [41], i.e., Eq. [25] is
valid,

1µO2− ≈ 0,

then
eη ≈ e1χ + e1Vlat,O2− . [42]

If oxygen-ion coverages are low enough that lateral dipole–
dipole interactions can be ignored,

eη ≈ e1χ, [43]

and we recover the one-to-one relationship between ap-
plied overpotential and change in surface potential that has
been found experimentally by Vayenas and co-workers (9).
However, we note here that this relationship is not generally
applicable but is only valid if there is fast surface diffusion
of ionic oxygen species, equilibrium between oxygen ions
in the electrolyte support and on the catalyst surface, inter-
mediate oxygen-ion coverages and no lateral interaction
between surface ions.

Finally we may ask how relevant this result for a solid–
electrolyte support is to the general case of mixed ionic-
conducting and electronic-conducting supports. Consider
the solid–electrolyte electrochemical cell with two metal
electrodes, an ideally nonpolarisable electrode exposed to
pure oxygen and the other electrode exposed to the same
partial pressure of oxygen but also with a reducing gas
present. If the cell is now externally short-circuited a flux
of oxygen ions will flow. Second, consider a conventional
oxide-supported catalyst consisting of the same metal cat-
alyst deposited on a mixed-conducting-oxide support and
also exposed to reaction conditions. If the oxide support

equilibrates with gas-phase oxygen (but its surface is inert
to the reducing gas) and its ionic conductivity is high then
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the metal catalyst is in the same environment as the metal
electrode for the simple reaction network under consider-
ation here. Equations [37] to [40] are obeyed in both cases.

6. CONCLUSIONS

A simple model to describe the reversible electrochemi-
cal promotion of supported metal catalysts has been formu-
lated. This model is derived from first principles and allows
for the presence of two forms of catalyst surface oxygen,
one ionic and one neutral. Both forms of surface oxygen
are able to undergo charge-transfer reactions with the ion-
conducting support. It is not necessary to suggest that a new
form of surface oxygen is formed by charge transfer from
the support that would not be otherwise present on the cata-
lyst surface. The ionic oxygen is assumed to be the only ion
present with a significant surface coverage and, as such,
dictates the properties of the catalyst surface double layer.
Using this basis thermodynamic relationships governing the
chemical potentials of the catalyst surface oxygen species
are derived for the case of a pure ion-conducting support
with fast surface and gas-phase diffusion. It is shown that the
catalyst surface potential will change by an amount equal
to the applied overpotential for a system satisfying the fol-
lowing conditions: equilibrium between oxygen ions in the
electrolyte support and on the catalyst surface, intermediate
oxygen-ion coverages, and no lateral interaction between
surface ions.

APPENDIX A: THE IONIC OXYGEN
CHEMICAL POTENTIAL

Using the Fermi distribution function (e.g., (27)),

f = 1
[1+ exp(E − EF)/kT]

, [A1]

where f is the fractional occupancy of any nondegenerate
level at the energy E,

f = θO−

θO + θO−
,

and EF is the Fermi energy, the density of occupied states,
i.e., the equilibrium coverage of O−, will be given by

kT ln
θO−

θO
= EF − EO/O− , [A2]

with EO/O− being the energy level associated with the O/O−

transition where
EF = µ̄e,
TCALFE

and

EO/O− = µ̄s–
O− − µs–

O.

We use a single effective energy level and we neglect
Franck–Condon effects. Combining with Eq. [19],

kT ln
θO−

θ∗
= EF − EO/O− + µO − µs–

O. [A3]

Likewise the coverage of O2− species will be given by

kT ln
θO2−

θO−
= EF − EO−/O2− , [A4]

and therefore

kT ln
θO2−

θ∗
= 2EF − EO/O− − EO−/O2− − µO − µs–

O,

with

EO/O− + EO−/O2− = 2EO/O2− = µ̄s–
O2− − µs–

O.

Hence

kT ln
θO2−

θ∗
= 2EF − 2EO/O2− + µO − µs–

O. [A5]

As O− ions are considered to be at a low coverage in
comparison with O2− ions (and we can see that an appro-
priately large value for EO/O− in Eq. [A3] would result in
this) then changing the coverage of doubly charged oxygen
ions will also change the value of EF − EO/O2− as a result of
a double-layer effect and hence Eq. [A5] must be revisited.
Replacing energy levels with electrochemical potentials in
Eq. [A5] gives

kT ln
θO2−

θ∗
= 2µ̄e − µ̄s–

O2− + µO. [A6]

Expressing electrochemical potentials in terms of chemical
potentials we get

kT ln
θO2−

θ∗
= 2µe − 2eφ − µs–

O2− + 2eφO2− + µO,

which can also be written as

1
2
µO2− = 1

2
µO + µe − eφ + eφO2− ,

recovering Eq. [12], with

2−

µO2− = µθO2− + kT ln

θO

θ∗
. [A7]
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APPENDIX B: LATERAL INTERACTIONS

The potential energy associated with one dipole–dipole
interaction can be easily shown to be

U = qO2−qi

2πε0

 1√(
aO2− −ai

2

)2
+ r 2

− 1√(
aO2− +ai

2

)2
+ r 2

 ,

[B1]

where qO2− is the charge on the oxygen ion, qi is the charge
on the test ion, aO2− is the separation distance of the dipole
charges for the oxygen ion, ai is the distance between
the test ion and its image, and r is the distance between
the dipoles. For aO2− ,ai ¿ r , this equation reduces to

U = qO2−qi aO2−ai

4πε0r 3
. [B2]

Now we assume that the oxygen dipoles are arranged in a
hexagonal array on the catalyst surface around the central
test ion or dipole, i.e., the coverage of oxygen ions is much
greater than the coverage of any other ion, and therefore the
test dipole will have six nearest neighbours and the energy
of interaction with them will be

Ur = 6qO2−qi aO2−ai

4πε0r 3
. [B3]

If we approximate the hexagonal array of oxygen dipoles
as a series of concentric circles whereby the distance form
the central test dipole to the nth circle is nr with the number
of dipoles associated with that circle being 6n, then the total
energy associated with the presence of the test dipole due
to lateral coulombic interactions will be

Ulat,i =
∞∑
1

6qO2−qi aO2−ai

4πε0n2r 3
. [B4]

However, ∞∑
1

6
n2
= π2,

and therefore

Ulat,i = πqO2−qi aO2−ai

4ε0r 3
. [B5]

This can be expressed in terms of coverages or surface den-
sity of dipoles by using

θO2− = 4r 2
O2−

r 2
= nO2−

N
,

where rO2− is the effective ionic radius of the oxygen ion,
giving

πqO2−qi aO2−ai 3/2
Ulat,i =
32ε0r 3

O2−
θO2− . [B6]
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Knowing the area occupied by an oxygen ion in a hexagonal
array,

N = 1

2
√

3r 2
O2−

,

and using the definition of dipole moment of the oxygen
ion,

µ = qO2−aO2− . [B7]

Equation [B6] becomes

Ulat,i = Nqiµ

ε0

π
√

3
16

ai

rO2−
θ

3/2
O2− , [B8]

and therefore

Vlat,i = Ulat,i

qi
= Nµ

ε0

π
√

3
16

ai

rO2−
θ

3/2
O2− . [B9]

If the central ion is replaced by an oxygen ion we see that

Ulat,O2− = NqO2−µ

ε0

π
√

3
16

aO2−

rO2−
θ

3/2
O2− [B10]

Vlat,O2− = Ulat,O2−

qO2−
= Nµ

ε0

π
√

3
16

aO2−

rO2−
θ

3/2
O2− . [B11]

NOMENCLATURE

Letters

ai Separation of dipole charges for the i th species
e Charge on an electron
E Energy
Ee Energy on a free electron at infinity
EF Fermi energy
EO/O− Energy associated with the O/O− transistion
f Fractional occupancy of an electronic state
G Gibb’s free energy
k Boltzmann constant
n Refers to the nth circle of dipoles surrounding

a central dipole
ni Density of surface sites occupied

by the i th species
N Density of surface sites
qi Charge associated with the i th species
r Distance between dipoles
rO2− Effective ionic radius of a surface oxygen ion
R Reaction rate
U Potential energy associated with one dipole–

dipole interaction

Ulat Potential energy associated with one dipole

interacting with all other surface dipoles
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Ur Potential energy associated with one dipole
interacting with its nearest neighbours

Vlat,i Potential associated with lateral dipole–dipole
interactions between an adsorbed ion
(and hence dipole) of the i th species
and the adsorbed oxygen ions

Greek Letters

α A constant used in Eq. [2]
χ Surface potential
ε0 Vacuum permittivity
φ Potential
φi Potential of electrons associated with the i th species
8 Extraction potential
8∗ Threshold extraction potential
η Overpotential
ηi Activation overpotential associated with i th reaction
µ Dipole moment of a doubly charged oxygen ion
µi Chemical potential of the i th species
µ̄i Electrochemical potential of the i th species
σ Charge density
θi Fractional coverage of the i th species
ξ Constant used in Eq. [3]
9 Outer potential

Superscripts

s−− Standard state
0 Unpolarised condition
i Immediately after polarisation but before appreciable

spillover has occurred

Subscripts

sd Surface diffusion
supp Associated with the catalyst support
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