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Electrochemical Promotion of Catalysis

II: The Role of a Stable Spillover Species and Prediction of Reaction Rate Modification

Ian S. Metcalfe1

School of Chemical Engineering, University of Edinburgh, Edinburgh EH9 3JL, Scotland, United Kingdom

Received August 31, 2000; revised January 4, 2001; accepted January 4, 2001; published online March 21, 2001

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 solid–electrolyte 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 cata-
lyst surface double layer. Using the adsorption isotherm for oxygen
ions it is easy to show that in the presence of significant lateral
interactions the change in catalyst surface potential must be less
than the overpotential applied to the catalyst/support interface. By
considering a simple reaction mechanism that involves a charged
transition state and accounting for the effect of long-range electro-
static interactions it is possible to express reaction rates as a function
of applied overpotential. It is shown that under certain conditions
reaction rates are predicted to increase on application of both neg-
ative and positive overpotentials (for both positively charged and
negatively charged transition states), in agreement with some ex-
perimental studies, as a result of electron donation and acceptance
from both the metal catalyst and the surface O/O2− redox couple.
In addition the enhancement factor (the ratio of change in reac-
tion rate to electrochemical oxygen flux) is shown to depend upon
the selectivity for oxygen ion formation from charge-transfer and
adsorption processes. c© 2001 Academic Press
1. INTRODUCTION

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 ions supplied to it or
removed from it, there can be a dramatic change in the ac-
tivity 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 num-
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ber of reviews exist (1, 3, 4)) performed over a number of
metal catalysts with differing supports (5) including oxygen-
ion conductors (6–11), sodium-ion conductors (12), proton
conductors (13–15), and fluorine conductors (16). Electro-
chemical promotion has also been observed in the case of
a titania mixed ionic-conducting and electronic-conducting
support (2). 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 and 18 is the change
in electron extraction potential of the catalyst and any im-
posed overpotential is reflected by a change in the macro-
scopically determined work function (determined with a
Kelvin probe). It has been postulated that the work func-
tion of the catalyst is changed by an electrochemically in-
duced oxygen species, much less reactive and more ionic
than chemisorbed oxygen, which spills over the catalyst sur-
face. Other workers (17–20) have found that any electron
extraction potential change may be less than the applied
overpotential possibly due to finite reactivities and diffu-
sivities of the spillover species and, in general,

η = 18+19, [2]

where 19 is the change in outer potential.
The induced change in work function modifies the kinetic

behaviour of the catalyst and, in general, the new reaction,
R, can be related to the overpotential by an equation of the
form (e.g., 1)

ln
R

R0
= αe(18−18∗)

kT
, [3]

where k is the Boltzmann constant, R0 is the open-circuit
reaction rate, e is the charge on an electron, and α

and 18∗ are empirically determined constants. Interest-
ingly a number of empirical studies (methanol oxidation
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over yttria-stabilized-zirconia-supported platinum (e.g., 1)
carbon monoxide oxidation over both YSZ-supported plat-
inum and YSZ-supported silver (e.g., 1), methane oxidation
over YSZ-supported platinum (e.g., 1), and ethylene ox-
idation over titania-supported platinum (2) and YSZ-
supported silver (e.g., 1)) have shown that α can be pos-
itive for positive overpotentials and negative for negative
overpotentials resulting in reaction rate increases for both
polarities.

Vayenas et al. (e.g., 1) have compared the change in re-
action rate to the flux of ions needed to cause the change.
For an oxygen-ion conductor,

3 = 2F1R

I
, [4]

where 3 is known as the enhancement factor (which is
dimensionless), 1R is the change in reaction rate, and
I/2F is the flux of ionic oxygen. (It should be noted that
Vayenas et al. do not use area specific reaction rates and
current densities and therefore 3 would be expected to be
a function of electrode morphology as well as operating
conditions.) Furthermore, the enhancement factor can be
estimated from the open-circuit reaction rate and the ex-
change current (e.g., 1),

3 = 2F R0

I0
. [5]

In Part I of this work (21) a metal catalyst in the form of
an electrode supported on an oxygen-ion-conducting solid–
electrolyte support within a gradientless reactor was con-
sidered. The reactions involving oxygen were described by
a simple reaction network (see Fig. 1). Only two forms of
FIG. 1. Reaction network for electrochemical oxygen supply to a
metal surface showing driving forces for individual reactions.
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catalyst surface oxygen, neutral oxygen and doubly charged
ionic oxygen, were considered to have significant coverages
(the coverages of all other ions was assumed to be insignif-
icant). Reactions 1 and 2 are 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. Reactions 5
and 6 involve the removal of surface oxygen and surface
ionic oxygen respectively by reaction with a reducing gas.
Reaction 6 is considered to be slow. In Part I (21) it was
shown that the activation overpotentials for the individual
reactions, ηi , are related to the electrode overpotential, η,
through the following relationships in the case of fast sur-
face and gas-phase diffusion of species:

eη1 = eη − 1
2
1µO [6]

eη2 = eη − 1
2
1µO2− − e1χ − e1Vlat,O2− [7]

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

2
1µO [8]

eη4/5 = 1
2
1µO, [9]

where χ is the catalyst surface potential,Vlat,O2− is the lat-
eral dipole–dipole interaction potential between adsorbed
oxygen ions, µO is the chemical potential of adsorbed neu-
tral oxygen, and µO2− is the chemical potential of adsorbed
oxygen ions.

In this paper, Part II, we will again confine ourselves to
the situation of a metal catalyst supported on an oxygen-
ion-conducting solid electrolyte within a gradientless re-
actor. Only two forms of surface oxygen are present, one
being ionic; there are negligible coverages of all other ions
in so far as double-layer effects are concerned and there
is fast surface and gas-phase diffusion of all species. Fur-
thermore, we will consider the case of a stable ionic oxygen
spillover species. Reactions 3 and 6 are slow and therefore
Reaction 2 can be considered to be fast. At steady state
Reaction 2 will be at equilibrium,

η2 = 0 [10]

Therefore, as a result of this equilibrium between support
and catalyst surface ionic oxygen, the actual nature of the
reaction network is unimportant and no explicit reference
will be made to it (except for within the discussion on the
enhancement factor where the network proposed in Part I
(21) will be used for illustration). We will start by investi-
gating the relationship between change in surface potential

and applied overpotential. The characteristics associated
with reaction rate modification will then be predicted by



M
ELECTROCHEMICAL PRO

using transition state theory and considering the role of
long-range electrostatic interactions in the absence of
any short-range effects. Finally the physical origin of the
enhancement factor will be investigated. (It should be noted
that Imbihl et al. (22) have recently investigated reaction
rate modification and the physical meaning of the enhance-
ment factor using a less-detailed phenomenological anal-
ysis.) In common with Part I we will confine ourselves to
the consideration of oxygen-ion spillover. However, the ap-
proach adopted could equally be applied to other systems.

2. SURFACE POTENTIAL AS A FUNCTION
OF OVERPOTENTIAL

A consequence of spillover ionic oxygen being relatively
stable and involved in fast charge-transfer and diffusive pro-
cesses is that the electrochemical potential of oxygen ions
in the support must remain equal to the electrochemical
potential of oxygen ions at any point on the metal surface
at steady state. As the electrochemical potential of oxygen
ions in the support is uniform (high ionic conductivity) and
constant (fixed-potential reference electrode), the electro-
chemical potential of adsorbed oxygen ions is always equal
to its unpolarised value during steady operation,

µ̄O2− = µ̄0
O2− , [11]

where the superscript 0 is used to signify the initial unpo-
larised value. Therefore,

1µ̄O2− = 0. [12]

However, the electrochemical potential can be related to
the chemical potential,

1
2
µ̄O2− = 1

2
µ̄O2− − eφO2− . [13]

For the case of oxygen ions being the only ions present in
significant amounts, we may express the potential of elec-
trons associated with the oxygen ions,φO2− , in terms of metal
potential, φ, surface potential and lateral dipole–dipole in-
teraction potential,

φO2− = φ − χ − Vlat,O2− , [14]

and

1
2
µ̄O2− = 1

2
µO2− + eχ + eVlat,O2− − eφ. [15]

Using Eqs. [12] and [15],
eη = 1
2
1µO2− + e1χ + e1Vlat,O2− , [16]
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recovering Eq. [7] with η2 equal to zero, as

η = 1φ = φ − φ0.

In Part I of this work (21) the oxygen-ion adsorption
isotherm was derived, i.e., expressions for the change in
chemical potential of oxygen ions, the change in surface po-
tential and the change in lateral interaction potential were
all obtained,

1µO2− = kT ln
θO2−

θ∗

θ0
∗

θ0
O2−

[17]

1χ = Nµ

ε0

(
θO2− − θ0

O2−
)

[18]

1Vlat,O2− = Nµ

ε0

π
√

3
16

aO2−

rO2−

(
θ

3/2
O2− − θ0 3/2

O2−
)
, [19]

where θ∗ and θO2− refer to the coverages of vacant sites and
oxygen ions, N is the site density, µ is the dipole moment
of the oxygen ion, ε0 is the vacuum permittivity, aO2− is the
dipole separation distance for the oxygen ion, and rO2− is
the effective ionic radius of the oxygen ion.

Substituting for the change in chemical potential of oxy-
gen ions, the change in surface potential and the change
in lateral dipole-dipole interaction potential in terms of
oxygen-ion coverage using Eqs. [17], [18], and [19], respec-
tively into Eq. [16] we obtain

eη = kT

2
ln
θO2−

θ∗

θ0
∗

θ0
O2−
+ Neµ

ε0

{(
θO2− − θ0

O2−
)

+ π
√

3
16

aO2−

rO2−

(
θ

3/2
O2− − θ0 3/2

O2−
)}
. [20]

If we compare Eq. [16] to Eq. [2] we see that, in general,
the outer potential will depend upon the chemical potential
and lateral interaction terms,

e19 = 1
2
1µO2− + e1Vlat,O2− , [21]

or

e19 = kT

2
ln
θO2−

θ∗

θ0
∗

θ0
O2−
+ Neµ

ε0

× π
√

3
16

aO2−

rO2−

(
θ

3/2
O2− − θ0 3/2

O2−
)
. [22]

As oxygen is electrophilic, oxygen-ion coverages cannot
be very low under open-circuit conditions and, because of
the Weisz limitation (21), oxygen-ion coverages cannot be
very high under open-circuit conditions. Provided that the

ionic oxygen coverage is also not very high or very low
under closed-circuit conditions, we may neglect changes in
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the logarithimic terms of coverage as

Nµ

ε0
À kT

e
,

and the surface potential and lateral interaction terms have
a stronger dependency on coverage. (Typical 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, for intermediate oxygen-
ion coverages (obtained at intermediate overpotentials),

1µO2− ≈ 0, [23]

and

eη ≈ Neµ

ε0

{(
θO2− − θ0

O2−
)+ π√3

16
aO2−

rO2−

(
θ

3/2
O2− − θ0 3/2

O2−
)}
,

and the change in outer potential can be seen to be,

e19 ≈ Neµ

ε0

π
√

3
16

aO2−

rO2−

(
θ

3/2
O2− − θ0 3/2

O2−
)
.

It can easily be shown that

d19

dη
≈

3π
√

3
32

aO2−
rO2−

θ
1/2
O2−

1+ 3π
√

3
32

aO2−
rO2−

θ
1/2
O2−

.

For a spherical oxygen ion (aO2− = 2rO2−) at a coverage of
0.01, this gradient, d19/dη, has a value of ∼0.1 indicating
that even at this low ionic oxygen coverage the change in
outer potential will be equal to about 10% of any applied
overpotential.

Equation [20] shows that in the case of closed-circuit op-
eration the Weisz limitation (21) need no longer hold and
Eq. [23] is not always valid. In theory the electrochemi-
cal driving force can be used to dramatically increase (or
decrease) the coverage of the ionic species. In the case of
oxygen supply1χ will reach a maximum value (when oxy-
gen ions have reached full coverage) after which changes
in overpotential will only result in further changes in outer
potential. For large positive overpotentials,

e1χmax = 1σmaxµ

2ε0
= (σmax − σ 0)µ

2ε0
,

with

σmax = 2Ne

σ 0 = 2Neθ0
O2− .

Therefore, for η > ηmax, where ηmax refers to the value of
the overpotential as the surface potential approaches its
maximum value,
e19 = eη − e1χmax.
TCALFE

In the case of oxygen removal 1χ will reach a threshold
value (when all of the oxygen ions have been removed) after
which changes in overpotential will only result in changes in
outer potential driving the ion coverage to very low values.
For large negative overpotentials,

e1χmin = 1σminµ

2ε0
= −σ

0µ

2ε0
,

and for η < ηmin, where ηmin refers to the value of the over-
potential as the surface potential approaches its minimum
value,

e19 = eη − e1χmin.

(We will define intermediate overpotentials to be overpo-
tentials between ηmin and ηmax (intermediate oxygen-ion
coverages are the corresponding values of coverage). Out-
side of this region we refer to large (or very) positive over-
potentials and large (or very) negative overpotentials with
corresponding very high and very low oxygen-ion cover-
ages.)

We may comment on the difference in ηmax and ηmin as

e1χmax − e1χmin = σmaxµ

2ε0
= Neµ

ε0
,

and therefore the difference between the maximum and
minimum values of surface potential will be of the order
of tens of volts (21). Likewise the difference between the
values of ηmax and ηmin will be of the order of tens of volts.
As a result of the Weisz limitation ηmin will be negative and
of the order of a volt or so depending upon the energetics of
oxygen-ion formation; hence ηmax will be positive and must
be of the order of tens of volts.

We now know how overpotential, surface potential and
outer potential are related at steady state. For intermedi-
ate ion coverages logarithmic terms in coverage can be ne-
glected,

1µO2− ≈ 0.

If the ionic coverage is low enough that lateral interactions
are negliglible then there is a change in surface potential
equal to the applied overpotential, use of Eq. [16] gives

e1χ ≈ eη. [24]

At higher intermediate ion coverages the change in surface
potential no longer matches the applied overpotential due
to appreciable lateral interactions. At very low ion cover-
ages the surface potential reaches a minimum value and
thereafter can be modified no further. Likewise, at very
high ion coverages the surface potential reaches a maxi-
mum coverage and can be modified no further. Figures 2
and 3 are sketches of how surface potential and outer po-
tential depend on applied overpotential.

One of the key observations from past work (e.g., 1)

is that the change in extraction potential is often equal
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FIG. 2. Change in surface potential versus applied overpotential.

to the applied overpotential in solid–electrolyte supported
systems (although there are important exceptions to this
behaviour (17–20)). The above model suggests that in the
case of Reaction 2 being at equilibrium, a surface would
in general be expected to show this direct relationship be-
tween overpotential and change in extraction potential at
appropriate overpotentials. However, this relationship fails
at high intermediate ionic coverages when lateral electro-
static interactions become important or at very low ionic
coverages when ionic coverages can no longer be decreased
due to a lack of availability of surface oxygen ions.

3. REACTION RATE MODIFICATION

Let us consider a reaction between adsorbed surface
species,

A+ B→ C, [Reaction 7]
FIG. 3. Change in outer potential versus applied overpotential.
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where either A or B could be atomic surface oxygen but
do not need to be. Vayenas (e.g., 1), has suggested that the
surface reaction rate may depend upon a rate-determining
step involving electron transfer between the catalyst and
an adsorbed reactant, in this case either A or B. Here we
use this idea of the importance of electron transfer to or
from the reactants to develop a simple reaction rate model
based on transition state theory. Oxygen ion supply or re-
moval from the surface is considered to modify equilibria
involving electron supply or removal by altering the sur-
face potential of the catalyst and modifying the potential
of electrons associated with the surface O/O2− redox cou-
ple, hence only long-range electrostatic interactions are in-
voked to describe rate modification.

Reaction 7 can proceed in the absence of charge transfer
with the catalyst or other adsorbates, through the following
fundamental steps. The reactants are in equilibrium with a
reactive transition state, AB,

A+ B⇔ AB, [Reaction 8]

with the rate of decomposition of the transition state into
the product being the rate-determining step,

AB→ C. [Reaction 9]

The rate of Reaction 9 is assumed to depend linearly on the
coverage of AB,

r9 = k9θAB, [25]

with the coverage determined by the equilibrium of
Reaction 8,

θAB = K8θAθB, [26]

and the rate of Reaction 9 can be written as

r9 = k9K8θAθB. [27]

Now let us consider a reaction proceeding through a neg-
atively charged transition state. We explain the modified
reaction rate in terms of a modification in the coverage of
the charged transition state formed by the reaction of A−

with B, A−B, or of A with B−, AB− (we restate our assump-
tion that the coverage of such charged transition states is
much lower than that of oxygen ions and therefore their
effect on the properties of the surface double layer may be
neglected). There are two sources of electrons for the mod-
ification of reaction rate, the catalyst and adsorbed oxygen
ions themselves. (Vayenas and co-workers have defined an
electrophilic reaction as one promoted by a greater avail-
ability of electrons from the metal catalyst as determined by
the surface potential. Note that a negatively-charged tran-
sition state is formally different from an electrophilic re-
action because of the possibility of electron donation from
the adsorbed O/O2− redox couple as well as the metal). For

the purposes of illustration let us suppose that the species
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A equilibrates with electrons from the catalyst to form A−

while the species B equilibrates with surface oxygen ions to
form the species B−. Hence we have two reaction schemes,

A+ e− ⇔ A− [Reaction 10]

A− + B⇔ A−B [Reaction 11]

A−B→ C+ e−, [Reaction 12]

and

B+ 1
2

O2− ⇔ B− + 1
2

O [Reaction 13]

A+ B− ⇔ AB− [Reaction 14]

AB− → C+ e−surf [Reaction 15]

e−surf +
1
2

O→ 1
2

O2−, [Reaction 16]

where e−surf is an electron associated with the metal surface
rather than the metal bulk. (Here we consider A−B and
AB− to have distinct chemical identities; however, we could
equally well consider them to be chemically identical but
analysis would be much more complex in this case as the
transition state cannot be in equilibrium with all of the re-
actants under closed-circuit operation.) It should be noted
that if the second scheme finished with the reaction

AB− → C+ e−, [Reaction 17]

then the scheme could not cause a non-Faradaic change in
reaction rate as one surface oxygen ion would be consumed
by each catalytic cycle. (Many other reaction schemes could
be suggested but here we use a simple scheme that is able
to account for behaviour in the case of a negatively charged
transition state and the possibility of electron donation from
both the metal and the adsorbed O/O2− redox couple.)

In addition, under open-circuit conditions, the following
equilibrium will hold:

AB− ⇔ A−B. [Reaction 18]

Note that this equilibrium will not hold under closed-circuit
conditions because of the difference in electrochemical po-
tential between catalyst electrons and electrons associated
with the O/O2− redox couple.

We can write the overall reaction rate, r−(to denote a
negatively charged transition state is important) as

r− = r9 + r12 + r15, [28]

and if all reaction rates have a linear dependence on the
coverage of the transition state,
r− = k9θAB + k12θA−B + k15θAB− . [29]
TCALFE

As under open-circuit conditions,

r 0
− = r 0

9 + r 0
12 + r 0

15. [30]

Equation [28] can be re-expressed in the form

r− = r 0
9 + r 0

12
θA−B

θ0
A−B
+ r 0

15
θAB−

θ0
AB−

. [31]

We now consider how the ratios θA−B/θ
0
A−B and

θAB−/θ
0
AB−depend upon overpotential. The condition of

equilibrium for Reaction 10 gives

µ̄A− = µA + µ̄e [32]

µ̄A− = µA + µe − eφ [33]

where chemical and electrochemical potentials for A and
B refer to the surface species. Equilibrium for Reaction 11
gives

µ̄A−B = µ̄A− + µB. [34]

Combining Eqs. [33] and [34],

µ̄A−B = µA + µe − eφ + µB, [35]

or

µA−B − eφA−B = µA + µe − eφ + µB, [36]

where φA−B is the potential of electrons associated with the
A−B species.

After Eq. [17], the change in the chemical potential of
A−B is given by

1µA−B = kT ln
θA−B

θ∗

θ0
∗

θ0
A−B

.

Provided that the chemical potentials of surface A and B
are not modified, i.e., gas-phase chemical potentials are con-
stant (differential reactor operation) and there are fast ad-
sorption and desorption processes, Eq. [36] gives

1µA−B = e1φA−B − e1φ,

and therefore,

kT ln
θA−B

θ0
A−B

θ0
∗
θ∗
= e1φA−B − e1φ.

However, the change in potential difference between
electrons associated with the A−B species and the metal de-
pends upon changes in the surface potential and changes in
the potential associated with lateral interactions. Remem-
bering that to form the A−B species an electron need not

cross the entire double layer (provided that the charge sep-
aration for the A−B species is less than that for the ionic
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oxygen), then, as the average field is constant between the
sheets of charge associated with the metal and the oxygen
ions,

φA−B = φ − aA−B

aO2−
χ − Vlat,A−B,

where aA−B is the charge separation associated with the
A−B species, and

e1φA−B − e1φ = −aA−B

a
e1χ − e1Vlat,A−B.

The lateral dipole–dipole interaction potential was pre-
viously found to be (21)

Vlat,A−B = Nµ

ε0

π
√

3
16

aA−B

rO2−
θ

3/2
O2− . [37]

As a result of the potential due to lateral interactions
depending linearly on dipole separation, we may write

Vlat,A−B = aA−B

aO2−
Vlat,O2− . [38]

Therefore,

1Vlat,A−B = aA−B

aO2−
1Vlat,O2− ,

so

e1φA−B − e1φ = −aA−B

aO2−

(
e1χ + e1Vlat,O2−

)
,

or, using Eq. [16],

e1φA−B − e1φ = −aA−B

aO2−

(
eη − 1

2
1µO2−

)
.

Therefore,

kT ln
θA−B

θ0
A−B

θ0
∗
θ∗
= −aA−B

aO2−

(
eη − 1

2
1µO2−

)
,

and

r12 = r 0
12
θA−B

θ0
A−B

[39]

r12 = r 0
12
θ∗
θ0∗

exp
1

kT

{
−aA−B

aO2−

(
eη − 1

2
1µO2−

)}
.

Now we consider the modification of the rate of Reac-
tion 15 in a similar manner. Equilibrium for Reaction 13
gives

2µB + µ̄O2− = 2µ̄B− + µO [40]
µ̄AB− = µA + µ̄B− . [41]
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Combining Eqs. [40] and [41],

µ̄AB− = µA + µB + 1
2
µ̄O2− − 1

2
µO, [42]

or

µAB− −eφAB− =µA+µB+ 1
2
µO2− −eφO2− − 1

2
µO, [43]

where φAB− is the potential of electrons associated with the
AB− species.

After Eq. [17], the change in the chemical potential of
AB− is given by

1µAB− = kT ln
θAB−

θ∗

θ0
∗

θ0
AB−

.

Provided that the chemical potentials of surface A and B
are not modified, Eq. [43] gives

1µAB− = e1φAB− − e1φO2− + 1
2
1µO2− − 1

2
1µO,

and therefore,

kT ln
θAB−

θ0
AB−

θ0
∗
θ∗
= e1φAB− − e1φO2− + 1

2
1µO2− − 1

2
1µO.

Again, as electrons from the oxygen ions do not cross the
entire double layer on formation of AB−,

e1φAB− − e1φO2− = aO2− −aAB−

aO2−
e1χ+1Vlat,O2−

− e1Vlat,AB− .

But after Eq. [38],

1Vlat,AB− = aAB−

aO2−
1Vlat,O2− , [44]

so

e1φAB− − e1φO2− = aO2− − aAB−

aO2−

(
e1χ +e1Vlat,O2−

)
,

or

e1φAB− − e1φO2− = aO2− − aAB−

aO2−

(
eη − 1

2
1µO2−

)
.

Therefore,

kT ln
θAB−

θ0
AB−

θ0
∗
θ∗
= 1

2
1µO2− − 1

2
1µO

aO2− − aAB−
(

1
)

+
aO2−

eη −
2
1µO2− ,
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and

r15 = r 0
15
θAB−

θ0
AB−

r15 = r 0
15
θ∗
θ0∗

exp
1

kT

{
1
2
1µO2− −

1
2
1µO [45]

+ aO2− − aAB−

aO2−

(
eη − 1

2
1µO2−

)}
.

Now let us consider a reaction proceeding through a posi-
tively charged transition state. Again we explain the change
in reaction rate in terms of a modification in the coverage
of the charged transition state formed by the reaction of A+

with B, A+B, or of A with B+, AB+. There are two sinks for
electrons for the modification of reaction rate, the catalyst
and neutral adsorbed oxygen. For the purposes of illus-
tration let us suppose that the species A equilibrates with
electrons from the catalyst to form A+ while the species
B equilibrates with surface oxygen to form the species B+.
Hence we have two reaction schemes,

A⇔ A+ + e− [Reaction 19]

A+ + B⇔ A+B [Reaction 20]

A+B→ C+ h+ [Reaction 21]

h+ + e− → 0, [Reaction 22]

where h+ signifies an electron hole, and

B+ 1
2

O⇔ B+ + 1
2

O2− [Reaction 23]

A+ B+ ⇔ AB+ [Reaction 24]

AB+ → C+ h+ [Reaction 25]

h+ + 1
2

O2− → 1
2

O. [Reaction 26]

Here we once again consider A+B and AB+ to have distinct
chemical identities.

We can write the overall reaction rate, r+ (to denote a
positively charged transition state is important) as

r+ = r9 + r21 + r25 [46]

r+ = k9θAB + k21θA+B + k25θAB+ . [47]

As under open-circuit conditions,

r 0
+ = r 0

9 + r 0
21 + r 0

25. [48]

Equation [46] can be re-expressed in the form

0 0 θA+B 0 θAB+

r+ = r9 + r21

θ0
A+B
+ r25

θ0
AB+

. [49]
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A similar analysis as before leads to

r21 = r 0
21
θ∗
θ0∗

exp
1

kT

{
aA+B

aO2−

(
eη − 1

2
1µO2−

)}
[50]

r25 = r 0
25
θ∗
θ0∗

exp
1

kT

{
1
2
1µO − 1

2
1µO2−−aO2− − aAB+

aO2−

×
(

eη − 1
2
1µO2−

)}
. [51]

Now let us consider how the overall reaction rate will
depend on overpotential (detailed mathematical analyses
is presented in Appendices A and B for the cases of nega-
tively and positively charged transition states respectively).
We assume that the chemical potential of adsorbed oxygen
is constant. (However, in addition to Reaction 2 being at
equilibrium it is instructive to consider what happens if Re-
action 1 is also at equilibrium (therefore Reaction 3 must
be at equilibrium). This case is discussed in Appendix C.)

Any reactions which do not depend upon charge transfer
with the metal or the oxygen redox couple, i.e., take place
between neutral adsorbed species, will be unaffected by
electrode polarisation,

r9 = r 0
9 . [52]

For a negatively charged transition state,

r− = r9 + r12 + r15,

and at negative overpotentials Reaction 12 may dominate
as a result of the reduced surface potential and the increased
ease of donation of electrons from the metal. At large neg-
ative overpotentials it is no longer possible to modify the
surface potential or the lateral interaction potential as the
coverage of oxygen ions approaches zero. Likewise it is no
longer possible to modify the rate of Reaction 12. At posi-
tive overpotentials Reaction 15 may dominate as a result of
electron donation from oxygen ions through Reaction 13.
At large positive overpotentials the rate of Reaction 15 will
go through a maximum as the coverage of ionic oxygen ap-
proaches unity. Figure 4 shows the approximate form of
the rate versus overpotential behaviour with the reactions
requiring electron transfer being much slower than the re-
action which does not require electron transfer under open-
circuit conditions. Reaction rate increases at both positive
and negative overpotentials as a result of electron donation
from the O/O2− redox couple and the metal.

For reactions involving positively charged transition
states at negative overpotentials Reaction 25 may domi-
nate as a result of electron donation to adsorbed oxygen
through Reaction 23. At positive overpotentials Reaction
21 may dominate as a result of electron donation to the
form of the expected rate versus overpotential behaviour.
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FIG. 4. Schematic of reaction rate versus overpotential in the case of
a negatively charged transition state.

Again the reaction rate will eventually increase for both
large positive and negative overpotentials with the rate of
Reaction 21 going through a maximum as the coverage of
ionic oxygen approaches unity.

Importantly, this overpotential-reaction rate behaviour
for both negatively and positively charged transition states
is similar to that observed in some experimental studies
(e.g., 1, 2) where reaction rate is seen to increase both at
positive overpotentials and negative overpotentials.

The above determined dependencies of the reaction rates
for the formation of AB on overpotential (in the case of
1µO approximately equal to zero, fast Reactions 4 and 5)
can be expressed in simple approximate forms under condi-
tions where one reaction dominates. Again, in the case of re-
actions requiring electron transfer being slower than those
which do not need electron transfer under open-circuit con-
ditions,

r

r 0
≈ exp

(
αeη

kT

)
exp

(
−αeη∗

kT

)
, [53]

where α is related to the effective gradient of the re-
lationships shown in Figs. 4 and 5 and the constant
exp (−αeη∗/kT) includes any overpotential, η∗, that needs
to be overcome before the overall reaction rate is modi-
fied. As the catalyst surface is macroscopically uniform as

a result of fast surface diffusion of species, total rates are
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proportional to area specific reaction rates. In addition for
intermediate overpotentials in the absence of lateral inter-
actions, the applied overpotential is equal to the change in
extraction potential. Hence manipulation of Eq. [53] yields
Eq. [3].

In the case of simplification of Eq. [50], for the rate of
Reaction 21 in the region of intermediate overpotentials,
Eq. [B2] is obtained (see Appendix B),

r21 ≈ r 0
21exp

(
aA+B

aO2−

eη

kT

)
. [54]

For a positively charged transition state the total rate of
production of AB depends upon the sum of the individual
rates,

r

r 0
= r21 + r25 + r9

r 0
. [55]

For reasonably large positive overpotentials such that the
rate of Reactions 25 and 9 can be neglected,

r

r 0
≈ r 0

21

r 0
exp
(

aA+B

aO2−

eη

kT

)
, [56]
FIG. 5. Schematic of reaction rate versus overpotential in the case of
a positively charged transition state.
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and therefore comparing with Eq. [53],

exp
(
−αeη∗

kT

)
= r 0

21

r 0
[57]

α = aA+B

aO2−
. [58]

If the rate modification is large enough, then

1r

r 0
≈ r

r 0
≈ r 0

21

r 0
exp
(

aA+B

aO2−

eη

kT

)
. [59]

In the case of α equal to unity (i.e., the same charge separa-
tion for the transition state and the oxygen ion) and again
with total rates being proportional to area specific reaction
rates, Eq. [59] becomes

1R≈ R0 exp
(

eη

kT

)
R0

21

R0
, [60]

and returning to Eq. [4],

3 = 2F1R

I
≈ 2FR0

I
exp
(

eη

kT

)
R0

21

R0
. [61]

Let us consider the reaction network presented in Part I
(21). The measured current will be predominantly due to
Reaction 1 (if the exchange current for this reaction is much
higher than that for either Reactions 2 or 3),

I ≈ I1, [62]

and using the high-field form of the Butler–Volmer equation
with a symmetry factor of one-half,

I1 = I0,1 exp
(

eη

kT

)
. [63]

Furthermore,

I0 ≈ I0,1. [64]

Combining Eqs. [62], [63], and [64],

I ≈ I0 exp
(

eη

kT

)
. [65]

Substituting Eq. [65] into [61],

3 ≈ 2FR0

I0

R0
21

R0
, [66]

which is similar to the relationship that Vayenas (1) has
indicated can be used to estimate the enhancement factor,

0

|3| ≈ 2FR

I0
, [67]
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with the factor R0
21/R0 included to allow for the fact that

reaction through the charged transition state is not neces-
sarily responsible for the entire open-circuit reaction rate.

We may proceed further with the analysis to gain some
insight into the physical origin of the enhancement factor.
In the case of a catalyst that shows an extraction potential
change equal to the applied overpotential we have already
argued that the spillover oxygen must be stable and hence
the kinetics for Reaction 6 slow (21). If we assume on po-
larisation (and at steady state) that ionic oxygen is supplied
to solely overcome decomposition through Reaction 3 then
a material balance performed on the spillover species gives

I2 ≈ I3, [68]

and Reaction 3 can be represented by a charge-transfer re-
action with the driving force depending upon the difference
in the redox potential of the O/O2− couple and the electron
potential, η3. As Reactions 2, 4, and 5 are fast the overpo-
tential for Reaction 3 is approximately equal to the applied
overpotential. Using a high-field approximation, again with
a symmetry factor of one-half,

I2 ≈ I3 = I0,3 exp
(

eη3

kT

)
≈ I0,3 exp

(
eη

kT

)
. [69]

We may define a selectivity for formation of ionic oxygen
by charge transfer as

Sct = I2

I
. [70]

Using Eqs. [65] and [69], this becomes

Sct ≈
I0,3 exp

( eη
kT

)
I0 exp

( eη
kT

) ≈ I0,3

I0
. [71]

Let us assume that oxygen desorption can be neglected and
let the selectivity for ionic oxygen formation from adsorbed
oxygen (the competing reaction being adsorbed oxygen re-
moval by Reaction 5) be Ssurf. Ssurf therefore depends upon
the rate of the reverse of Reaction 3 and we may define
a selectivity for formation of ionic oxygen from adsorbed
oxygen, based upon open-circuit operating conditions, as

Ssurf = I0,3

2FR0
5

. [72]

Combining these definitions and substituting into Eq. (66)
gives

3 ≈ Sct

Ssurf

R0

R0
5

R0
21

R0
. [73]

In the case of oxygen being one of the reactants, A or B,

then, as the reaction of oxygen ions (Reaction 6) does not
contribute significantly to the overall rate, the loss of neutral
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adsorbed oxygen from the surface is the same process as the
production of AB,

R5 = R, [74]

and

R0
5 = R0. [75]

Hence,

3 ≈ Sct

Ssurf

R0
21

R0
. [76]

As one might intuitively expect, high selectivities for ionic
oxygen formation as a result of the charge-transfer process
will lead to high enhancement factors. High selectivities for
ionic oxygen formation from adsorbed oxygen will cause
low enhancement factors. It is also important that reactions
proceeding through charged transition states contribute sig-
nificantly to the open-circuit rate for enhancement factors
to be large.

4. CONCLUSIONS

A simple model to describe the reversible electrochemi-
cal promotion of supported catalysts has been formulated.
This model is derived from first principles and allows for
the presence of two forms of surface oxygen, one ionic and
one neutral. Both forms of surface oxygen are able to un-
dergo charge-transfer reactions with the solid–electrolyte
support. The ionic oxygen is assumed to be the only ion
present with a significant surface coverage and, as such, dic-
tates the properties of the catalyst surface double layer. By
describing changes in surface potential with the Helmholtz
equation and considering lateral dipole–dipole interactions
a relationship between the electrode overpotential and the
coverage of oxygen ions was found for the case of a sta-
ble ionic oxygen spillover species. This equation was then
used to predict how surface potential and outer potential
would vary on application of an overpotential to the cata-
lyst/support interface. In the presence of significant lateral
interactions the change in surface potential must be less
than the applied overpotential. Furthermore, by consider-
ing a simple reaction mechanism that involves a charged
transition state and accounting for the effect of long-range
electrostatic interactions it was possible to express reaction
rates as a function of applied overpotential. Electron do-
nation and acceptance from the metal catalyst and the sur-
face O/O2− redox couple were both considered. It is shown
that under certain conditions reaction rates are predicted
to increase on application of both negative and positive
overpotentials (for both positively charged and negatively
charged transition states) in agreement with some experi-
mental studies (e.g., 1, 2). In addition the enhancement fac-

tor is shown to depend upon the selectivity for oxygen ion
formation from charge-transfer and adsorption processes.
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APPENDIX I: REACTION RATE AS A FUNCTION
OF OVERPOTENTIAL FOR A NEGATIVELY

CHARGED TRANSITION STATE

Provided that overpotentials are negative or intermedi-
ate (less than or equal to ηmax) then the coverage of vacant
sites will not change greatly and we may use the approxi-
mation

θ∗ ≈ θ0
∗ . [A1]

However, at large positive overpotentials oxygen ions are
forced onto the surface at very high coverage, approaching
unity, and the coverage of vacant sites is greatly reduced.
Using Eq. [17] with the coverage of oxygen ions approxi-
mately equal to unity and therefore constant gives

1µO2− ≈ kT ln
θ0
∗
θ∗
,

and, therefore,

θ∗
θ0∗
≈ exp

(
−1µO2−

kT

)
. [A2]

Consequently, the reaction rate expressions (Eqs. [39], [45],
[50], and [51]) must be combined with Eqs. [A1] or [A2]
depending upon the regime of operation.

Let us consider how the reaction rates will depend on
overpotential. We assume that the chemical potential of ad-
sorbed oxygen is constant. Provided that ηmin ≤ η ≤ ηmax,
i.e., intermediate overpotentials, then, restating Eq. [23],

1µO2− ≈ 0,

and

eη − 1
2
1µO2− ≈ eη,

with Eq. [A1] being obeyed,

θ∗ ≈ θ0
∗ .

Ifη<ηmin orη>ηmax, i.e., large negative or positive overpo-
tentials, the potential difference across the surface double-
layer can no longer be modified and, from Eqs. [14]
and [16],

e1φ − e1φO2− = e1χ + e1Vlat,O2−

= eη − 1
2
1µO2− = constant.

For η < ηmin,

eη − 1
2
1µO2− ≈ eηmin, [A3]

and for η > ηmax,

1

eη −

2
1µO2− ≈ eηmax, [A4]
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with Eq. [A2] being obeyed,

θ∗
θ0∗
≈ exp

(
−1µO2−

kT

)
.

For a negatively charged transition state,

r− = r9 + r12 + r15,

and at negative overpotentials Reaction 12 may dominate
as a result of the reduced surface potential. Taking Eq. [39],

r12 = r 0
12
θ∗
θ0∗

exp
1

kT

{
−aA−B

aO2−

(
eη − 1

2
1µO2−

)}
,

and using Eqs. [23] and [A1] for intermediate oxygen-ion
coverages,

r12 ≈ r 0
12 exp

(
−aA−B

aO2−

eη

kT

)
, [A5]

and evaluating the reaction rate, r min
12 , at an overpotential

of ηmin,

r min
12 ≈ r 0

12 exp
(
−aA−B

aO2−

eηmin

kT

)
.

At large negative overpotentials Eq. [A3] dictates that

eη − 1
2
1µO2− ≈ eηmin,

as it is no longer possible to modify the surface potential
or the lateral interaction potential. The coverage of vacant
sites remains constant and approximately equal to unity.
This means that r12 can no longer be modified and

r12 ≈ r min
12 .

At positive overpotentials Reaction 15 may dominate as
a result of electron donation from oxygen ions through Re-
action 13. Using Eq. [45] with 1µO equal to zero,

r15= r 0
15
θ∗
θ0∗

exp
1

kT

{
1
2
1µO2−+aO2− −aAB−

aO2−

(
eη−1

2
1µO2−

)}
,

and using Eqs. [23] and [A1] for intermediate oxygen-ion
coverages,

r15 ≈ r 0
15 exp

(
aO2− − aAB−

aO2−

eη

kT

)
, [A6]

and evaluating the reaction rate, r max
15 , at an overpotential

of ηmax, (
a 2− − a − eηmax)
r max
15 ≈ r 0

15 exp O AB

aO2− kT
.
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At large positive overpotentials Eq. [A4] dictates that

eη − 1
2
1µO2− ≈ eηmax,

as it is no longer possible to modify the surface potential or
the lateral interaction potential and

r15 ≈ r max
15

θ∗
θ0∗

exp
(
1µO2−

2kT

)
.

Using Eq. [A2] gives

r15 ≈ r max
15 exp

(
−1µO2−

2kT

)
,

and

r15 ≈ r max
15 exp

{
1

kT
(eηmax − eη)

}
,

with the rate of Reaction 15 going through a maximum as
the coverage of ionic oxygen approaches unity.

APPENDIX B: REACTION RATE AS A FUNCTION
OF OVERPOTENTIAL FOR A POSITIVELY

CHARGED TRANSITION STATE

For reactions involving positively charged transition
states Reaction 25 may dominate at negative overpoten-
tials as a result of electron donation to adsorbed oxygen
through Reaction 23. Taking Eq. [51] with 1µO equal to
zero,

r25 = r 0
25
θ∗
θ0∗

exp
1

kT

{
−1

2
1µO2−− aO2− − aAB+

aO2−

×
(

eη − 1
2
1µO2−

)}
,

and using Eqs. [23] and [A1] for intermediate oxygen-ion
coverages,

r25 ≈ r 0
25 exp

(
−aO2− − aAB+

aO2−

eη

kT

)
, [B1]

and evaluating the reaction rate, r min
25 , at an overpotential

of ηmin,

r min
25 ≈ r 0

25 exp
(
−aO2− − aAB+

aO2−

eηmin

kT

)
.

At large negative overpotentials Eq. [A3] dictates that(
eη − 1

2
1µO2−

)
≈ eηmin,

as it is no longer possible to modify the surface potential

or the lateral interaction potential. The coverage of vacant
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sites remains constant and approximately equal to unity.
Hence,

r25 ≈ r min
25 exp

(
−1µO2−

2kT

)
,

and

r25 ≈ r min
25 exp

{
1

kT
(eηmin − eη)

}
.

At positive overpotentials Reaction 21 may dominate
as a result of electron donation to the metal through
Reaction 19. Taking Eq. [50],

r21 = r 0
21
θ∗
θ0∗

exp
1

kT

{
aA+B

aO2−

(
eη − 1

2
1µO2−

)}
,

and using Eqs. [23] and [A1] for intermediate oxygen-ion
coverages,

r21 ≈ r 0
21 exp

(
aA+B

aO2−

eη

kT

)
, [B2]

and evaluating the reaction rate, r max
21 , at an overpotential

of ηmax,

r max
21 ≈ r 0

21 exp
(

aA+B

aO2−

eηmax

kT

)
.

At large positive overpotentials Eq. [A4] dictates that(
eη − 1

2
1µO2−

)
≈ eηmax,

as it is no longer possible to modify the surface potential or
the lateral interaction potential; hence,

r21 ≈ r max
21

θ∗
θ0∗
.

Using Eq. [A2] gives

r21 ≈ r max
21 exp

(
−1µO2−

kT

)
,

and

r21 ≈ r max
21 exp

{
2

kT
(eηmax − eη)

}
.

APPENDIX C: REACTIONS 1 AND 2 BOTH
AT EQUILIBRIUM

In addition to Reaction 2 being at equilibrium it is in-
teresting to consider what happens if Reaction 1 is also at

equilibrium (therefore Reaction 3 must also be at equilib-
rium), i.e., Reactions 4 and 5 are slow. This means that we
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can no longer assume that the chemical potential of ad-
sorbed neutral oxygen is constant as, using Eqs. [6] and [9],

eη = eη4/5 = 1
2
1µO, [C1]

and the rate of reaction is modified by changing the virtual
oxygen pressure associated with the catalyst surface (this
has the same effect as modifying the gas-phase concentra-
tion of oxygen). The expressions we have derived for reac-
tion rates as a function of overpotential are based on the
surface chemical potentials of reactants being unmodified
on polarisation. Therefore they are not valid if one of the
reactants, A or B , is oxygen in the case of Reactions 4 and
5 being slow. However if oxygen is used solely to modify
the catalyst properties, substituting Eq. [C1] into Eq. [39],

r12 = r 0
12
θ∗
θ0∗

exp
1

kT

{
−aA−B

aO2−

(
1
2
1µO − 1

2
1µO2−

)}
,

and the reaction is slowed on increasing surface oxygen
chemical potential because of the combination of a neg-
atively charged transition state and an increased surface
potential. If we look at the form of the rate expression for
Reaction 15, substituting Eq. [C1] into Eq. [45],

r15 = r 0
15
θ∗
θ0∗

exp
1

kT

{
1
2
1µO2− − 1

2
1µO

+ aO2− − aAB−

aO2−

(
1
2
1µO − 1

2
1µO2−

)}

r15 = r 0
15
θ∗
θ0∗

exp
1

kT

{
−aAB−

aO2−

(
1
2
1µO − 1

2
1µO2−

)}
,

and provided that the distance of the electron from the
metal surface is the same for A−B as AB− then the change in
the rate of Reaction 12 will be the same as the change in the
rate of Reaction 15. This is a consequence of the equilibrium
in Reactions 1, 2, and 3, meaning that electrons associated
with the metal catalyst remain in equilibrium with electrons
associated with the O/O2− redox couple. Additionally such
a system would exhibit clear limiting current behaviour as
a result of the slow kinetics for Reactions 4 and 5.

NOMENCLATURE

Letters

ai Separation of dipole charges for the i th species
e Charge on an electron
I Current
Ii Current associated with the i th reaction
I0 Exchange current

I0,i Exchange current associated with the i th reaction
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k Boltzmann constant
ki Reaction rate constant for the i th reaction
Ki Equilibrium constant for the i th reaction
N Density of surface sites
r Area specific reaction rate
rO2− Effective ionic radius of a surface oxygen ion
ri Area specific reaction rate for the i th reaction
r− Area specific reaction rate for and

electrophilic reaction
r+ Area specific reaction rate for and

electrophobic reaction
R Reaction rate
Sct Selectivity for oxygen ion formation as a result

of charge transfer
Ssurf Selectivity for oxygen ion formation as a result

of oxygen adsorption
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. (3)
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
η∗ Threshold overpotential
3 Enhancement factor
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
9 Outer potential

Superscripts

0 Unpolarised condition
max Maximum value, except for overpotential when it

refers to the overpotential associated with the

approach to maximum in surface potential
ETCALFE

min Minimum value, except for overpotential when it
refers to the overpotential associated with the
approach to minimum in surface potential

Subscripts

ct Associated with charge transfer
supp Associated with the catalyst support
surf Associated with the catalyst surface
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