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Abstract
An electrochemical promotion of heterogeneously catalyzed reactions (EPOC) became possible through the use of porous 
metal electrodes interfaced to a solid electrolyte. The EPOC effect has been demonstrated for more than 100 reaction sys-
tems. Surface science investigations showed that the physical basis for the EPOC effect lies in the electrochemically induced 
spillover of the transported ionic species onto the surface of the metal electrodes. This report summarizes the progress which 
has been achieved in the mechanistic understanding of the EPOC effect.
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Introduction

Controlling heterogeneously catalyzed reaction by turning 
a knob on some control panel has always been a dream of 
chemical engineers. Of course, for systems in so-called “real 
catalysis” such a control has not been established up to now, 
but for a small number of experimental systems one came 
at least close to this idea. These reaction systems exhibit 
the so-called EPOC effect where EPOC stands for electro-
chemical promotion of catalytic reactions [1]. The EPOC 
effect is based on the use of solid electrolytes. In solid elec-
trolytes, the electric current is transported via mobile ions 
while the electronic conductivity, in general, is negligible. 
As one attaches noble metal electrodes to a solid electrolyte 
in a reacting gas atmosphere, an electric current is flowing 
but one would not necessarily associate the electric current 
with a catalytic reaction which takes place on the surface of 
the metal electrodes. However, this is what happens in the 
EPOC effect. In these systems, one can change activity and 
selectivity of heterogeneously catalyzed reaction by vary-
ing the potential of an electrochemical cell. The effect thus 
combines two separate fields which are electrochemistry on 
one side, and heterogeneous catalysis and surface chemistry 
on the other side.

It was first realized by C. Wagner in 1970 that solid 
electrolytes interfaced with metal electrodes offer the pos-
sibility to control the chemical potential of a surface spe-
cies by simply varying the electrical potential of the elec-
trodes [2]. However, it was not until C. Vayenas found a 
very efficient realization by depositing porous noble metal 
electrodes (Pt, Ag, etc.) on a solid ionic conductor that this 
principle was demonstrated convincingly and that the effect 
was investigated systematically [3]. Up to now, the EPOC 
effect has been demonstrated for more than 100 reaction 
systems [1, 4].

The studies of the EPOC effect have been summarized 
in a number of excellent review papers and in several 
monographs [1, 4–9]. These reviews, of course, reflect the 
level of understanding at the time they were written. In 
the monograph of ref [1], the EPOC effect has been put 
into a broad perspective connecting the electrochemical 
promotion with promotion and spillover effects in hetero-
geneous catalysis. In a recent review by Vernoux et al., the 
emphasis was on recent developments such as the use of 
nano-dispersed metal electrodes [4]. The purpose of this 
paper is less to give a full account of the many different 
reaction systems where EPOC has been demonstrated but 
to show the basic experimental observations to the EPOC 
effect and to demonstrate the current level of mechanistic 
understanding [9].
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Observation of electrochemical promotion

Solid electrolytes

Solid electrolytes are in fact a quite old phenomenon [4, 
10]. The first observation dates back to 1834 when Michael 
Faraday observed that a PbF2 crystal upon heating to 500 °C 
became electrically conducting. In that case, it is the F− ion 
which becomes mobile at high enough temperature so that it 
can transport electric charge. Today, a large number of solid 
ionic conductors are known with the conducting anions O2−, 
Cl−, F− and the conducting cations H+, Li+, Na+, K+, Ag+ 
and Cu+. The electric conductivity of solid electrolytes can 
even become comparable to that of liquid electrolytes. Some 
solid electrolytes exhibit a good conductivity at temperatures 
as low as − 30 °C while others such as the O2−-conducting 
yttrium-stabilized zirconia (YSZ) require temperatures above 
400 °C before they show substantial electric conductivity.

In a solid material, ions can only move only if vacant 
sites are available. In zirconia, one can create anionic vacan-
cies by adding Y2O3 to ZrO2 so that part of the Zr4+ is pre-
placed by Y3+. An optimum ionic conductivity of O2− ions 
is reached when about 10% Y2O3 are added to ZrO2. In the 
Nernst lamp, this electric conductivity was exploited to cre-
ate a light emitting device. Economically, this Nernst lamp 
was no success because the Edison lamp which appeared at 
about the same time was superior in its performance.

Solid electrolytes find applications in sensors, bat-
teries and, last but not least, in fuel cells. In fuel cells, 
H+-conducting polymers separate the cathodic and anodic 
half cells. A very small electronic conductivity of the 
H+-conducting polymer is in that case essential because 
otherwise one would short circuit anode and cathode.

Solid electrolyte potentiometry (SEP)

In the following, we focus at the interface Pt/YSZ. We con-
sider an electrochemical cell in which a YSZ tube separates 
two gas volumes with different oxygen partial pressures, 
p(O2, WE) and p(O2, RE), where the electric potentials are 
measured with two electrodes, a working electrode (WE) and 
a reference electrode (RE). With the following equilibrium:

being established; the measured potential VWR between the 
two electrodes, is given by the Nernst equation. VWR is deter-
mined by the difference in chemical potential of gaseous 
oxygen, µ(O2), between the inside and the outside of the 
tube:

(R1)O2 + 4e− ⇄ 2O2−,
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with F representing the Faraday constant. The actual poten-
tials are fixed by the electrochemical reactions at the three-
phase-boundary (tpb) between solid electrolyte, metal elec-
trode, and gas phase because it is there where the O2− ions 
are discharged:

In other words, the open-circuit potential measures the 
activity of atomic oxygen, aO, at the tpb. We obtain:

This use of solid electrolytes is called solid electrolyte 
potentiometry (SEP) [10–12]. In the automotive catalytic 
converter, for example, the so-called λ-probe measures the 
oxygen content in the exhaust gases to regulate the air/fuel 
ratio such that it is close to its optimum value. Otherwise, 
if the atmosphere is too oxidizing, NO is produced. If the 
atmosphere is too reducing, then CO and hydrocarbons are 
not burned to CO2 and H2O. This leaves a narrow range 
of the air/fuel ratio for avoiding contaminants which is 
called λ-window.

Experimental observation of EPOC

In the preceding section, we used the electrodes on YSZ 
to measure an electric potential that reflects the differ-
ences in the chemical potential of adsorbed oxygen on 
the two electrodes (“open-circuit potential”). If, instead, 
one applies an electric potential to the electrodes (“closed 
circuit potential”) one arrives at the EPOC effect.

The total oxidation of ethylene to CO2 and H2O which 
proceeds according to

is catalyzed by platinum. A typical experimental set-
up for an EPOC experiment is displayed in Fig. 1a with 
a half-closed YSZ tube as catalytic reactor [13]. For the 
electrochemical measurements, a standard three-electrode 
set-up sketched in Fig. 1b is used. The catalytic reaction 
takes place on the surface of a porous Pt layer of roughly 
3–30 µm thickness which also serves as working electrode 
(WE). The porous Pt electrodes are prepared by simply 
depositing a Pt paste with a brush followed by calcination 
and sintering. The chemical potential of oxygen outside 
the tube is fixed because of the constant oxygen partial 
pressure in air.

If we feed the reactants C2H4 and O2 into the cell 
depicted in Fig. 1 and apply a voltage VWR to the work-
ing electrode consisting of porous Pt, we observe a strong 
increase in the reaction rate as depicted in Fig. 2. The 
rate increase amounts to a factor of 26. Since a positive 

(R2)O2−
⇄ Otpb + 2e−.

(2)VWR = RT∕4FlnaO
2(tpb,WE)∕aO

2(tpb, RE).

(R3)C2H4 + 3O2 → 2CO2 + 2H2O,
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potential causes O2− ions to be drawn to the WE, the meas-
ured increase in catalytic C2H4 combustion seems simply 
to be caused by the additional oxygen supply. Unexpect-
edly, the rate increase is strongly non-Faradaic by a factor 
of 74,000! One computes this number from the electric 
current, I, and from the electrochemically induced rate 
increase, Δr = r − r0, where r is the rate with the potential 
on and r0 the rate without an applied potential. By compar-
ing the rate increase with the number of CO2 molecules 
that would be generated if each transported O2− ion would 
oxidize ethylene according to the stoichiometry of the 
reaction, one defines the Λ-factor or Faradaic efficiency 
(= NEMCA-factor in older publications). If we take for 
simplicity, catalytic CO oxidation where each transported 
O2− ion would oxidize one CO molecule, one has.

A Λ-factor of one would correspond to a Faradaic reaction. 
The strong non-Faradaicity of the reaction represents an unex-
pected and rather puzzling effect which was also responsible 
for first terming this effect as non-Faradaic electrochemical 
modification of catalytic (= NEMCA) effect. Later on, the 
more general expression EPOC effect was used. The highest 
Λ-factor of 3 × 105 was found for the C2H4 + O2 reaction on 
Pt/YSZ but also negative values are possible depending on 
whether a positive or negative applied electric potential causes 
a promotion or inhibition effect. The measured Λ-values 
accordingly cover a range from − 1 × 104 to 3 × 105 [1, 6]. 
Defining a rate enhancement ratio, ρ, as

(3)Λ = Δr∕(I∕2F).

(4)� = r∕r0,

Fig. 1   Typical experimental set-up for EPOC experiments using a 
half-closed YSZ tube a reactor. The reactants are fed inside the tube 
where they react at the surface of the Pt working electrode (WE), 
whereas the reference electrode (RE) outside the tube is held in ambi-
ent air thus fixing the potential of the RE. A galvanostat/potentiostat 
controls the electric current/the electric potential. Reprinted with per-
mission of ref. [5]

Fig. 2   Experiment demon-
strating the electrochemical 
promotion of ethylene oxida-
tion at a Pt/YSZ catalyst. The 
experiment is conducted in a 
particular way with a galva-
nostat controlling the electric 
current I. The response of the 
reaction rate and of the potential 
VWR to an adjustment of an 
electric current I is shown. 
Experimental conditions: 
T = 643 K, p(O2) = 4.6 × 10−2 
mbar, p(C2H4) = 3.6 × 10−3 
mbar. Reprinted with permis-
sion of ref. [13]
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where r0 is the rate without electrochemical promotion, r 
the rate with electrochemical promotion, the reported ρ val-
ues range from 0 to 1400. Values below one indicate that a 
catalyst can also be poisoned by application of an electric 
potential [1, 4]. With regard to practical applications, the 
most significant effect in some reactions is perhaps not the 
electrochemically induced increase in catalytic activity but 
the change in selectivity.

Other reaction systems

The more than 100 reaction systems where the EPOC 
effect has been studied involve oxidation reactions of 
CO and organic molecules, NO reduction, hydrogenation 
and dehydrogenation reactions, isomerization and pure 
decomposition reactions [1, 5]. A few selected examples 
are shown in Table 1. Most of these reactions were inves-
tigated with noble metal catalysts such as Pt, Pd, Rh, and 
Ag serving as electrodes; in addition, less noble metals 
such as Ni and also the oxides IrO2 and RuO2 were stud-
ied. Besides the O2− conducting system YSZ, the EPOC 
effect was shown to occur on different types of solid elec-
trolytes: the Na+-conducting β″-Al2O3 (β-alumina), the 
H+-conducting Nafion membranes and the F−-conducting 
CaF2. Also mixed ionic-electronic conductors such as 
TiO2 were investigated. In this review we focus on the 
O2−-conducting system YSZ/Pt.

Basic empirical relations

The EPOC effect naturally first raises the question after 
the electrochemical promotion mechanism and, second, 
after the explanation for the striking and puzzling non-
Faradaicity of the promotion. The natural way to solve 
the mechanistic puzzle is to begin with gathering as many 
data as possible and then to establish empirical relations 
between the various quantities that play a role.

Work function change

Right from the beginning, it was evident that any activa-
tion of the catalyst by an electric current had to proceed via 
a modification of the catalytic surfaces, i.e. the electrode 
surfaces. A direct proof that the surfaces are modified was 
obtained in work function (WF) measurements made in situ 
during EPOC experiments. Defined as the energy required 
to transport an electron from a metal into the vacuum, in 
an energy diagram the WF is simply the energetic separa-
tion between the Fermi level and vacuum level. The WF 
is changed by adsorbates because the adsorbate complex 
consisting of adsorbed molecule/atom and the metal atoms 
of the substrate can be viewed as a dipole which, depend-
ing on the sign, increases or decreases the WF. In simple 
cases, i.e. assuming that the dipoles do not depolarize at high 
coverages and that no other changes occur on the surface 
besides changing the number of dipoles, the WF change, 
Δφ, is described by the Helmholtz equation:

where Na is the number of adsorbed atoms/molecules per 
cm2, e is the elementary charge, ε0 the dielectric constant 
of the vacuum, and P the dipole moment of the adsorbate 
complex [19].

The latter is defined as the product of charge and separa-
tion distance of the charges δ+ and δ− of the dipole; the unit 
of P is 1 Debye = 3.36 × 10−3 Cm (C = Coulomb). The sign 
of the dipole moment is such that if the dipole is oriented 
outwards from the surface as in Oδ− Meδ+, then P is positive 
resulting in a WF increase. This equation assumes a constant 
dipole moment, i.e. it neglects depolarization effects which 
become significant at higher coverages.

The data in Fig. 3 display a 1:1 correlation between 
WF change and change in the applied potential VWR (with 
respect to some reference value). Two different electro-
lytes, the O2−-conducting YSZ and the Na+-conducting 
β″-Al2O3 (β-alumina) have been employed investigating a 
number of different catalytic reactions. Clearly, a link is 

(5)Δ� = NaeP∕�0,

Table 1   A few selected 
examples of reactions 
displaying an EPOC effect

A comprehensive list of reaction systems displaying EPOC up to 2001, one finds in ref. [1]
n.d. not determined

Reaction Catalyst Transported ion ρmax Λmax References

C2H4 + O2 Pt/YSZ O2− 55 3 × 105 [13]
CO + O2 Pt/YSZ O2− 6 2 × 103 [14]
C2H4 + O2
epoxidation

Ag/YSZ O2− 30 300 [15]

CO2 + H2 Ru/YSZ O2− 1400 3 × 105 [4]
NO + H2 Pt/β″-Al2O3 Na+ 30 n.d. [16]
CO + O2 Pt/CaF2 F− 2.5 200 [17]
1-C4H8 isomerization Pd/Nafion H+ 40 − 28 [18]
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thus established between the state of the surface and an 
electrochemical quantity. As has been shown in a detailed 
theoretical analysis, there is no strict equality Δφ = VWR that 
can be derived from the laws of physics [20]. This equality 
should, therefore, be viewed as an empirical relation which 
holds approximately over a range of ≈ 1 eV. In nearly all 
reviews of the EPOC effect by Vayenas et al., a “proof” for 
this equality has been presented but this “proof” is funda-
mentally flawed [9].

If we consider the interface Pt/YSZ, then the WF increase 
upon electrochemical pumping can be explained by oxygen 
spilling from the tpb where the ions are discharged onto the 
surface of the Pt electrodes:

The spillover process for Pt/YSZ is depicted in Fig. 4. If 
we consider the spillover of oxygen onto the Pt surface of 
the working electrode as a similar process as the charging of 
a capacitor by an electric current I, then we can explain the 
time constant, τ, which appears in the rate curve of Fig. 2 
in a simple way. The time constant should then obey the 
relationship:

(R4)O2−
YSZ

⇄ Otpb + 2e−,

(R5)Otpb ⇄ Oad.

(6)t = 2FNa∕I,

where Na represents the number of adsorption sites per cm2 
on the electrode surface expressed in mol and I is the electric 
current, in the example of Fig. 2, I = 1 µA [1, 6, 21]. Put-
ting in reasonable estimates one obtains a time constant of a 
few minutes which is the time constant with which the rate 
curve in Fig. 2 changes upon switching on/off the electric 
potential.

As will be shown below, this electrochemically induced 
oxygen spillover has also been verified directly by experiment 
but a critical point is the following. In the above scheme, Oad 
denotes oxygen atoms chemisorbed on the Pt surface but the 
question is can we simply equate the spillover oxygen species 
with oxygen being adsorbed from the gas phase or does the 
electrochemically induced spillover generate a species of its 
own? This will be the central question in the next chapter.

Dependence of rate increase on potential 
and of the Λ‑factor on exchange current

For some reactions, the reaction rate was shown to increase 
exponentially with the applied electrochemical potential VWR 
over a certain range of the applied potential [6]. This depend-
ence can be brought into the form:

where α and V∗
WR

 are adjustable parameters, specific for each 
reaction system. It turned out that very few systems exist 
where such an exponential dependence is really obeyed. In 
the vast majority of cases, the rate vs VWR curve exhibits 
shapes which are quite different from a simple exponential 
dependence [1].

The exchange current is a measure of how fast ions are dis-
charged at the interface metal/solid ionic described formally 
in the Butler–Volmer equation,

where αa and αc denote the symmetry of the activation bar-
rier with respect to initial/final state in the corresponding 

(7)ln(r∕r0) = a(VWR − V∗
WR

)∕kT ,

(8)I∕I0 = exp(�aF�∕RT) − exp(�cF�∕RT),

Fig. 3   Diagram demonstrating that the WF of a platinum electrode 
follows the electric potential VWR with an approximate 1:1 relation. 
Different solid electrolytes are studied under open (open symbols) 
and closed circuit conditions (filled symbols). Circles: β″-Al2O3, 
T = 513  K; squares: YSZ, T = 573  K. Reprinted with permission of 
ref.[3]

Fig. 4   Scheme demonstrating the electrochemically induced spillover 
of oxygen ions onto the surface of the metal electrode. The oxygen 
ions which are transported through the YSZ solid electrolyte are dis-
charged at the tpb. The discharged oxygen species then migrate onto 
the surface of the Pt electrode
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potential diagram (usually around 0.5) [22]. I0 is obtained 
by plotting the current I vs. the overpotential η in a so-called 
Tafel plot. The overpotential η is given by

i.e. as the difference between the potential at chemical equi-
librium and the potential when an electric current is flowing. 
A low I0 means that the interface has to be strongly polarized 
to generate a certain electric current compared to a high I0 
which means low polarizability.

The relation,

was derived in ref. [13] starting from the Butler–Volmer 
equation but this derivation contains flaws. Despite the 
missing theoretical justification, Eq. 10 works surprisingly 
well covering a range over five orders of magnitude of the 
Λ-factor. This equation relates the polarizability of the Pt/
YSZ interface to the Λ-factor.

Mechanism of EPOC

The sacrificial promoter mechanism and the special 
spillover species

The big challenge of the EPOC effect is to explain the non-
Faradaicity. The highest Λ-factor of 3 × 105 was found for 
the C2H4 + O2 reaction on Pt/YSZ which means that each 
transported oxygen ion catalyzes the combustion of 100,000 
ethylene molecules [13]. To explain the non-Faradaicity, the 
following mechanism was proposed by Vayenas et al. [1, 4, 
6, 13]. The oxygen species which migrates from the tpb after 
discharge onto the Pt surface is not regular chemisorbed oxy-
gen Oad, but it is a different species carrying a certain nega-
tive charge δ− so that one would formulate it as Oδ− with δ 
being between 1 and 2. In other words, a special spillover 
oxygen species should exist with properties distinctly dif-
ferent from those of chemisorbed oxygen, Oad. This spe-
cial spillover species is assumed to be strongly polar, i.e. it 
should exhibit a high dipole moment. Moreover, this species 
is supposed to have a strongly reduced reactivity compared 
to regular chemisorbed oxygen and it should be bonded more 
strongly to the surface than Oad.

Exactly these properties are required to explain the non-
Faradaicity of the promotion effect. Due to the high polar-
ity of the spillover adsorbate complex, the spillover oxygen 
should modify the binding strength of co-adsorbed species 
via electrostatic through space dipole–dipole interactions. 
This causes a variation of the activation barriers of surface 
reactions, i.e. the kinetics of the catalytic reaction are modi-
fied. Since this special spillover species is less reactive than 
chemisorbed oxygen, it can influence the surface reaction 

(9)� = VWR(I) − VWR(I = 0),

(10)|Λ| = 2Fr0∕I0,

while being very slowly consumed itself. This special spillo-
ver species thus acts very similar to a classic electronic pro-
moter in catalysis, for example, like potassium in ammonia 
synthesis via Haber–Bosch which is presumably present 
on the surface as an ionic species K+. This mechanism has 
accordingly been termed “sacrificial promoter mechanism” 
by Vayenas et al., since, in contrast to a classical promoter, 
the promoting species is consumed slowly here by the reac-
tion. In this scheme, the non-Faradaic nature is a natural 
consequence of the promoter role of the spillover species.

The proposed “sacrificial promoter mechanism” is a very 
ingenious construction which is in itself consistent but the 
decisive questions are whether the postulated special spillo-
ver species can be verified in experiment and whether it has 
the required properties.

UHV‑type studies

Identification of spillover species

Using X-ray photoelectron spectroscopy (XPS), one can 
characterize the different oxygen species on Pt by their O1s 
binding energy (BE) [23]. Neglecting the weakly bonded 
molecular species, one has essentially two different oxy-
gen species in the system Pt/O: chemisorbed oxygen, Oad, 
formed by dissociative adsorption of O2 from the gas phase 
and oxidic oxygen, Oox, which is the oxygen in Pt bulk 
compounds such as PtO2 or Pt2O3 or in Pt surface oxides. 
Pt oxides as bulk compound are thermodynamically stable 
only at elevated pressures (> 1 mbar). The spectroscopic 
signature of an oxidic Pt species is a shift in the Pt 4f BE. 
Chemisorbed oxygen is very reactive oxidizing, for example, 
adsorbed CO rapidly to CO2. In addition, an oxidic species 
might exist as a result of contamination. For example, the 
very stable and unreactive compound SiOx (x close to 2) is 
very often found on Pt surfaces since Si is a typical contami-
nation of Pt metal.

XPS measurements of Pt/YSZ are not trivial because 
porous Pt is partially transparent to X-rays so that part of 
the signal stems from the underlying YSZ substrate. In XPS 
the binding energy is referenced to the Fermi level. XPS 
measurements are typically conducted with the WE being 
grounded. Problems can, therefore, arise if not all parts of 
the Pt electrode are electrically connected and, therefore, 
at ground potential or if part of the signal stems from the 
underlying YSZ which is not at ground potential.

To have well-defined conditions, model systems for the 
Pt/YSZ catalysts with porous Pt layers were constructed 
employing optical lithography. These are the planar micro-
structured Pt/YSZ samples depicted in Fig. 5. They have 
the additional advantage that the tpb Pt/YSZ/gas phase 
is directly accessible to experimental observation. With 
high-intensity synchrotron radiation, spatially resolved 
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measurements are feasible that also provide local spectro-
scopic information [24]. In the microstructure depicted in 
Fig. 5, local XP spectra were taken from a spot of 0.2 µm 
diameter on the Pt electrode about 20 µm away from the 
tpb [25].

As demonstrated by the O1s spectra in Fig. 6a, after some 
cleaning cycles oxygen is left on the surface. The signals at 
531 and 534 eV are attributed to SiO2 which is more or less 
inert under the conditions chosen here. Introducing gaseous 
oxygen causes the growth of an O1s component at 530.4 eV 
representing the well-known species of chemisorbed oxy-
gen on platinum (Fig. 6b). Closing the oxygen valve, one 
observes the removal of this species within a few minutes 
due to so-called clean-off reactions of chemisorbed oxygen 
with CO and H2 from the residual gas. As we now apply a 
positive potential of 1.1 V, the rapid growth of an O1s signal 
is seen whose area is 1.5 larger than the amount adsorbed 
from the gas phase. Important, the same peak position as 
with O2 is found as shown in Fig. 6c. This experiment dem-
onstrates that, first of all, electrochemical pumping causes a 
spillover of oxygen from YSZ onto the Pt surface. Second, 
the spillover oxygen species is clearly identical with oxygen 
from the gas phase. The Pt 4f signal displays no change upon 
electrochemical pumping thus excluding the formation of an 
Pt oxide [25].

The spectra in Fig. 6 do not show any sign of a special 
spillover species corresponding to a charged Oδ− species. 
The absence of this species is what we expect from physical 
intuition because as soon as the oxygen jumps from the tpb 
onto the Pt surface, it should lose its memory of where it 
originally came from. In a preceding XPS study of Pt/YSZ 
in UHV, an O1s component at 528.8 eV appeared upon elec-
trochemical pumping which is different from the BE of usual 

chemisorbed oxygen at 530 eV [26]. Accordingly, this spe-
cies was assigned to the postulated special spillover species 
of oxygen. This result is thus in contradiction to data shown 
in Fig. 6 but since these measurements have been conducted 
with an integral XPS and with a porous Pt electrode artifacts 
such as local charging of the Pt layer or contributions from 
the underlying YSZ may be responsible for the appearance 
of the new state. Later on, XPS measurements carried out 
with a porous Pt electrode in fact confirmed that the oxygen 

Fig. 5   Optical micrograph of a microstructured Pt film of 500  Å 
thickness on single-crystalline YSZ. This microstructure is used for 
the XPS experiment displayed in Fig. 6

Fig. 6   Characterization of the electrochemically induced oxygen 
spillover species of a Pt/YSZ catalyst by photoelectron spectra of 
the O1s region. The spectra are taken from a ~ 0.02 µm2 spot on the 
microstructured Pt surface displayed in Fig.  5: a the residual O1s 
spectrum after the cleaning cycles with I1-I3 representing oxygen 
components attributed to contaminants like SiO2; b the O1s spec-
trum measured in O2 atmosphere (p(O2) = 1 × 10−6  mbar); c the 
O1s spectrum obtained during electrochemical pumping in vacuum 
with VWR = 1.1 V. P1 and P2 are the components which are formed 
by adsorption from the gas phase and by electrochemical pumping. 
The fitting components of the residual oxygen are shown with dashed 
lines. Photon energy = 643.2 eV, T ≈ 350–400 °C. From ref. [25]
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spillover species on porous Pt is also identical with regular 
chemisorbed oxygen [27].

Several other techniques have been applied to character-
ize the oxygen spillover species on Pt/YSZ. In thermal des-
orption spectroscopy (TDS), the desorption of an adsorbate 
into the gas phase is followed as the sample is heated up in 
vacuum with a linear heat ramp; the area under the desorp-
tion trace is proportional of the coverage and the tempera-
ture of the desorption maxima is a measure for the binding 
strength of the adsorbate to the surface. It was shown that 
electrochemical pumping leads to the filling of a lower lying 
adsorption state of oxygen, but the states in TDS are not 
specific enough to deduce the existence of a special spillover 
species [1, 9, 28]. What these experiment, however, demon-
strated was that electrochemical pumping is able to produce 
much higher oxygen coverages than by adsorption from the 
gas phase.

Cyclic voltammetry (CV) is an electrochemical char-
acterization method which in a way is similar to TDS in 
surface science because the oxidation/reduction of species 
upon cyclic variation of the electrode potential gives rise to 
characteristic peaks in the electric current [22]. Also, here 
a new state was found upon electrochemical pumping of Pt/
YSZ but subsequent studies demonstrated that the new state 
attributed to a special oxygen spillover species might have 
its origin in a contamination of the surface [29, 30].

Spatially resolved techniques

According to the spillover picture, the oxygen species after 
discharge at the tpb spreads out onto the Pt surface. With 
spatially resolving techniques, one should be able to image 
this spreading process but the problem is that with porous 
Pt electrodes the tpb is obscured from observation. How-
ever, with planar microstructure Pt electrodes of the type 
displayed in Fig. 5, this imaging of the spillover process 
should be possible.

For imaging dynamic variations of an adsorbate distri-
bution which proceed on a macroscopic (µm) scale, photo-
electron emission microscopy (PEEM) is an ideal tool [24, 
31]. This technique is non-destructive and the PEEM can 
be operated as an in situ method for p < 10−3 mbar. PEEM 
is based on the photoelectric effect. If the sample is illu-
minated with photons from a D2 discharge lamp (5.5–6 eV 
photon energy), then photoelectrons are ejected which can 
be imaged with an electrostatic three-lens system onto a 
phosphorous screen from where the images are recorded 
with a video camera and digitized. With a conventional 
instrument typically, a spatial resolution of 0.1–1 µm is 
reached. PEEM images primarily the local work function 
(WF). Areas with a high WF appear dark in PEEM, whereas 
areas with a low WF show up as bright regions in PEEM. 
Since adsorbed oxygen, owing to its high electronegativity, 

strongly increases the WF of metal surfaces (0.5–1 eV), 
oxygen-covered areas appear dark in PEEM.

As expected, the porous Pt film of Pt/YSZ became uni-
formly dark in PEEM upon electrochemical pumping with 
a positive potential but, different from expectations, also 
the microstructured planar Pt films only showed a uniform 
darkening as the film was set to a positive potential. The 
puzzle why the expected spreading via a diffusional front 
was not seen was solved as scanning electron microscopy 
showed the presence of numerous small pores in the Pt layer 
with a pore size below the resolution of PEEM [32]. One 
can prepare Pt films without pores by applying laser deposi-
tion of Pt followed by annealing thus creating a dense (111) 
oriented Pt film. On such a sample one can observe the dif-
fusional spreading of spillover oxygen away from the tpb as 
demonstrated by the PEEM images in Fig. 7 [32]. From the 
evolution of the intensity profiles, one extracts an oxygen 
diffusion concentration gradient DO = 9 × 10− 4 cm2 s−1 for 
T = 670 K [32]. This value which represents macroscopic 
diffusion is about four to five orders of magnitude larger than 
the values obtained for Pt(111)/O with techniques analyzing 
microscopic diffusion, i.e. STM, field electron microscopy 
(FEM) and quantum chemical calculations [33–36]. In the 
above analysis, Fickian diffusion was assumed but, in par-
ticular at high adsorbate coverages, diffusion is no longer 
Fickian because energetic interactions come into play. Fick-
ian diffusion is valid if no energetic interactions between 
the diffusing particles exist as it is the case in an ideal gas. 
Repulsive interactions between adparticles are known to 
decrease the activation barrier for diffusion thus accelerat-
ing surface diffusion. Due to a more dense packaging, high 
coverages lead to strong repulsive interactions. This effect 
might be responsible for diffusion in the Pt/YSZ experiment 
at high-oxygen coverages being much faster than diffusion 
measured at much lower oxygen coverages on single-crys-
talline surfaces [9].

The relatively high diffusivity of spillover oxygen is also 
essential for porous Pt layers being so effective in the elec-
trochemical promotion of catalytic reactions. First, such 
catalysts due to their porous nature exhibit a much larger 
area accessible to the gas phase than the geometric area. 
Second, they possess a long tpb which has been estimated 
based on electron microscopy and CV to be in the range of 
several 103 m/cm2 for typical Pt/YSZ catalysts [1]. Finally, 
oxygen diffusion is fast enough so that spillover oxygen 
can reach the outer layers of the about 3–30-µm-thick Pt 
electrodes. Without the latter property, no WF change upon 
electrochemical pumping would be detected in PEEM or 
with a Kelvin probe.

With scanning tunneling microscopy, the group of Vaye-
nas succeeded to show that electrochemical pumping caused 
the appearance of a (12 × 12) structure on a Pt(111) single 
crystal which had been interfaced to YSZ [37]. Also here, 
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similar to CV, the origin of the (12 × 12) is likely to lie in 
contaminants because no (12 × 12) structure is known for the 
pure system Pt(111)/O.

Promotion by alkali metals

Alkali metals play as so-called electronic promoters an 
important role in a number of industrially important reac-
tions such as ammonia synthesis via Haber–Bosch or the 
Fischer–Tropsch synthesis of hydrocarbons and higher alco-
hols [38–40]. Beginning with the early work of Langmuir, 
numerous surface science studies focused on the adsorp-
tion of alkali metals (AMs) on transition metal surfaces. 
The AMs lead to a drastic decrease of the work function by 
as much as 5 eV because they donate their valence electron 
almost completely to the metal. Adsorbed AMs can induce 
surface reconstructions, cause the formation of surface 
alloys, and change the binding of co-adsorbed atoms and 
molecules.

When metal electrodes are interfaced to an alkali ion 
conducting solid such as the Na+-conducting β″-Al2O3, 

through variation of the potential VWR, the metal surface 
can be reversibly covered with alkali metal according to the 
reaction Na+ + e− ⇄ Na . Since the first studies in 1991, the 
EPOC effect for alkali ion conducting solid electrolytes has 
been investigated for more than a dozen of different reaction 
systems involving catalytic CO oxidation, NO reduction, 
selective hydrogenation of alkines, and the epoxidation of 
alkenes [41–44]. For AM-conducting ionic solids, the elec-
trochemical promotion is supposed to be very similar to the 
classical use of AM’s in heterogeneous catalysis. An addi-
tional degree of freedom is provided because the amount of 
the alkali promoter can be controlled via an electric poten-
tial. Different from the “sacrificial promoters” AMs are not 
consumed by the reaction. This is reflected in a Λ-factor 
which is infinite or at least very large. Depending on the 
reaction system, AMs may not necessarily be promoters but 
they may also act as a catalytic poison. Consequently, one 
finds rate enhancements with r/r0 varying between zero and 
30 [1].

The EPOC studies of the electrochemical promotion 
with AM’s were pioneered by the groups of R. Lambert 

Fig. 7   Sequence of PEEM images showing the spreading of spillo-
ver oxygen on a dense Pt electrode during anodic polarization with 
VWR = + 0.2  V at T = 670  K. The first image with VWR = 0  V shows 

the tpb with the Pt electrode on the left and the YSZ electrolyte on 
the right. Oxygen adsorbed on Pt is imaged as dark area. From ref. 
[32]
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in Cambridge and by C. Vayenas in Patras. The variation 
of selectivity and activity as the concentration of an alkali 
promoter is electrochemically controlled was investigated 
with a number of technologically important catalytic reac-
tions: in environmental catalysis with reactions comprising 
NO reduction and CO oxidation, with the selective hydro-
genation of alkines, with the Fischer–Tropsch synthesis, 
and with the epoxidation of alkenes. For most of these 
reaction systems, a promotion effect with alkali metals was 
already known from earlier studies without electrochemical 
promotion.

The main surface analytical technique for studying the 
EPOC effect with AMs was XPS. This technique in nearly 
all cases was not applied in situ but after exposure to reac-
tion conditions. A direct proof for the electrochemically 
induced spillover of alkali metal was obtained with scanning 
photoelectron microscopy (SPEM) using synchrotron radia-
tion. Williams et al. demonstrated that upon electrochemi-
cal pumping of a Pt/K–β″-Al2O3 catalyst with a negative 
potential, spillover potassium spreads out uniformly on the 
Pt surface [45].

The systems for which the effect of the alkali metal pro-
motion is probably best understood are the NO-reducing 
reactions. As demonstrated by Fig. 8 for the NO + CO reac-
tion, the N2 production rate raises with increasing negative 
potential, i.e. with increasing sodium coverage. Simultane-
ously with N2 production, also the CO2 rate grows while the 
N2O formation rate decreases [39]. Clearly, with rising Na 
coverage the selectivity shifts towards N2 formation. The 

increasing efficiency in NO-reducing reactions seen with 
rising alkali metal coverage can be summarized by stating 
that the alkali promoted Pt catalyst becomes similar to Rh. 
Rh dissociates NO far more easily than Pt and for this reason 
it is used in the automotive catalytic converter to remove 
NOx emissions from the exhaust gases. Mechanistically, the 
effect of the AM can be attributed to enhanced NO dissocia-
tion which typically is the rate-limiting step in NO-reducing 
reactions:

where * denotes a vacant adsorption site. The effect of 
the AM is the donation of electrons into the anti-binding 
2π*-orbital of NO, thus weakening the intramolecular NO 
bond and facilitating dissociation.

Alkali metals are highly reactive and mobile. It is, there-
fore, unlikely that they are present in their metallic form 
under reaction conditions. Post-reaction XPS experiments in 
fact demonstrated the formation of stable alkali metal com-
pounds, i.e. of compounds such as Na2CO3 NaNO3, KNO3 
or KNO2.

Thermodynamic driving force

A solid basis for understanding the electrochemically 
induced spillover of oxygen onto the surface of metal 
electrodes is provided by chemical thermodynamics. One 
assumes that chemical equilibrium is established—a sim-
plification which will not be fulfilled if a catalytic reaction 
is involved. For a full discussion, the reader is referred to 
ref. [46]; here only the main arguments will be reproduced.

Following Eqs. R4 and R5, the discharge of oxygen ions 
at the tpb generates an atomic oxygen species, Otpb, which 
can spill over onto the Pt electrode. On Pt chemisorbed oxy-
gen, Oad is formed. We assume that the equilibria R4 and R5 
hold and we consider a standard three-electrode set-up of the 
type sketched in Fig. 1b with all electrodes made of Pt and 
YSZ as solid electrolyte. Introducing the electrochemical 
potential, 𝜇̃i , defined by

with ϕ representing the Galvani potential (the inner poten-
tial) and zi being the charge of the ionic species i, reaction 
R4 can be formulated as a chemical equilibrium:

The quantity 𝜇̃e− is the Fermi level determined by the 
electrochemical potential of electrons as 𝜇̃e− = 𝜇e− − F𝜑 . 
Separating electrical and chemical contributions, the poten-
tial drop across the Pt/YSZ interface amounts to

(R6)NOad + ∗ → Nad + Oad,

(11)𝜇̃i = 𝜇i + ziF 𝜑,

(12)𝜇̃O2−(YSZ) = 𝜇O(tpb) + 2𝜇̃e−(Pt).

(13)
�(Pt) − �(YSZ) = 1∕2F

[

�O(tpb) − �O2−(YSZ) + 2�e−(Pt)
]

.
Fig. 8   Electrochemical promotion in the NO + CO reaction over at 
Rh/β″-Al2O3 catalyst. The CO2, N2, and N2O production rates are 
shown as a function of the applied potential VWR. Experimental con-
ditions: p(NO) = p(CO) = 1 × 10−2 mbar, T = 580  K. Reprinted with 
permission of ref. [44]
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According to this equation, the chemical potential of 
oxygen at the tpb follows directly the drop of the electrical 
potential across the interface because both, �O2−(YSZ) and 
�e−(Pt), are constant as long as no change in the material 
composition occurs. If we first consider the potential dif-
ference between WE and RE for open-circuit conditions by 
setting I = 0, then Eq. 12 becomes

Furthermore, we assume that the adsorbed atomic spe-
cies is in adsorption/desorption equilibrium with oxygen 
in the gas phase according to 2Oad ⇄ O2 . Then we have 
�O = 1∕2�O2

 (gas). One obtains the Nernst equation in the 
form:

With a non-zero electric current, electrode kinetics come 
into play. Neglecting the Ohmic IR drop inside the solid 
electrolyte, the overpotential, η, defined in Eq. 9 transforms 
Eq. 14 into

The overpotential not only contains the activated charge 
transfer across the Pt/YSZ interface but also reflects all kind 
of mass transport limitations and kinetic barriers. Equa-
tion 16 states that by changing VWR, i.e. the overpotential, 
one can control the chemical potential of chemisorbed oxy-
gen on the surface of the working electrode. The electric 
potential directly only influences the charged species, O2−, 
but, since the charged species via R4 and R5 is in equilib-
rium with the atomic species on the tpb and on the WE, 
changes in VWR automatically transform into a shift of the 
chemical potential of chemisorbed oxygen. This electro-
chemically induced variation in the chemical potential of 
oxygen is the thermodynamic driving force for the spillover 
of oxygen onto the surface of the working electrode.

Using �O2
= �

0
O2
(T) + RT ln

pO2

p0
 , one obtains the Nernst 

equation in the form:

which is identical with Eq. 1. This equation predicts that 
a small change in the potential VWR corresponds to a huge 
difference in oxygen pressure on both sides of the solid 
electrolyte. For a temperature of 400 °C and a potential 
VWR = 0.5 V, one obtains 15 orders of magnitude for the 
pressure ratio. Setting pO2(reference) = 10−10 mbar, a pres-
sure of 100 bar at the WE results. This high virtual oxygen 

(14)
VWR(I = 0) = �(Pt, WE) − �(Pt, RE)

= 1∕2F
[

�O(WE, tpb) − �O(RE, tpb)
]

.

(15)VWR(I = 0) = 1∕4F
[

�O2
(WE, gas) − �O2

(RE, gas)
]

.

(16)� = 1∕2F
[

�O(WE tpb, I) − �O(WE tpb, I = 0)
]

.

(17)VWR =
RT

4F
ln

pO2
(WE)

pO2
(RE)

,

pressure does only partially translate into a correspondingly 
high chemical potential on the metal electrode because oth-
erwise the Pt would spontaneously transform into Pt oxide. 
A Pt oxide at the Pt/YSZ interface has been detected but the 
amount is small and varies strongly with the experimental 
conditions [47].

Rules of promotion

In an attempt to summarize the experimental results of dif-
ferent reaction systems in EPOC and to be able to predict 
the behavior of new systems, “rules of promotion” have been 
formulated [1, 4, 48]. In particular, the rules should tell one, 
whether a positive or negative potential should be beneficial 
for promoting a certain reaction. Assuming that the equal-
ity Δφ = VWR holds (which actually is only an approximate 
empirical relation and not generally valid), the rules have 
been formulated with respect to the work function and not 
with respect to the choice of the potential VWR. Depending 
on the behavior of the reaction rate r upon variation of φ 
(= VWR), four different cases are distinguished:

	 i.	 the rate r increases with the work function φ, that is 
∂r/∂φ > 0, called “electrophobic behavior”

	 ii.	 the rate r decreases with the work function φ, that is 
∂r/∂φ < 0, called “electrophilic behavior”

	 iii.	 the rate exhibits a relative maximum with respect to 
variation of φ, called “volcano-type behavior”

	 iv.	 the rate exhibits a relative minimum with respect to 
variation of φ, called “inverted volcano-type behav-
ior”

One notes that this classification replaces the simple 
exponential dependence of the rate upon variation of VWR 
in Eq. 7 which initially had been assumed to be valid. 
With respect to the adsorbates, one distinguishes between 
acceptors A associated with a WF increase and donators 
connected with a WF decrease. Following this distinction 
and the above classification in four types of behavior, sim-
ple rules have been formulated such as “strong adsorption 
of A causes electrophobic behavior”, i.e. the rate increases 
with the WF (∂r/∂φ > 0). A certain rationalization can be 
found in surface science in the well-studied co-adsorption 
behavior of reactants. A donor, i.e. an adsorbate which 
provides electrons like an alkali metal will weaken the 
bonding of a co-adsorbed acceptor like NO because elec-
trons are put into antibonding molecular orbitals. The 
problem is the following. The WF is a rather unspecific 
property summarizing all effects of electron redistribu-
tion on the surface including surface reconstruction, co-
adsorption and depolarization effects. Different species of 
the same adsorbate can cause opposite WF changes, for 
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example, chemisorbed oxygen and oxidic oxygen on some 
metals. Practically, no information from in situ studies is 
available showing what species are actually causing the 
WF changes summarized in the diagram of Fig. 3. In all 
these systems, several species and not just the spillover 
species will be present on the surface. Thus, with excep-
tion of the alkali promoters perhaps, one cannot sure about 
what species are responsible for the WF changes induced 
by the potential VWR.

It is of course perfectly legitimate to formulate empirical 
rules but without substantiating these rules by a mechanis-
tic understanding, these rules are not really satisfactory. 
These difficulties become evident as the same reaction sys-
tem depending on the reaction conditions belongs to three 
different classes of the promotion rules, e.g. C2H4 oxida-
tion on Pt or NH3 synthesis over Fe [4]. A more general 
remark is that it is quite dangerous to relate the catalytic 
activity to a single parameter, the work function. In today’s 
theories, the energetic position of the d-band center and 
the electronic states near the Fermi level often play the 
role as descriptors of catalytic properties of a metal but an 
approach which merely uses the WF is apparently inad-
equate [49].

Pressure and material gap problems

What is the pressure and material gap?

Definition

This term describes the difference between single-crystal 
experiments conducted at 10−10 mbar in an UHV cham-
ber and so-called “real catalysis” which operates with 
complex mixtures of substances typically in a pressure 
range ≈ 1–100 bar [50–52]. A problem arises when one 
tries to explain heterogeneous catalysis using the results 
of surface science because this means that one extrapo-
lates the findings obtained at 10−10 mbar to atmospheric 
pressure. This approach is in general not valid for several 
reasons. For thermodynamic reasons, certain phases which 
are essential for the catalytic functioning may develop only 
above a certain pressure threshold so that UHV studies will 
have no chance of detecting such a phase. In kinetics, a 
certain pathway which plays no role at low p may become 
dominant at high because the high coverages enforced by 
a high pressure will alter the kinetic barriers. Most impor-
tantly, structure and composition of a catalyst in operation 
will be different from the catalyst at 10−10 mbar because of 
dynamic restructuring processes and of chemical transfor-
mations. In other words, a catalyst in operation is a “living 
catalyst”. Finally, an important difference between high- 
and low-pressure studies of catalysis is that at high pressure 

(> 10−3 mbar) mass and heat transport limitations come into 
play. Concentration gradients in the gas phase may develop 
and the reaction may no longer be isothermal.

Strategies to bridge the pressure and material gap

The most important strategy to bridge the pressure gap is 
certainly the use of in situ methods at high pressure because 
only then one has the guarantee that spectroscopic or micro-
scopic measurements actually represent the active state of 
the catalyst. With conventional spectroscopies, the use of 
electrons is restricted to p < 10−3 mbar but applying differ-
ential pumping this range can be extended to ≈ 1–10 mbar. 
With photons practically no upper pressure limit exists sug-
gesting, for example, the use of infrared spectroscopy, X-ray 
diffraction or methods from non-linear optics such as sum 
frequency or second harmonic generation. For bridging the 
material gap, the strategy is to construct model systems, 
i.e. systems with reduced complexity compared to the real 
system but which still contain essential features of the real 
system. A good example is the microstructured planar Pt/
YSZ catalysts displayed in Fig. 5 which are a model system 
of the Pt/YSZ catalyst with porous Pt electrodes.

The pressure gap and the special spillover species

All the UHV experiments on the mechanistic basis of elec-
trochemical promotion have been conducted in a pressure 
range from 10−10–10−4 mbar. Nearly all of the EPOC experi-
ments have been conducted at high pressure in a range from 
10−2 mbar to 1 bar. Typically, the reactants are in a pressure 
range 10−2–10 mbar and the difference to atmospheric pres-
sure is filled up with the carrier gas He. With exception of 
WF measurements with a Kelvin probe, no in situ methods 
have been applied in the EPOC experiments at high p. Evi-
dently, a pressure gap of several orders of magnitude exists 
between the surface science-type studies and a typical EPOC 
experiment. What are the consequences of this pressure gap?

One conclusion of the surface science-type studies was 
that no special oxygen spillover species exists because the 
spillover species was shown to be identical with regular 
chemisorbed oxygen. In the light of the preceding discus-
sion, one has to conclude that a negative result under UHV 
conditions does not rule out that a special spillover oxygen 
species might exist in EPOC experiments. A high oxygen 
pressure might stabilize an oxygen species which is unsta-
ble at low pressure. This argument is valid but to close the 
pressure gap, at least partially, in situ experiments with a 
differentially pumped so-called near ambient pressure (NAP) 
XP spectrometer were conducted that allowed to extend the 
pressure range to 0.2 mbar. Even under these conditions, 
the oxygen spillover species turned out to be identical with 
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oxygen chemisorbed from the gas phase as was shown for 
catalytic ethylene oxidation over a Pt/YSZ catalyst [27]. This 
finding still does not completely rule out the existence of a 
special oxygen spillover species at atmospheric pressure but 
the basis for still claiming the existence of such species has 
certainly become very small.

The puzzle of the non‑Faradaicity of EPOC

The explanation of the non-Faradaicity of EPOC in the “sac-
rificial promoter mechanism” is based on the existence of a 
special spillover species. If this species does not exist, the 
mechanism breaks down. For solving the puzzle of the huge 
Λ-factors, we have to move into a branch of physics and 
chemistry called non-linear dynamics. Non-linear dynamics 
explains phenomena such as kinetic oscillations, chemical 
waves and other forms of self-organization [53]. The name 
has its origin in the requirement that the differential equa-
tions underlying these phenomena have to be non-linear.

In a bistable system, two stable states of the system coex-
ist for identical parameters. Upon cyclic variation of the con-
trol parameter a hysteresis is observed. This is well known 
from magnetization of a ferromagnetic material but also in 
surface reactions bistability is frequently encountered [54]. 
Transitions between the two stable states proceed via propa-
gating reaction fronts. Bistability can occur if one of the 
reactants can inhibit the adsorption of the other reactant. For 
example, in catalytic CO oxidation on Pt high CO coverages 
can inhibit the adsorption of oxygen [54]. Consequently, 
two states can coexist: an active state of the surface with a 
low CO coverage and an inactive state in which a high CO 
coverage blocks the adsorption of O2. This type of behavior 
is illustrated in Fig. 9.

Here we consider catalytic ethylene oxidation on Pt/YSZ 
which due its record Λ-value of 3 × 105 plays a kind of para-
digmatic role for EPOC. Ethylene at elevated temperatures 
decomposes easily on a Pt surface forming a graphitic-like 
carbonaceous film. The term “carbonaceous” simply means 
that, depending on temperature, decomposition of ethylene 
is not completed but that the graphitic film that is formed 
still may contain some hydrogen. The graphitic-like C-film 
inhibits O2 adsorption thus poisoning the surface. As a con-
sequence, the C2H4 + O2 reaction displays bistability as dem-
onstrated by the rate curves in Fig. 10 [55] .

At low p(C2H4) in the active state, the surface is oxygen 
covered and the rate rises linearly with p(C2H4). Beyond a 
critical p(C2H4) value indicated by the position of the rate 
maximum in Fig. 10, a graphitic-like C-film starts to develop 
and the rate drops to the low value of the inactive state. 
Upon cyclic variation of p(C2H4), a hysteresis is observed as 
shown in Fig. 10. One notes two branches but different from 
the ideal case, the rate in the active state is still far below the 
value of the rate maximum. This deviation can be attributed 

to the heterogeneity of the surface, i.e. in the active state 
only part of the surface is freed of carbon.

Starting from the low rate branch, upon electrochemi-
cal pumping with a positive potential, the rate undergoes a 

Fig. 9   Bistability in catalytic CO oxidation over Pt. In the region of 
bistability, two solutions of the kinetic equations coexist, a reactive 
state with a low CO coverage and an inactive state where a high CO 
coverage poisons the catalytic surface. Mathematically, the region of 
bistability is determined by two so-called saddle-node (sn) bifurca-
tions [54]
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Fig. 10   Effect of electrochemical activation on the kinetics of eth-
ylene oxidation on Pt/YSZ. The black circles mark the hyster-
esis obtained upon cycling p(C2H4) under open-circuit conditions. 
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transition to the active branch as indicated by an arrow in 
Fig. 10. The experiment demonstrates that the application 
of an electric potential can induce transitions from an inac-
tive branch of the reaction to an active branch. This hap-
pens by a hole-eating mechanism demonstrated in an earlier 
experiment with a graphitized Pt/YSZ sample as displayed 
in Fig. 11 [32]. Spillover oxygen which reaches the Pt sur-
face through small pores in the Pt layer reacts with carbon 
to CO and CO2 thereby eating holes into the graphite layer. 
The same hole eating process will also take place during 
ethylene oxidation but now also oxygen is present in the 
gas phase. In the holes created by spillover oxygen, oxygen 
from the gas phase can adsorb and react thus enlarging the 
holes in an autocatalytic process. This causes the formation 
of reaction fronts.

The oxygen which is now required to burn the carbon is 
not oxygen from spillover but oxygen from the gas phase, i.e. 
the process is non-Faradaic. In terms of non-linear dynam-
ics, the lower rate branch in the above example is metastable 
because it is only stabilized kinetically through the inhibi-
tory effect of the graphite-like overlayer. The triggering of a 
transition from an inactive branch of the reaction to an active 
branch via an autocatalytic process is called “ignition”. The 
decisive point is now the following. One can ask how big 
the perturbation has to be to ignite the system. The answer 
is, in principle infinitely small, but in reality a critical size 
of the hole has to be reached before the front can expand by 
itself [53].

Consider an analogy. If one has a barrel of fuel, then a 
small spark is sufficient to set this barrel on flame. Return-
ing to EPOC, if the electrochemical current just ignites a 
system in a metastable state, the Λ-factor can, in princi-
ple, become infinitely large neglecting the limitation with 
the critical size. In the above example of catalytic ethylene 
oxidation in UHV, the Λ-factor is only about 4 which is far 
away from the 3 × 105 reported in the literature but at higher 
pressure additional factors come into play. In the example 
with the barrel of fuel, the ignition is a thermal ignition. The 
temperature rise by the reaction accelerates the reaction via 
Arrhenius law thus causing a positive feedback that results 
in a very rapid or even explosive burning of the fuel. In the 
above example with the two rate branches at 10−4 mbar, the 
ignition is clearly isothermal but the question is whether 
the reaction under typical EPOC conditions at much higher 
pressure is still isothermal?

One could expect that this question has already been 
answered experimentally, but, surprisingly, this aspect 
has been neglected completely in all EPOC experiments 
conducted so far. In catalytic CO oxidation on supported 
catalysts under reaction conditions in the mbar range, 
T-excursions of up to 100  K upon ignition have been 
reported [56]. In the C2H4 + O2 reaction over Rh/SiO2 
catalysts, even T-increases of more than 200 K were seen 

[57]. Judging from catalytic CO oxidation, the pressure 
range where the reaction starts to become non-isothermal 
should be around 10−2 mbar which is just the pressure 
range where many EPOC experiments have been con-
ducted. The p-limit where the reaction starts to become 
non-isothermal depends not only on the reaction but also 
on a number of experimental factors such as thermal con-
ductivity and heat capacity of the sample, and whether an 
inert gas with good thermal conductivity such as He is 
present. YSZ as a ceramic material exhibits a low thermal 
conductivity but this may be counterbalanced by the high 
thermal conductivity of He. Clearly well-designed experi-
ments are required to solve this question unambiguously.

In summary, the ignition mechanism has the advantage 
that one can explain the non-Faradaicity of the reaction 
without having to evoke the presence of a special spillo-
ver species which is a hypothetical species because so far 
no valid proof for its existence has been presented. The 
huge Λ-factors reported for some cases are thus less puz-
zling than originally thought. They appear to be simply 
the result of preparing a special situation of a surface poi-
soned with some inhibitory adsorbate. Lifting this inhibi-
tory effect by electrochemical ignition then gives rise to 
enormous Λ-factors. Support for this interpretation which 
stresses the role of preparation of the catalysts comes 
from the huge spread of different Λ-factors reported for 
the same system. These range from 188 to 3 × 105 for the 
same system, ethylene oxidation over Pt/YSZ, and similar 
conditions [58]. For an experimental proof of the thermal 
ignition mechanism, new experiments are required, for 
example, by infrared thermography, which shows directly 
the presence or absence of T-rises during electrochemical 
activation of catalytic reactions.

New topics

A number of intriguing effects related to EPOC shall be 
introduced here only very briefly.

Permanent EPOC effect

This observation of an activation of the catalyst which 
persists even after switching off the electrical potential 
has been called permanent EPOC effect [1, 4, 59]. The 
origin of this effect is not clear but one can suspect that the 
electrochemical activation either led to chemical or mor-
phological changes in the catalyst. In heterogeneous catal-
ysis, it is common knowledge that any catalytic reaction 
modifies a catalytic surface with the extent ranging from 
atomic-scale restructuring to real morphological changes 
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Fig. 11   Reaction of electrochemically generated spillover oxygen 
with carbon on a Pt/YSZ catalyst. a Scheme of the electrochemically 
controlled surface reaction experiment displayed in b. The working 
electrode is initially covered with carbon. Upon anodic polarization 
(VWR = + 0.5  V), oxygen spreads from a small hole in the electrode 

and reacts with the carbon layer forming a propagating reaction 
front. From ref. [32]. b Time sequence of SPEM images taken during 
anodic polarization (VWR = + 0.5  V). The lower row shows three Pt 
4f maps, the upper row the corresponding C 1 s maps. From ref. [32]
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of the catalyst. With respect to EPOC, an increase in the 
length of the tpb could, for example, explain an activation 
which persists after switching off the electric potential.

Indirect polarization

This represents a rather puzzling but with respect to appli-
cations also potentially interesting effect. As one applies an 
electric potential to noble metal electrodes on the surface 
of a solid electrolyte, one finds that also metal particles or 
metal stripes which are not electrically connected to the 
electrodes (“bipolar configuration”) but are in their vicinity 
or in between them become activated though application of 
the potential [4, 60]. The nature of the effect has so far not 
been understood but since this effect could be used for an 
activation of nano-dispersed electrodes, the effect might be 
promising for future applications.

Conclusions and outlook

Summary

The EPOC effect has provided us with a wealth of intriguing 
and unexpected phenomena. The physical basis of EPOC is 
well established: it is the spillover of the transported species 
onto the surface of the metal electrodes. The driving force 
for this process is the raise of the chemical potential by the 
applied voltage, i.e. it is equilibrium thermodynamics. The 
EPOC effect connects several distinct areas, catalysis and 
surface science with electrochemistry and with materials 
science. The numerous phenomena in this area represent a 
challenge for both, fundamental science as well as for engi-
neering practical applications.

Contribution of surface science

Under well-defined conditions, the surface analytical tools 
can be used to identify the relevant surface species and sur-
face processes. The concept of electrochemically induced 
spillover of the transported species could be verified for the 
O2−-conducting electrolyte YSZ as well as for the alkali ion-
conducting β″-Al2O3 electrolyte.

These studies also showed that one also has to extremely 
careful in postulating a promotion mechanism without hav-
ing the postulated species really having verified experimen-
tally. The postulated special oxygen spillover species whose 
existence forms the basis of the “sacrificial promoter” mech-
anism has so far not been verified experimentally. Clearly, 
the only safe way to unravel a mechanism are in situ experi-
ments identifying the surface species under the conditions 
of electrochemical promotion.

The puzzle of the huge non‑Faradaicity

The somewhat puzzling large Λ-factors which may even be 
called mysterious by some are probably not mysterious at all. 
Instead of invoking a hypothetical special spillover species, 
the large Λ-factors can be explained as an ignition effect. 
Whether thermal ignition, i.e. a temperature rise caused by 
electrochemically igniting the reaction plays a role remains 
to be shown in future experiments.

Industrial applications

So far, despite some rather appealing aspects, the EPOC 
effect has found no practical applications in industry. The 
main obstacle is certainly that any practical application 
requires EPOC catalysts to be prepared in a reproducible 
and cost-effective way. Moreover, such a catalyst must be 
stable under reaction conditions for a sufficiently long time. 
The original way of depositing Pt paste with a brush led 
to highly active catalysts but this method is certainly not 
suitable for industrial applications. In the meantime, quite 
a number of new preparation methods including nano-dis-
persed electrodes have been developed but it remains to be 
shown which ones are suitable for practical applications.

Open questions

Although the physical basis of EPOC has been well estab-
lished, the mechanisms of how the spillover species influ-
ence a particular catalytic reaction are almost completely 
speculative. With the upcoming new surface analytical 
in situ techniques, there should be good chances to resolve 
some of these problems in the near future. These methods 
should also allow to address questions like after the influ-
ence of the morphology of the Pt films on the electrocata-
lytic behavior and how the structure of the catalyst changes 
during electrochemical activation. In short, the pressure and 
materials gap still needs to be bridged for EPOC.
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