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Abstract Electrochemical Promotion of Catalysis (EPOC
or NEMCA effect) is one of the most exciting discoveries
in Electrochemistry with great impact on many catalytic
and electrocatalytic processes. According to the words of
John O’M. Bockris, EPOC is a triumph, and the latest in a
series of advances in electrochemistry which have come
about in the last 30 years. It has been shown with more
than 80 different catalytic systems that the catalytic activity
and selectivity of conductive catalysts deposited on solid
electrolytes can be altered in a very pronounced, reversible
and, to some extent, predictable manner by applying
electrical currents or potentials (typically up to £+2 V)
between the catalyst and a second electronic conductor
(counter electrode) also deposited on the solid electrolyte.
The induced steady-state change in catalytic rate can be up
to 135 x 10°% higher than the normal (open-circuit) cat-
alytic rate and up to 3 x 10’ higher than the steady-state
rate of ion supply. EPOC studies in the last 7 years mainly
focus on the following four areas: Catalytic reactions with
environmental impact (such as reduction of NO, and oxi-
dation of light hydrocarbons), mechanistic studies on the
origin of EPOC (using mainly oxygen ion conductors),
scale-up pf EPOC reactors for potential commercialization
via development of novel compact monolithic reactors and
application of EPOC in high or low temperature fuel cells
via introduction of the concept of triode fuel cell. The most
recent EPOC studies in these areas are discussed in the
present review and some of the future trends and aims of
EPOC research are presented.
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List of acronyms
AP Atmospheric pressure

BCN BasCay 19Nb; 8209,

BPG Gd-doped BaPrO;

BZY Y-doped BaZrO;

Ccv Cyclic voltammetry

EP Electrochemical promotion

EPOC Electrochemical promotion of catalysis

FC Fuel cell

FTIR Fourier transform infrared spectroscopy

HC Hydrocarbon

HV High vacuum

LaAlO Lal.gA10_203

LSC Lag 6S10.4C00.2F0 803

LSCM La().gsrovzc()o'gFeO.zO:;

LSM La0.85Sr0,15MnO3

LSV Linear sweep voltammetry

MEPR Monolithic electropromoted reactor

MSI Metal-support interactions

NASICON Na3Zr2$i2P012

NEMCA Non-Faradaic elecrochemical modification of
catalytic activity

PEMFC Polymer electrolyte membrane fuel cell

PVD Physical vapour deposition

RWGS Reversed water-gas-shift

SCY SrCe0.95Y0.0503 -4

SEM Scanning electron microscopy

SEM-EDX Energy-dispersive X-ray spectroscopy
analysis conducted by means of SEM

SOFC Solid oxide fuel cell

STM Scanning tunnelling microscopy
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SZY StZr0.95Y0.0503 -4

TE Transient experiments

tpb Three phase boundaries

TPD Temperature programmed desorption
TPR Temperature programmed reaction
UHV Ultra high vacuum

WGS Water-gas-shift

YSZ Y,05-doped ZrO,

1 Introduction

The group of Vayenas at MIT in the early eighties [1] first
reported that the catalytic activity and selectivity of con-
ductive catalysts deposited on solid electrolytes can be
altered in a very pronounced, reversible and, to some
extent, predictable manner by applying electrical currents
or potentials (typically up to +2 V) between the catalyst
and a second electronic conductor (counter electrode) also
deposited on solid electrolyte. In addition to this group
which reported EPOC, the groups of Sobyanin [2],
Comninellis [3], Lambert [4], Haller [5], Anastasijevic [6],
Stoukides [7], Yentekakis [8], Smotkin [9], Tsiakaras [10],
Imbihl [11], Pacchioni [12], Bjerrum [13], Lee [14], Met-
calfe [15], Janek [16], Barbier [17], Leiva [18] and more
recently the groups of Vernoux [19], and Jose Luis Valv-
erde [20, 21] have also made significant contributions in
this area while the importance of EPOC in electrochemis-
try, surface science and heterogeneous catalysis has been
discussed by Bockris [22], Wieckowski [23], Pritchard
[24], Haber [25] and Riess [26, 27] respectively. Electro-
chemical Promotion of Catalysis (EPOC or NEMCA
effect) with ionically conducting (Y,Oj3-stabilized-ZrO,,
YSZ) or mixed ionic-electronic conductors (ZrO,, CeO,,
TiO,, W6+-d0ped-TiOZ) is a phenomenon of Electrocatal-
ysis which affects the chemisorptive and catalytic proper-
ties of metal or metal oxide catalysts in a very pronounced
manner [28]. The term Electrochemical Promotion (EP) is
used to describe the very pronounced changes observed in

Gas reactants ﬁ
(e.g. 0, CO)

SOLID ELECTROLYTE (YSZ)

Fig. 1 Schematic representation of a metal electrode deposited on a
0>~ conducting (left) and on a Na*t conducting (right) solid
electrolyte, showing the location of the metal-electrolyte double
layer and of the effective double layer created at the metal-gas
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Effective double layer

the catalytic properties of conductive catalysts deposited on
solid electrolytes upon application of electrical currents or
potentials. The metal catalyst is usually in the form of a
porous and electronically conducting film deposited on the
solid electrolyte (e.g. O*~ or mixed O* -electronic con-
ductor). Either single chamber or fuel cell type configura-
tions can be used for EPOC studies [28]. In the former case
all electrodes are exposed in the gas mixture while in the
second configuration only the working electrode is in
contact with the reactants.

For the case of O*~ conductor supports, the origin of
EPOC has been found to stem from the migration (reverse
spillover) of anionic O°~ species from the support to the
metal-gas interface (Fig. la). These -electrochemically
assisted backspillover of the 0°~ species, together with
their image charge in the metal create an overall neutral
double layer at the metal-gas interface and affect both
chemisorption and catalysis in a pronounced manner. At
high oxygen coverages the backspillover O°~ species are
distinct from, and more strongly adsorbed than, oxygen
adsorbed from the gas phase [29-31]. They are also less
reactive for catalytic oxidations than gas-supplied oxygen
and thus act as sacrificial promoters [28]. Similar consid-
erations apply when using other types of solid electrolytes,
such as Na™ conductors (Fig. 1b). The above mechanism is
evident from Fig. 2 which shows the general behaviour of
oxygen adsorption on polycrystalline Pt deposited on O*~
solid electrolytes, such as YSZ. Temperature Programmed
Desorption (TPD) of oxygen under Ultra High Vacuum
(UHV) conditions has been used extensively to study the
difference of non-stoichiometric lattice oxygen from oxy-
gen originating from the gas phase [28-32]. Figure 2a
presents the O, TPD spectra on Pt/YSZ when oxygen is
supplied from the gas phase. One observes a broad oxygen
peak (f, state) after catalyst exposure to oxygen atmo-
sphere. In Fig. 2b oxygen has been supplied electrochem-
ically in the form of oxygen ions (O%") from the support,
YSZ, using an external circuit and a constant positive
current. Nonstoichiometric oxygen [30] from the support

Gas reactants Effective double layer
(€.g-0, CO),,/‘“'N;;*"*‘*\ ; Double layer
s 158

SOLID ELECTROLYTE (8”-AL,0,)

interface due to potential-controlled ion migration (backspillover)
[28]. The interaction is also depicted between the effective double
layer and the adsorbed reactants during CO oxidation. Reprinted with
permission from Kluwer Academic/Plenum Publishers
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Fig. 2 General behaviour of oxygen thermal desorption spectra from
Pt thin films deposited on YSZ after oxygen adsorption at high
temperatures (>200 °C) and medium heating rates (0.5-1.5 °C/s). a
gaseous adsorption, b electrochemical adsorption and ¢ mixed
adsorption. Based on [28]

migrates and gets adsorbed on the catalyst surface. The
result is a spectrum with one sharp oxygen peak (fi3 state)
desorbing at higher temperatures than the f§, state. This
confirms the assumption that the backspillover oxygen is
more strongly adsorbed on the surface than the gaseous
oxygen of f3, state. If we try to carry out a mixed adsorp-
tion experiment (from the gas phase and electrochemically,
using a constant positive current) we can simulate the
conditions of Electrochemical Promotion where the cata-
lyst is exposed to an oxygen containing atmosphere (for
oxidation reactions) and at the same time O*~ is supplied
to the catalyst surface from YSZ support. Under these
conditions we observe the behaviour shown in Fig. 2c.
Two distinct oxygen peaks appear, a broad one originating
from the gas phase (5, state) and a sharper one (f3; state)
occupied by a more strongly bonded oxygen. It is worth
noting that the f3 state which corresponds to the backs-
pillover oxygen species acts as a promoter for supplied
oxygen since the last one moves to more weakly (and as a

result more reactive) bonded states on the catalyst surface
(lower desorption temperatures). More detailed discussion
about the above mechanism of electrochemical promotion
can be found elsewhere [29-31]. Figures 3 and 4 present
results of the basic phenomenology of EPOC when using
0~ and H' conducting supports respectively. In the former
case (Fig. 3) the (usually porous) metal (Pt) catalyst-elec-
trode, typically 40 nm to 4 pm thick, is deposited on an
8 mol% Y,0;- stabilized-ZrO, solid electrolyte during
ethylene oxidation [33]. In the latter case (Fig. 4) the nan-
odispersed Pd/C catalyst is deposited on porous conductive
graphitic C which is supported on Nafion, a HY conductor,
during 1-butene hydrogenation and isomerization [9]. In
both cases under open-circuit operation (/ = 0, no electro-
chemical rate) there is a catalytic rate, r,, of ethylene con-
sumption for oxidation to CO, (Fig. 3) or of 1-butene
consumption due to reduction to butane and isomerization
to cis-2-butene and trans-2-butene (Fig. 4). Application of
an electrical current, I, or potential, Uwg, between the
catalyst and a counter electrode and thus changing the
catalyst potential, Uwg, with respect to a reference
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Fig. 3 Basic experimental setup and operating principle of electro-
chemical promotion with O*~ conducting supports (up). Catalytic rate
r and turnover frequency TOF response of C,H, oxidation on Pt
deposited on YSZ, an O*~ conductor upon step changes in applied
current (down) [33]. T = 370 °C, Po, = 4.6kPa, Pc,, = 0.36kPa.
Also shown (dashed line) the catalyst-electrode potential Uwg
response with respect to the reference R electrode. Ng is the Pt/gas
interface surface area, in mol Pt, and TOF is the catalytic turnover
frequency (mol O reacting per surface Pt mol/s). Reprinted with
permission from Elsevier
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Fig. 4 Basic experimental setup and operating principle of electro-
chemical promotion with H" conducting supports (#p). Electrochem-
ical Promotion of an isomerization reaction (down) [9]. Steady state
effect of cell potential on the cell current I and on the rates of
formation of cis-2-butene, trans-2-butene and butane produced from
1-butene supplied over a dispersed Pd/C catalyst-electrode, deposited
on Nafion, a H" conductor at room temperature. Reprinted with
permission from [9]. Copyright (1997) American Chemical Society

electrode, causes very pronounced and strongly non-Fara-
daic (i.e. Ar>> I/2F in Fig. 3, Ar>> |-I/Fl in Fig. 4)
alterations both to the catalytic rate (Figs. 3 and 4) and to
the product selectivity (Fig. 4). Two parameters are com-
monly used to describe the magnitude of EPOC:

1. The apparent Faradaic efficiency, A:
A= Arcatalylic/(I/HF) (l)

where Arcyyic 1S the current-or potential-induced
change in catalytic rate, I is the applied current, n is the
charge of the applied ion and F is the Faraday’s
constant.

2. The rate enhancement, p:

p=r/r, (2)

where r is the electropromoted catalytic rate and r, is
the unpromoted (open-circuit) catalytic rate.
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3. The promotion index, PI;, where j is the promoting ion
(e.g. O°~ for the case of YSZ or H' for the case of
Nafion), defined from:

PIj = (AI‘/I‘O)/AQJ‘ (3)

where 0; is coverage of the promoting ion on the cat-
alyst surface.

A reaction exhibits electrochemical promotion when
IAl > 1, while electrocatalysis is limited to IAl < 1. A
reaction is termed electrophobic when A > 1 and electro-
philic when A < —1. In the former case the rate increases
with catalyst potential, Uwg, while in the latter case the
rate decreases with catalyst potential. A values up to
3 x 10° and p values up to 150 [28] have been found for
several systems. More recently p values between 300 [34,
35] and 1,400 [36, 37] have been observed for C,H4 and
C;Hg oxidation on Pt/YSZ, respectively. In the experiment
of Fig. 3 [33], A = 74,000 and p = 26, i.e. the rate of
C,H, oxidation increases by a factor of 25 while the
increase in the rate of O consumption is 74,000 times larger
than the rate, I/2F, of O>~ supply to the catalyst. In the
experiment of Fig. 4 [9] the maximum p values for the
production of cis-2-butene, trans-2-butene and butane are
of the order of 50 and the corresponding maximum A
values are of the order of 40 for cis-2-butene formation, 10
for trans-2-butene formation and less than one for butane
formation. Thus, each proton supplied to the Pd catalyst
can cause the isomerization of up to 40 1-butene molecules
to cis-2- butene and up to 10 1-butene molecules to trans-2-
butene while the hydrogenation of 1-butene to butane is
electrocatalytic, i.e. Faradaic.

Until now (end of 2008), numerous different catalytic
reactions (oxidations, reductions, hydrogenations, dehy-
drogenations, isomerizations, decompositions) have been
electrochemically promoted on Pt, Pd, Rh, Ag, Au, Ni, Cu,
Fe, IrO,, RuO, catalysts deposited on 0% (YSZ), Na* or
I(jL (ﬂ//-A1203), H+ (CaZI'OVQIIlo_IO:;,a, Naﬁon), F~ (Can),
aqueous, molten salt and mixed ionic-electronic (TiO5),
CeO, conductors. EPOC seems to be not limited to any
particular class of conductive catalyst, catalytic reaction or
ionic support. It can be used in order to affect the rate and
selectivity of heterogeneous catalytic reactions in a
reversible and very pronounced manner. This non-Faradaic
activation of heterogeneous catalytic reactions is a novel
and promising application of electrochemistry with several
technological possibilities, particularly in industrial prod-
uct selectivity modification and in exhaust gas treatment. In
the next paragraphs a thorough review will be given on the
most recent achievements (from 2002 till now, e.g. after
the publication of the first book of Electrochemical Pro-
motion of Catalysis in 2001 [28]) in the field of EPOC. In
this 7-year period numerous studies have been reported
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mainly focusing on the following areas: effectiveness of
EPOC on specific catalytic reactions with environmental or
industrial interest (such as reduction of NO, and oxidation
of light hydrocarbons), mechanistic studies and investiga-
tion of the origin of EPOC (using mainly oxygen ion
conductors), commercialization of EPOC (via developing
novel compact monolithic reactors and minimizing the
required electrical connections) and application of EPOC
in high or low temperature fuel cell devices (via intro-
duction of the triode fuel cell concept).

2 Electrochemical promeotion of reactions
with environmental and industrial impact

From the early studies of EPOC, almost three decades ago
reactions with environmental and industrial impact attract
the attention of many scientific groups. The scientific focus
on light hydrocarbon oxidations and various oxides reduc-
tions becomes nowadays more intensive mainly due to the
strict emissions laws established in most countries. The first
category of oxidations includes hydrocarbons such as CH,
[38], Co,H4 [39-41], C3Hg [19, 21, 42-45], C3Hg [19, 36, 37,
45-50], alcohols [10, 51] and CO [52] while the reduction of
NO, mainly with hydrocarbons under lean burn conditions is
the subject of numerous reports [S3-58]. Several studies also
focused on hydrogenations (such as C,HsOH hydrogenation
[10, 51]), on the water gas shift (WGS) and reverse WGS
reactions [59, 60] and on NH; decomposition [61]. Table 1
presents all studies carried out during the last 7 years. EPOC
have been found to have great impact both in catalytic rate
and in selectivity of the above reactions. We could see as an
example the case of propane combustion over Pt/YSZ
electrocatalyst (Fig. 5). This reaction was investigated by
Bebelis and Kotsionopoulos [36] who found that under
relatively reducing conditions and high temperatures
(>450 °C), constant application of positive current
(I = 3.5 mA) causes at steady state a dramatic increase of
catalytic rate up to 135 x 10°% (p = r/r, = 1350). The rate
increase (Ar=r1 —r1, =2560 x 1077 — 1.9 x 107° =
2558 x 107? molO/s) was 141 times larger than the rate
I/2F of O*" supply to the Pt catalyst (I/2F = 18.14 x
107 molO/s). Under the same reactant composition elec-
tropromotion has been also observed after negative polari-
zation too. Rate enhancements ratios up to 1130 have been
reported [36] when 0>~ was removed from the catalyst to the
solid electrolyte. The phenomenon of promotion in this case
is fully reversible since the catalytic rate reaches its initial
value after current interruption (Fig. 5). The observed elec-
trochemical promotion behaviour can be rationalized in the
frame of the general considerations used to explain the
NEMCA effect [24, 28], in view of the mechanism of the
reaction and the relative strength of the chemisorptive bonds

of the adsorbed reactants. When the temperature is high
enough ([36], Fig. 5) and the Po, /Py ratio is lower than the
stoichometric ratio, the coverages of the reactants can be
assumed to be relatively low, with HC (in this case C3Hg)
coverage being much lower than oxygen coverage as both
reactants compete for the same sites and oxygen is more
strongly adsorbed on metal surfaces compared to many HC
(like CH4 or C3Hg). Thus, either positive or negative over-
potential application is expected to enhance the rate [28, 62]
as it will enhance chemisorption and increase coverage of
either hydrocarbon (electron donor) or oxygen (electron
acceptor), respectively. Oxygen is more strongly adsorbed;
thus, weakening of its chemisorptive bond upon application
of positive overpotentials is in general expected to have the
most significant impact on the rate (Fig. 5). The above
explanation takes into account the rules of the promotion
established some years ago by the group of Vayenas [62-64].
Using these rules the observed electropromotion behaviour
of catalytic reactions can be explained while useful infor-
mation can be drawn about the type of promoter which is
required for the promotion.

Despite the fact that YSZ is mainly used as the solid
electrolyte and Pt films as the catalyst-working electrode,
other metals or metal oxides deposited on solid electrolytes
with 0?7, H', K", Na® conductivity are also under
investigation. Methane oxidation was studied by Roche
et al. [38] using Pd on YSZ prepared by physical vapour
deposition (PVD) where under positive polarization Fara-
daic efficiencies up to 258 and rate enhancement ratios up
to 50 were observed. Propene oxidation is another reaction
studied using various working electrodes deposited on
several solid electrolytes. The results reported by the group
of Vernoux [19, 21, 42, 44, 45] in Lyon reveal the use-
fulness of B’-Al,05 (with K* conductivity) and NASICON
(a Nat conductor) besides YSZ as solid electrolytes in
conjunction with Pt working electrodes. In all cases elec-
trophilic behaviour was observed under constant applied
current or potentials. The behaviour of the reaction (pro-
pene oxidation) remains the same (electrophilic) even if the
catalytic electrode is changed from a metal (like Pt) to a
perovskite like LSCM (Lag gSr,Coq gFe(,03) as reported
by Gaillard et al. [43]. On the other hand totally different
behaviour can be observed during oxidation of saturated
hydrocarbons like propane. Using various types of elect-
rocatalysts (LSM/YSZ [46], Pt/YSZ [19, 37, 45, 47], Rh/
YSZ [36, 49], Pd/YSZ [65], Ag/YSZ [50], Pt/ "-Al,O3
(with Na*t conductivity) [48]) it has been found that the
reaction exhibits purely electrophobic or in some cases
(depending on the reaction conditions) inverted volcano
behaviour.

In addition to oxidations, reductions are also one of the
main applications of EPOC. More specifically NO reduc-
tion by hydrocarbons like C,H4 or C3Hg was the subject of
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Fig. 5 Catalytic rate r, turnover frequency TOF, rate enhancement
ratio r/r,, Faradaic efficiency A and catalyst potential Uwg response
to a step change in applied positive current. 7 = 480 °C,
Po, = 4.7kPa, Pc,n, = 1.4kPa, flowrate 483 cm3(STP)/min [36].
Reprinted with permission from Elsevier

many studies during the last 7 years [53-57, 66]. Propene
is the most widely used hydrocarbon for the reduction of
NO [53-57, 66]. Both electrophilic and electrophobic
behaviour was observed depending on the electrocatalyst
used and the reaction parameters. Using Pt/NASICON
(Na*t conductor) Vernoux et al. [57] found that under lean
burn conditions EPOC enhances strongly both the catalytic
activity and the selectivity to N,. Electrophilic behaviour
for CO, production and inverted volcano behaviour for N,
production was observed at 295 °C. In another study of the
same reaction Constantinou et al. [66] using Rh/YSZ/Au
reported inverted volcano behaviour for both CO, and N,
production with strongly non-Faradaic catalytic rates.
Faradaic efficiencies up to 7000 for CO, and 200 for N,
formation and rate enhancement ratios up to 200 for CO,
and 55 for N, were observed under positive polarization
and oxygen partial pressure up to 0.5 kPa [66]. In general
catalytic activity and selectivity to N, decreases dramati-
cally with O, concentration, something which could be
counterbalanced efficiently by EPOC. A novel electro-
chemically assisted NO, storage/reduction catalyst was
recently reported [58] by de Lucas-Consuegra that can
operate over a range of reaction conditions for the effective
removal of NO,. Very interestingly in this system an
electro-promotional and a NO, trapping phenomenon can
simultaneously occurred. NO, is stored on the catalyst
surface in form of potassium nitrates under negative
polarization while under positive polarization, the catalyst
is regenerated, and the stored nitrates are efficiently des-
orbed and reduced to N,. The variation of the current under
the applied polarizations allowed monitoring the progress
of both the storing and the regeneration phases.

It is worth noting that many efforts focus their attention
on utilizing new types of solid electrolytes for better per-
formance under EP conditions. Typical examples are the

@ Springer

electrolytes studied by the group of Metcalfe exhibiting
either H™ [41] or mixed electronic-ionic [40, 67, 68]
conductivity. The variety of H conductors investigated is
shown in Table 1, in the studies reported by Thursfield
et al. [39], Karagiannakis et al. [65, 69] and Kokkofitis
et al. [59, 70, 71].

3 Mechanistic studies and origin of electrochemical
promotion of catalysis

The rationalization and the necessity to understand the
origin and mechanism of EPOC led during the last 7 years
many groups to pay attention in this field too. Besides the
results which have been already reported in the literature
till 2001 and reviewed by Professor Vayenas et al. in the
““Electrochemical Promotion of Catalysis’> book [28]
several new studies have been reported till the end of 2008
using various techniques and methods such as TPD [29, 30,
32, 47, 72], TPR [29], CV [21], FTIR [21], SEM-EDX
[21], AC impedance spectroscopy [39], STM [73, 74],
work function measurements and theoretical considerations
[18, 75, 76], transients experiments and kinetic studies [34,
35], quantum mechanical calculations and Monte Carlo
simulations [77] and general thermodynamic consider-
ations [18, 78, 79]. The use of oxygen temperature pro-
grammed desorption both under UHV and atmospheric
pressure conditions has proven [29, 30] the existence of
two different and distinct oxygen adsorption states on the
catalyst surface when oxygen ion conductors used like
YSZ. As it has been already discussed in Fig. 2, non-
stoichiometric oxygen from the solid electrolyte (O7)
adsorbs on the catalyst surface more strongly than oxygen
originating from the gas phase. The simultaneous existence
of these species (0°7) on the surface with gas supplied O
leads to the sacrificial promoter role for the reaction of
electron acceptor adsorbed species (for example O from the
gas phase) by forcing them via repulsive lateral interactions
to weakly bonded and therefore more reactive sites. The
existence of these two well distinguished oxygen states on
a electropromoted catalyst surface has been also proven by
Li et al. [47] using YSZ as the solid electrolyte and real
EPOC atmospheric pressure operation conditions during
the TPD study. The observed very strong similarity between
O, TPD spectra of electrochemically promoted Pt/YSZ films
and nanodispersed Pt/YSZ powder catalysts observed in [30]
corroborates the mechanistic equivalence of EPOC and
metal support interactions (MSI) with O* -conducting
supports something which was an assumption during the first
years of EPOC. Recently Vayenas [79] analyzed the EPOC
phenomenon from a thermodynamic point of view. He
explains how thermodynamics dictates the existence of two
oxygen species on the catalyst-electrode surface under
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EPOC conditions, one which can, under certain conditions,
be equilibrated with the solid electrolyte and controlled by an
external applied potential and another having a chemical
potential not exceeding that of oxygen in the gas phase
(Tables 2, 3, 4).

The in situ change of the work function of a catalyst is
the main reason for the modification of catalytic activity
and selectivity. Since 1990 it has been proposed [80, 81]
that the work function of a gas exposed electrode surface of
porous metal films deposited on a solid electrolyte can be
varied by at least up to 1 eV by varying the working (W)
potential with respect to a reference (R) electrode (Uwg)
according to equation:

A(DW = eAUWR (4)

where e is the elementary charge and AUy is the ohmic-
drop-free change in the working electrode potential,
induced either by changing the gaseous composition or by
using a potentiostat or galvanostat in a solid electrolyte
cell. Equation 4 has been confirmed in the past by several
techniques (PEEM, Kelvin probe technique and UPS) [28].
Despite the fact that the major part of these studies has
been already reviewed [28] a noteworthy progress was
taken place during the last 7 years. Riess and Vayenas in
2003 [78] discussed the spatial distribution of the electro-
chemical potential of electrons and of electrostatic poten-
tial in solid electrolyte cells without and with ion spillover
on the gas-exposed electrode surfaces. In the latter case,
where, over a wide temperature range, the spillover ions
form an effective double layer at the electrode—gas inter-
face, it was shown both via an electrochemical and a sur-
face science approach, that the solid electrolyte cells are
work functions probe and work function controllers for
their gas-exposed electrode surfaces, in agreement with
experiment. Under these conditions the work function of
the working electrode is fixed by the applied potential and
not by the gas phase at the working electrode. The above
correlation between the work function changes and the
catalyst working electrode potential was the subject of two
other studies by Leiva et al. [18, 75] published in 2003 and
2007. It has been found that the changes of the work
function, A®, at the metal/gas interface and the changes of
the potential difference, eAE, at the metal/solid electrolyte
interface are given by the same equation, which contains
the changes of the concentrations of ionic species. Fur-
thermore the same group (Leiva et al. [77]) in a very recent
study used quantum mechanical calculations and Monte
Carlo Grand Canonical simulations in order to simulate the
effective double layer occurring on a catalyst surface under
EP conditions. Considering solid electrolytes with Na™ and
0" conductivity and Pt(111) surface they found that Na
and O adsorbates show opposite trends concerning the
relaxation of the Pt lattice upon adsorption. Na seems to

generate an expansion of the Pt lattice caused by the
electron transfer to the metal while O induces a compres-
sion due to the opposite effect [77].

The origin of EPOC with K* conductors was study
thoroughly by de Lucas-Consuegra et al. in 2007 [21]
studying the mechanism of the low temperature Cs;Hg
oxidation over Pt/f"-Al,05 (K™) via Cyclic Voltammetry,
FTIR and SEM-EDX. The presence of more stable and
effective promoter phases (potassium oxides and superox-
ides) was responsible for both permanent NEMCA effect
and for the stronger promotional phenomenon in compar-
ison to sodium conductors. The later case of permanent
NEMCA where the catalytic rate is not returning to its
initial value after current or potential interruption is another
interesting feature of NEMCA studied and rationalized
firstly by the group of Comninellis in the late 1990s [82].
This group was also the first which introduced the ratio 7y,
describing the fraction of the permanent modification of
catalytic activity, by:

7= 1/t (5)

where r, is the catalytic rate before the polarization and r’
the rate after the polarization interruption at the new steady
state conditions. Recently Falgairette et al. [83] studied the
phenomenon of permanent electrochemical promotion
using Pt/YSZ/Pt electrodes. According to their results the
prolonged anodic polarization, in parallel to the reaction of
oxygen evolution, causes storage of Pt—O. The majority of
these species is released at the tpb, spills over the catalyst/
gas interface and promotes the catalytic activity. A part of
Pt—O however is stored at two distinct locations, either in
situ or in the neighboring Pt phase reached by solid state
diffusion, both being hidden from the reactive gas phase.
After the interruption of polarization these hidden species
reappear at the three phase boundaries (tpb) and spread
over the gas-exposed surface thus causing non-Faradaic
promotion. The large amount of stored charge and its slow
diffusion-controlled emergence causes the rate enhance-
ment to last for several hours.

Another major issue addressed the scientific community
of EPOC was the role of the preparation method on the
thickness and morphology of the catalyst electrode. For
years one of the basic questions was the suitable thickness
of the electrode for an optimum behaviour under electro-
promoting condition. The required low cost of a possible
working electrode together with the maximum dispersion
could lead to the utilization of thin films but the question
was if such films could be promoted under EP conditions.
The first theoretical approach was done from Vayenas and
Pitselis in 2001 [84] trying to answer the above question. It
has been shown theoretically, and a one-dimensional model
was developed for this purpose, that the thinner the cata-
lyst-working electrode is the higher enhancement ratio will

@ Springer
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Table 3 Studies reported from 2002-2008 on the commercialization of electrochemical promotion of catalysis

Studies on the commercialization of electrochemical promotion of catalysis

Reactants

Reaction type

Reactor type

Electrocatalyst

General behaviour under
EP conditions

References

NO, C2H4, Oz

NO, CyHy, O,

CHy, Oy

CHy, O,

Real car exhausts

Reduction

Reduction

Oxidation

Oxidation

Oxidations reductions

MEPR (22 plates)

MEPR (8 plates)

Wireless Reactor

MEPR (2 or 10 plates)

MEPR (21 plates)

Rh/YSZ/Pt

Pt—Rh/YSZ/Au

PY/LSC/Pt

Rh/YSZ/Pt

Rh/YSZ/Pt

NO reduction enhancement by

450% with almost 100%
selectivity to N, and A values
up to 2.4

Inverted volcano behaviour. 50%

fuel and 44% NO rate
enhancements at 335 °C in
presence of up to 10% O, and
high flowrates

One order of magnitude promotion

of the reaction by inducing an
oxygen chemical potential
difference across the membrane

Ethylene conversion increase from

19% to 43.5% while NO
conversion increases from
30.5% to 56% under positive
polarization at 300 °C

Apply of negative potential causes

an increase both in NO and NO,
conversion. Electro- promotion
has about the one forth of the
impact of fuel injection

[86, 87, 89]

[88]

[67, 68]

[86, 87]

[9o1]

Table 4 Studies reported from 2002-2008 on the application of electrochemical promotion of catalysis to low and high temperature fuel cell

devices

Application of EPOC in high or low temperature fuel cell devices

Reactants Reaction type Electrocatalyst General behaviour under References
EP conditions
PEMFC WGS reaction, Pt/Nafion 117/Pt, Pt/Nafion Electrochemical Promotion [95, 96]
Anode: CO,, H, CO oxidation 1135/Pt and Pt—Cu/Nafion observed under normal fuel cell
CO, N,,0, 117/Pt and O, bleeding operation while
. sub-Faradaic behaviour was
Cathode: Air or ¢
observed in absence of oxygen
H, . g
(hydrogen pumping operation)
SOFC H, C,Hg or CHy4 SOFC Application of the triode operating [97, 98]
Anode: H, oxidation (triode operation) PY/YSZ/Pt mode to SOFC and CO-
C,H,, CH, poisoned PEMFC can decrease
. electrode polarization losses and
Cathode: Air . .
permit the use of alternative less
PEMFC PEMFC costly electrode materials
Anode: H,, CO Pt—Ru/Nafion 117/Pt
Cathode: Air
PEMFC Isomerization of 2-3-dimethyl-1- Pd/C/Nafion 117/Pt The isomerization of 2-3- [94]
Anode: H, butene and 3-3-dimethyl-1- dimethyl-1-butene was

Cathode: olefins

butene

enhanced over a thousand fold
(p = 1230) by proton spillover
on the carbon supported Pd
catalyst
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Fig. 6 Electrochemically promoted single crystals. a Unfiltered STM
image of the Pt (111) surface of the Pt(111)/YSZ system following
positive potential application (Uwr = 1 V) showing the backspillover
0>~ formed Pt(111)-(12 x 12)-O adlattice overlapping with the
underlying Pt(111)-(2 x 2)-O adlattice. Inset shows the Fourier
transform spectrum and the corresponding filtered image
(U, =04V, I, =8 nA) [74] and b Unfiltered STM image of the
Pt(111) surface of the Pt(111)/”-Al,05 system following a negative
current application (I = —5 pA) showing the backspillover Na™
formed Pt(111)-(12 x 12)-Na adlattice overlapping with the under-
lying Pt(111)-(2 x 2)-O adlattice. Inset shows the Fourier transform
spectrum (U, = —0.16 V, I; = 10 nA) [74]. Reprinted with permis-
sion from Elsevier

be observed. Experimental validation for the above model
came 5 years later by Koutsodontis et al. [34, 35] using
several Pt/YSZ electrocatalysts with various Pt loadings,
catalyst thickness and different methods of preparation. In
these two studies the effect of catalyst film thickness on the
magnitude of the effect of electrochemical promotion was
investigated for the model catalytic reaction of C,H, oxi-
dation. It was found that the catalytic rate enhancement p is
up to 400 for thinner (0.2 um) Pt films (40,000% rate
enhancement) and gradually decreases to 50 for thicker
films (1 pum). The Faradaic efficiency A was found to
increase moderately with increasing film thickness and to
be described semiquantitatively by the ratio 2Fr./I,, where
I, is the unpromoted rate and I, is the exchange current of
the catalyst—electrolyte interface. The results were in good
qualitative agreement with the model predictions [84]
describing the diffusion and reaction of the backspillover
O~ species, which causes the EP. In previous study [85]
the influence of the thickness of sputter-deposited Platinum
films on the Electrochemical Promotion of propane com-
bustion was studied by Billard and Vernoux. They found
that the catalytic activity does not follow a linear evolution
with the film thickness while NEMCA measurements
performed at 337 °C and 400 °C indicate that a minimal
thickness of about 15 nm is required in order to allow the
bias of the whole Pt surface.

Very interesting results on the origin of EPOC were
reported also using the technique of STM under atmo-
spheric pressure and ambient conditions [73, 74]. The
surface of a Pt(111) single crystal well attached with YSZ
(027 conductor) [73, 74] and B"-Al,O; (Na™ conductor)
[74] was investigated both under open circuit, cathodic and
anodic polarization. The results confirm the reversible
electrochemically controlled backspillover of sodium and
of O between the solid electrolyte and the Pt(111) sur-
face but also the mechanism of EP and MSI. Anodic
polarization causes the decoration of the Pt single crystal
surface interfaced with the YSZ support with O®~ species
(Fig. 6a). These species form a Pt(111)-(12 x 12)-O adl-
atttice which coexists with the familiar Pt(111)-(2 x 2)-O
adlattice formed by gaseous oxygen (Fig. 6a). Equiva-
lently, cathodic polarization covers the Pt(111) surface
with Na® in the case of pB”-Al,O; support (Fig. 6b).
According to Archonta et al. [74] and their results the
above backspillover phenomenon can also take place due
to thermal diffusion of O*~ or Na' under open circuit
conditions, something which is happening in commercial
dispersed catalysts too, since in such catalysts the metal
crystallites are much smaller and thus the diffusion length
much shorter.
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4 Practical application of EPOC

Although EPOC has been studied using over eighty dif-
ferent catalytic systems, until recently there has been no
large-scale commercial utilization mainly for two reasons:

(a) Expensive thick catalyst films (typically 0.1-5 pm
thick) with metal dispersion below 0.01%.

(b) Lack of efficient and compact reactor designs allow-
ing for the utilization of EP with a minimum of
electrical connections to the external power supply.

In 2004 [86] the group of Vayenas reported the first
large-scale application of EPOC as a result of their efforts
to overcome the above limitations. A novel monolithic
reactor was developed capable to carry many electro-
chemical cells and handle high flowrates of reactants
(Fig. 7). The reactor which can be considered as a hybrid
between a classical monolithic honeycomb reactor (of
which it has all the geometric dimensions) and of a flat- or
ribbed-plate solid oxide fuel cell, consists of flat or ribbed
solid electrolyte plates (Fig. 7), covered on both sides by
appropriate thin porous conductive catalyst layers (pre-
pared via sputtering). The plates are inserted in appropri-
ately carved grooves on the inside surfaces of the walls of
the ceramic reactor casing. These surfaces are also used to
create two current collectors, one establishing electrical
contact among all catalyst films deposited on the top side of
the plates, the other current collector establishing electrical
contact with all catalyst films deposited on the bottom side
of the plates (Fig. 7). In this way, all catalyst films could be
electrochemically promoted via only two external con-
necting wires (Fig. 8). This was a significant practical
simplification for the commercialization of EPOC. Besides,
the metal dispersion of the prepared thin sputtered noble
metal electrodes was higher than 15% [86]. Contrary to the
case of fuel cells, where the fuel and air gas streams are
kept separated, in the case of the MEP reactor, similar to
the case of single chamber fuel cells, conceptually there is
only one gas stream containing all reactants and products,
as in every classical catalytic reactor. An additional
advantage of the MEP reactor is that it can be assembled
and dismantled at will and its flat or ribbed plates can be
replaced whenever necessary. Also it is possible to use one
of the plates as a gas-sensor element and utilize the
potential signal generated by this element, under open-
circuit or at a fixed applied current, to control the current or
potential applied to the electropromoted catalytic plates.

Many studies have already been published [86-90] after
the first report of MEPR [86] showing its advantages for
several reaction (oxidations, reductions, hydrogenations
etc.). In a very recent report [89] the reaction of NO by
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from Elsevier

Fig. 8 Photographs of the MEPR showing a the first generation
reactor developed in 2004 [86] and b the latest version of the reactor
with better sealed components and minimum number of electrical
connections. Reprinted with permission from Elsevier
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C,H4 in high excess of O, and low temperatures (200—
300 °C) was investigated using a new improved version of
MEPR (with better sealing, Fig. 8b) by Souentie et al.
Twenty two Rh/YSZ/Pt parallel plate elements were used
in the reactor under flowrate up to 1lt/min and various
gaseous feed compositions (near stoichiometric oxygen,
medium oxidizing and highly oxidizing conditions). Fig-
ure 9 shows anodic galvanostatic transient obtained in a
slightly oxidizing C,H4~NO-O, mixture, where the O,
excess (defined as yq, + 1/2yno — 3yc,n,) [89] is 0.08%
and lamda value 4 (expresses the O,/fuel ratio present in
automotive exhaust) is 1.12. Upon positive current impo-
sition (+30 mA, e.g. O*~ supply to Rh) surface the eth-
ylene conversion increases from 26% to 78% (pco, = 2.8),
the O, conversion increases from 29% to 83%, while the
NO conversion increases from 28% to 94% (p = 3.37).
Furthermore, the effective enhancement ratio, pc (defined
as p/pmax) for the CO, production rate is 0.78, while for the
NO reduction rate it reaches 0.94, which means that the
achieved NO conversion via the NEMCA effect is 94% of
the maximum possible conversion (100%). No measurable
concentration of N,O was found in the products and thus
N, was the only measurable product of the reduction of
NO. Also no measurable concentration of NO, was
detected. The observed high selectivity to N, implies that
all N,O possibly produced by NO reduction on the Pt
catalyst-electrodes is further reduced to N, on the Rh cat-
alyst-electrodes. The phenomenon is reversible, since cur-
rent interruption causes both rates to return to their initial
values after approximately 70 min (Fig. 9). Until today the
MEPR reactor was used mainly for NO reduction by C,H,
and C,H, oxidation while studies on SO, oxidation and
CO; hydrogenation using Rh/YSZ/Pt and Cu/TiO,/YSZ/
Au electrochemical plates are currently under way. It is
worth noting that the operation of the above reactor with 21
Rh/YSZ/Pt electrochemical plates has also studied once
under real car exhaust conditions [91]. These preliminary
results show that application of negative potential (e.g. 0%~
supply to Pt) causes an increase both in NO and NO,
conversion. Electropromotion under the above conditions
had about the one fourth of the effect of fuel injection [91].
This is quite encouraging for further future applications.
Another approach for scaling up EPOC and overcoming
problems regarding electrical connections was proposed by
the group of Metcalfe. Poulidi et al. in recent studies [67,
68, 92] introduce the term of wireless EPOC. The concept
is based on the utilization of fuel cell type configurations
and the control of oxygen chemical potential difference
across the solid electrolyte. In a recent study [68] a LSCF
mixed ionic electronic conductor membrane was used for
the promotion of the catalytic activity of a Pt catalyst
during ethylene oxidation. By controlling the oxygen
chemical potential difference, a driving force for oxygen
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Fig. 9 Transient effect of a constant applied current (+30 mA) on
the catalytic rate of NO reduction (rno) and CO, formation (rco,), on
the NO, C,H,4 and O, conversion (Xno, Xc,H,, Xo,) and on the Rh-Pt
potential difference (U). 7 = 280 °C [89]. Reprinted with permission
from Springer

ions to migrate across the membrane and backspillover
onto the catalyst surface is established. In this way the
reaction is promoted according to EPOC rules by the for-
mation of a double layer of oxide ions on the catalyst
surface. The electronic conductivity of the membrane
material eliminates the need for an external circuit to pump
the promoting oxide ion species making the concept sim-
pler and more amenable for large scale practical applica-
tion. The results [68] show that the reaction rate of ethylene
oxidation can indeed be promoted significantly upon
exposure to an oxygen atmosphere on the sweep side of the
membrane reactor, and thus inducing an oxygen chemical
potential difference across the membrane, as compared to
the rate under an inert sweep gas.

S Application of EPOC on high or low temperature fuel
cell devices

Both low (PEMFC) and high (SOFC) temperature fuel cells
have been used during the last 7 years as reactors (co-
generators) for specific reactions under electropromoted
conditions. The first paper reported in literature exploiting
the application of EPOC on the performance of a normal
PEMFC under electropromoted conditions (proton spill-
over) was in 1997 dealing with the isomerization of

@ Springer



900

J Appl Electrochem (2010) 40:885-902

n-butylenes [9]. Another example reported from the same
group of Smotkin was already analyzed in the introduction
(Fig. 4) regarding the isomerization of 1-butene to cis-2-
butene and trans-2-butene on nanodispersed Pd/C catalyst
deposited on porous conductive graphitic C supported on
Nafion [93]. Recently Salazar and Smotkin [94] reported
electrochemically promoted olefin isomerization reactions
using similar electrocatalysts (Pd as cathode and Pt as
anode) in a polymer electrolyte fuel cell. The isomerization
of 2-3-dimethyl-1-butene to 2-3-dimethyl-2-butene was
enhanced over a thousand fold (p = 1230) by spillover of
protons generated by low currents on carbon supported Pd
catalyst [94]. The same type of low temperature fuel cell has
been also used by Sapountzi et al. in 2007 [95, 96] in order
to examine the possibility of electrochemically promoting
the CO oxidation and water gas shift (WGS) reaction and
therefore making a gas mixture produced from a methanol
reformate unit (containing CO, CO,, N, and H,) suitable for
anodic oxidation. Using several type of MEAs (Pt/Nafion
117/Pt, Pt/Nafion 1135/Pt and Pt—Cu/Nafion 117/Pt) it was
found that the electrochemical promotion effect plays a
significant role in a normal fuel cell operation (air at the
cathode) but not in the hydrogen pumping operation (H, at
the cathode). This observation can imply the importance of
oxygen crossover in the electropromotion of the WGS
reaction and of the CO oxidation.

A novel idea in the field of fuel cell electropromotion
was introduced in 2004 by the group of Vayenas [97] by
proposing the triode fuel cell operation. In addition to the
anode and cathode the new device introduces a third
electrode together with an auxiliary circuit which is run-
ning in the electrolytic mode and permits fuel cell opera-
tion under previously inaccessible anode—cathode potential

ANODE (W) b —- e
2 2.
U 1] T
an rev rev E R‘“
R.‘iux ; ; Rﬂ: E
ELECTROLYTE
COUNTER i
ELECTRODE l CATHODE

AUXILIARY CIRCUIT |4——b| FUEL CELL CIRCUIT

Fig. 10 Schematic of triode fuel cell concept. Fuel cell anode acts
simultaneously as the working electrode of the auxiliary circuit. G/P:
galvanostat—potentiostat [97]. Reprinted with permission from The
Electrochemical Society

@ Springer

differences (Fig. 10). Studies using either low (PEMFC) or
high (SOFC) temperature fuel cells have been curried out
[97, 98] showing that both the power output can be
enhanced (by up to a factor of 8) and the overall efficiency
can also be improved via application of electrolytic cur-
rents between the anode or cathode and the third auxiliary
electrode.

6 Conclusions

Many studies have been published during the last 7 years
regarding the effect of the Electrochemical Promotion of
Catalysis, its origin and application to several types of
reactions with environmental and industrial interest. The
effectiveness of EPOC for catalytic oxidations, reductions,
hydrogenerations, decompositions, and isomerizations
using numerous types of solid electrolytes and catalysts
underlines the importance of this phenomenon both in
catalysis and electrochemistry. The utilization of EPOC in
fuel cells also appears quite promising and worth further
investigation. The development of new monolithic reactors
with compact design and minimization of the electrical
connections and the use of wireless configurations may
contribute to practical applications of EPOC.
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