Chapter 2 ®)
Electrochemical Promotion of Catalysis: S
From Discovery to Fundamentals

to Applications

Symeon Bebelis

Abstract Electrochemical promotion of catalysis (EPOC) is an electrochemically
induced catalytic effect which corresponds to in situ reversible modification of the
catalytic behavior of metal or metal oxide catalyst-electrodes deposited on solid
electrolytes or mixed ionic-electronic conductors (MIEC) upon polarization of the
electrode/electrolyte or MIEC interface. This work highlights the key landmarks in
EPOC starting from its discovery. Firstly, a brief history of the experimental work
that resulted in the rather unexpected discovery of EPOC when using as catalysts
metal film electrodes deposited on ZrO,(Y,0s3), an 0% conductor, is presented.
Secondly, the efforts towards validation of the general nature of EPOC, by investi-
gating this phenomenon in a very large number of combinations of electrolytes or
MIEC, electrodes, and catalytic reactions, are briefly described in chronological
order. A short reference is then made to the experimental and theoretical works
that led to understanding of the mechanistic origin of EPOC and its functional
equivalence to metal-support interactions. The focus is then shifted to current
activities and efforts towards developing configurations for practical applications
of EPOC, with emphasis on bipolar designs, monolithic electropromoted reactors,
EPOC with nanodispersed catalysts, and wireless self-driven and self-sustained
EPOC systems.
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2.1 Introduction

The terms electrochemical promotion of catalysis (EPOC) or non-faradaic electro-
chemical modification of catalytic activity (NEMCA) both refer interchangeably to
an electrochemically induced catalytic effect which corresponds to in situ or in
operando reversible modification of the activity and selectivity of catalysts
interfaced to solid electrolytes or mixed ionic-electronic conductors (MIEC), upon
polarization of the catalyst/solid electrolyte or MIEC interface [1, 2]. This effect was
first observed by M. Stoukides and C.G. Vayenas in 1981, as detailed in Chap. 1, in
the reaction of ethylene oxidation on Ag deposited on yttria-stabilized zirconia or
7r05(Y,03), an 0*" conducting solid electrolyte [3], who reported polarization-
induced non-faradaic changes in the catalytic rates of CO, and C,H,O production as
well as in selectivity to C,H4O. However, this behavior was then attributed to
peculiarity of the specific catalytic system and was explained by a kinetic model
which was based on the hypothesis of formation of surface silver oxide, more active
than reduced silver, on sites adjacent to chemisorbed oxygen [3]. It was some years
later, in 1988, when C. G. Vayenas and his coworkers reported results showing
conclusively that EPOC, then referred to as NEMCA effect, is a general effect in
heterogeneous catalysis, which they attributed to electrochemically induced change
in catalyst work function [4].

The distinguishing feature of EPOC is that the induced catalytic rate change
Ar = r — r, upon catalyst polarization (via current or potential application), where
r and r,, denote the observed reaction rates under closed- circuit (current 7 # 0) and
open-circuit (I = 0) conditions, is higher, even by orders of magnitude, than the
electrocatalytic rate dictated by Faraday’s law, which is equal to the rate of ion
transport through the electrolyte. The electrocatalytic rate is equal to I/(nF), where
I denotes the applied current, n denotes the number of exchanged electrons in the
charge transfer reaction at the catalyst-electrode/solid electrolyte or MIEC interface
(e.g., n = 2 for an O~ conductor), and F is Faraday’s constant. Thus, under EPOC
conditions the absolute value of the enhancement factor or faradaic efficiency, A, of
the process, defined from [1, 4],
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is larger than 1 (IAl > 1), which can be explained only by induced changes in the
catalytic properties of the electrode. Another important parameter for quantifying the
EPOC effect is the rate enhancement ratio, p, defined from [1, 4]
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as the ratio of the catalytic rates in the presence and absence of polarization.
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EPOC has been reported for a large number of catalytic reactions, involving
various combinations of metal or metal oxide catalysts and solid electrolytes or
MIEC as active catalyst supports, whereas it has been also demonstrated for catalytic
reactions in aqueous electrolytes and inorganic melts. Work on EPOC prior to 2001
is summarized in a book [1] whereas more recent progress in several book chapters
and review articles [2, 5-15]. This chapter concerns a historical tracing of the
progress in research related to EPOC, describing briefly the important steps from
its discovery to the fundamental understanding of its origin and the exploration of
the underlying rules and principles, as well as its relation to other catalytic effects,
and, finally, the key steps towards technological applications.

2.2 The Discovery of EPOC: An Electrochemically Induced
Catalytic Effect

2.2.1 EPOC with O°~ Conductors

In 1981, M. Stoukides and C.G. Vayenas were the first to report that the catalytic
activity and selectivity of a silver catalyst-porous electrode deposited on ZrO, (8 mol
% Y,03) solid electrolyte in a two-electrode asymmetric set-up (Fig. 2.1) could be
significantly affected by polarization of the Ag electrode under conditions of ethyl-
ene epoxidation [3]. Specifically, they observed that electrochemical pumping of
O”" to the Ag catalyst via positive current application, under oxidative conditions,
could induce reversible increases in both the rates of ethylene oxide and CO,
production which exceeded by up to ca. 400 times (for the C,H4O production rate)
the ion pumping rate and were accompanied by an increase in selectivity to ethylene

Fig. 2.1 Schematic diagram of the solid electrolyte cell reactor for the first EPOC experiments. The
Ag catalyst-electrode film (working electrode) was deposited on the inner bottom side of a
ZrO,(8 mol% Y,05) tube and was exposed to the reaction mixture. A similar Ag film deposited
on the outside bottom side of the tube and exposed to ambient air served as the counter electrode.
(Reprinted from ref. [3], with permission from Elsevier)
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Fig. 2.2 Transient effect of electrochemical oxygen pumping during C,H, epoxidation on Ag
interfaced to ZrO,(8 mol %Y,05); r;, rate of epoxidation; r;, rate of CO, formation. Conditions:
Pc,n, = 1.6 kPa, Pg, = 9.5 kPa, T = 400 °C. Open-circuit rates: r;p = 7.6 x 1078 mols,
r20 = 8.9 x 107% mol/s. O*~ pumping rate: G»- = i/2F = 1.3 x 10~'° mol/s. (Reprinted with
permission from ref. [16]. Copyright (1982) American Chemical Society)

oxide (by more than 20%) [3, 16]. The opposite effect, i.e., a decrease in catalytic
rates and in selectivity to C,H4O, was observed upon negative current application
[3, 16]. A typical example of this behavior is shown in Fig. 2.2 [16]. The
non-faradaic increase of the rates upon O® pumping to the Ag catalyst,
corresponding to enhancement ratio p values up to 3 [16] and faradaic efficiency A
values up to 400 [3], was attributed by the two authors to peculiarity of the specific
catalytic system and was explained by a kinetic model which was based on the
hypothesis of formation of a surface silver oxide, more active than reduced silver, on
sites adjacent to chemisorbed oxygen [3]. However, a decade later it became clear
that the observed changes in catalytic activity and selectivity were manifestation of
the EPOC effect in this important catalytic system [17].

A qualitatively identical effect of O~ pumping on rates and selectivity, consid-
ered in consistence with the surface silver oxide model, was reported in 1984 by
Stoukides and Vayenas [18] for the reaction of propylene epoxidation on porous Ag
interfaced to ZrO, (8 mol% Y,0s) in a similar two-electrode asymmetric set-up
(Fig. 2.1). O~ pumping to the Ag catalyst resulted in increase of both the epoxida-
tion rate (by up to 45%) and deep oxidation rate (by up to 11%) and in a concomitant
increase of selectivity to C3HgO (by more than 30%), which however did not exceed
4% [18]. Enhancement in the total rate of C3Hg consumption exceeding the 0>
pumping rate by more than two orders of magnitude was reported [18].

In 1988, the electrochemical promotion effect was reported for the first time by
C. G. Vayenas and his coworkers as a general effect in heterogeneous catalysis,
having been observed until then for a number of different reactions on porous Pt and
Ag catalyst-electrodes (5—-10 pm thick) interfaced to ZrO, (8 mol% Y,03) or YSZ
[4]. The term “non-faradaic electrochemical modification of catalytic activity”
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(acronym NEMCA) was also introduced to describe it [4]. Specifically, electrochem-
ical promotion had been observed in C;H, epoxidation on Ag/YSZ [3, 16], in C3Hg¢
epoxidation on Ag/YSZ [18], in C,H, combustion on Pt/YSZ [4, 19], in CO
oxidation on Pt/YSZ [4, 20], in CH3OH oxidation to CO, and H,CO on Pt/YSZ
[4, 21], and in CH30H dehydrogenation to H;CO and decomposition to CO and H,
on Ag/YSZ [4, 22], with faradaic efficiency absolute values up to 3 X 10° [19], rate
enhancement ratios up to 55 [19], and significant changes in selectivity [4, 21, 22]
and in oscillatory behavior [20], where appropriate. Results from these studies,
published from 1988 to 1991, are shown in Figs. 1.5 and 1.6 of Chap. 1 for C,H,
oxidation on Pt/YSZ [19] and in Fig. 2.3 for methanol oxidation on Pt/YSZ [21],
respectively.

With the exception of C,H, and C3Hg epoxidation on Ag/YSZ, the aforemen-
tioned studies were performed in a three electrode set-up [19] where two porous
metal (Pt or Ag) films were deposited on the outer bottom side of the YSZ tube
(Fig. 2.1), exposed to ambient air and serving as counter and reference electrode,
respectively. This allowed for measurement of the catalyst-working electrode
(W) potential Uy with respect to the reference electrode (R) and for its association
with the observed rate change. Interestingly, over specific Uy range for each
reaction, the catalytic rate, r, was found to depend exponentially on AUyg = Uy
~Uwg* according to the equation
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Fig. 2.4 CH;0H dehydrogenation and decomposition on Ag/YSZ: Effect of dimensionless
catalyst-electrode potential /1 = FUyg/RT on the formation rates of H;CO and CO. Pcy,on =
SkPa. A: T=620°C, m: T =643 °C, ®: T'= 663 °C. (Reprinted (adapted) from ref. [22], with
permission from Elsevier)
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where r, is the open-circuit rate (current I = 0), F is the Faraday’s constant, R is the
universal gas constant, T is the absolute temperature, and @ and Uyg* are reaction
and catalyst specific constants, with lal ranging typically from 0.1 to 1.0 [19, 21—
23]. Reactions for which a > 0, i.e., exhibiting rate increase by O*~ pumping to the
catalyst (/> 0, AUy > 0, A > 0), were termed electrophobic and reactions for which
a < 0, i.e., exhibiting rate increase upon O~ removal from the catalyst (I < 0,
AUwg < 0, A < 0), were termed electrophilic [1, 22]. An example of electrophilic
behavior is shown in Fig. 2.4 for HyCO and CO formation by CH;0H dehydroge-
nation and decomposition on Ag/YSZ [22]. For dimensional catalyst potential
I1 = FUwg/RT values below —16 for H,CO and — 18 for CO, the corresponding
formation rates increase exponentially with decreasing I1, in agreement with
Eq. (2.3), with a values equal to —0.14 and — 0.30, respectively.

In the first EPOC studies with O~ electrolyte where EPOC is reported as a
general effect in heterogeneous catalysis [4, 19, 21, 22], the observed non-faradaic
rate changes as well as the selectivity changes upon polarization were attributed to
work function change A@ of the gas-exposed catalyst-electrode surface due to
electrochemical adsorption of partially charged oxygen species O created at the
gas-metal-solid electrolyte three-phase boundaries (tpd) and then migrating

o aFAUWR

pox (2.3)
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(backspillovering) onto the catalyst surface. The first indication of this electrochem-
ically controlled migration of oxygen promoting species came out from the obser-
vation that the catalytic rate relaxation time constant, 7, during galvanostatic
transients (imposition of constant current /), i.e., the time required to reach 63% of
the final rate change at steady state, was on the order of the time required to form a
monolayer of O species on the catalyst surface when O~ are supplied at the metal-
gas-electrolyte three-phase boundaries (tpb) at a rate I/{2F), as dictated by Faraday’s
law, i.e.,

Ng
(L4F)

T

(2.4)

where N is the independently measured catalyst surface area, expressed as reactive
oxygen uptake (in mol O) [3, 16, 18, 20-22]. The concomitantly induced work
function change A® was predicted theoretically on the basis of the spatial uniformity
of the Fermi level throughout the conductive electrode and the consideration that the
Volta potential (¥) difference at the electrode/gas interface is equal to zero
(A¥ = 0), because of the presence of an overall neutral double layer at the metal-
gas interface formed by the electrochemically adsorbed species paired with their
compensating image charges in the metal, i.e., [05' — 6" for 0%~ conductors [19, 21,
22]. Specifically, it was predicted that a change AUy in the (ohmic-drop free)
catalyst-electrode (working electrode W) potential vs. the reference electrode
(R) induces a change A@® in the work function of the gas-exposed catalyst-electrode
surface, given by the equation (e: electron charge) [19, 21, 22]

AD = eAUWR (25)

However, this theoretical prediction needed experimental validation.

This validation came after 1 year, in 1990, when C. G. Vayenas and his collab-
orators used the Kelvin probe vibrating condenser method to measure in situ the
work function of a Pt catalyst-electrode interfaced to YSZ, both under open- and
closed-circuit conditions [24]. These measurements (Fig. 2.5) showed conclusively
that Eq. (2.5) describes the relation between the change AUy, in catalyst-electrode
potential, caused either by polarization or by variation of the gaseous composition,
and the induced change A® in the work function of the gas-exposed catalyst-
electrode surface. Eq. (2.5), which was also confirmed experimentally for Pt
catalyst-electrodes interfaced to p”-Al,O3 [25, 26], a Na* conductor, allows to
write Eq. (2.3) as:

In (;) = % (2.6)

where @* = e Uyp* and k,, is Boltzmann constant.
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According to Eq. (2.6), electrophobic (@ > 0) and electrophilic (@ < 0) reactions
are accelerated respectively by an increase or decrease in the catalyst work function,
@, and by the concomitant decrease or increase in the availability of electrons from
the catalyst for chemisorptive bond formation [22]. Equation (2.6) implies that
catalytic rates depend exponentially on catalyst work function, which in many
EPOC studies, with 0%~ and cationic conductors, has been found to hold over
wide ranges of experimental conditions and work function (typically 0.2-0.8 eV)
on the basis of the corresponding catalyst potential change [1, 8, 13, 14, 19, 21, 22,
26-30]. More generally, it directly attributes the induced changes in catalytic activity
and selectivity under EPOC conditions to changes in the catalyst-electrode work
function, which alter the chemisorptive bond strengths and surface coverages of the
adsorbed reacting species.

From a practical perspective, Eq. (2.5) shows that the work function of metal
catalysts interfaced to solid electrolytes can be varied at will to influence their
catalytic properties in desirable directions. Moreover, on the basis of Eq. (2.5), it
can be anticipated [31] that in solid electrolyte cells the potential difference Uy
reflects the difference in the actual, adsorption and spillover modified, work func-
tions @y, and @y of the working and reference electrodes, respectively, i.e.,

CUWR = (I’W — (I)R (27)

Equation (2.7) shows that solid electrolyte cells can be used as work function
probes for their gas-exposed electrode surfaces. Moreover, it allows establishment of
an experimentally accessible absolute electrode potential scale in solid-state electro-
chemistry [32]. In 2001, Eq. (2.7) was experimentally validated by Tsiplakides and
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Vayenas [32] in YSZ cells with various combinations of porous Pt, Ag, and Au
working and reference electrodes exposed to O,-He, O,-H,, and H,-He mixtures,
above 600 K and typically over 0.8 to 1 V wide Uy ranges, using two Kelvin probes
to measure @y, and Dy, in situ and practically at the same time.

Up to 2001, electrochemical promotion with ZrO,(Y,03) (or YSZ) as well as
with mixed oxygen ion-electronic conductors (TiO,, CeO,, TiO,-doped YSZ) had
been studied in a large number of catalytic reactions using a variety of porous metal
and metal oxide catalyst-electrodes (Pt, Rh, Pd, Ag, Ag-Au, Au, Ni, IrO,, RuO,)
[1,23, 31, 33]. These reactions included not only oxidation of CO, deep oxidation of
light hydrocarbons (CH,4, C,Hy, C,Hg, C3Hg) and CH30H, and epoxidation of C,H,
and C3Hg but also NO reduction (by C,H, and by CO or C3Hg, in the presence of
0,), N,O reduction by CO, hydrogenation of CO and CO,, CH30H dehydrogena-
tion and decomposition, H,S decomposition, and CH,4 steam reforming, corroborat-
ing the general nature of EPOC [1, 23, 31, 33]. Rate enhancement ratios p up to
150 [34] and faradaic efficiencies A up to 3 x 10° [19] were reported. CH, steam
reforming on Ni-YSZ and Ni-YSZ cermet/YSZ [35] was the first EPOC study where
non-noble metal catalyst-electrodes were used. Concerning the r vs. Uy or, equiv-
alently, r vs. @ behavior over the entire experimentally accessible range (global
behavior), four types of behavior were observed depending on the catalytic system
and the experimental conditions: purely electrophobic behavior (0r/0 Uy > 0, Or/
0® > 0), as in C,H, oxidation on P/YSZ [19]; purely electrophilic behavior (0#/
OUwg <0, 0r/0® < 0), as in NO reduction by C,H, on Pt/YSZ [36]; volcano-type
behavior, i.e., a maximum in the reaction rate r with varying catalyst potential Uy
or work function @, as in CO oxidation on Pt/YSZ (under reducing conditions) [20];
and inverted volcano-type behavior, i.e., a minimum in r with varying Uy or @, as
in NO reduction by C3Hg on Rh/YSZ in the presence of excess O, [34].

An interesting aspect of EPOC discovered in 1997 by Comninellis and coworkers
in the reaction of C,H,4 oxidation on IrO,/YSZ [37] is the “permanent NEMCA” or
“permanent EPOC” (P-EPOC) effect, i.e., the remaining rate enhancement after
current interruption following prolonged anodic polarization of the catalyst-elec-
trode. Permanent EPOC, which is potentially important for practical applications
(e.g., utilizing EPOC during catalyst preparation), has been observed also in C,Hy
combustion on RuO,/YSZ [38] and Pt/YSZ [39] and in NO reduction by C3;Hg
[34, 40, 41] or CO [41] in the presence of O, on Rh/YSZ. Permanent EPOC with
YSZ has been explained by storage of promoting oxygen species at the catalyst-
electrode/YSZ interface and subsequent migration towards the catalyst/gas interface
after positive current interruption, through the catalyst-YSZ-gas three-phase bound-
aries [39, 42].
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2.2.2 EPOC with Cationic Conductors and Aqueous
Electrolytes

Studies concerning the discovery of EPOC and its first report as a general, electro-
chemically induced, catalytic effect were carried out using YSZ, an O>~ conducting
solid electrolyte. In 1991 C.G. Vayenas and his coworkers reported for the first time
EPOC using a Na* conductor, in the reaction of ethylene complete oxidation on Pt
interfaced to p”-Al,O3 solid electrolyte in a fuel cell type reactor (§”-Al,O5 tube)
[26]. An important conclusion of this study was that the observed EPOC features
were the same as those for ethylene complete oxidation on Pt/YSZ, in particular the
exhibited electrophobic behavior and the exponential dependence of rate on catalyst
potential (Eq. 2.3) [26], which supported the explanation of the EPOC effect on the
basis of an electrochemically induced alteration of the catalyst surface work func-
tion, as given by Eq. (2.5) [19]. Also, the fact that a very small sodium coverage,
equal to 0.015, was found sufficient to cause a pronounced 70% decrease in the rate
of ethylene oxidation provided strong evidence for “long-range” electronic interac-
tions, ruling out any interpretation of EPOC based on geometric factors [26]. The
main features observed in this work were confirmed some years later by Harkness
et al. [43] who studied the same system in a single pellet reactor [44] and over a
wider range of conditions, in parallel with kinetic and spectroscopic experiments
with Pt(111)/Na model catalysts. In this type of reactor, the Pt catalyst-working
electrode and two inert Au reference and counter electrodes were deposited on the
opposite sides of a B”-Al,O5 disk, all exposed to the reaction mixture. Besides the
application of a different reactor type, a new aspect of their work was the observation
of a volcano-type behavior (a maximum in the ethylene combustion rate) with
decreasing catalyst potential Uy (increasing sodium coverage), corresponding to
a very sharp cutoff of the rate below sufficiently negative values of Uy which was
attributed to extensive blocking of the Pt surface with sodium surface compound
(s) and to strongly enhanced competitive adsorption of oxygen. Moreover, over the
same range of sodium coverages, they observed agreement between the kinetic
behavior of the electropromoted Pt catalyst and that of the Pt(111)/Na model
catalyst, providing strong evidence for the role of sodium as the key promoting
species under conditions of EPOC with Na* conducting solid electrolytes.

From 1991 to 2003, EPOC using alkali ion conductors, specifically p’-Al,Os,
K-p"-alumina and NASICON (Na3Zr,Si,PO,,), was studied by the groups of C. G.
Vayenas in Patras, R.M. Lambert in Cambridge, and G. Haller in Yale in many other
reactions [1], including complete and partial oxidations (C,H, oxidation on
Pt/NASICON [45]; CO oxidation on Pt/p"-Al,03 [46]; C,H, epoxidation on Ag/p-
"-Al,03 [47]); NO reduction on Pt/p”-Al,03 by C,H, [48], CO [49], H, [50], or
C3Hg [51], on Rh/B”-Al,O3 by CO [52, 53] or C3Hg [52, 54], and on Cu/p”-Al,O3 by
CO [55]; hydrocarbon hydrogenations (CgHg hydrogenation on Pt/f”-Al,O3 [56]
and selective C,H, hydrogenation on Pd/p”-Al,O5 [57], Pt/f"-Al,O5 [58], and Pt/K-
(-alumina [59]); CO, hydrogenation on Pd/f"-Al,05 [28, 60]; and Fischer-Tropsch
synthesis on Ru/p”-Al,05 [14, 61] and Rh/K-B"-alumina [62]. The results of these
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studies confirmed that EPOC is not restricted to O*~ conductors and to oxidation
reactions but can be also induced with alkali ion conductors in many reaction types
providing a means of in situ controlled alkali promotion with numerous potential
applications. Since 2003, a large number of important new contributions to EPOC
with alkaline conductors have appeared, as summarized in recent reviews [5, 7, 63,
64], including the electrochemically assisted NO, storage/reduction on porous
Pt/K-p-Al,O3 [65] under negative/positive polarization, respectively. EPOC with
alkaline conductors for emissions control catalysis is fully described in Chap. 4. We
can also mention the K*-promoted (negative polarization) H, production by CH;OH
steam reforming on nanocolumnar Ni films deposited on K-p-Al,O5 and its simul-
taneous reversible storage in the presence of potassium species, mainly via spillover
of H atoms from Ni onto graphene oxide (GO) produced in situ via electropromoted
methanol decomposition [66]. This study is detailed in Chap. 9.

An attractive feature of using an alkali ion conductor for electrochemical promo-
tion is that the coverage of alkali electrochemically introduced onto the gas-exposed
catalyst surface can be accurately measured coulometrically. This allows easy
comparison with classical promotion studies and evaluation of the promotion
index PI;, which is an important phenomenological parameter for quantification of
the promoting or poisoning effect of a given species i (e.g., Na*) co-adsorbed on a
catalytic surface during a reaction. The promotion index PI; is defined from:

PI, % (2.8)

where r, is the catalytic reaction rate in the absence of species i and r — r, is the
induced rate change by a change A#; in the coverage 6; of the promoting
(or poisoning) species i. For the aforementioned reactions, promotion index values
up to 6000 have been reported for the sodium species supplied electrochemically
onto the catalyst surface [1]. An example of electrochemical promotion using a Na*
conductor is shown in Fig. 2.6 for ethylene epoxidation on Ag/f”-Al,O; in the
presence of 1,2-C,H,Cl, as moderator, studied in a single pellet reactor [47]. Neg-
ative current application, i.e., Na* pumping to the Ag catalyst-electrode, resulted in
enhancement of the ethylene epoxidation rate without affecting the ethylene com-
bustion rate and, concomitantly, in substantial increase of the selectivity to
C,H40. The latter reached a maximum value of 88% for a sodium coverage
of 0.03 and 1 ppm of 1,2-C,H,4Cl, in the gas phase. The strong promotional effect
of the electrochemically supplied Na species is reflected in the high values, up to
40, of the promotion index Ply,.

Proton conductors are another class of solid electrolytes which has been used to
induce electrochemical promotion of catalyst-electrodes [1, 11]. In 1990 Politova,
Sobyanin, and Belyaev in Novosibirsk reported reversible non-faradaic rate changes
in the reaction of ethylene hydrogenation on Ni interfaced to CsHSO,4, a H*
conducting solid electrolyte, upon electrochemical H" pumping to or from the
catalyst surface, corresponding to electrophobic EPOC behavior with enhancement
factor p and faradaic efficiency IAl values up to ca. 2 and 300, respectively [67]. This
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Fig. 2.6 C,H, epoxidation 102xByy,
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work was the first EPOC study using a proton conductor and also the first EPOC
study of a hydrogenation reaction. In the same decade, from 1993 to 2000, EPOC
was studied in several other reactions using a variety of H* conductors. In 1993,
M. Stoukides and his coworkers studied for the first time the non-oxidative coupling
of methane to ethane and ethylene on Ag interfaced to SrCeos5YbposO3 in a
one-chamber cell [68]. The reaction exhibited electrophobic behavior with p values
up to 8 and total selectivity to C, hydrocarbons near 100%; however, no faradaic
efficiency values were reported. The first report of the use of a proton conductor for
electrochemical promotion of an oxidation reaction appeared in 1996 by Makri et al.
[30] who investigated the effect of electrochemical pumping of H* on the rate of
ethylene combustion on Pt interfaced to CaZrjoIng 035, a solid electrolyte with
predominantly proton conductivity over the temperature range 380—450 °C that was
used in this study. Electrophilic EPOC behavior was observed, corresponding to
reversible increase of the rate of C,H4 combustion by up to 500% upon proton
supply to the catalyst-electrode film (negative current application) and to faradaic
efficiency IAl values up to 2 x 10%,

In 2000, Yiokari et al. [69] demonstrated for the first time electrochemical
promotion under high pressure (50 atm) and using a dispersed industrial
non-precious metal catalyst. Specifically, they achieved up to 1300% non-faradaic
(IAl = 6) enhancement of the rate of NH; synthesis on a state-of-the-art iron-based
industrial catalyst (BASF S6-10RED) by depositing it on proton conductor
Calng 1Zry 9035 pellets, using a mixture of catalyst powder and commercial Fe
paste, and electrochemically pumping H* to its surface. This work was also the
first demonstration of scale-up of an EPOC reactor as a multi-pellet configuration
(twenty-four Calng Zry903.5 pellets) was used (Fig. 2.7). Some years later
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Fig. 2.7 Multi-pellet EPOC reactor for NH3 synthesis at high pressure: (a) Machinable ceramic
holders and two Calng ;Zr90;_s pellets showing the location of the electrodes. (b) Twenty-four
pellet unit. (Reprinted with permission from ref. [69]. Copyright (2000) American Chemical
Society)

Stoukides and coworkers [70] also reported a similar weak EPOC effect (IAl and rate
enhancement ratio p less than 3 and 2, respectively) for NH; synthesis on an
industrial Fe-based catalyst-electrode interfaced to the H" conductor
S1Zr995Y0.0503.5 at 450-700 °C and atmospheric pressure. Recent advances on
the electrochemical promotion of ammonia synthesis are reviewed in Chap. 8.

The use of a solid polymer proton conductor in EPOC was reported for the first
time in 1997 by Tsiplakides et al. [71] who studied the oxidation of H, by O, at room
temperature on a Pt black catalyst-electrode deposited on Nafion 117 membrane,
with the other side of the membrane being in contact with a 0.1 M KOH aqueous
solution with a Pt wire counter electrode immersed in it. It was observed that positive
current application reversibly increased the rate of H, oxidation by up to a factor of
20, whereas the induced rate increase was up to 300 times larger than the electro-
chemical rate of H, oxidation, implying change in the chemisorptive bond strength
of adsorbed reactants with changing catalyst potential and work function (Eq. 2.5).
Smotkin and coworkers, also using Nafion as solid electrolyte, demonstrated in 1997
for the first time electrochemical promotion for a unimolecular and non-redox
catalytic reaction, specifically for the isomerization of 1-butene on a high surface
area Pd/C cathode deposited on Nafion 117 in a membrane electrode assembly
(MEA) with an essentially nonpolarizable Pt black/H, counter electrode
[72]. Under galvanic cell operation at 70 °C, the rates of cis- and trans-2-butene
formation increased dramatically, prior to a significant increase in butane formation
by 1-butene hydrogenation, passing through a maximum at a cell voltage of 0.16 V
and 0.1 V, respectively (Fig. 2.8). The enhancement factor p values at these maxima
were approximately 38 and 46, respectively, whereas the absolute value of the
faradaic efficiency for both isomers was approximately 28, denoting a strong
non-faradaic electrophilic behavior. A mechanistic study of this electropromoted
isomerization revealed that it is an acid-catalyzed reaction at the Pd surface facili-
tated by the superacidic Nafion electrolyte [73].
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An interesting EPOC study with Pb** ion conductor appeared in 2002, when
Lambert and coworkers reported the first demonstration of the use of electrochemical
promotion to in situ control, in a reversible and reproducible manner, the composi-
tion and catalytic performance of bimetallic surface Pt/Pb alloy for hydrogenation of
acetylene, via interfacing a porous Pt film with a Pb-p”-Al,05 electrolyte (a Pb>*
conductor) and electrochemically pumping of Pb>* to the Pt film [74, 75]. Increase in
selectivity to ethylene from 20% on pure Pt to 85% on a ~ 26% Pb alloy surface
formed via Pb>* pumping was observed, accompanied by a decrease in C,H,
conversion, which was attributed to weakening of the ethylene and acetylene
chemisorptive bonds.

In 1993 Anastasijevic et al. [76] were first to report a non-faradaic effect in
aqueous electrochemistry, specifically a current efficiency above 100% for H,
evolution during HCHO oxidation on Cu and Ag electrodes in 0.1 M KOH solution.
In 1994, Neophytides et al. [77] reported electrochemical promotion for H, oxida-
tion on a graphite-supported Pt electrode immersed in 0.1 M KOH solution and,
some years later, on a Pt black electrode [78], obtaining identical results. The
Pt/graphite or Pt black working electrode was deposited on a Teflon-frit through
which the reactant mixture was sparged, while a Pt counter electrode was positioned
in a separate compartment. Figure 2.9 shows a characteristic galvanostatic transient
obtained with the Pt/graphite electrode. As seen in the figure, the observed rate
changes in H, and O, consumption are reversible and non-faradaic, corresponding,
for I = 15 mA, to faradaic efficiencies equal to ca. 7 and 5, respectively, while the
rate relaxation time constant is on the order of 2FN/I, as in EPOC studies with o>
conductors (Eq. 2.4). Application of positive overpotentials in this system, i.e., OH™
supply to the Pt electrode, increased the rate of H, oxidation by up to 500% in a
non-faradaic manner with faradaic efficiencies up to 100 [77, 78]. Qualitatively
similar results were obtained using a 0.1 M LiOH solution. Similarly to
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Fig. 2.9 EPOC in H, oxidation on Pt/graphite in 0.1 M KOH: Transient effect of applied positive
and negative current / (15 mA and — 10 mA) on the rates of consumption of oxygen (ro, mol O/s)
and hydrogen (ry,, mol Hy/s); Py, = 0.75 kPa, Pp, = 1.06 kPa, gas flow rate F, = 280 cm>/min at
STP. Total Pt surface area Ng = 3.0 x 1075 mol Pt. (Reprinted from ref. [77] with permission from
Springer Nature)

electrochemical promotion with solid electrolytes, the observed EPOC behavior was
attributed to polarization-induced changes in the work function of the Pt surface and
to concomitant changes in the coverages and binding strengths of dissociatively
chemisorbed oxygen and hydrogen [1, 77, 78].

2.3 The Physicochemical Origin of EPOC: Rules
of Promotion

Since the early 1990s, EPOC had been conclusively associated with polarization-
induced changes of the catalyst-electrodes, and Eq. (2.5) had been experimentally
validated for oxygen and sodium ion conductors [24-26]; however, a detailed
understanding of the EPOC effect at the molecular level was missing. Starting
essentially from 1993, a large number of surface science, catalytic and electrochem-
ical techniques, as well as theoretical calculations and thermodynamic consider-
ations, mentioned in early and recent reviews [1, 2, 6, 8, 13, 14, 79-81], were
employed to determine the physicochemical origin of electrochemical promotion, in
particular as it concerns the nature of the promoting species and the catalyst surface
state under electrochemical promotion conditions.
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In 1993, X-ray photoelectron spectroscopy (XPS) was employed for the first time
to study the effect of polarization on Pt catalyst-electrode films interfaced with YSZ
[82]. Backspillover of oxygen species from the solid electrolyte onto the Pt surface
upon electrochemical oxygen pumping to the catalyst was evidenced by an almost
60% increase in the total Ols spectrum area compared to that under open-circuit,
which was accompanied by a shift of the peak maximum to lower binding energy by
ca. 1.8 eV (Fig. 2.10). The difference Ols spectrum revealed that two distinct
oxygen species existed on the Pt surface following oxygen pumping, specifically
chemisorbed atomic oxygen, at a binding energy of 530.4 eV (peak y), and a more
anionic oxygen species, at a binding energy of 528.8 eV (peak d). The latter oxygen
species, which was less reactive than normally chemisorbed oxygen under the
reducing UHV conditions, was identified as the promoter oxygen species responsi-
ble for electrochemical promotion of catalytic oxidations using O~ solid electro-
Iytes [1, 82].

In 1995, Neophytides and Vayenas used for the first time temperature-
programmed desorption (TPD) under high-vacuum conditions to investigate the
state of adsorbed oxygen on Pt catalyst-electrode films interfaced to YSZ as a
function of catalyst potential [83]. A more detailed TPD study of the same system
followed 3 years later by Neophytides et al. [84]. As shown in Fig. 2.11, gaseous
oxygen adsorption (¢ = 0) resulted in a single adsorption state, while mixed gaseous-
electrochemical oxygen adsorption via subsequent electrochemical supply of O?~
for various times (¢ = 125-3900 s) led to two distinct adsorbed oxygen states,
specifically a weakly bonded state, shifted to lower peak desorption temperature
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T, (by ca. 50 K) compared to that for oxygen adsorption from the gas phase only
(T, = 738 K), and a strongly bonded state (7, from 743 to 773 K) gradually
developing with increasing time of current application. Considering that the time
required for complete development of the strongly bonded oxygen state and the
relaxation time for the catalytic rate to reach its promoted state during galvanostatic
transients in EPOC experiments were both comparable to 2FNy/I (Eq. 2.4), equal to
2500 s, the conclusion drawn was that the strongly bonded oxygen state corresponds
to partially charged ionic oxygen species created on the catalyst surface upon
electrochemical pumping of O~ to the catalyst-electrode, which forces normally
chemisorbed oxygen to a more weakly bonded and more reactive adsorption state
acting as “sacrificial promoter” as it is also consumed reacting with the oxidizable
species present (e.g., CoHy, CO), at a rate I/(2F) at steady state [83, 84]. In this
context, the faradaic efficiency A (Eq. (2.1)) can be considered to express at steady
state the ratio of the turnover frequencies TOF, and TOF,, for the electrochemically
promoted reaction and for the consumption of the sacrificial promoting species,
respectively, or, equivalently, the ratio of the average lifetimes 7, and 7, of the
promoting species and of the adsorbed gas-supplied reactants on the catalyst surface,
the former estimated from the time decay of the reaction rate upon current interrup-
tion [1, 13].

The aforementioned XPS [82] and TPD [83, 84] studies of the Pt/YSZ system
provided for the first time evidence for creation of a strongly bonded oxygen state on
the Pt catalyst surface upon positive polarization, which does not form via adsorption
from the gas phase and can act as a sacrificial promoting species in catalytic
oxidations under EPOC conditions by weakening the binding strength of the more
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Fig. 2.12 CO oxidation by 0, on Pt /YSZ: Low-temperature (T = 225 °C) galvanostatic transient
(P1g0, = 8 X 108 mbar, Perisp =25 x 108 mbar) leading to non-faradaic behavior; see text for
discussion. (Reprinted from ref. [86], with permission from Elsevier)

reactive normally adsorbed oxygen. Since these first studies and up to 2001 the
electrochemically induced creation of promoting oxygen species on metal catalyst-
electrodes and the sacrificial promoter mechanism of EPOC with O*~ conductors
had been corroborated by the results of many spectroscopic (including XPS, ultra-
violet photoelectron spectroscopy (UPS), photoemission electron spectroscopy, and
surface enhanced Raman spectroscopy) and electrochemical (AC impedance, cyclic
voltammetry, potential programmed reduction) techniques [1]. Direct confirmation
of the sacrificial promoter mechanism came in 2004 by Katsaounis et al. [85, 86]
who studied under high-vacuum conditions both the adsorption of 80, [85] and the
oxidation of CO by '80, [86] on electropromoted catalyst-electrode Pt films
interfaced to YSZ. Their results showed clearly that under anodic polarization '°O
from the YSZ lattice migrates onto the Pt catalyst surface, acting there as a sacrificial
promoter since the '®0®~ species both react with CO and promote the catalytic
reaction between CO and adsorbed '®O from the gas phase. This is illustrated in
Fig. 2.12 [86], which shows that upon positive (/ = +1 pA) or negative (I = —1 pA)
current application the induced increase or decrease, respectively, of the rate of
C'0, is very small and (sub)faradaic (Arcisg,/(I/(2F)) < 1), whereas the
corresponding increase or decrease of the rate of C'°0'®0 formation is much larger
and non-faradaic, i.e., at steady state |Arcisyisp| is ca. 11.4 and 9.6 times larger than
the rate |11/(2F) of supply or removal, respectively, of O*~ to or from the Pt catalyst.

In 2007, P. Vernoux and his coworkers validated the sacrificial promoter mech-
anism of EPOC with O*~ conductors under real operating conditions, by performing
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0,-TPD in the Pt/YSZ system under atmospheric pressure in the presence and
absence of propane in the gas phase [87]. In continuation of this work, isotopic
labeling experiments were performed by Tsampas et al. [88, 89] to operando
investigate EPOC in the reaction of propane combustion on Pt/YSZ under atmo-
spheric pressure and distinguish the role of oxygen species originating from the gas
phase and from the YSZ solid electrolyte. In agreement with the sacrificial promoter
model, application of positive polarization resulted in pronounced electropromotion
(faradaic efficiency A up to 35) of the reaction of propane with gaseous O, (C'*0,
production) and to significant surface oxygen exchange at the gas-Pt-YSZ bound-
aries generating active oxygen species, as evidenced by the production of C'°0'*0
which was also promoted but to a lesser extent, whereas production of C'°0, via
(sub)faradaic electrochemical oxidation of propane by O* was also observed
(Fig. 2.13) [88, 89].

The origin of EPOC when using alkali ionic conductors and the nature of the
promoting alkali surface phases have been investigated by a large number of
catalytic, spectroscopic, and surface imaging techniques [1, 6]. In 1995 and 1996
Lambert and coworkers combined for the first time kinetic and spectroscopic
(postreaction XPS, Auger electron spectroscopy (AES), and TPD) data obtained
with a Na-dosed Pt(111) single crystal and electrochemical promotion data for the
reactions of ethylene combustion [43] and NO reduction by ethylene [48] on Pt films
supported on f”-Al,O;. The observed agreement in the kinetic behavior of the Pt
(111)/Na model catalyst with that of the electropromoted Pt film catalyst over the
same range of sodium coverages provided strong evidence that reversible sodium
backspillover is the origin of EPOC with Na* conductors. Moreover, postreaction
XP and Auger spectra showed that the chemical state of the promoting sodium
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depends on reaction conditions. From 1996 to 2003, Lambert and coworkers
performed in situ and ex situ XPS, UPS, AES, and X-ray absorption near edge
spectroscopy (XANES) studies on Pt/p”-Al,O5 [1, 51, 90], Rh/p”-Al,O5 [52, 54],
Cu/p’-AL,05 [55, 91], PUK-B"-Al,05 [59], and Rh/K-p”-Al,O3 [62] under condi-
tions simulating EPOC or after EPOC experiments (postreaction). These studies,
which are summarized in a recent review [6], further confirmed that electrochemical
promotion with alkali ion conductors is due to reversible backspillover of alkali
species from the solid electrolyte to the catalyst-electrode. Moreover, they showed
that the surface chemical state of the electrochemically pumped alkali is the same as
that for alkali adsorbed on the surface via vacuum deposition and that under reaction
conditions the alkali promoter is present as surface compounds with submonolayer
coverage and with nature dependent on the composition of the reactive gas phase
(e.g., as a mixture of NaNO, and NaNOs in NO reduction by propene or as Na,CO;
in propane oxidation on Pt/f”-Al,0z [14]). Lambert and coworkers have also
reported a linear correlation between catalyst potential Uyg and catalyst work
function @ in the Rh/B’-Al,O5 [14, 53] and Cu/p’-Al,O3 [91] systems over an
extended range of catalyst potential (AUywg ~ 2 V and 0.9 V, respectively) and
submonolayer sodium coverages, by determining the work function of Rh and Cu
via UPS (secondary electron cutoff method). After 2003, ex situ (postreaction)
SEM/EDX, XRD, XPS, and FTIR analyses as well as cyclic voltammetry have
been also employed by the groups of P. Vernoux, J. L. Valverde, and A. de Lucas
Consuegra to study the nature and arrangement of the potassium promoter phases
present on the catalyst surface under EPOC conditions in the reactions of
low-temperature propene oxidation on Pt/K-f-Al,03 [92] and partial oxidation of
methanol on Pt/K-p-Al,O3 [93] and Cu/K-B-Al,O5 [94].

In 1996, Vayenas and coworkers used successfully scanning tunneling micros-
copy (STM) to follow the polarization-induced reversible migration of sodium
across macroscopic (on the order of mm) distances from a p”-Al,O3 pellet to the
surface of a Pt(111) single crystal deposited on it and exposed to air [95], also
achieving for the first time imaging of an electropromoted catalyst-electrode surface
with atomic-level resolution. They observed that electrochemical pumping of
sodium to the Pt(111) surface caused, at low sodium coverages (less than 0.05),
the creation of a Pt(111)-(12 x 12)-Na adlayer (interatomic distance of 33.2 A)
which was present over atomically huge domains of the Pt(111) surface, overlapping
the well-known Pt(111)-(2 x 2)-O adlattice (interatomic distance of 5.6 A) formed
by oxygen adsorbed from the gas phase. The Pt(111)-(12 x 12)-Na adlayer
disappeared upon reversal of the direction of sodium pumping, leaving the Pt
(111)-(2 x 2)-O adlattice intact. Some years later, an STM study of an air-exposed
Pt(111) single crystal interfaced to an YSZ pellet similarly demonstrated the revers-
ible migration of promoting oxygen species upon polarization, i.e., under conditions
simulating EPOC, which formed a (12 x 12)-O adlattice coexisting with the
underlying (2 x 2)-overlayer of the normally chemisorbed oxygen from the gas
phase [96]. On a distance scale larger than that in STM studies, scanning photoelec-
tron microscopy (SPEM) has been used by Lambert and coworkers to image the
spatial distribution and time dependence of electro-pumped alkali at the surface of
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polycrystalline Cu interfaced to ”-Al,05 [91] and at the surface of polycrystalline Pt
interfaced either to p”-Al,O3 [14] or to K-p”-Al,O3 [59]. In all cases a practically
uniform spatial distribution of the alkali was observed, with its surface concentration
increasing with decreasing potential of the Pt or Cu electrode.

All the experimental techniques and theoretical studies that have been used to
investigate the physicochemical origin of electrochemical promotion [1, 2, 6, 8, 13,
14, 79-81], mostly with 0%~ and alkali ion conductors, have confirmed that EPOC is
due to the electrochemically controlled introduction of partially charged promoting
species from the solid electrolyte (or mixed ionic-electronic conductor) support to
the gas-exposed catalyst-electrode surface. These electrocatalytically created spe-
cies, accompanied by their compensating (image) charges in the electrode, form an
overall neutral double layer on the catalyst/gas interface, as shown schematically in
Fig. 2.14. The presence of this effective double layer, whose density and field
strength in it vary with varying catalyst potential, affects the electronic properties
(work function) of the catalyst surface and concomitantly its chemisorptive proper-
ties, thus inducing pronounced and reversible alterations in catalytic rates and
selectivity. It is noted that although the nature of the promoting species under
EPOC conditions has been extensively studied for O>~ and alkali ion conductors,
establishing the sacrificial promoter mechanism [1, 13] in the former case, much less
is known about the promoting species formed on the catalyst-electrode surface in
EPOC with H" conducting electrolytes, in particular in oxidation reactions. In this
case it has been proposed that adsorbed hydroxyl species formed by association of
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the migrating protons with chemisorbed atomic oxygen act as sacrificial promoters
[1, 97].

In 2001, a systematic and meticulous search of the electrochemical promotion
literature allowed Vayenas and coworkers to classify reactions in four types
(electrophobic, electrophilic, volcano, and inverted volcano-type reactions, as
defined in Sect. 2.2.1) on the basis of the rate versus catalyst potential or work
function behavior and, moreover, establish simple and rigorous rules which permit
prediction of the electrochemical promotion behavior on the basis of the reaction
kinetics under unpromoted conditions or the chemisorptive bond strengths of the
electron donor (D) and electron acceptor (A) reactants on the unpromoted catalyst
[1, 98]. These rules were extended also to chemical promotion [1, 98] which was
validated some years later using the chemical (classical) promotion literature
[99]. The four global promotional rules (R1 to R4), which predict the rate r vs.
catalyst potential Uy or work function @ behavior over the entire experimentally
accessible range (typically, over 1.5 to 2 eV for @), are summarized schematically in
Fig. 2.15 [100]. Vayenas and Brosda [100] showed that these four promotional rules
can be combined in a single generalized rule which states that the r vs. @ dependence
always traces the rate vs. electron donor (D) reactant partial pressure dependence.
Vayenas and coworkers also demonstrated that the electrostatic interaction between
the electric field in the effective double layer and the adsorbate dipoles leads to
Frumkin-type electrochemical isotherms, consistent with the experimentally
observed in TPD studies linear changes of heats of adsorption with catalyst work
function [1, 98], and to generalized Langmuir-Hinshelwood kinetics which success-
fully model the kinetics of promoted catalytic reactions, in good semiquantitative
agreement with experiment, also mathematically describing the rules of promotion
[1, 101].

The validity of the aforementioned rules of promotion and modelling of promoted
catalytic kinetics for both electrochemical promotion, where the promoter level on
the catalyst surface is varied in situ by varying catalyst potential, and for chemical
(classical) promotion, where the promoters are typically added ex situ in the course
of catalyst preparation, underlines their functional similarity and only operational
differences [1, 99] which had become evident already from the first studies of the
origin of EPOC, in particular those with alkali ion conductors. However, the in situ
controllable reversible promotion and the ability to create and continuously replenish
short-lived but extremely effective promoter species, such as O%, that are not
available in classical promotion are distinct features of EPOC and important oper-
ational advantages [1, 102], highlighting its practical usefulness.

In 2001 it was also shown that EPOC with O*~ conductors is functionally
equivalent with metal-support interaction (MSI) promotional phenomena in dis-
persed nanocrystalline metal (Pt, Rh) or metal-type conducting oxide (IrO,) catalysts
supported on porous O conducting (e.g., YSZ) or mixed ionic-electronic
conducting (e.g., WOj3-doped TiO,) supports [1, 103]. In both cases backspillover
of oxygen ions to the catalyst surface is the dominant promoting mechanism; thus
EPOC can be considered an electrically controlled MSI [1, 102, 103]. The common
underlying principle is shown schematically in Fig. 2.16. In conclusion,
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electrochemical promotion, promotion, and MSI on ionic and mixed conducting
supports are all three facets of the same phenomenon and are due to the interaction of
the adsorbed reacting species with the effective double layer formed by promoting
species at the gas-exposed catalyst surface [1, 102].
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Fig. 2.16 Schematic of a metal grain (~pm) in a metal catalyst film deposited on YSZ or TiO,
under EPOC conditions (left) and of a metal nanoparticle (~nm) deposited on a porous TiO, support
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and of the effective double layers formed at the metal-gas interface. (Reprinted (adapted) with from
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2.4 From Fundamentals to Applications

Since its discovery, EPOC has been studied in more than 80 catalytic reactions
(including oxidation, hydrogenation, and dehydrogenation, NO, reduction and stor-
age, decomposition, isomerization, and reforming reactions) using a variety of metal
(mostly noble metal) or metal-type oxide catalysts supported on many different ionic
or mixed ionic-electronic conductors, as summarized in a number of early and recent
reviews [1, 2, 7, 8, 11]. EPOC has also been reported in a few catalytic systems with
aqueous electrolytes [1, 76-78, 104, 105] and inorganic melts [1, 106], including a
very recent study of methanol electrolysis with methanol-KOH solution introduced
in both the anode and cathode, where the observed over-faradaic H, production was
attributed to electrochemical promotion of the catalytic methanol decomposition at
the Pd/C cathode by K* ions supplied from the liquid electrolyte under electrolysis
conditions [107]. Over the years, there has been a gradual shift of the interest from
EPOC studies of model reactions (originally oxidation reactions of C,H, and CO),
mainly aiming to elucidation of the origin and molecular-scale mechanism of this
effect, to EPOC studies of reactions of environmental and industrial importance,
such as selective catalytic reduction (SCR) of NO,, H, production by catalytic
reforming or partial oxidation, and CO, hydrogenation [1, 2, 7, 8, 11, 108—
112]. In particular, electrochemical promotion of CO, hydrogenation has attracted
increased interest in recent years aiming to management and mitigation of CO,
emissions [2, 28, 29, 109-111, 113-118]. Recently, there is also growing interest for
electrochemical promotion of non-noble transition metal [2, 66, 94, 109, 118-121]
and metal oxide [122, 123] catalysts, driven by the need to develop sustainable and
commercially viable processes, with the research efforts focused on H, production
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[66, 94, 119, 120], CO, hydrogenation to hydrocarbons and other organics
[118, 121], reverse water gas shift (RWGS) reaction [109, 122], and gas phase
Brgnsted acid-catalyzed reactions [123]. Theoretical modelling of EPOC using
quantum mechanical calculations, which started in 1996 by Pacchioni et al. [124]
and continued later by Leiva et at. [125], has also drawn increased interest recently,
in particular by Steinmann, Baranova, and coworkers who have used density
functional theory (DFT) calculations and ab initio atomistic thermodynamics to
study the origin of EPOC in C,H4 oxidation on RuO,/YSZ [79] and in CH,
oxidation on Pt/'YSZ [126].

Besides its fundamental scientific importance, EPOC has a great potential for
practical utilization, although its commercial application is still missing for several
technical and economic reasons [1, 2, 5, 8, 12, 13, 127]. The main technical obstacles
for practical utilization of EPOC have been (a) the very low dispersion (less than
ca. 0.01%) of the porous metal films (0.1-5 pum typical thickness) and (b) the lack of
compact, efficient, and cheap reactor designs allowing electropromotion of the
catalyst with a minimum number of electrical connections [2, 11-13]. Efforts to
address these issues and foster practical applications of EPOC have started since the
mid-90s with contributions by different groups, as summarized in recent reviews
[2, 5,8, 12, 128] and concisely described below.

2.4.1 EPOC via Polarization in Bipolar Configuration

In 1997 Marwood and Vayenas demonstrated EPOC in C,H, combustion on a Pt
stripe catalyst deposited on YSZ between two Au electrodes in a bipolar configura-
tion where the Pt catalyst was electronically isolated, i.e., not used as an electrode,
and polarization was applied between the two catalytically inert terminal Au elec-
trodes [129]. Although the maximum rate enhancement ratio obtained in this bipolar
configuration was a factor of 2 smaller than that obtained in the conventional
monopolar configuration, which was attributed to current bypass and nonuniform
distribution of the work function in the bipolar Pt electrode, it was clearly shown for
the first time that EPOC can be induced without direct electrical connection to the
catalyst [129]. Some years later the same idea was successfully extended to multi-
stripe and multi-dot bipolar Pt catalysts [130]. In 1999, Comninellis and coworkers
used a bipolar configuration to demonstrate for the first time EPOC of C,H,
combustion on RuO, catalyst deposited (by thermal decomposition of RuCl;xH,0)
on the inside of the channels (2 mm ID) of a cylindrical YSZ monolith (2.2 cm dia. X
1 cm height, 37 channels) in a plug flow reactor assembly, reporting enhancement
factor and faradaic efficiency values up to 1.5 and 90, respectively, even for high
(36%) open-circuit C,H, conversions [131]. A schematic of this bipolar design is
shown in Fig. 2.17a [132].

In 2010 bipolar configurations were used for the first time to electropromote
isolated metal nanoparticles [133—135]. Comninellis and coworkers demonstrated
EPOC of CO oxidation (under high vacuum) on isolated Pt nanoparticles (60 nm)
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Fig. 2.17 Monolithic (multiple-channel) bipolar configurations for EPOC in ethylene combustion
on RuO, deposited on YSZ (a) and in methane combustion on Pd isolated particles deposited on
YSZ (b). (Reprinted (adapted) from refs. [132, 135], with permission from Elsevier)

sputter-deposited on a rectangular YSZ pellet by applying in plane polarization
between two Au electrodes in a bipolar configuration [133, 134]. They also used
for the first time isotopic '®0, as oxidant to accurately quantify EPOC in a bipolar
system of non-percolated nanoparticles [134]. Vernoux and coworkers reported
non-faradaic inhibiting effect on the rate of CH,; combustion on isolated Pd
nanoparticles deposited (by electroless deposition) on the inner surface of an YSZ
honeycomb cylindrical monolith (3.2 cm dia. x 3.2 cm height, with ca. 600 channels
I mm X 1 mm), upon applying polarization between a continuous Pd film deposited
in the center channel and a Au film painted on the outer surface of the monolith
(Fig. 2.17b) [135]. Such monolithic bipolar designs are in principle promising as it
concerns scale-up of EPOC reactors; however, there are several technical issues to be
addressed, including the current bypass [132] and the limited thermal stability of the
metal nanoparticles as they are not deposited on a porous substrate [2].

2.4.2 Monolithic Electropromoted Reactors (MEPR)

A big step towards practical application of EPOC was the development of the
monolithic electropromoted reactor (MEPR), whose successful operation was dem-
onstrated for the first time in 2004 in the reactions of C,H,; combustion and NO,
reduction by C,Hy in the presence of O,, on Pt and Rh catalysts [136]. The MEP
reactor can be considered as a hybrid between a planar solid oxide fuel cell (SOFC)
and a monolithic honeycomb reactor [12, 136]. A schematic and a picture of the
MEPR are shown in Fig. 2.18. The reactor consists of several (typically >10) parallel
solid electrolyte plates (flat or ribbed) positioned in properly carved grooves on the
opposite internal surfaces of a ceramic casing. Thin (ca. 2040 nm) porous catalyst
films are sputter-deposited on both sides of the plates, exposed to the same reaction
mixture. Suitably painted metal films on the surfaces of the grooves create two
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Fig. 2.18 Schematic and picture of the monolithic electropromoted reactor (MEPR). (Adapted
from refs. [136, 137], with permission from Elsevier)

current collectors, the one providing electrical contact among all catalyst films on the
top sides of the plates and the other among all catalyst films on the bottom sides of
them. The entire assembly is enclosed in a properly designed stainless steel gas
manifolding casing.

The MEP reactor is a simple, compact, and efficient reactor for practical utiliza-
tion of EPOC. It requires only two external electrical connections to polarize
simultaneously the catalyst films on all plates (with opposite polarity the two films
on the two sides of each plate) and one of the plates can be used as a gas sensor
element, there is only a single gas stream to and from the reactor, as in classical
catalytic reactors, it is easily assembled and dismantled, permitting easy replacement
of the solid electrolyte plates whenever necessary, and it exhibits very good thermal
and mechanical stability, which allows its use in harsh environments
[12, 136]. Equally important, the use of thin sputtered metal electrodes with metal
dispersions higher than 10%, i.e., comparable with those of supported commercial
catalysts, allows overcoming a major economic obstacle for practical utilization of
EPOC which is the very low dispersion (less than 0.01%) and hence the poor metal
utilization of the typically 0.1-5 pm-thick catalyst films used in EPOC studies
[12, 136]. However, the thermal stability of the sputtered thin metal films may be
low for practical long-term operation [2]. Since 2004, MEP reactors with YSZ
electrolyte have been successfully implemented for EPOC of C,H; combustion
[136, 138] and NO reduction by C,H, in the presence of O, on Pt and Rh
[112, 136], including testing with simulated and real exhaust gas of a diesel engine
[139], SO, oxidation on Pt [140], CO, hydrogenation on Rh, Pt, and Cu [118], and,
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more recently, CO, hydrogenation on Ru [137, 141], at high hourly space velocities
in all cases (up to ca. 3 x 10* h_1[140]).

2.4.3 Electrochemical Promotion of Highly Dispersed
Catalysts

The electrochemical promotion of a highly dispersed metal catalyst was first reported
in 1998 by Marwood and Vayenas [142] in the reaction of C,H4 combustion on
finely dispersed Pt (dispersion higher than ca. 20%) in a porous Au film electrode
deposited on YSZ electrolyte. This finding pointed the way to practical applications
of EPOC as supported highly dispersed metal catalysts exhibit efficient metal
utilization, which is particularly important in case of noble metal catalysts, and
improved thermal stability. Since this first demonstration of EPOC with highly
dispersed catalysts, two main approaches have been followed in this direction,
specifically dispersion of the catalytically active phase in an electronically or
ionically conducting matrix and dispersion of the catalytically active phase in a
mixed ionic-electronic conductive matrix, as concisely described below. Relevant
work up to 2017 is summarized in recent reviews [2, 8].

2.4.3.1 Electrochemical Promotion of Metal Nanoparticles Dispersed
in an Ionically or Electronically Conducting Matrix

In these EPOC systems, the ionically or electronically conducting matrix with the
dispersed metal nanoparticles is deposited as film on a dense solid electrolyte
element. Metal nanoparticles dispersed in an ionic conductor can also be deposited
on a porous interlayer metal film supported on the dense solid electrolyte. The ionic
promoting species are electrocatalytically created at the boundary between the gas
phase, the solid electrolyte, and the electronically conductive phase and then migrate
(backspillover) to the catalytic sites. The main drawback of this design is
the difficulty of the ionic species to backspillover via the conductive support from
the solid electrolyte to the catalytic active sites at the surface of the nanoparticles.
The particular approach has been recently applied in the following catalytic systems:

e CO; hydrogenation (to CH; and CO) on Ni- and Ru-impregnated carbon
nanofibers (CNFs) deposited on dense YSZ, in various configurations [143]. Neg-
ative polarization resulted in weak enhancement of the CO, consumption rate
and, for the Ni-based catalyst, of the selectivity to CHy, whereas the rate enhance-
ment ratio for CH, (electrophilic behavior) was up to 3. The observed weak
electropromotion was attributed to the limited transport of O~ along the CNF
support.

e H; production from CH;OH via partial oxidation and steam reforming on Pt
nanoparticles dispersed on a diamond-like carbon (DLC) matrix deposited on
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Fig. 2.19 CO, hydrogenation on Ru-Co nanodispersed in BZY powder and deposited on a Ru film
supported on a dense BZY disk: (a) Schematic of the BZY support disk and of the three electrodes.
(b) Effect of catalyst potential Uy and dispersed Ru-Co/BZY catalyst loading, mg,,_c./pzy, on the
selectivity to CH4 and CO. Py, = 7 kPa, T = 450 °C, total flowrate F, = 200 cm>/min. (Reprinted
(adapted) from ref. [111], with permission from Elsevier)

dense K-f-Al,O; [144]. Electrochemical pumping of potassium ions to the
catalyst resulted in increase of the H, production rate up to 2.5 and 3.4 times in
partial oxidation and in steam reforming of CH;OH, respectively, under optimal
coverage of the potassium promoter.

* CH, combustion on Pd dispersed (up to 27% dispersion) on a porous interlayer
YSZ film deposited on dense YSZ [145], aiming to a more intimate contact
between YSZ and the palladium phases under reaction conditions. Electrophobic
electrochemical promotion with faradaic efficiencies ranging from 8 to
61, depending on the CH4/O, ratio, was reported. It is noted that CH4 combustion
has been also studied on Pd dispersed on a porous interlayer CeO, film deposited
on dense YSZ [146]. This system exhibited high catalytic activity but no
electropromotion was achieved.

e CO; hydrogenation (to CH, and CO) on nanodispersed Ru-Co in BZY which was
deposited on a porous interlayer Ru film supported on dense BZY
(BaZry gsY0.1503 + 1 wt.% NiO) proton conductor (Fig. 2.19a) [111]. This was
the first study exploring the similarities between EPOC and MSI for the case of a
H* conducting support (BZY) and the first EPOC study of a dispersed Ru-Co
catalyst. Anodic polarization (proton removal from the catalyst) resulted in
reversible non-faradaic increase of the methanation rate (electrophobic behavior),
with faradaic efficiency values up to 65, and in parallel decrease of the CO
production rate (electrophilic behavior). The selectivity to CH, varied between
16% and 41% with varying catalyst potential and dispersed Ru-Co/BZY loading
(Fig. 2.19b). An important conclusion of this study was that both the Ru film and
the Ru-Co nanoparticles were electropromoted, which implied that the
polarization-imposed work function change on the Ru film is also imposed to a
large extent on the metal nanoparticles of the dispersed Ru-Co/BZY catalyst.
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CO; hydrogenation (to CH,; and CO) on nanodispersed Ru in YSZ (2 wt.%
Ru/YSZ) which was deposited on a porous interlayer Ru film supported on
dense YSZ [147]. Small non-faradaic enhancement of the CH, production rate
with parallel decrease in the CO production rate was observed upon positive
polarization (O*~ pumping to the catalyst). The weak electrochemical promotion
was attributed to the fact that the catalyst was in a promoted state due to thermally
induced backspillover of 0>~ from the YSZ support.

2.4.3.2 Electrochemical Promotion of Metal Nanoparticles Dispersed

in a Mixed Ionic-Electronic Conducting Matrix

The idea behind this approach is that mobility of both electrons and ions in the
catalytic layer can yield significant electrochemical promotion of the dispersed
catalytic nanoparticles [2]. The particular approach has been recently applied in
the following catalytic systems, adopting different strategies:

H, production from steam reforming, partial oxidation, and autothermal steam
reforming of CH, at 500 °C, on a composite electrode Pt-Pt/YSZ electrode
deposited on a dense Na-f-Al,Oj; electrolyte disk, using an ink prepared by
mixing a commercial Pt paste with powder of a dispersed 3 wt. % Pt on YSZ
catalyst [148]. Positive polarization resulted in increase of H, production, as
chemisorption of CH, species was enhanced, but also to deactivation due to
carbon deposition. However, in situ regeneration of the catalytic activity was
possible, in particular under autothermal reforming conditions, by applying
negative polarization, i.e., by supplying Na* to the catalyst, due to the induced
increase in the coverage of H>O and oxygen (electron acceptors) responsible for
the deposited carbon removal. This behavior, which is shown in Fig. 2.20,
demonstrated the possibility of cyclic operation between electropromoted H,
production from CH, at relatively low temperature (500 °C) and in situ regener-
ation of the catalyst, under fixed reaction conditions.

Propane combustion on Pt nanoparticles (3—20 nm) dispersed (~15% dispersion)
on a porous LSCF/GDC (La0,6Sr0.4C00_2Feo_803,5 /Ceg.nga,O]_%)ﬁlm (75 um
thick) deposited on dense GDC [149]. Electrophobic EPOC behavior was
observed corresponding to increase of propane conversion up to 38% and appar-
ent faradaic efficiency up to 85. This study demonstrated the ability to
electropromote metal nanoparticles dispersed in a porous mixed ionic-electronic
conducting (MIEC) electrode (LSCF/GDC), its ionic conductivity ensuring the
transport of the ionic oxygen promoting species from the solid electrolyte (GDC)
to the nanoparticles.

C,H, combustion on Ru nanoparticles (1.1 nm) dispersed on CeO, (a mixed
electronic — O conductor) with the 1 wt.% Ru/CeQ, electrode deposited on
dense YSZ, using a suspension of Ru/CeQO, powder in ethanol [150]. Electrophilic
EPOC behavior was observed with up to 2.5 times increase in the catalytic rate
and absolute values of faradaic efficiency up to 96. The increase of the C,H,
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Fig. 2.20 Autothermal steam reforming of CH,4 on a composite Pt-Pt/YSZ electrode deposited on
Na-B-AlyOs: Influence of the applied cell potential (two-electrode set-up) on H, production rate
during the reproducibility experiment. 7= 500 °C. Feed composition: CH4/H,O0/O;: 1%/4%/0.2%
in N,. Total flow rate: F;, = 6 L/h. (Reprinted (adapted) from ref. [148], with permission from
Elsevier)

combustion rate with negative polarization was associated with partial reduction
of CeO, and with formation of a stronger metal-support interaction (MSI)
between the Ru nanoparticles and the partially reduced CeO,.y, i.e., with in situ
electrochemical enhancement of the MSI effect.

o Selective partial oxidation of methanol on Au nanoparticles (2—10 nm) dispersed
in an ultrafine grained YSZ matrix, with the composite Au/YSZ catalyst-electrode
deposited on dense K-f-Al,O; [151]. The Au/YSZ catalyst film, which was
highly selective towards HCOOCH; formation and stable under reaction condi-
tions, was prepared by reactive co-sputtering of Au and Zr-Y targets. This novel
preparation method resulted in Au nanoparticles confined in the YSZ matrix but
in contact with the reacting mixture [2, 151]. At 280 °C, electrochemical pumping
of K* ions to the catalyst (negative polarization) resulted in enhancement of the
H, and HCOOCHj; rates by more than 9 and 5 times, respectively (electrophilic
EPOC behavior), for a potassium coverage of ca. 0.5, which demonstrated the
suitability of the employed configuration for electropromotion by potassium of a
highly dispersed Au catalyst.

* CH, combustion on nanodispersed Pd supported on porous Co3;04 (5 wt.%
Pd/Co30,) with the Pd/Cos;0, electrode deposited on dense YSZ [152]. This
was the first EPOC study where the catalyst consisted of metal nanoparticles
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supported on a semiconductor (i.e., Co30,), the latter acting both as an electronic
conductor and as a pathway for the oxygen ions to reach the Pd nanoparticles.
Positive current application under reducing conditions resulted in increase of the
CO, production rate by up to 2.5 times, with faradaic efficiency up to 80.

e CO; hydrogenation (to CH, and, mainly, to CO) on nanodispersed Ru (0.7—1 nm)
supported on porous Co304 (2 wt.% Ru/Co3;0,4) with the Ru/Coz0, catalyst-
electrode deposited on dense BZY (BaZrpgsYp. 1503 + I wt.% NiO) proton
conductor [110]. Weak electrophilic EPOC behavior of the CO production rate
was observed under oxidizing conditions. The low rate enhancement ratios were
explained considering that the catalyst was already in a promoted state due to
enhanced MSI effect (“wireless” EPOC) [103].

2.4.4 Wireless Self-Driven and Self-Sustained
Electrochemical Promotion

In 1993, Cavalca et al. [153], in their study of electrochemical promotion of CH;0H
oxidation on Pt/YSZ in a single chamber flow reactor, demonstrated for the first time
that it is possible to induce electrochemical promotion in an oxidation reaction
applying not an external polarization but utilizing the potential difference between
the active Pt catalyst-electrode and a more inert Au counter electrode, which results
from the reaction-induced lower oxygen activity on the Pt catalyst. The observed
electrophobic self-driven “wireless” electrochemical promotion (wireless NEMCA),
realized by short-circuiting the Pt catalyst and the Ag counter electrode, was
explained by the continuous supply of promoting ionic oxygen species from the
YSZ support to the Pt surface, while the spent O~ were continuously replenished by
oxygen from the gas phase.

Almost 15 years later, the concept of wireless EPOC was realized by Poulidi et al.
in C,H4 combustion over a porous Pt catalyst film deposited on one side of a dense
pellet of a mixed ionic-electronic conductor (MIEC) in a dual chamber reactor
consisting of the reaction side and a sweep side where a second Pt electrode
deposited on the other side of the MIEC pellet was exposed to a sweep gas
[154, 155]. In this configuration, the driving force for migration of the promoting
species is the chemical potential difference across the MIEC generated by using an
appropriate sweep gas, while the mixed conductivity eliminates the need for an
external circuit by internally  short-circuiting the  system. Both
Lay ¢Srp 4Cog 2Fe 3035 (a mixed oxygen ion-electronic conductor) [154, 156] and
Srp.97Ce0.9Ybg 103.5 (a mixed protonic-electronic conductor) [155] have been used
as MIEC supports, while moderate rate increases, compared to symmetric operation,
were induced via exposure of the Pt electrode in the sweep side to an O, and a H,
atmosphere, respectively. Wireless electrochemical promotion in a similar dual
chamber set-up was reported recently for CO oxidation on Pt supported on
BaCe ¢Zrp,Y(,05.5, a mixed protonic-electronic conductor at temperatures up to
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650 °C, with a maximum rate increase of 10% observed upon introduction of H,/He
flow in the sweep side [157]. Wireless EPOC has been also investigated in CoHy
combustion over Pt supported on a Lag St 4Cog 2Feq §03.5 hollow fiber, where the
use of this effect for in situ regeneration of the Pt catalyst was demonstrated [158].

A more recent and more promising concept for practical application of EPOC is
the self-sustained electrochemical promotion (SSEP) of the catalytic activity of
metal nanoparticles dispersed on ionic (0>~ conducting) or MIEC supports, due to
migration of ionic oxygen species from the support to the surface of the
nanoparticles without applying any external polarization, even at temperatures
lower than 200 °C [2, 8, 128]. The self-sustained EPOC mechanism is based on
the functional similarity of EPOC and metal-support interactions (MSI) [1, 81, 102,
103], merging EPOC and MSI at the nanometric scale [8]. As summarized in recent
reviews [2, 5, 8, 80, 128], the self-sustained EPOC has been studied in several
catalytic systems, including propane [159, 160], toluene [161], and CO [162, 163]
oxidation on Pt nanoparticles dispersed on YSZ, ethylene combustion on Pt and Ru
nanoparticles dispersed on YSZ and samarium-doped ceria (SDC) [164], and ethyl-
ene combustion on Pt, PtSn, Ru, and Ir nanoparticles dispersed on CeO, in the
presence and absence of oxygen in the feed [165, 166]. These studies have eluci-
dated the role of the ionic species in the support on the catalytic mechanism and on
the promotion of the dispersed nanoparticles. Migration of ionic species from the
support (backspillover) may be self-induced thermally [2, 8, 159, 163, 164] and/or
by differences in the work function between the support and the metal, which affects
their interaction [2, 165, 166]. In general, the driving force for migration will depend
on the ionic conductivity and oxygen storage capacity of the support (e.g., for CeO,),
the temperature, and the metal-support interface at the nanoscale [2, 8, 128, 166]. It
is also noted that in the absence of O, in the gas phase, Pt nanoparticles dispersed on
YSZ or MIEC (SDC and CeQ,) have been found much more active for CO and C,H,
combustion than Pt nanoparticles dispersed on supports not exhibiting ionic con-
ductivity (e.g., Al,O3) [128, 164, 167]. To explain this behavior, which was
observed for nanoparticles less than 5 nm implying the necessity of strong
interaction with the support, Baranova and coworkers proposed the mechanism of
nano-galvanic cells, according to which Pt/YSZ or Pt/MIEC interfaces act as local
nano-galvanic cells where CO and C,H, are electrochemically oxidized by O*~ from
the oxide support, which is reduced [167]. Thermally induced backspillover of
oxygen ions to metal nanoparticles and creation of an effective double layer,
accompanied by trapping of diffusing atomic metal species by the resulting surface
oxygen vacancies, has been also proposed to explain the increased resistance to
sintering of Ir [168] and Rh [169] nanoparticles dispersed on supports with high
oxygen ion lability.

Self-sustained electrochemical promotion catalysts can also be synthesized by
combining in the catalyst composition microparticles or nanoparticles of two mate-
rials with different catalytic and electrocatalytic properties which act as cathodes and
anodes of microscopic galvanic cells formed if the two materials are dispersed either
on a MIEC conductor or on a pure ionic conductor with an electronic conductor also
added for the transfer of electrons [2]. When such a catalyst based on a mixed
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Fig. 2.21 Schematic illustration of the electrochemically-assisted NSR catalysts, with the metal
nanoparticles dispersed (a) on an O>~ ion conducting support (e.g., YSZ) deposited on an electronic
conductor (e.g., N-doped SiC-DPF) and (b) on a mixed conducting (ionic and electronic) support
(e.g., GDC). (Reprinted from ref. [172], with permission from Elsevier)

oxygen ion-electron conductor is used in an oxidation reaction, oxygen species
generated at the cathodes of the microscopic galvanic cells via reduction of gas
phase oxygen are transferred to the anodes to promote, as sacrificial promoters, the
catalytic oxidation reaction on their surface, while in parallel electrons are trans-
ferred from the anodes to the cathodes. Based on this concept, Zhou and coworkers
have synthesized SSEP catalysts composed of Lagy ¢Sty ;MnO5 as cathode, Ni-Cu-
CeO, as anode, YSZ as oxygen ion conductor, and Cu or Ni-Cu as electron
conductor [170, 171]. These SSEP catalysts demonstrated improved performance
for partial oxidation reforming (POXR) of n-C;sH3; at 450-650 °C [170] and CH,4 at
350-650 °C [171], compared both to commercial catalysts and to catalysts lacking
one or more of the components of the SSEP catalyst. More recently, Vernoux and
coworkers used the same concept to develop NO, storage/reduction (NSR) catalysts
which exhibited improved NO, removal efficiency in synthetic diesel exhaust gas
conditions [2, 172]. The NSR catalysts were developed by dispersing Pt and Rh
nanoparticles on YSZ or gadolinium doped ceria (GDC) nanoparticles, to form
nanometric electrodes (Pt anode and Rh cathode nano-electrodes), and then wash-
coating the powder in the porosity of N-doped (electron conducting) and non-doped
(insulating) SiC mini-DPFs (diesel particulate filters), respectively. A schematic
illustration of these novel electrochemically assisted catalysts is shown in
Fig. 2.21. The best performance was obtained with the GDC (mixed oxygen
ion-electron conductor) as support of the metallic nanoparticles, whereas the reaction
products analysis revealed that electrocatalytic reactions can occur on the nano-
electrodes alongside the catalytic reactions.
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2.5 Conclusions

After more than 40 years, electrochemical promotion of catalysis (EPOC) remains
the focus of intensive research, which highlights the scientific importance of this
effect and its potential for practical applications. The physicochemical origin of
EPOC has been validated via application of numerous techniques and experimental
approaches, in particular for O>~ and alkali ion conductors. Nevertheless, there are
open research questions yet to be explored. The functional similarity of electro-
chemical promotion, classical promotion, and metal-support interactions has been
conclusively established. Rules of promotion applying both to EPOC and classical
catalysis have been derived, which allow promoter selection based on unpromoted
kinetics. Current research in EPOC focuses on catalytic systems of technological and
environmental importance, such as CO, hydrogenation to value-added products or
H, production by reforming with simultaneous reversible storage, where EPOC
could offer a competitive advantage, mainly aiming to electrochemical promotion
of non-noble metals and nanodispersed metal/metal oxide catalysts. Development
and scale-up of electropromoted reactors remains a priority, following two main
directions: (a) improvement of MEPR design (durability, useful lifetime, electrolyte
and stack cost minimization, scale-up) and use of nanodispersed catalysts, and
(b) development of novel catalytic systems based on self-sustained EPOC. Coupling
EPOC with electrolysis is also of strategic future importance as it can potentially
reduce the electrolysis cost improving electrochemical technologies that are mature
enough and easy to scale up.
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