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Abstract
In the last 30 years, electrochemical promotion of catalysis (EPOC), also referred
to as the non-Faradaic electrochemical modification of catalytic activity
(NEMCA), has been extensively studied by research groups due to its ability to
considerably enhance catalytic activity of heterogeneous catalysts. Application
of a very small electrical stimulus to a catalyst-working electrode results in the
modification of its electronic properties due to the controlled in situ addition or
removal of the ionic species. Modification of the electronic properties alters the
adsorption strength of the reaction components resulting in a distinct change in
catalytic performance. Throughout the years, it has been shown that this phe-
nomenon can be applied to various types of reactions, solid electrolytes, and
conductive catalysts. Recent studies have been focused on developing these
catalytic systems toward a more practical application. One aspect in regard to
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this includes introducing nanostructured catalysts in the form of nanoparticles or
nano-thin films as the working electrode to lower manufacturing costs or with the
goal of applying EPOC to commercial highly dispersed catalysts. This involves
the synthesis of new nanosized catalysts as well as altering the electrochemical
cell design. A review of the current progress (from 2005 up to date) and chal-
lenges encountered in EPOC with nanoparticle catalysts using various ionic con-
ducting ceramic and polymer supports will be discussed.

Keywords
Heterogeneous catalysis • Nanoparticles • Metal-support interaction •
Electrochemical promotion of catalysis

�Introduction

�Heterogeneous Catalysis: Nanoparticles, Promotion,  
and Metal–Support Interaction

The form of catalysis where the reactants are in a different phase as the catalyst itself
is referred to as heterogeneous catalysis [1]. The steps carried out during a hetero-
geneous catalytic reaction are first diffusion of the reactants to the catalyst surface
then intraparticle diffusion of the reactants through the catalyst pores to the active
sites. The reactants adsorb on the active sites and a surface reaction occurs. The
products then desorb from the catalyst sites, intraparticle diffusion of the products
occurs, and, finally, there is diffusion of the products away from the catalyst [1].
In heterogeneous catalysis, only the surface atoms are considered active for cata-

lytic reactions; that is, for bulk material, most of the material is not being used (i.e.,
low volume-to-surface area ratio). The introduction of nanostructured catalysts
changed the catalytic ability in heterogeneous catalysis research areas, giving an
approach to optimize this volume-to-surface area ratio. To be considered “nano,”
the catalyst is defined as having at least one dimension in the range of 1–100 nm.
There are several methods that have been developed to prepare such nanostructured
catalysts. For instance, nanofilms can be prepared through techniques such as phys-
ical vapor deposition [2, 3], chemical vapor deposition [4, 5], and atomic layer
deposition [6, 7], while nanoparticles can be prepared by impregnation [8–13],
deposition–precipitation [8, 14–18], coprecipitation [19–23], sol–gel [24–27], and
polyol [28–40] as summarized in Table 1. The nanoparticle catalysts can be sup-
ported on two different types of supports, those considered non-active supports (i.e.,
γ-Al2O3, SiO2, activated carbon) or active (i.e., TiO2, CeO2, YSZ, SDC).
An important factor related to the type of support is the dispersion of the catalyst

which is defined as the ratio of the number of gas-exposed surface atoms to the total
number of catalyst atoms. In general, dispersion increases with decreasing particle
size and theoretically approaches 100 % for particles with diameter in the range of
1 nm. It has been shown that, typically, higher dispersion leads to higher catalytic
activity due to the presence of more active sites [40, 41–43]. This trend has been
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shown for the same support material (i.e., SiO2) synthesized with different surface
areas [41]. Moreover, the catalytic activity of supported metal or metal oxide
nanoparticles can be further enhanced or stabilized by using catalyst promoters or
through the metal–support interaction (MSI) phenomenon.
Enhancing the activity of a catalyst through the concept of promotion involves

adding a chemical species, referred to as a promoter, during the catalyst preparation
procedure to the catalyst in order to change its catalytic behavior. The discovery of
this concept was first employed through what is referred to as chemical promotion
[44–48]. The addition of such species can result in a change in the electronic and/or
crystal structure of the catalyst which improves its catalytic performance, stability,
and selectivity for the desired chemical reaction.

Table 1 Summary of preparation methods for nanoparticles

Method Synthesized catalyst Reference

Impregnation Au/TiO2 [8]

Fe2O3/SiO2 [9]

Ru/SnO2, Ru/CeO2, Ru/ZrO2, Ru/γ-Al2O3 [10]

Pt/YSZ [11, 12]

Pt–Ir/TiO2 nanotubes [13]

Deposition–precipitation Au/TiO2 [8]

Au/γ-Al2O3 [14]

Au/TiO2, Au/CeO2, Au/Al2O3, Au/SiO2 [15]

Au–Ag/TiO2 [16]

Ag/SiO2 [17]

Ag/TiO2, Au–Ag/TiO2 [18]

Coprecipitation Pd-doped CeO2 [19]

Fe3O4 [20]

Pd/Al2O3 [21]

Co0.5-xMnxZn0.5Fe2O4 [22]

LiFePO4/C [23]

Sol–gel ZnO, CuO, Cu0.05Zn0.95O [24]

CoFe2O4 [25]

SnO2 [26]

Ni0.7-xMgxCu0.3Fe2O4 [27]

Polyol Pt [31]

Pt [36–39]

Ru [40]

PtRu [29]

PtRu [34]

Pt7Sn3 [35]

FePt [28]

Ru, Pt [32, 38]

Ag [30]

Cu [33]
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In general, promoters can be divided into two categories – structural and
electronic promoters [46, 49]. Structural promoters (e.g., Al2O3) enhance and stabi-
lize the active phase while not participating in the catalytic reaction itself. Contrary
to this, electronic promoters (e.g., alkali metal atoms) have a role in the catalytic
reaction; they enhance the catalytic properties of the active phase by altering its
chemisorptive properties, with respect to bond strength, of the reactants and inter-
mediate species. The focus of this discussion will be on electronic promoters since
they are a common factor between chemical and electrochemical promotion, as will
be discussed later. Table 2 summarizes some of the different types of electronic
promoters and corresponding applications. The most commonly used electronic
promoters include potassium [50–53] and sodium [54–58]. Other chemical promot-
ers include other alkali metals (i.e., Cs) [51, 59], alkaline earth metals (i.e., Mg, Ba)
[51, 60, 61], and some transition metals (i.e., Co, Cr, Mo) [62].
Potassium, as a chemical promoter, has been used for a variety of chemical reac-

tions and fundamental chemistry studies [50, 51]. A fundamental study was done on
a single crystal of Fe(111) and Fe(100) showing a pronounced electron transfer
from K to the Fe surfaces; this is attributed to the lowering of the “local” work func-
tion near where the potassium atoms are adsorbed [50]. Bécue et al. [51] demon-
strated the effect of K promoters on the surface of a zeolite-X-supported Ru catalyst
(2 wt%) for the synthesis of ammonia. It was found that the presence of K promot-
ers increases the activity by approximately 70 % for optimal potassium coverage.

Table 2 Summary of the type and use of some electronic promoting species

Promoting species Catalyst Reaction Reference

Potassium (K) Fe(111), Fe(100) Adsorption of N2 [50]

Ru/
Zeolite-X (Ru–KX)

NH3synthesis [51]

Fe3O4(111),
α-Fe2O3(0001)

Dehydrogenation  
of ethylbenzene to styrene

[52]

K–Fe (S6-20) BASF Dehydrogenation  
of ethylbenzene to styrene

[53]

Sodium (Na) Pd/YSZ NOx reduction by C3H6 [54]

Pt/γ-Al2O3 NOx reduction by C3H6 [55]

Pt/γ-Al2O3 NOx reduction by C3H6 and CO [56]

Rh/YSZ NOx reduction by CO [57]

Pt/YSZ C2H4 oxidation [58]

Cesium (Cs) Ru/CsX NH3 synthesis [51]

Cesium (Cs), chlorine (Cl) Ag2O Epoxidation of C2H4 [59]

Barium (Ba) Pt/γ-Al2O3 NOx reduction by C3H6 [60]

Magnesium (Mg), barium (Ba) Ru/BaX, Ru/MgX NH3 synthesis [51]

Magnesium (Mg), barium (Ba),
calcium (Ca), strontium (Sr)

Au/Al2O3 Partial oxidation  
of methanol to H2

[61]

Cobalt (Co), chromium (Cr),
molybdenum (Mo)

VPO/TiO2,
VPO/γ-Al2O3

Ammoxidation of 2-chloro
benzaldehyde to 2-chloro
benzonitrile

[62]

Carbon monoxide (CO) Au(111) Methanol oxidation [63]
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For coverage higher than the optimal amount of potassium, it was observed that the
activity did not increase; instead, a decrease in activity was attributed to the block-
ing of active sites due to excess potassium coverage.
More recently, chemical promotion has been shown using other alkali metals

such as cesium or alkaline earth metals and transition metals. A recent review on the
epoxidation of ethylene to ethylene oxide (EO) over a silver catalyst demonstrated
the industrial application of using cesium and chlorine as promoters for the selectiv-
ity of EO [59]. It was found that the unpromoted metallic silver catalyst had an EO
selectivity around 50 %, while, with the addition of the promoters, the selectivity
was enhanced to as high as 90 %. It is proposed that the Cl blocks the nonselective
sites and promotes the active oxygen, while Cs acts as a structural promoter. It is
said that the Cl promoters weaken the Ag–O bond creating more reactive oxygen to
enhance the EO isomerization. On the other hand, Cs interacts with the Ag2O sur-
face and subsurface oxygen resulting in CsOx-type complexes.
The use of alkaline earth metals (i.e., Mg, Ca, Sr, Ba) as promoters was shown in

one study to enhance both the activity and selectivity of supported gold catalysts
(Au/Al2O3) in the partial oxidation of methanol to H2 [61]. It was found that H2 selec-
tivity increased with increasing basicity of the promoting oxide species (i.e., unpro-
moted<MgO<CaO<SrO<BaO); however, the opposite trend was observed for the
selectivity toward CO and CH4. Similarly, the effect of transition metal additives on
the catalytic properties of a vanadium phosphate (VPO) catalyst was studied for the
selective ammoxidation of 2-chloro benzaldehyde to 2-chloro benzonitrile [62].  
To observe the effect of such promoters, Co, Mo, and Cr were added to the VPO
structure and supported on two different oxide supports – TiO2 and γ-Al2O3. It was
observed that a significant improvement in both selectivity and activity existed com-
pared to the bulk VPO catalyst. More specifically, in the case of TiO2-supported
VPO, the addition of Cr exhibited the best performance followed by Mo. From these
results, it was also found that the ability of the promoter appears to depend on the
nature of the support and its interaction with the catalyst.
Furthermore, traditionally, it has been observed that electropositive species usu-

ally promote catalytic reactions, while electronegative species poison the catalyst
surface. One electronegative species, CO, has been well known to act as a poison for
many metal catalysts; however, recent studies have shown a promotional effect of
this species [63, 64]. Rodriguez et al. [63] have demonstrated the promotional effect
of adsorbed carbon monoxide for the oxidation of alcohols over a gold catalyst.
It was proposed that neighboring adsorbed CO enhances the OH bond on the 
surface of the catalyst in addition to promoting the breaking of the C–H bond of the
alcohol molecules, thus increasing catalytic activity.
A related phenomenon to the promotion of catalytic activity is referred to as

metal–support interaction (MSI), where the support plays a key role in changing the
properties of the catalyst due the interaction between the two materials, usually
resulting in higher catalytic activity [65, 66]. It should be noted that despite the vast
amount of MSI studies reported up-to-date, the mechanism and appearance of this
effect are still under discussion. Both fundamental and catalytic reaction studies
with regard to metal–support interaction are summarized in Table 3.
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Overbury et al. [41] showed that for equally sized Au nanoparticles supported on
SiO2 (lower surface area) and TiO2 (higher surface area), the catalytic activity was
higher for the TiO2-supported catalysts due to stronger metal–support interaction.
Similarly, Kimura et al. [43] demonstrated that for the same loading of metal cata-
lysts deposited on Al2O3 and TiO2, a lower dispersion was obtained for the particles
supported on Al2O3 compared to TiO2 indicating aggregation of the metal particles.
This was attributed as a stronger metal–support interaction between Pt and TiO2 
compared to Pt and Al2O3. It is especially noted that the smaller the nanoparticle,
the stronger the interactions are with the support, therefore, increasing the effect of
the support used [79].
A more specific term, strong metal–support interaction (SMSI), was first intro-

duced in 1978 to describe the significant change in the chemisorptive properties of
group VIII noble metals when they were supported on TiO2 [67, 80]. It was shown
that these metals, both unsupported and supported on common materials such as
Al2O3, chemisorb one hydrogen atom per metal atom; however, in the case of TiO2,
the ability to chemisorb H2 was either decreased or disappeared completely. It was
suggested that SMSI is due to TiOx migration to the catalyst surface. Among other
theories, the possibility of d-orbital overlap between the Ti4+ cations and supported
metal atoms was suggested [80]. More recently, Lewera et al. [68] carried out a
study to further understand the change in electronic properties of nanosized metals
when deposited on TiO2 through the analysis of X-ray photoelectron spectroscopy
(XPS) data. Pt nanoparticles with an average size of 2 nm were deposited on a com-
posite of TiO2/C. A downshift in binding energy of the Pt 4f7/2 peak was observed
which indicated a local charge density change due to the interaction between the

Table 3 Summary of metal–support interaction studies

Metal catalyst Support Reaction Reference

Ru, Pd, Os, Ir, Pt TiO2 H2, CO sorption [67]

Pt YSZ Not applicable (XPS study) [39]

Pt WO3/C, TiO2/C, C Not applicable (XPS study) [68]

Au SiO2, TiO2 CO oxidation [41]

Pt Al2O3, TiO2 (P25, rutile, anatase),
CeO2, SiO3, MgO

CO oxidation [43]

PdO CeO2, TiO2, Co3O4, Mn2O3, SnO2 CO oxidation [69]

Pt, Ni YSZ, γ-Al2O3, TiO2, CeO2 CO oxidation [70]

Cu YSZ, γ-Al2O3 CO oxidation [71–73]

Pt YSZ, γ-Al2O3, C CO oxidation [74]

Pt YSZ, CeO2, Sm-doped CeO2,  
C, γ-Al2O3

CO oxidation, C2H4 
oxidation

[75]

Au CeO2/TiO2 CO oxidation, water–gas
shift reaction

[76]

Pd CeO2/YSZ CH4 oxidation [77]

Pt YSZ, RO2, SiO2 C3H8 oxidation [12]

Pt YSZ, γ-Al2O3 Toluene oxidation [78]
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metal and TiO2. In addition, the presence of an additional (O 1s) peak for the 
Pt/TiO2/C spectrum, compared to Pt/C and TiO2/C, is attributed to oxygen bonded
to Ti alloyed with Pt indicating the interaction between the two materials. The anal-
ysis of the Ti 2p peak also showed a downshift in binding energy for the supported
Pt sample suggesting a new electronic state of Ti.
Similarly, Ntais et al. [39] conducted an XPS study for YSZ-supported Pt

nanoparticles which also showed a downshift in the binding energy for smaller Pt
nanoparticles indicating a stronger interaction with the support.
Several recent studies have studied the MSI phenomenon, not only using TiO2-

supported metals but employing other ionic and mixed ionic–electronic conducting
materials as well. High catalytic activity toward the water–gas shift reactions was
shown for a Au/CeOx/TiO2(110) catalyst [76]. The high catalytic activity was attrib-
uted to the chemical properties of Ce2O3, which was formed through the interaction
with TiO2 and its effect at the ceria–gold interfaces. Similarly, Jiménez-Borja et al. [77] 
demonstrated a strong interaction between Pd and CeO2 for a Pd/CeO2/YSZ catalyst
for the oxidation of methane. It was observed that the presence of ceria caused a
decrease in the size of Pd0 particles (from 280 to 103 nm) and an increase in the size of
PdO particles. This is attributed to the oxygen storage properties of CeO2which seems
to play a key role in the formation of PdO. Higher catalytic activity was observed for
the catalysts containing more PdO compared to Pd. Furthermore, Pd catalysts sup-
ported on highly ordered mesoporous metal oxides (i.e., CeO2, TiO2, Co3O4, Mn2O3,
and SnO2) for the oxidation of CO were carried out to demonstrate the interaction
between the metal and metal oxide supports [69]. It was found from XPS results that
the binding energy of the Pd 3d5/2 peak for Pd/meso-CeO2, Pd/meso-SnO2, and Pd/
meso-TiO2 catalysts shifted more than that for Pd/meso-Co3O4 and Pd/meso-Mn2O3 
indicating that the former catalysts have more surface interactions with the Pd metal.
From the catalytic experiments, the bare supports and supported Pd catalysts showed
high catalytic activity in the order of Co3O4>Mn2O3>CeO2>SnO2>TiO2; however,
the increase in catalytic activity from bare support to supported Pd catalyst was the
highest for the Pd/meso-CeO2, Pd/meso-SnO2, and Pd/meso-TiO2 catalysts indicating
the significant role of the support.
Ionically conductive supports or solid electrolytes have immerged as a class of

very promising catalyst supports due to their high ionic conductivity, and chemical
and mechanical stability [81]. For a material to be ionically conductive, it must pos-
sess the structure that allows for either ions to transfer through a series of interstitial
sites (i.e., Frenkel defects) or ions to transfer through vacancies in the crystal struc-
ture (i.e., Schottky defects) [45, 82, 83]. Some examples include yttria-stabilized
zirconia (YSZ) (O2− conductor), K-βAl2O3 (K+ conductor), and Na-β″Al2O3 (Na+ 
conductor). As an extension, mixed ionic–electronic materials not only possess
ionic conductive capabilities but electronic conductive properties as well [84, 85]. 
Ion transfer in such materials occurs through structure defects as discussed; how-
ever, electronic conductivity occurs through delocalized states in the conduction or
valence band, or through localized states by a thermally assisted hopping mecha-
nism. It should be noted that the reason for these properties is independent of each
other – ion conductance depends on crystal structure, while electronic conductance
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depends on electronic bandgap corresponding to the properties of the constituent
ions [84]. Examples of mixed ionic–electronic conducting materials include ceria
(CeO2), titania (TiO2), and perovskite-type materials in a form of La1-xAxCo1-yByO3-δ 
(where A=Sr, Ba, Ca, and B=Fe, Cu, Ni) [85, 86].
Initially, the concept of SMSI was attributed to electronic effect; however, fur-

ther studies have shown an effect of oxygen vacancies in metal oxides as well.
Metcalfe and Sundaresan [70] demonstrated this concept for CO oxidation over Pt
and Ni catalysts supported on YSZ, γ-Al2O3, TiO2, and CeO2. It was found that cata-
lytic activity for the Pt catalysts ranged from Pt/TiO2>Pt/YSZ>Pt/γ-Al2O3. The
most interesting results are those for the Ni catalysts where Ni/TiO2, Ni/YSZ, TiO2,
and YSZ showed significant catalytic activity, with the supported Ni catalyst show-
ing higher activity than their corresponding pure supports. The difference in the
activity of Ni/TiO2 and pure TiO2 could be attributed to only the electronic effects
of TiO2; however, after observing higher activity for Ni/YSZ compared to pure
YSZ, it was proposed that oxygen ion transfer between the metal and support also
plays a role in enhancing the catalytic activity. A similar conclusion was found for
studies of a copper catalyst supported on γ-Al2O3 and YSZ [71–73]. The higher
catalytic activity was attributed to the presence of Cu+ due to the interaction between
the copper oxide on the surface of the YSZ and the nearby oxygen vacancies.
Vernoux et al. [87] also observed such migration of ionic species from the support
to the surface of the nanocatalyst, referring to it as self-induced electrochemical
promotion. This concept has been suggested as an explanation for higher catalytic
activity for the oxidation of CO over YSZ-supported Pt nanoparticles [36, 74].  
It was shown that the catalyst was active for a temperature as low as 40 °C. This
high catalytic activity was attributed to the migration of O2− species to the surface
which may lead to alterations in the catalytic properties of the Pt nanoparticles. This
phenomenon has also been observed for both propane oxidation [87] and toluene
oxidation [78] over a Pt/YSZ catalyst. Most recently, Isaifan and Baranova [37, 38,
75] also demonstrated the role of ionic and mixed ionic–electronic supports and the
mobility of O2− from these supports for the oxidation of CO and C2H4 in an oxygen-
free environment. It was found that Pt/YSZ, Pt/CeO2, and Pt/Sm-doped CeO2(SDC)
have high catalytic activity for CO and C2H4 oxidation while Pt/C and Pt/γ-Al2O3 as
well as the blank supports show no catalytic activity in the absence of gaseous O2. 
These results imply that O2− from the support reacts with CO and C2H4 in an elec-
trochemical reaction at the three phase boundary and the mechanism of nano-
galvanic cells was proposed [37].

�Electrochemical Promotion of Catalysis

Discovered in the 1980s [88], the phenomenon of electrochemical promotion of
catalysis (EPOC), also referred to as non-Faradaic electrochemical modification of
catalytic activity (NEMCA), demonstrated a new approach to enhancing the cata-
lytic activity and opened up a new class of promoters previously unknown in hetero-
geneous catalysis (e.g., O2−, H+, OH−, H+). By applying an electrical current or
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potential between the catalyst-working electrode and a counter electrode deposited
on a solid electrolyte, it was found that the catalytic activity and selectivity can be
significantly altered due to modifications of the electronic properties of the catalyst.
Consequently, the adsorption strength of the reaction components is altered result-
ing in a distinct change in catalytic performance [45]. Compared to chemical pro-
motion, the addition of promoter species is done in situ and can be controlled
depending on specified reaction conditions [44, 45, 89–98]. This also implies that
promoters with short lifetimes can still effectively be utilized as its coverage on the
catalyst surface can be fixed through the application of a current or potential.
Therefore, it is said that there is an operational and not a functional difference
between chemical and electrochemical promotions [45, 49, 57, 90, 99, 100]. 
Currently, EPOC has been studied for more than 100 catalytic systems and does not
appear to be limited to any specific type of catalytic reaction, metal catalyst, or solid
electrolyte. Since the discovery of EPOC, several comprehensive reviews [48, 94,
95, 100–113], book chapters [114–118], and a book [45] have been published to
describe this phenomenon; the authors invite the reader to consult these works for
comprehensive reading on the EPOC phenomenon. Here, a short overview of the
principles, a common experimental setup and reactors, as well as some examples of
EPOC with thick, low dispersion film catalysts will be discussed followed by recent
studies using nanostructured catalysts.
The concept behind EPOC is that, initially, before current or potential is applied,

the catalyst surface is covered by chemisorbed reactants (e.g., O2 and C2H4) in an
equilibrated state. Depending on the concentration of the species, there may be
more or less of each species adsorbed on the catalyst surface. By applying a current
or potential, ions (i.e., O2− in the case of YSZ) from the solid electrolyte either back-
spillover (i.e., move to the surface of the catalyst) or spillover (i.e., move from the
surface of the catalysts) depending whether the electrochemical cell is positively or
negatively polarized, respectively. In the case of back-spillover of the O2− species, it
is said that these species form a strong bond on the catalyst surface. The mechanism
of this transformation can be seen in the following reaction (Eq. 1) [45]:

	
O YSZ O e2 2- - -( ) ® - +éë ùû ( ) +d d catalyst 	 (1)

where Oδ− is the general form of the back-spillover species corresponding to its
image charge δ+, indicating that the back-spillover species is overall neutral. The
formation of this layer is referred to as an effective double layer. Due to this back-
spillover, the oxygen reactant from the gas phase is forced into a weakly bonded
state resulting in a more reactive chemisorbed species. Therefore, it is observed that
the catalytic rate increases until a new steady-state is reached through the equilib-
rium of the strongly and weakly bonded oxygen species [45]. The opposite effect is
observed for the spillover of the O2− species.
In general, the property of a solid surface that dictates its chemisorptive and cata-

lytic properties is its work function (Φ). By definition, the work function is the mini-
mum energy required for an electron to move from the Fermi level of the solid to an
outer point, a few μm outside the surface [45, 119]. Depending on the type of spe-
cies adsorbed or spilled over onto the catalyst surface, the work function can be
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altered accordingly. An electron donor species (e.g., C2H4) will cause the work
function to decrease, while an electron acceptor species (e.g., O2) will cause the
work function to increase. Four different types of reaction behaviors, in regard to
the presence of these species, have been established to classify the relationship
between work function and catalytic rate (r) for EPOC studies – electrophobic (δr/
δΦ>0), electrophilic (δr/δΦ<0), volcano type (exhibits a minimum), and inverted
volcano type (exhibits a maximum).
More specifically, to evaluate the performance of the catalyst in terms of electro-

chemical promotion, there are two main parameters that are calculated – rate
enhancement ratio (ρ) and Faradaic efficiency (Λ) [45]. The rate enhancement ratio
(Eq. 2) is defined as

	 r = r r/ 0 (2)

where r0 is the open circuit oxidation rate of the reactant species (mol · s−1) and r is
the oxidation rate (mol · s−1) for an applied current/potential. The Faradaic efficiency
(Eq. 3), for an O2− conducting system, is defined as the following:

	
L = -( ) ( )r r I F0 2/ / 	 (3)

where I is the current measured across the cell (A) and F is Faraday’s constant
(96,485 C ·mol−1). It should be noted that the enhancement is considered to be the
effect of electrochemical promotion only when |Λ| >1, which indicates non-Faradaic
enhancement [45].
First discovered by Comninellis and coworkers [120], another important aspect

that is considered in EPOC studies is what is referred to as “permanent” electro-
chemical promotion of catalysis (P-EPOC). It has been shown that the reversibility
of EPOC strongly depends on the duration of polarization and magnitude of applied
current or potential. With P-EPOC, after current interruption, the catalytic rate
remains higher than the initial open circuit value. In the case of P-EPOC, the perma-
nent rate enhancement can be evaluated using Eq. 4 [120]:

	
g = r rp / 0 	 (4)

where γ is the permanent rate enhancement ratio and rp is the catalytic rate (mol · s−1) 
at the new steady-state value after current interruption.
Two types of experimental reactors exist to carry out conventional EPOC stud-

ies – a fuel cell type reactor and single-chamber type reactor [45]. The fuel cell
type reactor (Fig. 1a) consists of two chambers, one in which the catalyst-working
electrode is exposed to the reactants and products, while the other chamber con-
tains the counter and reference electrodes which are exposed to a reference gas
only. Contrary to this, the single-chamber type reactor (cell configuration in
Fig. 1b and typical experimental setup in Fig. 1c) consists of all electrodes exposed
to the same reactants and products. The important consideration with this type of
reactor is that the reference electrodes must be made of an inert material with
respect to the reactants (in most cases, gold is used) to ensure no contribution
to the catalytic rate. Conventional EPOC studies were carried out using metal
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(deposited with metallic paste) catalyst films, typically, of a thickness in the range
of 5–10 μm [90, 121] and a metal dispersion less than 0.1 % [122]. Typical solid
electrolytes include YSZ (O2− conductor), β′Al2O3 (Na+ conductor), or β″Al2O3 
(K+ conductor).
The EPOC phenomenon has been shown to be effective for various reactions;

however, the most common model reaction used in conventional EPOC studies is
the complete oxidation of ethylene (Table 4) [88, 90, 94, 121–130]. This was the
reaction under observation over a porous Ag film when it was first discovered that
pumping and removing oxygen ions from the surface of the catalyst through an
applied current can alter the catalytic rate and selectivity [88]. It was then later dem-
onstrated that this effect is not specific to any type of reaction system, although the
most significant enhancement (i.e., tenfold increase, Λ up to 15,000) was shown for
the oxidation of C2H4 over a Pt catalyst [90, 121].

Reactants

Reactants

a Catalyst
Electrode (W)

Catalyst
Electrode (W)

Reference
Electrode (R)

Solid
Electrolyte 

Products

UWR
UWC

UWR UWC

Solid
Electrolyte

G/P
G/P

A
A

Counter
Electrode (C)

Counter
Electrode (C)

4PV

Infrared 
analyzer

Mass
spectrometer

Gas
chromatograph

Vent
W Potentiostat-

Galvanostat

X-t Recorder

Reactants

Feed system Reactor Gas Analysis

R
C

Air
Reference
Electrode (R)

b

c

Fig. 1 Schematic of the (a) fuel cell type reactor, (b) single-chamber type reactor, and (c) typical
gas flow experimental arrangement using the single-chamber type reactor (Reproduced from
Vayenas et al. [45])
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Enhancement in catalytic activity through this phenomenon for C2H4 oxidation
has been shown over Pt catalysts supported on YSZ and TiO2, O2− conducting sup-
ports [128]. Further studies for IrO2 film catalysts supported on YSZ electrolyte
showed an enhancement in catalytic activity through an applied positive potential
(i.e., oxygen ions migrate to the surface of the catalyst) [125–127]. Permanent pro-
motion was also observed for this system which was attributed to the formation of
a higher coordinated oxide at the catalyst/solid interface [126]. Moreover,
Koutsodontis et al. [122] demonstrated that the catalyst film thickness for a Pt/YSZ
cell is an important factor that affects the magnitude of electrochemical promotion
as well, showing that the catalytic rate increases with the increase in film thickness.
In addition to O2− conducting electrolytes, positive ion (i.e., Na [128, 131–134], K
[135], and H [128–130, 136]) conducting electrolytes have been employed. The
electronic effect of these types of promoters are the opposite of that for oxygen
ions; that is, by pumping positive ions to the catalyst surface, the work function
decreases. In studies involving Na+ promoters, Na-β″Al2O3 is used as a solid elec-
trolyte. In general, it has been found that catalytic activity, for CO [131] or C2H4 
[128] oxidation and NO reduction by hydrocarbons [132–134], is increased with
low Na coverage, while as Na coverage increases, this leads to poisoning of the
catalyst surface. Similar observations were found in the case of potassium promot-
ers from a K-β′Al2O3 electrolyte for CO oxidation over a Pt catalyst [135]. With
regard to the use of H+ promoters, several different electrolytes have been studied
(e.g., Nafion [128, 136], Gd-doped BaPrO3 [129], Y-doped BaZrO3 [129], and
La0.99Sr0.01NbO4-δ [130]). Compared to Na and K, H+ promoters do not seem to have
a significant enhancement of the catalytic activity [129, 130]. In addition to a weak
non-Faradaic effect [130].

Table 4 Electrochemical promotion of ethylene oxidation for various catalytic systems

Catalyst Solid electrolyte Temperature (°C)

Promotion parameters

Referenceρmax Λmax/min
Ag YSZ 320–420 – <300 [88]

Pt YSZ 260–420 – <15,000 [121]

Pt YSZ 300–450 – 74,000 [90]

Pt YSZ 375 300 289 [122]

Pt YSZ 510 – 144 [123]

Rh YSZ 320–450 1.4 123 [124]

IrO2 YSZ 380 – 200 [125]

IrO2 YSZ 380 13 ~100 [126]

IrO2 YSZ 380 2.5 2000 [127]

Pd
Pt

YSZ, β″-Al2O3
TiO2

300–400
500

–
21

3000
1880

[128]

Pt Gd-doped BaPrO3
Y-doped BaZrO3

400–600 1.3 – [129]

Pt La0.99Sr0.01NbO4-δ 350–450 1.4 −100 [130]
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Although much research has been performed regarding this technology, limita-
tions have been identified that prevent its commercialization. These include elimi-
nating the conventionally used thick film catalysts which have low surface areas and
high material costs and moving from theoretical to more practical reactor designs
[100]. Overall, the objective is to be able to apply the concept of EPOC to high
dispersion heterogeneous catalysts.

�Application of Nanostructured Catalysts for EPOC

�Highly Dispersed Nanocatalyst Preparation

In heterogeneous catalysis, dispersion of a catalyst has been shown to be an impor-
tant factor in terms of catalytic performance; the higher the dispersion, the more
available the active sites, typically resulting in higher catalytic activity. Dispersion
is one aspect of commonly used electrochemical promotion catalysts that has been
recognized as an important factor that requires improvement in order to be competi-
tive with the state-of-the-art commercial heterogeneous catalysts. To address the
limitation of low metal dispersion found for the catalyst-working electrodes of
conventional electrochemical promotion systems, several deposition techniques
have been studied (Table 5).

Table 5 Preparation methods of highly dispersed nanocatalysts

Method Catalyst Dispersion/loading Particle size Film thickness Reference

Impregnation Pt 0.2 or higher – – [137]

Pt 34, 40, 42 % 3.5, 3.0 nm – [12]

Pd 4.9 % 2.6 nm – [138]

Ag 1 % 100 nm – [139]

Ru 3 mg Ru – 4 μm [140]

RuO2 1.72 g RuO2/m2 – – [141]

Metal sputtering Pt – 40 nm – [142,143]

Pt – – 30, 90 nm [144]

Pt 2.2, 32 μg Pt/cm2 – 2, 22 nm [145]

Pt – – 150 nm [146]

Pt 5 % 50 nm – [147,148]

Pt 40 % – 40 nm [149]

Rh 10 % – 40 nm [150]

Rh, Pt 13–40 % – 40 nm [151]

Rh, Pt >10 % – 40 nm [152]

Rh–Pt >15 % – 40 nm [153]

Electroless deposition Pd 5 mg Pd – – [155]

Electrostatic spray
deposition (ESD)

Pt 250 μg Pt
320 μg Pt
420 μg Pt

9 nm
9 nm
23.2 nm

65
85
110

[156]
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The first technique that has been used in recent electrochemical promotion studies
that results in near-nanometric or porous films is wet or dry impregnation [137–141]. 
In general, this type of technique employs a precursor salt of the desired metal dis-
solved in the solution. The solution is dried on the solid electrolyte, calcined, and
reduced in H2. For example, Marwood and Vayenas [137] dissolved H2PtCl6 in water,
dried at 80 °C (catalyst 1) and 90 °C (catalyst 2), calcined in air at 450 °C for 1 h,
and reduced in 2 % H2 in helium at 250 °C for 2 h. Using the CO titration technique
[157] to determine dispersion, it was found that catalyst 2 had a dispersion of D=21%
while for catalyst 1, which had a similar mass as catalyst 2 but a surface area of a
factor of 5 higher, the dispersion was estimated to be approximately D≈100 %.
A similar procedure was carried out by Jiménez-Borja et al. [138] using a 0.1 M
Pd(NH3)4(NO3)2 aqueous solution which resulted in a Pd metal dispersion of 4.9 %
for 0.85 mg of Pd deposited. Even though not in the nanometric scale, other groups
have demonstrated a decrease in metal required through porous micrometric films, as
shown by Theleritis et al. [140] who deposited a porous film of thickness ~4 μm for
a loading of approximately 3 mg of catalyst. In addition, Li and Gaillard [139] dem-
onstrated the use of a less expensive metal, Ag, for working electrode films that was
of a micrometric thickness of 1.8 and 3.9 μm, and an average crystallite size of
approximately 100 nm.
Another common deposition technique that has been employed by many research

groups [142–153] to increase catalyst dispersion is metal sputtering, in which the
solid electrolyte substrate is placed inside a vacuum chamber in close proximity to
the desired metal to be deposited. The desired metal is bombarded with ionized gas
molecules in order to displace the metal in small quantities and slowly deposit a
thin, nanometric layer on the substrate. This technique has been used by several
groups to deposit Rh [150–152], Pt [12, 142–149], or Rh–Pt bimetallic [153] thin-
film catalysts. Both Balomenou et al. [151, 152] and Baranova et al. [150, 158, 159] 
have achieved a film thickness of approximately 40 nm and a dispersion of approxi-
mately 13–40 % and 10 %, respectively. Other groups have also shown sputter
deposition of Pt that achieves a thickness ranging from 30 to 150 nm, corresponding
to dispersions from 5 % to 40 % [142–144, 146–149]. Uniquely, Karoum et al.
[145] sputter deposited a thin layer of Pt (~2 nm) on an 80 nm LSM (La0.7Sr0.3MnO3) 
interlayer where the Pt layer did not necessarily cover the entire surface; however, it
was shown to be viable for electrochemical promotion and electronically conduc-
tive due to the LSM interlayer. Finally, co-deposition of both Rh and Pt (atomic
ratio, 1:1) was performed by Koutsodontis et al. [153] which resulted in an approxi-
mate thickness of 40 nm and a total active metal surface area of 1.9×10−5 mol metal.
Other research groups have also employed alternative, less common techniques

such as electroless deposition [155] and electrostatic spray deposition (ESD) [156]. 
Lintanf [156] describes the ESD method as using less material compared to conven-
tionally used paste deposition and being fully reproducible. It was reported that
three different types of films can be produced – reticulated, dense, and dense – with
particles corresponding to film thicknesses of 110, 65, and 85 nm, respectively. The
average crystallite size was found to be 23.2 nm for the reticulated film and 9.0 nm
for both dense films. Also, an approximate dispersion of 40 % was reported.
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�Cell Configurations and Reactor Design

Another factor that has been identified and discussed in previous reviews [100, 109] 
which is preventing commercial application of electrochemical promotion from being
achieved is the configuration of the cell and design of the reactor. In a recent compre-
hensive review, Tsiplakides and Balomenou [100] summarized the considerations
taken to address the need for cell configurations that can accommodate thin films and
nanoscale catalysts along with designing a more compact reactor that has efficient
current collection. The development of electrocatalysts, new configurations such as
bipolar or monolithic, and concept of “wireless” EPOC is discussed in this review.
As alluded to in the previous section, the simplest modification to the conven-

tionally used electrochemical promotion cell is to deposit less metal for the working
electrode. An important factor to consider, though, is that the metal deposited as a
working electrode must remain electronically connected; otherwise, some of the
film will not be polarized. Lintanf’s [156] description includes a gold mesh on the
working electrode side of the cell in order to ensure electronic connectivity for their
thin (65–110 nm) Pt catalyst films deposited by ESD. These details are not indicated
in other studies [138, 140, 146–148, 160]; however, electrochemical promotion
using the conventional cell configuration was observed for catalyst films exhibiting
dispersions ranging from 5 % to 80 % demonstrating the presence of at least some
electrical connectivity. Similarly, another approach to establish electrical connectiv-
ity involves introducing a mixed ionic–electronic conductive (MIEC) interlayer
between the nanostructured catalyst and solid electrolyte. Some examples of
MIEC interlayer materials that have been used in recent studies include TiO2 
[144, 150, 159], LSM (La0.7Sr0.3MnO3) [145], CeO2 [161], and LSCF/GDC
(La0.6Sr0.4Co0.2Fe0.8O3-δ/Ce0.9Gd0.1O1.95) composite (30 % GDC) [162]. Several meth-
ods were used to introduce these interlayers. Baranova et al. [150, 159] deposit TiO2 
(~5 μm thickness) on a YSZ pellet by applying a solution of 20%TiO2 in EtOH:H2O
(1:1), evaporating at 60 °C for 10 min, and thermal treatment at 450 °C for 30 min
in air; following this deposition, Rh is sputter deposited overlaying the TiO2. 
Alternatively, another study showed the use of sputter depositing for both the TiO2 
interlayers (~90 nm thickness) along with the deposition of Pt (~30 nm thickness)
[144]. Figure 2 shows SEM micrographs of the deposited layers on the YSZ pellet.
It was noted that the YSZ pellet is not fully covered by the TiO2 interlayer (Fig. 2b).
Both interlayer (LSM) and Pt catalyst were also sputter deposited in a study

performed by Karoum et al. [145]; however, interesting to note, the use of a CGO
(Ce0.9Gd0.1O2-δ) pellet was shown to be an alternative to using YSZ. For a tempera-
ture range of 200–400 °C, the ionic conductivity of the CGO pellet was shown to be
at least 10 times higher than that of the YSZ pellet. Finally, as described byKambolis
et al. [162], the electronic conductivity of the catalyst electrode in their EPOC cell
was not ensured by the impregnated Pt nanoparticles but by the MIEC interlayer of
LSCF/GDC which was deposited through screen printing on a GDC pellet.
The first step toward a modified cell configuration is shown in Fig. 3, proposed

by Marwood [163] in the 1990s, in which the catalyst is not used as an electrode as
in the conventional EPOC, but rather it is instead electronically isolated with current
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passing between two gold electrodes. This pioneering work showed that Pt was
deposited using the commonly used paste to determine whether a direct electrical
connection between the catalyst and counter electrode was necessary to observe the
effect of electrochemical promotion [163].
Similarly, a preceding study demonstrated the use of highly dispersed impregnated

Pt (~5 nm) nanoparticles [137]; however, they were deposited on a gold working
electrode. From this study, it was shown that direct contact between the catalyst and
the solid electrolyte was not necessary as well. In addition, it was also not necessary
for the catalyst to be continuous to observe the effects of electrochemical promotion.

Fig. 2 SEM micrographs of (a) YSZ surface, (b) sputter-deposited TiO2 on YSZ surface, and (c) 
sputter-deposited Pt on TiO2/YSZ surface (Reproduced from Papaioannou et al. [144])

Au1 Au2Pt

Au1 Au2

Au3

Pt

YSZ
Au3

Fig. 3 Schematic of first proposed bipolar configuration, Pt catalyst and Au working (Au1), coun-
ter (Au2), and reference (Au3) electrodes (Reproduced from Marwood [163])
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Various other cell designs have been proposed and tested by other research
groups which fall under the bipolar configuration category. These include deposit-
ing Pt metal paste in the forms of stripes or dots between two gold electrodes [164],
coating glass beads with Rh and placing them inside a YSZ tube that is coated with
two gold electrodes on the outer surface [99], and sputtering Pt between the comb-
like gold electrode structures (distance of 2 mm between electrodes) [142]. Figure 4 
depicts a bipolar cell configuration presented by Xia et al. [143]. As shown in the
figure, it was proposed that upon application of an electrical field, the dispersed Pt
nanoparticles form partially or completely polarized galvanic cells, one side being
positively polarized and the other negatively polarized.
Further cell modifications were first proposed by Wodiunig et al. [141] through

the use of a cylindrical YSZ solid electrolyte monolith. A RuO2 catalyst was depos-
ited through thermal decomposition (i.e., impregnation) inside the channels of the
monolith, while two gold electrodes were deposited symmetrically on the outside of
the cylinder. A similar honeycomb monolith was used in a previous study where
dispersed Pd particles were introduced into the channels by electroless deposition;
however, instead of both electrodes deposited on the outside of the cylinder, a gold
working electrode was deposited on the entire outside surface, while a continuous
Pd film was deposited (as a counter electrode) on the center channel of the monolith
[154]. Furthermore, using this concept of a monolithic reactor and in regard to both
the desire for efficient current collection and a compact reactor design, the mono-
lithic electrochemically promoted reactor (MEPR) was proposed by Balomenou
et al. [151, 152]. Details of the design and construction of this reactor are well out-
lined, describing that the main advantage is that it can be assembled and dismantled
easily and the plates can be replaced as necessary [151]. This type of reactor has
also been employed by Koutsodontis et al. [153] who describe the design as a
hybrid between the classical honeycomb monolith and a flat- or ribbed-plate
solid oxide fuel cell; a feasible solution in order to minimize electrical connections.

Fig. 4 Schematic of bipolar configuration of electrochemical cell, consisting of two Au electrodes
and polarized Pt particles deposited on YSZ solid electrolyte (Reproduced from Xia et al. [143])
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More recently, as modified from the reactor in Fig. 1c, a single-chamber reactor
(SCCR) was developed to accomodate highly-dispersed nanocatalysts [155].
A more recent concept that has been related to the electrochemical promotion

phenomenon is that of self-induced electrochemical promotion. One of the main
advantages of this type of catalytic cell is that there is no electrical contacts required
which, in turn, means no external circuit. It has also been a suggestion in order to
overcome the limitation of the electrical connectivity of nanocatalysts. This concept
has been demonstrated for the oxidation of CO over YSZ-supported Pt nanoparti-
cles [36, 74] as well as for propane oxidation [87] and toluene oxidation [78] over a
Pt/YSZ catalyst.
Similarly, the concept of a wireless configuration has been studied as well which

involves a concentration driving force that causes the migration of promoting ion
species from the support toward the surface of the nanostructured catalyst [165–167]. 
These studies were also performed for a Pt catalyst deposited on a MIEC support (or
membrane). The cell is placed inside a dual chamber reactor which consists of a reac-
tion side (i.e., catalyst, reaction gases) and a sweep side (i.e., catalyst, sweep gas). In
this case, open circuit conditions correspond to using the same reaction mixture on
each side. To induce back-spillover (i.e., pushing oxygen toward the surface of the
reaction side catalyst), oxygen was introduced on the sweep side. This creates an
oxygen chemical potential difference across the membrane driving the oxygen
toward the reaction side. Furthermore, spillover (i.e., removing oxygen from the sur-
face of the reaction side catalyst) was induced by sweeping hydrogen on the sweep
side creating a driving force in the opposite direction [165–167]. It should be noted
that the same in situ control of catalytic activity as EPOC can be achieved with this
type of wireless configuration by altering the oxygen concentration difference across
the membrane.

�Electrochemical Promotion of Nanostructured Catalysts

Several model reactions have been used to evaluate and investigate the viability of
electrochemical promotion for the nanocatalyst systems (as shown in Table 6). These
include complete oxidation of ethylene [40, 141, 144, 150, 151, 158, 159, 163, 164] 
and propane [12, 145, 146, 148, 162], combustion of CO [142, 143, 147] and natural
gas [138, 154, 161], reduction of NO in the presence of hydrocarbons [99, 152, 153,
156, 160], and, more uniquely, SO2 oxidation [149] and the reverse water–gas shift
(RWGS) reaction [140]. Each study has shown promising results for electrochemical
promotion over nanocatalysts for different cell configurations and reactor designs
which prove to be furthering this technology toward commercialization.
In general, it has been concluded that the reaction rate of ethylene oxidation is

significantly increased when a positive polarization is applied [141, 144, 150, 151,
158, 159, 163, 164]; however, a recent study showed an increase in catalytic rate
when negative polarization is applied. This was attributed to partial reduction of
CeO2, the catalyst support, causing a stronger MSI of the Ru nanoparticles and
CeO2 [40]. The introduction of a MIEC interlayer, especially TiO2, was shown to
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enhance the catalytic activity even more [144, 150]. Baranova et al. [150] discuss
that this enhancement due to the addition of the TiO2 interlayer is attributed to the
higher surface area of the catalyst deposited on TiO2 compared to the catalyst depos-
ited on the bare YSZ pellet. Further explanation of this behavior outlines that the
TiO2 layer, under polarization, acts as a catalyst in transforming the gaseous O2 to
promoter O2− species at the Pt/gas interface [144]. Figure 5 shows a comparison of
the catalytic performance of the Pt catalyst with and without the incorporation of a
TiO2 interlayer. Some of the observations discussed from these results include that
there is an increase in UWR for the Pt/TiO2/YSZ catalyst which implies an increase
in work function indicating a higher coverage of promoting O2− species on the cata-
lyst surface resulting in greater enhancement in activity; also, a new steady state,
upon positive polarization, was achieved significantly faster for the Pt/TiO2/YSZ
catalyst compared to the Pt/YSZ catalyst.
Similar results were found using the bipolar configuration by both Marwood

[163] and Balomenou et al. [164]; however, it was observed that the magnitude

Table 6 Electrochemical promotion of nanocatalytic systems

Reaction Catalyst
Solid
electrolyte Temperature (°C)

Promotion
parameters

Referenceρmax Λmax/min
C2H4 oxidation Pt YSZ 353 1.38 688 [163]

Pt YSZ 400 3.8 – [164]

Pt YSZ
TiO2/YSZ

280 67
168

188
753

[144]

Pt, Rh YSZ 300–380 1.45 77 [151]

Rh YSZ
TiO2/YSZ

300–420 60
78

1400
1791

[150,158,159]

Ru YSZ 350–400 2.46 96 [40]

RuO2 YSZ 360 – 90 [141]

C3H8 oxidation Pt YSZ 350 5.6 330 [146]

Pt YSZ 150–500 22.4 480 [148]

Pt Ce0.9Gd0.1O2-δ 170–250 1.3 6 [145]

Pt Ce0.9Gd0.1O0.95 267–338 1.38 85 [161]

CO oxidation Pt YSZ 300 500 1.5 [142,143]

Pt YSZ 250 4 530 [147]

CH4 oxidation Pd YSZ 400 – 47 [130]

Pd YSZ 120–500 3.65 – [138]

Pd CeO2/YSZ 480 5.6 764 [160]

NOx reduction Pt YSZ 300–510 2.3 48 [156]

Pt, Rh YSZ 290–305 14 900 [152]

Pt–Rh YSZ 335–380 6.46 13.75 [153]

Rh YSZ 275–450 6 5 [99]

Rh YSZ 370 220 1207 [160]

SO oxidation Pt YSZ 330–370 2 30 [149]

RWGS Ru YSZ 200–300 2.5 1000 [140]
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of electrochemical promotion (in terms of rate enhancement ratio and Faradaic effi-
ciency) was factors lower than that observed for the conventional configuration.
Both groups attributed this to two effects, current bypass and individual bipolar
electrodes. Current bypass involves the possibility of current passing through the
bulk of the YSZ without affecting the Pt catalyst. Some possible solutions in order
to obtain similar catalytic performance include applying much larger currents, or
using a thinner YSZ pellet or appropriate electrode geometry to lessen the loss of
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Fig. 5 Transient effect of applied constant current on the rate of C2H4 oxidation: (top) Pt/YSZ
catalyst, (bottom) Pt/TiO2/YSZ catalyst (Reproduced from Papaioannou et al. [144])
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current. The concept of individual bipolar electrodes means that each individual Pt
nanoparticle catalyst behaves as a bipolar electrode; one side is positively charged,
and the other side is negatively charged. This causes a nonuniform work function,
contrary to that of a conventional electrode configuration; therefore, the resulting
effect is a combination of catalytic activity due to both positive and negative polar-
izations. It has been suggested that this can be overcome by using this type of con-
figuration for reactions that exhibit both electrophobic and electrophilic behavior.
A similar limitation (i.e., underestimation of promotion parameters) was found

by Kambolis et al. [162] for the oxidation of propane over Pt/LSCF-GDC/GDC
catalyst. It was stated that a minor part of the applied current between the LSCF/
GDC electrode and the counter electrode passes over the Pt nanoparticles resulting
in an underestimation of the Faradaic efficiency values. These results are shown in
Fig. 6, summarizing the effect of positive polarization at three different tempera-
tures. It can be seen that at 267 °C, a two-step increase of propane conversion was
observed. This was attributed to the fact that the LSCF/GDC electrode conductivity
is quite low at such a temperature indicating that the movement of oxygen ions
requires some time to be delocalized from the bulk of the electrode; the opposite is
observed when the current is interrupted [162].

Fig. 6 Transient effect of
applied constant current on
the rate of C3H8 oxidation for
T1, 267 °C; T2, 307 °C; and
T3, 338 °C (Reproduced from
Kambolis et al. [162])
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Xia et al. have attempted to quantify this difference in promotion parameters
compared to the conventional equations, taking into account that when the catalyst
is highly dispersed and not directly electronically connected, it acts as individual,
isolated galvanic cells during polarization [143]. They proposed a new technique
where a galvanostatic step is applied to a system in the presence of C16O and isotope
18O2 under high vacuum conditions. The formation of C18O2 (Faradaic reaction; 16O
from YSZ) and C16O18O (non-Faradaic reaction; 18O from 18O2) is observed, and the
number of galvanic cells is quantified, thus, resulting in the following modified
equation (Eq. 5) for rate enhancement ratio being proposed:

	

r =
+r r
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C O C O O

C O O
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where r
C O16

2
is the rate of Faradaic formation of C16O2, rC O O16 18 is the rate of non-

Faradaic formation of C16O18O, and r
C O O16 18

0 is the initial open circuit catalytic rate.
In addition, an adjustment to the equation (Eq. 6) for Faradaic efficiency was shown
to be
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or in the more conventional form (Eq. 7); however, accounting for the equivalent
number of galvanic cells (ncell),
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where Dr
C O O16 18 is the enhancement of the catalytic rate of C16O18O during

polarization.
From this discussion, it is evident that some limitations still exist with regard to

the application of nanostructured catalysts and the corresponding modified cell con-
figurations and reactor designs; however, these have been identified and are being
investigated for possible solutions and explanations. Further fundamental research
with regard to these new designs would prove to be beneficial in the understanding
of the behavior of these nanostructured catalysts compared to the commonly known
systems. In addition, adjusting the reaction environment to more practical operation
conditions would make it possible to evaluate the nanostructured catalysts for com-
mercial applications.

�Conclusion

Recent progress in the implementation of nanostructured catalysts to overcome the
commercial limitations of conventional electrochemical promotion systems and to
gain a better understanding of the related MSI phenomenon was presented. The
limitations for practical application include the low metal dispersion, high metal
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loading of expensive metals, and inefficient cell configuration and reactor design.
It was shown that metal dispersion can be increased (by a factor of 10–100) through
catalyst preparation techniques such as impregnation, sputter depositing, electroless
deposition, and electrostatics spray deposition. In addition, adjustments to the cell
configuration to accommodate these nanostructured catalysts, such as using the
bipolar configuration or incorporating a mixed ionic–electronic conducting inter-
layer, have been studied along with new reactor designs, such as the monolithic
electrochemical promotion reactor. These modifications have been shown to be the
potential solutions to progressing toward commercial applications of electrochemi-
cal promotion. However, some of the limitations identified for these new designs
include current bypass and individual bipolar electrodes, which cause an underesti-
mation of conventional promotion parameters.
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