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Abstract Electrochemical promotion of catalysis (EPOC) also known as
non-Faradaic electrochemical modification of catalytic activity (NEMCA) phenom-
enon of nano-dispersed catalytic systems has been of paramount interest since the
pioneering studies of Vayenas and co-workers in the 1980s. A typical heterogeneous
catalyst consists of a nano-sized active phase dispersed on high-surface-area support.
This allows decreasing the noble metal catalyst loading while considerably increas-
ing the number of surface-active sites available for the reaction. In EPOC studies the
catalyst-working electrode is often fabricated as a continuous, porous film with low
dispersion; however, more and more works on the fabrication and study of EPOC
with nanostructured, dispersed catalysts have emerged recently. This chapter pre-
sents a review of EPOC studies with nano-sized, electropromoted catalytic systems
reported in the last decade. The first section discusses the origin of EPOC, the main
parameters, and the rules. The second part provides the observation of the EPOC
effect for both noble and non-noble nanoparticle catalysts. The third part examines
recent advances in density functional theory (DFT) for the understanding of electri-
fied interfaces in catalysis, followed by recent advances in self-sustained EPOC.
Finally, the last section highlights the research gaps in understanding and applying
electrochemically promoted nanostructured catalysts to technologically important
processes.
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Abbreviations

ALD Atomic layer deposition

BZY BaZr85Y0.1503.«

DFT Density functional theory

DLC Diamond-like carbon

EDX Energy-dispersive X-ray

EMF Electromotive force

EPOC Electrochemical promotion of catalysis

GO Graphene oxide

LSCF/GDC La()'GSI‘()_4CO(),2FCO'8O3_5/Ceo'9Gd0_101_95

LSM/GDC  (Lag gSt92)0.95 MnO3_5/Cep 9Gdog. 1O 95

MIEC Mixed ionic-electronic conductive

MSI Metal-support interaction

NAS-XPS Near-ambient pressure X-ray photoelectron spectroscopy
NEMCA Non-Faradaic electrochemical modification of catalytic activity
NPs Nanoparticles

P-EPOC Permanent or persistent electrochemical promotion of catalysis
PM-IRRAS  Polarization modulation infrared reflection absorption spectroscopy
PVD Physical vapor deposition

PVP Polyvinylpyrrolidone

RHE Reversible hydrogen electrode

RWGS Reverse water-gas shift

SHE Standard hydrogen electrode

SMSI Strong metal-support interaction

SRM Steam reforming of methanol

SSEP Self-sustained electrochemical promotion

SS-EPOC Self-sustained electrochemical promotion of catalysis
TGA Thermogravimetric analysis

TMAOH Tetramethylammonium hydroxide

TOF Turnover frequency

tpb Three-phase boundary

TPD Temperature program desorption

VOCs Volatile organic compounds

WGS Water-gas shift

XAS X-ray absorption spectroscopy

YSZ Yttria-stabilized zirconia

3.1 Introduction to Electrochemical Promotion of Catalysis

EPOC or NEMCA phenomenon allows for in situ control of the activity and
selectivity of a catalyst towards a favorable reaction rate and products in a reversible
manner through the application of electric stimuli (constant current or potential)
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[1]. Since the first discovery of the EPOC phenomenon by Vayenas and collabora-
tors [1-3], well over 100 catalytic processes have been studied and demonstrated
exceptional enhancement activity and selectivity [4, 5]. As selectivity and activity
show a long-life trade-off in heterogeneous catalytic reactions, EPOC can be a
noticeable step to resolving and aligning both parameters for reactions and catalysts
[6]. To date, the application of EPOC includes, among others, environmental
reactions (methane oxidation, abatement of volatile organic compounds (VOCs),
and NO, reduction) [7-11] and production of various chemicals (hydrogen, ammo-
nia, methane, carbon monoxide, etc.) in gas and liquid phases [12—-18].

The origin of EPOC is based on the action of ionic promoters’ spillover and/or
backspillover from the support-solid electrolyte to/away from the deposited catalyst.
An electric current or potential is manipulated to control the flux of promoters onto/
from the catalyst surface through the three-phase (solid electrolyte-gas) boundary. In
a typical EPOC cell, the catalyst-working electrode is polarized using an inert
counter electrode that results in the supply/removal of ionic promoters to/from the
catalyst surface. This permits to in situ modify the work function of the metal or
metal oxide catalyst and as a result its catalytic activity and, in several instances,
selectivity in a sustainable and reversible manner. Several promoters have been
investigated including positive promoters, e.g., alkali, H", and Ag*, or negative
ones, e.g., 0°~ and F~ [14]. Yttria-stabilized zirconia (YSZ) is the popular choice of
solid electrolytes among researchers due to its remarkable stability and bulk ionic
conductivity of O>~ at temperatures as low as 300 °C [19, 20].

The main parameters to quantify the EPOC phenomenon are the apparent Faradic
efficiency (A) (Eq. 3.1) and the rate enhancement ratio (p) (Eq. 3.2) [4]:

_rfl"()

= TnF (3.1)
p=— (3.2)
0

where 7 is the open-circuit (zero voltage) rate (mol s~ l), r is the rate of reaction (mol
sfl), 1 is the current measured across the cell (A), F is Faraday’s constant (96,485 C
molfl), and n is the number of electrons. Electrochemical promotion occurs when
p # 1 and it is non-Faradic when IAl > 1. The apparent Faradaic efficiency could be
below 1 and still indicate the EPOC effect, when the conducting ion from the solid
electrolyte does not participate in the electrochemical reaction but alters the catalytic
properties (i.e., catalyst work function, oxidation state, surface coverage, etc.) that
lead towards the final product [4].

To investigate the behavior of a catalyst under EPOC conditions, it is important to
provide information on the electronic properties of the reactants (electron donor or
acceptor) [21] and the apparent orders of reaction rate. Therefore, four principal rules
were defined to aid in predicting the behavior of the catalytic systems [22]. The four
rules were first proposed in [4, 23, 24] and well established in [25]:
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R1. Electrophobic (nucleophilic): with an increase in work function (applied poten-
tial), the reaction rate shows ascending trend.

R2. Electrophilic: reaction rate exhibits descending behavior with an increase in
applied potential.

R3. Volcano-type: the variation of applied potential results in a maximum value and
then decreases.

R4. Inverted-volcano type: reaction rate demonstrates a minimum value that ascends
once the applied potential varies.

Studies of EPOC reversibility by Comninellis and co-workers led to the discovery
of permanent or persistent electrochemical promotion of catalysis (P-EPOC) [26]. In
P-EPOC, the catalytic rate after the current/potential interruption is maintained at a
higher value than the original open-circuit rate (rp). The magnitude of the current or
potential and the duration of polarization strongly impact the reversibility properties
of EPOC [26]. The permanent rate enhancement parameter (y) (Eq. 3.3), analogous
to the rate enhancement ratio of EPOC, is given by

_
=0 (3.3)

where r,, is the new steady-state catalytic rate (mol s~!) after potential/current
interruption and ry is the open-circuit (zero voltage) rate (mol sfl) similar to
Eq. (3.2) [26].

Since the year 2000, there are a number of excellent books, book chapters, and
comprehensive reviews on the EPOC phenomenon that present and discuss its
origin, mechanism, rules, and concept of EPOC, as well as its application to
numerous catalytic reactions [14, 27-29]. In this chapter, we focus on reviewing
the application of EPOC to nano-sized, highly dispersed catalytic systems published
since 2010. In particular, the preparation of mono- and bimetallic nano-catalysts and
their implementation into solid-state electrochemical cells for efficient polarization
and promotion are discussed. A particular emphasis is made on the functional
similarity between metal-support interaction (MSI), also called self-sustained
EPOC (SS-EPOC or SSEP), observed between nanoparticles and ionically conduc-
tive or mixed ionic-electronic conductive (MIEC) ceramic supports and conven-
tional EPOC phenomenon.

3.2 Electrochemical Promotion of Nanoparticle Catalysts

3.2.1 Pt-Based Nanostructured Catalyst

Nanostructured platinum has been widely investigated in EPOC studies in the last
decade thanks to its excellent activity and stability in various reactions, as well as
ease of Pt synthesis using various physical (sputtering, physical vapor deposition
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(PVD), atomic layer deposition (ALD), etc.) and chemical (chemical vapor deposi-
tion, impregnation, polyol method, etc.) techniques. EPOC of Pt nanoparticles was
studied for oxidation [30, 31], light alkane production [32, 33], oxidation of aromatic
hydrocarbons, e.g., toluene [34], water-gas shift (WGS)/reverse water-gas shift
reaction (RWGS) [35, 36], and alcohol synthesis [13] as well as various methane-
oriented reactions [37-39].

A pioneering study that employed non-percolated Pt nanoparticles of well-
defined size and dispersion was reported by the group of Comninellis and coworkers
[4, 31, 39]. In these studies, CO oxidation over electropromoted Pt nanoparticles
(NPs), prepared via sputtering deposition, has been studied focusing on fundamental
concepts, metal characteristics, supports, and the mode of polarization (bipolar and
monopolar) [31, 39]. Pt nanoparticles of the controlled size and size distribution
were investigated in the bipolar cell configuration on YSZ (1.7 x 10° Pt particles per
cm?) for CO oxidation at 300 °C [39]. A quantifying method was proposed to
distinguish classical electrochemical promotion (EP) from bipolar electrochemical
promotion with the aid of isotopically labeled oxygen [39]. Two stages of polariza-
tion in the absence and presence of reactive gas were presented. In the absence of
reactive gas, only large particles were polarized, whereas increasing the current led
to the polarization of smaller particles. With the presence of reactive gas, an
equivalent number of completely galvanized cells (n.) increased and resulted in
a boost of the enhancement ratio, as well as CO, formation (as indicated by c'®0,
and C160180). However, a considerable difference was observed between the
Faradaic efficiency, Eq. (3.2) (A = 1.8) [4], and the modified bipolar efficiency
(A = 0.086), where no electrochemical promotion occurs [39]. This behavior was
due to nonuniform current distribution and the presence of high local current
densities.

Furthermore, Pt nanoparticles of 40 nm average size (1.7 x 10° particles per cm?
of YSZ) were investigated for CO oxidation [31] where comblike gold electrodes
served as a strong electrical field (27,000 Vm™") at 1pA to polarize Pt nanoparticles.
Pt NPs were prepared using sputter deposition following calcination at 700 °C for
4 h. Although only 5% of the active surface area was covered by Pt, the bipolar
electrochemical promotion resulted in an enhancement ratio of 500, and operando
tuning of catalytic activity was observed at a low current of 0.1pA. As the relaxation
step upon current interruption was slow (shown as a slow decrease in the C'°0, and
C'°0'30 formation rate), the electrochemical promotion was determined as a per-
sistent P-EPOC effect [40] where 'O species were stored on the surface as Pt-oxide
(PtO,). Once polarization was relaxed, the stored oxygen species were made avail-
able as sacrificial promoters for the reaction [41].

Another significant EPOC breakthrough using highly dispersed Pt NPs catalyst
was reported by the group of Vernoux [42]. Pt NPs prepared via wet impregnation on
porous Lag ¢519.4C0q 2Feq §03.5-Ceg 0Gdg 101,05 (PYLSCF/GDC) were investigated
for deep oxidation of propane at low temperatures (267-338 °C) with maximum
promotion parameters of p = 1.38 and A = 85 [42]. The particle size of Pt NPs was
in the range of 3 to 20 nm with 15% dispersion. Pt/LSCF/GDC resulted in a
remarkable decrease in activation temperature of propane oxidation from 350 °C
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to 250 °C in comparison to bare LSCF/GDC. An increase in partial pressure of C3Hg
from 2200 ppm to 3880 ppm (keeping Po, = 2.2%) resulted in an open-circuit rate
enhancement from 2.7 x 10" to 19 x 10~® mol O s (or 56%) but only a slight
variation in the open-circuit potential (A Vyg) from —85 to —73 mV in disagreement
with solid electrolyte potentiometry (SEP) [43]. The authors concluded that mea-
sured potentials and currents for the Pt/LSCF/GDC film corresponded to the elec-
trochemical properties of the LSCF/GDC MIEC layer and not to the Pt NP activity.
Under polarization (I = +200pA), the rate enhancement ratio showed two peaks at
267 °C (Fig. 3.1 (bottom)), while at higher temperatures, one peak was observed.
Such results are explained by the low conductivity of LSCF/GDC at relatively low
temperatures, which requires time to delocalize the current onto the overall layer of
the working electrode. Equally important, the gradual delocalization acts as a proof
for homogeneous dispersion of Pt NPs into the LSF/GDF phase.

One of the pioneer studies of active support and EPOC was conducted by the
same research group [44]. The authors carried out an investigation of the reaction
mechanism of propane combustion over Pt nanoparticles, synthesized with wet
impregnation, on YSZ, SiO,, and ZrO,. The contribution of the lattice oxygen was
investigated using %0, temperature-programmed desorption (TPD) for all described
catalytic systems. Pt deposited on YSZ demonstrated the oxidation of propane by
lattice oxygen from YSZ. The strong interaction of nanoparticles and support
promoted the state of the catalyst in agreement with the EPOC mechanism.
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Methanol conversion to hydrogen through steam reforming and partial oxidation
was studied using electropromoted nano-dispersed Pt catalysts, deposited by the
filter cathodic arc deposition technique [13]. The dispersed Pt NPs (3 nm average
size) over diamond-like carbon (Pt-DLC) were deposited on K-f”-Al,05 solid
electrolyte. The resulting Pt-DLC underwent high-temperature pre-treatment to
attain desirable electrical conductivity. The conductivity increase was confirmed
by the scanning transmission microscopy (STEM) and electron energy-loss spec-
troscopy (EELS) techniques, where the transition from sp® carbon into sp*-hybrid-
ized graphitic carbon was observed. The maximum enhancement ratio of 2.5 and 3.5
times was attained under partial oxidation of methanol and steam reforming of
methanol (SRM) reactions as a function of H, production rate, respectively. The
observed steam reforming results were due to the formation of bicarbonate and
potassium carbonate promoting species that were also observed using dense Pt films
[45]. A comparative study between Pt-DLC catalyst films and pure dense Pt dem-
onstrated that a higher activity was obtained for Pt-DLC due to a lower Pt particle
size (3 nm). The maximum enhancement ratio of H, for the steam reforming reaction
was p = 3.4 at 360 °C and for partial oxidation was p = 2.5 at 280 °C. In other
studies by de Lucas-Consuegra et al., H, production was enhanced 5-fold over dense
Pt film [46] for SRM and 6-fold for partial oxidation [45] of methanol using the same
NEMCA cell as in [13].

The application of novel techniques for nanoparticle synthesis is important from a
fundamental and practical point of view. ALD technique fabricates well-defined
nanoparticles and nano-layers. Pt NPs (6.5 nm) were deposited by the ALD on a
porous composite backbone fabricated by (Lag Sty 2)90sMn0O3.5/CegoGdy 101 .95
(LSM/GDC) inspired from solid oxide electrolyte cells (SOEC) [47]. The Pt NPs
on LSM/GDC led to a 27% to 33% increase in the catalytic rate (i.e., p = 1.27-1.33)
with respect to the open-circuit and resulted in an apparent Faradaic efficiency
between 1000% and 3860% at 300 °C for C3Hg oxidation. Long-term stability of
13 h of continuous polarization (100pA) led to a marginal decrease of 5x 10! mol
s~ in CO, production, signifying a stable conversion. The authors concluded that
the catalyst agglomerated at higher temperatures (425 °C) and was in a stable active
state [47].

The functional similarity between EPOC and MSI was investigated using Pt and
RuO, NPs (~2 nm average diameter) for complete ethylene oxidation [48]. The
authors synthesized Pt and RuO, NPs using the polyol reduction method [49] and
deposited them directly on the YSZ solid electrolyte disk resulting in free-standing
NPs. In addition, the same NPs were dispersed (1 wt.% ) on CeO,, TiO,, and YSZ
powder supports [48] resulting in supported NPs. The closed-circuit reaction rate
increased with anodic current (Fig. 3.2a). In addition, the relaxation time (7), i.e., the
time required to reach 63% of steady-state reaction rate under closed-circuit,
decreased as a function of current, e.g., I00pA (z = 1.5 min) and 15pA (z = 5 min).
The enhancement ratio of 1.7 and apparent Faradaic efficiency of 90 were reported
for free-standing Pt NPs in this study (Fig. 3.2b).

Only free-standing Pt and RuO, NPs were electrochemically promoted (Fig. 3.3),
while the supported catalysts were already in the promoted MSI state. Figure 3.3
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Fig. 3.2 (a) Transient rate response of Pt NPs under constant current; (b) variation of enhancement
ratio p and apparent Faradaic efficiency 4 upon applying similar constant current denoted in (a).
T = 350 °C, 3 kPa of O, and 0.012 kPa of C,H,, flow rate of 100 mL min . (Reprinted with
permission from Ref. [48], Copyright 2017, Elsevier)
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shows that the specific reaction rate increased with increasing C,H, partial pressure
for all Pt catalysts, where the reaction rate of unpromoted free-standing Pt NPs was
the lowest and increased significantly under polarization or by interfacing Pt with
active ionic ceramic supports. A comparable degree of promotion was achieved
under open-circuit conditions for dispersed Pt NPs on CeO,, TiO,, and YSZ
supports and EPOC of free-standing Pt NPs. These findings further confirmed the
functional equivalence of EPOC and MSI with highly dispersed Pt NPs.
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Therefore, the synthesis and application of size-controlled mono- and bimetallic
NPs for electrochemical promotion studies in the last decade led to the advancement
and better understanding of the MSI phenomenon, in particular, the MSI mechanism
with ionically and mixed ionic-electronic conducting supports that will be discussed
later in Sect. 4 [5]. The summary of EPOC studies with Pt NPs is shown in Table 3.1.

3.2.1.1 Pd-Based Nanostructured Catalyst

Palladium (Pd) has been widely studied for catalytic reaction development, partic-
ularly for energy and environmental application. Pd is the most active metal for the
complete oxidation of methane in conventional heterogeneous catalysis and in
EPOC studies [4, 52-56]. Recently, EPOC of nanostructured Pd films [37] deposited
inside a monolith honeycomb (600 channels) YSZ (8 mol% Y,O3) solid electrolyte
was reported for deep methane oxidation. Pd NPs were deposited into the YSZ
monolith via the electroless plating technique reported earlier [S0]. A maximum
electrochemical promotion of Pd/YSZ under oxidizing conditions of CH4/O;: 2%/
10% and under —2 V resulted in A = 47 at 400 °C. In this study, electrochemical
promotion was observed at both negative and positive potentials [52].

In the work of Matei et al. [51], Pd NPs (8 nm average size) were prepared by the
impregnation method on YSZ solid electrolyte of different porosity for complete
methane oxidation. The authors demonstrated that a more porous YSZ increased the
activity of Pd towards methane combustion due to a 4.5-time increase in the catalyst
dispersion when compared with dense YSZ [51]. The porosity of the support
impacted the transformation between metallic Pd and more active PdO,. Another
study [9] reported EPOC of Pd NPs synthesized via polyol method (average particle
size of 5-35 nm) and deposited on YSZ for methane oxidation. Both positive and
negative polarization at relatively low temperatures (340 °C) resulted in the reaction
rate increase. Enhancement under negative polarization was explained by compet-
itive adsorption of CH, and O, under stoichiometric, reducing, and oxidizing
conditions. This competitive adsorption was mechanistically explained by the for-
mation of PdO, which can be limited at low O, partial pressure (<5 kPa). Higher
oxygen partial pressure resulted in the full coverage of the catalyst surface and
blockage of CH4 adsorption sites leading to a decrease in the reaction rate.

Zagoraios et al. [52] evaluated EPOC of Pd/Co;0, nanoparticles (4 nm average
size) prepared by the polyol method for complete methane oxidation. To this end, Pd
colloidal NPs were dispersed on commercial porous Co;0, semiconductor powder
and deposited on YSZ solid electrolyte disk. Pd/Co;04 was compared to a Pd thin
film (1.5 mg cm?) prepared using Pd commercial paste (Engelhard A1121). The
open-circuit catalytic activity for Pd/Coz0,4 was 12 times higher than the Pd film.
Under anodic polarization, the catalytic rate of the Pd film increased 12-fold, while
for Pd/Co30,, the catalytic rate increased 2-fold. Pd/Co;04 required half the time to
reach a promoted state over the Pd film, due to the shorter diffusion path over the
nanoparticles. Even though the Pd film experienced a higher electrochemical pro-
motion effect, the overall catalytic activity for Pd/Co3;0,4 outperformed Pd film. Pd
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nanoparticles deposited on Co3;0, powder resulted in an MSI which enhanced the
catalytic properties of Pd/Co30,4 by cycling oxygen during open-circuit conditions
and directing oxygen and electrons under polarization.

Persistent EPOC (P-EPOC) was observed during methane oxidation over Pd NPs
(5 nm average size), synthesized using the polyol method [53]. EPOC of Pd NPs on
YSZ solid electrolyte showed an electrophobic behavior with an apparent Faradaic
efficiency of 3000 (at / = 1pA) and a maximum rate enhancement ratio of p = 2.7
under a 2 kPa and 4 kPa gas composition of CH, and O,, respectively (Fig. 3.4). The
degree of p-EPOC increased with polarization time due to the continuous increase in
the amount of O*~ stored in the PdO, active phase [53]. The relationship between the
duration of polarization and the time required to obtain the initial value of the open-
circuit rate is shown in Fig. 3.4a (insert) with a slope of 0.5, along with the
corresponding current (Fig. 3.4b). Thus, p-EPOC occurred due to the stored oxygen
ions in PdO, that acted as sacrificial promoters when polarization was interrupted.

Bimetallic nano-sized catalysts have attracted considerable attention, to achieve
bi-functionality to increase and/or stabilize the catalytic activity and reduce the
amount of noble metals [54, 55]. EPOC of the bimetallic Ni9Pd (90:10 at% of Ni
to Pd) nanoparticles was studied for the complete oxidation of methane [54]. The
Ni9Pd NPs were synthesized using a modified polyol method and deposited on the
YSZ disk. The resulting structure of NPs was a core double-shell with Pd located at
the core, Ni as the inner shell, and a second 3- to 4-nm-thick Pd outer shell (Fig. 3.5)
[54]. Such a structure significantly enhanced the catalytic activity and stability under
open-circuit when compared with monometallic Ni and Pd. The EPOC was observed
under positive polarization in a reversible and controllable manner that increased the
reaction rate by 240% (p = 2.4) at 425 °C (Fig. 3.6a). The highest promotion was
attained under fuel-rich conditions if compared to fuel-lean and stochiometric gas
composition. This catalytic system met economic and performance criteria, where
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Fig. 3.4 (a) Transient rate response of Pd/YSZ polarized for 3.5 h, 6.5 h, and 10.5 h. Insert in (a)
time after polarization to reach the initial open-circuit as a function of polarization time; (b)
corresponding potential/current recorded at potentiostatic or galvanostatic application. Conditions:
T = 425 °C, 2 kPa of CH, and 4 kPa of O,, and flow rate of 100 mL min . (Reprinted under an
open access Creative Common CC BY license from Ref. [53], Copyright 2019, Molecular Diversity
Preservation International)
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Fig. 3.5 HAADF STEM-EELS and element mapping under different signal range showing (a) Pd
at signal range: 364.3-468.0 eV, (b) Ni at signal range: 848.0-885.8 eV and (c) illustration of
double-shell structure (colored coded map) with Pd (green) as the core, Ni (red) inner shell, and Pd
outer shell with average particle size of 3-4 nm. (Reprinted with permission from Ref. [54],
Copyright 2019, Elsevier)

the costly Pd phase was minimized while maintaining the high active surface area
and synergistic interaction between Ni and Pd. A maximum rate enhancement ratio
and Faradaic efficiency of 1.3 and 39, respectively, occurred at Uygr = 0.25 V and
POQ/PCH4 ratio of 0.1 (Flg 36b)

Electrochemical promotion of Pd was also investigated for CO, hydrogenation
[56] and electrochemical CO, reduction reactions [57] with the goal of waste carbon
dioxide utilization and transformation to useful chemicals, such as CO [56], formate
[57], or methane [58]. CO, hydrogenation reaction pathways vary over different
catalysts under atmospheric pressure, such as RWGS, methanation, or conversion to
formate in aqueous media [57]. CO, hydrogenation was studied by Bebelis et al.
over a thin-film coating of Pd (A1122 Engelhard Pd paste) on solid electrolytes YSZ
and Na-f” A1,03 [56]. Only the RWGS reaction was observed at 533 °C and 605 °C
for a CO,/H, ratio of 1:2.3. For Pd/YSZ, the RWGS was enhanced under anodic and
cathodic polarization indicating an “inverted-volcano” behavior. For Pd/p”-Al,0s,
the RWGS rate increased under negative polarization where Na* is supplied to the
gas-exposed catalyst surface resulting in a 6-time rate increase. This behavior is
explained by the coverage increase of the Na positive promoter and simultaneous
drop of the catalyst work function. Consequently, the CO, adsorption was enhanced
leading to an increase in the CO formation rate.

Electrochemical promotion of Pd NPs for CO, electroreduction in an aqueous
1 M KHCOj5 solution saturated with H»/CO, was reported recently [57]. The Pd NPs
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Fig. 3.6 (a) Catalytic rate response of Pd and Ni9Pd upon the application of I = 80pA. Experi-
mental condition: 7= 450 °C, Pcys = 2 kPa, Po, = 4 kPa, and He balanced. (b) Enhancement ratio
and apparent Faradaic efficiency obtained for Ni9Pd as a function of step change of Uwg to 0.25 V
and 0.5 V, respectively. Experimental conditions: 7' = 450 °C, Pcy4 = 10 kPa, and a variable P,/
Pcpy ratio. (Reprinted with permission from Ref. [54], Copyright 2019, Elsevier)

with an average particle size of 3.7 nm were synthesized using the sodium borohy-
dride reduction method. The catalyst layer was composed of a catalyst ink of Pd/C
and Nafion ionomer deposited on carbon paper (Toray TGP-H-060). The experi-
ments were carried out in an H-type electrochemical cell (Fig. 3.7a) under ambient
temperature. Working and counter electrode cell compartments were separated by a
Nafion 115 membrane. Both electrochemical and catalytic reduction of CO, took
place over Pd/C. Electrochemical promotion of Pd/C catalyst under negative polar-
ization (in the range of —0.1 and —0.4 vs. RHE) showed that the formate production
rate increased between 10 and 143 times depending on the Pd particle size and
applied potential (Fig. 3.7b). Electrochemical polarization activated H, from the
electrolyte solution and stabilized the active phase of PdH, to promote catalytic CO,
reduction. Authors suggested that electrocatalytic and catalytic reduction of CO,
shared the same HCOO® intermediate that resulted in formate rate increase [57]. The
reaction mechanism was explained by the weakening of the hydrogen adsorption
bond on PdH, under negative polarization, at an optimal value of —0.2 V with
respect to the maximum enhancement ratio. The relationship between NP size and
enhancement ratio is illustrated in Fig. 3.7b [57]. Decreasing the particle size
increased the enhancement ratio for all applied potentials.

In a recent work [59], catalytic non-Faradaic CO, hydrogenation to formate in
aqueous media was significantly enhanced via polarization. The reaction rate of
formate production increased by three orders of magnitude due to local pH changes
under polarization. Small polarization affected a nonequilibrium local environment
in the vicinity of the electrode, leading to a coexistence of high alkalinity and high
CO, concentration. The local pH changes were different from the electrolyte bulk,
where alkalinity and CO, concentration were inversely correlated. These early works
on CO, hydrogenation in aqueous media [57, 59] show a significant potential of the
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Fig. 3.7 (a) Schematic of the H-cell for CO, reduction. (b) Rate enhancement ratios for formate
production at different negative potentials for Pd NPs with an average size of 2.4 nm, 3.7 nm, and
7.8 nm in 20% H,/CO,-saturated 1 M KHCOj5 solution under ambient temperature. (Reprinted from
Ref. [57] licensed under a Creative Commons Attribution 3.0 Unported License (materials can be
used without requesting further permissions); Copyright 2017, The Royal Society of Chemistry)

EPOC phenomenon for the field of CO, conversion and utilization not only in the
gas phase but also in liquid-phase catalytic reactions in combination with
electrocatalysis. Table 3.2 shows the summary of some examples of electropromoted
Pd NPs catalysts that were discussed in Sect. 3.2.2.

3.2.2 Ru-Based Nanostructured Catalyst

Free-standing RuO, nanoparticles (0.8 nm average size) deposited on YSZ solid-
electrolyte were studied for the complete ethylene oxidation [61]. The catalyst was
evaluated experimentally and theoretically, using DFT calculations to provide an
atomistic understanding of the role of O~ in promoting RuO,. Free-standing RuO,
nanoparticles [62] were synthesized through the polyol method using
tetramethylammonium hydroxide (TMAOH) to adjust the pH. Under reaction con-
ditions (Pcops = 0.012 kP and Po, = 3 kPa), the CO, rate increased under both
positive and negative polarization or otherwise followed an inverted-volcano EPOC
behavior (Fig. 3.8a, b). Theoretically, RuO, structures were examined as a function
of potential and oxygen coverage, correlated to the experimental data. The DFT part
of this work is discussed in detail in Sect. 3.3.

Ruthenium is active for CO, hydrogenation reactions because it can activate CO,
and H,, to produce CH, and CO through the methanation and RWGS, respectively.
Kotsiras et al. [63] studied nano-dispersed Ru-Co nanoparticles (6—8 nm) deposited
on an interlayer Ru film (2.1 mg cm~ %) on the proton conductor (H) barium zirconia
yttria-doped (BZY, BaZryg5Y0.1503.« + 1 wWt% NiO) solid electrolyte for CO,
hydrogenation [63]. The Ru-Co nanoparticles were synthesized on BZY powder
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Fig. 3.8 Transient reaction rate response of free-standing RuO, nanoparticles (a) under Uyr =1 V
and (b) summary of the rate enhancement ratio as a function of potential. Experimental conditions:
T =1350°C, Pcopys = 0.012 kPa, Po, = 3 kPa, and total flow rate = 100 mL. min~ . (Reprinted with
permission from Ref. [61], Copyright 2020, Elsevier)

via the wet impregnation method. The interlayer Ru film was used to disperse the
Ru-Co nanoparticles, ensuring electrical contact and closing the circuit. The selec-
tivity to CO was 84% due to the spontaneous migration of protons backspilling over
on Ru-Co at 450 °C and CO,/H, ratio of 1:7. Under 1.5 V the Ru-Co/BZY/Ru
deposited on BZY solid- electrolyte promoted the methanation rate (p = 2.7) and
suppressed the CO rate (p = 0.8) while under —1.5 V promoted the methanation
(p = 1.1) and CO rate (p = 1.05).

In another study [16, 62], RuO, nanoparticles (0.8 nm average size) were
deposited on YSZ and BZY solid electrolytes and evaluated for the CO, hydroge-
nation reaction in the temperature range of 250 °C to 400 °C. Under open-circuit
conditions and a CO,/H; ratio of 1:7, Ru nanoparticles were selective to CO (>75%)
over CH,, which was assigned to the small size of the nanoparticles and high
dispersion on the solid electrolyte. Positive polarization increased the CH,4 produc-
tion rate (p = 1.8 and 1.5 for YSZ and BZY, respectively) and suppressed CO
formation. Negative polarization decreased the CH,4 rate and minimally affected the
CO rate. The same electrochemical behavior was observed regardless of the type of
solid electrolyte and followed the same results when a Ru film of 3um was deposited
on YSZ, BZY, Na-Al,O3, and K-Al,Oj solid electrolytes [63—66].

3.2.2.1 Rh-Based Nanostructured Catalyst

The first EPOC studies of the rhodium (Rh) nanostructured catalyst electrode for
ethylene complete oxidation were reported in the early 2000s [67-69]. Recently, an
elegant work by Katsaounis et al. [70] reported a fundamental study on the depen-
dency of the Rh oxidation state and its stability under polarization using near-
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS). To this end, a Rh
nano-film (thickness of <40 nm) catalyst was sputtered on a YSZ solid electrolyte
(Rh/YSZ) using DC magnetron sputtering. NAS-XPS results revealed that the
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supply of oxygen ions onto the pre-oxidized Rh surface promotes the shift to a
metallic state by facilitating the reduction of the Rh surface under C,H,. Thus, a Rh
oxide layer (RhO,, x < 2) is present and stabilized under certain experimental
conditions.

Closed-circuit results were examined at a potential difference of 1.5 V between
the Rh catalyst-working electrode and counter electrode and continuous current
flow. The mixture ratio (oxidizing, stoichiometric, and reducing) versus the current
reveals that the stoichiometric ratio (C,H4/O, = 0.33) secured the maximum value of
current (+100pA) as the optimal partial oxide layer was formed. Under reducing
conditions (C,H4/O, > 0.33), the current decreased. Thus, RhO, surface films can be
stabilized under mild reducing and stoichiometric mixtures. This study provided
spectrometric evidence to support the contribution of anodic polarization on the
pre-oxidized Rh surface and the alteration of surface oxidation and subsequent
reduction step from RhO, to Rh metallic. This observation is in line with the
sacrificial promoting ion model for EPOC and MSI [4, 71, 72].

3.2.2.2 Au-, Ag-, and Cu-Based Nanostructured Catalyst

Gold (Au)-based catalysts were disregarded for many years since they were viewed
as inert and inactive in heterogeneous catalysis and in EPOC application. Haruta
et al. [73-75] demonstrated that Au is active in the nanoparticle range (<10 nm). In
recent years, several studies on the electrochemical promotion of Au NPs have been
reported [79-82]. Gonzélez-Cobos et al. [76] promoted Au nanoparticles towards
the partial oxidation of methanol. The catalytic system consisted of a 7% atomic
weight of Au (3.3 nm, synthesized via magnetron sputtering) supported on a thin
film (170 nm) of YSZ. Then, the Au-YSZ catalyst was deposited on the K-f”Al,O5
solid electrolyte. Catalytic measurements were conducted under CH;OH/
0, = 5.9%/0.43% at 280 °C. Au nanoparticles resulted in a promising selectivity
towards methyl formate (HCOOCH;) and H, with a five- and nine-fold increase in
production rate with respect to open-circuit conditions, respectively [77-79]. Anal-
ysis of the results revealed that the observed EPOC effect was only sensitive to the
rate of K™ supply and coverage. The optimal promoter coverage was 0.5 at 280 °C
and Vg < —0.5 V and resulted in an enhancement ratio of 9, 2, and 5 for H,, CO,,
and HCOOCHj3; production, respectively.

Silver (Ag)-based catalysts have been widely used to study the EPOC effect since
its discovery and in recent studies [80]. Ag nanoparticles deposited via evaporative
PVD on a YSZ solid electrolyte were characterized through cyclic voltammetry to
study the growth of silver oxides in the vicinity of the three-phase boundary. The
results demonstrated that both anodic and cathodic polarization affected the oxida-
tion state of Ag, where anodic polarization contributed to the formation of Ag,O
over metallic Ag [81]. Kalaitzidou et al. developed an Ag-coating film (10-25pm
thickness) electrochemical cell using the screen-printing deposition on YSZ to study
the EPOC effect of propylene combustion [82]. The authors showed that high
catalytic activity towards propylene conversion is attainable under the high coverage
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of propylene and oxygen over the surface of the catalyst-working electrode (Ag).
The highest enhancement ratio (p = 1.34) was obtained by applying +25pA under
lean-burn conditions, whereas stoichiometric conditions gave the highest enhance-
ment ratio equal to 1.03 under +2pA polarization. The promotion was amplified
under lean-burn (oxidizing atmosphere) conditions. This technology can aid in the
abatement of propylene from the air.

Table 3.3 summarizes EPOC studies with Ru-, Rh-, Au-, and Ag-based
nanoparticles for various catalytic processes.

Copper is an economic option in comparison with noble metals such as Pt, Rh,
Pd, and Ru and can be an attractive catalytic system in EPOC studies. Gonzalez-
Cobos et al. [83] studied the electrochemical promotion of Cu deposited on
K-B”Al,0;3 for the partial oxidation of methanol to produce H, at a relatively low
temperature of 320 °C. Nanostructured Cu was prepared via oblique angle physical
vapor deposition with a thickness of ~0.8um, a porosity of ~50 nm, and a
nanocolumn cross-sectional diameter of 120 nm. The applied polarization (I < 0
and Vyyr = 0 with Vi, < +0.5 V) resulted in a remarkable enhancement in catalytic
activity and a subsequent three-fold increase in production rates of methyl formate
(C,H»0,) and Hy (piax= 2.7 for CoH,0,, pmax= 2.63 for H,). The work function of
Cu decreased due to the migration of positive promoters (K*) and enhanced the
reaction. These species altered the chemisorption of the O, molecules (electron
acceptor) in a favorable manner upon the consumption of CH;0H. The post-mortem
energy-dispersive X-ray (EDX) and XPS characterization determined that the
electropromoted state caused the formation of potassium-derived by-products
(K, O, and/or carbonates).

In another study, Ruiz et al. [84] conducted a bench-scale study on CO, hydro-
genation over Cu nanoparticles deposited on K-p”Al,O5 solid electrolyte. Cu
nanoparticles with an average diameter of 23 nm were deposited on K-p”Al,O;
using electroless deposition. The reactant ratio of H,/CO, was modified to 2, 3, and
4 based on post-combustion CO, capture exit streams to investigate the practical
application and scalability of the process. The results revealed that the determining
parameter to control selectivity was affiliated to Cu™ ions and large Cu particles that
were selective towards CH3;0OH and an unconventional selectivity to CH, and
CO. Selectivity values of C,H¢O, CH30H, and C,HsOH were boosted by a
maximum of 34%, 340%, and 220% via polarization (in a range between —2 and
4 V). The optimal reaction temperature was 325 °C, and the maximum
selectivity was attained by a feed ratio of H,/CO, of 2:1. Selectivity of dimethyl
ether decreased with an increase in the reactant ratio. Thus, this study is one of the
forward steps for EPOC commercialization because the flow rate was high
(522 L h~" = 8700 mL min "), and industrial feed ratios were selected.

In a recent study, EPOC of Cu NPs deposited on the YSZ was investigated for
RWGS. Cu NPs of 20 nm average size were synthesized via the polyol method and
deposited on the YSZ disk [85]. Only positive polarization increased RWGS, and the
highest rate increase occurred under +2 V at a CO,/H; ratio of 1:1 at 400 °C. The
resulting rate enhancement ratio (p) was 1.2, and the Faradaic efficiency (A) was
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6.52. TEM, XPS, and cyclic voltammetry confirmed the active state of Cu as Cu,O
and CuO indicating that the reaction over Cu/YSZ followed the redox mechanism.

3.2.2.3 Ni-, Fe-, and Co-Based Nanostructured Catalyst

Nickel is an alternative to noble metals and economically preferable over noble
metal catalysts [54, 86, 87]. Various Ni catalyst electrodes have been studied for a
number of reactions deposited on solid electrolytes supplying positive [88-91] or
negative promoters [54].

Nickel electrode deposited using oblique angle PVD on K-B”Al,O3 was applied
in methanol steam reforming. The research group of de Lucas-Consuegra [89]
studied the contribution of formed graphene oxide on H, storage and production
during methanol steam reforming over Ni at 280 °C. The proposed mechanism was
based on the chemisorption of H, on the active sites of Ni and the role graphene
oxide (GO) had on the spillover of H, under the K* promotion effect. Such a porous
catalytic system increased the possibility of GO aggregate formation, whereas H,
storage and production were controlled by varying current/potential under fixed
experimental conditions.

In another study, Espinos et al. [90] elucidated the EPOC mechanism over
alkaline ionic conducting materials via the in situ near-ambient pressure photoemis-
sion (NAP) spectroscopy technique. They revisited the migration of K* ions with
regard to diffusion of positive promoter ions or their reduction, by applying various
polarization modes. It was proposed that ions adsorbed at the three-phase boundary
had two different modes of transport: (i) onto the surface of the catalyst exposed to
reactants and (ii) into the inner interfaces or grain boundaries of the catalyst. Both
modes are at equilibrium where backward and forward migration continuously take
place; however, the first mode of transport is favorable with respect to energy.

As one of the early works on Ni deposited on alkali (K¥) solid electrolytes, de
Lucas-Consuegra et al. [91] investigated the water-gas shift reaction (7" = 350 °C
and CO/H,O0 ratio of 1:3) over Ni NPs (100 nm and film dispersion of 0.84%). The
authors observed that with negative polarization, K* ions migrated onto the catalyst
surface to promote the selectivity towards CO and H, with an increase in the H,
catalytic rate (pgp = 2.7). The reversibility of the EPOC effect can be explained by
the activation of the chemisorption process for H,O molecules and subsequent
generation of OH species.

In the most recent research conducted over Ni-based catalysts [88] for CO,
hydrogenation, three catalyst-working electrodes were investigated with respect to
CO, and CH, production: (i) Ni/K-p”Al,O3, (ii) Ni-aAl,O5/K-f"Al,03 (40 mg Ni,
20 mg a-Al,Os, and ethylene glycol), and (iii) Au-Ni (30%)-aAl,03/K-p”Al,O;
(mixture of 40 mg Au ink and 20 mg a-Al,O; previously impregnated with Ni
(30%)). The mean particle diameter (after reduction through TPR) of the first sample
(denoted as sample N) was 39.9 nm, whereas the particle size of the second sample
(labeled as NA) and the third sample (labeled as GNA) was 37.5 and 35.2 nm,
respectively. The authors showed that with the addition of a-Al,O5; to NA, the
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dispersion of Ni was improved, and all samples were porous (based on SEM
analysis) which remarkably enhanced the diffusion of reactants and products. NA
catalyst showed the highest activity explained by an increase in the porosity of the
catalyst film (composed of Ni). In addition, the CO formation rate was dependent on
two parameters: (i) a direct relationship with the CO, feed and (ii) an inverse
variation with changes in applied potential (where a decrease in potential resulted
in an increase in the CO production rate). Although CO formation gave promising
results under negative polarization, CH, production was favored by introducing
positive potential (spillover of K™ onto solid electrolyte and removal from the
catalyst surface). In addition, increasing H, concentration (electron donor) demon-
strated a positive impact on CH, production due to its electrophilic nature. Finally,
the rate of consumption of CO, profoundly increased, and the EPOC effect exhibited
a reproducible and reversible trend.

Progress towards the use of transition metals has been pioneered in the use of
nanostructured FeO, catalysts for the RWGS reaction. Monometallic FeO,
nanowires (@ = 5 nm) deposited as a nano-film on YSZ solid electrolyte responded
to the application of polarization with a CO rate increase of 200% (p = 2). FeO,
nanowires were synthesized through the polyol synthesis method with TMAOH.
This was the first EPOC study where non-noble metal nanostructured catalysts were
studied to electrochemically activate FeO, for the RWGS reaction. Under open-
circuit conditions, the CO, conversion varied as a function of temperature, relating to
the oxidation state of FeO,. XPS and cyclic voltammetry (CV) characterization
provided insight on the state changes of FeO, cycling between
Fe,O3 — Fe;0, — FeO — Fe — Fe,C from —1.6 eV to 1.6 eV (Uwg) under a
CO,/H, ratio of 1:1 (Fig. 3.9a) [17]. Figure 3.9b [17] summarizes an interesting
electrochemical response to the application of Uwr = 2 V at 350 °C. A potential
difference of 2 V initially electrochemically oxidized Fe-carbide that was formed
during open-circuit conditions. As polarization continued, FeO, was saturated with
oxygen (Fe;O4/FeO), reaching an active state to favor RWGS. Once polarization
was interrupted, the stored oxygen in FeO, was made available for the RWGS
reaction resulting in a P-EPOC for 5 h. FeO, is active for the RWGS reaction as
Fe;04, FeO, and Fe, while Fe,O; and Fe,C phases are inactive. The efficiency of the
RWGS reaction was ensured by the in situ control of the oxidation state. To evaluate
the presence of the Fe,C phase, CO, and H, were left to react on FeO, for 12 h and
then replaced by He, and polarization then supplied Fe,C with oxygen to produce
CO in the absence of CO,. Additionally, negative polarization led to a p = 2.4 and
A = 4 at 350°C, following inverted-volcano behavior. Overall, this study showed
how the oxidation state of Fe can be manipulated electrochemically to favor
the RWGS catalytic reaction. The advantage of the inverted-volcano effect is the
increase in catalytic rate during positive and negative polarization that allows the
counter and working electrodes to be composed of the same metal, where both sides
are efficiently promoted under polarization.

In another study [92], FeO, nanowires decorated by Ru clusters (20 at.%) have
been shown to inhibit Fe,C formation, allowing FeO, to remain in an oxide state
during open-circuit conditions (Fig. 3.10 [92]). The Ru/FeO, catalyst was
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Fig. 3.9 Cyclic voltammetry of FeO, nanowires deposited on YSZ under reaction conditions at
350 °C (a) stable CV and (b) transient response at 350 °C for 2 V under reaction conditions and
current response. CO,/H, = 1:1, and 100 mL min~ ", (Reprinted with permission from Ref. [17];
Copyright 2020, Elsevier)

0.48 nm
Fe;0,(111)

Fig. 3.10 Mechanism of the RWGS reaction on the Ru/FeO, catalyst. (Reprinted with permission
from Ref. [92]; Copyright 2020, Elsevier)

synthesized through a two-step polyol method where FeO, nanowires were first
synthesized followed by Ru clusters reduced on FeO,. Polarization of Ru/FeO, led to
a reversible catalytic rate increase of p = 2.4. Positive polarization shared a similar
response to FeO, with the absence of the initial CO rate. Ru inhibited the formation
of Fe,C by ensuring it remained as Fe;O,4, as shown in the STEM images. The
presence of Ru was shown to favor the adsorption of H, and its dissociation into H,
where it can spill over onto FeO, to keep it oxidized.

Zagoraios et al. [93] studied free-standing Co nanoparticles (20 nm) synthesized
through the polyol method deposited on YSZ and BZY for the RWGS reaction. XPS
and imaging characterizations confirmed that polarization affected the work function
and oxidation state of the Co catalyst surface. Figure 3.11 [93] displays the transients
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Fig. 3.11 Transient rate response of Co nanoparticles under 2 V polarization for (a) Co NPs/YSZ
and (b) Co NPs/BZY, under reducing and oxidizing conditions at 375 °C. (Reprinted with
permission from Ref. [93]; Copyright 2020, American Chemical Society)

of Co nanoparticles deposited on YSZ (027) and BZY (H") under a potential
difference of 2 V. For YSZ, the CO rate decreased as CoO, was fully oxidized,
followed by a spike in the catalytic CO rate of 650%, once potential was interrupted.
Similar to FeO, on YSZ, oxygen is stored as CoO, and made available for the
reaction. In the case of BZY, the CO rate response followed the kinetic behavior of
the RWGS reaction and the absence of the post-polarization promotion. Regardless
of the type of ionic species, the RWGS reaction for Co nanoparticles followed
electrophilic behavior. The authors showed with XPS characterization that Co3;0,4
is dominant on the Co nanoparticles exposed to gaseous oxidation, while for 2 V
polarization a mixed Co®*>*/Co* state was formed. XPS confirmed that polariza-
tion affected the oxidation state of the Co nanoparticles providing a method to tailor
the catalytic activity to favor the RWGS reaction. This study supports the unique
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behavior exhibited by transition metals that are influenced by polarization to tailor
the reaction.

Table 3.4 summarizes EPOC studies over Cu, Ni, Fe, and Co nanoparticles for
various catalytic processes that were discussed in Sects. 3.2.5 and 3.2.6.

3.3 Study of EPOC Using Density Functional Theory

DFT is a unique tool to elucidate the atomic nature of the catalytic reaction.
Numerous studies have been conducted using DFT calculations to supplement
experimental results; however, only a handful have rationalized the EPOC effect
[94-96]. Atomic slabs of Pt(111), RuO,(110), and Ru(0001) were used to simulate
small, free-standing Pt, Ru, and RuO, nanoparticles (1-3 nm) and to establish a
computational method to evaluate the EPOC effect by using the surface charging
method or grand-canonical DFT [61]. Polarization was simulated through the addi-
tion and removal of electrons following the linearized Poisson-Boltzmann equation
from VASPsol. Omitting many computational details, this method is used to control
the number of electrons for the metal, which modifies the surface charge and work
function of the slab. The model is not limited to the type of reaction since it affects
the properties of the metal and the molecules.

The first study to apply the electrochemical model was on the RuO, (110) surface,
where it was used to describe the electrochemical behavior of RuO, nanoparticles for
the complete oxidation of C,H, [61]. The surface energies were measured as a
function of potential and oxygen surface coverage. DFT calculations confirmed that
under positive polarization simulated conditions (removal of electrons) facilitate the
cleavage of the C—C bond to activate C,H, on the RuO, (110) surface. Under
negative polarization, DFT confirmed O, dissociation as the rate-limiting step
justifying the inverted-volcano behavior. Thus, DFT calculations identified how
polarization affected the binding energy of each molecule.

To provide insight into the origin of the “two oxygen species” that were demon-
strated upon positive polarization through XPS, TPD, and cyclic voltammetry
characterizations over Pt catalyst-working electrode [97-99], DFT calculations
were carried out using Pt(111) slab for the complete oxidation of CH4 [100]. The
hypothesis was that one species originated from YSZ, while the other one was from
the gas phase, relating to one oxygen atom on Pt(111) and a-PtO,, respectively. DFT
calculations were compared alongside the experimental methane oxidation reaction,
where the reaction followed inverted-volcano behavior (i.e., catalytic rate increased
under positive and negative application). Pt(111), 0.25 monolayer (ML) of O on Pt
(111), and a-PtO, on Pt(111) were evaluated under the influence of polarization and
are summarized in Fig. 3.12 [100], in the potential difference range of —1 to 1 U/V
vs SHE. Evaluating the activation energy (E,) of methane on the surface, above
Uwr > 1 U/V vs SHE, the most stable surface was a-PtO, on top of Pt(111). In the
range of 0 to 1 U/V vs SHE, one oxygen atom (0.25 ML) on Pt(111) was the most
stable, which displayed the highest E,. While for negative polarization, the Pt(111)



93

3 The Quest of Electropromoted Nano-dispersed Catalysts

1:L *“OD/*H Azd

0zoz ‘€6l | 0S€ 4719 - $'9:ZSA| “H 0D ZSA SOMY [04[od 0D

[T *“0D/*H ny 91e

0zoz ‘[zel | ose 419 0] v'T| “H0D ZSA SOMY [oA1od doys- | 0z— *0ed

I'T COD/*H| A z+

0coz “[L11|  0SE 419 @ v'C ATHO LT| “H0D ZSA SOMY [0£[od *0°d

%S’1
%0¢€ “C0D/*H 1-S°0 :YHD ‘T ¢-1 SOV uoneua3doIpAy
S10T ‘[881| 0¥C 419 - ‘0D ‘T-1:°0D| “H “0D A ‘00 uonisodoq IN
€1 ‘:0°H/0D SOV uonisodwodop

110T ‘(161 | 0S€ 419 - L'TH| O*H ‘0D A SOM [etIoy L, IN
I:T *“0D/*H

ceoe [s8l|  oov 419 TS9 T1| *H@0D ZSA SOMY [04[od ny
% 0/%YY

‘“O/HO*HD €97 0 €0V | (XOd) uoneprxo |  uonisodop todea [ed
g1oz ‘[e8l| oze i ) - TH LT “OPH®D| ‘HO'HO A3 renred HO®HO | -1sAyd o[Sue anbriqQ e}
CTHOH®D
¥ ‘€ ‘T :COD/*H ‘¢ THOHD €OV uoneuaSoIpAY

v10z ‘[¥81| sze -4 1TTS - YEIO°HD | “H Y00 A 20D | uonsodop sso[onos[g ny

1wk | (D) QINJXTW JUBIOLAT 4 d| syuepeay | a1k[on091g uonoey poyaw SISSYIUAS | IsA[eIR)
pue ‘joy | Io/pue Moy [Bjo],

(9°7°¢ pue G'7'¢ "$199S) s1sA[ered pajowordonosope pasiadsip-ouru jo sojdwrexy ¢ dqeL



94 A. Fellah Jahromi et al.
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Fig. 3.12 Summary of the Pt(111) surface for the CH,4 oxidation reaction as a function of potential
and oxygen coverage with corresponding activation energy (E,). The Pt(111) is strongly influenced
by polarization resulting in the change in activation energy of the reaction. (Reprinted with
permission from Ref. [100]; Copyright 2020, American Chemical Society)

surface is favored. The initial hypothesis was that Pt(111) favors the dissociation of
O,, but the E, energy was lower than CH, in the whole potential range. Thus, the
authors concluded that the inverted-volcano effect was affiliated with the surface
state change influenced by the potential conditions. When compared with the
experimental E, energies [101], the theoretical trend lines up with the negative
application, while the positive is not as steep and is affiliated to other oxide surfaces
that have not been evaluated. Thus, decades after the discovery of the NEMCA/
EPOC effect, DFT calculations provide a way to back up the experimental
observations.

Furthermore, the CO, hydrogenation reaction was evaluated on the Ru(0001) slab
to elucidate the EPOC effect of Ru where positive polarization led to CH,4 formation
and negative polarization led to CO formation regardless of the type of ionic species
in the solid electrolyte. DFT calculations were performed without taking into
account the type of ionic species (i.e., 0>, H*, Na*, K*); instead only polarization
is analyzed by adding and removing electrons on Ru(0001). The intermediates were
evaluated as a function of potential where the binding energy of the CHO and CO
molecules was discovered to influence the selectivity of the reaction (Fig. 3.13)
[62]. For positive polarization, CO is strongly adsorbed increasing its hydrogenation
towards CH,4, by enhancing the adsorption strength of the CHO* intermediate. For
negative polarization, the CO bond is weakened allowing it to likely desorb. The
energies under the influence are close in value, which further explains the selectivity
between CH; and CO for a Ru catalyst. Thus, a universal mechanism for Ru
(nanoparticles, sputtered, thick porous layer, etc.) influenced by polarization can
be used to model and simulate electrochemical polarization and its behavior.
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Fig. 3.13 Branching of the ? VC

CO* + O* intermediate AV

towards CO and CHO* as a 1.93
function of potential at
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eV. (Reprinted with -1.53

permission from Ref. [62];
Copyright 2020, Elsevier)
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3.3.1 Recent Advancement of Self-Sustained Electrochemical
Promotion

Metal-support interaction (MSI) and EPOC have long been considered two different
phenomena in heterogeneous catalysis; however, in the last two decades, it has been
shown that, functionally, MIEC and ionic conducting materials, both phenomena are
linked by the transfer of ionic species at the metal-ceramic interfaces. Understanding
the metal-support interaction and its link with EPOC was first observed in 2001 in
collaborative work between the research groups of Vayenas, Verykios, and
Comninellis [102]. In this work, the reaction of ethylene complete oxidation was
investigated over a highly dispersed Rh catalyst deposited on TiO,, y-Al,O3, WO3-
doped TiO,, SiO,, and YSZ supports. In addition, a Rh thin-film catalyst-working
electrode was deposited on YSZ for EPOC experiments. The application of potential
to the Rh catalyst-working electrode resulted in similar behavior to Rh dispersed on
supports, proving how EPOC can be functionally like the MSI effect, where EPOC is
in situ controlled via electrochemical stimuli (see Fig. 1.12). In the MSI effect, the
conducting supports (e.g., CeO,, TiO,) not only enhance catalyst dispersion but also
change the catalyst properties by changing the d-bond centers of the surface (metallic
state) that interact with the oxide support. The strong metal-support interaction
(SMS]) initially coined by Tauster [103—106] implies the coverage of nanoparticles
by suboxides that originate from the support under reducing conditions [103-105,
107]. These suboxides are recognized as atomic layers with a presumably amor-
phous character. A trade-off between the blockage of active sites by suboxides and
alteration of local electronic structures was investigated, and the latter case out-
weighs the former as the role of suboxides as Lewis acids caused the activation of
reactants and subsequent tuning of the catalytic performance [108].
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Furthermore, extensive research on the functional similarity of EPOC and MSI
with ionic and MIEC catalyst supports has been carried out in the last decade. The
first confirmation of the existence and the role of ionic species (027) from the
support was reported by Vernoux et al. in the instance of Pt deposited on a YSZ
powder support for deep propane oxidation [109]. The authors used TPD to study the
oxidation state of nano-dispersed Pt synthesized via the impregnation method on
YSZ support. Three states were determined via TPD (Fig. 3.15): state (I) TPD
spectrum under 1 h exposure of oxygen to the surface of the fresh Pt/YSZ at
300 °C, state (II) spectrum recorded after cooling down to 300 °C and again
exposure to oxygen for 1 h (following the completion of the first state and increasing
the temperature to 700 °C), and state (II) spectrum taken after cooling down to
500 °C and exposing to oxygen for 1 h, cooling down to 300 °C and subsequent
exposure to 1% O, for 1 h, and lastly cooling down to room temperature under
oxygen purging. Catalytic measurements were carried out under the conditions of
states II and III with 2000 ppm C3Hg and 1% O,. The TPD analysis showed the
presence of O°~ at 595 °C that was assigned to O°~ from YSZ support (state I) in
agreement with the previous studies by Katsaounis et al. [110] and Li et al.
[111]. Catalytic results under states II and III showed that 0> species were
thermally induced and originated from YSZ, which resulted in a strong promotion
of propane deep oxidation (Fig. 3.14). Thermal migration of O>~ was proven by
TPD analysis for propane combustion over Pt/YSZ and can be considered as a key
step for advancing the understanding of the MSI with ionically conducting ceramics
as active supports. The effect was coined self-sustained electrochemical promotion
(SS-EPOC or SSEP) to indicate that this is MSI with ionically conductive supports,
where the charge transfer occurs via ionic species that migrate to the gas-exposed
catalyst surface to modify its properties. SS-EPOC or MSI for a P/YSZ catalytic

Fig. 3.14 Spectra of O,_ 600
TPD taken after O,
adsorption over Pt/YSZ
(powdered). (Reprinted with 500 .
permission from Ref. [109]; ﬁ\, State I
Copyright 2009, IOP \
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system was demonstrated for CO, C,H,, and toluene oxidation reactions [30, 34,
112, 113].

The charge transfer and modification of the catalyst electronic state were con-
firmed by ex situ XPS investigations of Pt NPs deposited on YSZ powder support
[114]. Pt nanoparticles with four different average sizes ranging from 1.9 to 6.7 nm
were dispersed on YSZ powder. For all catalysts, the Pt4f peak was found at lower
binding energies compared to the position of the peak of a Pt bulk foil. The Pt4f XPS
peak shifted by as much as 0.9 eV for the smallest Pt NPs compared to the peak
position of the Pt foil. In addition, changes were found on the Y3d, Zr3d, and Ols
spectra after Pt nanoparticle deposition. All these confirmed a charge transfer from
the oxide support to the Pt NPs and that this effect was particle size dependent, where
the highest electronic modification was observed for the smallest catalyst (Fig. 3.15).

The particle size effect on the extent of MSI [115] was investigated over Pt/'YSZ
powder catalyst for the oxidation of CO and C,H, in oxygen-free and oxygen-rich
environments. In this work, Pt nanoparticles of various average sizes were synthe-
sized via the polyol method and deposited as 1 wt% on YSZ powder. This work
demonstrated that oxygen ions from the support take part in the reaction even at
temperatures below 100 °C. The proposed mechanism for CO and C,H, oxidation in
the absence of oxygen in the gas feed was explained through the formation of local
nano-galvanic cells in the vicinity of the three-phase boundary (tpb). In the sponta-
neous nano-galvanic cell, the oxidation of CO and C,H4 was accompanied by the
electroreduction of zirconia. The smallest Pt NPs with a mean diameter of 1.9 nm
displayed the highest activity and turnover frequency (TOF), whereas no activity
was observed for larger particle size (6.7 nm) in an oxygen-deficient environment
(Fig. 3.16). As for the oxygen-rich environment, the reaction took place at a lower
temperature. Two contributing oxidizing mechanisms under oxygen-rich conditions
were proposed: (i) thermally induced backspillover of O~ from YSZ to the surface
of the catalyst (metal/gas interface) and (ii) electroreduction at the three-phase
boundary.

Furthermore, the effect of the ionically conducting support, i.e., pure ionic (YSZ
or SDC) vs. MIEC (CeO,) and non-conducting y-Al,O3; and carbon black, was
studied for ethylene and carbon monoxide oxidation over Pt NPs (2.5 nm average
size) [8]. To this end, 1 wt% of Pt NPs was deposited on YSZ, CeO,, SDC
(Smp»Cey 501 .9), y-Al,O3, and carbon black [8]. Catalytic activity measurements
showed that Pt/C and Pt/y-Al,O3 were both inactive under a zero-oxygen environ-
ment, whereas the rest of the samples exhibited high catalytic activity in the oxygen-
deficient environment with complete oxidation of CO and C,H, below 220 °C. The
highest catalytic activity for C,H4 oxidation was observed for Pt/SDC, explained by
the higher bulk ionic conductivity of SDC [8] and the facile oxygen release from
CeO, if compared to YSZ. The surface O~ resulted in electrochemical oxidation of
CO and C,H,4 by O*~ in the vicinity of the tpb at temperatures as low as 70 °C. In the
presence of O, (Poy = 3.5 kPa), both chemical and electrochemical oxidation of
C,H, and CO took place simultaneously, leading to even lower light-off tempera-
tures for both reactions. This effect was also demonstrated for different metal
catalysts and supports [116-118].
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Fig. 3.15 Pt4f XPS peaks
of the Pt/YSZ catalysts of
various average sizes:

(a) 1.9 + 0.4 nm,

(b) 3.0 £ 0.8 nm,

(¢)4.4 £ 0.3 nm,

(d) 6.7 £ 1 nm, (e) sputtered
Pt foil. (Reprinted with
permission from Ref. [114];
Copyright 2014, Elsevier)
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An MSI study by Dole et al. [119] investigated the effect of particle size and
synthesis parameters on catalytic oxidation of CO. A modified alcohol method was
developed that included polyvinylpyrrolidone (PVP) at an optimal PVP/Au ratio of
10:1. Au nanoparticles of 13.1 nm and 17.1 nm supported on YSZ were compared. It
was found that calcination is inevitable to remove PVP and achieve activity even
though it may increase the particle size. The optimal calcination temperature was
based on thermogravimetric analysis (TGA), associated with mass loss of PVP and
all species at temperature values of 300 °C and 600 °C, respectively. Higher activity
was achieved with lower particle size (13.1 nm), and different calcination temper-
ature did not result in a noticeable change in CO conversion.
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Fig. 3.16 Impact of Pt particle size on YSZ support on the electrooxidation of CO: (a) intrinsic rate
(normalized with respect to catalyst active surface area), (b) turnover frequency, and C,H,
electrooxidation (c) intrinsic rate (normalized with respect to catalyst active surface area), and (d)
turnover frequency, both under oxygen-deficient conditions. Flow rate = 77 mL min~', and
concentration reactant = 909 ppm. He balanced. (Reprinted with permission from Ref. [115],
Copyright 2015, Elsevier)

The application of electrochemical methods, e.g., cyclic voltammetry, steady-
state polarization, chronoamperometry, and chronopotentiometry, has been used in
EPOC studies, to in situ characterize, promote, and shed light on the state of the
catalyst-working electrode under EPOC conditions. Recently, the use of electro-
chemical techniques was extended to studying the MSI effect in highly dispersed
catalytic systems [117, 120]. The steady-state polarization measurements were
carried out to find an exchange current (/) of CeO,-supported Pt- and Ru-based
catalysts and link this quantity to the open-circuit catalytic rates. To correlate
catalytic and electrochemical measurements, [, of each catalyst was obtained from
Tafel plots (Fig. 3.18). According to EPOC theory, a good electrocatalyst (high
electrochemical reaction rates at the tpb and high I;) will show an insignificant
catalytic rate promotion under polarization because of competing electrochemical
reaction and backspillover migration [5, 117]. The following empirical equation was
proposed to define an apparent Faradaic efficiency in addition to the fundamental
Eq. 3.1) [4]:

nkry
I,

| ~ (3.4)
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where ry is the open-circuit catalytic rate, I, exchange current, n is the number of
electrons, and F is Faradic efficiency.

It was found that Eq. (3.4) is also applicable to describe and predict the self-
sustained EPOC for the supported and unsupported catalysts in the instance of
ethylene oxidation [117]:

|[Amsi| = @ (for O°~ conducting system) (3.5)
0

where 1Aygyl is the self-sustained apparent Faradaic efficiency and other parameters
are the same as in Eq. (3.4).

The presence of ceria enhanced the catalytic reaction rate when compared to the
free-standing Pt and Ru nanoparticles [117, 120]. The proposed metal-support
interaction rate enhancement ratios, pysy, defined as the ratio between the reaction
rate of supported NPs over the rate of unsupported (free-standing) NPs was found to
be equal to 14. Polarization measurements established that higher exchange current,
Iy, values corresponded to the lower open-circuit catalytic rates. The lowest self-
induced Faradaic efficiency value (IApsl = 20) was for the free-standing Pt
nanoparticles, while the highest value (IAysl = 1053) corresponded to 1 wt%
Pt/CeO,.

The role of ceria in enhancing the reaction rate created an analogy to the
heterojunction phenomenon called the dissimilarity in metal-support work function
(pru = 4.71 €V, @p; — 5.93 €V, pceo,= 4.69 V). The difference in work function
caused a driving force to transfer O~ from the support (CeO,) to the metallic
catalyst (e.g., Pt, Ru), which is tangible to classical EPOC, where the migration of
promoters backspillover under anodic polarization for negative conducting
ceramics. The mechanism of self-sustained EPOC and conventional EPOC [5] is
illustrated in Fig. 3.17 [118].

The self-induced apparent Faradaic efficiency concept (Eq. 3.5) was further
extended to Ni NPs for the complete ethylene oxidation [120]. Ni nanoparticles
supported on YSZ and CeO, were synthesized using the hydrazine reduction method
[121]. The three catalytic systems were free-standing Ni nanoparticles, Ni/CeO,
(1 wt.% CeO,), and NiI/YSZ (1 wt.% YSZ). Free-standing Ni NPs, Ni/CeO,, and
Ni/YSZ converted 35%, 43%, and 5% of ethylene at 350 °C, respectively. The
apparent Faradic efficiency of MSI (Aysy) was calculated based on exchange current
density extracted from Tafel plot analysis and revealed that the Ay for Ni/CeO, is
2-fold higher than Ni/YSZ. Figure 3.18 shows the summary of catalytic and elec-
trochemical results for several mono- and bimetallic nanoparticles for ethylene
oxidation reaction [117, 120]. In all cases, the highest electrochemical rate (high
ip) corresponded to the lowest catalytic rate in agreement with the EPOC
backspillover mechanism.

SSEP has been investigated for CO, hydrogenation reaction, where commercial
Co304 powder support was used to disperse Ru nanoparticles of ~1 nm average size
[62]. Ru NPs were dispersed on Co30,4 and deposited on BZY for CO, hydrogena-
tion (Fig. 3.19 [16]). Selectivity to CH, and CO was 40% and 60%, respectively.
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Fig. 3.17 Mechanistic view on processes carrying out over nanoparticles smaller than 5 nm for
ethylene oxidation: (a) self-sustained EPOC and (b) conventional EPOC over electropromoted cell.
(Reprinted with permission from Ref. [118]; Copyright 2015, Elsevier)

Fig. 3.18 Normalized
catalytic rate (rp) at 350 °C
(0.012 kPa C,Hy, 3 kPa Oy,
He balanced) obtained at
350 °C under open-circuit
condition and its variation
versus exchange current
density (ip). Free-standing
Ni, Ni/CeO,, and 1 wt%
Ni/YSZ are shown with red
squares. Black symbols
correspond to literature
results

[122, 123]. (Reprinted with
permission from Ref. [120];
Copyright 2017, IOP
Science)
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Under reducing conditions (CO,/H, = 1:7), CH,4 selectivity surpassed CO. Only the
RWGS reaction was affected under the application of potential following electro-
philic behavior where the CO rate decreased under positive polarization and
increased during negative polarization. The spontaneous migration of H* from
BZY aided in reducing Co;0,4 to cycle oxygen by creating vacancies. Above
350 °C, Co30, conducted protons from BZY and electrons onto the Ru
nanoparticles. The change in catalytic rate was minimally affected by ~10%,
where it was suggested that Ru/Co;0,4 was already in a promoted state or SSEP.
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Fig. 3.19 Electrochemical T/IK
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[16]; Copyright 2020,
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The ability of Co30,4 to act as a conduit of protons and electrons replaces the need to
employ a conductive film to polarize the catalyst as shown in the Ru-Co
nanoparticles deposited on the Ru intermediate film [63].

Panaritis ef al. [124] carried out an electrochemical study of FeO, nanowires
dispersed on Co3;0, commercial powder support for RWGS. The authors found that
Co30, influenced the morphology of FeO, nanowires. When FeO, was dispersed on
Co30,, the morphology of the nanowires (length ~100-500 nm, diameter ~5 nm)
changed to spherical particles of 5 nm. Under open-circuit conditions, FeO,/Co3;04
outperformed FeO,/Al,05 by 20 times. Under anodic and cathodic polarization, the
CO rate decreased by 10% (or p = 0.9) or referred to as volcano behavior.
Polarization led to the suppression in the catalytic rate of FeO,/Co5;04 by altering
the oxidation state of Co3;0,4 and as a result its MSI effect with FeO,. Electrochem-
ical polarization was used as a tool to study the MSI or SSEP effect between FeO,
and Co304. Thus, under polarization, the active state of FeO,/Co;0,4 is hindered
suggesting that the catalyst is in an SSEP state under reaction conditions.

Another interesting aspect of promotion termed electric field promotion has been
reported in recent years [125-133]. In [127, 128], the authors proposed a mechanism
of ultra-lean methane oxidation over different Pd-Ce-Zr catalysts in a fixed-bed
reactor under 0.2% CH,4 mixed with 10% O, and N, balance. The catalytic reactor
consisted of two stainless steel electrodes positioned with no gap (Fig. 3.20). The
product analysis was carried out by FTIR spectroscopy, and the increase in turnover
frequency (under direct electric field) was normalized based on consumed power per
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Fig. 3.20 Schematic representation of experimental setup design combining the catalytic process
with an electric field. (Reprinted with permission from Ref. [125]; Copyright 2018, Elsevier)

run referred to as ATOF [s~'w']. The decrease in the light-off temperature and
increase in ATOF" was due to an electric field that resulted in the release of lattice
oxygen ions present in the support. Thus, more surface localized oxygen was
produced to oxidize Pd’. This in turn promoted the dissociative chemisorption of
CH,4 and its subsequent dehydrogenation while eliminating formate intermediates.
Therefore, carbonates were directly formed through CH species. In addition, the
reducibility of PdO, was favorably altered via an electric field, which led to CH,
oxidation at a lower temperature. Other examples of electric field promotion include
oxidation of benzene [129, 130], toluene [131], naphthalene[132], and lean methane
combustion over Mn,Co, [133].

3.4 Conclusion and Prospective Research Gaps

This chapter provides an overview of recent advances in EPOC of nanostructured
catalysis covering both classical and self-sustained EPOC. The last two decades
witnessed a large growth in the use of highly dispersed, nano-sized catalytic systems
in electrochemical promotion studies. Furthermore, these studies confirmed the
functional similarity between EPOC and MSI when ionically conductive ceramics
are used as active supports, and the mechanism involved in both phenomena has
been further elucidated. As we demonstrate in this review, the nanoparticle catalytic
systems could be efficiently electropromoted for reforming, oxidation, and hydro-
genation reactions. The application of various synthesis procedures (sputtering,
PVD, ALD, impregnation, polyol, and hydrazine reduction methods) led to the
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fabrication of mono- and bimetallic catalysts of well-defined size, composition, as
well as bulk and surface structure. Furthermore, theoretical calculations based on
DFT were discussed for Pt(111), RuO,(110), and Ru(0001) surfaces that closely
model the real nanoparticle systems. Despite tremendous progress in EPOC with
noble (Pt, Pd, Rh, Au, etc.) and especially with non-noble (Fe, Co, Cu, Ni) metal and
metal oxide nanoparticles, there are still several research gaps that need to be
addressed for the future advancement of EPOC with a goal of developing and
fabricating active and stable catalytic systems:

1. Further Development and Application of In Situ and Operando Techniques for
EPOC and MSI Investigation

Additional experimental in situ observations of EPOC are still needed. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) is an informative
technique to in situ analyze reaction mechanisms for the highly dispersed powder
catalysts commonly used in MSI studies. This technique requires highly dispersed
powder samples and shows limitations for studying thin films due to their low
surface area and dispersion. Instead, the polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) technique could be employed to study the
electrode surfaces of thin films for EPOC applications [134, 135]. Urakawa et al.
demonstrated how the surface species change on the surface of a Pt thin film (40 nm)
during CO oxidation using PM-IRRAS. With a modification in the reactor design
and configuration, the same film can be studied under polarization with solid
electrolyte support. In situ XPS measurements are useful to identify the change in
the oxidation state of the catalyst-working electrode as a function of applied potential
and differentiate between electrochemically induced O°~ on the surface over
chemisorbed atomic oxygen [70]. Both in situ approaches require specific reactor
configurations that ensure electrochemical conductivity between the electrodes and
high temperature to ensure ionic conductivity from the solid electrolyte to promote
the catalyst-working electrode. Other important techniques like in situ X-ray absorp-
tion spectroscopy (XAS) and various electron microscopies could further shed light
on the EPOC phenomenon.

2. Cell Design for Efficient NP Polarization

As discussed throughout this chapter, the use of nanoparticles as a catalyst-
working electrode has clear advantages over the micrometer-thick, continuous film
electrodes. However, when moving from a uniform porous, thick metal or metal
oxide film, where one point of contact with the electrode is enough to ensure
conductivity, to NPs, novel cell designs and current collectors are required. For
nanostructured electrodes, composed of non-percolated single NPs or NPs islands,
there are many challenges in assuring the conductivity and the uniform current
distribution. New current collector design and electrode configurations are needed.
The inert current collector in the form of a mesh, rings, or any other pattern could be
deposited over the catalyst. Other approaches could include an inert, conductive
interlayer between the solid electrolyte and catalytic NPs. The application of bipolar
and wireless EPOC configurations is very promising in this regard. For instance,
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researchers designed different current collectors: (i) direct polarization, e.g., using a
gold mesh [17, 48, 112], and (ii) sputtering catalyst on the conductive support
[8, 115, 118, 136]. As one of the recent advances in sputtering techniques, Vernoux’s
group [136] designed a current collector inspired from fuel cell technology for
SS-EPOC of NO, storage-reduction reactions (see Fig. 2.21 in Chap. 2). This current
collector was prepared by dispersing Pt and Rh NPs on YSZ (acting as nanometric
electrodes). Then, Pt/Rh/YSZ catalytic systems (in the form of a powder) were
deposited in the location of the porous structure of the SiC diesel particulate filter
(DPFs). DPFs can play the role of the external circuit to transport electrons between
nanoparticles and, in the case of being doped with N, enhance their electronic
conductivity. Two scenarios of using Pt/Rh/YSZ over N-doped SiC and un-doped
SiC were studied under cycling conditions (lean/rich). The following observations
were reported: (i) overproduction of CO, under rich cycle (absence of oxygen)
explained by CO electrochemical reaction [8, 115, 118], (ii) N-doped SiC displayed
the highest catalytic activity, and (iii) O*~ backspillover (from YSZ onto the surface
of Pt) with NPs smaller than 5 nm while >10 nm required the existence of
electromotive force (EMF). Such EMF can be induced via two distinct metals and
a conductor with sufficient electronic conductivity.

Furthermore, the wireless electrochemical promotion has a great potential for
practical application of the EPOC phenomenon. Stavrakakis et al. [137] studied
wireless EPOC on modified catalytic membrane reactors employing BaCe;_, Y, O5_s
(BCY) and BaCey 3., Zr,Y(, O35 (BCZY) conductive membrane supports. In this
study, wireless EPOC configuration [138—143] utilized the chemical potential dif-
ference between the dense membrane support with a Pt film (synthesized via sol-gel
method) painted on both sides of BCZY disk (Fig. 3.21). Catalytic CO oxidation was
carried out with a total flow rate of 200 mL min~"' and partial pressure of 1 kPa and
10 kPa for CO and O,, respectively, where the high partial pressure for oxygen was
selected to prevent carbon deposition and subsequent poisoning. In addition,
H,/H,O flowing through the sweep side of a dual-chamber reactor supplied pro-
moters to the catalyst and reaction side. The best performance was obtained by
BCZ20Y20 where a 10% promotion reaction rate was reported at 650 °C with a
reversible EPOC behavior and tenable membrane stability. The barrier is to explain
the suppressed promotion in subsequent H,/H,O and Ar sweep cycles in which the
former sweep generated an H, chemical potential gradient from sweep to reaction
side and emerged the ambipolar diffusion of H* (proton) and O°~ ions. In the second
and third cycles, the promotion is completely suppressed as two conducting
(or competing) mechanisms: (i) hydrogen chemical potential gradient and
(ii) ambipolar diffusion of proton and oxygen ions might reach an equilibrium.

Using Pt NPs instead of a Pt film might shift the competing mechanism in a
favorable way to obtain the desirable flux of O°~ and H* ions to carry out promotion
through subsequent cycles (the second and third one). This possible anticipation of
NPs may preserve sustainable and stable CO oxidation. In addition, using BCZY as a
solid electrolyte in other types of EPOC reactions may exhibit positive enhancement
with respect to activation and reaction temperature, stability, and promotion.
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Fig. 3.21 Operation and promotional mechanism of wireless EPOC configuration: (a) symmetrical
operation and (b) O, sweep. (Reprinted with permission from Ref. [142]; Copyright 2008, Elsevier)

3. Development of Catalytic Systems Without Noble Metal Content or with
Reduced Noble Metal Content

Various nanostructured catalytic systems (non-noble or with reduced metal
content) have been studied for EPOC reactions over the last 10 years for complete
methane oxidation over Ni9Pd [54]; RWGS reactions over Co [93], FeO, [17],
RuFeO, [92], and Cu; WGR over Ni[91]; CO, hydrogenation over Ni [88] and Cu
[84]; and partial oxidation of methanol over Cu[83]. Further development and
implementation of nanostructured bimetallic and ternary catalysts for EPOC of
other environmentally and technologically important reactions are needed.

4. Development and Application of Novel Conducting Ceramics and Polymers as
Solid Electrolytes

Yttria-stabilized zirconia is the most used solid electrolyte in EPOC studies to
date. YSZ requires high temperatures of at least of 280 °C to have an observable bulk
ionic conductivity [5]. In addition to low ionic conductivity, YSZ is quite expensive:
0.56 USD g~ ' [144, 145]. In laboratory experiments, a relatively thick (several mm)
YSZ disk is used as a solid electrolyte, which has limitations for a scale-up
application. A recent study attempted to synthesize thin-film NEMCA cells on
conventional alumina supports with and without BiCuVO, [146]. Another direction
is the development of novel solid-state electrolytes that display high ionic conduc-
tivity at lower temperatures with high chemical and mechanical stability. This could
reduce the temperature required for ionic conductivity and extend EPOC to a wide
range of low-temperature reactions and systems.
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