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Determination and perturbation of the electronic
potentials of solid catalysts for innovative catalysis
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Concerns about energy and the environment are motivating a reexamination of catalytic processes, aiming
to achieve more efficient and improved catalysis compatible with sustainability. Designing an active site for
such heterogeneous catalytic processes remains a challenge leading to a next level breakthrough. Herein,
we discuss a fundamental aspect of heterogeneous catalysis: the chemical potential of electrons in solid
catalysts during thermal catalysis, which directly reflects the consequent catalytic reaction rate. The use
of electrochemical tools during thermal catalysis allows for the quantitative determination of the ill-
defined chemical potentials of solids in operando, whereby the potential-rate relationship can be
established. Furthermore, the electrochemical means can also introduce the direct perturbation of
catalyst potentials, in turn, perturbing the coverage of adsorbates functioning as poison, promoters, or
reactants. We collect selected publications on these aspects, and provide a viewpoint bridging the fields

rsc.li/chemical-science of thermal- and electro-catalysis.

Introduction

For centuries, our society has relied on catalytic processes in
industry."* Historically, economic growth had been the primary
concern, linked with the large production of commodity
chemicals, which is, however, required to balance with its
impact on the environment.® Building upon the fundamental
understanding of catalysis hitherto established, it is imperative
to revisit catalytic systems, to achieve more efficient catalytic
systems and more advanced characterization. Determination of
the electronic state or Fermi level of the catalyst, especially
during catalysis, is one of the key factors to scale its perfor-
mance.*® On this basis, we envisage that the determination and
active perturbation of the catalyst potential can pave the way for
sustainable alternatives.

The past few decades have witnessed much research activity
on determining the electronic state of a substance as well as its
chemical manipulation by the addition of a foreign compo-
nent.*® In the field of surface science, for instance, Kiskinova
et al. experimentally measured the work function (WF) of
Pt(111) under vacuum to be 5.9 eV by using ultra-violet photo-
emission spectroscopy.’ These authors observed that the addi-
tion of potassium at a coverage of 0.17 on Pt(111) changed its
WF to 1.3 eV, resulting in an increased electron back donation
to the 27v* orbital of chemisorbed CO with stronger Pt-C and
weaker C-O bonds.” Another representative study using a Kelvin
probe force microscope examined WF at the surface of Au
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nanoparticles deposited on an n-doped Si substrate and found
that the WF of nano-sized Au decreased when in contact with n-
Si, indicative of electron transfer from n-Si to Au.’® Additionally,
the electronic and molecular structures of the solid-liquid
interface also attract attention, which is considered as key to the
development of catalytic reactions.” In 2009, the group of
Domen demonstrated the direct probing of the Fermi level of Pt
metal nanoparticles on a GaN wafer in water under ultraviolet
irradiation using the application of in situ attenuated total
reflection surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS).*> By correlating the vibrational frequency of
probe molecules (CO) on Pt with the electrochemical applied
potential, the potential shift of Pt on a self-standing Pt/GaN
photocatalyst under light illumination was estimated by
following the CO vibrational frequency, which shows a good
example of revealing the electronic states of catalysts involved at
the solid-liquid interfaces.'” Notably, the recent development of
computational tools corroborated these experimental studies.?
The group of Nerskov theoretically studied the electronic
structure and reactivity trends of transition and noble metal
surfaces by performing density functional theory (DFT) calcu-
lations.*® Particularly, they addressed the centre of the d-bands
of metals that reflects the interaction between metal electrons
and an unoccupied state of the adsorbate, such as 2m* for
chemisorbed CO, and computationally demonstrated that the
coupling between these orbitals, to a large extent, determines
the chemisorption energy.*

By applying this fundamental understanding, we can detail
the so-called “metal-support interaction” (MSI) and “promoter
effect” in the field of catalysis."*” When an active metal particle
is supported on some oxides, such as SrTiO; (ref. 14) and
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CeO,,"” with a distinct Fermi level or physically in contact with
elements having a lower WF, such as alkali,*® alkali-earth," or
rare-earth™ elements, it exhibited facile dissociative adsorption
of reactants, such as N, and thus a higher reaction rate.'*” We
can account for the rate enhancement by the electron transfer
between the substances, whereby the catalyst attains an elec-
trochemical potential distinct from its pristine state. A recent
study “counting” the number of electrons transferred between
the Pt catalyst and CeO,(111) support by resonant photoemis-
sion spectroscopy and X-ray photoelectron spectroscopy (XPS)
further validated the quantitative description of the Fermi level
of the supported metal catalysts.” Advances in synchrotron
radiation XPS and electrochemical infrared spectroscopy also
helped observe the change of the electronic state of the metal at
the interface with oxide supports.> The consequence of the
change in the catalyst potential is the alteration of its binding
strength to the surface adsorbate*** and thereby the reaction
rate.

From a different perspective, in the field of electrochemistry,
the electric potential is the primary parameter to control the
rate of electrode reactions, measured as current.>® By applying
more positive [negative] potentials, anodic [cathodic] reaction
rates kinetically increase.>*** More precisely, the application of
external bias causes the chemical potential of the reactants and
products of the electrode reaction to deviate from their original
equilibrium state.>® Consequently, the activation energy of the
reaction changes, resulting in the alteration of the reaction rate,
as evidenced both experimentally?” and computationally.?®

These studies provide insights into how the electrochemical
potential plays a decisive role in the reactivity of metal catalysts.
However, these surface science techniques require either
demanding experimental conditions or advanced equip-
ment,*® which cannot universally reveal the catalyst potential
during the reaction in operando. In what follows, by bridging the
fields of thermal- and electro-catalysis, we elaborate the corre-
lation between the potential of a thermal catalyst and its cata-
lytic performance in an electrochemical manner, quantitatively
detailing the fundamental aspects of catalytic reactions,**** and
review studies on the in operando determination of the catalyst
potential using electrochemical tools. Subsequently, we discuss
the perturbation of the catalyst potential using electrochemical
tools that induce the generation of the promoter, removal of
poison, perturbation of intermediate-coverage on the surface,
and local alteration of the vicinity of active sites, as illustrated in
Fig. 1, aiming at providing a refined view into the electro-
chemical promotion of thermal catalytic reactions.

Electrochemical potential
determination of a solid catalyst during
thermal catalytic reactions

To quantitatively measure the potential of solids in operando,
the material of interest can be fabricated into a working elec-
trode (WE) in contact with an adequate electrolyte environment.

Using a three-electrode setup, the WE potential is scaled relative
to a reference electrode (RE) even under open-circuit
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Fig. 1 Electrochemical promotion of thermal-catalysis can be ach-
ieved by perturbating the catalyst potential with electrochemical tools,
which induces promoter generation, perturbation of intermediate-
coverage, and removal of poison, as well as alteration of the vicinity of
active sites.

conditions, i.e., no current flow,* which directly corresponds
to the Fermi level of the WE. With concurrent detection of
substances produced by thermal catalysis as a measure of the
reaction rate, the potential-performance correlation can be
established.**** Obviously, the limitation of this application is
only for materials to be conductive enough to achieve electronic
circuits. The employed electrochemical setup therein does not
necessarily require well-defined clean systems such as single
crystals, and thus would be tolerant to some impurities to the
same extent as industrialized electrochemical processes.

The Marin group® measured the (thermal) oxidation rate of
methyl a-p-glucopyranoside with O, catalysed by 3.3 wt% Pt/
graphite, while monitoring the catalyst potential in operando.
These authors observed a continuous shift of the open-circuit
potential (OCP) with time to a more positive potential as the
reaction rate decreased. The oxidation rate decreased from
2.5 mmol kg.,. ' s to the steady-state value of 0.5 mmol
kgee ' s~', which coincided with the OCP shift from 0.4 V vs.
the reversible hydrogen electrode (RHE) to, finally, 0.9 V vs.
RHE.* The Marin group proposed that upon exposure to the O,
reactant, the OCP changed due to an increase in the Oy
coverage, followed by the gradual formation of inactive O in the
sublayer to reach a more positive potential, and further built
a Langmuir-Hinshelwood type of kinetic model to describe the
reaction over a board range of conditions.** In 2014, Tao et al.*
corroborated this view by quantitatively determining the surface
adsorbate by infrared spectroscopy while measuring the OCP
and the reaction rate for the reaction between CO and pre-
oxidized Pt. These studies demonstrate the measurements of
the potential during catalysis as a powerful tool to rationalize
the surface state, which in turn dictates the catalytic
performance.

Such determination of the electronic potential of the catalyst
in the working state can also be a powerful tool to elucidate the
reaction mechanism. In one example, according to the mixed
potential theory,**** each catalyst particle functions as a short-
circuit electrochemical cell, where both electrochemical half-
reactions, ie., reduction and oxidation reactions, occur at the
same rate, leading to the unified potential. By analysing the
overall rate and each half-reaction rate, controversial
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mechanisms can be elucidated whether there is internal fara-
daic charge transfer or not in a thermal-catalytic reaction.

Approaches to alter the potential of
a solid catalyst for heterogeneous
reactions

We now discuss active perturbation of the solid potential by
applying an electrochemical setup to alter the thermal-catalytic
reaction rate in a distinct manner from the electrocatalytic
process. Such electrochemical promotion of the catalyst
changes the reaction rate and is therefore only applicable to
steady-state reactions with AG < 0 at a given reaction tempera-
ture, which contrasts with electrocatalytic processes.>®** In
electrocatalysis, electric power acts as energy input to polarize
the electrode potential beyond the equilibrium potential,
thereby making the reaction thermodynamically allowed to
proceed.”® The electrochemical promotion of the active sites can
directly alter the structure of the activated complex at the
transition state, or influence the coverage of species on the
surface that function as a promoter, reaction intermediate, or
poison. The following are some examples of the promotion
effects of thermal catalysis.

The group of Vayenas®** reported the pioneering work of
promoted catalysis induced by altering the potential with elec-
trochemical tools, and named it non-faradaic electrochemical
modification of catalytic activity (NEMCA) or electrochemical
promotion of catalysis (EPOC). As shown in Fig. 2a, their system
is composed of a solid electrolyte, whose one side is decorated
with the catalyst film prepared with commercial metal paste
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Fig. 2 Schematic representation of the (a) basic experimental setup
for NEMCA, (b) typical transient NEMCA curve showing the reaction
rate at the OCP (rocp), faradaic reaction rate (r) and extra rate of
promotion (rp) caused by bias application, and (c) spilling-over of the
promoter on the surface of the supported catalyst induced by external
voltage bias and its consequent change of adsorption of reactants
using CO oxidation as an example. The figure was drawn based on ref.
36.
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and functions as a WE, while the other side plays the role of
a counter electrode (CE). By externally applying a voltage
between the WE and CE, the promoted catalytic rate consisting
of the rate at the OCP (rocp), faradaic rate (r7), and extra rate of
promotion (rp) can be observed, as illustrated in Fig. 2b. The
mechanism accounting for such improvement is that the charge
carriers in the solid electrolyte “spill-over” the surface of the
supported catalyst and the spilled-over species alters the WF of
the catalyst, and thereby functions as a promoter, as schemat-
ically illustrated in Fig. 2¢.*® Such a change in the WF alters the
activation energy of the reaction, resulting in improved thermal-
catalytic performance in a reversible manner compared to that
without the applied voltage.>***> As one example, the hydroge-
nation of CO, over Ru deposited on a proton-conducting oxide
(BaZrg g5Y0.1503_o + 1 wt% NiO) has been investigated.*** Their
study showed that positively polarizing the WF removed the
proton promoter and, in turn, enhanced thermal-catalytic CH,
formation and suppressed the CO formation rate, while nega-
tively polarizing the WF resulted in an opposite manner.*** A
similar promotion effect was also observed in a liquid phase for
the H, + O, reaction, demonstrating the applicability of NEMCA
to various reactions.***’

In a distinct mechanism, externally applying electric poten-
tials onto the catalyst tunes its WF as in the electrochemical
process, and facilitates the formation or consumption of the
surface adsorbate that is otherwise considerably slow in the
thermal-catalytic manner.*** More specifically, a change in the
WF of the solid catalyst leads to subsequent alteration of its
binding energy to surface species, and thereby the adsorption
energy is changed. According to the Brensted-Evans-Polanyi
relationship, the activation energy E, linearly scales with the
adsorption energy AE:*

E, = aAE + 8 1)

which indicates that the change in the adsorption energy will
result in the corresponding change of the activation energy and
thereby of the reaction rate. The group of Strasser®® observed
that the chemical decomposition of N,H, was promoted when
a potential of 0.1 V vs. RHE was applied over a Ni-Co alloy with
respect to the open-circuit condition. These authors attributed
the enhancement to the accelerated formation of N,H,,q on the
catalyst surface at the positive potential, which is the “shared”
intermediate for both electrochemical and electroless pathways,
as shown in Fig. 3a.*® Similarly promoted adsorption of a reac-
tion intermediate was reported for the hydrogenation of maleic
acid, in which the applied potential facilitated the dissociative
adsorption and increased the mobility of active H,q.>

From a more general perspective, the direct application of
potential can tune the coverage of adsorbed species on the
surfaces. More precisely, by pinning the potential of solids
during the thermal-catalytic reaction with an electrochemical
means, we can control the surface state of a solid, e.g., to keep
the surface clean from passivation or poisoning. This inter-
esting approach was reported in 2018 by the group of Lercher
for the hydrogenation of benzaldehyde over a Ni catalyst.*” The
Ni surface was inert for hydrogenation of benzaldehyde at the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanism of (a) electrochemically promoted formation of
NoH4ag that acts as the shared intermediate for both electro- and
thermal-pathways*® and (b) improved thermal catalysis of CO,
hydrogenation by polarization-induced local pH swing.>®* Reprinted
(adapted) with permission from ref. 48 and 53. Copyright 2011
American Chemical Society. Copyright 2020 American Chemical
Society.

OCP due to the strong binding of O,q species on the surface,
which, however, became active upon the application of
a potential negative enough to reduce Ni-O species.*

The electrochemical promotion system in the liquid phase
might additionally benefit from the “polarization-induced local
pH swing”.*® Ryu et al.®® observed that the hydrogenation rate of
CO, over a Pd catalyst in the aqueous phase was positively
correlated with the alkalinity of the reaction media. Building on
the correlation, they cathodically polarized the system to induce
local alkaline environments in an electrochemical manner.*
Consequently, as schematically illustrated in Fig. 3b, this elec-
trochemical perturbation resulted in the promotion of the
thermal-catalytic CO, hydrogenation reaction.>

The electrochemical promotion, in principle, can be ach-
ieved for all steady-state reactions with AG < 0, and should only
have kinetic effects unless a substantial external current is
applied. Electronic consequences caused by classical promotion
(e.g., promoters and MSI) are, after all, similar phenomena to
the EPOC, which is however driven by different devices.****
Compared to promotion,
promotion can manipulate the potential of the solid catalyst
more precisely by utilizing external electrochemical devices.
However, targeted electrochemical promotion effects can only
be realized when certain sufficient criteria are met. Firstly, the
system must achieve a delicate balance that allows the back-
spillover of the promoter to be faster than its desorption or
consumption, ie., slow kinetics of promoter destruction.**** By
appropriate catalyst-electrode design as well as appropriate
choice of electrolyte that can maintain the effective promoter

conventional electrochemical
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layer, the above criterion can be met,* and investigations on
better combinations for targeted chemical reactions can be one
of the directions for the research of this aspect. Secondly, it is
important to control the contribution of the non-faradaic
reaction relative to that of the faradaic one when the EPOC is
operational.®** Maximizing the apparent electrochemical
promotion effect thus requires optimizing not only the catalyst
materials but also reaction conditions, e.g., applied external
potentials. Another challenging issue for gas reactions per-
formed in a liquid system is the slow diffusion of gas reactants
caused by low solubility, which limits the total reaction rate in
practical applications. Such a mass-transport limitation can be
mitigated by the use of membrane-electrode assembly, which
allows the direct supply of gas reactants to the catalyst surfaces
without diffusion limitations. Designing better experimental
setups for more pronounced promotion effects is surely another
target that researchers are going to pay attention to.

Lastly, we address how to quantify the active sites of the
targeted reactions, which might be one of the major concerns of
researchers. In some electrochemical promotion systems, the
number of active sites would remain unchanged when the
external potential/current is applied, since the application of
electric field basically induces the supply of a promoter without
restructuring the catalyst surface. This type of simple system
allows for quantification of the active sites by the conventional
means such as the chemisorption and desorption of appro-
priate probe molecules ex situ under unpromoted conditions.>
However, in some other systems where the reconstruction of the
catalyst and/or the removal of poisoning occurs when the
external potential/current is applied, and the number of active
sites changes, the quantification requires the employment of
sophisticated in situ or operando characterization, for instance,
stripping of adsorbed probe species®® or infrared spectroscopy.®”

Outlook for other innovative catalysis

From the viewpoint of electrochemically promoting thermal-
catalytic reactions, one novel approach has been reported by
the group of Sekine.*®*® These authors applied voltage to the
particulate catalyst of 9.9 wt% Cs/5.0 wt% Ru/SrZrO; for
ammonia synthesis, distinct from the disk-shaped electrode
employed for the NEMCA.* Its consequence was also the low-
ered activation energy of reaction and improved catalytic rates,
accompanying a change in the reaction mechanism from
dissociative to associative.”® The origin of this improvement
remains elusive. However, the reaction path mediated by the
surface proton is proposed as the plausible one.*® In addition,
the applied voltage would form an electric field in the vicinity of
the surfaces, which itself also impacts the catalysis.®® Interested
readers are referred to the recent report by the group of Sekine.*
In another example, a DFT study by Jafarzadeh et al. found that
Cu favors physisorption of CO,, which, when placed in an
electric field, switches to chemisorption by bending CO,
molecules.®

Lastly, based on the understanding of the decisive role of the
potential in catalysis, we can now revisit the “MSI” for innova-
tive catalysis. Upon light illumination, the photon-induced
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charge transfer of the excited carriers between the metal particle
and semiconductor support can provide a steady-state potential
shift of the active surfaces, resulting in different thermal cata-
lytic reactivity.®* For instance, choosing n- or p-type semi-
conductors as the support can determine the type of contact,
either Schottky or ohmic, which additionally dictate the charge
transfer at the interface.®® Using Pt supported on p- or n-GaN as
a model, the groups of Lercher and Stutzmann studied the
variation in the electronic structure of Pt.** Its resultant catalysis
was also altered; higher activity for thermal CO oxidation over
Pt/n-GaN than over Pt/p-GaN was observed.®” The electride is
another non-conventional support, where, according to the
research of Hosono's group, by the electron donation from the
support to the metal, the catalyst can not only lower the acti-
vation energy of ammonia synthesis over a Ru catalyst, but also
suppress the poisoning of the Ru surface caused by H ada-
toms.* The application of such novel materials to the support
would open a new frontier of supported metal catalysis.

Summary

In this minireview, we highlighted how the catalyst potential
plays a decisive role in catalytic reactions. First, we reviewed the
determination of the catalyst potential with various experi-
mental tools while concurrently measuring the reaction rate,
which allows for quantitatively establishing the potential-rate
relationship. Next, we showed that the active perturbation of the
potential by electrochemical methods alters the catalyst WF and
thereby the surface coverage of the adsorbate that functions as
a promoter, poison, or reactant. Toward the end, we shared
other examples that utilize an electric field or non-conventional
catalyst-support, adding another viewpoint to the promoted
thermal-catalytic reactions. Herein we provide a view bridging
the field of thermal- and electro-catalysis, paving the way for
innovative catalysis.
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