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Theory
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ABSTRACT: The relationship between experiment and theory in electrocatalysis is one  gm) Modeling ==
of profound importance. Until fairly recently, the principal role of theory in this field was || ‘
interpreting experimental results. Over the course of the past decade (roughly the period
covered by this review), however, that has begun to change, with theory now frequently
leading the design of electrocatalytic materials. Though rewarding, this has not been a
particularly easy union. For one thing, experimentalists and theorists have to come to 4 Characterization
grips with the fact that they rely on different models. Theorists make predictions based 1, Synth esis &
on individual, perfect structural models, while experimentalists work with more complex o
and heterogeneous ensembles of electrocatalysts. As discussed in this review,
computational capabilities have improved in recent years, so that theory is better represented by the structures that
experimentalists are able to prepare. Likewise, synthetic chemists are able to make ever more complex electrocatalysts with high
levels of control, which provide a more extensive palette of materials for testing theory. The goal of this review is to highlight
research from the last ~10 years that focuses on carefully controlled electrocatalytic experiments which, in combination with
theoretical predictions, bring us closer to bridging the gap between real catalysts and computational models.
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1. INTRODUCTION

This review provides a progress report on the fruitfulness of
the theory/experiment marriage in the field of catalysis, and
specifically electrocatalysis in nanoscale materials, since about
2008. The combined use of theoretical calculations and
experimentally observed activity is now a partnership that is
almost taken for granted in catalysis research (Figure 1) In
the field of electrocatalysis, theory and experiment have
converged at nanocatalysts in the size range of ~1—3 nm. In
this range and assuming a high degree of structural uniformity,
the full power of density functional theory (DFT) can be
brought to bear.

From a theoretical perspective, computational power and
tools continue to improve, leading to better accuracy and the
ability to evaluate larger and more complex structures. With
modern computers, DFT can regularly treat nanoparticles
(NPs) having < ~300 atoms within a reasonable time frame.
Accordingly, NPs in this size range are particularly amenable
for correlating theory and experiment, because DFT can treat
all atoms in the system explicitly. This allows accurate first-
principles assessment of the unique properties of small NPs.
For electrocatalysis, site heterogeneity, geometric structures,
surface tension, and the unique electronic structure arising
from quantum confinement effects are particularly relevant.
Therefore, while this review is focused primarily on NPs in the
<300 atom (<~2 nm) size range, larger sizes are also
considered in some illustrative cases.

From an experimental perspective, constantly improving
synthetic and materials characterization methods, particularly
operando (i.e., in situ) methods, lead to more monodisperse
and better-defined materials that are beginning to approach the
(perfect) uniformity of theory. These factors allow theorists to
refine their calculations, with the ultimate goal being
computational design of electrocatalysts that are tailored for
high activity and specificity.

In addition to the convergence of theory and experiment in
the 1-3 nm size range, there are other reasons why such
electrocatalysts are scientifically interesting and technologically
important. First, the percentage of the total atoms present on
the surface of NPs in this size range is much higher than that
for bulk materials. For example, surface atoms account for 63%
of the total atoms in a 1.6 nm cuboctahedral NP. In most cases,
this results in higher per-atom catalytic activity compared to
larger particles or bulk surfaces. Second, metal NPs having

diameters of just a few nanometers often exhibit unique
electrocatalytic properties due to finite size effects." Compared
to monometallic NPs, bimetallics offer even more avenues for
optimizing electrocatalytic performance. For example, while Rh
and Au are classically immiscible metals in the bulk phase, they
can alloy at the nanoscale and exhibit composition-dependent
activity.” The increased activity of bimetallic NP electro-
catalysts is often explained in terms of geometric, ligand, and/
or ensemble effects.”

DFT and DFT-derived theories facilitate the field of
electrocatalysis in several ways. First, DFT can determine the
atomic structures of NPs, including the elemental distribution
in nanoalloys. This is an especially effective approach when
theory and experiment are combined, because experiments can
provide information about the atomic structures, which in turn
allows for further refinement of theory for resolving
structures.”* ™' Second, the energetics and kinetics of
electrocatalytic reactions can be probed by DFT. Third, design
principles and strategies derived from theoretical studies can be
used to make predictions for experimental validation. In other
words, theory can lead experiment as well as interpret
experimental results. Finally, electrocatalysis is intrinsically
complex due to the charged metal/electrolyte interface, but
theoretical studies are moving toward more realistic models to
provide fundamental insights about electrocatalyst stability and
the effects of applied potential, pH, and solvation."' ™"

In addition to theoretical challenges, there are also
numerous experimental hurdles that must be crossed. Fore-
most in this regard is the difficulty associated with synthesizing
highly active, well-defined, and stable metal NPs that are
appropriate for DFT calculations. However, there are now wet
synthetic techniques that make it possible to synthesize a wide
variety of NPs having different compositions, shapes, and
sizes.'"® This high level of synthetic control has led to the
discovery of increasingly active catalysts, such as alloy and
core@shell formulations, having controlled compositions and
structures. For example, NPs having long-range order have
been obtained by thermal annealing of random alloy NPs
under reducing atmospheres. In some cases these ordered
materials display improved electrocatalytic activity and
stability,'"” but computational insight is necessary to fully
understand these effects.

Accurate DFT analysis relies on a detailed understanding of
NP structure. Therefore, the difficulty in thoroughly character-
izing metal NPs, down to their exact atomic arrangements, still
places a limitation on the correlation of theory and experiment.
For adequate characterization of nanocatalysts, particularly
those having sizes <3 nm, multiple characterization techniques
are required to sufficiently elucidate the structure. High-
resolution transmission electron microscopy (HR-TEM), X-
ray absorption spectroscopy (XAS), X-ray diffraction (XRD),
and cyclic voltammetry (CV) are often used in the analysis of
nanoscale electrocatalysts, and therefore, a brief overview of
these characterization techniques will be discussed later in this
review.

Even when a high level of synthetic control is achieved and
complete characterization of the catalyst is possible, a common
shortcoming in many studies correlating structure to catalytic
function is that the theoretical models rely on structural
information determined prior to electrocatalysis. Unfortu-
nately, however, extremely small metal NPs are often unstable
under electrocatalytic conditions, meaning the active form of
the catalyst may not be the same as the structure determined
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Figure 1. Iterating between theoretical predictions, synthesis, characterization, and electrochemical evaluation results in a design cycle to accelerate

the discovery of novel catalysts.

prior to electrocatalytic experiments.'®™*° Examples of this
include agglomeration or ripening of NP catalysts during
electrocatalysis”** and adsorbate-induced restructuring of the
NP surface.””** While these types of overall structural changes
may be observed when ex situ characterization of the catalyst is
performed both before and after electrocatalysis, this approach
to characterization does not provide insight into the
mechanism of instability. Advances in operando methods
have proven valuable in this regard and will be discussed
throughout this review.

To summarize, an improved understanding of the theory
and experiment nexus will lead to the logical discovery of new
nanomaterials for electrocatalytic applications. Accordingly, we
first discuss how first-principles theory is coupled to synthesis,
characterization, and electrocatalytic measurements. This is
followed by a more in-depth analysis of specific case studies
involving electrocatalytic reactions of particular intrinsic or
technological importance, including the oxygen reduction
reaction (ORR), carbon monoxide oxidation, and the carbon
dioxide reduction reaction (CO,RR). We conclude with some
thoughts on future needs and how the field is likely to evolve in
the coming years to achieve them.

2. TOOLS AND TECHNIQUES FOR COMPARING
EXPERIMENT TO THEORY

2.1. Theoretical Methods for Interpreting and Predicting
Electrocatalytic Behavior

Computational methods have been employed for decades to
gain a molecular level understanding of experimental
observations. For electrocatalytic studies, theoretical methods
have been employed to predict atomic structures of NPs and
nanoalloys," facilitate structural characterization of catalysts,”
elucidate reaction mechanisms,>® and screen for new
catalysts.””

2.1.1. Theoretical Methods for Determining NP
Structures. Determining the surface structure of pure and

alloy NPs is critical for understanding their function as
electrocatalysts. The thermodynamically stable structures of
NPs of a given size and composition can be determined
independently by theoretical methods.”® Calculations based on
these atomic surface structures can then describe their
electrocatalytic function.

Theoretical methods for determining structure usually
couple methods that describe the energetics of the target
system with those that can efficiently explore configuration
space. DFT calculations can describe the energy of NPs with
good accuracy, but they become prohibitively expensive when
the system size reaches hundreds of atoms. Less accurate but
more efficient model Hamiltonians, including bond-breaking
models,” Ising models,*® empirical force fields,**' and most
recently neural network potentials,*> have been proposed for
larger NPs. Various algorithms have also been developed to
efficiently explore configuration space, including Monte Carlo
methods with properly designed attempting movements”>>"
and global minimization methods including simulated
annealing, basin hopping,”** minima hoppin%,35 genetic
algorithms,36’37 and machine-learning algorithms.3

Although thermodynamically stable structures can be readily
obtained using the above-mentioned theoretical methods, real
NP electrocatalysts are generally metastable, especially when
the synthetic processes are kinetically controlled and no
annealing treatment is applied. Unfortunately, the kinetics of
the synthesis process is typically too complex to simulate
directly. A different approach is to use computational methods
to determine stable atomic structures of synthesized electro-
catalysts that agree with structural characterization data from
experiment. For example, the reverse Monte Carlo (RMC)
method was developed to reconstruct atomic structures using
X-ray scattering, neutron scattering, and extended X-ray
absorption fine structure (EXAFS) spectroscopy by fitting
experimental data using simulated spectra.””~*'

RMC methods, however, often cannot unambiguously
determine atomic structure and are biased toward structures
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of maximum entropy. To circumvent this problem, DFT- or
empirical-potential-based simulations can be used to constrain
the atomic models to those that are reasonable.””~** A recent
example of this approach used a supervised machine-learning
method to discover relationships between NP geometries and
corresponding simulated X-ray absorption near-edge structure
(XANES) spectra (Figure 2).* The machine-learned model
was subsequently able to determine the 3D geometry of Pt
NPs based upon experimental XANES spectra.
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Figure 2. Example of supervised machine learning (SML) used in
deconvoluting experimental in situ XANES data to obtain NP
structures. Reproduced with permission from ref 45. Copyright 2017
American Chemical Society.

2.1.2. The Computational Hydrogen Electrode (CHE).
Once the structure of a NP has been determined, methods for
probing the electrocatalytic properties are then required for the
computational determination of structure—property relation-
ships. One of the key factors for determining electrocatalytic
activity is the overpotential, which is the additional potential
beyond the equilibrium value required to drive electrocatalytic
reactions. The overpotential of a specific electrocatalyst surface
can be readily obtained using the computational hydrogen
electrode (CHE) method developed by Nerskov and co-
workers.* In this method, the energy of each (H* + e”) pair in
the elementary electrochemical steps is replaced by the energy
of '/,H,, as defined by the equilibrium of the normal hydrogen
electrode (NHE). Thus, the reaction energies of elementary
steps at different potentials can be calculated by simply raising
or lowering the reaction energy in equilibrium with H,
according to the change in potential relative to the standard
hydrogen electrode (SHE, Figure 3). Using the CHE, the
theoretical overpotential can be calculated as the limiting
potential needed to render all elementary steps exothermic.

Although extremely useful, the CHE method is far from a
complete description of the complex electrochemical interface,
because it only treats the catalyst/adsorbate interaction
explicitly with DFT. In electrocatalytic systems, solvation,
surface charging effects, and specifically adsorbed ionic species
can all play a role in influencing the kinetics of electrocatalytic
reactions.

There are three primary models of the electric double layer:
(1) introduction of an electric field with or without explicit
solvent molecules;*” (2) addition of explicit charge on the
electrode with prescribed counter-charge distributions using an
explicit or continuum solvent model;**™* and (3) explicit
inclusion of both charges and ions with explicit solvent

Oxygen reduction Pt(111)

3
2(H’ +e)+1/20,
u=0
2 -
2x1.23 eV 2(H' +e)+0"
3
£ 41l u=078Vv (H® +e}sHO"
3 00=0.5
g NN
] U=1.23Vv | 4123 eV H,0
@ 0
2
w
At
-2

Reaction coordinate

Figure 3. Example of a free-energy diagram for the ORR on Pt(111)
surfaces constructed using the CHE method. The free-energy profile
is examined at three different electrode potentials (U). Reproduced
with permission from ref 46. Copyright 2004 American Chemical
Society.

molecules.' > Among the methods developed for simulat-
ing the electrochemical interface, it is worth mentioning grand
canonical electronic DFT, in which the number of electrons
and the balancing charge appearing in the continuum
electrolyte can be automatically and continuously changed,
as guided by the prescribed electrode potential. This method is
a valuable tool for studying electrochemical interface and
electrocatalysis under constant potential conditions.*”

2.1.3. Scaling Relationships and Sabatier Analysis.
Accurate catalytic reaction kinetics calculated with DFT cannot
typically be used directly for catalyst screening or design due to
the computational cost and the large number of possible
systems that can be screened. It is helpful, therefore, to identify
a small set of microscopic descriptors that govern the reaction
kinetics and use them to efficiently perform the catalyst
screening/design.”” This task is enabled by two important
scaling relationships. The first, which is commonly known as
the Bronsted—Evans—Polanyi (BEP) relationship, is that
activation energies for elementary surface reactions are strongly
correlated with reaction energies.S(”57 The second scaling
relationship describes the linear relationships of adsorption
energies of adsorbates across different transition metal surfaces.
An example of this type of scaling relationship is that the
binding energies of CH,, OH,, NH,, or SH,, linearly correlate
with the binding energies of C, O, N, and S for a series of
transition metal surfaces (Figure 4).>% Such correlations
reduce the number of independent variables required to
describe activity.

The catalytic activity as a function of selected descriptors can
be evaluated by a Sabatier analysis®® or by microkinetic
modeling.”’ The resulting activity—descriptor relationship
should follow the Sabatier principle of catalysis, which states
that the adsorption strengths on the optimal catalyst should be
neither too weak nor too strong. This principle can be
expressed graphically with a 3D volcano plot, passing through a
maximum activity at the optimal binding energies (Figure 5).*°
Once the volcano plot is derived from detailed mechanistic
study, convenient adsorption energy calculations can be used
to screen for catalysts having the desired optimal adsorption

strength.
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Figure 4. Scaling relationship of SH and S, on close-packed (black)
and stepped (red) surfaces of face-centered cubic transition metals.
Adsorption energies are referenced to the clean surface and the
corresponding molecule in the gas phase. Reproduced with
permission from ref 59. Copyright 2007 The American Physical
Society.
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Figure S. Representative volcano plot showing ORR activity as a
function of both the *O and *OH binding energies on metal catalysts.
Reproduced with permission from ref 46. Copyright 2004 American
Chemical Society.

2.1.4. Summary of Theoretical Techniques for
Analyzing NP Electrocatalysts. Theoretical calculations
are vital for understanding the intricacies of electrocatalytic
systems. Subtle information regarding nanocatalyst structure
can be elucidated theoretically, using, for example the RMC
method. CHE models are often used to analyze the energetics
of electrochemical transformations over catalytic surfaces. The
information gained from these studies continues to guide and
inspire design strategies that encourage creative construction of
active sites to overcome the often activity-limiting scaling
relationships that exist between reactive species on a surface. It
is now the job of theoretical chemists to continue pushing the
limits of current computational methods beyond the simple
CHE model by striving to simulate realistic electrocatalytic
interfaces. As we continue to probe this space between

tractable theoretical models and complicated experimental
conditions, we can begin to refine the very questions we are
asking about these systems, paving the way for clearer answers.

2.2. Techniques for Synthesizing Well-Defined, Nanoscale
Electrocatalysts Relevant to Theory

2.2.1. Individual NPs as Model Electrocatalysts. One
of the main limitations of correlating theory and experiment in
electrocatalysis is that all ensembles of real electrocatalysts are,
at least to some degree, structurally heterogeneous, while
theory usually only considers a single, perfect structure. This
means that the ideal system for coupling theory and
experiment involves the study of a single, well-defined NP
having a naked (or ligand-free) surface. There are two
approaches for preparing single-particle electrocatalysts: in
situ and ex situ synthesis.

In situ methods involve electrodeposition of a single NP
onto an electrode surface.”"°® However, the mechanisms of
metal nucleation, deposition, and subsequent particle growth
are still poorly understood and difficult to control.””~"°
Moreover, the presence of the electrode makes detailed
structural characterization of individual NPs prepared in this
way nearly impossible. There is one example in the literature in
which individual, well-defined ~400 nm NPs have been
deposited and fairly well characterized (Figure 6).°> At least for

square-wave potential

Quartz

Carbon

Pt precursors Pt NC

Figure 6. (top) Illustration of the use of square-wave voltammetry to
electrodeposit single Pt nanocrystals on carbon nanoelectrodes.
(bottom) Scanning electron microscopy (SEM) image of an
electrodeposited Pt nanocrystal. The scale bar is 500 nm. Adapted
with permission from ref 62. Copyright 2018 The Royal Society of
Chemistry.

now, however, this approach is not directly applicable to
quantitative correlation of theory and experiment for electro-
catalysts smaller than ~100 nm. In this size range, detailed
characterization is very difficult. A possible exception may be
when the NP electrocatalyst consists of a single atom, but even
then, definitive characterization is not possible at this time.”"”*
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An alternative approach to the study of single-particle
electrocatalysts involves ex situ synthesis and characterization,
followed by immobilization of the NP onto an electrode
surface.”>”” Alternatively, in scanning electrochemical cell
microscopy (SECCM),”® nanoelectrodes are scanned over
individual NPs in an ensemble to analyze their electrochemical
behavior. SECCM is even more advantageous when combined
with another imaging technique, such as optical imaging
(Figure 7).”” These ex situ approaches for studying single NPs
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Figure 7. Generalized procedure for probing individual NPs via
optically targeted electrochemical cell microscopy (OTECCM). (a)
Au nanorods were first dispersed onto a noncatalytic substrate
electrode at low coverages (<0.1 um™) via drop coating. (b) The
resulting samples are first characterized optically using a hyperspectral
imaging protocol. (c) Targeted electrochemical measurements are
then made via scanning electrochemical cell microscopy (SECCM)
on optically identified NPs. The overall process is efficient, typically
taking just a few minutes to characterize 5—10 NPs. Reproduced with
permission from ref 77. Copyright 2018 American Chemical Society.

suffer from an inability to structurally characterize the single
NP catalyst, especially after the electrochemical studies.
Because single NPs most relevant to this review (<3 nm)
cannot be sufficiently well characterized to yield meaningful
correlation to theory, these approaches are not discussed
further. Interested readers are referred to the relevant
literature.”"”%~%!

2.2.2. Monometallic NP Ensembles. Because it is, at
present, not possible to thoroughly characterize and evaluate
individual NPs, we are often forced to study ensembles
consisting of many NPs, which, as discussed earlier, are
inherently heterogeneous in nature. The more structural and
compositional heterogeneity that exists within an ensemble of
electrocatalytic NPs, the more complicated predictive DFT

calculations become. Thus, synthetic methods that yield a high
degree of NP monodispersity are critical for comparison of
theory and experiment. Even in these cases, however, it is
important to realize that a small subpopulation of uncharac-
terized NPs can still contribute to observed electrocatalytic
activity.82

Additionally, because small metal NPs are inherently
unstable, they are usually covered with a monolayer or sub-
monolayer of monomeric or polymeric ligands. In addition to
providing stability, the ligands or capping agents used during
NP synthesis can also be used to control the structure and
composition of the resulting NP;83_86 however, the ligands
themselves can alter the electrocatalytic activity of the
underlying metal NP.”’ " Keeping these limitations in
mind, a brief introduction to the principal synthetic techniques
currently used for preparing metal nanoscale electrocatalysts
with a high level of synthetic control is provided next.

The chemical reduction of metal salts in the presence of
mediating/passivating ligands is still one of the most common
synthetic techniques for preparing NPs.****~"° The simplest
reaction conditions often employ the reduction of metal
precursors using BH,” or H, at room temperature.”””
Unfortunately, many metal precursors do not readily
decompose at room temperature, and therefore, elevated
temperatures are often required. Solution-based syntheses of
metal NPs in organic solvents at hi§h temperatures are broadly
defined as solvothermal methods.” At elevated temperatures,
the ligand or solvent itself can be employed as the reducing
agent. An example of the latter is the polyol method, wherein
high-boiling poly(glycol) solvents, such as ethylene %chol,
serve a dual purpose as both solvent and reducing agent.” "'

Thermal decomposition, or thermolysis, methods are
particularly useful for solvothermal preparation of nanoscale
transition metal electrocatalysts.'”>~' For example, this
synthetic method has been reported for the synthesis of Co
and Ni NPs,sS’106 which have received increasing attention
over the last several years as ORR electrocatalysts.”'*’~"%
Thermolysis involves the decomposition of metal precursors
with heating followed by subsequent nucleation and particle
growth. There are two main synthetic methods for thermal
decomposition: the heat-up method and the hot-injection
method.'”"'? In the heat-up method, the metal precursors are
slowly heated in the presence of solvent, reducing agent, and
stabilizing ligand. In the hot-injection method, an organic
solvent, commonly an alkylamine, is heated to several hundred
degrees Celsius prior to the injection of the metal precursor
solution into the reaction solution.'"’

The major difference between the heat-up and hot-injection
methods is that the heat-up method allows thermodynamic
control over metal nucleation and particle growth, while the
hot-injection method may be governed by kinetically
controlled processes.'”> Metal carbonyl compounds are often
employed as metal precursors during thermolysis procedures,
because they easily decompose with heating.''” The addition
of a stabilizing ligand to the synthesis can result in an even
greater level of synthetic control. Poly(vinyl)pyrrolidone
(PVP) is commonly employed for this purpose, because it is
stable under the reaction conditions employed for thermol-
ysis.”® Additionally, oleylamine has been found to function as
solvent, reducing agent, and surfactant at elevated temper-
atures in one-pot syntheses.ms’l%’l10’113

Seed-mediated reduction has quickly become one of the
standard methods for preparing well-defined electrocata-
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lysts.””"'#'"> The advantage of this technique is that the
presence of a metal seed results in preferential reduction of
metal ions onto the seed particles. This ensures that NP
growth only occurs on the pre-existing seeds, and hence, it
affords a high level of control over the size and geometry of the
resulting NPs. Importantly, ligands present during the
synthesis can be used to favor metal deposition on desired
facets of the metal seed, allowing for even greater shape
control.”>*”!'® For monometallics, this method is mainly used
to impart shape control for larger particles. The normal size
range of the metal seeds employed in seed-mediated syntheses
is 5—10 nm,""” and that means this approach is usually not
appropriate for preparing the smaller materials required for
whole-particle comparison to first-principles theory.

Regardless of the synthetic method used, surface ligands are
usually necessary to provide NP stability and increase synthetic
control. The importance of ligands in colloidal systems
continues to inspire investigation into the mechanisms of
ligand-induced structural control during metal nucleation and
particle growth.*7%®%?1187120 Ror example, the use of
different ligands to control the shape of resulting PtRu
nanocrystals was recently reported by Dong and co-workers.*®
They showed that, by varying the ammonium complex used as
the stabilizing ligand, the shape could be controlled from
nanowires to nanorods to nanocubes (Figure 8).

C}» PtRu NRs

\_, pe.0Am ¥ w(co),

Figure 8. (top image) Synthetic scheme for obtaining multiple
geometries of PtRu nanostructures using three different capping
ligands. (bottom image) Synthetic morphological and structural
characterizations of PtRu nanocrystals. Representative TEM images of
(a, d) PtRu nanowires, (b, e) PtRu nanorods, and (c, f) PtRu
nanocubes. Adapted with permission from ref 86. Copyright 2017
American Chemical Society.

One commonly used ligand is oleylamine, which, as
previously mentioned, can act as the solvent, reducin§ a§ent,
and stabilizing ligand at elevated temperatures.'>'™>"*" A
mixture of oleylamine and oleic acid is often employed in
tandem during syntheses,'*”'*"'?>'** while other commonly
used ligands include PVP'**7'"*° and citrate.””'*” The
synthetic flexibility of peptides as structure-controlling ligands
is also having an important impact on the field of NP
synthesis."*® In some cases, polymers can act as the surfactant
via inverse micelle encapsulation methods.'>*'** Control over
NP structure can be modified depending on the chemical and
physical properties of the polymer, such as the functional
groups present and molecular weight.'*’

The strong interaction of thiol lifgands with metal surfaces
can poison catalytic reactivity.'’"'*> However, Au NPs
stabilized with thiol ligands are an active area of research in
electrocatalysis.>>~'*>  Specifically, monolayer-protected Au
clusters (MPCs, typically <2 nm) will be discussed in the
CO,RR section. A special case of these catalytic systems
includes atomically precise thiolated Au nanoclusters. These
types of cluster systems are excellent model electrocatalysts
because their molecular composition can be known ex-
actly."*~"3® However, the protecting ligands strongly modu-
late the electronic structure of the metal cluster, resulting in
molecular-like properties. Accordingly, the previously dis-
cussed rules for tuning metal NP reactivities do not apply
for these materials. Atomically precise clusters are, therefore,
beyond the scope of this review, and interested readers are
referred to a recent review article.'*

2.2.3. Nanoalloy Ensembles. While monometallic NPs
are still widely studied as promising electrocatalysts, bimetallics
have begun to dominate the field. This switch in emphasis is
driven by the potential to modify the binding energy of
reactants and products on the NP surface due to interactions
between the two metals. For example, random nanoalloys
present different ensembles of atoms on their surface (Figure
9), and this can provide a means for tuning the number and
types of active sites present on a metal NP for a given reaction.

For instance, a study of classically immiscible RhAu
nanoalloys showed that the activity toward the ORR could
be tuned using ensemble effects.” DFT calculations predicted
that the Rh;Au, triatomic ensemble possessed the most
optimal binding energies for ORR reaction intermediates. This
prediction was subsequently confirmed experimentally. The
ensemble effect has also been shown to be responsible for the
observed tunability of ORR activity in both AgPd and PdAu
nanoalloys.'*”'*" Thus, the type and level of mixing in
nanoalloys is increasingly important in electrocatalysis,
particularly in regard to correlation of theory and experiment.

To achieve more uniform nanoalloys, the synthetic
techniques discussed previously for preparing monometallic
NPs have also been successfully used to prepare a wide variety
of unique bimetallic catalysts. For example, simple co-
reduction can be used to form bimetallic NPs by introducing
two different metal species to the reaction solution and
reducing them simultaneously.'*”'*’ In contrast, sequential
reduction of metals in a single reaction solution can lead to
core@shell or alloy NPs, and in some cases a mixture of
both."** Bimetallics can also be synthesized by thermoly-
si, 104118145

During thermolysis, the exact temperature required for
decomposition, as well as the rate of decomposition, is
dependent on the metal species itself. These decomposition
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Figure 9. Illustration of oxygen (red circle) binding to four different triatomic surface ensembles where A and B are two different metals.

rates have an impact on the structure of bimetallics. For
example, if both precursors decompose simultaneously, then
alloy NPs may form.”®'%*"'">'*! If one precursor has a lower
decomposition temperature, however, it will nucleate first,
perhaps leading to the formation of core@shell NPs.'*
Additionally, both chemical reduction and thermolysis
techniques can be used in tandem to attain otherwise hard-
to-synthesize compositions and morphologies of NPs."*’
Seed-mediated co-reduction (SMCR) can lead to the
formation of alloys when two different metal salts are
coreduced in the presence of small metal seeds.'** A notable
use of this synthetic method is the ability to prepare alloys of
metals possessing large lattice mismatches, such as PdCu.'”!
For example, the Skrabalak group showed that different
geometries of PACu NPs can be obtained by changing both
the Pd:Cu precursor ratio and/or the pH, making the SMCR a
versatile synthetic technique (Figure 10)."*” If the identities of

A
50 nm

C
100 nm

Figure 10. (A) STEM and (B) TEM and (inset) electron diffraction
of an individual PdCu particle synthesized using seed-mediated co-
reduction (SMCR). The nanocrystal was also characterized using
STEM-EDS elemental mapping: (C) Pd only, (D) Cu only, and (E)
an overlay of Cu and Pd signals. Adapted with permission from ref
149. Copyright 2017 The Royal Society of Chemistry.

the metal salt and the metal seed are different, however, then
core@shell particles can result. Significantly, core@shell NPs
of only a few nanometers have recently been reported using the
SMCR synthetic method.'">"**

SMCR has recently been used to transform random PdCu
nanoalloys to monodisperse electrocatalysts having a highly
ordered, intermetallic composition.bo Intermetallic NPs have
been reported to exhibit both increased activity and stability
toward various electrocatalytic reactions.””’”">* In contrast to
the SMCR synthetic method discussed in the previous
paragraph, most intermetallic NPs are obtained via post-

synthetic annealing of random nanoalloys in a reducing
environment of forming gas (i.e., 5% H,/N, gas)."*" Elevated
temperature, however, can lead to NP instability via
agglomeration and ripening.

Additionally, if the random alloy precursor NPs are not
sufficiently uniform in size and composition, then the
intermetallic NPs obtained during thermal processing will
consist of different degrees of atomic ordering. This
heterogeneity makes it difficult to determine the intrinsic
catalytic reactivity of the ordered phase, thereby limiting the
use of DFT calculations in predicting and understanding the
true reactivity of intermetallic NPs as electrocatalysts. For this
reason, as well as those previously stated, monodisperse, well-
defined nanoalloys are vital for improved understanding and
designing of novel electrocatalysts for practical applications.

2.2.4. Interactions between Electrocatalytic NPs and
Supports. Regardless of the synthetic technique used or the
resulting NP composition, electrocatalytic NPs are usually
immobilized on a high-surface-area support, such as carbon
black'*""*!5? or a metal oxide layer.'**~'*° While the support
itself can influence electrocatalytic performance,'*"'>"~'%
immobilization may stabilize the NPs and thus make it
possible to remove stabilizing ligands prior to electrocatalysis.
Ligand removal is usually necessary to attain maximum activity
of the catalytic surface and to simplify theory.

Ligand removal is commonly achieved by treating the
catalyst at high temperature,''"'°"'%* but electrochemical
methods are also used to remove ligands and other
contaminants from the surface of electrocatalysts.'>>'"'%
Both methods can, however, lead to undesirable structural
chan§es, including sintering, agglomeration, and dealloy-
ing.'**~'°® Therefore, despite advances in synthetic methods
that lead to well-defined NPs having desirable structures and
compositions, difficulties during ligand removal and NP
activation often cause an increase in polydispersity and
heterogeneity of a given electrocatalyst ensemble. This may
make it even more difficult to identify the catalytically active
structures and hence frustrate comparison to theory. Over-
coming this problem remains an open challenge in the field of
electrocatalysis.

2.2.5. Dendrimer-Encapsulated Nanoparticles (DENSs).
One method that overcomes some of the synthetic limitations
mentioned heretofore, especially those associated with ligand
removal, is called dendrimer encapsulation. Dendrimer-
encapsulated nanoparticles (DENS) are synthesized by taking
advantage of highly dendritic polymers, or dendrimers, as
synthetic templates for NP formation.”'*”'® The typical size
of DENSs is in the range of just a few atoms to ~300 atoms,
makin¥ them very well suited for comparison to
theory.”'*’7'%  Commercially available poly(amidoamine)
(PAMAM) dendrimers are the most commonly employed
for the synthesis of DENs; however, the use of other
dendrimers,"’°~"”* such as poly(propyleneimine) (PPI), has
been reported.'*®
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In a basic synthesis of DENs, a metal salt precursor is added
to a solution of dendrimers and subsequently reduced with
BH,” at room temperature (Figure 11)."”® This synthetic

Co-complexation
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Figure 11. General synthetic routes for alloy (top) and core—shell
(bottom) DENs. Adapted with permission from ref 176. Copyright
2009 American Chemical Society.

method leads to one zerovalent NP per dendrimer while
allowing for good synthetic control over both size and
composition.'””"”® In addition to monometallic DENS, alloy
and core@shell DENs can also be pregared.”g_181 For
example, AuM (M = Pd, Pt, Rh) alloys,"*”"7%"®* as well as
PdAu@Pt alloy-core@shell DENSs,'”'*® have recently been
successfully synthesized and employed as electrocatalysts.
While a wide variety of DEN structures can be prepared,
enhanced atomic diffusion in such small NPs can sometimes
lead to structural and compositional rearrangements during, or
even before, electrocatalysis.'*"**

For electrocatalytic studies, DENs can be dispersed onto a
Vulcan carbon support, drop-cast onto metal oxides, or
electrochemically grafted to carbon electrodes via oxidation
of the peripheral functional groups of the dendrimers.'®
Notably, in all of these cases, DENs have been shown to
behave as ligand-free electrocatalysts and exhibit high catalytic
activity.'*» 79189187 15 other words, even though the

dendrimer is usually present during electrocatalysis and
therefore able to stabilize the encapsulated NP, it does not
impact electrochemical measurements.

2.2.6. Mass-Selected NPs. While a high level of synthetic
control has been realized using the techniques mentioned thus
far, there are still limits on the degree of control over the size
and compositional monodispersity of nanoscale electro-
catalysts. One recently developed technique that overcomes
these limitations is the use of mass spectrometry to mass-select
metal clusters synthesized in the gas phase, followed by soft-
landing techniques to deposit very small, monodisperse metal
clusters onto surpgort materials for use as electrocatalysts
(Figure 12)."*%"” Both the ligand-free nature and the
extremely small size of mass-selected metal clusters (<2 nm)
make this type of system ideal for comparison of electro-
catalytic results to DFT calculations.'”*~""*

The small size of metal clusters, in combination with the
necessary deposition onto a solid support, makes mass-selected
electrocatalysts very difficult to characterize using traditional
techniques. One study overcame this limitation by using the
mass-selection technique to deposit Pt clusters on carbon-
coated TEM grids (Figure 13)."”* The use of TEM grids as the
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Figure 13. Combined use of dual-barrel scanning electrochemical cell
microscopy (SECCM) and an inverted optical microscope to
characterize Pt NP stability during the ORR. Reproduced with
permission from ref 194. Copyright 2018 American Chemical Society.
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Figure 12. Illustration showing a model system for studying cluster size effects toward electrocatalysis using the mass-selected synthetic template.
Reproduced with permission from ref 189. Copyright 2016 American Chemical Society.
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cluster support allowed for subsequent microscopic analysis
prior to evaluation of their properties as ORR electrocatalysts.
While use of this recently developed technique works best for
studying monometallic clusters, larger, bimetallic NPs have
also been reported.'”>'’® The many advantages of using mass-
selected electrocatalysts are discussed in a recent review.'""

2.2.7. Summary of NP Synthetic Methods for Electro-
catalysis. Great progress has been made in developing
precision synthetic methods for synthesizing electrocatalysts
having properties that are appropriate for correlating theory
and experiment. Nevertheless, there is a long way to go before
this field matures. The ideal model electrocatalytic system is a
single, stable, structurally well-defined NP attached to an inert
electrode surface. For now, however, that goal is unattainable,
and therefore, we are forced to deal with simultaneous
evaluation of large numbers (ensembles) of particles with the
assumption that their average electrocatalytic response can be
represented by a single theoretical model. While this approach
works fairly well for monometallic electrocatalysts, the
situation is more complicated for bimetallics due to ligand
and ensemble effects that are difficult to control experimen-
tally. Intermetallic NPs that exhibit well-defined arrangements
of atoms on their surfaces are beginning to emerge, and they
will likely be able to address this problem. Currently, these
materials still suffer from some limitations, however, as they
tend to be rather large and hence not fully compatible with
whole-particle, first-principles theory. They also suffer from
problems associated with sample heterogeneity in regard to
atomic arrangement.

2.3. Characterization Techniques for Electrocatalysts

Once synthesized, thorough characterization of electrocatalysts
is vital to ensure accurate correlation of theory and experiment.
Characterization of metal NPs having sizes in the <3 nm range
is especially difficult and requires a combination of techniques
to elucidate structure and composition. Given adequate
experimental characterization data, theoretical calculations
and simulations can help determine the final structure as
well as predict the catalytic activity of NP electrocatalysts.'””

While knowing the initial composition and structure of a
metal nanocatalyst is important, a second factor that needs to
be considered when studying nanoscale electrocatalysts is their
stability under catalytic, or operando, conditions.'>'*®  As
mentioned earlier, the structure of very small NPs is often
inherently unstable and degradation of electrocatalysts can
occur within seconds under the influence of electrochemical
reactions.”’ In this section, we will provide a brief overview of
the characterization techniques that are particularly effective
for obtaining the type of structural information that is required
for ensuring accurate correlation of theory and experiment.
These techniques include those based on X-ray diffraction and
absorption, electron microscopy and related methods, and
electrochemical characterization methods.

2.3.1. X-ray Diffraction (XRD). In XRD, X-rays scatter
from a crystalline material, resulting in a unique diffraction
pattern that can provide valuable structural information. XRD
techniques are widely used to analyze the lattice spacing of
NPs, thereby providing insight into their crystalline structure
as well as qualitative compositional information such as the
degree of atomic mixing.'””**" Because traditional XRD
techniques require crystalline materials, samples can be
analyzed while supported on amorphous substrates such as
carbon.”®" This is especially advantageous for studying

electrocatalysts because they are often prepared as carbon
inks. The small size of the crystalline facets of NPs creates
peak-broadening, which can be used to estimate their size in
accordance with the Scherrer equation.””® Synchrotron-based
high-energy X-ray diffraction (HE-XRD) is especially useful for
analyzing metal NPs due to the capability to achieve surface-
sensitivy.'*”>** Unfortunately, for NPs <3 nm in diameter, the
Bragg diffraction peaks become so broad that most structural
information is lost.

The limitation of sample crystallinity required for XRD can
be overcome by coupling HE-XRD with atomic pair
distribution function (PDF) analysis. PDF analysis takes into
consideration the total scattering of the sample, including both
traditional Bragg peaks as well as those from diffuse scattering
centers, and therefore, it is useful for characterizing disordered
nanomaterials.”’>*** Experimental atomic PDF spectra can be
fit using simulated structural models to yield quantitative
information about NP structure and atomic environ-
ment.””*%” HE-XRD also enables operando characterization
and can be used to closely probe structural and phase
transformations of nanocatalysts under a range of condi-
tions.' 9295299 For example, dissolution of Ni from ~3 nm
PtNi nanoalloys has been analyzed during electrochemical
cycling using in situ HE-XRD.*'? Structural changes have also
been observed in PtNi and PtNiCo nanocatalysts during
operando HE-XRD/PDF studies during the ORR (Figure
14).%°7 As accessibility to synchrotron facilities continues to
increase, these types of operando studies will continue to
advance our understanding of dynamic structural and
compositional changes of electrocatalysts. Such information
is vital for improving their durability and activity.

Small-angle X-ray scattering (SAXS) complements XRD and
has emerged as a useful tool for nanocatalyst character-
ization.”'" While XRD analyzes X-rays scattered at wide angles
relative to the incident beam, SAXS relies on the energy of X-
rays scattered at angles of just 0.5—-10°. XRD results in
Angstrom-scale resolution, while SAXS is limited to a lower
resolution of +0.1 nm.*"" Therefore, SAXS analysis provides
information about NP size distributions and structural features
on the scale of 1—100 nm, and XRD is necessary to obtain
atomic-scale information such as the extent of alloying in a
sample.

There are two main advantages of SAXS that make it an
increasingly important technique for nanocatalyst character-
ization. First, noncrystalline materials, including liquids and
powders, can be analyzed with minimal sample preparation.
Second, SAXS has the ability to monitor catalyst changes in
situ during electrochemical measurements.”' **'> However,
catalyst supports (e.g., Vulcan carbon or metal oxides) utilized
in electrochemical studies can interfere with SAXS analysis.”"*
A technique known as anomalous SAXS (ASAXS) utilizes a
synchrotron energy source to overcome this limitation of
background interference from the support. ASAXS probes the
metal of interest at different X-ray energies, allowing the signal
from the support to be distinguished from the sample.”'" In
one report, for example, ASAXS was used to monitor both the
average size and the composition of PtCu nanoalloys during
electrochemical leaching experiments.”'> A recent review
provides additional information about the relationship between
theory and NP characterization by SAXS.*""

2.3.2. X-ray Photoelectron Spectroscopy (XPS). In
contrast to the high-energy X-rays discussed for XRD, XPS is a
surface-sensitive technique that traditionally utilizes “soft” X-
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Figure 14. Example of HE-XRD/PDF analysis of different structures
of PANi bimetallic NPs. Reproduced with permission from ref 207.
Copyright 2016 The Royal Society of Chemistry.

rays with energies in the range 200—2000 eV. The absorption
of these lower energy X-rays enables examination of the
binding energies of core-level electrons as they are ejected
from a})proximately the first ~10 nm of a conductive
sample.”'® Because the binding energies of core electrons are
sensitive to the atomic number of the element, the identity of
the elements in the sample can be determined by referencing
the experimentally collected XPS spectra to known binding
energies of particular elements. For the same reason, XPS is
sensitive to the oxidation state of elements present in NPs.
The atomic percentage of each element near a NP surface
can also be determined by XPS. One important caveat,
however, is that this review article is primarily concerned with
NPs in the <3 nm size range and, therefore, the escape depth
of the electrons exceeds the diameter of the NPs. This means
that, for this class of NPs, XPS is really a bulk analysis tool. The
use of synchrotron radiation allows for surface-sensitive
measurements, even for small NPs.*'"7?*° However, the
detection limit of XPS is only in the parts per thousand

range, and the measurements are usually performed in
ultrahigh vacuum. This latter requirement has severely limited
in situ applications of XPS to electrocatalysis, but that is
changing with the development of an ambient pressure version
of the methodology.”*'~**

2.3.3. X-ray Absorption Spectroscopy (XAS). Another
important tool in the field of electrocatalysis is X-ray
absorption spectroscopy (XAS).”> In this technique, the
incident photon energy is scanned through a range where
the excitation of the core electrons of metals to unoccupied
states above their Fermi level can be observed. Near the
absorption site, multiple scattering resonances result from the
interaction of the excited photoelectron with neighboring
atoms, producing absorption peaks that provide information
about the local electronic and geometric structure. Element-
specific studies can be conducted by probing a sample with X-
rays that are equal to or just above the specific binding energy
for a core electron of a known atomic species. This type of
analysis is known as X-ray absorption fine structure (XAFS)
and encompasses two main spectral regions of interest: X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS)."

Although there is no well-defined cutoff between the
XANES and EXAFS regions of an absorption spectrum,
XANES is generally associated with energies extending from
the pre-edge region to energies ~30—50 eV above the
absorption edge. The EXAFS region extends to energies
~1000 eV above the absorption edge. The XANES region is
sensitive to oxidation state and the coordination chemistry of
the absorbing atom, while EXAFS is used to determine
interatomic distances, coordination numbers, and the identity
of nearby neighbors of the absorbing atom.'””*” Therefore,
these techniques provide highly useful information about
electrocatalyst structure; for example, they can distinguish
between alloy or core@shell structure of a nanocatalyst. For
nanomaterials in which surface and core atoms are present in
roughly equal numbers, EXAFS can also provide specific
surface information (though for particles larger than several
nanometers in diameter, XAS spectra are dominated by the
core atoms). Other advantages of XAS include the ability to
easily study both amorphous and crystalline electrocatalysts
operando.'*>***7**° Finally, XAS is an averaging technique, so
it is highly complementary to electron microscopy.'”>*"”

2.3.4. Electron Microscopy (EM). Transmission electron
microscopy (TEM) is another important method used for the
analysis of electrocatalytic materials. It involves passing a beam
of electrons through a sufficiently thin, conductive sample and
then monitoring the images formed. A marked advantage of
EM is its ability to provide atomically resolved structural
information about individual NPs. When coupled with energy
dispersive X-ray (EDX) spectroscopy, TEM can also provide
elemental analysis of NPs.

Scanning transmission electron microscopy (STEM) in-
volves rastering the electron beam across the surface of the
sample. By detecting scattered electrons outside of the path of
the transmitted electrons, use of Z-contrast microscopy (also
known as high-angle annular dark-field imaging, HAADF)
allows for straightforward interpretation of atomic config-
urations. HAADF-STEM is especially good for studying
bimetallic NPs that have similar lattice spacings but different
atomic numbers due to the relative scattering efficiencies of
low- and high-Z elements, and therefore different resulting
intensities (Figure 15).**" Additionally, compared to TEM,
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Figure 1S. Structural investigation of an atomically ordered-AuCu NP with high resolution. Aberration-corrected HAADF-STEM images of an
ordered-AuCu NP (a, b) and magnified STEM images of the center of the particle together with overlapping schematics of structural projections (c,
d). Atoms in orange and blue color represent gold and copper, respectively. Adapted with permission from ref 231. Copyright 2017 American

Chemical Society.

STEM improves the resolution of EDX spectroscopy for
elemental analysis.

Because EM is not an averaging method, it is highly
complementary to XAS and diffraction methods. The
importance of correlating structural information obtained
from multiple characterization techniques is highlighted by
the limitation of TEM in identifying sub-nanometer atomic
species. This is significant, as few-atom clusters, and even
single metal atoms, can be active electrocatalysts.”*>~>** For
example, a recent report by Henkelman and co-workers
demonstrated that pure Rh clusters in this size range were
present in a RhAu alloy sample and that they contributed to
the observed electrochemical ORR activity.” While these Rh
clusters were not initially visible using TEM, EXAFS
measurements suggested their presence. This motivated the
authors to search for and identify them using HAADF-STEM.
This example highlights the shortcomings of standard TEM
while simultaneously demonstrating the importance of using
advanced EM techniques to observe all catalytic species
present in an ensemble sample.

From the perspective of electrocatalysis, the principal use of
EM is analysis of catalysts before and, in some cases, after a
reaction. However, even when post-mortem catalyst analysis is
undertaken, one usually compares different particles in the
ensemble. Because of this spatial limitation, information
regarding the time scale and mechanism of changes in
electrocatalyst structure is not available. One approach for
addressing this problem is a technique known as identical-
location TEM (IL-TEM), which provides a means for
analyzing the same NPs before and after electrocatalytic
reactions.”**”>*" Additionally, IL-TEM has been used to gain
atomic-level insight into the nucleation and growth of
electrodeposited Au NPs during synthesis (Figure 16).°°
Studies appropriate for IL-TEM analysis are conducted using
“finder grids”, which feature distinct markings that facilitate

navigation on the grid. For electrocatalytic experiments, this
method usually requires that a TEM grid be used as the
working electrode. This challenge in experimental design and
the fact that analysis still must be carried out under a vacuum
have limited the adoption of this method.

The very exciting method of in situ electrochemical EM is
just now beginning to be available.””**>**! While the thin SiN
windows used with in situ cells minimize loss of resolution,
most of the limitations of this technique stem from the
products of water hydrolysis created by the interaction of the
beam with the aqueous solvent. Therefore, while this type of
analysis is not yet commonplace, cells for in situ EM are now
commercially available,”” and it is an area of active research
that will be transformative for the study of electrocatalysis as
the technology advances and becomes more accessible.

2.3.5. Electrochemical Methods. The final character-
ization technique we discuss is electrochemical methods.
Determination of the electrochemically active surface area
(ECSA) of a catalyst is important for correctly evaluating
current densities and therefore specific activity. There are
several methods for obtaining an ECSA measurement for metal
NPs, most of which involve cyclic voltammetry in acidic media.
Four commonly cited methods are the integration of the
reduction peak of metal oxides,”>****** integration of
hydrogen adsorption and desorption peaks,'0%'*!2#07231
integration of CO oxidation peaks,”"*** and underpotential
deposition (UPD) of (usually) Cu or Pb followed by
integration of the subsequent oxidation peak.”*****~**® Note,
however, that addition of any ligand, whether it be hydrogen
atoms, molecules like CO, or a metal, to the surface of a <2—3
nm NP can result in substantial structural changes.”***”

The UPD potentials of Cu (or Pb) are sensitive to the
identity of the underlying metal,'*”""***° NP size,”*"*** and
surface facets.”***** These sensitivities in deposition potential
make UPD a useful technique for surface-sensitive nanocatalyst
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Figure 16. Identical-location STEM (in annular dark-field mode) still
images of early stage electronucleation and growth focusing on
isolated atoms, atomic clusters, and NPs. (a—c) One example of how
a NP forms from an atomic cluster over a 30 ms electrodeposition
time period. The scale bar is 2 nm. Electrodeposition was carried out
by applying —0.5 V vs SCE for (a) S ms, (b) 10 ms, and (c) 30 ms.
Reproduced with permission from ref 68. Copyright 2018 American
Chemical Society.

characterization.>¢¥%° Notably, the presence of discrete UPD
potentials for Cu deposition on different Pt NP facets could be
successfully predicted using DFT, even on NPs <2 nm (Figure
17).2%° Interestingly, this study demonstrated that Cu does not
deposit on corner and edge atoms, thereby leading to an
incomplete shell. A concern with performing UPD prior to
catalytic studies, however, is that some reactive Cu or Pb atoms

might remain and participate in the observed catalytic
activity.267

2.3.6. Summary of NP Characterization Techniques
for Electrocatalysis. As demonstrated in this section,
characterization methods appropriate for evaluation of electro-
catalysts have improved markedly over the past decade or so.
Despite these advances, however, surprisingly few studies of
electrocatalysts provide post-mortem information. This is
particularly problematic for studies that correlate theory and
experiment, because evolution of catalyst structure during
electrocatalytic experiments renders the initial structural
characterization useless. Even when post-mortem data are
provided, they may or may not be relevant to the electro-
catalytically active species. Fortunately, in situ and operando
methods are becoming accessible, if not routine. At present, in
situ electrochemical methods are widely available, operando
XAS measurements are becoming more commonplace, and the
recent remarkable advances in EM hold out the promise of
real-time structural analysis of single NPs under reaction
conditions.

3. CORRELATING CATALYTIC STRUCTURE TO
ACTIVITY FOR WELL-DEFINED
ELECTROCATALYTIC SYSTEMS

3.1. The Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction (ORR) is the cathode reaction
that occurs in low-temperature proton-exchange-membrane
fuel cells (PEMFCs), which electrochemically convert the
chemical energy stored in hydrogen fuel into electrical
power.”*® PEMFCs are the key technology for using hydrogen
fuel in the transportation sector and are predicted to play an
important role in alternative energy schemes. However, the
slow kinetics of the ORR, even on Pt, results in a significant
overpotential for oxygen reduction.”®

To make PEMFCs economically feasible, significant research
efforts have been devoted to developing active, low-cost, and
durable ORR electrocatalysts. These research efforts can be
roughly divided into four categories: (i) understanding the
reaction mechanism of the ORR and identifying active sites on
Pt surfaces; (ii) optimizing the activity and selectivity of Pt
ORR catalysts; (iii) discovering non-Pt ORR electrocatalysts;
and (iv) improving the stability of ORR catalysts under
reaction conditions. In this section, we summarize some key
developments in each of these areas by emphasizing recent
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research that demonstrates synergy between theory and
experiment.

3.1.1. Mechanism of the ORR on Pt Catalysts. The
ORR can proceed via either a two-electron or a four-electron
reaction pathway. In the two-electron pathway, the O,
molecule is partially reduced to yield H,0, (eq 1). For
PEMECs, however, the energy-efficient four-electron pathway
to water is preferred (eq 2).

0, + 2H" + 2¢” — H,0, {E, = 0.70 V} (1)

0, + 4H" + 4~ — 2H,0 {E, = 123V} 2)

Depending on whether or not the O—O bond dissociates
before the reduction step, the four-electron pathway can adopt
the dissociative pathway (eqs 3—5)

0O, + 2* - 20%* (3)
20% + 2H" + 2¢” — 20H* (4)
20H* 4+ 2H" + 2~ — 2H,0 + 2* (5)
or the associative pathway (eqs 6—10)
0, + % = *0O, (6)
*0, + H + ¢~ - *0O0H (7)
*OOH + H + ¢~ - *O + H,0 (8)
*0 + H' + ¢~ > *OH )
*OH + H" + ¢~ - H,0 + (10)

The chemical intermediates on the catalyst surface that are
involved in the electron-transfer steps are *O, *OH, and
*OOH.

Using DFT to calculate the adsorption free energies of the
intermediates, Norskov proposed a simple computational
hydrogen electrode (CHE) model to evaluate the reactivity
of different transition metals (TMs) toward the four-electron
ORR pathway.** On TM surfaces, the rate-limiting potentials
(Uy,) are defined as the lowest applied potential required to
render every reduction step downhill in free energy.

The 2D volcano plot shown in Figure 18 was constructed
using the Sabatier analysis method and calculated Uy, values.*®
This plot shows the activity trend of TMs toward the ORR as a
function of oxygen binding energies. Catalysts located on the
left side of the volcano bind oxygen too strongly, and therefore,
the activity of the ORR is limited by the desorption of OH*. In
contrast, for catalysts on the right side of the volcano that
weakly adsorb oxygenated species, adsorption of *OOH on the
surface is hindered, retarding the ORR activity. Pt lies closest
to the top of the volcano due to its intermediate oxygen
binding strength, which is consistent with experimentally
observed trends. This volcano plot also suggests that the most
efficient ORR catalyst would have an oxygen binding energy
~0.1 eV lower than Pt.°° This simple model, which is based
solely on thermodynamics, beautifully explains the high ORR
activity of Pt and provides a guideline for further optimizing
ORR catalysts. Therefore, recent research has gone into
lowering the oxygen binding energy on Pt surfaces using the
techniques discussed throughout the next several sections.

3.1.2. Optimizing ORR Activity on Pt Surfaces.
Inspired by the foregoing theoretical insights, a number of
experimental strategies have been explored to weaken the

0.0

Activity

AEQ (eV)

Figure 18. Representative volcano plot showing ORR activity as a
function of oxygen binding energy on different metal catalysts.
Reproduced with permission from ref 46. Copyright 2004 American
Chemical Society.

binding energies of oxygenated species on the Pt surface.
These include compressing the surface-Pt lattice spacing
(strain effect) and alloying Pt with other TMs (ligand effect).
These approaches can shift the d-band center of surface Pt
atoms downward in energy, leading to weaker binding of
intermediates and therefore increased ORR activity.””>*”*

The use of the strain effect to tune the oxygen binding
energy of a catalyst has previously been demonstrated by
depositing a Pt monolayer on different planar, macroscopic
metal substrates.”’””>"* For example, a Pt monolayer
supported on Pd(111) exhibited improved ORR activity
compared to a Pt(111) single crystal. This increase in activity
was attributed to compressive strain of the Pt overlayer, as was
later confirmed theoretically by Mavrikakis.”’* The use of the
strain effect to modulate the ORR activity of a Pt shell has also
been reported for NPs.””">’® The synthesis of these
electrocatalysts typically involves UPD of Cu onto a metal
NP, followed by galvanic replacement of the Cu shell with Pt.
This approach makes it possible to deposit a single monolayer
of a noble metal shell, thereby improving ORR activity.””

Sometimes the compressive strain exerted on a Pt shell can
be too strong, leading to degraded ORR activity. In such cases,
the strain on the Pt overlayer can be reduced by forming either
thicker (ie., multilayer) Pt shells or Pt islands.””>***!
Thicker Pt shells can be synthesized using multiple, sequential
UPD-galvanic replacement cycles. For example, Adzic et al.
reported using this method to deposit multiple Pt overlayers
on ~3 nm Ru NPs.””® They observed optimal ORR activity for
Pt shells that were two monolayers thick. DFT calculations for
these materials show that two monolayers of Pt optimized the
binding energies of O and OH on the surface and therefore
supported the experimental findings.

Modulating the compressive strain of a metal shell to
increase ORR activity has been theoretically and experimen-
tally explored for many other systems. For example, this design
strategy has proven to be effective even for alloy shells that are
Pt rich (rather than exclusively Pt).””>** Strain in Pt shells can
also be tuned by varying the composition of an alloy
core.' 283284 pop example, as the percentage of Cu in a
PtCu random alloy core increases in PtCu@Pt,y; NPs, the
ORR activity also increases.”*” The surface binding energies of
alloy-core@Pt systems have been screened theoretically to
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evaluate optimal alloy compositions for increased ORR
activity.”*> One promising structure that was predicted is
Pd0_7%{}uo.28@Pt, which was subsequently validated experimen-
tally.

While this type of PdAu@Pt catalyst was shown to have high
ORR activity, there is a strong drive in the field to develop
increasingly active electrocatalysts while simultaneously
decreasing the amount of expensive, noble metals. Therefore,
alloying Pt with 3d TMs, including Ni, Co, Fe, and Cu, is now
a widely emgloyed strategy to boost ORR activ-
ity, 072722867288 A guccessful example of this approach
includes FePt@Pt core@shell NPs, as demonstrated by the
Sun group.”*’ Both the structure and composition of the FePt
alloy core act to modulate the surface strain of the Pt shell.
Specifically, face-centered tetragonal (fct) FePt@Pt NPs
exhibited higher ORR activity compared to a face-centered
cubic (fcc) structure, which has an overstrained Pt shell.
Substitution of some of the Fe for Cu in the core resulted in
FeCuPt@Pt NPs having superior ORR activity, a finding that
was predicted by DFT calculations and hybrid quantum
mechanics/molecular mechanics (QM/MM) simulations.”*’
This provides a good example of how a high level of synthetic
control can be used in conjunction with theory to develop
increasingly active electrocatalysts.

Sometimes fundamental studies of macroscale surfaces point
NP research in productive directions. For example, geometric
effects on the activity of macroscopic Pt;Ni crystals for the
ORR were explored by the Markovi¢ group.”®” The order of
catalytic activity for the different low-index surfaces was found
to be Pt;Ni(100) < Pt;Ni(110) < Pt;Ni(111). Specifically,
Pt;Ni(111) surfaces, synthesized under ultrahigh vacuum
(UHV) conditions, were found to have 90-fold higher ORR
activity compared to a commercial Pt/C catalyst. To
understand the increased ORR activities observed, Monte
Carlo simulations predicted that the NP structure should
undergo Pt surface segregation, which induced the formation
of a Pt skin with a Ni-rich underlayer.””>**" This structure
leads to substantial destabilization of the oxygenated
adsorbates due to a d-band shift as a result of the ligand
effect from the underlying Ni.””"*"*

Clearly, macroscale single crystals are not appropriate for use
in PEMFCs, but the foregoing findings challenged the field to
create nanoscopic electrocatalysts having similar properties.
This resulted in the synthesis of shaped PtNi NPs exposing
(111) facets on the surface. The specific shapes that have been
investigated include nanoframes,””” icosahedra,””® and octahe-
dra.””*™*” An example of highly active octahedral PtNi NPs
was reported by Strasser in 2012.°°° By utilizing low-
temperature solvothermal methods, monodisperse, surfactant-
free, 9.5 nm PtNi alloy octahedra were prepared. These
materials exhibited a 10-fold increase in Pt mass activity,
reaching 1.45 A/mgp,.

Additionally, it was recently reported that the ORR activity
of PtNi NPs can be further enhanced by substituting other d-
metals, such as Cr,>"' Co,°>73%* and Mo.3*>3%¢ Specifically,
compared with commercial Pt/C catalysts, Mo-doped Pt;Ni
octahedral NPs were found to be more active than commercial
Pt/C catalysts, exhibiting a 73-fold enhancement in mass
activity toward ORR.™” DFT calculations suggested that the
high ORR activity of this Mo—Pt;Ni/C catalyst stems from
segregation of Mo atoms to edge and vertex sites of the
octahedral NPs, thereby modifying the binding strengths of
reactive intermediates. It should be noted, however, that no

direct experimental evidence was reported to confirm the
preferential segregation of Mo to the edges and vertices. The
difficulty of achieving this level of structural characterization
highlights one of the principal difficulties of correlating theory
and experiment.

In addition to 3d TMs, other metals combined with Pt have
also been explored for the ORR.”"****7*'” For example, in a
theoretical study by Nerskov, computational screening was
performed on Pt alloyed with early TMs.*'" PtSc and PtY were
identified as the most stable Pt binary alloys, with their ORR
activity predicted to be better than that of pure Pt
Electrochemical measurements showed that the activities of
bulk, polycrystalline Pt;Sc and Pt,Y electrodes were enhanced,
relative to pure Pt, by factors of 1.5-1.8 and 6-10,
respectively. Although the activity of these electrocatalysts is
quite promising, synthetic methods for preparing well-defined
PtSc or PtY alloy NPs having controlled compositions are
currently unavailable.

3.1.3. Non-Pt ORR Electrocatalysts. In addition to
reducing Pt-loading in ORR electrocatalysts, an even more
desirable and ambitious goal is development of catalysts that
do not contain precious metals (or at least not Pt). The design
principles discussed thus far translate well, for example, to Pd.
As shown in Figure 18, Pd binds oxygenated species just a little
stronger than Pt.'%327317 For instance, Sun and co-workers
have shown that fct-FePd/Pd NPs are active and stable ORR
catalysts.>'® The synthesis of these well-defined nanocatalysts
(~8.5 nm dia.) involved forming highly ordered fct-FePd NPs,
using chemical reduction and thermal decomposition techni-
ques, followed by reductive annealing. To further increase the
activity of the resulting intermetallic compounds, a Pd-shell
was formed on the fct-FePd NPs via thermal etching of surface
Fe in acetic acid. A fct FePd@Pd electrocatalyst having a shell
thickness of 0.65 nm displayed activity and stability similar to
that of Pt/C. As discussed previously, the results are
interpreted in terms of the strain effect of the Pd shell: a
0.65 nm-thick Pd shell possesses the ideal lattice compression
for maximal ORR activity. In contrast, thicker shells destabilize
the catalyst, while thinner shells are too thin to prevent
leaching of Fe. The high level of synthetic control reported in
this work is particularly well-suited for comparison with theory.

Another design strategy available for preparing Pt-free
bimetallic electrocatalysts for the ORR is to combine one
oxyphilic and one oxyphobic metal on the NP surface to utilize
the ensemble effect to tune the oxygen binding en-

gy. V14?15 Recently, the Henkelman group performed
computational screening of Au and Ag alloys as ORR
electrocatalysts.” The RhAu alloy emerged as a material having
an oxygen binding strength comparable to pure Pt on the
Rh;Au, ensemble site (Figure 19). This finding was validated
experimentally by synthesizing RhAu NPs via a microwave-
assisted polyol-based synthesis in ethylene glycol and then
testing their ORR activity. Rotating ring-disk voltammetry
(RRDV)® showed that the theoretical prediction was correct:
the Rhj;Aug; electrocatalyst was found to have the highest
ORR activity due to the higher concentration of Rh;Au, active
sites on the surface. This system is especially interesting
because Rh and Au are immiscible in the bulk phase. This
example again shows that theory can be used to predict the
composition and structure of effective electrocatalysts and that,
when coupled with clever synthetic design, promising new
nanomaterials can emerge.
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Figure 19. Oxygen and hydroxyl binding energies calculated at Rh-
triatomic ensembles on Au(111). The inset shows the optimal
binding configurations of oxygen and hydroxyl at different triatomic
ensembles. The gold, teal, red, and white spheres represent Au, Rh, O,
and H atoms, respectively. Adapted with permission from ref 6.
Copyright 2018 American Chemical Society.

3.1.4. Limitations in Catalyst Design: Scaling Rela-
tionships. Although significant advances have been achieved
in the design of better ORR catalysts under the guidance of the
theoretical CHE model, the intrinsic activity of ORR catalysts
has not been notably improved despite substantial effort. This
difficulty originates from the scaling relations of the binding
energies of intermediates.”®*” For the ORR, the optimal
difference between *OOH and *OH should be close to 2 eV
(Figure 20).”"” However, the binding energies of *OOH and
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Figure 20. Calculated potentials where an overall electrocatalytic
reaction for ORR becomes endergonic (i.e., limiting potentials).
Adapted with permission from ref 319. Copyright 2015 Oxford
University Press.

*OH cannot be tuned independently; instead, there is a
pervasive linear relationship between the two found on most
metal surfaces, including alloys.56 To break the scaling relation,
the catalyst surface must bind *OH and *OOH differently, by
having, for example, bifunctional sites that bind *OH and
*OOH independently. A number of strategies have been
proposed for this purpose,”***' including the incorporation of
molecular catalysts that permit more flexibility in tuning
binding energies. While these organometallic complexes are
promising for the future, they are beyond the scope of this
review and will not be discussed further.”*® Recently, surface-
bound sulfide species on Pt were found to destabilize OH
adsorption relative to OOH, leading to an enhancement in the
ORR activity of Pt.*'” This work presents a promising method
to break the linear scaling relation between *OH and *OOH
on a surface by introducing ligands at controlled surface
coverages. Note, however, that this report focuses on a Pt film

substrate and similar studies on NP surfaces would be
desirable.

3.1.5. Summary of NP Optimization for ORR Electro-
catalysts. This section has discussed the strong interplay
between theory and experiment that has aided in the discovery
of electrocatalysts for the ORR. DFT calculations have shone a
bright light on the fundamental tunability of nanometer-scale
materials in terms of strain, ligand, geometric, and ensemble
effects. Specifically, modulation of the binding energies of O
and OH onto an electrocatalyst can be used to drive synthetic
design. However, despite the high ORR activity that has been
obtained through thoughtful structural control, the stability of
such small NPs under electrocatalytic conditions remains a
serious problem. Indeed, the factors that control stability are
just beginning to be understood by theorists.

3.2. Carbon Monoxide (CO) Electro-Oxidation

CO oxidation is one of the most important model electro-
chemical reactions, and not surprisingly, it has been studied for
many years.”””**" One reason for this is that the relative
simplicity of this reaction makes it conducive for theoretical
studies. From the perspective of technological applications, CO
is important because it adsorbs strongly onto both bulk and
nanoscale metal surfaces, often poisoning -electrocatalytic
activity.””' 7*** For example, trace amounts of CO in a H,
fuel stream will render Pt fuel cell catalysts inactive due to
formation of a CO adlayer on the Pt surface.’”****
Accordingly, many studies have been devoted to developing
CO tolerant fuel cell anode catalysts,'>****™*** and two main
design strategies have emerged. The first involves discovery of
catalysts that have low affinities for CO binding. The second
strategy is to design catalysts that oxidize CO at a low
overpotential, thereby converting CO to CO, and eliminating
the adsorbed CO adlayer. In this section, we review some of
the key features of CO oxidation catalysts with particular
emphasis on those evaluated using theoretical models.

3.2.1. Pt as a Model Catalyst for CO Oxidation. The
reaction mechanism of CO electro-oxidation on Pt is generally
believed to follow the Langmuir—Hinshelwood (LH) mech-
anism (eqs 11 and 12).2673%

* + H,0 — *OH + H" + &~ (11)

*OH + *CO — 2% + CO, + H" + &~ (12)

Regarding the detailed kinetics of the CO oxidation reaction
on Pt NPs, there are two principal issues that are still highly
contested areas of active research.”’”**' The first issue is
related to the identity of the appropriate kinetic model for CO
oxidation. Some authors report that the reaction kinetics can
be treated within the mean-field approximation.***™** This
method assumes that CO and OH diffuse rapidly on the
catalyst surface, so that the reaction rate can be expressed
simply in terms of the coverages of *CO and *OH. In contrast,
if *CO is assumed to be immobile on the Pt surface, then the
reaction probably follows a nucleation and growth mechanism,
with *CO and *OH reacting only at the interface of the
adsorbed species.”””***

The second area of debate regarding the kinetics of CO
oxidation is related to an observed preoxidation peak in CO
stripping voltammograms (Figure 21).>*" There are conflicting
explanations for this prepeak on Pt catalysts.”**™>**

Significantly, a recent study combining kinetic Monte Carlo
simulations and differential electrochemical mass spectrometry
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Figure 21. Effect of dissolved CO on its preoxidation on Pt stepped surfaces in 0.1 M HCIO,: (A) Pt(13,13,12); (B) Pt(776); (C) Pt(554). Parts
D, E, and F are scaled up images of parts A, B, and C, respectively, to show the time dependence of CO oxidation peaks on Pt step-sites.
Reproduced with permission from ref 339. Copyright 2015 American Chemical Society.

(DEMS) suggested a detailed kinetic model consistent with
both experimental and simulated chronoamperometric tran-
sients (Figure 22).** The proposed model features three
different stages as a function of increasing applied potential.
First, oxygenated species form at defects, such as step-sites, and
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Figure 22. Snapshots of the oxidation of a weakly bound CO adlayer
(CO,4,) on defect sites of Pt(111) at 0.61 V (initial 0.03% surface
coverage of CO after adsorption at 0.1 V). CO,q, on terraces (red
dots), CO,4,, next to defects (black), oxygen-containing ad-species
(blue dots), free Pt(111) sites (yellow dots), and CO,4, next to
defects (green dots). The CO hopping rate: 0.1 s™'. Reproduced with
permission from ref 334. Copyright 2012 American Chemical Society.

readily react with weakly bound *CO to produce CO,. Next,
*CO on terrace sites can diffuse to the defect sites and react
with the oxygenated species present. Finally, following the
oxidation of a few percent of the total *CO coverage at defect
sites via surface diffusion, oxygenated species can form on
terraces, creating more active sites and enabling complete CO
oxidation on the surface.

While the above study focused only on polycrystalline
surfaces, a recent study by McPherson et al. provided a
different perspective of the CO oxidation mechanism on
NPs.’* In situ infrared (IR) spectroelectrochemistry experi-
ments indicated the facile oxidation of *CO on terraces of the
larger agglomerated Pt particles, relative to *CO on step-sites.
This observation is consistent with previous model studies by
Feliu and co-workers.>* However, information from the
smaller ~2 nm Pt NPs was only observed as a minor
contribution in both the IR spectra and CO stripping
voltammograms. The challenges of studying the kinetics on
NPs of this scale are an important area of ongoing research in
the field of PEMFCs.”*

3.2.2. Au as an Efficient Electrocatalyst for CO
Oxidation. CO electro-oxidation on Au exhibits several
special characteristics. First, adsorbed CO on a Au surface
cooperatively enhances adsorption of an oxidant (i.e., *OH),
leading to the oxidation of CO. This cycle is referred to as self-
promoted CO oxidation.”*”™** Second, the effect of solution
pH is very important to the activity of Au electro-
catalysts.”****° In a recent theoretical study,"”® CO binding
strength was predicted to increase with increasing pH. In
alkaline solution, the onset potential for CO electro-oxidation
was found to be 0.5 V (vs RHE) more negative than that in
acidic media, confirming that stronger CO adsorption leads to
better CO electro-oxidation activity on Au(111). This pH-
dependent activity of Au electrocatalysts has been interpreted
in terms of the stronger chemisorption of CO under alkaline
conditions, which then promotes the formation of *OH at low
potentials. In contrast, in acidic solutions, *CO does not
remain chemisorbed on the Au surface when CO is not present
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Figure 23. Adsorption chemistry of Pt@Cug,. NPs toward CO and O,. (a) Four binding site categories: Cu(100), Cu(111), edge, and vertex. (b—
e) The strongest CO and O, binding geometry on each site. Reproduced with permission from ref 354. Copyright 2017 The Royal Society of

Chemistry.

in solution. Accordingly, *OH adsorption occurs at much
higher potentials in acidic solution.

The CO electro-oxidation activity of Au in alkaline solution
can be further enhanced by decreasing the size of Au NPs. It
was demonstrated that Au NPs of 42 nm in size have the
highest catalytic activity.351 However, the origin of this size
effect continues to be debated and requires further theoretical
investigations.”>> In addition to NP size effects, the activity of
Au NPs in acidic media was reportedly enhanced via electronic
interactions between the Au nanocatalysts and a TiO,
support.”** Specifically, the TiO, substrate induced a negative
charge on the Au NP surfaces, generating an anionic Au
species. This reactive surface site favored the coadsorption of
CO and OH and promoted CO oxidation, as previously
explained by the self-promotion mechanism.**" More recently,
3—S5 nm PdAu nanoalloys with different compositions were
synthesized and analyzed for CO oxidation.”>” Character-
ization of these NPs demonstrated a Pd-rich surface and a Au-
rich core. Nanoalloys with low % Au contents of 20—30%
demonstrated increased CO oxidation activity relative to pure
Pd NPs. The observed activity trends were attributed to both
ensemble and electronic effects.

While Au NPs for CO electro-oxidation are an ongoing area
of research, it is important to note that the metric used for
calculating CO binding energies (i.e., constant electric field
present in the double layer) is not a good descriptor for
experimental systems, which are instead maintained at constant
electrode potential. Experimentally, CO adsorbates could
significantly modify the surface charge of Au catalysts,
complicating binding energy calculations. Therefore, an
improved understanding of the chemical environment of
catalytic surfaces under experimentally relevant electrocatalytic
conditions may prove invaluable for increasing the accuracy of
theoretical calculations for CO oxidation.

3.2.3. Bifunctional Mechanism for CO Oxidation. It is
now well established that the electrochemical oxidation of CO
on bimetallic Pt-based catalysts occurs via a bifunctional
mechanism.”"***7*%¢ In this mechanism, *OH can form at a
reduced overpotential on the more oxophilic metal and then
react with adjacent *CO species. For Pt-based alloys, the
second metal can induce an electronic effect on neighboring Pt
atoms, weakening the Pt—CO bond. A weaker bond between
CO and Pt tends to reduce overall *CO coverage.””’~**° The
surface-coverage of *CO plays an important role in modulating
the reactivity of a CO oxidation catalyst. However, for a

bifunctional catalyst, the surface coverage of the reactive *OH
species also affects CO oxidation, making it more difficult to
control the system experimentally or to model it theoretically.

Despite these experimental and theoretical limitations,
bimetallic NPs have successfully been utilized for CO
oxidation.>*! For example, the bifunctional mechanism has
been predicted by theory to be responsible for electro-
oxidation of CO over Pt@Cu NP electrocatalysts (Figure
23).** DFT calculations suggested that the presence of an
incomplete Cu shell allowed the exposed Pt to bind CO, which
could interact with *OH on nearby Cu atoms to yield CO,.
Notably, this proposed theoretical hypothesis for the enhanced
activity observed over Pt@Cu,,, was carefully explored
experimentally using ~2 nm Pt DENs modified via Cu
UPD.”*” The Pt@Cu,,, catalyst was initially shown to be
substantially more active in alkaline solution than pure Pt
DENs. After S min of CO electro-oxidation, however, the
resulting CV of Pt@Cuy,q, was similar to pure Pt DENs,
indicating dissolution of the partial Cu shell. Surprisingly, the
onset potential of CO electro-oxidation was still ~300 mV
more negative than that of pure Pt DENs. The active sites on
this Cu-dissolved Pt@Cu,,.;, catalyst were proposed to be
isolated Cu atoms left on the surface. DFT calculations
confirmed that these isolated Cu sites can specifically adsorb
OH, thereby facilitating reaction with CO adsorbed to the Pt
surface.

A recent study explored the electrocatalytic activity of ~3.5
nm PtFe bimetallic NPs toward CO oxidation by controlling
the atomic arrangement of the two metals (Figure 24).*°* In
this report, PtFe random alloys, as well as Pt;Fe@Pt and Pt@
Fe,O, core@shell structures, exhibited enhanced CO tolerance
compared to Pt. Specifically, low *CO surface coverages on
PtFe alloys increased the number of Pt sites free for H,
oxidation, indicating a high tolerance against CO poisoning. In
contrast, the Pt surface sites of the core@shell NPs promoted
the facile oxidation of adsorbed CO. Surprisingly, the Pt;Fe
intermetallic catalyst was not as active toward CO oxidation as
alloy or core@shell NPs. The decrease in activity observed for
the intermetallic catalyst was attributed to a heterogeneous
composition with an Fe-rich surface, likely resulting from the
conditions used for annealing (ie, 650 °C, Ar—H,). In a
similar study, PtSn@Pt alloy-core@shell NPs were shown to
have superior CO tolerance compared to the PtSn alloy and
intermetallic architectures.*®> While DFT calculations were not
performed in these studies, they serve as a good example of
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Figure 24. (top) Synthetic scheme for generating different PtFe
bimetallic nanostructures. (bottom) Rotating disk polarization curves
for electrooxidation of CO/H, mixtures (1000 ppm of CO, balance
H,) on different PtFe catalysts with comparison to E-TEK Pt catalysts
(all catalysts contain 30% total metal loading). Curves were recorded
at 25 °C with 1 mV s~ scan rates and 1600 rpm rotation rates.
Electrolyte: 0.5 M H,SO, solution. Reproduced with permission from
ref 362. Copyright 2011 The Royal Society of Chemistry.

how sophisticated synthetic procedures can drive ongoing
theoretical studies on the structure-dependent activities of NP
systems.‘%4

The use of alloy cores to tune the CO oxidation activity of
Pt shells has also been investigated. For example, DFT
calculations and microkinetic analysis predicted enhanced CO
oxidation activity over Pd;_ Au @Pt alloy-core@Pt NPs.>*® In
contrast to the bifunctional effect previously discussed, the
AuPd core tunes the relative stability of adsorbed CO and O
on the Pt shell via the ligand effect. The stabilization of reactive
adsorbates was predicted to increase the CO oxidation activity
relative to pure Pt NPs. This activity enhancement was
subsequently confirmed experimentally using Pd, Au4,_@Pt
DENs.'7® Notably, DFT calculations suggest that the koppa-
shaped trend for activity versus alloy core composition is
driven primarily by structural changes. Specifically, a pure Au
core leads to deformation of the Pt shell and a compression of
the Pt lattice, decreasing activity. In contrast, Pd tends to
segregate on the NP surface, forming an inverted configuration.
A small addition of Au, however, stabilizes the alloy PdAu core,
preventing Au and Pd from diffusing to the NP surface.

In a recent report by Chen et al, the concept of the
bifunctional effect in CO electro-oxidation has been
extended.’® In addition to the introduction of more oxyphilic
surface sites via alloying, two additional strategies to increase
the number of *CO and *OH reactant pairs on the surface
should be mentioned here. First, strongly adsorbed molecular
species in the inner Helmholtz plane can serve as promoters
for OH adsorption. As mentioned previously, strongly
adsorbed CO on Au surfaces can enhance OH adsorption in
alkaline solutions, leading to a self-promoting reaction
mechanism.

Second, solvated species located in the outer Helmholtz
plane, such as OH or metal cations, can also promote CO
electro-oxidation through a bifunctional mechanism. Generally,
Pt has higher activity for CO electro-oxidation in alkaline
media rather than in acidic media due to the abundant
presence of OH in the electrolyte, facilitating OH adsorp-
tion.>®” However, the adsorption energy of OH has also been
found to be gH-dependent, as suggested by recent theoretical
studies.’*®*® Additionally, Li* and Be?* cations have been
reported to enhance the bifunctional effect on a surface
through noncovalent interactions with adsorbed *OH.””’
Casting light on these electrochemical factors in the general
framework of bifunctional electrocatalysis will stimulate new
design strategies for electrocatalysts.

3.2.4. Summary of CO Electro-Oxidation. This section
presented a brief overview of the computational tools and
experimental methods that have been used to gain better
insight into the reactivity of CO electro-oxidation on both
macro and NP electrocatalysts. A notable characteristic of CO
oxidation catalysts is that the presence of *OH can facilitate
CO oxidation at reduced potentials. This is known as
preoxidation. Using both theory and experiment, a strong
relationship between *CO and *OH surface coverages and
catalyst activity has been uncovered. By controlling the
presence of these two competing adsorbates on the surface,
increasingly efficient CO oxidation catalysts can be realized. To
this end, the effort to better understand the bifunctional
mechanism of CO oxidation over bimetallic catalysts is an
ongoing area of research.

The fundamental design concept for bifunctional catalysts
involves use of an oxophilic metal to preferably bind *OH and
an oxophobic metal to bind CO. However, if a catalyst binds
adsorbates too strongly, surface diffusion of the reactive species
can be inhibited, limiting catalytic activity. Therefore,
compositional control can lead to improvements in CO
oxidation catalysts by intentional mixing of *CO and *OH. In
situ characterization techniques, such as DEMS, have allowed a
deeper understanding of the subtle reactivities of the surface
during electrocatalysis. The interplay of improved experimental
and theoretical methods will lead to a better understanding of
CO electro-oxidation and, hence, more CO-tolerant electro-
catalysts.

3.3. The Electrochemical CO, Reduction Reaction (CO,RR)

3.3.1. Brief Introduction to the Reaction Mechanism
of the CO,RR. Electrochemical reduction of CO, is an
important reaction in alternative energy schemes. Accordingly,
a Iar%e amount of literature is published on this reaction every
year.”®”?”1737* The reaction pathway for the reduction of CO,
to CO (E°co = —0.11 V vs RHE) is given in egs 13—15.%7°

COyq + H' + ¢ + % — *COOH (13)
*COOH + H' + e~ = *CO + H,0, (14)
*CO = CO + * (15)

The rate of formation of CO is driven by both the adsorption
of CO, to form *COOH on the catalytic surface and the
desorption of the CO product. Electrochemically driven
formation of *COOH is the rate-limiting step on many
electrocatalysts, leading to the large overpotentials observed
experimentally. The final step, eq 15, involves desorption of
CO from the active site, which is not influenced by the
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electrochemical potential. Rather, desorption of CO from a
catalytic surface depends on the nature of the metal and the
binding energy of CO at the active site. Another major
limitation of the CO, reduction activity of an electrocatalyst is

the competing hydrogen evolution reaction (HER, eqs 16 and
17).37

HY + e + % > H* (16)

H* + H" + ¢ — H, + * (17)
An alternative pathway is given in eq 18.

H* + H* —» H, + 2* (18)

The binding of H* onto most metal surfaces (eq 16) is facile
compared to CO,, and competition for active sites between
these two species significantly impedes CO, reduction (E’ygr
=0V vs RHE). However, *H is necessary on catalytic surfaces
to drive the formation of desirable hydrocarbon products.
Therefore, modulation of the binding energies of *COOH,
*CO, and *H provides a useful tool for tuning CO,RR activity.
Unfortunately, consistent with the types of scaling relation-
ships previously discussed, the binding energies of *COOH
and *CO scale together and cannot readily be tuned
individually. That is, while increasing the binding strength of
*COOH on a surface can increase the CO, reduction activity,
the *CO binding strength will also increase, thereby potentially
poisoning the surface and offsetting any improvement in
activity. For example, while there are recent reports of Pt-based
nanocatalysts for the CO,RR,*’® the strong binding of CO on
Pt can poison the catalytic surface. Creating Pt nanostructures
having weaker CO binding affinity may reduce poisoning, but
it will also weaken COOH binding which may decrease
activity.

Decreasing the binding energy of *H on active sites for CO
production is another strategy for increasing the CO,RR
activity. While *H is, overall, less sensitive to shifts in binding
energy, H" adsorption still scales with *COOH binding
(Figure 25).%”° These scaling relationships between adsorbates
on an electrocatalytic surface are a challenging aspect of
increasing CO, reduction activity. While there are recent
reports of catalytic systems capable of breaking the COOH—
CO scaling relationship, most of these consider 2D,
molecular,®”**” or porous catalysts®*” which are outside the
scope of this review and will not be considered further. The use
of surface ligands to preferentially stabilize *COOH and *CO
reaction intermediates over *H has also been reported and will
be discussed in detail in section 3.3.3.

In contrast to the strong binding of CO on Pt surfaces, bulk
Au and Ag electrocatalysts are known to bind CO too weakly,
releasing it almost instantly from the surface once formed. The
weak binding of CO limits formation of further reduction
products so that Au and Ag electrocatalytic surfaces are known
to produce almost exclusively CO and H, (via the competing
HER).>”>**" In contrast, Cu exhibits optimal CO binding
energy (i.e, not too strong nor too weak) that can facilitate
further reduction to hydrocarbons such as methane (E, = 0.17
V vs RHE, eq 19) and ethylene (E° = 0.06 V vs RHE, eq
20).382-384

CO, + 8H' + 8¢~ — CH, + 2H,0, (19)

2CO, + 12H" + 12¢” — C,H, + 4H,0, (20)

25

Ag(111)eq

1.5

E4[*H or *COOH]
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Figure 25. Scaling relation between Egz[*COOH] (upper part) and
Eg[*H] (lower part) versus Eg[*CO]. Open circles represent binding
energies at nanoparticles, whereas full circles represent binding
energies at the bulk surfaces for Ag (blue) and Au (black). The
vertical dashed line indicates a threshold Eg[*CO] between adsorbed
*CO on the catalysts and released CO(g). The horizontal red line
indicates Eg[*H] at which the overpotential of HER is 0 V.
Reproduced with permission from ref 375. Copyright 2015 American
Chemical Society.

Mechanistically, *CO is acknowledged to be an important
intermediate for the formation of hydrocarbon products from
CO,RR (Figure 26).**° Specifically, in the case of ethylene,
one reaction pathway considered is the dimerization of two
*CO adducts.”® Despite being highly active for CO,RR, Cu
suffers from poor product selectivity control and yields many
different products (albeit with low efficiencies).

Soluble reduction products further complicate both
experimental characterization and theoretical modeling of
some CO,RR catalysts. For example, in addition to hydro-
carbons, Cu is also active for the production of soluble species,
such as methanol."”******” Notably, Pd is known to reduce
CO, to formic acid with zero overpotential.***~*** Therefore,
an important challenge for theory is predicting the overall
selectivity of a catalyst when competing reaction mechanisms
are possible, as is the case for the CO,RR. For example, corner
sites of Au NPs are };redicted by theory to have high activity
for CO production,3 ° but experimentally, it has been found
that the competing HER greatly decreases CO selectivity."*’
This example underscores the importance and utility of using
both theory and experiment to solve problems in electro-
catalysis. Specifically, in this particular case, theorists are able
to predict how the size, shape, and composition of NPs affect
the binding energy of intermediates, and then, these
predictions can be tested experimentally (if NPs matching
the theoretical constructs can be synthesized). We will expand
on these points in the next several sections.

3.3.2. The Effect of Electrocatalyst Size and Surface
Structure on the CO,RR. Different sizes and surface
structures change the binding energies of COOH and CO to
electrocatalyst surfaces, and this in turn can alter reactivity. For
example, Au, 20130385391 og 256375 0 129,193,392 4 4 pg3%3 Np
electrocatalysts all exhibit size-dependent CO, reduction
activity. This experimentally observed size dependence for
the CO,RR has been attributed to the binding energies of
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Figure 26. Proposed mechanism for the electrochemical reduction of carbon dioxide on copper. Reproduced with permission from ref 38S.

Copyright 2011 The Royal Society of Chemistry.

COOH, CO, and H on undercoordinated surface atoms, such
as edge, corner, and face sites (Figure 27).”*° In contrast and
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Figure 27. DFT results on the binding energies of the COOH
intermediate (AE;“°°") as a function of Ag nanoparticle size. Agj,
(1.0 nm), Agss (1.6 nm), Agyy; (2.2 nm), and Agsg (2.7 nm) models
with cuboctahedral geometry were examined. Adapted with
permission from ref 256. Copyright 2015 American Chemical Society.

as mentioned earlier, adsorption of H* is facile on most metal
surfaces, and therefore, the binding energy of H is relatively
independent of coordination number and hence not easily
tunable.””

While it is generally agreed that H binds favorably on all
active sites, there has been debate in the literature as to which
sites are most active for the CO,RR.>”> In 2013, Sun and co-
workers studied the size- dependence of 4—8 nm Au NPs for
CO, reduction and reported maximum CO production for ~8
nm Au NPs.*** They performed DFT studies and concluded
that the increased activity of the 8 nm NPs was due to the
higher number of edge sites present on the surface. It must be
noted, however, that the larger size of the NPs (i.e,, >3 nm)
made it impossible to model the entire NP using DFT. Due to
this limitation, Au(111) and Au(211) slab models were used to
represent the NP face and edge sites, respectively, while a Au,;
cluster was used to model corner sites.

There have been claims that models of the type described in
the previous paragraph are not appropriate for NPs and that
the entire NP should be used in calculations. For example,
theoretical work by Back et al. disputed the claim that edge
sites of Au NPs are more active for CO production than corner

sites.””> Specifically, by incorporating all of the atoms of an
icosahedral Auzyy NP in first-principles DFT calculations, they
concluded that the corner sites of ~2 nm Au NPs are actually
the most active for CO production. Additionally, while active
on all sites, the HER was determined to be most favorable over
edge sites. The low CO selectivity observed over ~2 nm Au
NPs has been explained by the favorable HER over all of the
active sites, outcompeting HER. These examples demonstrate
the advantage of including all of the atoms in theoretical
models of nanoscale electrocatalysts.

In contrast to the higher CO,RR activity of corner sites
predicted for Au NPs, the edge sites of Ag NPs were predicted
to possess the optimal binding energy for COOH. That is,
DFT predicted that the stable geometry of S nm Ag NPs had
an optimal number of edge sites for COOH binding.*”* These
results were used to rationalize previously observed exper-
imental observations, which demonstrated the highest CO
production efficiency for 5 nm Ag NPs.”*® Specifically, these
Ag NPs were active for CO production with a reduced
overpotential of ~300 mV vs polycrystalline Ag.

The synthesis of well-defined, monodisperse Ag NPs is
hindered by the low solubility of certain Ag species in solution
during synthesis, as well as by facile oxidation of Ag NPs once
synthesized. These factors can lead to instability and
subsequent particle growth, and therefore, nanostructured,
macroscopic Ag surfaces are more commonly studied.””> ™"
Specifically, electrochemical oxidative—reductive etching of Ag
foils in KHCOj; has recently been reported to produce Ag
nanostructures (i.e., Ag nanocorals) that are highly active for
CO, reduction, while simultaneously suppressing the
HER.*’~*% Unfortunately, the morphologies of these nano-
structured catalysts are large and difficult to prepare with
uniform features, and therefore, they are not conducive to first-
principles calculations.

In another study, Pd-based NPs ranging in size from 2.4 to
10.3 nm were examined for CO production.’”> These NPs
were synthesized using reduction of a PdCIl, precursor with
NaBH, in the presence of citrate ligands. Maximum CO
production was observed for the 3.7 nm NPs, reaching a
Faradaic efficiency of 91%. The decrease in activity observed
for Pd NPs <3.7 nm was thought to arise from CO binding too
strongly on the Pd surface, resulting in poisoning and
deactivation of the electrocatalytic surface. DFT calculations
suggested that the stabilization of the *COOH reaction
intermediate is most favorable on the corner and edge sites of
Pd NPs, leading to higher CO activity on those sites. A
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volcano-shaped plot of turnover frequency (TOF) vs Pd NP
size reveals a clear modulation of CO production with
changing numbers of edge and corner active sites (Figure 28).
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Figure 28. Size dependence of TOF for CO production on Pd NPs at
various potentials. Reproduced with permission from ref 393.
Copyright 2015 American Chemical Society.

Finally, Strasser and co-workers conducted an experimental
and theoretical analysis of the effect of Cu NP size (2—15 nm)
on CO,RR activity."*” These Cu NPs were synthesized using
inverse micelle encapsulation and subsequent treatment with
O, plasma etching to remove polymers from the NP surface.
They found that, for Cu NPs having sizes of <5 nm, CO and
H, production was increased compared to that of the more
reduced hydrocarbons observed on bulk Cu electrodes. They
used theoretical models to attribute this to the high binding
energy of CO on undercoordinated surface sites. While these
sites are active for both CO and H, production, the strong
binding is hypothesized to decrease the surface mobility of *H
and *CO intermediates, preventing the formation of more
reduced hydrocarbons.

CO,RR activity has been observed using carbon-based
electrodes, such as graphene oxide and carbon nano-
tubes.”***7*% However, it has recently been reported that
the observed activities in these systems actually result from
trace metal im_}nurities, which are common in these types of
materials."*>*"” For example, Ager and co-workers demon-
strated that Cu impurities in commercial graphene oxide can
catalyze CO, reduction to methane.””® These results are
particularly significant, because carbon supports are frequently
used in CO,RR studies and they may host unidentified but
electrocatalytically active impurities. Clearly, this kind of
situation is particularly problematic for correlating experimen-
tal results to theory. In other words, even trace impurities can
lead to erroneous conclusions in electrocatalysis.

3.3.3. The Effect of Ligands on the Selectivity of the
CO,RR. In addition to size effects, the presence of stabilizing
surface ligands can affect the CO,RR. For example, the use of
thiol ligands for stabilizing CO,RR electrocatalysts is typically
avoided due to the strong binding affinity of thiols on metals,
which can poison catalytic surfaces. One well-studied exception
is monolayer-protected Au clusters (Au MPCs).*?"#~*!1
Specifically, Au,5(SR),g clusters have been raported to exhibit
high catalytic activity for the CO,RR.****'**'* The high
stability and activity of this catalyst has been attributed to the
unique structure of surface staples of individual Au atoms
bound to thiol ligands (Figure 29a).20412

Auqz +  6[AU,(SCH;)5] - Auz5(SCH3)1g

Site of removed SCH, Site of removed CH,

Auys(SCH3)4, Au,5(SCH;),

Figure 29. (a) Schematic of the fully ligand-protected Au,;(SCHj;) 4
nanocluster. The system is composed of a Auj; icosahedral core
protected by a shell network of six Au,(SR); units. The Ay, S, C, and
H atoms are colored yellow, blue, gray, and white, respectively. The
labels “A” and “B” on the Au,(SCHs,); shell network represent the
two distinct types of coordinated sulfur in the NC shell. (b) Active
structure after loss of a thiol ligand. (c) Active predicted structure
after loss of an alkyl ligand from the thiol. Adapted with permission
from ref 20. Copyright 2018 The Royal Society of Chemistry.

DFT calculations have been used to study the CO,RR on
model Au,5(SCH;)57 catalysts having different charge states
(ie, ¢ = =1, 0, +1).”° Significantly, these calculations
determined that, regardless of the initial charge state, CO
production was only thermodynamically favorable upon
electrochemically driven loss of a ligand (ie, —SR or —R).
Removal of a thiol ligand (—SR) created an exposed Au surface
atom as an electroactive site for CO formation (Figure 29b).
However, this site was also found to be active for the parasitic
HER. In contrast, selective removal of only the alkyl group
(=R) from the ligand created a unique —Au—S—Au— surface
site (Figure 29c), where the S atom, rather than Au, served as
the active site for the CO,RR (and competing HER). The
electronic properties of the S active site (after loss of an —R
ligand), compared to that of an Au active site (after loss of a
—SR ligand), increased both the activity and the CO selectivity
of the catalyst. This was explained by noting that DFT results
predicted increased stabilization of *COOH and reduced *H
binding on the S active site. While these theoretical findings
are consistent with experimental results®'>*"® for
Auy(SCH;);g catalysts, the identity of the proposed active
site has not been independently confirmed experimentally.
This study is another good illustration of the difficulties
involved in definitively identifying theoretically predicted
active sites on catalysts in the <2 nm size range.

Another thiol ligand used for modulating CO,RR activity is
cysteamine (HS—CH,—CH,—NH,).>******'%*1* Eor example,
it has been used on carbon black supports as an anchoring
ligand for Ag NPs during the CO,RR.*® DFT studies
suggested that the Ag—S bond promotes stabilization of the
*COOH intermediate via localization of unpaired electrons. In
situ attenuated total reflectance infrared (ATR-IR) spectros-
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copy, combined with quantum-mechanical-based molecular
dynamics simulations, demonstrated that the terminal —NH,
group of cysteamine increases electrocatalytic activity by
hydrogen bonding with CO,. """ Specifically, the sulfur
atom binds to the metal surface, while the free amine
coordinates with incoming CO, molecules (Figure 30A,B),
thereby increasing the local concentration of CO, at the
surface while preferentially stabilizing the formation of
*COOH intermediates over *H.

Ag-S-CHyCH-NH, A Ag B
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Figure 30. (A) Chemisorbed CO, on the cysteamine-functionalized
Ag(111) surface. This illustrates H-bond between —NH, and CO,.
(B) Chemisorbed CO, on the Ag(111) surface in the absence of a
stabilizing H-bond. (C) Comparison of turnover frequencies (TOFs)
for CO at —0.6 V (RHE) on functionalized Ag NPs. Adapted with
permission from ref 258. Copyright 2018 American Chemical Society.

While cysteamine has been shown to increase the electro-
catalytic activity of Au and Ag NPs for CO formation, a

dependence on carbon-chain length has been observed for
related thiol ligands. For example, while 11-amino-1-
undecanethiol has both a thiol group and a terminal amine,
similar to cysteamine, CO,RR activity was greatly decreased
relative to cysteamine (Figure 30C).”*® This was attributed to
the amine group being too far from the catalyst surface to
participate in the electrocatalytic reaction. Replacement of the
primary amine of cysteamine with a pyridinyl group was
reported to induce a change in catalytic selectivity from CO to
formate due to a change in mechanism.*'’

In a more recent study by Kim et al,, the effects of amine-,
thiol-, and carboxyl-functionalized ligands on the CO
selectivity of Ag NPs were analyzed using gas chromatog-
raphy.*®> The results showed that the oleylamine ligand
induced the highest CO production efficiency by destabilizing
H binding and the overall suppression of the HER. In contrast,
the thiol ligand resulted in increased overall activity but
decreased selectivity for CO. DFT calculations supported the
claim that amine-capped Ag NPs break the scaling relationship
by stabilizing *COOH and destabilizing *H.

More recently, N-heterocycles (NHC) have attracted
attention as modifying ligands for CO,RR electrocata-
lysts.*'*~**° For example, ~7 nm NHC carbene-functionalized
Au NPs exhibited a 30% increase in Faradaic efficiency toward
CO,RR relative to oleylamine-capped Au NPs.**' Tafel
analysis of the CO,RR kinetics of the NHC carbene-
functionalized Au NPs indicated a change in reaction
mechanism. However, computational studies of these types
of complex ligand interactions are difficult to model, making it
hard to elucidate the source of increased activity.

3.3.4. Bimetallic Nanocatalysts for the CO,RR.
Bimetallic electrocatalysts afford another opportunity to
modify the binding energies, and hence activity and selectivity,
of reactive adsorbates on the surface of CO,RR electro-
catalysts. Au-based electrocatalysts, such as AuPd***~** and
AuCu,”>>***7* have been extensively reported. For example,
the product selectivity over Au@Pd NPs can be tuned by
modulating the Pd shell thickness over the range 1—10 nm,
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Figure 31. (a) Atomic-level reaction pathways and (b) free-energy diagram for CO,RR at singly dethiolated Auy,(SH)so, Auyy4Cuse(SH)so,
AugyCug,(SH)s, and Au,,Cu,,(SH)s, nanoclusters. One —SH unit was removed from each structure to create an accessible active site (marked
with a pink asterisk). (c) H, evolution reaction (HER) free-energy diagram at singly dethiolated nanocluster models. Reproduced with permission

from ref 432. Copyright 2018 American Chemical Society.
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with the C; product being observed on 10 nm-thick
shells.”*”~*" In contrast to the hydrocarbon products obtained
using Au@Pd electrocatalysts, alloying Au with Cu has been
reported to increase the selectivity of the catalyst for CO
relative to Au-only NPs.>”>*** The size of these AuCu alloys
was also found to be an important factor in their electro-
catalytic performance. Specifically, AuCu NPs having sizes of
< ~5 nm actually exhibited a lower CO:H, ratio than Au-only
NPs.”>' DFT calculations suggested that CO binds too
strongly on AuCu alloys having sizes <2 nm, thereby poisoning
active sites for the CO,RR.***

Kauffman et al. reported that the strong binding of CO on
AuCu could be reduced by using ~2 nm, thiol-capped
Au,Cu(j90—) (SH) 59 nanoalloys.”** Specifically, they observed
that 2-phenylethanethiol ligands increased the CO:H, ratio
relative to ligand-free AuCu NPs. DFT studies suggested that
the ligand stabilized the *COOH intermediate and destabilized
*H, thereby increasing CO selectivity. As previously observed
for Au,s(SCH;),3 NPs,””*'? the fully thiolated
Au,Cu100-)(SR)s9 NPs are not predicted to be electro-
catalytically active. Instead, in situ electrochemical removal of a
thiol ligand is necessary to form Cu—S surface staples, which
are predicted to be highly active for CO production. It was
suggested that the increased stability of *COOH is due to
favorable interactions on adjacent Cu and Au surface atoms at
the active site (Figure 31a). This mechanism of stabilization
was supported by observed composition-dependent activity
(Figure 31b,c), with the highest Faradaic efficiency for CO
observed for alloys composed of ~50% Cu.

Another promising method for enhancing the activity of
AuCu nanoalloys involves transforming the NPs from an
atomically random (disordered) to an intermetallic (ordered)
state.””' The seed-mediated reduction of Cu®** onto Au NP
seeds was used to synthesize AuCu NPs, while different
heating conditions during synthesis induced atomic mixing
between Cu and Au. Intermetallic AuCu NPs having a size of
~7 nm displayed CO mass activities (A/gy,) 2.6 times higher
than Au-only NPs, but their selectivity toward CO decreased
by ~10%. DFT calculations attributed the increase in activity
to the compressive strain of a three-atom-thick Au shell on the
surface of the intermetallic core, leading to more favorable
*COOH binding. The formation of the Au shell was the result
of the high processing temperature required to induce
complete atomic ordering to the intermetallic state. Unfortu-
nately, these Au overlayers were also associated with NP
instability and suspected to leach Au, leading to an activity
decrease of ~15% over 12 h. This study illustrates the need for
better synthetic techniques that will lead to both order and
stability.

In addition to AuCu, other Cu nanoalloys, including
CuAg™ ™" and CuPd,'”"*"*%*” have been examined as
electrocatalysts for the CO,RR. Due to the minimal miscibility
of Ag with Cu, CuAg alloys with a Cu-rich surface are usually
obtained.””> Due to the limited structural and compositional
control available for CuAg nanostructures, most reports focus
on surface and thin film alloys rather than NPs."**~*** For
example, Jaramillo and co-workers prepared CuAg thin films
using vapor deposition techniques to overcome miscibility
limitations.**” This catalyst was reported to favor the
formation of soluble CO, reduction products, such as
acetaldehyde and acetate, compared to Cu-only films. The
lack of hydrocarbon formation was determined to result from
both destabilization of oxygenated intermediates (i.e.,

*COOH) and reduced *H surface coverage. These results
demonstrated that effectively increasing the miscibility or
extent of atomic mixing of a system is a promising synthetic
tool for modifying catalytic activity. More recently, “nano-
dimer” structures exhibiting a Ag/Cu interface were reported
to increase both overall CO, reduction activity and selectivity
for ethylene.**"

3.3.5. Summary of Synergy between NP Structural
Design and CO,RR Activity. Despite the vast amount of
research relating to the CO,RR, its full potential is far from
being realized. There are some general guidelines for moving
forward, however. First, the binding energies of *COOH,
*CO, and *H on the surface of CO,RR electrocatalysts are
vital for controlling overall catalytic activity. Second, unlike
reactions like CO electro-oxidation and the ORR, control over
selectivity is an important factor for the CO,RR. Minimizing
H, production and maximizing hydrocarbon formation is of
foremost importance in this regard. Both activity and
selectivity are controlled by numerous factors, including (for
NPs) the electrocatalyst size, composition, and stability; the
presence and type of surface ligands; the nature of the
electrolyte solution; and the applied potential. This parameter
space is far too large to be probed experimentally, and
therefore, guidance from theory is of special importance.
Operando characterization of the evolution of NP electro-
catalysts is also key to the development of this field.

4. CONCLUSIONS AND FUTURE OUTLOOKS

The need for structurally diverse electrocatalysts having high
activity and controlled selectivity for technologically relevant
electrochemical transformations is surging well beyond current
capabilities. The key to making progress is the marriage
between experiment and theory and particularly experimental
model systems against which the efficacy of theory can be
benchmarked. Iterations between experiment and theory
combined with constantly increasing computational power
will eventually lead to a point where theory can define efficient
catalytic structures. To achieve this goal, experimentalists must
strive for discovery of new synthetic NP models that can be
directly compared to first-principles theory. This means fairly
small numbers of atoms per NP; a high degree of homogeneity
in size, composition, and structure; atomic-level character-
ization; and good stability under operando conditions. Single-
particle and single-atom electrocatalyst studies are perhaps the
best models for comparison with theory, but huge challenges
must be overcome before these types of systems become
viable.

Theorists, on the other hand, must design more efficient
computational methods. They must also develop methods that
are able to incorporate some degree of NP heterogeneity.
Experimentalists need practical guidance from theorists for
breaking the kinds of scaling relationships discussed in this
article and for predicting electrocatalysts having structures and
compositions that can be synthesized. Finally, an especially
important frontier that has barely been addressed at this point
is the ability to predict the stability of effective electrocatalysts.

The needs described in these final two paragraphs are huge,
and they are sufficient to keep the community of electro-
catalyst scientists and engineers busy for a long time. The clock
is ticking, however, and time is of the essence for finding
efficient electrocatalysts to power transportation and to close
the carbon cycle.
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GLOSSARY

ATR-IR = attenuated total reflectance infrared
BEP = Bronsted—Evans—Polanyi
CO,RR = carbon dioxide reduction reaction

CHE = computational hydrogen electrode

CV = cydlic voltammetry

DEMS = differential electrochemical mass spectrometry
DENSs = dendrimer-encapsulated nanoparticles

DFT = density functional theory

Ep = binding energy

ECSA = electrochemically active surface area

EDX = energy dispersive X-ray spectroscopy

EM = electron microscopy

EXAFS = extended X-ray absorption fine structure
FCC = face-centered cubic

FCT = face-centered tetragonal

HAADF = high-angle annular dark-field

HER = hydrogen evolution reaction

HE-XRD = high-energy X-ray diffraction

HR-TEM = high-resolution transmission electron micros-

copy
IL-TEM = identical-location transmission electron micros-

copy

IR = infrared spectroscopy

LH = Langmuir—Hinshelwood

MPC(s) = monolayer-protected cluster(s)

NHC = N-heterocycle

NHE = normal hydrogen electrode

NP(s) = nanoparticle(s)

ORR = oxygen reduction reaction

OTECCM = optically targeted electrochemical cell
microscopy

PAMAM = poly(amidoamine) dendrimer

PDF = pair distribution function

PEMFC(s) = proton-exchange membrane fuel cell(s)
PPI = poly(propyleneimine)

PVP = poly(vinyl)pyrrolidone

QM/MM = quantum mechanics/molecular mechanics
RDV = rotating disk voltammetry

RHE = reversible hydrogen electrode

RMC = reverse Monte Carlo

RRDV = rotating ring disk voltammetry

SECCM = scanning electrochemical cell microscopy
SEM = scanning electron microscopy

SHE = standard hydrogen electrode

SMCR = seed-mediated co-reduction

SML = supervised machine learning

STEM = scanning transmission electron microscopy
TM(s) = transition metal(s)

TOF = turnover frequency

UPD = underpotential deposition

Uy, = rate-limiting potential

XAFS = X-ray absorption fine structure
XANES = X-ray absorption near-edge structure
XAS = X-ray absorption spectroscopy
XPS = X-ray photoelectron spectroscopy
XRD = X-ray diffraction
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