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Abstract

Catalysis is ubiquitous in chemical industries since it accelerates chemical reactions,
thereby saving considerable amounts of energy. Most catalytic processes in industry are
heterogeneous in nature, typically involving a solid catalyst and a gas or liquid phase
containing the reactants and products. Although numerous types of materials are used,
most heterogeneous catalysts are made of metals and/or metal oxides. Research towards
improving the activity and selectivity of catalytic systems along with reducing the cost of
the catalysts is crucial. In this thesis, different aspects regarding two relevant processes
are investigated: (7) the improvement of CO; electroreduction catalytic systems and (i)
atomic carbon interactions with transition metals (TMs), often present in many
heterogeneous catalysts.

In the first part, the electroreduction of CO2 (CO2RR) to valuable fuels for energy
storage and environmental mitigation is studied through density functional theory (DFT)
calculations on suitable models. Some findings are the result of collaborations with the
experimental research groups of Prof. Boon Siang Yeo (NUS, Singapore) and Dr.
Katsounaros (HI-ERN, Germany). Four-atom square islands on top of Cu(100) are
identified as the active sites in oxide-derived Cu surfaces responsible for ethanol
evolution. It is observed that the C> product selectivity at the late stages of the CO2RR is
dictated by the coordination of the different active sites. Moreover, adding Ag to Cu is
shown to enhance the production of ethanol via the opening of an alternative pathway.
Finally, it is shown how formic acid, usually considered a dead-end product of CO2RR,
can be electroreduced to methanol at the oxygen vacancies of anodized titanium catalysts.

In the second part, a broad and detailed atomistic view of the interaction of C with
TM surfaces is given by determining its most stable sites, bond strength, possible
subsurface stability, and diffusion kinetics, regarding the possible C poisoning or
promoting role on the catalyst surface and the formation of TM carbides, also extendedly
used as heterogeneous catalysts. Hundreds of simulations are performed within the DFT
framework, and the resulting data are analyzed to find correlations and draw conclusions.
Initially, it is observed that atomic C features preferential subsurface stability in the (111)

facets of Cu, Ag, and Au surfaces and nanoparticles, which has important implications



when using those metals as catalysts. Dynamic simulations provided estimates of the
lifetimes of surface and subsurface C species. Moreover, data analysis using different
descriptors together with machine learning tools shows that both the thermodynamic and

kinetic data are better described when using a combination of several descriptors.

i
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Chapter 1

Introduction

Catalysis is the acceleration of the rate of a chemical reaction by a substance (the catalyst)
that is neither consumed nor generated in the process. Specifically, a catalyst is defined
by the IUPAC as:! “A4 substance that increases the rate of a reaction without modifying
the overall standard Gibbs energy change of the reaction. The catalyst is both a reactant
and a product of the reaction.” Practically speaking, a catalyst decreases the activation
energy (E“) of a given reaction. Catalysts interact with the reactants to give intermediate
species that will ultimately lead to products and the regenerated catalyst. They essentially
provide an alternative reaction mechanism involving different intermediates and different
transition-state energies compared to the non-catalyzed reaction. Since reactants and
products are the same for both the catalyzed and the non-catalyzed reactions, the
thermodynamics of the reaction is not modified. Thus, catalysis relies on changes in the
kinetics of chemical reactions. Figure 1 shows a schematic representation of a reaction

energy profile with and without the effect of a catalyst.

E* without
catalyst

E*® with

catalyst

Energy

Reaction Coordinate

Figure 1. Schematic representation of a reaction energy profile. The activation energy (£°) is reduced in
the presence of a catalyst, but the reaction energy remains unchanged. The reaction coordinate represents

the progress along a reaction pathway from reactants to products.
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Applications based on catalysis can be traced back to thousands of years ago with
the discovery of fermentation to produce wine and beer through processes known today
as enzymatic catalysis.”? However, it was not until 1835 that the term catalysis was coined
by Berzelius. Later, in 1895, Ostwald was the first to scientifically define the term.
Nowadays, catalysts are used in more than 90% of all chemical industrial processes,
contributing directly or indirectly to around 35% of the world’s gross domestic product
(GDP).? Catalysis is key to numerous industrial applications, including the production of
commodity, fine, and specialty chemicals as well as the manufacturing of
pharmaceuticals, cosmetics, food, and polymers. Moreover, catalysis is central in the
design of processes for clean energy provision and in environmental protection and
remediation, both by eliminating environmental pollutants and providing alternative
cleaner chemical synthetic procedures.*

Catalysis is deemed heterogeneous when the catalyst and the reactants are in
different phases and its interaction happens at the interface between those phases.
Countless catalytic processes are heterogeneous, typically including a solid catalyst and
reactants in either a gaseous or liquid phase. To a large extent, heterogeneous catalysts
are made of metals or metal oxides, although numerous other compounds are used for
such purpose (e.g., sulfides, phosphates, graphitic materials, carbides, and ion-exchange
resins, among others).>8 Metal catalysts, particularly those containing transition metals,
have been proven to be especially useful in industrial catalysis, since they can easily
activate simple molecules like Hz, Oz, N, CO, and polyatomic organic molecules
containing C-H, C-O, and C-N bonds.’

Heterogeneous catalytic reactions start with the adsorption of the reactants onto the
catalyst surface. The adsorption and the subsequent conversion reactions take place at
particular atoms or ensembles of atoms of the catalyst surface, often called active sites or
active centers.!® A particular atomic ensemble may be active or inactive for a given
reaction by virtue of its specific structural arrangement of atoms. The electronic
properties of the catalyst surface also play an important role in the adsorption and
activation of the reactants. Therefore, the catalytic performance of a given catalyst is
influenced by both its atomic structure and electronic properties. After the reactants have
reached the active site, either through direct adsorption or by surface diffusion, they are
converted into products. The products desorb from the catalyst regenerating it, that is,
leaving the active sites available for new incoming reactants.!® In this way, the catalytic

cycle can be repeated several times in each of the surface active sites. Note that, according
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to the Sabatier principle,!! the interaction between the catalyst surface and the reactants
should be neither too strong nor too weak. When the interaction is too weak, the reactants
may not be able to adsorb on the surface and the reaction will not take place. On the other
hand, when the interaction is too strong, either the reactants get completely decomposed
on the surface or the products are not able to desorb and regenerate the active site, which
ultimately deactivates the catalyst.!?

Electrocatalysis can be defined as the heterogeneous catalysis of electrochemical
reactions, which occurs at the electrode-electrolyte interface and where the electrode
plays both the roles of electron donor/acceptor and catalyst. Electrochemical processes
for clean energy production, conversion, and storage, are a promising strategy to relieve
our modern society reliance on fossil fuels by converting chemical energy into electrical
energy.'*!° To take these promising technologies from the scale of fundamental research
to real applications, active, selective, and durable catalysts are needed that facilitate the
kinetics of electrochemical reactions.'® However, several challenges related to
unsatisfactory catalytic efficiency, low selectivity, or high costs still need to be
addressed.!” To do so, the electrocatalysis scientific community has devoted substantial
efforts into revealing fundamental reaction mechanisms and structure-activity
relationships, which are currently used to guide the fine-tuning of the composition, size,
and morphology of electrocatalysts so as to achieve high activity and selectivity at
reasonable costs. '3

The research work presented in this thesis consists of a fundamental study of CO»
electroreduction and C interactions with transition metal systems by means of theoretical
and computational methods. The manuscript is divided into four well-differentiated parts.
A brief introduction to catalysis, heterogeneous catalysis, and electrocatalysis (Chapter
1), a description of the theoretical methods used for the computational analysis of the
systems of interest (Chapter 2), and two chapters showing the main results in the form of
articles published in peer-reviewed journals (Chapters 3 and 4). Before each article, a
summary is shown, mainly focused on the part of the work that I conducted. In Chapter
3, several studies on the electroreduction of CO> to valuable commodities are presented.
Chapter 4 covers a detailed analysis of the interplay between C atoms and transition metal

surfaces and nanoparticles. Finally, conclusions are drawn and a list of publications is

provided.
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Chapter 2

Theoretical Methods

2.1 The Schrodinger Equation

The many-body Schrdédinger equation governs the properties of any given chemical
system through its wave function, which depends simultaneously on the positions of its
nuclei and electrons. To understand chemistry at the microscopic level, it usually suffices

to consider the non-relativistic time-independent Schrodinger equation:
AY(R,v) = E¥(R,7) (2.1),

where W(R, r) is the wavefunction of the system dependent on the positions of the nuclei,
R, and electrons, r, and H is the Hamiltonian operator. For M nuclei and N electrons, the

Hamiltonian operator expressed in atomic units is given by:

N M N M N N M M
Z Z 1 ZZ - ZZ 1 ZZZAZB
2my, Tig Tii R

i=1 i=1A=1 i=1 j>i J

(2.2),

NIH

where my and Z, are the mass and charge of nucleus 4, respectively. The V7 and V3
Laplacian operators involve second derivatives with respect to the coordinates of the i
electron and the A™ nucleus, respectively. From left to right, the five terms of the
Hamiltonian correspond to the kinetic energy of the electrons (7,), the kinetic energy of
the nuclei (T,,), the nucleus-electron attraction (¥, ), the electron-electron repulsion (¥,,),
and the nucleus-nucleus repulsion (¥,,,).

To be able to solve the Schrodinger equation, the Born-Oppenheimer
approximation is most often invoked.?’ This approximation proposes that, since nuclei

are considerably heavier than electrons, they move more slowly. Hence, one can consider
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electrons to be moving in the field generated by fixed nuclei at certain positions. Within
this approximation, the nuclear kinetic energy (T,,) can be considered zero and the
repulsion between nuclei (V,,) constant for a specific nuclear configuration. The
remaining terms form the electronic Hamiltonian, (H,;), which can be used to obtain the

electronic energy (E,;) of the system:

N N M N N

_ , 7, 1

T D Y00 3 S U
=1 n iA n — 1]

N =

P

Hellpel = Eellpel (24)9

where W,; is the electronic wavefunction, which still depends on the coordinates of
electrons but has only a parametric dependence on the nuclear coordinates. The possible
values of electronic energy in Equation 2.4 are not those corresponding to the solution of
Equation 2.1. However, it can be shown that, once the ¥,,, term is included, the resulting
quantity corresponds to the potential felt by the nuclei, which leads to the concept of
potential energy surface, key to the microscopic mechanisms governing all chemistry in
the ground or excited states.

Unfortunately, Equation 2.4 only has an analytical solution for up to three particles,
and the high dimensionality of ¥,; makes solving the equation numerically extremely
difficult. Therefore, several different approximate methods have been developed to solve
this problem, including Hartree-Fock,?! Meller-Plesset perturbation theory,??> Coupled
Cluster,?* Quantum Monte Carlo,?* and Density Functional Theory (DFT), among others.

From all these different approaches one must choose the most adequate method for
a target study. The nature and size of the system, the computational cost, and the accuracy
of the method shall be considered when making the decision. Presently, DFT is the most
widely used electronic-structure method in computational chemistry, as it provides a good
compromise between computational cost and accuracy for a large number of systems,

including the ones featured in this work.
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2.2 Density Functional Theory

The foundations of DFT were laid by Hohenberg and Kohn in 1964.% They showed that
the ground state energy, E,, of a chemical system is a function of its electronic density,
p(r). Therefore, as far as ground-state chemistry is concerned, there is no need to know
the wavefunction of the system. Specifically, they formulated and proved two theorems.
The first theorem establishes that the electronic density of the ground state, po(r),
uniquely determines the external potential, V' (r), hence, the non-degenerate ground-state

energy is determined as a function of py (r):

Eq = Eo[po(1)] (2.5).

The second theorem shows that the electronic density that minimizes the energy is that
of the ground state. Therefore, within DFT, the ground-state energy and, consequently,
the corresponding potential energy surface, can be determined from the ground-state

electronic density.

Bo = Fulp] + [ V) pr)dr (2.6).

where Fyi is a universal, system-independent Hohenberg-Kohn functional of the
electronic density (p(r)), hereafter referred to as (p) for simplicity.

However, the exact form of the Fyy functional remains unknown. As a practical
solution, Kohn and Sham proposed to consider an auxiliary system of non-interacting
electrons in an effective potential (V,,;), from which the ground-state energy can be

approximated.?® In this formalism, one has

Epprlp] = Tlo] + f Voot )pdr + Eylp] + Exclp] @.7),

where T|[p] is the kinetic energy of the non-interacting electrons, Ey [p] is the classical
electron-electron Coulomb energy, and E,.[p] is the exchange-correlation energy which

includes all the terms that are not accounted for by the other terms (exchange and
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correlation energies, the auto-interaction correction to the classical Coulomb interaction,
and the difference between interacting and non-interacting kinetic energies).

Note that finding the exact form of E, . is as complicated as for Fyg, but E,.[p] is
significantly smaller than Fy[p]. Hence, any approximations made to E,.[p] have less
of an effect in the calculated ground-state energy than on Fyk[p].

Several different approaches have been used to approximate the E,. term,
commonly referred to as exchange-correlation functionals. The choice of using a
particular functional depends on the model system, computational cost, and desired
accuracy. Jacob’s ladder is used to represent the different levels of exchange-correlation
functionals, moving from the Hartree-Fock “earth” to the “heaven” of chemical accuracy,
with errors smaller than or equal to 1 kcal/mol. From less to more complexity and
computational cost, the rungs of the ladder include: (a) the local density approximation
(LDA) functionals, which only depend on the local density, and offer an almost perfect
description of a homogeneous electron gas (e.g. Vosko-Wilk-Nusair (VWN)),?” (b)
generalized gradient approximation (GGA) functionals, which include the local density
and its gradient to account for spatial variations of the electronic density (e.g. Perdew-
Burke-Ernzerhof (PBE)),? (c) meta-GGA functionals, which also include the second
derivative of the local density or kinetic-energy density (e.g. Tao-Perdew-Staroverov-
Scuseria (TPSS)),?” and (d) hybrid exchange-correlation functionals, which include a
certain amount of exact Hartree-Fock exchange (e.g. PBE0).%’

Despite their simplicity and in view of the similarity between metals and
homogeneous electron gases, LDA functionals can provide fairly accurate results of
certain properties of metallic systems such as interatomic distances and lattice
parameters. The main disadvantage of LDA functionals is that they usually overestimate
bond energies and fail to describe highly correlated systems such as magnetic oxides.’!
GGA functionals generally provide better accuracy for bond energies but tend to
overestimate bond distances.’?> Meta-GGA functionals usually involve an improvement
in thermochemical estimates of molecules, but generally do not feature an accuracy
enhancement with respect to GGA functionals when describing extended transition
metals.*3

Note that all these functionals suffer from self-interaction errors, since in these
methods each electron interacts with its own electron density.>* That leads to an
overestimation of the energetic stability of electronic configurations with electrons

delocalized over various atoms,* resulting in an accuracy loss when treating molecules,
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clusters, or other strongly correlated systems. This problem may be solved by using
hybrid functionals, since in Hartree-Fock the self-interaction is cancelled by the
corresponding exchange term. However, including exact exchange highly increases the
computational cost of the calculation and can lead to excessively localized electrons.?¢
Based on the ideas of the so-called Hubbard Hamiltonian, a practical solution was
proposed that includes contributions of on-site intra-atomic Coulomb interactions to the

total energy.?’

U
E S EDFT + esz ni (1 - nl) (2'8)9

where U,y is the effective on-site Coulomb interaction and n; is the occupation of the

atomic orbitals to which this correction is applied. Due to the associated difficulties in the
determination of U, s, for each system,*® the U, value is often obtained by trial and
error to reproduce certain experimental observables.*”

In this thesis, all the DFT calculations were performed using the Vienna ab initio
simulation package (VASP)* with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional, which is known to be among the best functionals for the
description of transition-metal systems.*! Occasionally, the Hubbard U approach was
used for systems featuring localization problems. Note that all calculations were
performed without spin polarization for non-magnetic metallic surfaces. As shown by
Fajin et al.,* results obtained for heterogeneously catalyzed reactions on non-magnetic
metallic surfaces with and without spin polarization lead to the same description of the
potential energy surface. For magnetic surfaces, such as the ones containing Ni, Fe, and
Co, spin polarization was considered.

In the Kohn-Sham formalism, the electron density is expressed as a single Slater
determinant made of one-electron functions. This mathematic construction presents
similarities with the orbitals derived from the Hartree-Fock theory. Hence, they are
usually referred to as orbitals as well. In addition, as in the Hartree-Fock theory, the
orbitals are chosen to minimize the energy in Equation 2.7. In practice, this is done by
representing the one-electron Kohn-Sham orbitals as a linear combination of known and
easy-to-treat functions to find a numerical solution of the Hartree-Fock equations. This
set of functions is called a basis set and many families of them have been proposed. Local

basis sets are the most popular choice for atoms and molecules, since they are highly
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localized around each atom center. On the other hand, non-local basis sets are more
appropriate for systems with highly delocalized electrons such as metals and other
extended systems.

When dealing with periodic systems, plane-wave basis sets are the most common
choice. Their general form in real space is e*", where k is a vector in the reciprocal
space. Plane waves are not centered at the nuclei since they extend throughout the
complete space. Their periodicity makes them appropriate for extended systems with
translational symmetry. However, a large number of plane waves is required to describe
all electrons accurately. Since numerous chemical properties of molecules and solids are
determined by their valence electrons, while core electrons remain basically unmodified
for different chemical environments, to make DFT calculations more affordable, the
effect of core electrons can be handled by means of an effective core potential or
pseudopotential. Several different methodologies have been developed to construct
pseudopotentials, but the most commonly used with planes waves on periodic models are
norm-conserving pseudopotentials,* ultrasoft potentials,** and the projector augmented-
wave (PAW)* method. For the calculations featured in this thesis, we make use of
pseudopotentials built within the PAW formalism, since it restores the pseudo

wavefunction obtained from the construction of the pseudopotential to the all-electron

wavefunction, importing advantages from all-electron basis sets.

2.3 Periodic Solids

By definition, crystalline solids present a periodically ordered atomic structure. Their
periodicity allows for their easy depiction, focusing the study on a portion of the system,
which, translationally repeated in the three-dimensional space, reproduces the totality of
the solid. The structural unit that is repeated translationally throughout the crystal is called
the unit cell, which contains a certain number of atoms known as the atomic base. The
Schrédinger equation only needs to be solved for the atoms in the unit cell, under the
condition that the wavefunction or the electronic density in a given point remain invariant

when a translational operator based on the periodic crystalline structure is applied. The
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crystalline lattice is defined by the three orthogonal vectors of the unit cell (a;), from

which the translational operator (T) is built:

T = nlfil + nzaz + n3a3 (29)

Note that the operator in Equation 2.9 is not to be confused with the kinetic energy
operator for which we used the same symbol previously. Moreover, note that the infinite
array of discrete points that can be generated in Equation 2.9 is called “Bravais lattice”.

There are infinite ways in which we can build a unit cell that describes a given
periodic solid, but there is smallest and irreducible unit cell is unique. Such a cell is called
the primitive cell. The most common types of unit cell are cubic, body-centered cubic
(bee), face-centered cubic (fcc), and hexagonal closed packed (4cp). See Figure 2 for a
schematic representation of the most common types of unit cell and Figure 3 for a

depiction of the fcc primitive cell.

Figure 2. From left to right, a schematic representation of face-centered cubic, body-centered cubic, cubic,
and hexagonal closed packed unit cells. Grey spheres denote atomic positions. Shades of grey are used to

represent different depths.

Figure 3. The fcc unit cell (in black) and its corresponding primitive cell (in blue). Shades of grey are used

to represent different depths.
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The use of the reciprocal space, also known as k-space, is convenient for analyzing
periodic systems. The reciprocal lattice is a mathematical construction that facilitates the
study of the properties of periodic crystalline lattices. Each crystalline lattice A =

{a,, a,, as} has a corresponding reciprocal lattice B = {b,, b,, b3} that satisfies:

bi=2m— Iy e(1,2,3)
i — T[ai - (aj » ak) i,j,k 14y (210),
a; . b] = (277.')61’] (211)

Note that the volume of the unit cell of the reciprocal lattice is equal to (21)3/V,,
where V. is the volume of the real space unit cell. Because the two volumes are inversely
proportional, the larger the unit cell in the real space, the smaller in the reciprocal space.

When working with periodic models, the theoretical framework used to analyze the
expansion of the wavefunction in the reciprocal space is based on Bloch’s theorem.*
Briefly, this theorem states that the values of all observables at a certain position of the
unit cell are the same for the equivalent positions throughout the whole Bravais lattice.
Thus, if a crystal is perfectly periodic, the potential in which the electrons move must

satisfy:
V(@) =V(#+R) =V (2.12).

Hence, when moving a given point (#) to an equivalent point (17 + I_?)) of a
replicated cell using T, the potential V remains identical.

A plane inside a Bravais lattice is determined by the position of three non-colinear
points. The different possible planes inside the lattice are usually named using Miller
indices. These indices are defined as the inverse of the reciprocal intersections between
the plane and the coordinate axis, then multiplied by the least common multiple. For
example, if the intersections between the plane and the coordinate axes are located at 2x,
3y, and 3z, the inverse values are 1/2, 1/3, and 1/3. If we then multiply by the least
common multiple, we obtain the Miller indices, in this case (322). Note that if the plane
does not intersect with one of the coordinate axes that index is 0. In Figure 4 the (100),

(110), and (111) crystallographic planes inside a cubic unit cell are shown as an example.
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Figure 4. From left to right, the (100), (110), and (111) crystallographic planes inside a cubic unit cell in

the Miller indices notation.

The study of solid surfaces is usually done using the periodic slab model. This
model is easily built from the unit cell by increasing the size of the lattice vector
perpendicular to the plane of interest. In this way, vacuum is introduced between replicas
of the cell, avoiding interactions between them. Several atomic layers may be present in
the slab to ensure a correct description of the bulk properties as well as the surface
electronic properties. Usually, during optimization, the bottommost atomic layers are kept
fixed at the converged bulk lattice constant to simulate the bulk environment, while the
topmost ones are allowed to relax in all directions to represent the surface atoms. Note
that when a perturbative element is to be introduced into the slab model (e.g., a surface
defect or an adsorbed molecule) the slab model needs to be enlarged in the plane
directions to ensure that there are no lateral interactions between the perturbative element

and its replicas. An exemplary slab cell is shown in Figure 5.

=10A

Figure 5. Schematic representation of a four-layered fcc(100) slab model unit cell with approximately 10

A of vacuum.
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2.4 Adsorption Energies

Most of the calculations featured in this thesis are based on DFT optimizations of the
structure and position of adsorbed molecules on metallic surfaces. The main goal of these
calculations is to obtain the adsorption energy (AE,;,) of the molecule on one particular
surface (slab model), which is then used to assess different aspects of interest such as the
catalytic activity of a certain catalyst. To do so, several geometry optimization
calculations involving different molecule conformations on various sites of the slab must
be performed. Once the most favorable conformation and adsorption site are obtained,

one can then calculate AE, ;¢ in the way shown in Equation 2.13.
AEqqs = Em+s — Es — Ey (2.13),

where Ey, s is the energy of the system containing the slab and the molecule in its most
favorable position, Eg is the energy of the slab, and E,, is the energy of the isolated
molecule. The calculated energy of isolated molecules (E3) within the generalized
gradient approximation can present sizable errors. To correct these, a method where the
errors are pinpointed based on the difference between calculated and experimentally
determined formation energies is used.*’

In order to relate these calculations to macroscopic experimental observables like
the Gibbs free energy, thermal effects must be included. At the macroscopic level, nuclei
are permanently moving, and molecular vibrations must be considered. The energy

contribution of these vibrations at 0 K is known as the zero-point energy (ZPE):

1
ZPE = Ez'hvi (2.14),
L

where h is the Planck constant and v; corresponds to each of the vibrational frequencies
of the adsorbed molecule.
Moreover, entropy corrections (75) for gas molecules have to be considered, which

can be obtained from thermodynamic tables.*® For adsorbed molecules, only the
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vibrational contributions to the entropy (7'Svi») are considered. Those contributions are

computed in the following way:*

_hvi 1
TSyip = kBTZ.ln (1—e k7)) = ) hv; (——) (2.15).
l L em _ 1
Thus, the adsorption Gibbs free energy is given by:
AGu4s = AE, 45 + AZPE — TAS (2.16).

Furthermore, in electrocatalysis, solvent effects can play a key role in adsorption
free energies and catalytic activity assessment. Thus, they should be taken into account
when looking for a more quantitative estimation of the catalytic activity of a given
system.>® Solute-solvent interactions can be computed mainly in two ways, with the
explicit inclusion of solvent molecules or through an implicit continuum model. Both
methods provide information on the electronic properties of the solute and its most stable
geometry. The explicit approach involves adding a large number of solvent molecules
into the calculation, making it more challenging and computationally expensive. On the
other hand, treating the solvent as a continuum is more affordable but less accurate in
cases when there are solute-solvent hydrogen bonds. When the solvent is treated
implicitly, the solute is immersed in a bath of solvent the properties of which are
determined by its electric permittivity (€). An alternative, intermediate approach, aiming
to preserve the explicit solvent accuracy but avoiding high computational costs, is the use
of ad-hoc corrections to the adsorption free energies. It consists of calculating the
contribution of solvation to the adsorption free energies using supercells covered with
and without a few explicit water molecules. The difference between the calculated
adsorption free energies gives a fair estimation of the magnitude of the solvation effect
for one specific adsorbate. Then, these solvation values can be extrapolated to other
adsorbates based on their chemical similarity to the ones the correction was calculated

for.>!
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2.5 Computational Hydrogen Electrode

All the computational electrocatalysis studies in this thesis are based on the computational
hydrogen electrode (CHE).>? This method works on the basis that, at 1 atm, 0 V, and all

pH values, protons and electrons are in equilibrium with gas-phase molecular hydrogen.

1
EHZ(Q) © Hipgy te” (2.17).

Thus, under these conditions, the electrochemical potential of an aqueous proton-

electron pair is equivalent to that of % H, 4. Hence, rather than using the energetics of

(H* + e7) as an electrochemical reference, those of %Hz(g) are used. The effect of the

electrode potential can also be included into the equation as an eU term, where e is the

charge of an electron and U is the electrode potential in V vs RHE.
1
EH(Hz) —eU=u(H" +e7) (2.18).

RHE stands for reversible hydrogen electrode, which is a widely used experimental
reference electrode. Reference electrodes are electrodes with stable and well-known
equilibrium potentials and are used to measure the potential in electrochemical
experiments. RHE measured potentials do not change with pH.>3

Most importantly, the CHE approach allows for the calculation of Gibbs free
energies where proton-electron transfers are involved. In this way, free-energy diagrams
can be built for reactions involving several proton-electron transfer steps. In Figure 6, one
such diagram is shown featuring the energetics of 1-propanol oxidation to propanal on
Pt(111) (orange) and PtRu(111) (blue). Note how all Gibbs free energies are referenced
to the same molecule (1-propanol in this example) to be comparable between them.
Moreover, different colors are used to depict the energetics of the reaction intermediates

on different surfaces to ascertain those in which the reaction may proceed more favorably.
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Figure 6. Free-energy diagram of the most favorable pathway at 0 V vs RHE for 1-propanol oxidation to
propanal. In orange, Pt(111); in blue, PtRu(111). The calculated onset potentials and optimized geometries
are also included. Pt, Ru, O, C, and H atoms are shown in grey, yellow, red, brown, and pink. This figure

corresponds to panel a in Figure 4 of reference 54 and is included here to facilitate the reading of this thesis.

The activity of the catalyst can be tackled by determining limiting potentials (U;),
which are calculated based on the free energy of the largest uphill electrochemical step
(AG,qx) of a reaction involving several proton-electron transfers. In Figure 6 the limiting
(or onset) potentials are shown as an inset. AG,,,, of the reaction on both surfaces is
corresponds to the first step, namely, the deprotonation of 1-propanol to form a
*CH3CH2CHOH intermediate on Pt(111) or a *CH3;CH2CH2O intermediate on
PtRu(111). This step is referred to as the potential-limiting step (PLS), and from its AG,

U, can be computed.
U, = —AGpax/e (2.19).
Finally, note that this is only a thermodynamic treatment and that electrochemical
barriers are not considered. As noted recently by Rossmeisl et. al.,> there is “not (yet) a

method to obtain electrochemical barriers between realistic states at constant

electrochemical conditions”. Hence, it is assumed that thermodynamics and kinetics are
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proportional by virtue of Breonsted—Evans—Polanyi (BEP) relations, which linearly
correlate a reaction step energy barrier (a kinetic quantity), £, with the corresponding

reaction energy (a thermodynamic quantity), AE (see Figure 1).56-38

2.6 Phase Diagrams

In Chapter 4, where we analyze the interaction of C atoms with TM surfaces, we make
use of pressure-temperature dependent phase diagrams to examine the most stable
catalyst phase at working catalytic conditions. These are created following a a statistical
thermodynamics approach from ab initio computed data.*. Briefly, for each calculated
situation, one can obtain the adsorption or absorption free energy, AG* or AG?®,
respectively, as a function of the temperature (7) and gas pressure (p) of the system. For
an example situation featuring the adsorption of a C atom on a (111) surface, the formula

1S:

1
AGad T, ~ —— Etotal N ,N _ Etotal O,N —N Etotal
(T,p) A{ (N¢, Nup) ( M) c(Ec (2.20),

+ EEPE) — NeAuc(T, P)}

where A is the surface area of the system, Nc the number of carbon atoms, Ny, the number
of metal atoms, and Au, the chemical potential variation of carbon. Note the negative
sign in front of Equation 2.20 is introduced just to turn most stable energies into the most

positive ones, to facilitate the interpretation of the results. Moreover, it is worth noting
that the i factor is not indispensable, and only included here to obtain surface free

energies as a result.

Equation 2.20 is only valid for a system with an invariant number of metal atoms,
for a variant expression be referred to the literature.>® Furthermore, note that, for the clean
surface Equation 2.20 equals zero, since in that case No = 0, and E®°* (N, Ny) =
Etotal(Q, N,,). As under working catalytic conditions it is not rigorous to consider a gas-

phase C atom, a linear combination of gas-phase molecules is used to represent it.
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Specifically, we used p¢ = %('“Csz — py,), EEH = %(Eé;’ﬁ,‘;l — Ef°tal), and EZPF =
%(ECZZPHEZ — EEPE) as a reference. Employing this reference implies that Apg =

%(A#cz n, — HAy,). Thus, to calculate Auc, both C:Hz and H» (hereon referred to as X

molecules) chemical potential variations are computed as:

3 5
2mmz (kyT)2 kT
Ay (T, p) = —kgT In ( r X) (ks T) +1n< B )

2 sym
h Px oy Box

(2.21),

—hw; ;
- z In [1 — exp( . ,Iix)] +In (1,7
" B

n
i=1

where kg is the Boltzmann constant, h is the Planck constant, my is the mass of the

molecule X, py is the partial pressure of X, g5 is the classical symmetry number of X,%

: ) h2 ) .
B, is the rotational constant, computed as Y where Iy is the moment of inertia of X,
X

Iy = Y;m;r{. In the latter expression, m; is the mass of the atoms in X, and 7; is the
distance of the i atom to the centre of mass of X. Moreover, w; are each of the vibrational
normal modes of X, and I;7"™ is the ground-state electronic spin degeneracy.

The first summand in Equation 2.21 stands for the translational free energy,
computed as the translational partition function in the classical limit, assuming ideal gas-
phase behaviour. The second summand corresponds to the rotational free energy,
computed as the rotational partition function within the rigid rotator approximation. The
third summand stands for the vibrational free energy, computed as the vibrational
partition function in the harmonic approximation. Notice that in previous literature® there
is a missing negative sign, which is duly incorporated in this work. Last, the fourth
summand corresponds to the nuclear and electronic free energy, where the only
significant term is the ground-state spin degeneracy.

In summary, ad/absorption free energies can be calculated as function of T and p
using Equations 2.20 and 2.21. The AG*? of the clean surface is zero. Hence, when the
AG*® of the system containing the adsorbate is negative, it is less stable than the clean

surface, when positive it is more stable, and when null it is as stable as the clean surface,

indicating a phase transition point in between clean and carbon-containing phases.
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Figure 7 shows how adsorption and absorption free energies depend linearly on the
carbon chemical potential variation, whereas the clean surface AG does not. The most
stable scenario under a given chemical potential corresponds to the one with the highest
positive 4G, as shown by the thicker lines in Figure 7. The two C-containing scenarios
described in it, C*"" and Csup, have the same dependency on the chemical potential, hence
the more stable of the two will remain the most stable under any T and p conditions. In
this example, the point where the clean surface and Csup cross corresponds to the chemical
potential at which these two situations are equally stable, namely at a AG*? of zero. Figure
7 is assembled at a constant temperature, e.g., it could be at 1000 K, and a constant py, of
10-7 Pa, mimicking ultra-high vacuum conditions. Considering a constant pressure of Hz
allows us to find the corresponding p¢,y, for a AG® of zero. Finding the pressures and
temperatures at which ad/absorption energies become zero allows us to construct a phase

diagram by depicting these points in a T-pc,y, plot.
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Figure 7. Illustrative scheme showing the variation of the adsorption or absorption free energies, AG*®,
across different variations of carbon chemical potential, Auc. The black line corresponds to the clean
surface. Blue and red lines to Csub and C*" situations. This figure corresponds to Scheme 1 in the supporting

information of reference 61 and is included here to facilitate the reading of this thesis.
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2.7 Transition States

Transition-state theory was developed in parallel by Eyring and Polanyi. Their
formulations from 1935 propose the existence of an activated complex or transition state
assembled from the reactants, which is later decomposed to form the products of the

reaction.%%%3

Looking back at Figure 1 (located in Chapter 1), the transition-state
geometry for each elementary step (there are four of them in the catalytic pathway of
Figure 1) would be found at the highest energy point of the reaction coordinate between
two minima. More precisely, the transition state must fulfill two mathematic conditions.
First, it must be a stationary point, hence, the gradient of the energy with respect to all
coordinates of all atoms must be numerically zero. Second, the Hessian matrix must have
one and only one negative eigenvalue corresponding to the pathway from reactants to
products.®* The difference in energy between the transition state and the reactants is called
activation energy (E%) or energy barrier (Ep) and is the main component influencing the
reaction rate.

Numerous algorithms have been proposed to locate transition states,®>¢ here we
used the climbing-image nudged elastic band (CI-NEB) method.®” This method involves
generating a set of images between the initial and final state geometries. Each image
maintains equal spacing to neighboring images during the optimization, and are
connected through spring forces, such that the structures of the images do not evolve
towards a minimum, since the optimization is constrained by the chain of springs
connecting them. At the same time, the highest-energy image is moved upwards along
the reaction path until finding the alleged transition state. Still, note that this does not
ensure that the located transition-state geometry is the correct one. When the set of images
is created, we are assuming that the reaction pathway follows the path along them, which
may not be the lowest-energy one. Hence, several different reaction paths must be studied
to ensure that one has truly found the lowest-energy transition state.

Note that while we calculated coupling and diffusion barriers in some of the studies
featured in this thesis, we did not perform calculations of proton-electron transfer barriers,
since, as mentioned previously, there is not yet a method to obtain electrochemical

barriers reliably.>
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2.8 Machine Learning Algorithms

In Chapter 4, we make use of machine-learning algorithms to understand how our data
are grouped and to perform multivariable regressions. For the first task, we employed the
k-means (KM) algorithm as implemented in the sklearn Python library.®® KM clusters
data by dividing samples into n equal-variance groups, where 7 is determined beforehand.
The algorithm finds » cluster centres that minimize the sum-of-squares within each

cluster, also known as inertia, see Equation 2.22.

n
D min(lx )’ (222),
i=0

where p; is the mean of the sample, also known as cluster centroid, in the C disjoint
clusters.

Inertia can be thought of as a quantitative measure of how coherent clusters are, but
has some disadvantages. It performs poorly with elongated clusters because it assumes
that clusters are isotropic and convex. Furthermore, inertia is a non-normalized metric,
which means that smaller values are preferable and zero is ideal. As a result, it struggles
in high-dimensional spaces, where Euclidean distances are prone to inflation. This issue
can be mitigated by using a dimensionality reduction algorithm prior to the k-means
analysis.

It is important to note that when n equals the number of data points, the minimum
inertia of zero is obtained. In that regard, a criterion must be defined to limit the » number
of clusters to a sensible and manageable size. This can be accomplished using the elbow
method,® which consists of plotting the inertia as a function of n and selecting the curve
elbow as the optimal number of clusters to utilize.

Furthermore, we also made use of machine learning regression algorithms, as
implemented in the sklearn Python library.®® Precisely, we employed the multivariable
linear regression (MLR), which is the conventional least-squares linear regression but
applied to two or more variables, as well as the decision tree regressor (DTR) and the
random forest regressor (RFR). The DTR is a supervised learning algorithm which learns

a set of binary rules derived from the data features to build a model that predicts the value

of a target variable (y). DTR accomplishes this by creating a model in the shape of a tree
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structure with branches, nodes, and leaves. The algorithm, which looks for the
homogeneity of y values in a found subset and uses the standard deviation of y as an
optimization criterion, automatically determines and optimizes the order of the questions
(known as decision nodes) as well as their content. The model learns any relationships
between the data and the target variable during training, identifying the optimal questions
and their order to produce the most accurate estimations possible. When predicting the
dependent variable value of a new datapoint, the point is navigated entirely through the
tree branches, answering node questions until it reaches the final leaf, which contains the
target variable estimation. This estimation corresponds to the y average value of all points
meeting the same logic questions as the new point.

The complexity of the preceding explanation calls for an illustrative example to
understand the fundamentals of the procedure. Let us define a dependent target variable,
v, which depends on two features, x1 and x>. Figure 8 shows a scatter plot of x2 vs. x1. In
it, dotted lines delimit zones defined by the nodes, such as one asking whether x; values
are greater than 50, and others asking whether x; values are greater than 4 for x; values
below 50, or x> values being greater than 12 when x; is greater than 50. As a result, four
leaves are obtained with different average y values, y, see Figure 9. If that were the result
of a hypothetic training set, a new value from the test set with x; =25 and x> = 12 would
deliver a ¥ value of 5.1. Note how this is done for a very simple, two-dimensional
example, with y values depending only on two variables, but it may easily be applied to
a case with a larger number of variables.

Although DTR is simple to interpret and requires little data preparation, the
resulting tree is sensitive to the data used, meaning that little changes in the data can result
in an entirely different tree. To alleviate this problem, an ensemble of trees (or forest) can
be used. This is the foundation of the random forest regression (RFR), which involves the
growth of an ensemble of decision trees. Each tree is built from a sample drawn randomly
from the dataset. For each tree, the optimal split of each node can be obtained using either
all the input features or a random subset of features, also known as max_features. These
two sources of randomness assist in decreasing the variance of the estimator, since
individual decision trees commonly feature high variance and tend to overfit. When a
prediction is made on a dataset, such as for the x; and x2 values mentioned above, distinct
y; values are obtained for i = 1 — N, where N is the number of trees of the forest, also
known as n_estimators. The expected value of y is just the average of the expected y;

values across all N trees. By doing so, the tree forecasting accuracy is narrowed, and
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possible possible extreme y forecasts are diluted. It is worth noting that RFR becomes
DTR for i = 1, and that the more trees one has, the larger the accuracy. However, the
computational expenses grow alongside the number of trees. Apart from that, the
accuracy decreases as N increases, although the outcome rarely improves beyond a certain
number of trees.

Finally, an appealing element of both DTR and RFR is the fact that the relative rank
of a feature used as a decision node in a tree may be used to assess the relative importance
of that feature regarding the target variable predictions. Features employed near the top
of the tree have a greater impact, since they affect the final prediction of a bigger
percentage of samples. Thus, the relative relevance of the features can be estimated as the

expected fraction of samples they contribute to.
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Figure 8. Exemplary scatter plot of values, shown as blue circles, of x2 vs. x1 variables, where black dotted
lines represent the variable splitting decisions learned by the model. In light blue, the ¥ average values for

all those points belonging in each of the resulting sections inside the plot.
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Figure 9. Exemplary decision tree from data shown in Figure 8.

-t

H/

2.9 Descriptors

In the field of computational heterogeneous catalysis and electrocatalysis, it is common
to look for descriptors of DFT-calculated quantities related to the catalytic activity, such
as ad/absorption energies, Gibbs free energies, energy barriers, and onset potentials,
among others. Finding successful descriptors can have positive implications on future
research, since it allows for estimating the catalytic activity of a certain material without
performing all the costly DFT calculations necessary for it.

Several studies in the literature have been devoted to the study of electronic
descriptors to predict material properties such as adsorption energies. Different
descriptors have been proposed, such as surface energy,’” work function,”! number of
outer electrons,’ d-band center,”? corrected d-band center,’* highest Hilbert transform d-
band peak,’”®, and the electrochemical-step symmetry index,’”® among others. For
transition metals, the most widely used one is the d-band center (g4), which generally
exhibits a good linear correlation with adsorption energies.”” To compute &4, the d-
contribution of a surface atom to the projected density of states is obtained, thus, the
surface first-layer d-projected density of states (d-PDOS). Specifically, €4 is defined as
the center of mass (or the weighted average) of the d-band density of states of a surface

atom:
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E
Jz(E = Epermi) dPDOS
gy = — - (2.23),
[.7dPDOS

Ej

where E; is the d-band starting point and Efis the energy point that would belong to a d!°
electronic configuration.

The idea underlying this descriptor is that materials with higher (more positive) d-
band center values are more reactive than those with lower (more negative) €4 values.
Hence, adsorption energies should be stronger the higher in energy &4 is.

Geometric features are also used as descriptors, such as coordination numbers’® and
generalized coordination numbers.” They can capture the differences arising from
different atomic arrangements of the same material, for example, between diverse surface
terminations of the same TM. This is justified by the fact that low coordinated atoms are
typically more reactive than those with higher coordination.

DFT-calculated properties can be correlated between themselves, for example, the
usage of Bronsted—Evans—Polanyi (BEP) relations is widely extended, linearly
expressing a reaction step energy barrier as a function of the corresponding reaction

36-38 Moreover, linear relations have been observed between adsorption energies

energy.
of adsorbates similarly bound to transition metal surfaces.®’ Such relations also hold on
surfaces of nitrides, sulfides, oxides, and carbides, among others.”>8! The general rule for
scalability (AEs = mAEx + b, Figure 10, top-right panel) is that the extrema of two curves
that correlate the adsorption energies of species A and B (AEa and AEg, Figure 10, top
and bottom panels on the left) with the electronic structure of the surface coincide.??%3
This can be seen in Figure 10, where we assume a quadratic correlation between a
hypothetic descriptor D and AEA and AEb. As shown in Figure 10 (bottom-right panel),
the offset of the linear correlation (b) depends on the slope value (m):33%% if m =1, b is

proportional to the coordination of the adsorption sites, if m # 1, b is surface independent.
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Figure 10. Generalities of adsorption-energy scaling relations. Left: the adsorption energies of species A
(AEa, top) and B (AEs, bottom) for materials M: to Ms scale with a hypothetical descriptor D and their
minima coincide. A makes three bonds with the surface and B makes two. Top-right panel: because AEa
and AEB scale similarly with descriptor D and the minima coincide, there is a linear scaling relation between
them and the slope of the line is the ratio of the bonds made to the surface. Bottom-right panel: if m # 1,
the offset of the scaling relation depends on the coordination number of the active sites. Conversely, if m =
1, the offset is surface-independent and proportional to the gas-phase energetics of A and B. This figure

corresponds to Figure 1 in reference 85 and is included here to facilitate the reading of this thesis.

Finally, it is worth noting that the use of descriptors is not limited to linear
correlations, one can perform multivariable linear (or polynomial) regressions to use
multiple descriptors at the same time to correlate a desired quantity. Moreover, machine
learning algorithms such as random forest regressors can also be used in this regard,
obtaining an advanced predictive model capable of estimating a certain quantity when fed

with the necessary descriptors for it.
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Chapter 3

Electroreduction of CO; to Valuable

Commodities

3.1 Introduction

Increasing the availability of renewable electricity and lowering its costs are pivotal to
address climate change and rebalance the biogeochemical cycle of carbon. One of the
major challenges in that respect is the inherent intermittency of renewable energy sources.
It is necessary to develop means to store energy surpluses and use them in due time,
according to the demand.3¢

To this end, the electroreduction of CO> (CO2RR) to valuable fuels for energy
storage and environmental mitigation has received great attention and experienced
pronounced advances.!’”* Although numerous catalysts are able to reduce CO> to 2-
electron products such as CO or formic acid, further electroreduction of these products is
needed to produce “electrofuels”. The latter are fuels made by storing energy from
renewable sources in the chemical bonds of liquid or gas molecules. Pioneering works by
Hori and his coworkers showed that when Cu is used as a catalyst, further
electroreduction of CO (CORR) to valuable commodities such as methane, ethylene,
acetaldehyde, and ethanol is possible.”’** Thus, CO and/or CO electrolyzers using Cu
catalysts and renewable electricity hold promise as a carbon-neutral means to produce
commodity chemicals. However, the large overpotentials required to reach appreciable
current densities and conspicuous selectivity problems hinder global spread of such

technology.”*%>
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3.2 Elucidating the Active Sites and Onset Potentials for
CO2RR and CORR at Oxide-Derived Cu Electrocatalysts

Introduction To address some of the challenges involved in CORR and CORR on Cu
catalysts, the redox treatment of Cu catalysts has been shown as a good solution. Oxide-
derived Cu (OD-Cu) catalysts show lower overpotentials (< 0.4 V) and are more selective
towards C» products, with higher ethanol production compared to regular Cu

96,97

catalysts. However, the structure of the active sites present in OD-Cu and the

chemistry behind these improvements remains elusive. Previous studies showed that such

sites could be located at grain boundaries.””®

Those works suggested that engineering
the amount and structure of the gran boundaries by altering the oxide reduction method
or varying the synthesis procedure could result in better OD-Cu catalysts with higher
selectivity and activity towards C; products. Moreover, those studies showed that the OD-
Cu active sites responsible for the high CORR activity bind CO more strongly than low-
index and stepped Cu facets.”®

Previous research showed that (a) square sites promote C-C coupling,’®* (b)
Cu(100) has square sites and is selective to ethylene, °!*° (¢) the OD-Cu active sites bind
CO stronger than step sites,”® (d) undercoordinated sites favor acetaldehyde reduction to
ethanol,!® and acetaldehyde is a known intermediate of CORR to ethanol on OD-Cu

catalysts,> 110!

and (e) isotopic labelling experiments show that ethylene and ethanol are
produced on different active sites during CORR on OD-Cu catalysts.!”? Based on those
observations, we argue that the active sites responsible for ethanol evolution on OD-Cu
catalysts are square-symmetry four-atom islands sitting on top of neighboring Cu(100)
hollow sites, which we refer to as 4AD@Cu(100), were AD stands for Cu adatoms.

This work led to the publication of two research articles.!%:!% The manuscripts are
included at the end of this section. In the following pages, a summary of them is provided.
My contributions to the research articles were: (a) Elaboration of the DFT calculations,
(b) analysis of the computational results and making of the corresponding figures, and (c)
writing an initial draft of both papers. I was not involved in the making of the experiments.
The supporting information for “Elucidating the structure of ethanol-producing active
sites at oxide-derived electrocatalysts” can be found in Appendix A. The optimized

geometries have been removed from this document to save space but can be found online

at:  https://doi.org/10.1021/acscatal.0c01880. The supporting information for
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“Computational-Experimental study of the onset potentials for CO: reduction on

polycrystalline and oxide-derived copper electrodes” can be found in Appendix B.

Results To verify our hypothesis, we performed DFT calculations using the
intermediates featured in the CORR mechanism proposed in Ref. 51. The
thermodynamics of each proton-electron transfer were obtained for four different surface
models: Cu(111), which is the most stable surface termination of Cu; Cu(100), which is
known to facilitate C-C coupling; 4AD@Cu(100), which is our proposed ethanol
production site on OD-Cu for the reasons explained above; and 4AD@Cu(111), to
determine the effect of adding such atoms islands on top of the most stable Cu facet in a
hexagonal symmetry. Figure 11 shows: (a) a top view of the surface models, and (b) the

pathways studied toward C, products.

Cuf100) AAD@Cu(100) Cu(111) SAD@Cu(111)

HQQ

H'+ @

) ALY LA™

Figure 11. a) Schematics of the four different surface models used in this work. Cu(100), 4AD@Cu(100),
Cu(111), and 4AD@Cu(111) surfaces are provided in red, green, orange, and blue, respectively. Island
atoms are shown in darker colors. b) Reaction pathway for CORR to Cz species. We depicted Cu, C, O,
and H atoms as grey, brown, red, and pink spheres, respectively. This figure corresponds to Figure 1 in

reference 103 and is included here to facilitate the reading of this thesis.
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Previous studies have shown that alkaline cations can affect the product selectivity
of the CORR.!'%-197 Therefore, we included cation and solvent effects in our calculations
to obtain a more realistic picture of the active sites. In Figure 12, we show the results in
two different free-energy diagrams. The data for Cu(100) and 4AD@Cu(100) is depicted
in panel a, while the data for Cu(111) and 4AD@Cu(111) appears in panel b. In these
diagrams, the reaction coordinate for each of the four surface models is shown, with each
of the sites depicted with a specific color. As seen in Figure 11b, the reaction pathway
bifurcates at the sixth proton-electron transfer, with one path leading to ethylene and the
other to ethanol. In the diagrams, a lighter version of each color indicates the respective
ethanol pathway for each of the surface models. Likewise, the formula for each
intermediate of the reaction is shown on the upper part of Figure 12, where black is used

for the intermediates of the ethylene pathway and grey for those of the ethanol pathway.
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Figure 12. Free-energy diagrams including solvent and cation effects for all intermediates of the CORR on
all four surfaces studied at 0 V vs RHE. a) Cu(100) (red) and 4AD@Cu(100) (green). b) Cu(111) (orange)
and 4AD@Cu(111) (blue). The same colors in a lighter tone are used to represent the ethanol pathway,

which drifts from that of ethylene upon the sixth proton-electron transfer. EtOH: ethanol. This figure

corresponds to Figure 2 in reference 103 and is included here to facilitate the reading of this thesis.
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Within the thermodynamic approach used here, the potential-limiting step (PLS) is
the step with the largest positive free energy at 0 V vs RHE, which is close to the
equilibrium potentials of ethylene and ethanol evolution. For all four surface models, the
PLS is the first proton-electron transfer, which involves the C-C coupling between two
adsorbed CO molecules and the protonation of the formed CO dimer. This C-C coupling
step is experimentally known to be critical in the C, pathway of CORR.?*** Specifically,
0.50, 0.52, 1.14, and 0.66 eV are the PLS free energies for Cu(100), 4AD@Cu(100),
Cu(111), and 4AD@Cu(111), respectively. Cu(111) is the surface model with the highest
PLS free energy, which is consistent with previous calculations and experiments
suggesting that this facet is the least active facet toward C; products and usually favors
CHs production.”9%1%  Comparing Cu(111) to 4AD@Cu(111), we observe that
undercoordination helps in stabilizing *C2O2H, i.e. the hydrogenated CO dimer, therefore
lowering the PLS free energy. However, the lowest PLS values correspond to Cu(100)
and 4AD@Cu(100), indicating that square symmetry is key in enhancing CO
dimerization and is more important than the coordination number of the active sites.

Figure 13 dissects the energetics of the first electrochemical step in Figure 12
(2CO) + * + H" + e — *C,0,H), including a *CO dimer configuration proposed
previously.!? We calculated the kinetic barriers for the formation of the dimer (*C,0>)
and found them essentially equal to the thermodynamic energy difference between 2 *CO
and *C,0,, implying a late transition state. The specific values are provided in the inset
of Figure 13. Kinetic barriers at 0 V vs RHE of 1.52 for Cu(111) and 1.22 eV for
4AD@Cu(111), indicate that C-C coupling is not favored on hexagonal-symmetry
surfaces. Lower values of 0.81 and 091 eV are calculated for Cu(100) and
4AD@Cu(100) at that potential. Therefore, regarding CO-CO coupling, 4AD@Cu(100)
does not show a major improvement compared to Cu(100). However, CO dimerization is

clearly favored at square-symmetry sites with respect to hexagonal sites.
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Figure 13. Free-energy diagram at 0 V vs RHE for CO dimerization at the four types of active sites under
study. Color code as in Figure 11, see top left corner. Inset: *CO dimerization barriers at 0 V vs RHE for
each active site. Note that the formation of *C20xz takes place through a decoupled electron-then-proton
transfer. This figure corresponds to Figure 3 in reference 103 and is included here to facilitate the reading

of this thesis.

While CO dimerization energetics determines the C; vs. C; selectivity, it does not
influence the selectivity among C» products, which is determined later in the reaction by
the energetics of the concomitant intermediates. The sixth proton-electron transfer is key
in this context, as it is the step where the ethylene and ethanol pathways bifurcate.
Looking at Figure 12, we see than both hexagonal surfaces, Cu(111) and 4AD@Cu(111),
have a clear preference for ethanol evolution, since after the sixth proton-electron transfer
acetaldehyde is the most stable intermediate. However, unfavorable CO dimerization
prevents these surfaces from producing multi-carbon products. Conversely, Cu(100)
shows favorable C-C coupling energetics and is inclined toward ethylene formation. This
leaves 4AD@Cu(100) as the only active site with preferential ethanol evolution that is
able to couple two *CO at reasonably negative potentials.

A more detailed analysis shows that the ethylene vs ethanol selectivity is essentially
modulated by the interplay of three different factors: the adsorption energy of
acetaldehyde, the stability of acetaldehyde in solution, and the adsorption energy of an

oxygen atom. In Figure 14, we show the dependence of these three factors with the
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surface coordination number. We added the step edge of Cu(211), with a coordination
number of 7, for completeness. Adsorbed acetaldehyde data are shown in green, and *O
+ C2Ha(g) values in blue. The stability of liquid acetaldehyde is independent of the surface
model and is shown as a dotted black line at a free energy of zero, since all the data in the

figure is referenced to it.
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Figure 14. Free energies of adsorption of CH3CHO (green) and *O + C2Ha(g) (blue) versus the coordination
number (cn) of the active sites at different surface models. The linear regression for each set of values is
provided together with the corresponding Pearson regression coefficient (r). The linear equations are AG =
-0.76 +0.11cn and AG = 0.03 + 0.02¢n for the green and blue lines, respectively. All energies are referenced
to liquid acetaldehyde (black dashed line). This figure corresponds to Figure 4 in reference 103 and is

included here to facilitate the reading of this thesis.

Ethanol evolution is thermodynamically preferred when either adsorbed or liquid
acetaldehyde is more stable than *O + C;Ha(), otherwise, ethylene formation would be
preferred. Active sites that bind acetaldehyde strongly, namely those with a coordination
number of 7 or lower, are promising candidates for enhancing ethanol selectivity.
Moreover, sites that bind *O weakly will also favor ethanol evolution. Usually, less
coordinated metal sites bind adsorbates stronger than the more coordinated ones,
however, this is not the case for all adsorbates. As seen in Figure 14, there is no clear

correlation between the adsorption energy of *O and the coordination number of different
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Cu sites. Hence, while we conclude that weak *O binding leads to favored ethanol
production, we observe that it is difficult to predict the atomic structure needed to fulfill
this requisite.

After finalizing the exposed analysis, another study in collaboration with our
experimental colleagues from the Helmholtz Institute in Germany started. We compared
our computationally obtained onset potentials for Cz products, with those experimentally
determined by them. To do that, we used our calculated data from the first study, but this
time adding new calculations, since the mechanism is now starting from CO», which
reduces to *CO via a *COOH intermediate. Concretely, they obtained the onset potentials
for seven different products from CO2RR on polycrystalline Cu (Cu-poly) and OD-Cu
electrodes: methane, ethylene, ethanol, acetaldehyde, 1-propanol, propionaldehyde, and
allyl alcohol. Particularly, they made use of a recently developed experimental technique
called electrochemical real-time mass spectrometry (EC-RTMS). This novel technique
allows for accurate and in operando detection of reaction products and displays better
sensitivity than chromatography techniques or nuclear magnetic resonance.!!®!!!
Moreover, the low limits of detection of this technique allow for a more accurate
determination of the onset potentials, since it can detect products at low formation rates
during potential sweep experiments. This is especially useful for COoRR, where different
compounds are produced as a function of the applied potential, and some of them appear
at similar potentials.

The results from the EC-RTMS experiments show that, on Cu-poly, methane is the
product with the most negative onset potential (-0.88 £+ 0.02 Vrug). Products with 2 or 3
carbon atoms show similar negative onset potentials, ranging from -0.70 to -0.86 VruE,
suggesting that their onset potential is determined by a common potential-limiting step
(PLS) early in the reaction pathway. Acetaldehyde electroreduction (ARR), performed as
a side experiment, showed that ethanol is produced from ARR at a clearly less negative
onset potential than from COz, -0.51 £ 0.03 VruE versus -0.82 £ 0.03 Vrue. This result
further supports that the onset potential for ethanol evolution from CO;RR through

101,111

acetaldehyde is determined by another step earlier in the reaction sequence, as

shown previously in the previous analysis and in other DFT-based models.>!-190-112
On OD-Cu, methane is not detected, but all the other products see their onset
potential shifted to more positive values, spanning now from -0.49 + 0.01 Vrue for

ethanol to -0.59 £ 0.02 Vrue for allyl alcohol. Since the onset potentials are similar among
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all Ca+ products, we conclude that on OD-Cu they also share an early common PLS as
observed in Cu-poly. In view of the more positive onset potential values on OD-Cu, we
deduce that this common early PLS is more favorable on OD-Cu than on Cu-poly. The
onset potential for ethanol from ARR shifts accordingly to more positive values, -0.27 +
0.04 Vrug, on OD-Cu, again more positive than from CO2RR on the same electrode, in
line with the finding on Cu-poly.

The calculated onset potentials for CO2RR to both ethanol and ethylene are -0.50,
-0.52, -1.14, and -0.66 Vrue for Cu(100), 4AD@Cu(100), Cu(111), and 4AD@Cu(111),
respectively. DFT calculations show that the PLS of the reaction for ethylene and ethanol
production is the hydrogenation of adsorbed CO molecules (2*CO + H" + ¢~ = C20,H).
A depiction of the catalytic pathways can be seen in Figure 15. Among the 4 different
models studied only Cu(100) and 4AD@Cu(100) are able to perform C-C coupling
favorably, such that free-energy diagrams featuring results only from the latter two
surfaces are shown in Figure 16. The fact that C-C coupling is involved in the PLS for C>
products is also in agreement with the similar onset potentials determined experimentally
with EC-RTMS for C; and Cs products, bearing in mind that C3 products are formed via
a chemical reaction between C; and C species.”>!!*!1* We also note here that *CO
hydrogenation to either *CHO or *COH is also the PLS for CO,RR to methane 3115118
Finally, we note that (a) the calculated onset potentials for Cu(100) and 4AD@Cu(100)
are in agreement with those determined experimentally with EC-RTMS for ethylene and
ethanol on OD-Cu, and (b) Cu(100) is selective to ethylene and 4AD@Cu(100) is
selective to ethanol. Thus, we reaffirm our previous conclusions, with more solid
indications that the active sites present at OD-Cu responsible for ethylene and ethanol

formation resemble Cu(100) terraces and 4AD@Cu(100) islands, respectively.
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Figure 15. Schematic representation of the reaction pathways for CO2RR to Cz species. Cu, C, O, and H
atoms are depicted in grey, brown, red, and pink. EtOH: ethanol. This figure corresponds to Figure 3 in

reference 104 and is included here to facilitate the reading of this thesis.
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Figure 16. Free-energy diagrams including solvent and cation effects for all intermediates of the CO2RR
to Caz species on Cu(100) (blue) and 4AD@Cu(100) (green) at 0 Vrue. The same colors in a lighter tone are
used to represent the ethanol pathway, which drifts away from that of ethylene upon the tenth proton-
electron transfer. The corresponding intermediates toward ethylene are noted for each proton-electron
transfer in black (grey for the ethanol pathway). EtOH: Ethanol. This figure corresponds to Figure 4 in

reference 104 and is included here to facilitate the reading of this thesis.
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Conclusions These results, together with additional data and analyses shown in the

research articles below, lead to the following conclusions:

Square four-atom islands on top of Cu(100) facets are identified as the active sites
responsible for ethanol evolution on OD-Cu.

These sites enhance *CO dimerization due to their square shape and are selective
to ethanol owing to their undercoordination.

Hexagonal-symmetry sites are probably not the active sites responsible for
ethanol production, regardless of their coordination number.

The relative thermodynamic stability of adsorbed or liquid acetaldehyde versus
adsorbed oxygen may determine the selectivity of the active sites towards
ethylene or ethanol in CORR.

While acetaldehyde adsorption energy does correlate with the coordination
number of the active sites, that of oxygen does not. Thus, other structural
descriptors must be considered when aiming at engineering ethanol-selective
active sites.

The hydrogenation of *CO is the potential-limiting step of CO- electroreduction
to produce both C; and C> molecules. Given that more negative onset potentials
are required to produce C; molecules compared to those required for C;
molecules, we conclude that the hydrogenation of a *CO dimer is easier than that
of a *CO monomer.

These two previous observations are the reason why the onset potentials for Co+
CO2RR products are similar to each other and are produced at more positive
potentials than Ci molecules.

The differences observed between experimentally determined onset potentials on
Cu-poly and OD-Cu indicate that the latter has a unique set of active sites that

enhance the production of C; molecules.
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ABSTHACT: The discovery of oxide-derived copper (OD-Cu)
catalysts for CO, electroreduction is a remarkable advancement in
the field of electrocatalysis Their low overpotentials and improved
selectivity toward C; products make them unique. However, the
structure of the active sites responsible for these improvements
remins unckear. Herein, by means of o compotational model
medading theemodynamic, kisutic, slvent, and cation effects, we
outline the atomic stracture of the active sites responsble for
ethanol evolution n OD-Cu catalysts. We also point oot the
spesific features that determine selectivity and pinpoint the dess

criteria that should be fulflled to enhance the selectivity om
catalysts toward ethanol. Specifically, we propose that square, four-
atom Cu Islands are the active sites of ODCe for CO
electroreduction to ethanol as they display favorable *CO
dimerfaation eovrgetics and ethanol selectwity by virtue of their square, undercoordioated structure,
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B INTRODUCTION

In recent years, the electroveduction of CO, (CO,RI) to high-
value fuels for energy storage and environmental mitigation has
received great attention and experienced pronounced
advances. " Although numerous electrocatalysts are able to
reduce COy to CO, further reduction of CO (CORR) is
needed to produce “electrofuels”, Ploneenng studics by Horl
and co-workess showed that Cu is the most active metal

Moceover, by using different kinds of OD-Cu catalysts, they
show that high CORR activity on OD-Cu is concomitant to
surface stes that bind CO more strongly thin lowindex and
stepped Cu facets.”

Other authors have proposed that the presence of subsurface
oxygen {(Oy) 1s the reason behind the noteworthy catalytic
properties of OD-Cu.'"™"" Their works suggest that O,
increases the CO binding energy to Cu surfaces, They argue

toward CO,RR and CORR to valuable commodities ard foels
wech as methane, ethylene, scetaldehyde, ethanol, and other
minor products. ~ In spite of the great insight and important
advances, some ssues still hinder a langs-scale implementation
of CO, electrolyzers, namely, large overpotentials and copper’s
Jow selectivity and faradaic efficiency,

Amomg the strategiex devised to address these challenges, we
highlight the redos treatment of metal electrodes, ™ In
partivabar, oxde-derivad copper (OD-Cu) catalysts display
relatively low overpotestials (<04 V) and enhanced selectwwity
toward C, products, with ethanol appeiring in substantial
quantities, "' compared to regular Cu catalysts. In spite of the
signtficant enhaacement and clear synthesis routes, the
structure of the active sites at OD-Cu remains elusive, Seme
authors have ?mpoud that such sites ace located at grain
boundaries.' "' Acconding to them, engineering the grain
boundaries by altening the oxide reduction method or
modifylng the synthess proceduse coeld yield catalysts with
higher selectivity and actwity toward multi.carbon products.
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that Targer CO surface coverage resultx in more frequent C-C
coupling, hence promoting the formation of C, products.
However, recent computational and experimental works on the
maiter coacluded that the stability of O,y in OD-Co catalysts &
msufficient for it to stay at the subsurfice under reaction
conditions. It was also claimed that if O wers indeed present,
it woulkd have a negligible effect on CORR.™ ™" Instead, the
results support the idea that the activity and selectivity
mmprovements of OD.Cu versus metallic Cu are due to
andercoordinated sites at rough surfaces that s, grain
boundaries.
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Figwre 1, (a) Schematics of the four different surface medels ued in this work. The Col 100), 4ADECL{100), Cul111), and SADG@Cu(111)
surfaces are proviced g red, green, orange, sod Doz, respactnedy. Isld atoms are shawn in darker coloes. (b) Reaction pathway tor CORR to C,

specres, We depacted Cu, €, O, and H atoms 35 gray, brown, ved, and piok spberes, respectively, Tigares 5154 show the optimiced, mintosin:
enuergy peometries for each intermeadiate oo each it ste

Because an atomic-scale understanding of OD-Cu catalysts
remains elusive, we aim in this work at providing insights into
the structure of their ethanol-producing stes, Spechically, we
proposs that the active stes are squase-symumelry fous-atom
wlands stting on neighberng fourfold hollow sites of Cu{100)
facets (hereon denoted as $AD@Ca{100), where AD stands
for Cu adatoms), This is justified by the following
observations: (1) It has been shown experimestally and
compuationally that square sites promote C~C coupling; ™"
(1) Cu(l00) features squarc sites and is selective to
ethylene, ™" whereas OD-Cu catalysts have enhanced ethanol
oe]ect.lmy,“ (11} the active sites on OD-Cu biad CO mere
strongly than terraces and typical step-edge sites, and their
number grows alongside the amount of grain boundaries; '
[IV) acetaldehyde reduction to ethanol is enbanced at
undercoordinated sites,” and acetaldehyde s an intermediate
of CO reduction to ethanol on Cu catalyws;™" and (V)
experiments suggest that ethanol and ethylene are produced on
different active sites on OD-Cu,™

For completeness, we supplemented the study with
norsquare idand [4AD@Cu{111)] and two common flat
terraces [Cul101) and Cul100}]. Our calcalations indicate
that 4AD@Cu( 100} fulfills all the requirements set in 1=V, as
apart from being square and umdercoordinated, it binds CO
more strangly than terraces and step-edge sites and, more
mpartantly, Is selective to cthanol,

B COMPUTATIONAL DETAILS

The density functonal theory (DFT) calculations were
periormed using the Vieona ab initio simulation package
(VASP)Y"' with the Perdew— Burke~Emzorhot (PBE) ex-
change=correlation functional,”™ which Iy known to be
among the best fuacunnals for the description of transiton-
metal systems, In addmon. we used the projector
augmented wave method ™’ to describe the effect of the inner
cores on the valence elecron density, The Cul(100) sarfices

md the 4ADG@Cul 100) model site were represeated lvy a
{4y/2 x 4V/2)R45" supercell slab including 32 atoms per
Layer, whie for Cu(111) and 4AD@Cu(111) [a fouratom
sland sitting on four neighboring fce-centered culse sites on
Cul(111)), 4 pl4 x 4) supercell induding 16 atems per layer
was used. Cu(211) was modeled as a 3 X | supercell These
farge supercells avoid lateral interactions between atom slands,
adsorbates, and cations, Al shb models were composed of four
metal layers and modeled with the converged PBE lattice
constant of Cu, namely, 1.64 A, The topmaost two Layers, the
Cu islands, and the adsorbates were relaxed in all directions,
whie the bottom-most two layers were fixed at the bulk
exqquilibum distances to provide an adequate bulk environment
to the surface region, On average, around 10 different initial
geoenetries for each adworbate on each active site were
optimized, including mosodentate, bidentate, and tridentate
structures, when possible. A plane-wave cutoff of 450 ¢V was
used, and the Fermi level was smesred followiag the
Methfessel—Paxton approach™ with kT = 02 eV to facilitate
convergence, always extrapolatimg the total energies 1o 0 K
The conjugate-gradient optimization scheme was used to
search for the minimum-enrgy structures with iterations
cartied out until the maximal force on any atom was below
0.05 eV-A~", Monkhorst—Pack meshes of 2 x 2 X | for
Cul(100) and 4AD@Cu{100) were used to carry out the
numencal integration in the redprocal space, while for
Cul111) and 4ADE@Cu(111), we used 3 X 3 X | meshes,
which ensured convergence of adsorption energies withen 0.08
eV, For Cu211), 4 4 x 5 x 1 mesh was used. The distance
between reprated Images in the vertical direction was lasger
than 13 A, and dipele corrections were applied Isolated
molecules were calculated in boxes of 94 % 10 A X 11 A wsing
Gaassian smearing with &,T = 0001 eV, with further
extrapolition tv 0 K and consideriag the I' point anly.
Transition-state geometries were Iocabed using the climbing-
anage nudged clastic band method ™ ensuring that only one

Petpecr itz son cog) F 17 Ao LIRS
AZS Caxt 2000, 10, 10488734584



ACS Catalysis

Pubs acs.crg/acscatalysis

imagisary frequency along the reaction coordinate was
abtained at the saddle point. The potential-dependent barriers
were approximated as described in Section S5

The reaction free energies were approximated as AG =
AE,; + AZPE — TAS + AE,; ..., Where AEy Is the DPT-
calculated reaction evergy, AZPE is the xero-point energy
change between rcactants and products, TAS is the
corresponding entropy change at 29815 K, and AE . i
a solvation correction to the free energy. The ZPE and T3,
values were obtained from wbrational frequency calculations
within the harmoréc approximation. AS includes only the
vibrational entropy for adsorbates and all contributions for free
maiecules. The TS values of the free molecules were extracted
from thermodyranic tables.”' Solvation contributions to the
free energies (AE ...} were modeled as an external
correction dependiog on the chemical mture of the adsorbates.
Specific values calculated in previous works are given in Table
52 i the Supporting Information.” """ For a brief summary on
the assessment and use of such ad hoc solvation corrections,
we reler the reader to rel 33, )

Considering peevious reports on OD-Cu,"" " we performed
a oumber of calculations incleding subsurface oxygen on
$AD@Cu(100) and 4AD@Cu{111), Most optimizations
resulted 1o distorted slabs and/or the oxygen atom at the
surface

The computational electrode was used to model
protn=electron prirs ~ Cation effects were modeled by
expliaat inclusion of a K atom on top of the slabs. Its most
stable position was found by evaluating different possible sites
aroundd the adsorbate, as seen in Section 56. Although we
caleulated CO coupling barriers, we did not compute proten—
edectron transfer barriers because as noted recently by
Rossmeisd et al,'” there fs “not (yet) a method to obtain
dectrochemical bamiers between realistic states a1 constant
dectrochemical <onditions”, Furthermore, we stress that
Bronsted—Evans—Polanyi relations exist for reactions where
C-, H-, and O<ontaiving species are involved."™"" Thus, we
assume that the kinetics and thermodynamics are well
correlated for the reaction steps considerad in this work.

Further computational details appear in the Supporting
Information (Sections $1-53), and all the adsocption
and corrections are reported in Section 54, Electrochemical
stability considerations for FAD@Cu(11l) and 4AD@
Cul100) are provided in Section 85, The coondinates of all
the optimized systems appear in Section 59, and the

corresponding images appear 1n Figares 5154,

B RESULTS AND DISCUSSION

We computed the theomodynamics of each proton—edectron
trunsfer of the CORR to C; products (see Figure 1b) for the
four different slab models described i the Computational
Detalls section and chown in Flgure 1a. Cu(100) wis selected
m view of the known ability of its sguare sites to catalyze C-C
coupling.” ** ™ JAD@Cu(100) featvres favorable C-C
coupling energetics i stew of Iis square symmetry and
presumably enhanced ethanol selectvity by virtue of its
undercoordination,”™” Thermodynamically, Cu(111) is the
most stable facet of Cu and Is probably abundant in
polycrystalline Co and OD-Cu, We note, howsver, that
Cu(!ll) is not ostensibly active for the production of C,

tes, "™ and its selectivity is inclined toward methane.
AAD@Cu(111) is included to show that hexagonal-symmetry
defects increase the activity of Cu(111) for C; production but

are less active for C-C coupling than square facets. The
analysis in Section 58 suggests that JAD@Cui 100) and 4AD@
Cu(111) are stable under CORR conditions. We modeled the
reaction pathway in Figure 15" which is known to comply
with several key expentmental observations."" However, we
note that some other pathways have been proposed in the
literature,” " and we analyze some of them in Section §7. We
conclude that within our computational approach, the pathway
n Figere 1b is thermodynamically more favarable.

Previous studies have shown that alkalise cations affect the
product selectivity of the CORR™"“"" Thus, we included
solvent and <ation effects in our cakulations to obtain a more
realistic picture of the active sites. In the following, only the
most stable situation for each adsorbate is considerod, either
solvated, with cations, or both in some specific cases (sce
Table 53 and Section S4)

Figure 2 shows the results in two separate free-enesgy
diagrams: {(a) shows the data for Cu(100} and $AD@
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Figare 2, Free-energy disgranys induding solvent and cation effects
for all intermediates of CORR 1o C, species on al four susfaces
sudied at 0 V vs RHE (a) Cul100) (red) and SADGCual100)
(green}, (b) Cu(111) {peange) and 4AD@Cu(111) (blue). The ame
colors m a lighter tooe are nsed to represent the cthanod pathway,
which diifis Bom that of cthylese upen the sixth peotun—cleciron
tracefer, EYOH: ethanol.

Cu(100), and (b) shows the data for Cu(l11) and 4ADG@
Cul111), In these diagrams, the advarcement of the reaction
can be followed for each of the foar surface madels, and cach
one 1s deplcted with & specific color, As also scen in Figure 1b,
the reaction pathway bifurcates at the sixth proton—dectron
transfer, where one path leads to ethylene and the other to
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ethanol. This branching s represented i the diagrams by
introducing, a lighter version of each color that indicazes the
respective ethanol pathway, Similady, the formuls of each
mtermediate is depscted on the upper part of Figure 2, where
black corresponds to ethylene pathway imtermedates and gray
to ethanol-pathway intermediates,

Within  the thesmodynamic approach used here, the
potental-Emiting step (PLS) is the step with the largest
positive free energy. In all four model active sites, the PLS is
the first proton—electron transfer, Tndeed, thie C~C coupling
step is esperimentally known to be critical in the C,
pathway. ' Conctetely, 0.50, 0.52, 114, and 0.66 eV are
the frez energles of the PLS for the Cu( 100}, 4AD@Cu{100),
Cu(111), and 4AD@Cul111) surface models, respestively,
The considerably larger value for Cu(111) is consistent with
previoes experiments and calculations, which showed that this
facet is probably ene of Cu's least active facets toward C,
products, and usually favoes CH, evolation.' ™" Companng
the 4ADE@Cu(I11) model with Cul(l111), we observe that
uodercoordination helps in lowering the free energy of the PLS
by appreciably stabilizing *C,0,H, that is, the hydrogenated
*CQO dimer. However, the least endothermic energies
correspond  to the squaresymmetry slabs Cu(100) and
$AD@Cu(100), which display simiar values, indicating that
the presence of square sites is 2 more important fctee for *CO
dimerization than surface coordination.

Figure 3 shows the energetics of the st electrochensical
step in Figure 2 {2CO,;, +* + H' + ¢~ — *C,0,H), including

20
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Figure 3, Free-energy diagram at 0 V vs RHE for CO dmerieation at
the four types nfa:gv sites under study. Color code is as in Figure 1)
we lop left corser, Inget: *CO dimerzation barriens &t 0 V vs RHE for
each aczve site. Note that the foemanon of *C, 0, takes place thecagh
4 decovpled electron-then-protoa transfer,

1 *CO dimer configuration propased previousy.™ The kinetic
barners for the formation of the dimer (*C,0,) were
calculated and found to be csseatially equal to the
thermodynamic energy difference between 2°CO and
*C,0;, mplying 2 late transition state. These values are
provided i the inset of Figuee 3, Kinetic barriers at 0 V versus
reversible Iy electrode (RHE) of 1.52 and 1.22 ¢V for
Cul111) and 4AD@Ca( 111 ), respectively, confirm that C-C
coupling is net favored on hexagonal symmetry  surfaces.
Lower values of 0.81 and 0.91 ¢V are calculated for Cu(100)
and 4AD@ECu(100), respectively, at this petential. Note in
passing that in the formation of *C,0,H, the proton—election

transfer Is known to be decoupled™ ™" such that the
slectron & trandemed Aint, and the proton transfer follows.
Ths expluns an important experimeptal observation of CO
reduction: on Cu(100), CH; formation ds on the pH in
the standard hydrogen dectrode (SHE) scale, while C;H,
formation does not 7"

Marvover, this decoupled transfor implies that the sctivation
bamier for *CO dimenzation is potential dependent and PH'
independent in the SHE scale ™' Through Bader analysis,”” we
determined that at the transtion state, ~0.9 ¢~ havs been
wansferred to the activated complex. Folowing the method
described in Sectson S8, at a potential of —0.4 V versus RHE,
where €, species are typically reported 10 start evolving from
Cu electrodes,”* '™ the dimer formation barriers are 045 and
0.35 &V for Cu(100) and 4AD@Cul 100), respectively. At such
a potential, the barriers for Cu(111) and 4AD@Cu(111) are
116 and 0.86 eV, respectively. Typically, surmountable barriers
at rom temperature are below 0.75 eV."" All this information
suggests that regardieg CO-CO coupling, 4AD@Cu{100)
docs not feature an Improvement with respect to Cu( 100
However, CO dimerization is favored & square-symmetry sites
[Cu(100) and 4ADECa(100)] with respoct to hexagosal sktes
[Cal111)} ind 4AD@Cu(111)], and the barriers are
surmoantable under expedmental conditions.

Altbough CO dimerization epergetics is paramonnt for C,
versus C; selectivity, it does not infleence the selectivity among
Cy products, The sixth proton—electron transfer is key in this
contest & it s the step where the ethanol and ethylene
pathways bifurcate. As shown in Figure 2, both hexagonal
surfaces [Col111) and 4ADG@Cul(111)] have a clear
preference for ethanol formation becanse after the sixth
proton—electron transfer, acetabdehyde b5 the thermodynami-
cally more stable intermediate. However, a5 mentioned before,
anfavorable CO dimerization prevents these surfaces from
producing significant amounts of melti-<carbon products, which
can be mitigated by opening altermative ways upon
processes such as alloying Cu with Ag™™™ Conversely,
Cul100) features fivocable energetics for C=C coupling and
s inchined toward ethylene formation. This leaves 4AD@
Cul100) as the only model active sike able to couple two *CO
at reasomably negative potentials and exhibiting a dear
preference for ethanol evolution,

A closer look at the frec-energy diagram of 4AD@Cu( 100}
m Figare 3 reveals that the ethylens pathway requices an
energy input of 0.61 ¢V at the sxth proton—electron transfer.
Ths valoe (s shghtly larger than the energy needed for
producing *C,0,H from 2*CO, indicating that for these
spectfic skes, the ethylene and ethanol pathways have different
PLSs and ethylene formation lkely requires 2 more pegative
onset potential than ethunol evolution. This s yet ancther
reason to pestdate this atomic configuration & 2 plausible
atomic configuration for the ethanol producing active sites at
OD-Cu catalysts, although the main reason is explamed In
detail helow.

Analyzing the energetics of the sixth proton—electron
transfer, we obsecved that the ethanal vessus ethylene
selectivity ks essentially modulated by the laterplay of three
factors: the adsorption energy of acetaldehyds, the stability of
acetaldelpde b solation, and the *O sdseeption energy. Note
in passing that the adsorption energy of *CH,CHO is not a
determining factor because it is the reference for the formation
of both *0 + C,H,, ., and CH,CHO. In Figure 4, a doser look
at the dependence of the aforementioned three factors with the
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Figwre 4, Free energies of adiorption of CHOHO (green) and *O -
CyHyy (Mue) vy the coordination ommber of tle active sites at
different surface modds. The linear segression for each set of values is
provided together with the comwsponding Pearson regression
coeffickent (7). The linear equations are y = =076 + Q.lkx and ¥ =
003 + @02y for the green and hlue lines. respectively. All mergies are
aefervnced to liquad acetaldehyde (Black dsbed kee),

surface coordination number is displayed The step edge of
Cuf211) sabs, with a cordination number of 7, is also
featared in the plot for completeness, and we emphasize that
essentially any site with such a coordination number might
have been added. Adsorbed scctaldehyde values are shown in
green, and *0 + CH, ., data are shown in biue. The stability
of liquid acetaldehyde Is independent of the surface structure
and is shown as a dotted black line at 2 free energy of D since
all the data in the figure are referenced to it

If adsarbed or liquid acetaldehyde is more stable than *O +
CyHy g the ethanal pathway is tbermodynamlcally preferred;
otherwise, ethylene evolution would be preferred. Liquid
acetaldehyde is usuvally more stable than its adsorbed
counterpart st high-coordimtion «ites, as is the case of
Cu(100) and Cu{111) surfaces, with coordination numbers 8
and 9, respectively. However, undercoordinated sites hind
acetaldshyde strong enough to prevent its desorption once
formed, mclining the selkctpity toward ethanol production,
Hence, active sites that tend to bind acetaldebyde strongly,
that &, sites with coordination number 7 or lower, are good
candidates for enhancing ethanol selectivity.

Furthermore, ethancl evolution will be favored when the
active sites bind *O weakly. It is known that less coordimated
sites at metals generally bind adsorbates more strongly than the
more coordinated ones (eg, Figure 85 for 2°CO}.™ ™ bat
this s not forcedly the case for all metals acd adsorbates, In the
case of *O at Cu, as seen in Figure 4, there i no dear
corvelation  botwees adsorption osergies and coordination
numbers. Conversely, the correlition is evident for acetalde-
hyde, which exhibits 2 good comelation coefficient. Thus, we
conclude that weak * O adsorption enhances ethanol evolution,
but it 1 dficult to predict what atomic structure 15 needed to
fulfill this requisite. According to Figure 4, 4AD@Ca(100)
sites bind *O more wealdy than Cu{100), indicating that the
syuare, four-atom idande incline the selectivity toward ethanol,
In fact, *CH,CHO is more stable than *O + C,H, by 0.46 eV
at 4AD@Cu(100) (sex Table $3). Note in passing that this
type of comparson (ie, AG, v AG,) is habitually wsed in
computational electrocatalysis to predict/rationalize the

seluctivity of reactions. MU Moreover, in Line with Lum and
Ager condusions,”” Figure 4 suggests that in OD-Cu cmlr
m which a multiplicity of sites coexsts, 4ADG@Ca(100
prmanly responsible for producing ethanol, whereas other
sites such as (100) terraces mainaly produce ethylene.

B CONCLUSIONS

Oxide-derived copper (OD-Cu) catalyss are renarkably active
for CO ekectroreduction {CORR} to C, species. In spite of the
extenese retearch devoted to explost and enhance their
electrocatalytic activity and selectivity, the atomic-scale nature
of their active sites has not been fully identified yet. On the
bass of a compatational model including thermodynamic and
kinetic data and solvent and cation effects, we proposed square,
fouc-atom istands [$AD@CU(100) ] as the active sites of OD-
Cu for CORR to ethanol These sites feature favorable *CO
dimerization energetics by virtue of their square shape, and
cthanel selectivity granted by ther undercoordination. We
ruled out active sites with hexagonal symmetry, with either
high oc Jow surface coordination numbers.

Finally, we pointed out that the relative theemodymamic
stability of adsorbed and liguid acetaldehiyde with respect o
O may determine the CORR selectivity of the active sites
toward ethylene or ethanol. Because we found no apparent
correlation between *O adsorption and coardination numbers
on Cu sites with enhanced selectivity need to be engineered
with great caution and using more advanced structural
descriptors. We hope that this study provides insightful
gudelines for the dedgn of CO and CO, reduction active
sites with enbanced ethanol selectivity,
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1. Introduction

Powered by renewable electricity, the electrochemical reduction
of CC; (CO4RR) is a plausible approach to help compensate the
tremendous global imbalance of the carbon cycle. In doing so, the
alarming amounts of CO; in the environment can be transformed
into valuable cheméical compounds such as methane, ethanol and
cthylene |1-3). As shown by the pioncering works of Hon et al.
copper 15 capable of reducing CO; beyond the two-electron prod-
ucts (€O or formic add) abserved on most metals [4-6], However,
the predominance of the competing hydrogen evolution, the low
sedectivity mward spacific products, and the large overpetentials
necded o obtain fair current densities still hinder a large-scale im-
plementation of Cu-based (0, electiolyzers. Interestngly, the re-
dax treatment of Cu electroddes hodds promise for addressing some
of these isswes (78],

In fact, oxide-derived ropper ((H)-{u} electrocatalysts show
lower overpotentials and enhasced selectivity toward C; products.
with higher faradaic efficencies of ethanol compared to regular Cu
electrodes [7.4]. In spite of some hints, the active sites responsible
for such improvements have not been ascertained yer in eéxperi-
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The elctrocatalytc veduction of CO; (COLRRT i3 0 proenising wt intricate process o allevise the alarm-
ing imbalaince in the carboan cycle, One of the intricacies of COLRR 15 s sructural sensithaty, which
is illustrated by tse varying onset potentisls and selectivities of the reaction products depending on the
electrode morphelogy. Here, using edectrochemical real-time mass spectrometry (ECGRTMS), we acourately
determine the oeset potendials for seven CORR products ncheding C;, G, and C; species on polycrys-
talline and oxdde-derived Cu clectrodes. Density functional theory cakulitions affardadly including sol-
vert and cation effects produce onset potentials of C; species matching those obtained with EC-RTMS.
Our analysls leads us to conclude that the elusve active sites o ooode-derved Cu, known to enhance
ethanal production, are sndercoordinated sguare ensemisles of Cu o,

D 2021 Elsevier Led, NI rights reserved.

ments. For instance, it is known that the presence and extent of
grain boundaries are connected with the activity improvements of
OD-Cu 1791 Furthermore, isotopic labelling experiments of CO,RR
on DD-Cu showed that ethylene and ethanol, the two major C;
products, are produced on different active sites | 10]. On the other
hand, ethyiene 15 more abundant than ethanol on pristine Cal 104)
facets |11 while increasing amounts of ethanol are observed at
ough Cu surfaces,

The recent development of the electrochemical real-time mass
spectrometry technigue (EC-RTMS) allenws for accurate, in opemandn
detection of CO,RR products on OD-Cu and polycrystalline Cu (Cu-
poly) [12,13], The sensitivity of the real-time technique for reac-
tion prodects and Intermediates is remarkably high compared to
established chromatography techniques of nuckedr magnetic res-
onance, whikh are compatible with steady-state electiolysis |11
The law limits of detection enable a more accurate determination
of onset potentizls based on the detection of products at tow for-
mation rares during potential sweep experiments This is rather
uselul for CO;RR. as dilferent compounds are produced as a func-
tion of the applied potential and, in some cases, some products
dppear at similar if not identical potentials.

furthermore, computational studies have showm thar solvation
and cation effects are key to accurately predict the CO,RR activ-
ity and sclectivity of Cu clectrodes | 1,14-13]. Remarkably, several
experimental investigations have shown that alkaline cations en-
hance the production of multi-carbon species | 18-22], Differemt
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approaches have been used to model these effects, Using static cal-
culations, selvation can be modelled using implicis sohvent mod-
els [ 21], ad hoc cocrections | 14,24 25, explicit water Layers {17,26],
or using micro-solvation medels in which explicit water mobecules
are added in the vicinity of the adsobates 1o capture their hydro-
gen bonds (27.28], On the other hand, {solvated) cations can be
modetled through an electric field |249], by inclucing them within
an explit water bilayer [20,20], by adsorbing them pext to the
adsorbates (16,2231 or by means of continuum models of the
double-layer [32]. Specific chaices for the medelling of these ef-
fects depend on the system size and complexity, usually arrempt-
ing to compromise computatonal expenses and Accuracy,

In this work, we provide the onset potentials for seven CO;RR
products Including €, G, and C; species using EC-RTMS experi-
ments, In addition. we show that calculabons afordably including
solvent and cation effects profduce onset potentlals of C, species
matching those obtained experimentally with EC-RTMS. This belps
in outlineng a plausible geometric structure of the active sites ot
OD-Cu amd leads o interesting mechanistic conclusions,

2. Methods
2.1 Expevimental detosls

Details on the analysis of gaseous and liquid products with elec-
trochemical real-time mass spectrometry (EC-RTMS) have been de-
scribed previousty [15,34), Linear sweep voltammetry at a scan rate
of 3 mV s ! was conducted from ~0.4 ta 1.1 Ve for Ca-poly and
from -0 to —0.8 Vygyp for 00-Cu, always in the negative direction
of the potential (Vg denotes potentials in the reversible hydro-
gen electrode scale) The starting potentials were such that pelther
C0; redoction nor extensive hydrogen evolution takes place, while
the surface oxidation state remains unaltered until the measure-
ment stacts. Parallel o the electrachemical data of current and po-
tential versus time, mformation on the formed products was ob-
tained versus time as well, with a data acquisition frequency of
ca 1.7 Hz lor the gas analysis and 2 Hz for the liguid analysis,
The mass specrometric data were synchronized with the elec-
trochemaxcal data after the measurement, taking into account the
time needed for the formed products to reach the corresponding
mass spectrometer, and eventually the intensities for each product
were expressed as a function of the applied potential after post-
correction for the remaining 35-41 2 after 5% positive feedback
compensation. The evaluation procedure to determine the onsct
potential of each product from the respective mass spectrometry
signals is described n section $1 of the Supporting Information
(S1).

Far the preparation of Cu-poly and OD.Cu electrodes, we em-
ployed the same procedure described In a previous work [ 130
The thermally axidized electrodes were reduced electrochemically
at — 12 Ve for 10 min before the linear sweep voltammetry
was applied, to make sure that the oxide reducica did nat in-
terfere with the product evolution during the lincar sweep. Ultra-
pure water (18.2 MQ cm, TOC <5 ppb, Merck Mill-Q 1Q 7000) was
used far the preparation of the clectrolyte, right before each mea-
surement. For the CO; reduction experiments, the electrolyte was
0.1 M KHCO: (analysis grade, Merck) saturated o C0; ($9.998%,
Alr Liquide)] and the resulting pH of the solution was 6.8, For the
acetaldehyde reduction experiments, the electrolyte was 0.05 M
NaHPO, (99%, VWR) 005 M NaH, PO, 2H,0 {9%%, VWR) [pH sct
10 6.8 equal 1o the pH of 0.1 M KHCO; saturated in CO;) and | mM
acetaldebyde (=99.0% VWR] saturated in Argon [99.998%, Air Lig-
uide), In cither case, the electrolyte was sparged with the respec-
tive gas for 20 min before the measurement started, and sparging
was maintained throughout the entire measurement.
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2.2. Compueanions! detolls

The DFY simulations were carried out using the VASP code
{34] with the Perdew-Burke-Ernzedhol (PBE] exchange-correlation
fumnctional |35], and the PAW method [36). To model Cu-poly and
OD-Cu, we studied four different types of active sites: Cuf111)
terraces; Cull0D) tervaces; 4AD@CL 100]) and 4ADPCU 111 ), which
contain 4-atom isiands on top of (100) and (111) terraces, re-
spectively. A side view of the active sites is shown in g 1. A
(42 = 4,/2IR45° supercell slab of 32 atoms per layer was used
to model the Cu(100) and 4AD@Cu 100) surfaces. Far Cul111) and
AADECU111) a X4 = 4) supercell including 16 atoms per layer
was used. These large supercedls help avoud lareral interactions be-
tween atom islands, adsorbates, and cations, All the slabs were
modelled with the converged PSE lattice constant of Cu (364 A)
dnd were composed of four atomic livers, The adsorbates, Cu is-
lands, and the top two layers of the slabs were allowed to re-
lax in all directions, while the bottom layers were fixed at the
bulk equilibrium distances. The plane-wave cutoff was 450 eV, The
Methlessel-Paxton approach was used to smear the Fermi level
with an electronic temperature of 0.2 eV, always extrapolating the
total epergles wo 0 K. The numerical integration in the reciprocal
space was carned out using Monkhorst-Pack grids of 2 x 2 = |
for Cul100) and 4ADSCUI00} and 3 = 3 = 1 for Cul(111] and
4ADECY 111), which guaranteed convergence of the adsorption en-
ergles within £0.05 eV. Pertodically repeated images in the vertical
diraction were separated by more than 13 A of vacuum and dipole
corrections were also applied. The conjugate-gradient optimization
algorithm was used for the geometry oprimizations, with itera-
tions performed until the maximal force on all atoms was below
0.05 eV A, Baxes of 9 x 10 x 11 A° were used o calculate the
solated modecules in this study, consklering the Tpoint only, us-
ing Gaussian smearing and an electronic temperature of 0,001 eV
with further extrapolation ta 0 K. On average, 10 different initial
configuranons were relaxed for each adsorbate on each active site.
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induding, when possible, monodentate, bidentate, and trdentate
configurations,

Reaction free energres were approximated as AG = Afpy +
AZPE — TAS 4 AF oy Where AEuey is the DFT-calculated reac-
tion energy, AZPE is the zero-point energy change, TAS is the cor-
responding entropy change at 298.15 K, and AF, 014 CONtains acd-
hoc solvation corrections depeading on the chemical nacure of the
adsorbates [14.25] For free molecules, all contributions are con-
sidered in AS and the values were odtained from thermodynamic
tables, while for adsorbates AS only inclisdes the vibrational en-
tropics, ZPE and TS,y values are cbtained from DFT calculations of
vibrational frequencies making use of the harmonic-oscillator ap-
proximation.

Proton-electron pairs were modelled using the computational
hydrogen electrode [17]. Cation effects were modelled by the ex-
plicit inclusion of a potassium atom over the slabs. In each case.
we found around each adsorbate the most fvorable position of the
cation by relaxing different inital geometries. We did net compuote
proton-clectron transfer basriers in this study. as Rossmeisl ot al
recently noted that there is “not (vet) a method to obtain electro-
chemical barriers between realistic states al canstant electrochem-
cal conditions™ | 38, Nevertheless, CO-CO coupling happens upon
an electron transter, so irs barrier was assessed by means of the
climbing-image nudged elastic band method |29], venfying that
only one Lmwaginary frequency along the reaciion coordinate was
present at the saddle puint.

3. Results and discussion

We employed EC-RTMS together with lirear sweep voltam-
metry to determine experimentally the onset potentials from the
reduction of €0y for the following seven liquid and gascous
compounds: methane, ethylene, ethanol, acetaldebyd2, 1-propans,
propionakdehyde and allyl alcobel. We also determined the onset
potential for ethanol from the reduction of acetaldehyde. Ty 2
shows the results for Cu-poly and OD-Cu electmdes, while a repre-
sentative dataset can be found in the SI. Figure S2. AR onset poten-

fials are characterized by a small and constant standard deviation
determined by three independent measurements, underlining the
high repreducibility of the experiments,

On Cu-poly, methane shows the most negative onset poten-
tal with D88 £ 0.02 Vg Different C; compounds [ethylene,
ethanol) as well as €y compounds (1-propanol, propeonaldehyde,
allyl alcohol) show similarly negative onset potentlals, ranging
from ~0.70 to —0.86 Vg, the least pegative being the onsct for
acetaldehyde (—0.70 £+ 0,03 Vigy ). Sall deviations in these mea-
surements might anse from diffecent sensitivity of the instrumens-
tal method toward the detection of individual compounds. The fact
that the experimental onset patentials are relatively similar for all
(3, products on Cu-paly suggests that their onset is controlled by
a common poteatia-limiting step, early in the reaction pathway.

Interestingly, ethanol is produced from acetaldehyde reduction
at a clearly less negative onset potential than from CO, (-051
+ 003 Vg versus ~082 + 003 Vigged which further supports
that the onset potential for €O, reducthon o ethanol though the
acctaldehyde intermediate |13,40] is determined by another step,
earller in the reacton seguence, as shown by DFT-based models
114,16.25.41).

On OD-Cu. the onset potentials for all products of COy reduction
(except for methane, which is not detected) are shifted substan-
tially to more positive values, spanning now from -0.49 & 001
Vaye for ehanol 1o —0.59 4+ 0.02 Vg for alyl alcohol, As the oa-
wet potentials are similar among all C;. products, we condude that
they likely still shase a common putential-limiting step on OD-Cu,
as is the case an Cu-paly. The oaset potential for ethanol from the
reduction of acetaldehyde shifts accordingly to more positive val-
ves (027 4 0.04 Vi) on 0D-Cu, again moere positive than from
CO; on the same electrode, in line with the finding on Cu-poly.
The significant shift of 250 mV on average far the omset potential
of all reactions on 0OD-Cu compared o Co-poly is ascribed to the
creation of new active sites after the thermal treatment and sub-
sequent axide veduction |7 30,4243 We note that changes in the
bcal pH or e local concentration of CO;, which can be induced
at the interface due to the higher mughness of 0D-Cu and modify
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the peoduct distnbution [44-47|, are negligible here because the
onsets were determined ar rather low current densitles and con-
tinuous electrolyte flow was employed.

Furthermore, the thermodynamics of each proton-electron
transfer of CO3RR to C; producs {ethylene and ethanol) were cal-
culated for four different active sites by combining well-known

CO; reduction pathways to *CO wvia *CODH [27,45-51] with *CO
reduction pathways that comply with several experimental obser-
vations [ 14,10250 The active sites selected for this study were
Cul111), as it s the most stable sorface termination; Co{100),
nown to facilitate C-C coupling and for being ethylens selective
[14]; 4AD@Cu(100), 3 sguare, four-atom island likely present in
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0OD-Cu, the surface of which is extremely rough |52] and ethancl
selective [ 16]; and, for completeness, 4AD@CU(111), a four-atom is-
land with hexagonal symmetry, which, as shown in previous works
116] and in Tabde S3, enhances CO dimerization with respect to
Cu{111] but is no! as active 28 the studied square sites, namely
Cu[100) and 4ADECW 100],

A schematic representation of the modelled pathway is shown
in bl J, We find that the hydrogenation of adsorbed CO moleculey
(2'CO = H* + ¢7 — “C0,H) is the potential-limiting step of the
reaction for ethylene and echanol production on the analyzed ac-
tive sites, In line with previous experimental and compurational
studies |6,34.530 The fact that C-C coupling is involved in the
potential-limiting step for C; products is also in agreement with
the similar onset potentials determined experimentally with EC-
RTMS for Cy and Cy proclucts, bearing in mind that O products
are formed via a chemical reaction berween €, and C; species
[94-56]. We note here that *0 hydrogenation to cither “COH or
‘CHO is also the potential-limitng step for CO;RR to methans
(17242757581 The aonset potentials for CO;RR to both ethylens
and ethanol are -0.50, -0.52, -1.14, and -0.66 Vgye for Cu(100)
AADECU[100), Cufl11), and 4ADPCi 111), respectively, calculued
based on values from Table S3.

In Fig 4, we show the Qaloulated free-energy diagrams lor thess
two surface models using the pathways in Ne L After notng that
(1) the calculated onset potennals for Cul100) and 4AD@Cu(100)
agree well with those determined experimentally for ethylene and
ethanol on OD-Cu, and () Cw 100) Is selective to ethylene and
AADECU[100) is selective to ethanol, we beliewe that the active
sites present at OD-Cu responsible for ethylene and ethanol evolu-
tion resemble Col100) terraces and 4ADECU( 100] igands, respec-
tvely. Cul111) and SJADECY 1T1]) are nox shown in g 4 because
they are not active toward C; products, given their unfavorable en-
ergetics of CO dimerization (see Table 831

4. Conclusions

Bacause it is emergy-intensive, the hydrogenation of *CO
impedes an efficdent €D, electroreduction, Hydragenating *CD
monomers s more difficult than hydrogenating *CO dimers an Cu
electrodes. These two observations help explain why the onset pe-
tentials for all €y, reaction products at a given clectrade are sim-
e and wiy more negative potentials Jre yeguired for producing
Cy species companed to C; amd Cs species.

Furthermore, the notable differences in the experimental onset
patentials between palyerystalline and oxide-derived copper elec-
trodes. Indicate the presence of a unigue set of active sites in the
latter, Based on DFT calculations affordably including solvent and
cation effects, we propose that such sites are formed by square,
four-atom ensembles of Cu atoms, Such configuration renders on-
set patentials for C; products that match the experimental val-
ues and complies with several expenmental facts, namely that (i)
oxide-derived Cu electrodes are extremely rough, [ii] square facets
facilitate “CO coupling, and {i8) undercoordination favars ethanol
production.

With all this in mind, we conclude that the selective produc-
tea of @ given multi<arbon product from COLRR requires not only
engineering the C-C coupling step, whach takes place carly in the
reaction mechanism, but alse the bilurcation step, in which either
the path toward oxygenates or hwdrocarbons is followed
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3.3 Selectivity Map for the Late Stages of CO and CO:
Reduction to Cz Species on Cu Electrodes

Introduction Based on previous works,’! the intermediate formed in the fifth proton-
electron transfer of the C> pathway during CORR is *CH>CHO. Depending on which of
the two carbon atoms is hydrogenated, ethylene or acetaldehyde will be produced.
Concretely, if the alpha carbon is hydrogenated, acetaldehyde (*CH,CHO + H + ¢ —
*CH3CHO) will be produced, which has been detected as a CORR intermediate on OD-
Cu,'"! and shown to further reduce selectively to ethanol on Cu electrodes.!®*!!® On the
other hand, if the carbon atom of the carbonyl group is hydrogenated, adsorbed oxygen
and ethylene will be formed (*CH,CHO + H" + ¢ — *O + CyHa()). Note that this step
involves both the hydrogenation of the carbon atom and the scission of the C-O bond.

Previous studies have shown that the barrier for such scission is large,!2%:12!

indicating
that adsorbed ethylene oxide might form at the surface (*OCH:CH:). Hence,
electrochemical ethylene oxide reduction (EOR) can be regarded as part of the late stages
of CO2RR and CORR to ethylene on Cu electrodes.

Previous works by Schouten et. al. investigated this possibility.!'*!?2 They
examined various candidate precursors to ethylene, such as glycolaldehyde, glyoxal,
ethylene glycol, and ethylene oxide. They observed that only ethylene oxide was reduced
to ethylene on polycrystalline Cu.!' They also found that the EOR onset potential occurs
earlier on Cu(100) than on Cu(111), indicating that EOR is more efficiently catalyzed by
Cu(100).!22 This observation agrees with previous results for CO2RR and CORR showing
that ethylene forms on Cu(100) with lower onset potentials than on Cu(111).8%105.122,123
Given that some intermediates are possibly shared but ethylene is usually more
abundantly produced than ethanol during CORR and CORR on Cu, it is important to
understand what drives the selectivity of Cu catalysts toward specific C,> molecules.

In this section, we investigate EOR on Cu electrodes by performing DFT
calculations on Cu(111), Cu(100), and four non flat surfaces, namely, Cu(311), Cu(211),
4AD@Cu(100), and 4AD@Cu(111), hereon referred as defective surfaces. A side view
of all the modelled surfaces is shown in Figure 17a. Moreover, in collaboration with our
experimental colleagues of the National University of Singapore, the onset potentials for

EOR on Cu(111), Cu(100), Cu(311), and Cu(211) single-crystal electrodes are

determined. We then compare the obtained results with previous calculations of
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acetaldehyde electroreduction (ARR) to build a selectivity map of the late stages of CO»
and CO electroreduction to Cz species on Cu electrodes.

This work led to the publication of a research article.'?* The manuscript is included
at the end of this section. In the following pages, a summary of it is given. My contribution
to the research article was: (a) Elaboration of the DFT calculations, (b) analysis of the
computational results and making of the corresponding figures, and (c) writing a first
draft of the manuscript. I was not involved in the making of the experiments. The
supporting information for this article can be found in Appendix C. The optimized
geometries were removed from this document to save space but can be found online at:

https://doi.org/10.1002/anie.202014060.

Cuf111) Cu3n)
4AD@Cu(100) 4AD®Ce(111)
CH,OH,,
& ﬂ B‘_ e &
*OCH, O, 4,0y,
c.uou,.
. + 99
H,0y G

Figure 17. a) Side views of the surface models used in this work. b) Schematics of the different reaction
pathways for ethylene oxide reduction to ethylene and ethanol on Cu electrodes. The first step is the
chemisorption of ethylene oxide, whereas the other steps are electrochemical hydrogenations. The green
arrows mark the lowest-energy pathway. Color code: Cu (gray), C (brown), O (red), H (pink). This figure

corresponds to Figure 1 in reference 124 and is included here to facilitate the reading of this thesis.
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Results The possible pathways through which EOR can produce ethylene (C2H4O(g) +
2H" + 2¢” = CaHage) + H2Oqy) or ethanol (CoHsOg) + 2H' + 2~ = C2HsOH(y)) are shown
in Figure 17b. We concluded that the most favorable pathway for all the studied surface
sites is the one leading to ethylene via *OH, shown in green in Figure 17b. In such
pathway, *OH is at least 0.2 eV more stable than the other two intermediates
(*CH2CH20OH and *OCH>CH3). In addition, the first step is the adsorption of ethylene
oxide, then *OH and ethylene are formed after the first proton-electron transfer, and
finally *OH is reduced to H2Oq) upon the second proton-electron transfer, such that the

active sites is regenerated to start a new catalytic cycle.
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Figure 18. Free energies of adsorption of *OCH>CHa (blue), *H at 0 V vs RHE (red, with respect to H" +
¢), and *H at -0.35 V vs RHE (orange), as a function of the generalized coordination number (CN) of the
active sites. -0.35 V vs RHE represents the least negative experimental onset potential in Figure 20. A linear
regression for *OCH2CH: along with the corresponding Pearson correlation coefficient is shown, without
including Cu(100) in view of its known ensemble effects.”®!%> The red and orange lines are the arithmetic
mean of the respective *H adsorption energies. A gray band of + 2 MAE is provided around the lines.
MAE: mean absolute error of the points with respect to the linear fit. This figure corresponds to Figure 2

in reference 124 and is included here to facilitate the reading of this thesis.

57



Electroreduction of CO: to Valuable Commodities

Competitive adsorption of *H, involved in the hydrogen evolution reaction (HER),
could hinder the chemisorption of ethylene oxide. Hence, before we analyze the two
electrochemical steps, a comparison between ethylene oxide and atomic hydrogen
adsorption energies is pertinent. In Figure 18, these adsorption energies are plotted as a
function of the generalized coordination number (CN)7*!2¢ of the active sites. Their
behavior is markedly different, since the adsorption energy of *H is potential-dependent,
and only the adsorption energy of ethylene oxide displays structural sensitivity. Note that,
at 0 V vs RHE, the adsorption energies of *OCH>CH> and *H are comparable on Cu(111)
terrace sites, consequently, Cu(111) will have a higher *H coverage than other Cu facets
under experimental reaction conditions, since all the other surfaces adsorb ethylene oxide
more strongly than *H at the two potentials analyzed in Figure 18. Moreover, since
ethylene oxide requires binding to several surface atoms, its adsorption will likely be

hindered by the high *H coverage on Cu(111).
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Figure 19. Free-energy diagrams for the lowest-energy pathways of ethylene oxide reduction to ethylene
at a) the equilibrium potential (0.81 V vs RHE) and b) 0 V vs RHE. The free energies of the intermediates
with respect to ethylene oxide, protons and electrons are given for Cu(111) (orange), Cu(100) (blue),
Cu(311) (purple), Cu(211) (green), 4AD@Cu(100) (red), and 4AD@Cu(111) (yellow). This figure

corresponds to Figure S9 in the supporting information of reference 124 and is included here to facilitate

the reading of this thesis.

In Figure 19, the free-energy diagrams including the relative stability of each of the
intermediates are shown for all the surfaces studied in this work. In panel a, the free
energies are shown at the standard potential of the reaction, namely 0.81 V vs RHE. In

panel b, the free energies are shown at 0 V vs RHE. At first glance, it can be noticed that
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the potential-limiting step (PLS) is the same for all the different surfaces and corresponds
to the second electrochemical step of the reaction. In Figure 20, we show a coordination-
activity plot including the calculated onset potentials for each site correlated with its
respective generalized coordination number. The top of the coordination-activity plot,
found by extrapolating the blue line, is located at CN = 16.6. Since CN,, 4, = 12 for an fcc
crystal, neither the top nor the weak-binding side of the plot are accessible on Cu. Hence,
we conclude that all Cu sites (also those not included in this work) share the same
potential-limiting step, namely, the hydrogenation of *OH to form H>O(. Moreover, the
experimental onset potentials from experiments are also included in Figure 20 as green
squares. Note that, in those experiments, ethylene was the only EOR product detected,
while ethanol was not observed, in agreement with the most favorable DFT-calculated
pathway and its considerable energetic differences with respect to the pathways leading
to ethanol. The experimental onset potentials are in agreement with those determined with
DFT, except for Cu(111). Judging by the DFT-calculated onset potentials for the four
defective surfaces (4AD@Cu(111), 4AD@Cu(100), Cu(211), and Cu(311)), which are
all in the narrow range of -0.46 to -0.52 V vs RHE, we conclude that the discrepancy
could stems from the fact that defects on the Cu(111) crystal, rather than the Cu(111)
terraces themselves, catalyze the EOR. This is confirmed by the experimentally measured
onset potentials for Cu(211) and Cu(311) of -0.50 and -0.45 V vs RHE, respectively. Note
how Cu(111) and Cu(211) have an identical onset potential of -0.50 V vs RHE in
experiments. Overall, Cu(100) produces the highest amount of ethylene from EOR among
all the facets studied, followed by Cu(311), Cu(211), and lastly Cu(111). This finding
highlights the importance of (100) facets for the EOR, indicating that square sites are key
in the formation of ethylene rather than the defect sites, as postulated in previous

works. 127-129
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Figure 20. Coordination-activity plot for ethylene oxide reduction to ethylene. The calculated (blue) and
measured (green) onset potentials are plotted as a function of generalized coordination numbers (CN) for
various electrodes. The dashed line is the equilibrium potential (0.81 V vs RHE) and the red line marks the
point where *OCH2CH: adsorbs more strongly than *H for surfaces with decreasing CN. The large
departure of the experimental datapoint for Cu(111) from the trends suggests that its actice sites are
undercoordinated defects rather than terraces. This figure corresponds to panel a of Figure 3 in reference

124 and is included here to facilitate the reading of this thesis.

Finally, we compare our EOR results with previous ones from ARR.!%%:!1°
Experimentally, ARR leads exclusively to ethanol (CH3;CHO(, + 2H"* + 2e” = C2HsOHjy))
and its equilibrium potential is 0.24 V vs RHE. In Figure 21, we provide a selectivity map
of Cu sites for ARR, EOR, and HER. The map correlates the CN of the active sites to the
preferred reaction products and limiting potentials (Ur). We identify highly
uncoordinated sites (CN < 5.9) as the active sites for ARR, moderately coordinated sites
(5.9 < CN > 7.5) as active toward EOR, and highly coordinated sites (CN > 7.5) as

inactive or selectively active toward the hydrogen evolution reaction (HER).
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Figure 21. Selectivity map of the late stages of CO and CO: electroreduction on Cu electrodes. The
calculated limiting potentials (UL) are plotted as a function of the generalized coordination number (CN)
of the active sites. The marks on the upper x-axis show the studied active sites. To the left of the red line
(CN = 7.5), the catalytic sites adsorb ethylene oxide more strongly than *H. The dashed lines mark the
equilibrium potentials; the potential-limiting steps are written next to each line. This figure corresponds to

panel a of Figure 4 in reference 124 and is included here to facilitate the reading of this thesis.

Conclusions These results, together with additional data and analyses shown in the
research article below, lead to the following conclusions:

e The hydrogenation of *OH is the potential-limiting step of EOR on all the studied
Cu surfaces.

e Cu(100) is the most efficient surface for catalyzing EOR, featuring an onset
potential of -0.35 V vs RHE.

e Since the DFT-calculated EOR onset potentials of Cu(111) and Cu(211) were
found to have an identical value of -0.50 V vs RHE but the experimental current
density was smaller on the former, we conclude that only the defect sites on
Cu(111) are active toward EOR.

e Highly uncoordinated sites ( CN < 5.9) are the most active sites for ARR, sites
featuring a CN between 5.9 and 7.5 are active toward EOR, and sites with a CN
beyond 7.5 are selective to HER.
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e The active sites for CO2RR and CORR are different for each C2 molecule. Product
selectivity on Cu electrodes is dictated by the site-specific formation of either

ethylene oxide or acetaldehyde.
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Selectivity Map for the Late Stages of CO and CO; Reduction to C,

Species on Copper Electrodes

Oriol Piqué’, Qi Hang Low”, Albertus D. Handoko. Boon Siang Yeo.* and Federico Calle-

Vallejo*

Abstrace: The elecirochemical CO and CO, reduction reac-
tions (CORR and CORR) wsing copper catelysts and cenew-
abie cleciricity hold promive as o carbonsientral rowe o
prrodice commaodily chenvioaly and fieels, However, the exa
mieckanismis @rd structore sensinvity of Cu dlectroiles towarnd
C. products are stll wnder debate. Herew, we invesngate
ethylene oxide reduction (EOR) as ¢ proxy lo the late stages of
CORR 0 ethlene, and the resulls are compered (o thote of
aceraldehvde redwerlon o ethanol. Denyity functional theory
(DFT) calewdations show that ethylene oxide wadergoey ring
opetiing before exclusively reducing to ethvlene vin YOl
Jormation. Based on generalized coordination monbees (CN),
a yelecriviey map for the lare stagey of CORR and CORR
chowy that sites with moderase coordination (5.9 < CN < 7.5)
are effictent for ethyvlene production, with pristiee Cut X))
being mre active than defective sifuces such as Cuf3i1). In
contrast, hnky and edges are more active for ethanol
production, wiile (111) rervaces are relatively inors

Introduction

The electrochemical reduction of carbon mopoxide and
carbon dioxide (CORR and CO.RR) using solar ¢lectneity
has the potential to supply useiul chemicals and liquid fuels
sustainably while maintaining carbon neutrality ' Pionees-
ing works from Hon and co-workers showed that copper is
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a unigue catalyst capable of catalyzing the production of
a vanety of hydrocarboas and alecobols from CORR™ aand
CORRM Interestingly. the relative abundance of certain
products depends stroagly on the catalyst's morphology and
the applied potential, Specifically, methane tends to abound
whena Cu electrodes have hexagonal symmetry (e.g. prstne
and stepped Cu{111)) (for the side view of different facets, see
Hgure la). On the other hand, clectrodes with sguare
symmetry, for example Co{100), favor C, products such as
cthyfene and ethanol. Additonally. methare evolution com-
mences at considerably more negative potentinls than those
required to form C, compounds! " Such dissimilar behavior
indicates that the ) und C; reactien pathways are likely
mediated by differont species,

1 99 et
Buctl 00,

ol QLD Co 1000

DSl

b)

Figure 1. 2} Side views of the surface modals used in thes work

) Schematics of the different reaction pathways fo- ethylene oxide
reduction to ethylene and ethano! on Cu electrodes. The first step is
the chemiscrption of ethylene oxide, whereas the otber steps are
clectiochernical The green arrows mark the lowest-erergy pathway,
Atom key: Cu (gray), € (brown), © (red), M (pink)
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The C, pathways seem 1o procecd via several common
intermedintes, as evidenced by the experimental cbservation
that the Faradaic efficiencies of cthylene and cthanol shift
similarly when different alkaline cations are used in the
clectrolyte!"™ Ethylone and ethanol are also known to have
identical or similar onset potentials!"" ™ which suggests that
they share a common potental-limiting step Further msight
can be extracted from the pH independence in the standard
hydmgen electroche (SHE) scale of the CORR th ethylene
and ethanol.H This observation suggests that C-C bonds are
made via *CO coupling through an electron transfer followed
by a proton transfer,

Indeed, computational stadies bave mdicated that during
CORR on Cu(100) 10 C; species, the coupling of two *CO
mediated by an ¢lectron transfer to form *C,0; is patential-
limiting ™ Besides, ethylene and ethanol were found 10 share
the same intermediates up to the fifth proton-clectron
transfer. The pathways 1o ethanol and ethylene then bilurcate,
with the futter being the dominant product on that facet, fo
improve the selectivity toward acetaldehyde and ethaned,
modificd Cu catalysis such us oxide-derved Cu (OD-Cuy ™™
or CuAg composites have been used. ™

The intermediate formed upon the Gfth proton-electron
transfer in the C. pathway during CORR is *CH.OCHO. If the
alpha carbon is hydrogenated, acetaldehyde (CH,CHO) is
prodhiced, This molecule has been experimentally detected as
a CORR intermediate on OD-Cu!'™ and shown to reduce
selectively to ethanol on Cu electrodes™ If the carbonyl
carbon is hydrogenated. adsoebed oxygea (*O) and paseous
cthylene are formed (*CH.CHO + H' + ¢ — *0 +
CoHay )™ A closer inspection of the latter electrochemical
step shows thal 1t convolutes the hyvdrogenation of the
carbonyl carbon and the scission of the C-O bond. As the
kmetic barrier for the scission has been shown 10 be large ™
*OCH,CH, might form at the surface of the electrodes. Such
an oxametallacyele species, known i gas-phase heteroge-
neous catalysis™! is a bidentate, adsorbed form of ethylers
oxide 1o which the ¢paxy ring has opened (Figare L b), Thus,
the final stages of CO,RR and CORR to othyleae on Co may
be regarded s the electrochemical ethylene oxide reduction
(EOR).

A previous study by Schouten et al, showed this possibility
when they exammed vanous possible precursors to ethyvlene,
such as glyoxal, glveolaldehyde, ethylene glyeol and ethvlene
oxide. They found 1hat oaly ethylene oxide was reduced 10
cthyiene on polycrystalline Cu”! Additionally, they showed
that the onset potential for the EOR occurs carlier on
Cuf 100 as compared 1o Cul( 111}, which indicates that EOR is
more cfficiently catalyzed by Cu(100)/7) This cbscrvation
agrees with the results for CORR and CORR. where
ethylene forms on Cu(100) with lower onset potentials than
oa Cuf111).1* "1 It has been hypothesized that the reasca
behind the lower EOR onsct potential on Cuf100) is the
enhunced stability of the oxametallacyele lermediale
formed during cthylene oxide reduction on this surface.”™
Gaven that some intermediates are possibly shared, but
cthylene is usually more abundantly produced than ethanoel
during CO.RR and CORR,™ it s eritical to understand what
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drives the tunctonality of Cu cutalysts toward specific Cs
maolecules

Heren, we provide a computational-caperimental study
of EOR to cthylene on copper electrades. The onset
potentials for ethylene formation were determined for
Cu(l11), Cu(100), Cui211) and Cu(311} single-crystal elec-
trodes. We find s quantitative correlabon between the
expenmentnl and caleulsted onset potentials snd the geo-
metric structure of the active sitex, Furthermore, we elucidale
the mest likely reaction pathway for EOR to ethvlene, where
*OH protonation s the potential-limiting step for all the
studicd surface sites, More importantly, we build a selectivity
map for the late stages of COLRR and CORR 10 €, products
al Cu surfaces The map shows how the selectivity toward
cither ethanol or cthylene is modulated by the geometric
structure of the active siles

Results and Discussion

Active sites and reaction pathways, The pathways through
which cthylene oxide nmay be reduced 1o cither ethylene
(CHO,, + 2H" + 2¢ — CH,,, + HO,) or ethanol
(C:HO,, + 2H 4 2¢ — CHLOH, ) vin 2-electron eatalytic
processes gre shown in Figure 1h. We computed the possible
pathways on Co(100), Cull 1) and four defective Cu surfaces,
namely, Cu(2117, Cu(311), 4AD@Cu{100) (four Cu sdatoms
cn Cu(l0))) and JADECE(111) (four Cu adatoms on
Cu(l11)). A depiction of the different active sites under
study is shown in Figure Ta and the calenlated adsorption
energies ate presented in the Supporting  Information,
Table S10. We concluded that the most [avorable pathiway
in all cascs is the one that leads 1o ethylene via *OH, us shown
in Equations (1) to (3) (green pathway in Figure 1h), *OH s
at least = 0.2 ¢V more stable than the other two intermedintes
{(*OUCHACH, and *CH,CH,OH). Free-energy diagrams com-
paring these three pathways for each surface model are found
o the Supporting Information. Figures S10-515.

CHO, + % — "OCH.CH. N
OCHH, « H + & - *OH + GH,, (21
OH - H -¢ — H;O", (3

Where * is a free surface site, The fiess step is the
chemisorption of cthylens oxide, which invalyes the opening
of the epoxy ring and a bidentate adsorption configuration
[Equation (1]]. Ethylene and *OH ure formed afier the first
proton-chlecteon  transfer [Equation (23] Fioally, *OH s
reduced to H.0,, upon the second proton<lectron transfer.
such that the active site is free again to start @ new catalytic
ovele [Equation (3)).

I & important 1o note that i o gven ste does not bind
cthylene oxide strong epough [Equation (1)], it would be
difficult for EOR to procecd. This could occur as o resalt of
the competitive adsorption of “H, which is involved in the
hydrogen evolution reaction, Henee, before we analvze the
clectrochemical steps in Equations {2) and (3). a comparison
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Figurs 3. Adsception free energies of *OCH.CH, (blue; see [Equa

tion (1)), *H at OV vs. RHE (red; with respect 32 M + e ), and *M at
~0.35 V vs. RHE [(orange), a3 & functon of the generabzed coording:
tion nurmber (CN} of the active sites. —035 ¥ vs. RHE represents the
least negative eapeimental onset potentisl in Figure 3. A linear
regressian for *OCH,CH, alorg with the carmspanding Pearson
coreelation coefficient is shown, without ncluding Cu(100) in view of
its knowe ensemble eflects™ '™ The red and crange lines are the
arithmetic mean of the respective *H adsoeption entrgies. A gray bard
of £7 MAE is provided arcund the lings. MAE: mean sbsclute error of
the points with respect to the linesr fit,

between hydrogen and ethvlene oxide adsoeption s neces-
sury. These adserption energies are plotted in Figure 2 as
a fusction of the geacralzed coordination number {CN) of
the active sites (for details on the assessment of CNL see the
Supporting Information, Section 7). *H and *OCH.CH,
behave differently, as the adsomtion encrgies of the former
are potential dependeat (Figure 2), and only the Iatter
duplays strong structural sensitivity. Interestingly. at 0V vs,
RHE. the adsorption energics of *H and *OCH,CH. are
comparable on Cu(l11} terrace sites. Consequently, Cu(l1])
will prabably have o higher *H coveroge as compared to the
othor Cu facets, since these latter surfaces adsorb *OCH CH,
more atrongly than *H a1 the two potentials analyzed in
Figure 2. As ethylene oxide adsomption requires binding o
several surface atoms, it adsorption s likely hinderad 1o
a large extent by the high coverage of “H on Cu(111),

Furthermore, we note that the adsorption encegy of
cthykene oxide on Cul 100) noticcably departs from the lincar
trend in Figure 2. As *OCH.CH. is a badeatale adsorbate, this
depariure can be atiributed 10 the ensemble effects onyginat-
ing from its doable-bridge adsorption configuration (Sup-
porting Information, Figure $8), in line with previous reporis
for similar bidentate adsorbates at square-symmetry sites'™ ™
Accordmg 10 those works ensemble effects shoukd generally
be present on (100)-like sites but tend to be less pronounced
at undercoordinated sites. Indeed, we observe this for
SAD@Cu(100) in Figure 2, whereby the deviation from the
lincar trend is within a confidence interval of B3% setal 2
MAE (MAE: mean absolute error),

Exporimentd and compututionnl onset poteatinls, The
frecenergy diagrams with the relative stability of the reaction

£ 200 WilspMCH GobH

intermediates in Equations (1) to (3) for the six surface
models under study are shown in the Supporting Information,
Figure S92 In Figure 3a, we condense these data in the form of
acoordination-activity plot, in which the limiting potential for
cach site 11 correlated with its respective generalized coordi-
nation number, Extrapolating the blue line in Fizure 3a, we
find that the 10p of the coordination activity plot for EOR on
Cuis w1 CV = 16,6. Since CN,.., = 12 for a face-centered cubic
arystal, neither the top nor the weak-fanding side of the EOR
coordination-activity plot are accessible on Cu, Consequently,
all Cu sites share the same potential-limiting step, namely
*O1H hydrogenatioa to 1.0 |Equation (3}}. In Figure 3a, the
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Figure 3. 3) Coordination-actwity plot for ethylene oxide reduction to
ethylene, The calculsted (blue) and measured [groen) onset patentials
are plotted a5 2 function of generalized coordination numbers (CN)
for varicus electrodes. The dashed line is the equilibrium potential
(0.8 V vs. RHE] and the red line marks the separating pant, whereby
YOCH,CH, adsartis more strangl than *H loe surfaces witk TN on
the left side of the red line. Detalled frecenergy diagrems are provided
n Figure 59 The large departure of experimental Cu[111) from the
trends suggests that its activity originates from defect sites. b} Ethyls
ene sigrals dunng EOR on Cu(11Y), Cu10Q}, Cu311), and Cuf211) at
dlerent applied potertials in 0.1 M potsssium phosphate buller
soluticn (pH 7). X rmarks the potentisls where ethylene evobeed from
EOR was nct generated i desectable amounts.
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calculnted onset potentas for Co( 111}, Ca(100), Cu(3ll),
CufZ11), SADECa{100) and 4ADECul 1 11) are, respectively,
~DM, ~0.34, 046, —0.50, —048, and ~0.52 V va RHE.

Next, we determined expsrimentally the onset potentials
for EOR on copper surfaces (Figure3: Table 82). Tiw
reaction was performed at pH 7in (11 M potassium phosphate
baffer elecirolyte. An electrolyte with nevtral pH was chosen
to dvoid the side reactions of ethyvlene oxide 1o give ethylene
glycol and polyethyiene glyveol under acidic and basic
conditions"! The surfaces of the Cu electrodes used were
characterized using cvelic voltammetry and Xeray dilTraction
(XRD: Supporting Information, Figures S1-84). During clec-
trolysis, ethylene oxide (25 mol% in N, gas balance) was
constantly bubbled mio the cathixtic compartment. The EOR
products were analyzed by gas und liquid chromatography,
Ethyleng was the only EOR product detected, while ethanol
was not observed, cven w considerably more negative
potentials such as - LNV vs RHE (Supporiing Information,
Figure $a). This agrees with the DFT results, which show that
cthylene is the more favorable EOR product (Figure |;
Table S10).

The expermental EOR onset potential was determined 1o
be the potentnl ot which the ethylene signal begins 1o b
stronger than the baseline sgnal (Supporting Information,
Section 831, The onset potentials for Cu{100) and Cull11)
were —{L35 and —M1.50V vs. RHE respectively (Figure 3b),
Compared to the calculated values of —{134 and ~0.04 V vs.
RHE on these two surfaces. it is striking that there is onfy
good agreement for Cuf 100). Judgmg by the simulated onset
potentials for the four defective surfaces, which are all in the
narrow range of —(.46 10 {152V vi. RHE (Figure 3a), we
hypothesized that the discrepancy could stem from the fact
that defects on the Cul111) erystal, rather than the Cu(l11)
terraces themselves. catalyze the EOR.

We evaluated this hypothesis by performing EOR ca
CufZ11) andd Cul3E1). These two surlaces have. respectively
S-atom- and 2-atome-wide (L11) terraces, separated by mono-
atomic (100) steps. The expenimental EOR caset potential on
Cuf211) was —0.50 Vw3, RHE (Figaee 3b), which = the sanx
as that of Cuf111). For Cu(311), the EOR onset potential,
which was at - 0,45 V v, RHE, i slightly earlier than that oo
Cu(211) and Cu(111) (Figure 3b). This result is in good
agreement with the presence of a higher density of step edges
on Cu(317), which ¢an increase the amount of cthylene
formed from EOR., thus resulting in a somewhat catlier EOR
oaset, Overall, similir onset potentials were determined for
Cuf111), Cu211) and Cuf311), which stroagly indicates that
the “discrepancy”™ between the expenmental and ealculated
onset of EOR on Cullll) was duc to (i) the presence of
defective sites such as step edges. and (i) the mability of
Cu(111) to sustain an apprécabk coverage of adsorbed
ethylene oxide.

In this context. the cthylene signals obtiined on the
different facets at —U50V vk RHE are noteworthy (Fig-
ure Shy: Cu( 1) produces the highest amount of ethylene
from EOR amongst all the facets studied. followed by
Cu(211), Cu211) and lastly Cu(111), This finding further
highlights the mmportance of (100) facets for the EOR 1w
cthylene and the fact 1hat (111) terraces are likely inactive,

Aogre Cwem (nr. Bd 309, 6o, 10784 10790
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‘This conclusion gocs along the same lines of previous studics
for similar vrganic reactions, for example, acetone reduction,
where (111) terraces were also observed to be rather inactive
in view of the competition of the adsorbates with *H for
adsorplion siles al potentials close 10 0V va RHEF 74

Implications for CO,RR and CORR. Numerous works on
roughened and oxrde-derived Cu catalysts bave invoked the
presence of step and defect sites as being responsible for
enhanced ethylene formation from CO.RR or CORR™ ™
Our experimental and computstional onset potentials in
Fagure 3 suppest that this geperal chum is likely inaccurate, as
Cu(311), which has abundant step edges, actually catalyzed
ethylene formation less readily than Cal100). This observa-
tion also concurs with a previous work on CuClderved Cu
mesocrystals ™! The surfaces of these catalysts, which consist
mainly of various atomic steps and (100) terraces, reduced
CO; 1w cthylene more selectively than Cu nanoparticles
Unlike the Cu mesocrystals, the Cu nanoparticie surfacss
were found to have high-index plancs composod of abundant
steps. bat with no terraces. The present resulis further stress
the importance of Cul100) rerraces for the selective forma-
tion of ethylene during CO; electrolysis

The standard potential for the reduction of ethylene oxide
10 e¢thylene is 081 V vs. RHE, Judging by the calculated and
memured onset potentials. we conclude that. despite its
apparent simplicity, the EOR on Cuo requires large over-
potentials of no Jess than = 115 V. Knowing that Equation (3)
(*OH + H' = ¢ — H,0,,)is the potential-limiting step for
all the studied models (Figure 3a), destabikizing *OH would
likelv fead to lower overpotentials. Different strutogics may
be wsed o this end. forexample, changing Cu-Cu distances via
strain) ™ " making use of different electrlytes so that cation
andior anion cffects modify *OH adsocption encrgies!™*?
using nonagueois solvenls such as acctomitrile 1o avorl the
stabelization granted by "OH-H,O hydrogen bonds**! and
alloving a noble metal such as Prwith Cu. as the former hinds
*OH more weakly than the later.

These strategics are also important for the CORR to
ethylene on Cu(100), as the onsct potential is around - 040V
vi. RHE and is usually attributed 1o the formatioa ol a *CO
dimer!" '™ Onpee the dimer formation is experimentally
optimized so as W require a significuntly less negative
potential, the next target will probably be *OH, as its
conversion 10 H.O requires 035V vs. RHE according 10
Figure 3. However, we note that the adsorption energies of
*OH and *OCH.CH, arc roughly correlated in o knecar
fashion {Supporting Information. Figure S7), such that if *OH
adsorphion s oo weak, ethylene oxsde might not adsorb on
the surface of the catalyst

Finally, we compare the EOR results o those of the
acetaldehyde reduction reaction {ARR) on Cu'®" Experi-
mentally, the ARR leads exclusively to ethanol (CHCHO,
+ 2H" 4 Ze — GHOH,,) and its equalibrium potential is
(L24 V v& RHE. On Cu electrodes, the ARR is Hmited by the
formation of a monodentate, O-bound cthoxy intermediate
{* = CHCHO,, + H' + ¢ — *OCH.CH,), the hydro-
genaticn of which is vsunlly dowshill in cocegy 1o produce
¢thunol (*OCH.CH, + H' + ¢ —* + C,HOH,,).
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Figure 4. 3] Selectivity map for the late stages of CO and CO, elactro.
reduction on Cu electrodes. The calculated limiting potentials (U,| are
plotted a3 a function of the generalized coordination number {CN) of
the active sites. The upper s-mis shows the studied active stes.
Acetsidebyds reduction [blae) to ethanal is most favorable on low
coorcination saes (CN < 5.9), whereas ethylene ande reduction
[green) to ethylene is most favoruble on intermediate coordination
sites (5.9 < CN < T.5). For CN > 7.5, only hydrogen evlution
[orange) proceeds. To the left of the md ine (TN = 7.5}, the catalytic
siten adsorb ethrlone oxiclo more strangly than *H, The dashod ey
mark the equehibium potentials; the potential limiting steps are
provided in each case. b) Ratio of jy o ffhun Of various Cu catalysts
photted as a function of catalysts” roughness facior. Al duta used are
obtained from previous CORR (i-v) or CORR (v studies [Supporting
Information, Section $4): () reference |13, {i) reference [47). (i)
reference [¢8], (i) reference [#3], (V) reference [50], (v} reference [16].

In Figure da, we provide a selectivity map of Cu vites lor
the ARR, EOR and hydrogen evolution reaction (HER), The
map connects the generalized coordination of the active sites
to the preferrod reaction products and limiting potentials
(UL ) ARR is thermodynamically more [avorable than EOR
at highly undercoordinnted Cu sites (CV < 5.9). which are
characternistic of step edges and Kinks. Note that this result
helps to explain why in a recent work. Cu, and Cu, clusters
could reduce €O, to ethanol with Faradaic clficiencies of up
1091 % M On the other hand, cthylene formation is favorable
at moderate-coordination sifes (5.9 < CN < 7.5). Cu(lU0)
terraces belong to this category and introducing undercoordi-

£ 7on Wilsp MCH GebH

nated defects cato facets within this category makes the
limiting potential more pegitive, This is whin we ohserved
expenmentally in Figure 3b. Fially, adsorbed hydrogen
prevails over adsorbed cthylene exide on Cul(111) terraces
and more coardinmted sites (CV = 7.5), which renders them
inactive for the EOR. This is also in line with the exper-
imentnl results shown in Figore 3%,

We note in Figure 4a that the opposite slopes for the right
leg of ARR (i blue, 3.7 < OV < 59) and the FOR region {in
gréen. 3.9 < C¥ <13) suggest that undercoordination has
opposite effects on the eatalytic activities Interestingly, these
chservations coincide with many previous fndings for
CO.RR and CORR: (1) Pristine Cu{100) is usually selective
toward ethylene.™ ™ (11} A rougher Cu surface, which
intuitively is 4 surface with more defective sites sueh as steps
and kinks, will ¢nhance the relative production of ethanol
over ethylene as compared to smoother Cu surfaces (Fig-
ure 4b; Sepporting Information, Section $4),"" 7 (111)
Cu(i11) produces small amounts of C, species ™ In this
order of ideas, elecirodes where o multiplicity of sites coexist,
will fikely lead to a mix of €, products from CORR and
CORR.

Conclusion

Despite extensive research on CO,RR and CORR. there
is mot vel o consensus aboul the complete reaction mecha-
nism. Herein, we studied the ethylene oxide redoction {(EQOR)
as o proxy for the late stages of the CO,RR and CORR
pathway to ethylene on Cu. *OH hydrogenation s the
potential-limiting step in oll studicd cascs, and the most
efficient surface for EOR is Cul 100), with an onset potentisl
of 035V va RHE. The EOR onsets for Cu(111) and
Cul211) were wentical at —U50 V vs. RHE, but the measured
current densities were smaller on the former, suggesting that
oaly defect sites on CuflL1) are active,

Comparing the scetaldehyde redaction reaction (ARR)
with EOR on Cu. we conclude that the former bs favored at
highly undercoocdinated sites (CN < 5.9, typical of step edges
and kinks), the latter is preferred at moderately undercoordi-
nated sites (5.9 < CN < 7.5, for example, Cuf{ld)), and
hydrogen adwrption precludes ethylene oxide redoction on
Cu111) and more coardinated sites (CN = 7.5).

In broader terms. our findings mdicate that the most
active sites for CO.RR and CORR are different for cach €,
product, Cull00) terruces favor cthylene formation, while
steps, kinks and akin undercoordinated delects Lavor ethanol
evolution. As the EOR and the ARR lead exclusively to
ctliylene and ethanol, respectively, we conelude that the lack
of CORR product selectivity on Cu stems from surface
inhomaogeneities and is dictaled by the sste-specilic formation
of either “OCH,CH; or CH.CHO.,
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Electroreduction of CO: to Valuable Commodities

3.4 Enhancing CO: Electroreduction to Ethanol on Copper—
Silver Composites by Opening an Alternative Catalytic
Pathway

Introduction As described in the previous sections, the rational control of the catalytic
selectivity of CO2RR and CORR is a central question in electrocatalysis. For instance,
the addition of a CO-producing co-catalyst such as Zn or Ag to Cu electrodes helps in
inclining the latter’s CO2RR selectivity toward C» products.'*%!137 For CuAg systems, the
enhancement has been attributed to the suppression of the competing hydrogen evolution

132133 optimized binding of reaction intermediates such as *CO,!313% and

reaction,
increased surface population of *CO intermediates on the catalysts.!3%136.137 Moreover,
experimental observations are often conflicting: some works showed an enhancement of

13139

the Faradaic efficiencies of both ethylene and ethano some showed enhancements

only for ethylene,!3%136

and others suppressed ethylene production while improving
ethanol selectivity.!*!!38 These discrepancies suggest that the atomic-scale configuration
of these bimetallic catalysts strongly determines their CO2RR product distribution and
call for mechanistic studies to gain a deeper understanding of CO2RR on CuAg systems.

Herein, we quantified the CO2RR activity and selectivity of a series of CuAg
composite catalysts containing Ag particles and OD-Cu nanowires (OD-Cu NW), again
in collaboration with our experimental colleagues at the National University of
Singapore. We assessed the impact of increasing the local amount of CO on ethylene and
ethanol production during CO2RR and complemented the analysis with DFT calculations.

This work led to the publication of a research article.!*® The manuscript is included
at the end of this section. In the following pages, a summary of it is given. My contribution
to the research article was: (a) Elaboration of the DFT calculations, (b) analysis of the
computational results and making of the corresponding figures, and (c) collaboration in
the writing of the manuscript. I was not involved in the making of the experiments. The
supporting information for this article can be found in Appendix D. The optimized
geometries were removed from this document to save space but can be found online at:

https://doi.org/10.1021/acscatal.9b05319.
Results Experimental measurements of the CO2RR activities of OD-Cu NW, Ag 20 nm

particles (Ag-20), and a mixed catalyst containing OD-Cu NW and Ag-20 particles with
an Ag/Cu molar ratio of 20 (Cu(Ag-20)20), were evaluated. Note that, as determined by
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means of different characterization techniques, the Cu and Ag phases in CuAg composites
are segregated, and do not modify each other electronically. The results show that more
C2 molecules were produced from the Cu(Ag-20)2 catalyst compared to OD-Cu NW. It
is also observed by performing experiments on composites with Ag/Cu molar ratios of 5,
9, and 15, that increasing the Ag/Cu ratio improves the amount of C> molecules produced.
Ethanol featured the most pronounced enhancement, 8 times larger than for ethylene,
suggesting that ethanol evolution is more sensitive to the presence of the CO molecules
produced at Ag particles as compared with ethylene production. Moreover, further
experiments involving bigger Ag particles showed that ethanol evolution was
significantly increased with Ag surface area, while ethylene production did not show a
sizable increase.

To understand in better detail the working principle of CuAg catalysts, we
performed DFT calculations on model systems. We divided the entire CO2RR to ethanol
into three separate parts. First, we considered the electroreduction of 2 CO2 molecules to
2*CO. This is followed by the reduction of 2*CO to *CHCO. Finally, we close the
analysis with the reduction of *CHCO to ethanol.

Computationally, we first inspected the thermodynamic stability of CuAg bulk
alloys with different copper/silver proportions. Alloys of CuAu were also investigated as
a control system. As shown in Figure 22, the formation energies for the CuAu alloys are
negative for all the considered proportions, in line with previous studies.!*! On the other
hand, the alloy formation energies are positive for all the studied proportions of CuAg
alloys. Hence, we propose that Cu and Ag likely exist as separated phases in the catalyst,

as also observed in the characterization results of our CuAg composite catalyst.
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Figure 22. DFT-calculated alloy formation energies versus the % of M in CuM alloys. M = Au (green), Ag
(red). This figure corresponds to Figure S11 in the supporting information of reference 140 and is included

here to facilitate the reading of this thesis.

CO2RR to CO was studied on Cu(111) (copper’s most stable surface termination),
a Ag cluster on top of Cu(111) (named Ag@Cu), and Cu(211). As seen in the top panel
of Figure 23, the desorption of *CO to CO(g) is not favorable on Cu(111) and Cu(211),
hence, *CO will further reduce to *CHx species at negative enough potentials, eventually
leading to CHa4.!'® On the other hand, *CO at Ag@Cau sites is so weakly adsorbed that it
cannot undergo further reduction. Instead, it will either diffuse into the solution or migrate
to neighboring Cu sites. Concretely, *CO to CO(g) is stabilized by 0.11 eV upon
desorption from Ag, whereas it is stabilized by 0.39 eV when migrating to the Cu(111)
surface. The kinetic barrier for the diffusion of *CO from the Ag cluster to Cu(111) is of
0.17 eV only, which is easily surmountable at room temperature (surmountable barriers
at 298.15 K are usually below 0.75 e€V).!?* Cu(211) step-edge sites are probably covered
by reaction intermediates because of their undercoordination. However, weakly
adsorbing Cu(111) sites coverage will remain low when there is no excess *CO. Thus,

we hypothesize that ethanol evolves from Cu(111) sites near Ag particles.
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Figure 23. Top: Free-energy diagram of COxg) electroreduction to CO() on Cu(111) (blue), Cu(211)

(cyan), and Ag@Cu (gray), which is a Ag cluster on top of a Cu(111) slab. All energies are referenced to

COx2(g) and proton-electron pairs. Inset: CO adsorbed on the Ag@Cu cluster; Cu, Ag, C, and O atoms are

shown in blue, gray, brown, and red, respectively. Bottom: Free-energy diagram on Cu(111) featuring two

different C-C coupling pathways to *CHCO from 2*CO. In red, the *CO dimerization pathway. In orange,

the energetics of the *CH + *CO pathway. All energies are referenced to 2*CO adsorbed on Cu(111) and

proton-electron pairs. This figure corresponds to Figure 4 in reference 140 and is included here to facilitate

the reading of this thesis.
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As seen in the bottom panel of Figure 23, the reduction of 2*CO to C; species can
proceed in two different ways, trough the conventional *CO dimerization pathway or via
the coupling of *CO with CHx species. To determine which species are able to couple
with *CO, we calculated several coupling barriers on Cu(111) through both Langmuir-
Hinshelwood (L-H) and Eley-Rideal (E-R) routes. The lower barriers are those featuring
a L-H coupling between *CH and CO or *CH; and *CO, with values of 0.70 and 0.71
eV, respectively. The bottom panel of Figure 23 shows that the *CH + *CO coupling
pathway is more favorable than *CO dimerization on Cu(111) by 0.37 eV. As concluded
in previous sections, *CO dimerization energetics on Cu(111) are prohibitive.

Finally, we studied the further reduction of *CHCO species. In the top panel of
Figure 24, the most favorable reduction pathway to ethanol is shown in green. The atomic
structure of the intermediates involved in the most favorable pathway is depicted in the
bottom panel of Figure 24. In Figure 25, we show all the pathways investigated for the
formation of ethanol and ethylene from *CHCO, also including *CH>CO and *CH3CO.
Further reduction of *CH>CO and *CH3CO also resulted in favorable ethanol formation.
Regardless of whether *CHCO or *CH>CO is the result of the coupling step (or even
*CH;3CO), the pathways always incline toward ethanol instead of ethylene. This leads to
a simple conclusion: once *CO + *CHx coupling takes place on CuAg composite
catalysts, ethanol is selectively produced. This is consistent with the experimental
findings, where ethanol production is enhanced when CO availability increases. In
summary, these results show that an alternative pathway to *CO dimerization is opened
that produces ethanol selectively in the presence of excess *CO on the otherwise inert

Cu(111) terraces.
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Figure 24. Reduction of *CHCO to ethanol on Cu sites. Top: Free-energy diagram for the electroreduction
of *CHCO on Cu(111). The preferred pathway is shown in green, whereas less-stable intermediates are
shown in red. Note that ethylene production is considerably less favorable than that of ethanol. All energies
are referenced to *CHCO and proton-electron pairs. Bottom: Atomic structures of the species in the
*CHCO preferred electroreduction pathway. Cu, C, O, and H atoms are shown in blue, brown, red, and

pink, respectively. This figure corresponds to Figure 5 in reference 140 and is included here to facilitate
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Figure 25. Pathways inspected for ethanol and ethylene production from *CHCO, including as well

*CH2CO, and *CH3CO. The values over the arrows are the reaction free energies in eV. Green arrows lead

in each case to the most stable intermediate, and red arrows are used for the least favorable intermediates.

This figure corresponds to Figure S10 in the supporting information of reference 140 and is included here

to facilitate the reading of this thesis.

Conclusions These results, together with additional data and analyses shown in the

research article below, lead to the following conclusions:

CuAg composite electrocatalysts show enhanced production of C> molecules from
CO2RR as compared to OD-Cu. Ethanol evolution features a more pronounced
enhancement than ethylene production.

When in presence of excess *CO, an alternative pathway to reduce CO>
selectively to ethanol is opened. This pathway does not proceed via *CO
dimerization but through *CO + *CHx (x = 1, 2) coupling at Cu-Ag boundaries.
The species resulting from such coupling are then reduced to ethanol.

In perspective, our works shows that certain sites at catalytic surfaces are inactive
because of their inability to stabilize certain adsorbates, but can become active via
the opening of an alternative pathway that circumvents the formation of such
troublesome species. This is the case of Cu(111) sites, which are not active toward
C» species for CO2RR; but when there is excess *CO, they can selectively reduce

it to ethanol.
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ARSTRACT: A fundamental question in the electrochemical CO, reduction reaction (CO,RR)
s how to rationally corrol the catalytic selectivity, For instance, adding o CO-selective cocatalyst
fike Ag to Cu shifts the latter's CO,RR selectivity toward C, prodocts, but the underlying cause of
the change is unclear. Herein, we show that, during CO,RR, the sbuadant CO availabiliey at
Cu-Ag boundaries faclitates C-C coupling on Cu to selectvely genenate ethanol through an
atherwise closed pathway, Onide-derived Cu nanowires mixed with 20 nm Ag partides {Co:Ag
mole ratio of 1:120) catalyzed CO, reduction to ethanol with a maximum current density of —4.1
mA/fcm’ and ethanel/cthylene Faradaic efficiency ratio of 1.1 st =1.1 V vs RHE. These figures of
ment are, respectively, § and 3 times higher than those for pure cxide-derived Cu nanowires.
CO,RR on CuAg composite catalysts with different Ag:Cu mtios and Ag particle sizes reveals that
ethanol production scales with the amount of CO evolved from Ag sites and the abundance of
Cu—-Ag boundanes, and, wery interestingly, without sgnificant modificabions to ethylese
formation, Computational modeling shows selective ethanol generation via  Langmuie—

‘ &u
(SS9 _;«"f-.! |
5 P,

Hicshdwood *CO + *CH, (x = 1, 2) coupling at Cu~Ag boundaries and that the formation of energy-intensive CO dimers &s

crcamvented

KEYWORDS: eectrockemical CO, reduction, electrocatalysis, ethanol, copper—silver, rasction mechamism

1. INTRODUCTION

The electrochemical reduction of carbon diexide (CO,RR),
when driven by renewable electricity, provides 4 carbon-neutral
route to generate fucls and chemical feedstock. Metallic
copper foils can catalyze the electroreduction of CO, to
hydrocarbons, sm:h as methane and ethylene, and oxygenates
such as ethanol.” R:gnm:bly, they are not particularly sedective
oward C, molecules.’ Osidizing the Cu electrodes prios o
thelr use as catalysts enhances their sedecuwity toward C,
products, with ethylene more prevalently formed over
ethanol. "™ This raises the question of bow o strategically
steer the conversion of CO; toward ethanol, which is both a
widely used commodity chemical and a fael with one of the
highest gravimetric energy densties. Techno-economic
analyses also highhight the importance of good ethanol
selectivity in onder o ncrease the technology readiness level
(TRL) of COstoethancl edectrolyzers.” In this context,
elucidating the reaction intermediates and pathways of CO.RR
0 ethanol 15 a key requisite.

For the praduction of C; molecules on Cu surfices, *CO
dimerization has been identibied a5 the key step in the reaction
pathway,”" Theoretical simulations on Cu(100) further
suggested that m the late stages of the pathway, theve is a
selectivity-determining  intermediate, namely *CH,CHO."'
The h)\:lroscutbn of this latermedlate leads to elther ethylene
or acetaldehyde,'' which is readily electroreduced to

© 2000 Arrerican Chamtat Society

v ACS Publications

ethanel ™" The ides of a shared ethanol/ethylere pathway
is supported by the Famdaic efficiencies (FE) of the two
pmdixts being modified amilady in the presence of alkaline
cations,’

An alternative pathway for the reduction of CO, to ethanol
mvalving the coupling of CO and CH, inturmediates to give
acetaldchyde which again reduces to ethanol, has also been
proposed.”” This puhway has been postulated m occur when
there 15 an excess of CO on the working catalyst.'® Previously,
ring, which is selective for CORR to CO, wis added 18 a
cocatalyst to copper. The Zn sites would produce CO
molecules in situ, which would combine with *CH, moieties
on the Ca sites to produce C, species.’” By Increasing the
amount of Zn in the bimetallic catabysts, it was found that the
selectivity of ethanol over ethylene, defined by the ratio of their
Faradaic efficiencies {FE o 1 /FE, 4. ), could increase by a
factor of up to ~12.5 Ethanol formation was mamized on
CuZn at =105 V vs RHE, with a Faradac efficiency and
current density of 29,15 and =8.2 mA/cm’, respectively. Lee
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Figure 1, SEM mmages of as-prepared (2) Cu,O manowires (b) Ag-20, (¢} Cul{Ag-20),, composite catalysts, (d) and {¢) are, respectively, the Cu
and Ag EDX maps of l'ul:;\s-!l)):. {f1={j) sre the SEM imagee and FDX maps of the catalpee after | h of CO, reduction at — 1.1 Vve RHE TEM
enages of A2k are shown in the insets of {b) and () XRD patterns of Co,O (Blue Nines ), Ag-20 {gray lnes), and CulAg-20)y, (green lines) (k)
Selfore and (1) after 1 b of CO, neducticnr al —1.1 V vs RHE, The peaks are assigned using standard XRD pattems JCPDS 01-071-3645 (Cu,O),
JCPDS 010703038 {Cu), and 03065 8428 (Ag) We note that Cs (11L) and Ag (200) peaks overlap. Peaks from the graphite sabstrate are

odicated with =, {m} TEM image of OD-Cu NW after €Oy resluction ot —|
cev L. (o) Ag 30 XPS spectra of Ag-20 and CalAg-20),,

The analysas region is indicated in hlue on By

etal. further studied oxide-denved CuAg catalysts and repocted
a muximum FE,, . of 348%at =12 Vvs RHE" At the sume
potential, ethylene was prodeced with 4 FE of 95%
Maximuzing the number of biphasic Cu—Ag boundaries was
hypothesized to tackitate the migration of CO pruduced on the
Ag sites to the Cu sites, where cthanol could be eventually
formed.

Recently, various CuAg catalysts have been reported to
exhibit enhanced CO,RR selectivity and activity toward
multicarbon products, The enhancement has been attributed
to the suppression of the competing hydrogen evolution
reaction, """ optimized binding of reaction intermediates sach
as *C0O,""" and Increased surfice population of “CO
mtermediates on the catalysts.” ' Propositions to improve
multicarbon product selectivity Indude optimizing copper—
slver interfaces to boost CO migration from sifver to copper
sites,” """ and miting copper and silver phases to suppress
hydrocarhon production and promote the formation of
axygenated peoducts.'™ "

Whike it is ciear that adding silver infiuerces the CORR
product distribation of copper, the expenimental observations
on the CuAg systems were often conflictiag: some enhanced

EV v RHE (o) HRTEM analysss of OD-Ca NW after elocteodysis,
atter COY, rechaction at <11 V os RHE

the Faraduic efficiencies of both ethylene and ethanol,’”™ seme
showed enbancement only for ethylene,™ " while others
mproved the ethanol selectivity while suppressing ethyl.
enc.’ Furthermore, despite commendable efforts In
deaonstratiog the CO-splllover phencmenon from Ag to
Cu, it is still undear how the CO that spilled over from the Ag
sites could modifiy the CO,RR selectivity of Cu.**"" All these
suggest that the atomic-scale configuration of CuAg catalysts
strongly determines their CO,RR praduct distribution and
calks for detailed mechanistic studies in order to gain a deeper
understanding of CORR on CuAg systems,

Herein, we probe the CO,RR catafytic activity of a seres of
composite  catalysts conasting of Ag particles and oxide
denved Cu nanowires (OD-Cu NW). We assessed the unpact
of Increasing the amount of CO in the system on ethanol and
ethylene production during CO,RR, and supplemented our
analysis with density functional theory [(DFT) calculations
Our results indicate that at Cu—Ag boundaries, an alternative
pathway that allows the selective production of ethanol is open.
Interestingly, the pathway remains locked when CO 5 not
profusely evolved, indscaing that CO availability is a key
pacameter to modulate the selectivity of copper catalysts,
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Figure 2. Faradas offciencivs of CO, ulcchnlym produsts on (a) OD-Cu NW, (b)) Ag 20, and (¢} Colg-20}, () Difference in partial cument

densaues (81 = fo e xin = (‘mum "lﬁk
oclude acetaldehyde, n-propanol, propeon

) ot majoe COLRK products formed on CulAg-20)y, and on OD-Cu + Ag-20. The other oxygenates
brrde, methanol, and allyl alcohol. The insets show the partisl current denstics of (i) ethanol and (u)

CO on CulAg-20),, compared with the partial current densities from OD.Cu NW + Ag 20,

2. RESULTS AND DISCUSSION

2.1. Characterization of Materials. We synthesized
Cu0 nanowires vsing 4 poblished procedure,” Scanning
electron microscopy (SEM) revealed that these nanowires had
diameters of SO=100 am and lengths of tens of micrometess
(Figure 1a). SEM and transmission efectron microscopy
(TEM] amalyses of the Ag powder (used as purchased)
chowed ~20 nm.sized particles (Figore Ih),

The CiuyO nanowires and 20 nm Ag powders were
physicalty muved as a catalyst ink and dropcasted onto graphite
substrates (see the Supporting Information, SI, Section 51),
We labeled the composite catalyst as Cu(Ag-D)y, where D is
the diameter {in nanometers) of the Ag partides and M is the
nomminal moler ratio of Ag/Cu. The SEM image of as-prepared
Cul(Ag20);, showed that the Cu,0 nanowires and Ag
particles were wel mixed (Figure lc), as confirmed by
demental mapping from energy-dispersive X-ray spectroscopy
(EDX; Figure 1de), The morphologies of all these materials
did not change significantly after they were used a5 catalysts for
1 h CORR in 0.1 M KHCO; electrolyte at a representative
potential of —1.1 V ws RHE {reversible hydrogen clectrode; all
potentials hereafter are referenced to the RHE; Figure Lf=j),
EDX analysis indicates thut after electrdysis, the Ag/Cu ratio
of CulAg-20),; ncreased from I8 + 2 to 22 + 2 (51 Section
§2.1). Thes suggests that some Co dissolution might have
acarred.

The identities of the as-prepared catalysts were confirmed by
X-ray diffraction (XRD) (Figure 1k]. Ag peaks dominated the
diffraction pattern of CulAg-20),, because of its hgh Ag

content, After electrolysts, both metallic Cu (with Cafi11) as
the strongest peak) and Cu,O signals were observed on 0L
Cu NW (Figare 11}, TEM analysis of the OD-Cu NW (Figure
Im,n) after dectrodysis confinns that its surface was reduced to
metallic Cu. This observation is consistent with previous works
which showed that the surface of copper axides was redoced to
metallic Cu under CO. reduction conditions.™ ™™ Both Ca
and Cuy O signals were also observed in the XRD pattern of
CulAg-20),, after 1 h of CO, electrolysis {Figure 11). TEM
analysis of postreduced Cu(Ag-10),, confirms that, similar to
OD-Ca NW, the surface of the Cu,O nunowires in the
compasite catalyst was reduced to metallic Cu (Figure STh),
It is noteworthy that Cul(Ag20),, both before and after
electrolysis, did not exhibit XRD peaks that could be assigned
to CuAg alloys. This observation is corsistent with Cu and Ag
being immiscible in the solid state.'’ Furthermore, TEM
analysis of CulAg-20),, after electrolysis revealed that the Ag
particles were not strongly adhered to the OD-Cu NW and
that the OD-Cu NW surface consisted of only metallic Cu and
was not incorporated with Ag (Section 522). X-ray photo-
clectron spectroscopy (XPS) wis also performed on CulAg
20}y, and Ag-20, after they were wed for CORR, The Agy
peaks of both catalysts exhibuted the same binding energies at
368.3 and ’.’4 3 oV, which can be assigaed to metallic Ag’
{Figure 10).” This observation s consistent with the metallic
Ag pezks observed in the XRD of both catalysts (Figore 11}
and the pure Ag phase (no Cu mcorporated) observed in the
TEM analysis of CufAg-20),, after electrolysss (Pigure S1d),
Collectively, these evidences demonstrate that the Co and Ag
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phases in ColAg-20)., are segregated, and they do not modify
each other electronically. This impeetaat piece of information
will be used later to devise the DFT calculations.

2.2. CO,RR Activity of OD-Cu NW, Ag-20 Particles,
and Cu(Ag-20);;, Composites. The CO,RR actwvities of
OD-Cu NW, Ag-20 particles, Cu(Ag-20)y talysts were
evalated wslay chroscamperometry from —0.9 to —1.2 V v
RHE n 0.1 M KHCO, electrolyte (S1 Section $3). The
CORR product distributions are presented in Figure 2a~c
and Section 53 of the 31,

On OD-Cu NW, the optimal FEs of ethano) and edhylene
were 73% and 20,1% respectively a8 = L1V {FE i/ FE, ttom
=04 Figere 22 and Table 54). Methane became the dommant
CORR product (FE = 2001% at =12 V) & more pegative
potentals were upplied Ag-20 reduced CO, to CO with FE of
80-506% from —0.9 to —1.1 V (Figure 2b and Table §5). At
=12 V, FEoo decreased significantly to 68.1%, while FE,;,
menasad to 14794 (Table §5), indicating that CO, mass
transport limitations to the working electrode had occurred.
We also detected minute amounts of methane (FE < 0.3%)
and ethanol (FE < 0.4%) on Ag20. This Snding is consistent
with earlier experimental and theoretical CO, electroreduction
studies on Ag forls. "

On CufAg 20)4, CO,RR to ethanol and ethylene peaked at
~L1V, with FEx of 16,5 asd 14.9% respectively (FE ./
FE e = L1; Figure 20 and Tuble 56). The lscressy in
FE ghueet! FEotbyieee from 0.4 to 1.1 indicates that the addition of
Ag to OD-Cu NW enhances the selectivity of the composite
catalyst toward ethanol Note that control CO; electrolyses on
pristine graphite substrates produced mainly H, (71 to 79%
FE), some HCOOH (FE < 17%), aod CO (FE < 4.1%) ( Lable
57} Neither hydrocarbons nes alcohols were detected,

We also evaluate the difference in the geom:tﬂc partnl
current densities (&) = fooasme = (oo sw® fagan)) of
major COLRR products formed on Cue(Ag-20);, and its two
components (Fgure 2d). Methane, ethylens, ethanol, and
other axygenates (excluding formic acid) showed a positive A,
with ethanol exhibiting the greatest valee of Af. Specifically, at
=11V, the fuguq 00 OD-Cu NW 4 Ag-20 and Cu(Ag-20),
were —0.87 and —4.14 mA/cm’ respectively, representing @
near Sdold change (Figure 2d inset {i), SI Secticn 52). In
COMTIY, Foprine I firiye increased by bess thin s factor of
1.6 from =235 to ~3.76 mA/cm’, and =1.73 1o ~2.39 mA/
an’, respectively {8 Szction 53). CO had a oegative 4j, with
the largest change ako obseeved at ~1.1 V {Figure 2d and Inset
(i)). These observations suggest that on the Cu(Ag-20),,
catalyst, CO produced at Ag sites could be consumed at other
sites to yield more reduced products, especially ethanol,

The stability of Cu[Ag-20),, was evaluated over 5 h (81
Section 54). We observed that the FEs of ethanol and ethylene
decreased slightly from 164 to 122% and 134 to 110%,
respectively, while the FE., increased from 27.5% to 41.4%,
Inductively coupled plasmaopticd emission  spectrometry
(1ICP-QES) analysis detected only 0.1 ppm of Cu (and no
Ag) i the wed edectrolyte, indicating Cu dissolution. EDX
analysis of CalAg-20):, after the electrolysis showed that the
Ag/Cu mitio had increased to 26 + § (Table 58). EDX
mapping reveals that seene of the dissolved Cu bad redeposited
a8 nanoparticles onto the catalyst surface (Figure S3), which s
consistent with structural changes ezpected from the
dissolution-redepostion processes on Cu' These findings
mdicate that the Ca catalysts partully dissolved during €O,

electrolysis, which resulted in less Cu catalviic sites for the
conversion of CO to C, molecules. Consequently, ethylene
and ethanol formatton concarrently decreased, while more CO
{produced on Ag) was detected. Interestingly, FE .../
FEu1yime femainedd stable at about 11-1.2 across the 5 b
duration of the experiment (Figure 52). This chyervation
suggests that, rather than the catalyst stracture, the availability
of CO for futher reduction on Cu s the main factor
m&nm the Fﬁvh'ﬂ/mﬁly&w'

To sum up, we observe that more C, molecules were
produced from the Cu(Ag-20)y, composite than on OD-Ca
because of the utilization of CO malecules produced from the
Ay sites. Ethunol was the most enhanced product from this CO
utifzation process.

2.3, Effect of Increased CO Production and Abun-
dance of Cu-Ag Boundaries. The analysis in the preceding
section indicates that among the CORR products, ethanol
benefits the most from the CO produced at Ag stes. Thus, we
systematically studied how its production might be impacted
by the amount of CO Introduced Into the catalytic system.

During CO,RR, the amount of CO produced cn be
modulsted by the Joading of Ag particles in the catalyst
Compasites with Ag/Cu mole ratios of 5, 9, and 15 were
prepared (Fgures 54 and S5, Tuble §9). The loading of Ca In
all composites was kept constant, so that the Ag/Cu ratios
mereased becanse of the progressive addition of Ag, CO,RR
was performed at =1LV and cthanol enhancement was
evaluared by nommadizing |, from the Cudg compasites by
fethust from OD.Cu NW (Tables $10-512), Ethylene
enhancement was determined analogously. We found that
ethancl enhancement strongly correlates with Ag/Ce, reaching
a valoe of ~$ when Ag/Cu = 20 (1.e, the mast Ag-rich sample;
Figure 3a). In contrast, the enhancement of ethylene was
smaller, having a maximum value of L4, The slope of ethanal
enhancement against Ag/Cu was ~8 times Larger than the
dlope for ethylene enb dich suggests that ethanol
production is appreciably more sensitive to the peesence of
CO, as compared with ethylene production.

Recent theoretical and experimental works on CuAg
catalysts have soggested that CO produced on Ay sites can
diffuse to Cu sites and be further reduced to C,-C;
products. ™" We hypothesized that this migration could be
facilitated by increasing the amounst of adjacent Cu—Ag sites.
To test this, we performed CO,RR ot —1.1 V on Cu(Ag-100},,
and Cu{Ag-1000),,. These two compusites were prepared by
mixing Cu,0 nanowires with eithee 100 oc 1000 nen diameter
Ag pasticks (SI Section S6). With a constant Ag leading, the
use of larger Ag partiches decreases the total Ag surfece area n
the CuAg composites. This, o turn, decreases the abundance
of adjecent Cu~Ag sites. Although the Ag particles studied
have different sizes {20 10 1000 wm), they reduced CO, to CO
with snlhr partial current densities between —9.3 to —132
mA/em’ at = 1.1 V (Tables S5, §16, and 517). The ethanol
and ethylene enhancement plotted against the total surface
area of Ag particles shaws that cliunol production sgnificantly
mncreases with Ag surface area. When the latter was increased
Dy & factor of 50, the ethanol enhancement increased from 2 o
5 (Figure 3b). In contrast, ethylene production did not show a
wlzable dacrease. Thus, increasing the size of Cu-Ag
boundaries favors the production of ethanol but not ethylene.

We have also prepared a Cu{Ag-20),,-S sample, which
contained the same Cu and Ag loading as Cu(Ag-20), but had
the Cu,O and Ag components coated sequentially oato the
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waeking electrode (ST Section 7). SEM analysis of this poordy
mixed catalyst chearly reveals 2 Jowering of the density of Cu—
Ag boundaries, CO;RR on this sample yielded ~ 304 higher
Joo but less than 30% J, 0 than the observed on Cu{Ag-
20),, (Figure §7, Table SIS). This shows that when the
density of Cu—Ag boundaries is decreased, CO migrates less
efficiently to the Cu sites for further reaction to form ethanol.
Further control experiments performed on Ag nanodusters
galvanically deposited onto electropolished Ca foils also show
that the enhancement of ecthanol was affected more
Elsmﬁun!ly)th.m ethylene by the Jength of Cu—Ag boundaries
SQ,'A“BI Ss .

Some studies suggest that oxide-derived copper differs from
metallic copper catalysts due to the presence of residual oxides,
which improve *CO binding and facilitate C—C coupling, ™’
However, others maintain that metalic copper s the active
catalyst in oxide-derived copper becavse residual oxides are
unstable and Inactive for catalysls under CO;RR coadl
tions.""*" In view of this contention, we prepired a
CulAg-20),,-M compasite, which consksted of metallic Cu
nanowires (Cu NW) well-mixed with Ag-20 (51 Section §9),
CO,RR at —1.1 V an Cu(Ag-20) .M revealed that, compared
with Cu NW, [ . had Increased 20 thmes, while j ...,
mcreased 4 times. This shows that the ethancl-selective
enhancement due 10 the presence of CO B not unkjue to
oxide-derived Cu surfaces bot also apples to metallic Cuo
surfaces,

Since our results hint toward the importance of CO in
enhancing ¢thanol production, we electroreduced CO directly
an OD-Cu NW ané Cul Ag-20),, at —0.75, —0.80, and —0.90
V (SL Section S0}, Unexpectedly, in this potential range,

FE siture. was higher than FE .., on both OD-Cu NW and
CulAg-20),, We hypothesized that this spparent discrepancy
could be due to the lack of CO reactants it the elearode, due
to its low solubility. T'o assess this hypothesis, we estimate
using Fick's law that the flux of CO reaching the ¢lectrode
during electrolysis is ~2.0 nmol cm™ 57" (51 Section §10.1).
Th# value ix about 1 order of magnitude smaller than the 68
amal em™ 57 of CO generated m situ by Ag sttes in the
composite during CO,RR at —1.1 V, that i3, the potential
where we observed the largest enhancement of ethanol on
CulAg-20)y, (S Section S10.2), Our calculations show that
under CO reduction conditions at —(.75 to —0390 V, there
wsuificient CO 1o enable selective ethanoel production. Dudisg
CO,RR, therefore, a CO selective cocatalyst in tandem with
Cu as cruaial to provide a large enoagh Bux of CO for further
reduction to ethanol,

Unlike several previously reported Cudg catalysts, the
formation of hydrocarbons on car Cudg ¢ ites was nat
suppressed in favor of enhanced ethanol production,™” We
attribute this to the clear phase separation between copper and
silver sites in our compostes (Fagure 1), This differs from the
catalyste stadied in earlier works, which showed miscibility
between those two metals.! ' These catal sts were prepared
by procedures usng complexng agents  as well as by
electron-beam physical vapor deposition,”’ which helped to
preserve the metastable CuAg miscibility, Mixed-phase
catalysts have been suggested to be dess oxophilic and thus
exhibit & higher propensicy for suppressing hydrocahon
production.””"" Furthermore, recent isotope labeling studies
of COLRR on oxide-denrved copper suggested the presence of
distinctively different catalytic stes for ethanol and ethylene
production.” This is in liee with our experimental chservation
regarding ethanol enhancement and the idea that the selective
electroreduction of CO; to ethanol can occur on active sites
different from those for *CO dimemzation, which manly
produces ethylene.

2.4, Computational Modeling of CO,RR at Cu-Ag
Boundaries, To understand In greater detail the working
peinciple of the Culdg catalysts we performed density
functional theory (DFT) calculations on model  systems.
First, 1o decide on the charactenistics of the model system,
we calculited the thermodynamic stability of bulk CuAg alloys
for different Ca/Ag proportions. Bulk Culu alloys, which have
bewn extensively stadied," " were also analyzed a5 a control
system, For the latter, we find that the aloy formation energy is
negative for all the studied proportions, in line with
expertmental results from the Mterature, ™ Conversely, for
the CuAg system, the alloy formution energies were positise in
all cases, mdicating that it is not thermodynamically favorable
w0 alloy Cu and Ag in any of the studied proportions {Figure
S11). This keads us to conclde that Ag asd Cu likely exist a5
two separated phases in our catalyst, which is also supported
by the charactenzation results of our CuAg composite catalyst,

In view of the current controversy regm!mﬁthc presance of
oxygen on oxide-derived Cu electrodes,” ™ we performed
caleulations featuring surfice and subsurface oxygen ca both
Cul111) and Ag(111} (Tuble 530). We observe the while
subsurface oxygen is metastable on both metals, surface oxygen
s more stable by 18 and 0.7 oV, respectivey. In view of its Jow
stability and negligible efiect on the adsorption energies of
*CO, we did not include subsurface *O n our model. Nelther
did we include the effects of surface *O in onr calculations as
previoas works have shown that it &s unlikely for surface *O to
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Figure 4. (1) Free energy disgram of COy,; electroreduction to €O, on Ca(111) (blue), Cu(211) (cran), and Agi@Cu {gray), which is 1 Ag

cluster o top of A Cer 111} shab. All energles are teferenced to O

and peotan—dectron pars Inset: CO adsorbed ca the Ag@Ca daser; Cu,

Ag, C, and O atoms are shown (o blue, gray, brown, and red, respectively. (b) Free eneegy diagram on Cu{111) fearariog two diferest C-C
coupling pathways to *CHCO from 2°CO. In fed, the *CO dinerrzation pathway. Ia otange, the energetics of the *CH + *C0 pathway. All
energies ase veferenced to 24CO adsocbed on Cuf111) and proton—electron palrs, see section 815,

be present on Ca and Ag surfaces when they are subjected to
the negative potentials needed for electrochemical CO,RR.

After outlining the model systems, we performed a
mechanistic study. For clarity, we divided the entire CORR
to ethanol, which requires 12 proton—electron transfers (2C0,
+ 12(H" + ¢7) = CH,CH,OH = 3H,0), into three separate
yet interconnected parts. First, we consider the reduction of
two CO; mobecules to 2*CO, where four protons and
dectrons are trinsforved, This s followed by the reduction
of 2%CO to *CHCO, which takes three proton—electron
transfers and a C—C coupling. Fimlly, we close the analysts
with *CHCO seduction to ethanol, whese five protons and
electrons are transferred.

COLRR to CO via *COOH was studied on Cn{111)
[copper’s closest-packed surface), a Ag duster on top of
Cul(111) (hereon referred to as Ag@Cu, see the inset of Figure
4a), and Cu{211), which Is composed of (111) terraces
separated by (100} steps. Cu(211) is chosen because models
hased on its step-cdge sites reproduce well the experimental

features of COLRR to C, and C; products.”™"" On Cu(111)
and Cu(211), the desorption of “CO to CO,, Is not favorable
{Figure 4a). Hence, *CO will further reduce to *CH,

at megative enough potentials, eventually leading to CH,.™' In
contrast, Agi@Ca sites reduce CO, to *CO, which is so weakly
adsorbed on A that it canmet undergo further reduction.
Thus, these *CO will either diffuse into the solution ar migrate
to nesghboring Cu sites. The vertical differences in Figure 4a
indicate that *CO is stabilized by 0.11 ¢V upon desorption
from Ag to the solution, whereas it Is stabilized by (L39 ¢V
when it migrates to the Cu(i11) surface. The kinetic barrier
for *CO diffusion from the Ag cluster to Cu(111) is only 0.17
eV (Table 526), which Is euwsily surmountable at room
temperature (stemoantable barriers are typically below 0.75
eV]." Because of their strong adsorption energies, the
Cul211) step-edge sites are probubly covered by reaction
wtermhedistes irrespective of *CO abundance. In contrast, the
coverage of reaction Intermediates at weakly adsorbing
Cul111) sites remains relitively low when there is no excess
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Figere 5, Reduction of *CHCO to ethanol an Ca sites, (2) Free energy disgram of the electroreduction of *CHCO on Cal111) The prefered

is shown m green, whereas Jess-stable intermedsates are shown in red. Note that ethylens production is conssderably less favorable than
that of ethinol. AR energies are referenced 10 "CHOO aad proton-electron palrs, see Section 315, (b) Atomic stractures of the specics in the
“CHCO preferred electroreduction pathway. Cu, C, O, and H atoms are shown in bloe, beown, red, and white.

¥CO. Thus, we postulate that ethanol evolves from Cu(111)
sites mear Ag nanoparticles. This implies that Cu-Ag
boundaries are dual active skes, in that CO, formed at Ag
particles ditfuses to unoccupied Cu(111) stes, where it is then
further reduced.

As shown in Figure 4b, the reduction of 2*CO w C, spevies
can procesd I two ways, namdy, through the conventional
*CO dimerization pathway or via the coupling of *CO and
YCH, spocies. To mcertaln the actual spocies which are likely
10 couple with *CO to produce ethanol, we calculated several
coupling barders on Cu(l11). A summary of all values
abtained for the different coupling reacticns can be found in
Section S18 of the SL For *CH + *CO (x = 1), *CH, + *CO
{x = 2), and "CH, + “CO (x = 3} through a Langmuir—
Hirshdwood (L-H) mechanism on Cu(111), we obtaned
barriers of 070, 0.71, and 120 eV, respectvely, which are
commensurate with those in the literature.”’ Earlier studies
have also suggested an Ek{-—lhdeal (ER) mechanism for the
coupling of CO and *CH,. "7 T axcess this possibility, we
caleulated the energy barriers of the *CH + CO_, and *CH, +
COy, couplings via an E-R mechandsm. The respectively
obtained values are 1,40 and 1,49 eV, which are appreciably
higher than the L-H values on Cu(l111), Judging by all of the
calculared bamier heights, the reaction may procesd through L-

H routes coupling *CH and *CO, or *CH; and *CO, but not
between *CH,; and *CO. Note that while we calculited
coupling and diffusion barriers, we did not perform
calculations of proton—dectron transfer barriers, since, as
noted recently by Rossmeid et al,”" there is “not (yet) a
method w0 obnin electrochemical barriers between meakistic
states at constant electrochemical conditions”, We further note
that other muthors have extunsively studied the Bronsted-
Evans—Polanyi {BEP) relations for reactions where C, H, and
O-contairang species are invelved and have shown that
thermodynamacs and kinetics are generally wll correlated for
such reactions oa transition metal surfaces.”"™

Figure 4b shaws that, in terms of the potential-limiting step
{Le, YCO hydrogenation}, the YCH + *CO coupling pathway
15 more favocable than that of *CO dimenzation on Cu(111)
by ~0.37 ¢V, This means that *CO i likely reduced w *COH
on Cul111), and not to its hydrogenated dimer *C,0,H. On
Cu(111) without any vicinal Ag nanopartiles, this preference
has two justifications: (1) the low coverage makes it
statistically dificult for *CO to couple, and (1) the
thermodynamics and kmetics of *CO  dimerization are
energenically prohubitive, IF and wien *CO is abandant on
Cul111), (1) is solved but (2) is not, s that the coupling
likely takes place between *CH and *CO, or *CH; and *CO,
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In ageeement with experiments, Figare 4b indicates that
opening the *CH + *CO pathway reguires potentials of at
Jeast =099 V vs RHE (we explain how to calcalate limiting
potentials from free energies i Secbon 41 Computational
Details).

Finally, we studied the fate of the *CHCO moieties upon
further reduction (Figure 5). The most favorable reduction
pathway to ethanol is colored in green in Figure Sa, whereas
Jess favorable species are displayed in red at each stage of the
reaction. For convenience, the atomic structures of the most
favorable reduction path are depicted in Figure 5b. A more
extended asalysis, inclodieg the further reduction of *CH,CO
and *CHCO species, s depicted in Plgure S10. It is striking
that regardless of whether *CHCO or *CH,CO i the result of
the coupling step, the pathway ahways inclines toward ethanol,
mstead of ethylene. The sume bolds for *CH,CO. This leads
to a simple conclusion: once *CO + *CH, coupling takes
place on CuAg catalysts, ethanal is selectively produced. This
5 consistent with our expenmental findings (Figure 3),
wherein enhanced CO availabilry increases ethanol produc-
tion. This is also supported by cur results from using Cuf
20}y, for the eldectroreduction of acetaldehyde (Secrion S11),
an mplible intermediate in our proposed mechanism. Ethanol
was the major reduction prodact, while ethylene was not
detected. Bessdes, several previows theoretacal and experimental
studies have shown that acetaldehyde is a precussor of
ethanol." ™' This result also helped us to exclude @
previoesly proposed pathway implicating solvant water as the
oxygen source for ethanol ™' In that mechanism, ethanol
production did not praceed via acetaldehyde, ané the pathway
with the lowest energy barrier leads to ethylene formation,

In summary, bare Cu(111) terraces are relatively inactive for
the production of €, molecules, In view of the low *CO
coverage and the comparatively easier formation of C,
adsorbed species.”™" Howevee, the calculations in Figures 4
and = show that abundant *CO facilitates the formation of C—
C bonds at Cu{111) tereaces and the selective formarion of

eﬂunul}.uwilhout the energy-intensive formation of CO
di 557

3, CONCLUSIONS

A seres of CuAg composite catalysts showed enhanced CO,
rechaction selectivity towasd ethanol. A 5-fold improvement in
Jutuset Wt obacrved on an optimized Cul(Ag20)y, sample
(=41 mA/em’; compared to —0.87 mA/an® on OD.Cu NW
+ Ag-20). In contrast, fa,u.. only increased slightly by 1 factor
af ~1.6. These observations mdicate the opening of a second
pathway to reduce CO, selectively to sthanol, which is likely
activated = excess of *CO. Unlike ethylene production, which
i usually thought 1o poceed via *CO  dimerization, the
alternative pathway proceeds via *CO + *CH, (x = 1, 2)
coupling at Cu~Ag boundaies, and the farmed *CH.CO
species are in all cases shown to preferably reduce to ethanol.

In a broader context, our wock hints toward the fact that
certain sites at catalytic surfaces are usually inactive because of
their inabdity to stabilize particular adsorbate(s). If and when a
workaround is foand, catdytic activity and selectivity can be
sizably enhanced. This &s the case of Cu{L11) sites, ca which It
» typically hard to produce C, molecules but, in excess of
*CO, are able to reduce CO, selectively to ethanol. We hape
this rationale opens up new possibilities In destgning
electrocatalysts with enhanced product selectivities for CO,
reduction.

4. METHODS

Synthesis of Cu,0 Nanowires, First, 120 yL of o
ankadine (AMrich) wis added o 60 ml of deionized water
cantaining 0.3 g of copper{1l) acetate monohydrate {Sigma.
Aldrich). The solution was stirred for § min until its color
wirned olive green, It was then transferred into & stainless-steel
autochive and heated at 200 °C for 14 h w yeld Cu,O
nanowires, The product was decanted, washed with ethanol,
and dried in the oven at 60 "C overnight ™

Preparation of Cu(Ag-D), Composite Catalysts, Ag
powders with diameters of 20 nm (US Research Nanomateri-
als), 100 nm (American Elements), and 1000 nm [Geod-
fellow) were purchased and uvsed as receved. The Ca-to-Ag
ratios of the composite catalysts were controlled by wsing
different mass ratios of the Cu,O nanowires and Ag powders,
with the loading of Cu,0 fixed at 1 mg (Table 51). The
powders were dspersed in 1 mL of solvent {75% water, [5%
ethanel, 10% Nafion) and sonicated until 2 homogeneous ink
was nhtaised. Twenty-five gl of the ink was dropcasted onto
polished graphite discs (18 mm diameter, Ted Pella) and dried
n air.

Physical Characterization of Catalysts. Scansing
electron microscopy and energy dispersive Xe-ray spectroscopy
were performed using 2 JEOL JSM-6701F SEM. Transmission
electron microscopy was performed using a JEOL 3010 TEM.
The catalysts weee removed from the graphite substeates and
dispersed in ~1 mL of methanol by sonication. Then 20 pul. of
the dispersion was drop-casted onto 300 mesh nickel grid
coated with lacey carbon (LOC325Ni, Electron Mi
Sciences) foe TEM analysis. Powder Xeray diffraction was
made using 4 Siemens S005 (Cu Ka radation with graphite
muaochromator), in locked 6-28 scan mode from 15 o 100"
200 with @17 resolution step and 1 » acquisition timw per step,
X-ray photoelectron spoctroscopy asalysis wax performed
using a Theta Probe (Therma Sciestific) XPS mstrument
with a monochromatic Al Kar (14866 eV) X-ray source, The
binding energies were calibrated on the basis of the C,, peak at
185 eV.

Electrochemical CO, Reduction Experiments. Electral
yses (1 h) were pefformed in 0.1 M KHCO, (Merdk, 99.7%),
asing 3 two-compartment Teflon caull separated by an anion-
exchiange membeane (Selemion AMV, AGC Asahi Class). The
cathodic compartment contained 12 ml of electrolyte and
housed the working electrode (exposed geometric surface area:
0.785 cm’) and the reference electrode {Ag/AgCl, saturated
KCl, Fine), while the anodic compartiment contained 8§ mL of
electrolyte and a graphite rod (Ted Pella) as counter electrode.
The clectrolyte was purged with COy gy (99.999%, Lade
Gas) #t 20 em'/min. The pH of the electrolyte was 68. The
electrochemical measurements were performed using a Gamry
Reference 600 potentiostat/galvanostat. The current interrupt
method was used to compensate for the R drop. The
headspace of the cathodic compartment was continuously
flowed Into a gas chromatograph (GC, Agilent 7890A) for
onkne detection of gas products, Liquid prodacts were
analyred after the clectrolysis experiments, Aldelydes, ketones
and alcohols were detected wiing headipace GC (HSGC,
Agilent, 7890B and 7697A). Formate and acctate were
detected using high performance liquid chromatograply
{Agilent 1260 Infinity) with an Aminex HPX-87H column,
varizhle waveleagth detector, and 0.5 mM H,S0, mobile
phase,
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Computational Details, Tle DET simulations were made
with the VASP"" code using the PBE exchange-correlation
functional’” and the projector avgmented-wave method™
Cul111) was modeled with a 3 X 3 supercell, and Cu(211)
with a § X 1 oae. All Ce shib models contatned four metal
Liyers and were modeled with a littice constant of 364 A,
typical of PBE. The topmost two layers and the adsorbates
were relased i all directions, while the bottommost layers
were fixed at the bulk equilibrium distances Cu—-Ag
boundaries were modeled with a 7-atom Ag closter (made of
a layer of five atoms in contact with Cu and two Ag atoms on
top of it) sitvated in mlgacent foc hollows of a 4 X 4 supercell
Cul111) slab. Such slab sixe avoids lateral interactions
between Ag clustens. We wsed a plane-wave catoff of 450 ¢V,
kT = 0.2 eV (extrapolating total energies to (¢ K), and the
conjugate-geadient optimization scheme until the maximal
force oo any atom was below 005 eV A~ Menkhorst—Pack
meshes™ of 44X 1, 4% 8 1, and 3 %3 % 1 for Cu(111),
Cu(211), and Cu—Ag boundaries ensured convergence of the
adsorpiion encegies within 0,05 ¢V, The distance between
repeated images in the vertical direction was larger than 16 A
and dipole corrections were a . Isolated molecules were
calculated in hoxes of 9 A x 10 A x 11 A wsing k,7 = 0.001 ¢V
and the gamma point,

The reaction free ene were approximated as AG =
AEy; + AZPE — TAS = AE 4 00 Where AFgyy is the DPT-
calculared reaction energy, AZPE is the zero-point eneegy
change, and TAS is the entropy change at 298.15 K. AS
nchades oaly the vibrational entropy for the adsocbates and all
the contnbuzions for free molecules. The computational
hydrogen electrode was uwsed o model proton—electron
pairs. Solvation was modeled as an extermal correction
depending on the chembcal mature of the adsorbates (specific
values are given in Table 525).""" Transition state geometries
were found using the mage nudged elestic band
method,”’ ensuring that at the saddle point, only one
imagimary frequency along the reaction coordinate was
abserved. In this case, the limiting potentials U, were
calculated based on the largest positive free energivs of
reaction: U = <A, /¢, where ¢ is the magnitude of the
charge of an electron,

Dotailed information on gas-phase, liquid-phase, and
solvation coevections; specific values of adsorption free
energivs and kanetic energy barners; and the optimized
geometries coordinates of all the calculations featured in this
work can be found in the SI, Secticas S12-516.
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Electroreduction of CO: to Valuable Commodities

3.5 Toward Efficient Tandem Electroreduction of CO: to
Methanol Using Anodized Titanium

Introduction Annually, by reacting syngas (a mix of H> and CO) over Cu-Zn oxide
catalysts, 95 million tons of methanol (CH3OH) are produced worldwide.'*? High
temperatures and pressures are required to produce syngas and synthesize CH3OH.
Overall, the production of one kg of methanol leads to the emission of approximately 0.5
kg of CO».!** Therefore, a greener solution for CH3OH production is needed. Powered by
renewable electricity, CO2RR is a sustainable route to produce methanol. However, to
date, there are no electrocatalysts with enough stability, selectivity, and activity to
implement this process industrially. 44145

To address these challenges, a strategy involving a tandem electroreduction where
CO; is first reduced to formic acid (HCOOH) and then to CH3OH could be a good
alternative. The first step has been completed successfully with Faradaic efficiencies
close to 100% using catalysts such as lead,'* tin,'*” and indium.'*® The second step, the
reduction of formic acid to methanol (FAR, in acid: HCOOH + 4H" + 4¢- - CH3OH +
H>0, E®=0.11 V vs RHE), is more challenging due to the electrochemical inertness of
formic acid,'*® which is considered a dead-end CO>RR product on transition metal
electrodes.!’” Previous efforts to reduce HCOOH to CH3;OH featured low current
densities or high applied overvoltages.!>%!1>!

In this work, in collaboration with the group of Prof. Boon Siang Yeo at the
National University of Singapore, we identified anodized titanium (Ti.n) as an active
electrocatalyst for FAR. With the complementary data obtained from both experiments
and DFT calculations we elucidated the active sites responsible for such an activity and
provide useful guidelines for the future enhancement of FAR catalysts.

This work led to the publication of a research article.!*? The manuscript is included
at the end of this section. In the following pages, a summary of it is given. My contribution
to the research article was: (a) Elaboration of the DFT calculations, (b) analysis of the
computational results and making of the corresponding figures, and (c) collaboration in
the writing of the manuscript. I was not involved in the making of the experiments. The
supporting information for this article can be found in Appendix E. The optimized
geometries were removed from this document to save space but can be found online at:

https://doi.org/10.1021/acscatal.1c01725.

93



Electroreduction of CO: to Valuable Commodities

Results Experimental measurements show that HCOOH can be reduced to methanol
with an optimal Faradaic efficiency of 12.6% and a jcuson of -2.0 mA/cm? at -1.0 V vs
RHE on Tia. We noted that FAR to methanol could not be extended to other metal
electrodes, even when anodized. Experiments suggest that the active sites for FAR on
Tian are located at oxygen vacancies or Ti** sites (hereon denoted as TOVs), since a
positive correlation between the amount of TOVs and jcuson was found. Moreover, Tian
catalysts anodized longer times, hence having an increased number of TOVs, show lower
selectivity for HER, reducing the Faradaic efficiency of H> down to 70%.

DFT calculations were performed to elucidate the FAR reaction pathway to
methanol and gain information on the active sites. Note that we used the Hubbard
approach with a Uer of 5 €V, to help in localizing the d states of Ti atoms. We modelled
the most stable surface termination of titania, namely, TiO2(110). This surface is
composed of alternating rows of coordinatively unsaturated (CUS) and bridge sites. As
seen in Figure 26a, CUS sites have exposed undercoordinated Ti atoms available to
interact with adsorbates, while bridge sites do not. However, bridge sites have twofold-
coordinated oxygen atoms (Oxc), which are known to leave TOVs on Ti0O2.!%? To include
the heterogeneity observed in experiments, we also modelled two stepped surfaces: CUS-
terminated TiO2(120) (denoted TiO2(120)-CT) and bridge-terminated TiO2(120)
(denoted Ti02(120)-BT). These surfaces have similar alternating rows of CUS and bridge
sites as in TiO2(110) but feature a unique type of Oz located at edge sites (denoted E-
Oac). Calculated TOV formation energies show that TOVs are more facilely formed on
stepped TiO; surfaces, and that in those, vacancies are easier to form by removing an Oz

oxygen atom than an E-Oz. oxygen atom.
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Figure 26. (a) Schematics of the slab models used in this work. Ti atoms are shown in blue, O atoms in
red, bridge site oxygen atoms (Oxc) in green, and edge site oxygen atoms (E-Oxc) in yellow. The lowest-
energy pathway for FAR to CH3OH is shown in (b) CUS sites and (c) TOVs. In panels (b) and (c), Ti, O
C, and H atoms are shown in blue, red, brown, and pink, respectively. This figure corresponds to Figure 4

in reference 152 and is included here to facilitate the reading of this thesis.

The most favorable pathway for FAR to CH3OH is shown in Figure 26b for CUS
sites and Figure 26¢ for TOVs. On both sites the hydrogenation of *HCOOH leads to the
formation of *H>COOH, but the pathways bifurcate from that point on. On CUS sites,
*H,COOH is hydrogenated to produce *H.CO + H>Oq), while at TOVs, CH30H is
directly produced from the protonation of *H,COOH, leaving the TOV filled with *O.
Free-energy diagrams featuring both pathways on the three studied surfaces are shown in
Figure 27a. The potential-limiting step at CUS sites is the hydrogenation of *HCOOH to
H>COOH, with calculated onset potentials of -1.27, -1.57, and -1.21 V vs RHE for
TiO2(110), TiO2(120)-CT, and TiO2(120)-BT, respectively. In contrast, the
electroreduction of HCOOH on TOVs (denoted TiO2(110)-O, TiO2(120)-CT-O, and
Ti02(120)-BT-O) proceeds via the exothermic formation of *H,COOH. At TOVs, the
potential-limiting step corresponds to the regeneration of the vacancy, namely, the
protonation of *OH to H20O(). The calculated onset potentials are -1.17, -0.77, and -0.54
V vs RHE for TiO2(110)-0O, TiO2(120)-CT-0O, and TiO2(120)-BT-O, respectively. The
onset potentials at TOVs are clearly lower than those calculated at CUS sites, due to the

favorable formation of the *H>COOH intermediate at TOVs and the opening of an
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alternative catalytic pathway. The most active sites toward FAR are those TOVs located
at steps, namely TiO2(120)-CT-O and TiO2(120)-BT-O.

Figure 27b features a Sabatier-type activity plot using the free energy of *HCOOH
(a common intermediate for both TOVs and CUS sites) with respect to HCOOHg, as a
descriptor. CUS sites are located at the right leg (i.e., weak-binding side) of the volcano,
where the potential-limiting step is the formation of *H>COOH. On the other hand, TOVs
are on the strong-binding (left) leg, where the hydrogenation of *OH is the potential-
limiting step. The peak of the volcano (where AGy,coon = 0) is close to the equilibrium
potential, indicating that it is thermodynamically feasible to synthesize nearly ideal FAR
electrocatalysts following AGy,coon = 0 as a guiding principle.

We also identified the free energy of adsorption of HCOOH as a suitable descriptor
of FAR activity. As shown in Figure 27c, the weaker AGycoon, the more positive the
calculated limiting potential (Ur). However, this correlation is to be taken with caution:
if the free energy of adsorption of HCOOH is too weak, it might not adsorb at all onto the
catalyst surface, and no activity will be observed. Moreover, we found that TOV
formation energies, AE oy, are inversely correlated with Uy (inset of Figure 27¢). Hence,
surface sites with more positive AE;,,, have simultaneously more stable *OH adsorption

energies.
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Figure 27. a) Free-energy diagrams at 0 V vs RHE for FAR to CH30H at CUS and TOV sites. The
intermediates and active sites are shown in Figure 26. b) Volcano plot correlating the onset potential for
FAR with the free energy of *H.COOH with respect to HCOOHq). The dashed line corresponds to the
calculated equilibrium potential (0.10 V vs RHE). Gray bands of £0.16 V around the black lines correspond
to £2 MAE (MAE: mean absolute error) of the scaling relation between *H2COOH and *OH. ¢) Calculated
onset potential as a function of the free energy of adsorption of formic acid. The MAE and the Pearson
coefficient are also provided together with a linear regression in dark gray and a light gray zone of £2 MAE.
The inset shows the calculated onset potential as a function of the formation energies of oxygen vacancies
at TOV sites. The color code for each active site is the same in all panels and is shown in (a). This figure

corresponds to Figure 5 in reference 152 and is included here to facilitate the reading of this thesis.
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Conclusions These results, together with additional data and analyses shown in the

research article below, lead to the following conclusions:

FAR to CH3OH can be performed at -1.0 V vs RHE with a satisfactory Faradaic
efficiencies and current densities using anodized titanium.

Experimental measurements indicate that the amount of oxygen vacancies
(TOVs) present in the catalyst is correlated with an increase in methanol
production. DFT calculations indicate that the TOVs at steps are the most active
sites for FAR to CH3OH.

The most favorable reaction pathway goes through the protonation of a *H>COOH
intermediate that produces methanol and fills the TOV with *O. Subsequent
hydrogenation to *OH and H2O regenerates the TOV and enables the restart of
the catalytic cycle.

The free energies of adsorption of *HCOOH and *H>COOH, as well as the
formation energy of TOVs, can be used as descriptors to guide the design of

enhanced FAR electrocatalysts.
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ABSTHACT) The electrereduction of COy (CO.RR} using renewable

eheandty is an appedling route to synthesize methanol (CH,OH), a *’ = % g

valuable C, feedstock and fuel. Unfoetunately, there are still no workdhorse ";‘ * 4
edectrocatalysts with sustable activity and selectivity for this reaction,

Currently, formic actd (HCOOH), €O, and methane are the most ' -

common C, producs. Since multiclectron electrocatalytic reactions can be :
woveraly alfected by adsosption-energy waking relations, a tindem proces ; *

likely offers a higher efhiciency. Therefore, we strategmed to reduce CO, to

HCOOH and then reduce HCOOH to CHOH. While the formee step @ @ v @ o @ n @ ¢ Amownt of oxygen vacancies
can be accomplished with ease using post-transition metals, the latter 55

extremely difficult due to the electrochemical inertness of HCOOH. Herein, we develop anodned titanium catalysts containing Ti™
sites and oxygen vacancies (termed as TOVs), which can reduce HCOOH 1o CH;OH with a remarkable Faradaic efficiency of
126% and a partial current density of —2 mAfem® at —1.0 V versus reversible hydrogen dectrode (RHE). Using dectroa
paramagnetic resonance spectrascopy and cyclic voltammetry, we show that the population of TOVs on the catalyst is positively
correlated with the production of CH;OH. Density functional theory {(DFT) calevlations identify TOVs st defects as the active sites
m a vacancy-filling pathway mediated by *H,COOH. We further provide holistic screening guidelines based on the *HCOOH and
*H,COOH hinding energies alongside TOV formation energies, These can open the path for the high-throughput sutomated design
of catalysts for CH,OH synthesss from tandem CO, electrolysis.

KEYWORDS: formic acid reduction, electrocatalysis, oxygen vacancies, densaty functional theory, methanol

1, INTRODUCTION The second step, vamely, fomic acd redaction (FAR) to

Methanol (CH,OH) is a major transportation fued and  CHHOH (HCOOH » 4H® v 4¢° —~ CH,OH + H,0, F° -

. an : 0.1 V ws RHE),'" is more challenging because of the
chemical feedstock, and 95 million tons of it are produced - e ; "8
worldwide annually.! Cumendy, CH;OH Is produced indus-  Sectrochemical inertness of HCOOH. This is caused by the

low clectrophilicity of the carbony! carbon thar s part of a
conjugated carboxydic acid functicnal group.'' Thus, while
ketones and aldehydes formed from CO,RR can be farther
reduced to give alcohals, “'" HCOOH and other casboxylic
acids are deadend CORR products on transition metal
dlecrodes."”

Early efforts to reduce formic acid to CH,OH were from
Russell et al, whose team employed an electroctched Sa
catalyse.'" While the reported Faradaic efficiency for CHOH
{FEiyon) was nearly 100%, its partial current density
Ukagon) was 36 pA/am’, which limits the practicality of the
process. Kyriacon et al. found that HCOOH could be reduced
to CH,OH on a Cr foil catalyst (FE o = 37.4%) in an 85%

trially by reacting syngss {CO aml H;) over copper—zine oxide
catalysts. However, bigh temperatures and pressures are
required to synthesize CH,OH (200-300 *C and 50—100
bar)’ and the syngas resctant (via the steam reforming of
natuzal gas at ~85¢ °C and ~30 bar over & nickel catalyst),”
Ovenall, the typical industrial production of | kg of CH;OH
leads to a net positive emission of ~0.5 kg of CO,." For these
reasons, & greener pathway toward CH,OH production i3
newded

A sustamable route to CH,OH production ks through the
electrochemical CO, reduction reaction {CO.RR), which can
he powered by rerewahble electricity, However, there are to
date no workhorse electrocaalysts that can directly reduce
CO, to CH,0H with mdustrially relevant activity, selectivity,
and stability. To overcome this obstade, one can resort 1o a Recetved:  Apal 15, 2021
tandem strategy in which CO, is first reduced to formsc acid Kevised:  May 26, 2021
(HCOOH) and the fatier s then reduced to CHyOH. The first Pablished: June 28, 2021
step has already been achieved with Panadaic efficiencies {FEs)
for HCOOH production close to 100% using catalysts bused
an post-transition metals such as tin, indium,” and lead.”
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Figwre 1, Chancterization of T1 apodized for 3 mnm 0.2 M KO (T, ., 0 SEM mages of T, (2) before FAR ard (b) after FAR at —1.0¥

¥s RHE. The sasets are the m

agraficd images of T, before wd aftes FAIL XPS asalyses of (<)~ (d} Ti,, ;o before FAR and (=) =) To, ;0

after FAR at =10V vs RHE after #s surface was etched with an Ar’ 100 beam. {g) Raman spectra of TiOy standaeds and T 4., befoee and after
FAR at =10V vs RHE, The peak intensities in the Raman spectes of 11, ., before FAR and Ti, |, #fter FAR (msajor) were ~5x smalier than
those in the Raman spectrum of Ti, ;.. after FAR {misor) and have been rescaled here for chirity,

phesphoric add electrolyte at 80 °C."" Adegoke et al, repoeted
1 FEyon of 119% for FAR on In,0, nanopurticles at an
applied cell valtage of 3.5 V In a twn-clectrode electrolyzer.”
While FAR activity has been observed in these scattered
reports, the key active sites and mechanistic pathways are still
anclear. These voids of knowledge severely limit rescarch
efforts to improve FAR to CH,OH.

Recently, it was shown that the 2natase phase of TiO, could
dectroreduce non-aromatic carboxylic acids, such as oxalic
acid, to their corresponding aldehydes and finally to alcohols. '
Though adsorption and density functional theory (DFT)
studies, it was proposed that significant interaction of the
carboxylic acd with the catalyst surdace is necessury for
clectron transfer from the clectrode to the LUMO of the
molecule. Interestingly, HCOOH could net be reduced Thus,
new approaches that capitalize oo this finding are cleady
needed. Herein, we put forth another strategy to improve the
ehoctrocediction of carboxylic acids using the T4 and oxygen
vacancy sees of TiQ, (hereon denoted as TOVs), which can
be created by applying & negative voltage on the material. We
proposs that TOVs aid in C—0O bond scission by directly
stripping O atoms from the reactants, giving tse o new
pathways for the reduction of carbexylic acids. Ln this respect,
TiO, is an appealing catalyst for C—O bond wcinsion, as the
streag Ti=0 bead lowers the activation energy of the C-O
bord deavage.'

On the basls of the above discussion, we anodized titanium
[T4,.), an earthabundant and relatively mexpersive element,
30 @ to lntroduce TOVs to its surface, T, exhibits significant

electrocatalytsc activity for FAR to CH,OH. We quantitatively
assess the impact of varying the amount of TOVs on T, for
CH,0H production ssing electron paramagnetic resonance
(EPR) spectroscopy ind cyclic voltammetry (CV). These
experimental findings, coupled with DFT calealations, allow us
0 elucidate the catalyue pathway for FAR tw CH;0H,
determine that the critical active sites are the TOVs and
provide quantitative gmidelines for the future enhancement of

FAR catalysts.

2. RESULTS AND DISCUSSION

2.1. Formation and Characterization of Ti* and
Oxygen Vacancies on Anodized Ti. Our strategy for
forming TOVs is as follows: Ti discs were first anodized at
+025 Afem® i a 0.2 M KO solution for 3 mn (Tig , 4.
Scanning electzon microscopy (SEM) revealed that the
T, o sy catalyst surface consisted of partiches with groowves
of 1.5=2 pm long (Figare 15}, The dises were then reduced in-
situ during FAR at 2 representative potential of =10V vs RHE
to produce TOVs (all potentials reported hereafier are
referenced to the RHE). No significant changes to the catalyst
strface after FAR could be discerned by SEM (Figure 1b).

X-ray photoelectron spectroscopy { XPS ) analysis of a freshly
prepared Tl 4 o, catalyst (Figuees Lc—f) revealed that the
main surfice Ti species i 15 (in 130.), a¢ indicated by it
2pys and 2p.; peaks at 458.7 and 464.5 ¢V, req’cctively.wol,
peaks observed at 5304 and 5316 2V comrespond to the
axygen in Ti0; (Ti—=0) and sarface hydroxyl groups (Ti-
OH), respectively,”™ No changes In the XPS spectra were

rarpay ok g 10 VG Ll 1cB3 000
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Figere 3. Formic skl redaction (FAR) msing T, | electeocataysty in the 0.0 M K; S0, electralyte with 0.5 M HCQOH added (pH ~ 2.6), ()
Faradase efficsency, PE (%), and partial current dersity, | (mAcon®), of CHLOH obtained dursg 60 min of FAR st differcot applied pocentials. (b)
FE (%) and accuralated concentrations {mM) of CH,OH production from FAR for 6 b at —1.0 ¥V vs RHE. Arrows are induded to guide the eye

10 the respective gragh dxes.

observed for the T, 1 g, catalyst after it had been sved for
FAR at =10 V (Figures Sla—c). However, XPS analysis of its
subsurface, which was exposed after 30 min of Ar” ion etching,
revealed peaks at 4576 and 4634 eV, These can be
respectively assigned to the 2p,; and 2p,, of Ti'™,
indicating the reduction of Ti** to TOVs during FAR™' We
note here that TOVs were not observed on the surface of the
pre-etched catalyst, as they would have rapidly oxidized to Ti'*
after dectrolysis and during sample transfer.”” Ultraviolet—
visible diffuse reflectance spectroscopy of Ti,, after FAR
further confrmed the presence of Ti'*, baved on its
ch:;rg’ctumic absorption peak between #00 to 800 am (Figure
§2).

X-ray diffraction (XRD) of the T\, ., catalyst before and
after FAR at — 1.0 V shawed no well deined crystalline anatase
or rutde TiO, XRD pesks, suggesting that it was XRD-
amarphous (Figure 83). In conteast, Raman spectroscopy of
the Ti,, .., catalyst revealed TiO, peaks (Figare 1gand Table
54). Before FAR, Raman bands at 153, 446, and 610 cm™
corresponding to ratile TiO, were recorded.™ These bands
were broadened and shified, indicating lattice disorder and
defects in Ti,, 1., Note that rutile TiO, was detected by
Raman spectroscopy, but not by XRID) because of the absence
of long-raage order in the T, ., catalyst. ™™

The erystallography of the Tiy, ;n, catalyst comained largely
nnchanged after FAR st —10 V (blue.colored Raman
spectrum in Figure lg, denoted a “"major”). However, we
also observed Raman bands at 151, 398, 515, and 630 cm™ on
1 few spots of the Ti,, 4 ., catalyst (spectrum denoted as
“minor”), These bands can be ascribed to anatase THO,. ™
These results suggest that a portion of amocphous Ti, |
crystallized to anatase TiO, during FAR, which is in agreement
with previous works on the electrochemical bahavior of
amorphous T5O, nanotubes in water.” ™"

2.2. Electrocatalytic Activity of Ti,, for FAR to CH,0H,
The FAR activities of Ti, were evaluated using a three-
electrode setup, with 3 Ag/AgCl (saturated KCI) and graphite
rod respectively employed as the reference and counter
electrodes. Chroncamperometry was performed m 0.1 M
K:50; electrolyte with 0.5 M HCOOH (pH 2.6) at potentials
from ~0.90 to ~1.08 V using Ti,, (,,, catalysts. HCOOH was
redaced to CH,OH with an optimal FE .y of 12.6% and a
Jevasene Of =2 mA/em® at = 1.0 V (Flgure 2a, Table §5, and 'H
NMR spectroscopy and gas chromatography data in Figure $4;
all reported carrent densities were normalized to the geometric
surface arca of the clectrode). No CHOH was detected in the

absence of clectrochemical potentials, which shows (hat it was
generated electrochemically,

Methane (CH,) and formaldehyde (CH,0) were detected
as minor FAR products (FEqq, » 1.4% and FE 0 = 0.1% at
-10V). H gas from the parasitic hydrogen evolution
reaction (HER) formed the bulk of the remaining products, To
assess if CH, was a product of either CH,OH or CH,0
reduction, we reduced 5 mM of the latter two molecules in 0.1
M K,SO, 0t =10V on a Tiy, 3. catalyst (Table $6). No CH,
was detected, indicating that it was formed from the reduction
of HCOOH. While CH,O is a known precursar of CH,OH,
only small amounts of CH,OH were obtained CH,0
electrolysis.” This obsenvation will be further explained in
Section 2.4,

Trace amounts (3—14 ppm) of carbon monaxide (CO}
were dso detected during FAR. They were likely formed from
HCOOH dehydration over the TOVs (Table 57), which = in
agreement with previoas works by Twasawa e1 al. where in sitw
experimental and theoretical studies were used to mode
HCOOH dehydration to CO on TOVs ™"

The catalytic stability was assessed by performing a 6 b
HCOOH electrolysis on T4, 5, at =10 V (Figure 2b and
Section S3.4). CH,OH was formed throughout the entire
period, akthoagh it rate of formation decreased from 11.6 10
L6 ‘"‘0'["\"“‘\!- We also noted that FEu”(“‘ decreasned from
138 to 34% Based on the Pourbaix disgram of TiO,, the
dissolution of TIO, to T4 can occur at pH 2.6 and = 1.0 V {or
=115V vs SHE)." We thus hypothesize that the decrease in
the activity and selectivity of CH,OH is due to catalyst layer
dissolution of Ti,, during prolonged electrolysis. This was
verfied by SEM imaging of the catalysts, which showed the
oy of T5,, after 6 h of FAR. Inductively coupled plasina-
optical emision wpectrometey (ICP-OES) analysiv abso
detected 8.6 ppm of Ti in the clectrolyte after 6 b of FAR at
=10 V. This corresponds to 0.103 myg of Ti, which is ~7% loss
of the Ti,, povder that was Initially formed on 2 Ti,, ;
catalyst (145 my). Interestingly, while the dissolution of the
Ti,, catalysts could be Jowered at a bigher electrolyte pH (pH
4.5 and 5.8, adjusted wsing KOH), the amount of CH;OH
formed decreased significantly. This saggests that the active
apecies for FAR to CH,OH 5 HCOOH eather than HCOO™
{the pK, of HCOOH is 3.6-38)."

To close this section, we note that FAR te CH,0OH cannot
be extended to other metal electrodes, even f they have been
anodized {Table $10). This was exemplified using Sn and Cr
clectrodes, which were previously reported to exhibit FAR

8469 Mt ssckarg 10 V57 Lol 1683004
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Figere 3. (1) EPR spectra of Ti,, samples (amodized over |, 2, 3, and 4 min) after they were nsed as catalysts for 60 pun of FAR at - 1.0V vs RHE.
The catalys before FAR had been anodieed for 3 min, (b) EPR signal aecas of TOVs on Ti,, samples (anodized for 1, 2, 3, and 4 min) (dark cyan
par} and EPR signal areas normalized to the mass of Ty, samples (red bar]. (¢} Dependence of joj,061 on the amount of TOVs based on EPR

sigral arcas {detted lines wre moleded Lo guide the cyc). () Cyclic veltammograms

(catlyodic sweep finst) of the Ti,, samples dter 60 nun of FAR

at =10V vi RHE Scan rate: $0 mV/s. The electrolyte used was 0.1 M K5O, wath 0.5 M HCOON. (&) Anodic peak areas [m/cm?; from —0.85
10 135 V v RHE) corresponding to the amount of TOVs on the Ti,, samples (anodized over 1, 2, 3, il 4 min). (1) Depersderse of fapon on the
ameunt of TOVs based on anodic peak areas (dotted hines are included to guide the eye).

aczwwy."‘"' At =10V, no CH,OH was detected from either
the polished or anodized Sn discs, while insignificant amounts
of CH,OH were observed on 2 polished Cr dise {FEg 0 =
0.07% ad KHion = -0.08 M’Emz) and anvdized Ct
(FEcypop = 0:005% and foypyq = —0.007 mA/an’).

2.3. Identification of the Active Sites for FAR to
CH,;OH, In this section, we evalvate our propostion that
TOVs are the active sites for FAR to CH,OM. The
paramagnetic TOVs in the Ti, samples can be quantified
weing EPR sprctroscopy. ™ Ti dises were first anodized at +0.25
Aem? in a 0.2 M KCl solutson for 1, 2, 3, and 4 min and then
used far FAR. Three discs were stadied at each anodization
time. The Ty, layers were removed from the discs for EPR
analysis,

The EPR spectra of the Ti, catalysts betore and after FAR
are shown in Figure 3a. Before FAR, no EPR sigrals from Ti"'
or OVs were observed, After 60 min of FAR at =10V, the Ti,
samyples exhibited a broad EPR signal at g = 1.94, which can be
assigned to panmagnetic T centers that are trapped on
defects in amorphoas titanium. """ The peak at g = 2.003 is
attributed to the presence of OVe™ Since Ti™* and OVs are
concurrently fommed, we shall use both their EPR signals to
quantify the amount of TOVx present.

We found that the mass of Ti,, powder formed and the EPR
stignal for the TOVs both increased by ~5x when the
anodization time of the Ti foll was increased from 1 to 4 min
(Figure 3b and Table §11). More importantly, we observed 5
positive correlation between the amount of TOVs and {yc
extending the anodization time for the Ti,, catalyst from 1 10 4
min mcreased the amount of TOVs on the catalyst by ~35x,
which led to a 2.5% higher joon from FAR (Figure 3¢),
However, the mass-nommalized EPR signal areas of the TOVs

are relatively coastant across dl ancdbation times, which
mdicates that the quastity of TOVS present per unit mass of
the T, catalyst s ssmilar (Figure 3b),

We also recorded eyclic voltammograms of the Ti,, samphes
after FAR at = 1.0 V to determine If the TOVs are accessible
for electrolysis (Figure 3d). The broad exidation peak
observed from =085 to 135 V can be assgoed to the
oxidation of the TOVs to Ti*"." The population of TOV: oa
the catalysts can be estimated using the integrated charges in
this peak (Figure 3¢ and Tabde 512) and was also found to be
positively correlated with figuy (Figuse 3) Ths comple-
ments the findings from the EPR analysis, Overall our EPR
and CV sesults show that the amount of TOVs ks comrelated to
CH,0H production. Assuming that al aralible TOVs on a
Tiae 5 e Cotalyst are active, the average tumover frequency
{TOF) of CH;OH formation at <10 V was determined to be
83X 107 57 (Section §7.2),

We also performed experiments on crystalline anatise and
rutile TIO, samples (0.15~1 gm In particle size) which were
drop-casted on a Ti disc at <10 V (Section 54.3 and Figure
§3). No TOVs were observed from the voltammograms of
rutibe and anatase TiO, partiches after FAR. Interestingly, these
catalysts reduce HCOOH to CHyOH with a FEgqyppny of
<02% and jpan of —0.08 mA/em’. These observations
further verify the role of TOVs as active sites for FAR o
CH,0H.

Additionally, we rnote that Ti, catalysts whick were
anodized for longer times exhibited poorer selectivities for
the HER; for example, the FEs for H; decreased fram 87% on
Ty 1w 10 70% on Toy , o, (Table $14). Thus, to sam up,
mcreasing the sumber of TOV sites in T, Improves the

rarpay ok g 10 VG Ll 1cB3 000
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2.4, Mechanistic Pathway for FAR to CH,OH, We will
selectivity for CH,0H from FAR, while suppressing the now interplay theory and experiments to probe the role of
competing HER, TOVs ag active sites and elucidate the FAR reaction pathway

8 Mt/ sk ang 10 VI Lo bl 183004
ALS Carst 3021, 11, 4073425



ACS Catalysis

pubs acs,org/acscatalysis

to CH,;OH. We first modeled the most stable bulk structure of
Ti0,, ie, the rutile phase. After optimizing 2s geometry, we
modeled its most stable surface termination, TiO,(110), This
surface has alternating rows of coordinatively unsaturated
(CUS) and bridge sites (Figure 4a). CUS sites have
undercoordinated T atoms that are available to inseract with
the adsorbates, while bridge sites do not. Converscly, bridge
sites have twofold-coordinated oxygen atoms (O, ), which are
known to leave TOVs on TiO.™ To incorporate the
heterogeneity of amorphous T, ax observed from our XRD
and Raman experimencs, we also modeled the following two
stepped  surfaces: CUS-terminated Ti0:(120) (denoted
Ti0,(120)-CT) and bridge-terminated TiO{120) (dencted
TIO,(120)-BT). These surfaces have alterating rows of CUS
and bridge sites (with thewr corresponding ©,.) and a unique
type of O, Jocated at edge sites {denoted E-O,,).

To determine if TOVs could be formed on the stepped TiO,
surfaces, we calculated the oxygen vacancy formation energies
(AEroy = Egpyor + ;Em — Egy, where Eyy oy is the
energy of the slab with an oxygen vacancy, F, is the conected
totad esergy of gas-phase molecular T and By, is
the energy of the pristine slab}, Values of 304 and 2.93 eV
were abtained for O, 3t TH0.{120)-CT and TiO,(120)-8T,
respectively, while an TiO,(110] it was 3.75 eV, These results
Jead us to conclude that TOVs are mere facllely formed on
stepped TVO, surfaces. This is in line with cur experimental
results, where the formatiom of TOVe wax obserwed on
amarphous Ti,, but not on haghly cevstalline rutile and anatase
TiO, particles (Section S+.3). Furthermore, the values of
AFrgy for E-Q, were found to be around 0.3 eV more
unstable in both cases, indicating that TOVs are more
favorably formed on O, rather than E-Q, on these surfaces.

Next, we determined the mwost favorable pathway for FAR o
CH,OH on CUS sites and TOVe (Tables S15-516 and
Figures §12-817), On both sites, the hydmogenabon of
*HCOOH results in the formation of *H.COOH, but the
pathways bifurcate from that point on. On CUS sues,
*H,CO0H = h ed to produce *H,CO + H,0y
[Figure 4b; note that *H,CO is adsorbed formaldehyde). This
15 simiar to a prevously proposed mechanism for FAR to
CH,OH on Cry where *H,COOM is formed initially and splits
mto *CHO + H,O, *CHO then undergoes hydrogenation to
form CH,OH via a *H.CO intermediate. " In contrast, on the
TOVs the protosation of *H,COOH results in the direct
formation of CH,OH and the filling of the TOV with *O
| Fagure 4c¢).

Free-energy diagrams for FAR on the different surface sites
were made to facilitate the quantitative analysis of both
pathways {Figare 3a). The pathwayx at the CUS sites {denoted
as TIOL(110), THO,(120).CT, and TiO4(120)-BT) show that
the hydrogenation of HCOOH to *H,COOH is the potential-
Uimiting step. The calculated onset potentials are =1.27, = 1.57,
and —1.21 V at CUS sites for T50,(110), Ti0,{120).CT, and
TiO,(120)-BT, respectively. In contrast, the reduction of
HCOOH on TOVs (denoted Ti04(110)0, TiO,(120)-CT-
0, and TiO,{120)-BT-0) proceeds via the exothermic
formation of *H;COOH. The potential-Umiting itop is the
protonation of "OH to form H,O0;, which regenerates the
TOV and restarts the catalytic cpcle. The onset potentials are
=117, =0.77, and ~0.34 V for TiO,(110}-Q, TiO,(120)-CT-
0, and THO,(120)-BT-Q, respectively. Cleardy, the onset
potentials at TOVs are considerably Jower than those at CUS

sites, which can be atttibuted to the favorsble formation of
*H,COOH and the op of a different catalytic pathway.
These results highlight the following two key findings: (1)
based on their lower onset potentials we identsfy TOVs at
steps 45 the most active sites for FAR to CH,OH, and (11}
adsorbed formaldebyde (*H,CO) Is moc part of the FAR
reaction pathway on TOVs bat is a key intermediste during
FAR on CUS siees,

We also determined if the sizable differesce of FAR activities
between CUS sites and TOVs could be observed on anatase
TiOy A smilar conclusion was obtained: the calculated ooset
potentials were —1.75 and —0.58 V on amatase Ti0,(101)
without and with TOVS, respectively {dencted as A-T10,(101)
and A-TiO; (10110, respectively; Talder S15-516 and
Figures S18-519). This reaffirms our ﬁndlns: that TOVs on
TiO; are the active sites for CH,OH production,

Figure 3b condenses the activity trends in a Sabatier-type
activity plot, using the adsorption energy of *H,COOH
(A6 0on) 3¢ o descriptor. CUS sites are on the weak:

binding (right) leg of the volcano, where the formation of
*H,COOH is potential-imiting. TOVs are on the strong:
binding (left) g, where *OH hydrogenation is petential-
limiting, We found that the onset potential (U,) at the peak
lie close o the equilibrium potential (Ey) when AGy, oy =

0, This indicates that (i) it is theomodynamically feasible to
synthesize nearly ideal FAR eloctrocatalysts and (i) A6y, coou
= 0 = o swmple goiding prinviple for the  compuytational
selection of promising FAR catalysts Accordingly, optaal
catalysts for FAR should feature a free energy of adsorption
close to 0 ¢V for *H.COOH,

In the search for complementary guiding principles, we
found that the free energy of adsorption of HCOOH <an also
be used as a descriptor for FAR activity: the weaker the
binding encegy of *HCOOH, the more positive the Uy (Figure
5c). This descriptor is useful because the adsorption erergy of
HCOOH can be calculated with DFET or measured
experimentally. " ** The correlation in Figure jc shows that
HCOOH adsorbs strongly on CUS sites and weakly on TOVS,
while the opposite 5 true for the next intermediate,
*H,COOH. Thus, weakly bourd *H,COOH on CUS sites
is reduced to CHOH through a high-overpotential pathway,
while strongly bound *H,COOH on TOV: reduces to
CH,0H via a low-overpotential pathway (Figure %a). We
note, however, that the correlation in Figure 5¢ & to be taken
with caution becavse if the *HCOOH sdsorption energy is too
weak, it might net adsorb at all, and no activity will be
abserved,

Addtionally, we found that AE, .y is inversely correlited
with U, (inset of Figure Sc). Henwe, surface sites with more
positive TOV formation energies have simultanecusly more
stable *OH adsorption energies. This s justified by the
following facts: {i) Ay is the additive inverse of the oxygen
adsorption esergy at the vacancy (AE; = =AF), (it) *OH
and *O adsorption energies are linearly related by the so-called
scaling refations,™ and (i8) U = AGqy on TOVs since *OH
hydrogenation is the potential-limiting step of FAR to
CH,OH. Therefore, TOV formation energier may be nsed as
quantitative ceiteria for the design af FAR catalysas.

We further found that *H is more weakly bound on TOVs
than on CUS sites {Tables $15 and S16). Since TIO, bes on
the weakbinding arm in the Sabatier plot for HER,"'
weakening *H on TOVs shoald lead to a poorer HER activity
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Figere 6. (3} Splks tests of HCOOH (black line) and CH,O (red line) fn 0.0 M K50, at =10 Vs BHE ona Ti,, ... catadyst. (b) CH,0H and
HCOOH voncensrations after formaldehyde secuction (FAHR) at <10 V vs RHE on & Ti, ., catadyst, The mset graph shows the CH.O
concentrations before and after FAHR 2t —1.0 V vs RHE based en UV—vis measurements wsng the chrometropic #cxd method. The increase in
CH;OH &l HCOOH concentrations is astribused 1o the Cannbeaio Esproponknation of CHO.

an Ti,,. This is in excellent agreement with our experimental
obseevations, Interestingly, the adsesption free energy of *H
scales knearly with that of *HCOOH (Figure 510). Therefore,
we expect & higher FAR activity and 2 lower *H coverage (or
poorer HER] whea *HCOOH s weakly adsorbed on the
surface

We now wse experiments to assess the reaction pathway
predicted by the computational apalysis {shown in Figure $a),
Based on oar cakulations, CH,0 is not an intermediate
species during FAR to CHOH on TOVs, We verified this
experimentally by performing HCOOH and CH,0O spike tests
on Th,,, |y daring chroncamperometry at = 1.0 V { Figure 6a).
Whsle the HCOOH spike (0.1 M K SO, with 5 mM HCOOH,
pH 3.5) generated higher current densities, CH,O (0.1 M
K:SO, with 5 mM CH,0; adjusted with H;50, o pH 3.5}
was electrochemically inert. We further electrolyzed 5§ mM
CH,0 (noming concentration) on s Ti,, , ., catadyst at
potentials from =095 to =105 V (Table $17). Interestingly,
we detected similar amounts of CHOH and HCOOH at all
potentals, For example, we detected 008 mM CH,OH and
0.09 mM HCOOH after CH,O electrolysis at —1.0 V (Figure
6b, Tables 517 and 518, and Section §7.3). This strongly
suggeats that the CH,OH observed was formed through the
Cannkzaro disproportionation reaction of CH,0 (2CH,0 +
OH™ = HCOO™ + CH,0H) rather thar an electrocatalytic
reduction.”’ The electrochemical inertness of CH,O on the
Tiy, 3 e cttalyst also allows us to rule out CUS sites as the
active sites,

Lastly, CO and CO, maght be passble mtermediates for
FAR to CHOH " However, we did not detect CHOH when
we reduced CO and CO, 4t ~1.0 Vin 0.1 M K SO, (the pH
was adjusted to 2.6 with H.S0,) (Table §17). This exclodes
both molecules as active intermediates,

Collectively, we have elucidated that strorgly redudng
TOVs on Ti,, are the active sites for FAR to CH,OH. The
mechanistic pathway proceeds through a direct reduction of
HCOOH on Ti,, whereas previously recognized intermedistes
for CH;OH production, such as *H,CO, can be ruled out,’”
Ous results show that aliphatic carboxylic acids can be directly
electroreduced 1o alcobols under ambiest conditions using
only water as the H source. This contrasts with the
convertional reduction of carboxylic acids nsing stoichiometric
reagents such as LiAlH,, which leads to a large production of
Li and Al waste byproducts.™

3. CONCLUSIONS

In this work, we exemplify the use of Ti,, for dectrocatalyric
FAR to CH;OH. Chasacterizatioa studies indicate that the Tl
catalyst it highly amorphous and bears TOV sites duning
electrocatalytic FAR. The optimum FEgyon and jopson
obtuned for FAR on Ti, o samples were 12.6% and ~2
mA/cm?, respectively. A detailed cxamination of the Ti,,
catalyst wing EPR spectroscopy and CV indicates that the
mncrease in CHOH production s correlated with the amount
of TOVs in the ctalyst. DFT calculations showed that the
most favocable reaction pathway is through the protonation of
a *H,COOH intermediate to produce CH,OH and *O, filing
the previously formed vacancy. Subsequent hydrogenation to
*OH and H,0; regeverates the TOV, completing the
catalytic cycle. In addition, the adsorption energies of
*HCOOH and *H,COOH, as well as the formaton energy
of TOVs can be vsed a3 complementary descriptors to guide
the design of enhanced FAR catalysts,

In 4 beoader context, our work illustrates bow we can
rationally design an electrocatalyst for the redaction of 3 highly
stable organic functional group, which i this case i the
carboxylic acid group. By introduciog enhanced catalytic sites
such 25 TOVs to anodmzed Ty, 2 non-noble and earth-abundant
element, the carboxylic acid group can be favorably reduced to
produce a valuable alcobol. Apart from showing the feasibility
of CH,ON symthests under amblent coaditions from CO,
reduction viz tandem electrocatalysis, this work provides an
alternative roate for valorizing longer-chain aliphatic scsds to
valuable alcohols, such as a-propanal.
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Chapter 4

Interplay of C Atoms and Transition

Metal Systems

4.1 Introduction

Transition metals (TMs) are of great relevance in industrial heterogeneous catalysis. In
fact, late TMs are often involved in heterogeneous catalysts!>* for a large variety of
industrially relevant reactions such as ammonia synthesis or the Fischer-Tropsch
process,!> among others. On the other hand, early TMs are too active for such purposes,
adsorbing molecules too strongly according to Le Sabatier principle.!! However, the
carburization of these metals lowers their catalytic activity, forming TM carbides
(TMC:s), which have been proposed as viable replacements of late TMs in catalysis and
offer unique catalytic properties.!*!3” The main drawback of these systems as catalysts
is that, during the course of the reaction, they gradually get deactivated. The main reason
for such deactivation is the presence of poisoning agents, where carbon excels among
others.!>%15% Tt is usual that C species formed on the surface of the TM catalyst
agglomerate as carbon deposits, covering the catalysts and preventing the access of
reactants to the surface active sites, effectively poisoning it.'®® Despite this, in some cases,
a small amount of C can tune the catalytic activity and selectivity of the TM catalyst. For
instance, the presence of subsurface C in Pd catalysts favors selective alkyne
hydrogenation to olefins while suppressing hydrogenation to alkanes.!! Moreover,
subsurface C is key in the synthesis of carbon nanotubes (CNT) and graphene.!6%!63
Motivated by these results, the aim of this work is to obtain a detailed and broad atomistic
view of C interaction with TM surfaces, including thermodynamic, kinetic, and even

dynamic aspects of their presence and possible impact.
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4.2 Investigating the Presence of Subsurface C in fcc

Transition Metals

Introduction As an initial approach, we first tackled the interaction of C atoms with fcc
TM surfaces. We obtained the adsorption (E, ;) and absorption energies (E,;s) of C
atoms on/in the (111) surface of fcc TMs, which corresponds to their most stable surface
termination.*! To explore the kinetics involved in the penetration of C atoms into these
surfaces, we calculated the sinking energy barriers. For completeness, we also modelled
M79 TM nanoparticles to investigate the effect of low-coordinated sites on C
ad/absorption. The data obtained allowed us to investigate the thermodynamic and kinetic
aspects regarding the presence of subsurface C in fcc TMs. Note that the presence of
subsurface C has been observed before for group 10 TMs,'®* but in this work we point
out its existence also for group 11 TMs. Hence, we show here that the existence of
subsurface C is a general feature to be considered for fcc TMs. Finally, dynamic
simulations allowed us to estimate the lifetimes of atomic C species at the surface and
subsurface regions of these TMs.

This work led to the publication of two research articles.®!:!6> The manuscripts are
included at the end of this section. In the following pages, a summary of them is provided.
My contributions to the research articles were: (a) Calculation of C ad/absorption energies
for all the slabs and NPs, (b) determination of surface, subsurface, sinking, and emerging
energy barriers for all the slabs, (c) calculation of sinking energy barriers for all the NPs,
and (d) analysis and figure assembly of the parts corresponding to (a), (b), and (c). I was
not involved in the kMC modelling and simulations. The supporting information for
“Subsurface carbon: a general feature of noble metals” can be found in Appendix F. The
optimized geometries were removed from this document to save space but can be found
online at: https://doi.org/10.1002/anie.201813037. The supporting information for
“Towards understanding the role of carbon atoms on transition metal surfaces:

implications for catalysis” can be found in Appendix G.

Results Initially, C atoms at surface and subsurface regions were optimized on (111)
surface slab models of fcc TMs, alongside with the sinking energy barriers. Figure 28
shows these calculated E,;q, E;ps, and the sinking energy barriers are shown for the

earliest five fcc TMs, on their most stable sites in surface and subsurface regions, namely
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the hcp and fec three-atom surface hollow sites and the tetrahedral subsurface (#ss) and

octahedral subsurface (oss) sites.
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Figure 28. In descending order, Rh, Ir, Ni, Pd, and Pt adsorption (E,,, in dark colours) and subsurface
absorption (E,, in light colours) energies, in kJ mol™!, on the (111) surface (a) hcp and subsurface ss sites,
respectively, and (b) fcc and oss sites, respectively. Carbon sinking energy barriers on each site are shown
in black. This figure corresponds to Figure S11 in the supporting information of reference 61 and is included

here to facilitate the reading of this thesis.
Results show that C atoms are clearly most stable at the surface than at the

subsurface only of Rh and Ir (111) surfaces and have to surmount high-energy sinking

barriers to penetrate the surface. On the other hand, Ni, Pd, and Pt (111) surfaces feature
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competitive or preferential C subsurface stability together with low-energy sinking
barriers, as reported previously.!%* Moreover, as shown in Figure 29, the most noble TMs,
those of group 11 (Cu, Ag, and Au), also showed competitive or higher stability of

subsurface C compared to surface situations.
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Figure 29. In descending order, Cu, Ag, and Au adsorption (E,;,, in dark colours) and subsurface
absorption (AE,, in light colours) energies, in kJ mol™!, on (111) surface (a) hcp and subsurface fss sites,
respectively, and (b) fcc and oss sites, respectively. Carbon sinking energy barriers on each site are shown
in black. This figure corresponds to Figure 1 in reference 61 and is included here to facilitate the reading

of this thesis.

For Cu, the fcc and hcp surface sites have akin stability, but the subsurface oss site
is more stable than the fcc surface site by 42 kJ mol!. For Ag, the surface fcc site is 18 kJ
mol! less stable than the subsurface oss site. For Au, the surface fcc site is more stable
than the subsurface #ss site by 25 kJ mol!. The key driver subsurface stability appears to

be a compromise between the energetic cost of subsurface deformation to accommodate
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C atoms within constrained space and the increased C bonding saturation. At full
monolayer coverage, estimates show that the surface or subsurface preferred stability
prevails, but with reduced E, ;5 and E . The sinking energy barriers are within 32-63 kJ
mol! for Cu and Ag, hence, non-negligible but easy to overcome at catalytic working
temperatures. Barriers for Au range from 24 to 71 kJ mol.

These results triggered a more detailed study on this subject. We further modelled
metal nanoparticles of 79 atoms (M79 NPs), and so within the scalable regime,'%® for Cu,
Ag, and Au, to inspect the effect of lower-coordinated sites such as the edges and corners
of these NPs on the ad/absorption energies and sinking energy barriers. The results,

shown in Figure 30, feature many similarities to the extended surfaces, with caveats.

497 472

Figure 30. In descending order, Cuzs, Ag7s, and Auye adsorption (E,4s, in dark colours) and subsurface
absorption (E,,, in light colours) energies, in kJ mol™!, on diverse (111) facet sites. Carbon diffusion energy
barriers on each site are shown in black. Dashed lines are present when in-plane situations are found, i.e.,
adsorption and absorption lead to a common final stable situation (E, ;¢ and E;,, values are identical). This

figure corresponds to Figure 2 in reference 61 and is included here to facilitate the reading of this thesis.
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Many hcp/tss and fcc/oss sites on Cuze and Agre show increased E, 4 and E g,
ranging 32-59 kJ mol™! for the adsorption cases and 61-72 kJ mol! for the absorption
cases. For Auyo, the increase in Egp is larger, within 87-100 kJ mol!, than for E, 4,
ranging 79-83 kJ mol!. Small size effects and the proximity to low-coordinated sites can
justify the increment of the adsorption strengths. For subsurface cases, the much larger
increment is related to a larger and easier deformability of vicinal metal atoms to stabilize
and accommodate the subsurface C atom. This is shown by a deformation/attachment
energies balance, in which attachment energies are larger for Cu, Ag, and Au NPs than
on the (111) surfaces counterparts, by up to 123, 91, and 104 kJ mol!, respectively, while
featuring similar deformation energies for surface and subsurface situations. Hence, low-
coordinated sites allow for larger deformations, without affecting the structural energy of
the site.

For Cuyo, Egp increases by 209 kJ mol™! with respect to the (111) extended surface
for corner tss, which is the most stable site for C on Cu79. A similar stabilization of
subsurface C is seen for edge fss on Auy with an E,, increase of 110 kJ mol!, with
respect to the Au (111) situation. Hence, subsurface C at edge fss is the most stable
situation in Auye. On Agyo, similarly to what is observed for the Ag (111) slab, the centre
oss site remains the most stable situation. Thus, low-coordination sites do not only
preserve the preference of C atoms for subsurface in Cu and Ag, but also promote
subsurface occupancy in Au systems. Moreover, the sinking energy barriers essentially
vanish, hinting for a kinetic easy entrance of C adatoms into the subsurface region of NPs.
Very low barriers of nearly zero to 17 kJ mol! are found at corner #ss and central oss sites
for Cuyo, of 7 kJ mol™! for almost all situations of Agro, and a barrier of only 6 kJ mol!
for the edge hcp site of Auro.

A further issue is whether such subsurface C occupancy is thermodynamically
driven. To this end, phase diagrams for all fcc TMs (111) surfaces have been obtained,
taking into account the turning conditions of pristine surfaces to become early C-
containing, either on surface (C*"") or in subsurface (Csu). Phase diagrams in Figure 31,
show that C adatoms would be thermodynamically stable on Rh, Ir, and Pt (111) surfaces,
subsurface in Ni and Pd (111) surfaces, and thermodynamically unstable on Cu, Ag, and
Au (111) surfaces at regular catalytic temperature working conditions. Hence, on the
latter, the existence of subsurface C isolated species would be only kinetically driven, and
to be considered only during the course of the reaction, even though the final state of

these C atoms would be aggregated in graphite or amorphous carbon phases. However,
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the thermodynamic stability can be achieved on low-coordinated sites of the Cu79 NP, see
Figure 32.

Note that this has important implications for catalysis, since, in those situations
were C atoms have a thermodynamic preference for surface sites and high sinking energy
barriers, carbon will act as a poisoning agent, blocking the active sites where the reactants
would adsorb and eventually aggregating on top of the catalysts when the C coverage
increases. On the other hand, in those situations where C atoms prefer to accommodate
in subsurface sites, they will not poison the catalyst, but they can modify the electronic

structure of the surface, affecting the on-going catalysis.

115



Interplay of C Atoms and Transition Metal Systems

108(Pg 0.

é‘:‘.
-
=
Ay
10t
o Y 2 3 A I 1 1 4 2 o e e A
00 900 1100 0 90 110 00 9K 10
T'K TI/IK TIK:

Figure 31. Phase diagrams for fcc TMs (111) surfaces (TM = Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au) depending
on the acetylene partial pressure (in Pa), and the temperature (T, in K). Diagrams are obtained for a constant
partial pressure of Hz, equal to 10”7 Pa. The white region belongs to a pristine metal phase, and the colored
regions belong to phases with C adatoms adsorbed (C*") or absorbed (Csuw). This figure corresponds to
Figure S9 in the supporting information of reference 61 and is included here to facilitate the reading of this

thesis.
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Figure 32. Phase diagrams for TM79 nanoparticle models (TM = Cu, Ag, and Au) in the same conditions

as in Figure 31. This figure corresponds to Figure S10 in the supporting information of reference 61 and is

included here to facilitate the reading of this thesis.

To go one step further, we investigated the dynamic aspects of the
surface/subsurface C stability on fcc TM (111) surfaces. Diffusion energy barriers along
the surface and through the subsurface were calculated, joining our already calculated
sinking (and emerging) energy barriers. This way, a complete diffusion map of C atoms
in fcc TM (111) surfaces was obtained. This data was later used by a coworker, MSc. Biel
Martinez, to perform kinetic Monte Carlo (kMC) simulations on surface models to obtain
information on the frequency of diffusion events, and, by that, of the surface structure
under working conditions and on the lifetime of such surface and subsurface C species.

Results showed that, at 300 K, C atoms are almost all the time at the surface for Rh,
Ir, Pt, and Au (111) surfaces; and almost all the time only in subsurface for Ni, Pd, Cu,
and Ag (111) surfaces, in agreement with the energetic preference shown by the DFT
calculations reported above. On the other hand, increasing the temperature has a relevant
effect on some of the surfaces. For instance, for the Ag (111) surface, raising the
temperature decreases the subsurface C concentration, while for the Pt (111) surface the
amount of C in subsurface increases from 2% at 300 K to 13% at 700 K. Thus, at catalytic
working temperatures there is a non-negligible amount of subsurface C in Pt that can
affect the on-going surface catalysis. Interestingly, it is observed that surface and
subsurface diffusion processes are much more frequent than those corresponding to

sinking/emerging diffusions. Moreover, the quantification of C atom lifetimes at less
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stable sites also provides compelling information. For those metals with preferential

subsurface C stability, one can expect the emergence of one C atom to the surface each

us per A2, which lasts at the surface for a significant time, almost 1 ms in the case of Ag

(111). This effect is very relevant for catalysis since the frequent emergence of C atoms

can condition the surface activity of the on-going catalytic processes. For metals where

C prefers surface sites, the presence of subsurface C does not condition as much the

catalysis in progress, since the main effects will be a consequence of C adatoms.

Conclusions These results, together with additional data and analyses shown in the

research articles below, lead to the following conclusions:

There is both thermodynamic and kinetic evidence on the presence of subsurface
C species in both group 10 and 11 TM systems. Such evidence has been found in
both extended surfaces and low-coordinated sites of metallic NPs.

C thermodynamic preference for subsurface sites is enhanced at low-coordinated
sites of NPs. Moreover, the sinking energy barriers of C atoms at these NP sites
are nearly 0 eV. The malleability of these sites is key for C accommodation.

C surrounding metal atoms show electron deficiency or partial positive charge,
which will affect their catalytic properties.

kMC simulations at 300 K essentially predict the same behavior extracted from
static DFT calculations, C atoms spend most of the time around their most stable
ad/absorption site.

At higher temperatures other less stable ad/absorption sites become populated,
such as subsurface sites at Pt (111) and Rh (111) surfaces, and surface sites at Ag
(111) surface.

In general, surface and subsurface diffusion dominate the kinetics, with
sinking/emerging processes being less frequent.

For Ag (111) surface, C emerging processes are triggered by annealing. The raised
C atom can then bias the on-going catalytic processes occurring at the surface.
These results indicate that the role of surface and subsurface C species in

simulation models of some of the fcc TMs should be reconsidered.
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Subsurface Carbon: A General Feature of Noble Metals
Oriol Piqué', Iskra Z. Koleva', Francese Vines,* Hristivan A. Aleksandrov,*

Georgi N. Vayssilov, and Francesc Hllas

Abstract: Carbor maictiex on lete transition  metals are
regarded ax poisoning ogents iy heterogeneows  catalysis
Recens stidies show the promoting catalvtic role of subsurface
C atowns in Pd surfaces wnd their exisience in Ni anid P4
snrfaces Here energenc and kinetic evidence obtained by
accurgte yinulations on surface and nanoparticle models
sheowy that such subsirface C spedes are @ general Isswe 10
consider even v coinage nobdeanetal svsiems Subgerfaoce C iy
the seost stable situarton in dewsely packed (111 ) surfoces of Cu
and Ag, with xinking barners low enough 1o be overcovne w
catelviie working remiperatiires. Low-coordinared  sites  wl
nreprarticle edges and comers furifeer stadulize them, even in
Aw, with negligible sudvsurfoce sinking barrien. The mualle-
ahiliey of low-coordinmted sites Is key In the subsurface C
wccommaodation. The incorporation of C species decreases the
electron density of the surrounding meed atoms, thus affecting
thelr chemical aned curalyrie acivity

Lale transition metals. incleding comnage (Nt Cu, Ag, Au)
and Pt-group (P1. Pd. Rh. Ir. Re, Os) metals. are in wide-
spread use as heterogeseous catalysts'! for many reactions of
industrial interest,” ™ The systems simplicity, triggered by the
applications importance. has prosupted research aimed at
their catalytic activity improvement, desirably coupled with
a matenals cost reduction. Nanostructuration strategics have
been contemplated for that parpose." " The mtional design of
novel metol und alloy catalysis. backed up by precise ab initio
quantum chemistry calculations on suited catalyst models, has
meant as well a great leap forward in the quest for new,
improved activity transition metal catalysts.**)
Transition-metal catalysis are typically emploved as
shape-defined supporied metal manoparticles (NPs), for
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example. Au NP's on () for low temperature carbon
monoxide oxidation.'” or Pd NPs on ALO, for exhaust gas
treatments”! The high catalylic performance of such noble
metal NPsis inberent to 1) the exposure of facets other than
mast stable one. and so. chemically more active, and 2) the
exhibition of even lower-coordinated sites such as NPs edges
and corners. mere prone to attach molecules onto:™ other
elfects can also play a key role, for example 3) quantum
confinement,”!  4)strong  metal-support  interactions”™
5) nanoparticle flexibiliny™ and 6) nano-polymorphism,'"
Sull, the main drawback of such catalysis 5 that, In the
course of the catalysed reaction, these get grachsally deacli-
vated over time and use. Besides NP sivtering, the ornigin of
this activity loss is the presence of poisoning agents, where
carbon excels among others

Carbon podsoning normally implics C, moicties, usually
generated as a side, undesired product of the on-going
catifysed reaction, typically involving organic reagents. Al
low C coverage. C atoms can strongly adsorb on the catalyss
low-coordinated sites, restricting the reagent adsorption upon
andior chemically modifying the very sature of the active
sites!* " At high € coverage, monolayers and multilayers of
graphene can emerge on top of the metdl surface, and even
surround and contain metal NPs structuratly [ully blocking s
active sites. """ However, recent experiments and computa-
vonal simulations have changed the paradigm of low C
content from 4 posson toa promoter role. s subsurface Cin
Pd catalyas favouss the selective alkyne hvdrogenation o
obefing'™ and its presence at low-coordination regions of
metal NPs 1 explained by demsity lunctional theory {(DFT)
based simulations ™

Subsurface € has been shown 1o bias the sclectivity of
other substitutiona) or interstitial carbon residues! display-
ing higher reactivity towards surface 0 and H adatoms than
surface C."" The sabsurface moieties mediated chemistry s
non-exclusive to Pd. Inferstitial C is well-known in Ni surfaces
and NPs™ and recently justified on Pt systems™ all
belonging 1o Group 10 of the perniodic table, Motivated by
these results a guestion mark arises: Is sach subsurface atom
induced chemistry a simgulanty or a commeon leature other-
wise? In the latter assumption, such effect has been often
disregarded, focusing on the vicinal C-perturbing/blocking
poisoning picture, which should in fact include the subsurface
mleracton suaton.

Herein we show that the existence of subsurface C is
a general feature 1o be consadered. This 48 confitmed by
inspecting its energetic and kinetic stability on most nobie
metals, namely. Group 11 Cu, Ag, and Au. By means of
accurate DFT-based ab initio calculations we give arguments
of the compotitive, often higher stability of subsurface C
compared to surface situations and its kinetic feasthility by
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overcoming small subsurfuce sinking energy barriers, with
indications of subsurface C being a nearsurface entity, DFT
results are obtaned on penodic supercell slab models susted
10 describe singlecrystal (111) extended surfaces, but also on
well shuped NP models of 79 atoms; a NP size within the
scalnble regime. and, therefore, representative of larger
NP For comparison, the surface and subsurface stuations
are modelled at the (111) surfaces of the other five face-
centred cubse (free) transtion metals (Ni. Pd Pt Rh, Ir),
Further details und definitions are present in the Supporting
Information.

The cakulated C wdsorption (£, | and absorption (£,,)
epergres on Cu, Ag, and Au (111) surface slab models tor
hexagonal close-packesd (hep | and foe surface, and tetrahedral
subsurface (o) and octabedral subsurfiace (o) sites, which
are the most stable sites, are shown in Figure |, For Cu the
hiep and fee sites have similar stability, 436—40 kJmol ™', but
in the subsurface osy site € = more stable by 42 kJmed ', For
Ag. the surface fee site (£, 0320 K mol ') 18 Kimol ' less
stablke than the subsurface osy site [, of 338 kJmol ') For
A (111) the surface fee site (£, of 414 kI mol ') i3 more
stabke than the subsurface sy by 25 kJmol . The main factor
for the subsarface stability scems to be a balunce between the
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Figurz 1. Cu (top), Ag (m»ddl:]. and Au (bottam) adsarphon (.., 10
dark colours| and subsurface absorption energies (T, in light
colowrs), in bfmal ', an [117) swrface o) Acp and tis sites, respectively.
and b) fec ard o sites, respectively, Carbon diffusson energy barriers
on coch site are thown in black,
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increased C bonding ssturation and the subsurface detorma-
von energetic cost o accommaodate C atoms within the
constrained subsurface space (see the Supporting Information
for o discussion of the deformation energies, £, and
Table S1). Morcover, the higher chemicnl activity of gold
compared 1o sifver is explained due to a silver decper d-band
contre, as found in equivalent DFT simulations* %) pluc
a weaker C—Ag coupling which presents antibonding states
being above Fermi level, and so, destabilzang the C inter-
action towards Ag.™ ™ Estimates at & full monolayer cover-
age [Supporting Information, Table $6), chow that the surface
or subsurface preferential stabilitv prevails, although with
reduced £, and £

A last entical point 1o tackle is the kinetic hindrance,
Subsurface sinking energies displaved in Figure | reseal that
barriers are within 32 and 63 kJmol™' for both Cu and Ag
(111) surfaces, and. theretore, pon-negligible, yet casy to
overcome it calalyst working temperatures. For Au (111) the
barriers range from 24 to 71 kImol o The £ £, and
sinking energy barrier valees are in ling with previous
calculatioas™ ™ and here welk-reproduced fore all foe T™Ms
{111} surfoces (Supporting Information, Figure 511}, Further
more, the further penctration of the C atem has been also
comsidered yet discarded (see discussion in the Supporting
Information). In general terms Group 11 (Cu, Ag, Au) fee —
ass sinking harriers are comparable yet higher than Groap 10
INL, Pd. Pr), despite of the smilar stabilsty of the subsurface
C. The kinctic hindrance in the former group could explain
the lower experimental solubility of € (see discussion in the
Supporting Information),

The above results apply for subsurface C switability on Cu
and Ag sarfaces under operating conditions. A remaining
apeel towards o more holistic picture view s the C
interaction in/on lower-coordinated sites, such os edges and
corpers of metal NPs, This is fully explored on the (111) facets
of M, metal NP moedels {Supporting Information, Figure 52),
and £,,, £, and subsurface sinking barricrs arc shown in
Figure 2. One immediately detects smilarities to extended
surfaces, with caveats, Many fecioss and hepirss sites featuring
both surface and subsurface states on Ag,, and Cuy, reveal
increased £, and £, mnging 32-39 WUmol ' for the
adsorption situations and 6172 kJmol ' for the absorption
situations. For the Au NP the increase of £, is in general
notably  Righer (S7-100kImol ') than for F (79—
83 kI mol ). Remainiag small size effects and the still close
proxumity Lo low-coordinated sites can explain the increment
of adsorpuve situations. In the case ol subsurface accommo-
ation, the much larger increment 1 directly linked to a larger
flexibility and deformability of vicinal metal atoms to
accommodate aad further stabilize the subsurface C mowery.
This is clearly highlighted by the deformation and attachment
enerpes bilance (Supporting Information, lable 823, where
attachment energies can be higher than on the (11 1) extended
surfaces counterparts, by up to 123, 91, and 104 kKImol ', for
Cu, Ag, and Au NPs, respectively, accompanicd by similar
deformation energies for susface and subsurface situations
Thus, the low-coordinated sites allow for such deformation,
beneficial for the © binding, without compromising the
structural energy of the site.

wwaangewandte. org

1745



1746

472
533

Figure 2. Cuy, {top). Aps (middle), sed Auy, (beticem) C adsoeption
1,4, In dark colours) and subsusface absorgtion energes (£, In
light coleurs}, in kjmal ', on dwvesse {111) facet sites. Carbon
diffusion energy barmers an each site are shown In bladk. Bashed lines
are peesent when irrplane stuations are found, that |5, adsorption ard
ahsoeption kad to s common finad stable situation (E_, and £,
values are identical).

For the Cus NP, £, increases by 209 kImol ' with
respect the (111)slab model for comer sy, whach becomes the
most stuble site for C on Cuy Analogous stabilization of
subsurfece C is observed on edge 9 on Au,, with an E_
icrease of 110kImal ', with respect 1o the Au (111)
reference, Thus, subsurface C at edge oy site becomes the
most stable situation in Au,. although only 6 k) mol ' more
stable than the edee fic location. On Ag,, similarly to Ag
(111} surfuce, the centre osy site remains the most stabke
situation, but onfy & kimol ' more stable than the edge hicp
and (v locations Therelore, low-coordimation sites not only
preserve the C preterence for subsurface in Co and Ag but
also foster subsurfisce ocoupancy even in Aa systems, How-
ever, ata ncarly full covernge situation {Supporting Informa-
tion, Tuble S6), the subsurface stabifity is lost for the NP
models, favouring surface situations which can involve the
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dustering of C atoms see the example on Cug, shown in the
Supporting Information, Figure S12.

The most pronunent feature on all the low-coverage cases
is that the encrgy bariers, £, for the subsurtece diffusion
essentindly vanish, and so. there s o kinetic free entrance for C
adntoms to the subsurface region at the NPy edge and corner
regions Reduced barniers of essentially zero to 17 kimol ™!
are found to socupy corner iy and central o sites in Cuy,, of
TkImol ' in all situations of Agw but for the edge heplesy
case, and a reduced barrier of only 6 KImol ' for the entrance
towards the edge hop ate m Au,,. This energy barner
lowering located at undercoordinated sites was also carlier
found for Pd NPs"'! Moreover, it has been found that low-
coordination sites geometrically approach the surface and
subsurface manima of the adfbsorbed C stom (see discussion
in Supporting Information and Figures S3 and $4),

A further question is whether such subsurface C ocou-
pancy would be thermodynamucally driven, To this end, phase
diagrams have been acquired for all fee TMs [111) surfaces
considering the turning conditions of pristine surfaces o
bocome early C-containmg. cither on surface (C) or in
subsurface (C,, 0 The details on phase-dingram sonsiruction,
eguatling the chemmcal potentsal of C, (), to be hall of that
of neetylene (C-H2) minus hydrogen (H:) molecular pases™
thus emulating alkyne hydrogenation conditions ! are given
in the Supporting Information. The phase diagrams in the
Supporting Information, Figure 89, show that., at regular
catalytic temperature working conditons, € adatoms would
be thermodyaamically stable on Rh, Ir. and Pt (111) surfaces
subsurface on Ni and Pd (111} surfaces, and thermodvnami-
cally unstable on Cu. Ag, and Ao (111) surfaces This
highlights thut, on the tatier, the isolated C adatom exislence
would be only dynamically and'or Kivetically prampeed, and
10 ke considered only om the course of the reaction, ¢ven
though the finnd state of such C moicties would be aggregate
i graphite or amorphiows carbon phases. However, note that
the thermodynamic stability is reachable on low-coordinated
sites of the Cuy, NP (Suppeorting Information, Figure S10). In
any cise, the ex situsubsurface C detection on Cu, Ag. and Au
regular surfaces does not scem feasible, and a challenging task
in situ {for example, see the discussion based on ambient
pressure Xoruy photoemission spectroscopy (APXPS) T in
the Supporting Information), where indirect approaches
through maodified surface activity or site specific surface
scicace technigues seem more feasible for the detection of
subsurface C species in noble-metal systems.

Furthermore, to estimate the changes in the clectropic
structure of (e three metals upon adsorplion or absorption of
C, we calenlated the difference between the 3s core levels of
metal centres around C and the corresponding centies in the
peistine models before € insertion (Table 11 Supporting
Information, Table S6). In all cases there 15 & sahilizition
of the metal core level energics, suggesting a decrease of the
clectron densaty, and hence, a partial positive charge on Those
metal atoms, The core levels of surface atoms bound to C on
Cuand Au (111) surfaces are stabilized by 0.03-0.9 and 0.65-
0.89eV, respectively, while for the Ag (111) surface this
mierval » 0.27-055e¢V. For the subsurface aloms thes
stabilization appears to be smaller, for example, for the ass
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Toble v; Shilts (in eV) of the 3¢ core levels [posative values correspond 10
stabdzation) and of the d-Sand centres v, of the metal atoms bownd i
the carbon with respect to the corresponding metsl stoms in the pristiee
[117) slab meds.

15 Corelavel shifis ',
Cu Ap Al Cu Ag Au
fes oM o355 0390 090 .40 079
ot Sof 063 027 045 -064 024 -063
Subs 04 Q08 013 -047 097 -073
hp 0% 056 033 -092 04 -079
% Surf 065 030 069 - 065 -0.2% -0.66
Sobs 060 i3 034 060 an -043

position of the Au slab the energy decrease is 005 and (.13 eV
for surface and subsurfuce An atoms, respectively, Along the
same Line. the metal reactivity change is
measured by the d-band centre shifl of the
meial stoms bound with the C atom with
respect 10 the same atommie values on the 14
corresponding pristine model. The cbtaaned
values reveal the same trend s the 35 core
levels  (Tuble 1: Supporting  Information,
Table §8). For instunce, for Cu, Ag, and Au
(111} surfaces with C a1 foe or fiep positions.
the shift of d-band centres 1o lower energies is
(LOONL92, O 4HOAL and 079079 eV, thus
making the sites o priori Jess chemically
active. The wvalues for the slab and NP
models iare comparable, Again, the cifect of
subsarface C 15 weaker than that of the C
atoms oa the metal surface.

The density of states (DOS) difference
plots for 5d states of Au metal centres hounxd
1o C at ags position of the Au (111) and ot ficp
edge of the NP are shown with solid lings m
Figures 3a and b, respectively (the DOS plots
for Cu andd Ag are provided in the Supporting
Information, Figores S5 and S6). For both slab
and NP models thore & an increase of DOS
the - 7.5 to—4.0 ¢V region upon C absorption
while in the -3 10 - 1 ¢V region, choser to the
Fermi lovel, a strong depletion of DOS i
observed. This picture is in agreement with the
stabalization of these metal centres, concluded
from the analyss of the previous character
itics, Interestingly, when considering these
meial-atom DOS plots in the same geomelry
while removing the C atom (see the dashed
lines in Figure 3a.b). the opposite trend s
observed: 5d DOS increases strongly close to
the Fermi level and decreases at lower ener-
gies, Finally. in Figures 3o-f the charge density
diltedence for some of the C-conlaiting Au
modets i visualized (sec also the Supporting
Information, Figeres ST and 58 for the other C
positions and metals), These figures confirm
that there = a depletion of electron deasity
from the metal contres around C  (blue

a)

Aages Chum, (ot B4 2009, 8 1744 170
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reglons) and o rearrangement ol electron density at those
centres, Tkely due 10 rehybridization of their fronticr
orhitals

In summary, the present lindings provide compelling
encrgetic plus kinetic evidence that sshsurface C specics are
to be comsidered in coinnge metnl systems, from extended
surfaces to low.coordinated sites prosent in metallic NPs
under working catalytic temperature conditions In the case of
low-coordinated sites such as NPs edges and corners, subsur-
face positions are the most stable situntion at low €
concentrations, even m gofd, 10 the point of subsurface C
being o thermodvoamically viable phase in Cu low-coordi-
nated sites On extended (111) facets/surfaces, subsurface Cs
dynamically and kinetally envisaged on Cu and Ag systems
These results broaden the subsurface C chemistey, 8o as 1o be
considered a general aspect of lale transition metal systems

by, P, Susr
| A e Bl SUb
24 " Sur

i ---5ub

Figure 3. D ference in the density of states plots of Au 5d states for metsl centres
bound to € and corresponding Au atams in a) the pristine made! for C o oss position
an Au [111) surface and b) Cin bep edge position on Auy NP. Red zalid bine for surface
Au atorms ; blue soid line Sor subsurface Au storns; dashed lines belarg to difference
between Sirgle pont caltuiations for the corresponding structures alter removal of C
ond the corresponding atorns in the pristine optimized structure: green dashed line
belangs to surface Au atoms; black 1o subsurface Au atoms. The plots are normalized
with respect to the number of geld stoms around the carbon. c}-f) Charge density
difference for surface £ (c) and subsurface oss {d) posstions of C on Au[111) slab
model; surfice fec edge {€) and o edge (1) positions of C on Au NP; green regiors
indicate the increase of the ehctoon density due 10 C nddition, end bue regons the
dectron density depletion,
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The malleability of low-coordimated sites at surfaces, edges,
amd comers appeans 10 be the key aspect in the subsurface sie
C accommodation. Furthermore, this aspect does explain the
cosy sinking of surface C species 10 near surface situations,
with low dilfusion energy barriers, from almost vanishing at
NPs edges and corners, The experimental in situidentification
of such C species 15 challenging, although its presence may
cxplain previously observed pecoliar surface chemical activ-
ites of comage metals with C impunties, and, furthermore,
introduces itself as un aspect 1o be régarded in the future
when studving haterogenenusly catalysed processas by iran-
sition metal svstems. The analysis of clectronic structure
changes in the C surrounding metal stoms reveals electrea
deficiency at those centres, indicating a partial positive charge
that will affect their chemical and eatalytic properties.
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ABSTRACT

Corbon moletes, s o low covermpe regime being redoced to C aduroms, s a rock-in-the-sboe for hetero-
gevoously catslyvand processwes Bnvalving carhon-containing species. Their presence alfocts the pecformance of
Transition Metal (TM) based ind sstnial cacalysts, often resalting in poisoning Recent studies oo the C adatom
thermodynamic sability revealed that both surface and subsurface C atoms may coexist, indicating addi-
tioral poisaning mechamsms, yet abso new catalytic promotmg mechanismes. The present work provdes a
symematic atady of the potential dynamic relevasee of such subsusface C atoma in te mos stable (111}
surface of all for T™Ms at low € covemages. This relies an evalsating the composition ot thermodypamie
equilitetum and the time scale of the different imvalved processes by means of Density Functional Theory
(DFTY and kinetic Moste Carlo {AMC) simulaticas, respectively. These DET and kMC simulations highlighe the
relevant rele of subsurface © amms for Ag and P, and o fast C mobility for Au and Pr, which might be
important factors contriburing 0 posaning of opening ew resctive path mechanismns, eapecinlly redevans at

high temperature working cond tices

1. Introduction

Transitson Megals (FM5) are crucial in mapy heterogencously cata-
Iyzed industrial chemical processes with huge relevamce in the modern
munkind society development. The production of ammanta, for o
srance, is o date mostly earried oul through the Haber-Basch process,
using Fe as a catalyst | 11, Specifically, due to theirestablished moderate
chemical activity (2], T™Ms deliver a good compromise between af
fordable reaction energy burriers and moderate binding strengths of the
involved reaction speckes —ie., falfilling Le Sabatfer principte— and,
bence, are browdly employed in hetervgenecus catalysis (3], Never-
teedess, rescarch endeavirs are continuously undertaken o develop
novel or improved catalysts imwolving T™Ms as indispensable compo.
nents, edther as active phase, as supports, forming alloys, or even In the
limmit of isolated single atoms, the socalled Single Atom Catalysts
(SACs). Among the TMs used in heterogencous catalysis, these with
face-centered cuble (fec) crystal structure are prominent, eg (n the
hiydrogen production, cotalyzed by Ni 4], the generation of nitric acid
thiough the Ostwald process using Pror Rh as caalysts |51, methanol
synthesis wsing lorge supported Cu nanoparticles (4], or the partinl
oxidation of methane to earban monoxide, achievable using Ni, Ru, Rh,
Pd, Ir, or Pt [7].

*Corresponding awthar,
Eavail oddrma: Gunooe vines i we eda (F. Vines).
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Many of the aforementioned industrially relevant processes invalve
carboncontaining species. In fact, all the organic and fine chemistry
mdustries handle, generically, carboe rich molecules. During the foe-
mation or breaking of chemical bonds, same intermediate species can
evestually escape from the ssught catalytie eycle through side see-
ondary rescdtions, resulting in C, modeties attached to the catalyst sur-
face. These carbon residues can eventually lead to coke farmation,
which would pofson the catalyss by blodding the active surface metal
stes (4], This is mdeex a frequent problem on foo T™M surfaces, where
potsoning by carbon species bave been reported for a wide varlety of
cstulytic processes [(9-11], thus reducing or even jeopardizing the
catalytic activity over time, and ultimalely, requiring costly catalyst
regeneration steps,

Typlcally, paisoning occurs ar high ecarbon coverage, e, where
different complex structures are found going from carbon flaments to
grophene, graphite, or amorphous carbon [1214]. At very low 8,
C remains mastly ksolated, normally as surface adatoms [17]. Recent
works studied the thermodynamic and Kinetic stability of such C atems
o most-stable (111) sarfices of foc T™™s and realistic nanoparticle
models, revealing for o pumber of the studsed cases o rather usexpected
bigher stabllity at suhewrface sites | 14.15), So far, thic extendod sur-
prismg feature has not been taken into account in the computational
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models previously used to simulace catalytic processes on such surfaces,
The consideration of the presence of subsurface carbon might well lessd
to o change of paradign In our enderstanding of the catalytic activicy
and reactivity of a varety of metal surfaces that can experience this
phenomenon, Indeed, there are experimental and thearetical works thee
already underline the pivotal rode of such C species on tuning the cat-
alytic activity, reactivity, and selectivity of Pd camlysts (16170,

Here we go one step further Investigatng the dynamic aspects of
surface /sabsurface C stabtlity on all fee 'T™ (111) surfaces. To this end
we perfarm kinetic Moste Cardo (RMC) simulations, with rates abtained
from Density Functiooal Theory (DOFT) based calculations, almed at
gaining information of the surface strocture under realistic working
comlitions over time. This information is Zkely to be relevant far the
determination of the potential role of surface or subsurface C species,
askle, with the alm to ascertain whether the Hfetime of sech specles
falls in the reactica mte time-lapse, and, therefore, should be con-
skdered 2 a potentlal caralytio role-player.

2. Computational details

The DET basad calculations have been carried out for suitable per-
fodic modeds of the foe T™M (111) surfaces (TM = Ni, Ou, Rh, Pd, Ag, Ir,
P, and An) wsing the Vienna Ab fndtio Simudation Packsge (VASP) 18],
and employing the Perdew-Burke-Ermzerhod (FEE) form of the ex:
change aad correlstion functional 1197, shown  De one of e most
occurate chaoices for o wide variety of T™ sy=stems and propestics, in-
cluding the somic and electronic strueture of bulk and low Miller isdex
surfaces [ 00231, The (111) sarface has been chasen sinee it &s the most
stable surface and, socording to the Walff construction minimizing the
surface energy (21.24), the mast exposed in large supported nano
particles In the fec T™ real catalysts,

The adsocption of atomic C has been sudied on the highest sy
metry shes, incloding top, bridge, and threedold hollow sites —fic,
having & subsurface metal ntom wo layers undemeath, and hexagonal
clese-packed (fep), having a metal atom in the immediate subsarface
layer—, belng hollow sites the most preferred by C species, As far as
subsurface sites are converned, several non-equivalent sites have been
sampled with the C atom in between the first and second atomic metal
layers, finding that the only relevant sdsorption sites are the fee sub-
surface —alkso known as octabedral subsurface sie, oss— and the hap
subsurfooe —knowa a tetruhedral sulsurface site, tss—., The energy
barrlers for diffusion, &, of Cspecies along the (111) surface, along the
(111) subsurface, and in between the surface and subsurface regions
have heen abtained wsing the Climbirg Image Nudged Elastic Band
(CENEB) method [25),

Ta represent the TM [111) surfaces, a p{3 x 3) supercell with six
atomie layers, conaining a total of 54 metal atons, has deen used. The
three uppernmast layers have been allowed to fully relax, whereas the
three botionumost layers were lixed at optimized bulk crystal positions
to simulate bulk rigidity. Such models are wide encugh so to deliver
comverged results up to fow renths of an oV —below c.a 0,048 oV— far
absorption and adsorption energies [ 151, The valence electron density
was expanded in a plane wave basis set, with 2 kinetic energy cutoff of
415 eV, In the self-consistent feld method, a suitable smearing algo-
rithm has been used to enhance the coavergence procedure, yet final
energles have been extrapolaied 1 0 K, The reported cresgies aCcn
for the Zero Point Encrgy (ZPE) term, calculated within the harmonic
approximation. The frequency caleulations have been computed from
diagonalization of the comesponding black of the Hessian matrix with
elements compured fram finite displacements of analytie gradients; i
vahie of .01 A was considered for all the atoms relaxed during the
structural optimization or the Transition State [TS) search location. The
sampling of the reciprocal space has been camed out following o
3x3 %1 Monkhoest-Pack k-points grid (2], The £, for the sinking-
emerging processes have beea extracted from literature [14), yet here
including the ZPE term,
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Fig. 1. Schemstic repeesentstion of the employed lattice onit celd indicating the
coasiderad active sites, and their conpectivity; (a) representacian of the adsarp-
tiom sites indoded in the unit ool and the aght different diffusion processes
accoanted for In the KMC simulations, (b) top view of a pl2 x Z) supervell. Black
sphoces domote metal secere, ned the unit coll vevts are ropresented with blck
lines. Coborod snaller Claeger) sphieres donote surface (subusface) sites following
the potation in (a), and colored lines stow the connectivity between sites within
e sane bayper, and (c) side view of (), where colored lines show the sinking/
emerging channeds of the latice. (For inserpresation of the references % colonr In
i figure hagend, the neacler is referred 0 the wib verdan of thes sticle.)

A Prihon-based kMC codo bag boers written 1o carrecily propagie
the system configurations by means of the widely used rejection.free
Varinble Step Size Method (VESM) (27 The different TM (111) sur-
faces are represented in the kMC famework as a two.dimenssonal
perlodie lattice, where each adsorption site corresponds to a point in
the lattice. The katter is built by replicating LxL times the p(1 x1)
primitive unit cell, which contalns two surtace siees (Le., one frc and
oo haplh, and two subsurface sites (Lv., one oss and one tss), ox shown in
Fig. 1. Periodic boundary conditions were included in the ¥MC simu-
Eatians 1o emulate the extended charscter of the surface a1 the atomic
scabe. As the purpose here is to study the Jow B¢ real situations, the kMC
dmulations hive been performed in the B range of 179 at% and a
temperature, T, range of 3007700 K. Note that 8 at% is defined as the
percentage of carbon atoms per Iattice surface lattice sites, being these
the sum of the hop and foe hollows in the unit cell. At this low-coverage
regime, the effect of passible laternl (ateractions, not acceunted In this
EMC model, i irrelevant, even more when they bave been seen to be
mather anecdatic, if any, during the smulations, as just very rarely C
atoens are Jocated vicinal to each other. A total of eight types of diffu-
sian processes have been consiklesed for the preseat BMC simulations,
which kvoive the reversible surface @od subsurface diffustons from fee
to fcp and fram s to osy, respectively, as well as the reversible sinking/
emerging processes from Nigp to 155 and from feo w ass.

For diffusion processes at solid surfaces, the adsorbed species only
contrilyate to the vibrational partition function, and the rate constant
can be obtained from Transiticn State Theory (15T as:

kg7 Que -
ol T T b o)
where £, 5 the energy barrier including the ZPE term, & the Planck
constant, kg the Bokzmane constant, and Qye and Q the vibrational
partition functions at the TS and ar the initlad state, respectivedy, which
can be computed as;

w

=T —&-

bal | = pTERY 2)
for enesgies alrexdy inchiding the ZPE term, where N is the number
of relaxed atoms, asd the product rum for the 3N vibrational fre-

quencies, &, Note that cur reaction model involves diffusion processes
with very dissimitar E, valves, In order to speed up the kMC
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Table |
Tomal vusnber of cerbon moms, N, sad latrice siee pIN = N, snd total numbes of
SILES, Myper. 35 3 funclion of B

O ars

1 a 5 7 9
n o 140 140 12 e
PNEN) 70RO pGOx50) e x40 piBdk30)  p{30x30)
M 19,630 18,000 5400 000 0600

simubattons, the difference in time scales has been handled by manual
scalitg the rate constants of the fastest processes by some appropriate
faccora < 1, while ensuring that this scaling dees not alter the final
oucome of the simulaison. This solution has been successtully applied
in many previous $MC studlies (25-51]. Here, we applied o, so that
logygla) = -6, —2, and —3 for surface diffusicn in Ci, Ni, and Rh,
respectivelys and leg,Jdo) = =2 for Pt hopesiss processes. Additional
demils regarding the manually scaling and the validation of the kMC
code are provided in the Supplementary Material (SM).

The chosen 6 is simulated by initlally repeating the lattice unit cell
and adding an approprigte number of C atoms at random positions, see
Table 1. All kMC smulations have been carried out until the system
reached the equilibrium, plus 510° extra steps for preduction, from
which the overall macroscopic properties have been extructed. Firse, the
mean percentage of C soms st each site have been determined.
Moreaver, the average waiting time between an emerging event and its
subsequent emerging i a glven surface area through edther fec or hp
site, f,, in units of time per surface area, has been computed as the
quotient between the togal production time, ¢, and the number of
emerging processes, n,,, occurred throwgh a foc or an hop site, tmes the

Applied Surface Sarsce 513 (N20) 145765
arca A of the sstmulation cell:
>
"™ (Rem)A 3)

Another interesting property Is the average Netime of a C atom In a
given regiem, lt,, where 7 relates to being surface or subsurface, or oo a
given site type, It, wherej = by, feq, 155, or o35, which can be calculared
from the XMC simulations as:

W)
fy = 2 ‘—',
nesn {4)
n gl
= 2 -'7.
e M {3)

where i is the number of carbon atoms, ! and ] are the nmespmtfor
the " atom {n the reglon r and the sire type /, respecuvely, and n; and n|
are the number of processes experienced by the i atom that drove it to
the region r and the sie type f, respectively, Obtalning these afoee-
mentioned propesties allows one to reach not caly a complets analysis
of 1he equilibrium state but also a docper analysis on the tme scabes of
the equilibrium Auctustions, that could very well be a key factor va the
surface chemlstry of @ significantly carbided surface.

3. Results and discussion

The refative energetic stability of € at the different adsorption sises,
as well as the energy barriers [oe sinking/emerging processes, have been
taken from the previows work by Pigaé et al |[14]. Here we have per
formeed additional DFT colculations ar the same level of heory 10 obiain
the energy barriers for surface and sebsurfoce diffusion, as well as to
nclude the ZPE wrm, which was previoasly meglected, Vige 2 and 1
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show the ensrgy profiles for all diffusion processes with the energy
bamriers for both forward and reverse dicections, while values of the re-
lative stability of € atoms oo the different adsorption sites are reported in
Table 1 of the SM. The maost stable region for a € atom an Ni, Cu, Pd,
and Ag is subsurface, specifically oss, understndable just in terms of
cavity space as compared to &5 In foct, o &s found o be moee sable
than tas for all the stsdind teansition motals except far PLand Au On the
coatrary, C peefers the surface region on Rh. Ir, Pt, and Aw, with bath fer
and frep sites featuring simar adsorption energies. As one moves aloag o
TM series and up a group in the pericdic table, the metal atomic mdi
decreases, and the C subsurface stability compared 1o the surface stability
inuresses, since megals with smakier radius allow for extra space within
their voids,

The E, values for surface diffusion range from 0.04 for Cu to 0,79 eV
tor Pt suggesting a likely surface C adarams mobility ar warking coo-
ditions. Surprisingly, subsurface diffusion does oot imply much larger
energy barriers, which range from (L39 for Au to 1,18 ¢V for Ni. Note
thar the diffusion across the subsurface region implies an elongation of
the three-fold hollow sites metal-metal bonds iavolved in the C crossing
pathway. At first sight. oae would argue that this deformarion has an
energy cost that could largely increase the £y, valoes, However, the 15
structure appears 0 be stabllized by the surrounding metal atomic
coordination shell, which compensates the structural distortion desta.
bilizatton Interestingly, C atoms diffuse more easily when the surface
chemical activity is small, this is. when moving sfong 2 TM series and
down a group, being weakly banded to 2 specific site, which happens to
be a common rend of adsorbed diffusing spectes on ransitlon metals
(323

In genenil, sinking/emerging processes present higher B, compared
to surface/subsurface diffusions, as the former lmply an increase of the
saiirface metal-metal honds of the three surface metal atoms canforming
the baollow sites along the C atom crossing pathway [15,23], bue

without being much stabilized by coonlination. The siaking energy
barriers range from 0.26 to 1,80 ¢V for Au and Ir hip—iss cases, re-
spectively. On the other band, the emerging energy basriers range from
only 0,07 to 1 .45 ¢V, bath belonging to Ni, but for tss—hep and ass—fec,
respectively, o geoeral, the sipking/emenging energy darriers decrease
while going down a group of the perodic table, due to a combination of
barger interstioes and mallvability of the metsle (157, Note that the high
subsurface C sability dees not necessarily imply a smaller £y, far the C
sinking. For instance, C is very stable ar the oss site of both Ni and Ag,
but their corresponding sinking energy barriers are 0.84 and 0.43 eV,
respectively, Thus, dynamic simulations are necessary to shed light into
whether the sinking/emerging Ey, values are determining, e large
enough 1o prevent the exchange of C atoms between surface and sub-
surface sites under working conditions

To have a deeper lesight into the averall dynamic peocess of Catoms
at these sarfaces, we carried out KMC simulations under operando
conditions, and calculated several macroscopic properties such as the
percentage of total Cat the surface and subsurfoce regions, with resules
reported in Fig. 4 The kMC smulations show that, a1 300 K, C atems
are almost only at the surtace for ®h, I, Pt, and Au; and almost only in
the subsurface for Ni, Cu, Pd, and Ag, in agreement with the relative
encrgene stabilicy peedicted by the DFT calcalarlons. Indeed, the 100%
surface situation is found for Ir, whereas a 100% of subsurface C is
found for Pd. Hence, in the low 8, regime, the large mimber of empty
sites enables the Jocation of all € atoms in their thermodynamically
mast stable adsarption sites. Tables $2-59 of the SM summarize the
percentage of C aoms in all four different cypes of adsorption sites atall
emperature values considered, The kMC simulations allow us 1o Xeep
wack of the preferved paths for the C atomss within te battice, In gen-
eral, there is a drastically larger preference for the sinking/emerging
processes o ocour through a hep ste, which is also in agreement with
the smaller B, values, see Fig. A The reason is that C at s sites is
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generally less stable than at oss, and, bence, festures lower emerging
barriers. In addition, the subsurface metal atom stabilizes the TS for
sinking throegh a coondination effect, Overall, the C motion is mainly
composed by diffusion sseps elther ac the surface or across subsurface,
commected through sinking/emernging processes volving hap and s
sites. Thus, the occupation of ass sites, which are the most stable sites in
the subsurface, s not reached through a direct sinking from a foe sur-
face site, but rather from a hg—s sinking followed by a s—os
subsurface diffasion,

The effect of B¢ on the amownt of € present at the surface or sub-
surface sttes is negligible, even for the 8- of 9 at%. However, the effect
of tempernture is rdevant in some of the studicd surfoces, besding 10 an
increase of the C population in the less stoble sites. This effect is
especially prominent for Az and Pt In the case of Ag, there Is a decrease
of subsurface C voncentration by increasing the temperature, which
regresents up to a 7% of the total € redeased to the swface at 700 K,
This suggests that upon annealing, € containing Ag (111) samples
woukd feature a segregation of C towards the surface, mther than In-
creasing solubility of € within the material, In the case of PL, the
amount of C Ln subsurface sltes increases from 2% at 300 K to 13% &
700 K, thus becoming an important factor to take into consideration
when dealing with Pt catalysts in presence of C moieties and also when
modeling vrganic dhemistry reactions an Pt {111) terraces at working
coaxitions. Note that these unexpected results cannot be anticipated by
Inspection of the DFT energy profiles alone, and may be very relevant in
the caalytic activity of these transition metal surfaces al high working
Lemperatures

The presence of subsurince € con affect the surface chemcal activity
in different ways, stch 25 Increasing or reducing the adsorption strength
of particular molecules. The subsurface C stability in Pd (111) at all
operating conditions explains the observed C, promoting role of Pd
catalysts in alkyne dehydrogenation reactions (34 351, Moreover, for
cases where C atoms are preferentinlly Jocated at the surface, the
sinking of C atoms 1o the subsurtace might be followed by thelr diffu-
sion and posterior emerging w othes regions, either Ccontaining or C-
free. This process can be enhanced with the temperature, cspacially in
the case of Pt, Bh, and Au. [ particular, this can explain the double
layer model as detected an Pt (111) [ 36), consisting of a graphene-Hke
layer, with C atoms connecting it to the Pi{111) surface [37]. Alter-
natively, for cases where C prefers o be in the subsurface region, the
surface would be apparently chean, yer C atoms would remain trenched
at the oss stwes. Apart from the passtble perturbing effect an the ex
peated surface pctivity, their possibie emergence could imply these C©
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atoms being invalved in the on.gaing reactiom, 3 point which may well
be the case for Ag, and for Ni and Cu to a lesser extent, at high tem-

In ordes to quantify the occurrence probability of processes Invol-
ving emerging C atoms, we have to consider the emergence feasibility
andd the lfetme of G species at the surface and on subsurface siies,
T 5 displays the average lifetime of C atoms at swface and subsurface
regions in the range of studied temperatures and 8, = 1 athh, Note that,
as stated above, results for this quantity are independent of the C
caverage. Obviously, loager lifetimes are obtained for the most stable
regions, which are rarely below the ps evea at 700 K, This indicates
that, onoe the system i at equilibeium, there are very few sinking and
emerging processes. Interestingly, when they occur, the Ifetime of the
Coan the new, less stable situation, is geoerally still in the range of the
ps w0 ms, which cannot be neglected as surface reaction steps are
comprised st these time scales, Note that bath M and b, decroase
when increasing the temperature and while going down a group, in
agreement with the decrease in siaking/emerging energy barrlers.

let us analyze in more detail the systems for which C prefers a
subsurface site; fe. Ni, Cu, Pd, and Ag. All of them present &, below
1 s, and even below 1 ms at 200 K. Thus, when the exposure lime is
barger than lr,5; voe would expect that all C atoms go subsurface. Since
catalytic cycles may operate well beyond this ms time scale, ooe an
confirm that o migraton of € from surface 1 subsurface sites In these
metal surfaces will occur under realistic aperando catalytic conditions,
which may intraoduce changes in the performance of the catalyst. In
addition, the effect of surface € does pot have to be misregarded, given
that reaction steps occur in the & to ms seales frame where as-generated
surface C atoms can be present,

Fig 6 sbows the mesn lifetines for the C atoms on the different
types of adsorption stes, as well as the average waltiag tme between
WO consecutive emesging processes Lo at 300 and 700 K. and B = 1
atds, The obtained resules for all the other stadied operating conditions
can be found in Tables STO-S17 of the SM, tgether with some hints to
ease the interpeetation of Fig. 6. In general, the simulations show that C
ltetimes a1 particulor sites are many orders of magnitude lower than
Rfetimes a1 surface or subsurface, indicating that intradaver diffussion
provesses are dominent, This elters the static image st one could get
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Fig 6. Mean Ufetime of € In the different regharss ¥, snd ¥, and in the fowr
different adsorption/abscrption sttes, Mo, Ma, B and (e, a5 well as the
nverage wadtisg tinse betwesn fwa vomseculive emerging proceses thmugh
elther fee, (2, or bhep, %2, All values bave been compused ar 300 K (dark grey)
nnd 700 K (light grey), aml Og = 1 2%, Foe ey and &g, 0 decompasitien in
terms of hop/ns mad foc/nss sites is provided in lght blue and omnge insight
each grey bar, See the SN for further detalls om the imterpeetotion of the tan,

from the systems when analyzing g, 4 and suggests that there is a
comtiruous diffusion of C atoms within the same metasl Laver. Before
going into detaik for the different cases, a rough analysis of the results
In Flg 6 predicts that C at Ir [111) can be regarded as an example of a
rather static system, with large waiting times, and Joog lifetimes on
specitic site, almast as much as the overall surface or subsurface Jife-
times, On the other hand, Pt osd Au show short waiting tmes, and
comparable high and easy mobilities. Pinally, Ni, Cu, Rh, Pd, and Ag are
in between the two previous scenarios. These behaviors quite carvelan:
to what is expected fram the energy profiles and energy barrier values
shown n Figs 2 and &

Foc the systems where carban is found to be more stable at sub.
surface, namely Ni, Cu, Pd, and Ag, 1., 15 in the ns and s range, noemally
s for tss—=hep transiticns. This couples 10 [ty values ranging fruen 5
ns, large enough 1o allow the Interacticn of the emerging € with
available adsorbates with possible contomitant effects on the ongoing
surface catalyzed process. Althosgh the emergence of C at 300 K is in
the seconds time frame, [, clearly &ops 10 us or ns when the systemn is
annealed to 700 K, even though this reduces &5, which still is shightly
below the ms time scale, This result indscates that, on the average, one
can expect the emergence of one € atom 1o e surface each ps per A%,
and lasting at the surfoce for a substantial time, almost 1 ms in the case
of Ag. Olwiously, a frequent and long C presosce can dearly condition
the surface activity and the on.going processes, which underlines the C
subsurface chemistry 85 a factor 10 be considered when warking with
Ni, Cu, Pd, and Ag surfaces, especially critical in the case of Ag, as an
apparently ckean surface at 300 K could contain C trenched subsurface
that may emerge when the surface is heated at the working conditions.

Foo the systems where C is found (o prefer susface sites (Rh, I, 'y
und Au) the presence of sebssrface € might not eritically condition the
on.going catalysis, as the main influence will come from surface €
adatoms, In these cases, the anly effect of subsurface C presence wonld
be to fadlitate the mobikity of carbon around the Iattice and, even:
tually, emerge on C-free or C-containing areas of the surface; e it
could open another channed 1o move C contamination to all possible
sites in the lattice. Moreover, the emergence of subsurface Catoms may
imply ancther fronl of auack o the catalytic reaction, which can be
lmpoetant e g oa P1, glven then enhanced C solubility, see Fig. 4, For Ir,
howsver, the prisence of subsurface C only detectable ar high tem-
peratures, & merely testimonial Not only the sinking processes are

Apyplied Surface Sarnce 513 (M20) J4SRES

mredy occurring, but also the diffusion at surface, with time scales
abave the ps even at 700 K. fh partiolly populates subsurface ot the
equilibdum at 700 K, hut the &, 15 above the seccnds timeframe even
at 700 K, which implies that, even if subsurface is partiafly populated,
such carbon atoms would be trapped inside, neither meving nar
emerging 1o other surface areas. However, they can Jocally perturb the
clectronic density of the Rh meal atoms immediately abave, and,
eventually, their chemieal activity and reactivity.

For Au, EMC stmulations predict a substantsal reduction of both [,
wind T, similae to P This ranstates into & much msove dyvnamic egui-
Ebeium as compared to the other cases, with a continuous exchange of
€ atoms between surface and subsurface, especlally ar 700 K, where this
exchange is below the ps time scale. As shown in Fig 4, however, the
subsurface population caly reaches considerable values for By, dightly
above 10% of the wtal carbon at 700 K, while only 2-3'% for Au,
Surface C moeties, ther, are myway expected, yet the extra disorder
effect caused by the opening of the subsurtace diffusion channe! will

certainly be present In Au and mainly in Pt surfaces when exposed to
low coverages of surface C.

4, Conclusions

By means of BMC simulations with rates derived from peredic DFT
calculations and TST, e present work assesses the dynamic mobility of
C awoms an all foc T™ (111) surfaces under working conditions of low
C covernges B = 170 at% and working tomperatores ranging
A0=700 K. Overall, the macroscopic kinetic properties obtained from
the kMC simulations are in agreement with the predictions made from
the static DFT energy landscape. For instance, kMC smulations show
that at 300 K € atoms spend moss of the tme around the thermo-
dynamically most stable adsorption sites, with linle effect of the 0.
These sites are subsurface oss for NI, Cu, Pd, and Ag, and surface fec tor
Rh, Ir, Py, and Au,

In some cases, however, other adsorpeion sites start to become po.
puilated a1 higher tesperatures, For instasee, subsurfao: sites (ar Prarxd
Rh, and surface stes for Ag. This is an unexpected conclusion, which
passibly cannee be anticipated by inspection of the DFT energy profiles
alone, and that may have relevant impact in the aitalytic activity of these
transitian metl surfaces at high temperacure, Present OMC simulasions
also show that, in gereral, surfuce and subsurface diffusfons domimate
the kinetles, with sinking/emerging peocesses belng much less frequent,
anx, surpeisingly, occurring involving the chaanel connecting sarface hep
and subsurface iss sites In the case of Ag, and to a lesser extent Pd,
emenging processs are (riggened by annealing, and the thus raised C
atoms can vary or bias en-going catalytic processes occurring on these
surfaces. For Au and Pt, € mobiliky has been seen to be considerably
Eigher tham for the rest of the studied surfaces. Even if the C is mainly
found ac swiface, It can diffuse theough the sutsurface regbon o ocher
areas, either Cfree or C-containing, ond even imply a pew resction
medsanism with o C attack from subsurfice. Even though the stody is
focused an (111) fec surfaces, it is likely that such effects can be present
& othes surface terminations, even n TMs with different cnvstallographic
structure, The present vesults highlight the need of reconsidering the role
of both suriace and subsurface carban moieties in the simultion modedls,
@ factor which has been, hitherto, mostly neglected.
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Interplay of C Atoms and Transition Metal Systems

4.3 Charting the Atomic C Interaction with Transition Metal

Surfaces

Introduction 1In the previous section we assessed the interactions of atomic C with the
(111) surfaces or facets of fcc TM systems and investigated the presence of absorbed
subsurface C species in them. In this section we expand the previous work by delivering
a broad, detailed, and holistic atomic view of the interaction of C with TM surfaces. This
time, by performing DFT calculations on proper surface slab models, we study the
stability of C atoms on the Miller surfaces with index order of 1 of all those TMs featuring

a fce, bee, or hep bulk crystallographic structure, see Figure 33 and Figure 34.
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Figure 33. Periodic table with fcc TMs coloured in blue, bcc TMs in green, and icp TMs in purple.

For such surfaces, most stable surface and subsurface sites are identified and their
bond strength is seized to obtain a thermodynamic picture. Furthermore, all sorts of C
diffusion energy barriers, Ej», are explored, including surface, subsurface, sinking, and
emerging diffusion energy barriers for each metal surface, denoted Esur, Esub, Esink, and
Eener, respectively. A schematic depiction of the different studied barrier types is shown

in Figure 35.
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Figure 34. Depiction of positions studied for each surface termination of each crystallographic structure.
In blue, from left to right, fcc unit cell, and (001), (011), and (111) surfaces. In green, from left to right, bcc
unit cell, and (001), (011), and (111) surfaces. In purple, from left to right, 4cp unit cell, and (0001), (1010),
and (1120) surfaces. Positions depicted for fcc (001) correspond to a) Top, b) Hollow, c) Bridge; for fcc
(011) a) Top, b) Hollow, ¢) BridgeS, d) BridgeL; for fcc (111) a) Top, b) Hollow 4cp, ¢) Hollow fcc, d)
Bridge. Positions depicted for bce (001) correspond to a) Top, b) Hollow, ¢) Bridge; for bec (011) a) Top,
b) Hollow, c) HollowT, d) Bridge; for bcc (111) a) Top, b) Hollow Acp, ¢) Hollow fcc, d) Bridge. Positions
depicted for scp (0001) correspond to a) Top, b) Hollow, ¢) HollowE, d) Bridge; for 4cp (100) a) Top, b)
Hollow, c¢) BridgeL, d) BridgeS; for #cp (110) a) Top, b) Hollow, ¢) BridgeL, d) BridgeS.

Figure 35. Schematic depiction of the different diffusion barrier types studied in this work: Surface
diffusion (Esur — blue), subsurface diffusion (Esw — red), sinking diffusion (Esink — yellow), and emerging
diffusion (Eemer — green).

132



Interplay of C Atoms and Transition Metal Systems

This systematic study provides a navigation chart of the C tendency to poison
surface active sites, to aggregate into C, moieties, to sink into the subsurface, plus
provides insights on the possible formation of TMCs. The obtained amount of data allows
for further analysis based on machine learning algorithms, aimed at defining subgroup
kinds of similar behavior in terms of C bond strength and diffusivity, the primary
physicochemical descriptors characterizing these, as well as multivariable regressions of
adsorption and diffusion properties as a matter of physicochemical descriptors.

This work led to the elaboration of a research article, which is not yet published.
The manuscript is included at the end of this section. In the following pages, a summary
of it is given. My contribution to the research article was: (a) Calculation of all
ad/absorption energies, (b) calculation of around 60% of the diffusion energy barriers, (c)
performance of the descriptor analysis, including the multivariable regressions, (d)
implementation of the ML algorithms, both for clustering and regressions, and (e) writing
an initial draft of the paper. The supporting information for this manuscript can be found

in Appendix H.

Results We first start by showing the results for the most stable position adsorption Eqds,
or absorption, Eus, energy values for each surface termination of each metal; therefore,
presenting three values per metal, versus the C height, 4, computed as the vertical distance
between the C atom and the TM surface plane. To have clearly defined references, an in-
plane case is shown at zero /4, together with the graphite cohesive energy, Econ. As shown
in Figure 36, the display is divided into four different quadrants, implying four different
behaviors of C atoms when interacting with TM surfaces, depending on whether an
adsorption or absorption situation is preferred, and whether the interaction of C with the

TM is stronger or weaker than the C-C interaction in graphite.
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Figure 36. Most stable Eudsups situations on every TM surface with respect 4. In the top panel, values in

blue correspond to fcc TMs, green to bec TMs, and purple to Acp TMs. In the bottom panel, three different

colors are used to mark off the three different clusters determined through a KM analysis, with centers

marked crossed.

In the top panel of Figure 36, the data is color-coded according to the TM

crystallographic structure. We discover that that virtually all bcc values are beyond the

surface limit with Euayans values higher than Econ. These findings are consistent with these
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metals proclivity to form TMCs.!>” However, note that the majority of the points denote
surface positions, implying that the carburization of bcc TMs is a non-trivial process,
which probably includes a crystallographic reconstruction. Most of the values for fcc TMs
are found in the lower portion of the plot, indicating that C has a stronger affinity for
other C atoms than for these metals. This is consistent with the known fact of fcc TMs
being poisoned as a result of the formation of graphite layers on their surfaces, which
blocks their surface active sites. There are six fcc values in the subsurface region that are
readily visible: The two upper-most correspond to Ni and Pd (111), in agreement with
prior calculations and experiments that confirm the existence of carbide phases of these
TMs.!%* Furthermore, the four lowest values correspond to Cu (111), Ag (111), Ag (011),
and Au (011), showing that C has a tendency to penetrate such surfaces, as discussed in
section 4.2.%! Concerning hcp TMs, we notice that their values are dispersed, as their
position in the Periodic Table. Even yet, grouping is observed in the subsurface, highly
bonded C area, where C appears to present a propensity to penetrate such TMs.

On the other hand, a KM analysis was conducted utilizing the data from Figure 36,
which can be found in the bottom panel of the figure. We were able to identify three
different clusters by using the elbow method. First cluster groups data points with a weak
interaction with TM surfaces compared to the graphite E..;. In these scenarios, C atoms
would thermodynamically tend to combine into graphite, formed on the surface,
eventually poisoning the catalyst surface by site-blocking. On the other hand, the second
group of data is characterized by a very strong interaction with TM surfaces, and a distinct
preference for the subsurface region. This would imply TMs and surfaces suitable for
their carburization. Finally, cluster number three includes the majority of data points
where C atoms display an interaction with TM surfaces of a comparable strength to the
cohesive energy of graphite and a distinct preference for staying at the surface. It is in
such scenarios where a subtle imbalance in the interaction strengths and kinetics may
ultimately determine whether such C isolated moieties exist as such at low C
concentrations, or they eventually merge to create graphitic layers on the catalyst surface.

Aside from these investigations, another key aspect resides in the search of
descriptors of the ad/absorption energy values. We examined different descriptors
presented in the literature to linearly correlate ad/absorption energies with them.
Precisely, surface energy, v,’° work function, ¢,”! d-band center, &;,”* corrected d-band

center, ¢/, and the highest Hilbert transform d-band peak, &.,”° were analyzed. Their
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independent assessment shows that the linear adjustment adequacy decreases as &> ¢!
> & >y > ¢. A further evaluation of the most effective descriptor, &, by evaluating one
regression line for each crystallographic structure, as shown in Figure 37, indicates that
crystal packing is a key aspect regarding the C interaction with TM surfaces. We notice
that linear trends are only rational for 4cp and fcc structures, with regression coefficients,
R, of 0.94 and 0.90, respectively. The bcc TMs trend line is not representative, with a

regression coefficient of 0.09, indicating that there is no correlation.
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Figure 37. Most stable Euasans situations with respect to &, and the corresponding linear correlations. Values

in blue correspond to fcc TMs, green to bec TMs, and purple to ~cp TMs.

We then investigate the effect of aggregating descriptors by performing
multivariable regressions. Figure 38 shows that combining & with y results to a better
correlation than using them separately. Moreover, one may build higher-degree
combinations such as having y- & terms or even squared values for each descriptor, which
would be second-degree combinations, or even third-degree combinations, including,
e.g.,y* gior & terms. When these are accounted for, one observes a gradual enhancement
of the multivariable adjustment, as seen by an increase of the R value up to 0.90. These

findings strongly suggest that when seeking for adsorption and/or absorption energy
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descriptors, one should not be restricted to finding the perfect one, as it may not exist, as
the interaction is influenced by multiple surface properties at the same time. Hence, one
may look for combinations of descriptors, each of them providing a separate piece of

information about the metal surface one works with.
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Figure 38. Most stable Euasabs situations vs. the predicted Euasass from different linear, multivariable, and
polynomial regressions involving v, &, or a combination of them. The black dashed line represents a perfect

correlation.

This study set the groundwork for a more in-depth multi-variable analysis, feasible
by using machine learning (ML) techniques. To this end, the Euus or Euss values of the
most stable positions are expressed as a function of the above-mentioned descriptors (&g,
e, &, v, and ), but also taking into account the crystallographic structure (CS) of the
TM, given the variant behaviors of fcc, hep, and bec TMs, and also including the surface
coordination number (CN),'®” and the bulk shortest interatomic distance, 8.'% Aside from
that, the number of TM d electrons, ng4, is also accounted for. Last, the number of TM
atoms neighboring the C atom is determined, CNiice, to represent the different adsorption
or absorption sites, allowing for site specificity.

With this set of descriptors, we performed a random forest regression (RFR),

evaluating its performance in terms of mean absolute error (MAE) minimization. We
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found out that three features become key from the analysis; unsurprisingly, ¢; and vy, as
discussed above, but also the site coordination, CNsie, which delivers site-specificity to
the analysis. Results show a training set MAE of 13.7 + 0.9 kJ-mol !, with a test set MAE
accuracy of 39.1 + 8.9 kJ'mol!. The learning curve of this model is shown in Figure 39.
While the test set accuracy is insufficient to use this ML model to make quantitative
forecasts, the most interesting aspect is that the RFR algorithm allows us to capture the
importance of each key feature. In this case, the importance factors are of 0.6, 0.3, and
0.1 for &4, v, and CNgite, respectively, in accordance with the prior descriptor analysis but

with the addition of site-specificity.

e Train MAEC
——Jest MAE

MAE (k)/mol)

0 T T 1 Y T 1
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Figure 39. MAE evolution for training (blue) and the test (green) sets as a function of the number of
samples contained in the training set for the prediction of Eussass using a RFR algorithm. Colored areas

around the lines account for the error dispersion resulting from the cross validation.

After finding the primary physicochemical descriptors using the RFR algorithm,
we now perform a KM analysis aimed at the descriptors. This three-dimensional grouping
is depicted in the top panel of Figure 40. The components of the three resulting clusters
have been projected onto the Eagsabs/h space in the bottom panel of Figure 40.
Interestingly, one observes that the clusters observed in the bottom panel of Figure 36
and the clusters obtained from the descriptors essentially coincide, with the only
exception of one case for each cluster. This finding indicates that the descriptors are well
suited to define Eagsabs and 4. Moreover, the analysis allows for quantifying the average

values for each descriptor in each of the clusters.
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Figure 40. In the top panel, the three-dimensional KM clustering of the most important features extracted
from the RFR, namely eq, g, and CNiite. In the bottom panel, a quadrant plot as in Figure 36, but showing

the clusters from the top panel projected in the Eudsans'h space.

Because the above analyses focused just on the energetic stability, obtaining a
holistic overview would require exanimating the C moieties diffusion kinetics on all the
studied TMs. Hence, we gathered a total of 324 diffusion energy barriers, comprising
surface, subsurface, sinking, and emerging diffusions. This large quantity of data can also

be depicted and analyzed in a four-quadrant plot, in a similar way as done for the
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thermodynamics in Figure 36. Therefore, Figure 41 shows the logio(Esus/Esu) vs.
log10(Ejsink/ Eemer), having 81 points (the same amount of explored TM surfaces). It is worth
noting that the zero value for logio(Esus/Esur) implies that Esp = Esur, and so, equally
feasible surface and subsurface diffusions. Similarly, the zero value for logio(Esini/ Eemer)
implies that surface C sinking diffusion is kinetically as feasible as the subsurface C
emerging. These two zero values depict the four quadrants in Figure 41. Values greater
than zero for logio(Esus/Esur), located in the right side of the plot, imply that Ej.» values
are larger than Eg,., and thus, for these cases, C atoms would diffuse more easily along
the surface than through the subsurface. For logio(Esus/Esur) values smaller than zero, the
opposite behavior is expected. When it comes to logio(Esink/ Eemer) values, data above the
zero limit indicate that emerging is favored over sinking, implying a preferential location
on the surface. On the other hand, values below zero imply a preference towards C sinking

into the subsurface region.
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Figure 41. The base 10 logarithm of Eus/ Esr with respect the base 10 logarithm of Esink/Eemer. In the top
panel, values in blue correspond to fcc TMs, green to bec TMs, and purple to cp TMs. In the bottom panel,

three different colors are used to mark off the three different clusters determined through a KM analysis.

The top panel of Figure 41 shows data colored according to the crystallographic
structure of the TM, revealing that fcc and bcc TMs data points behave similarly, being
dispersed on the top half of the plot, indicating that for these metals Ej;u« is often larger
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than Eener, and pointing for a kinetically allowed surface presence of C adatoms. Still,
few cases are at the early bottom part of the plot. These cases correspond to fcc (111)
surface models, precisely, to Ni, Pd, Pt, Cu, Ag, and Au, where the above situation
reverses, indicating a more difficult emergence towards the surface of dissolved C atoms
in the subsurface. Aside, neither fcc nor bec TMs show a distinct preference between Eju»
and E.», with every surface being somehow unique in this aspect. Last, zcp TMs display
sizable dispersion, but are primarily found in the bottom right part of the plot. This
quadrant gathers scenarios with an Egx barrier lower than Eener, and Esup being greater
than E.. Therefore, one observes that the majority of hcp TMs feature kinetically
favorable penetration of isolated C atoms to the subsurface region, but with restricted
diffusion through the subsurface, since the diffusion along the surface is preferred.

Moreover, the bottom panel shows the three-cluster KM analysis. There, Cluster 1
groups values of the right-upper quadrant, implying Eemer barriers lower than Egin, and
Eq. lower than E,,. These features indicate a certain preference for C atoms to be located
on the surface and diffusing along it. Beyond that, Cluster 3 also fits nicely in one
quadrant, but now showing an easier C emergence than sinking, but, more importantly,
with Es» values sensibly smaller than E, ones. This quadrant refers to certain TM
surfaces where C diffuses more easily through the subsurface region. In this regard, C
species would move around in the subsurface region, and only emerge from time to time.
Last, Cluster 2 contains the most abundant group, showing in general well balanced
Esup/Esur and Egini/ Eemer ratios near unity. Its general behavior would be that all diffusion
processes should be regarded as feasible, indicating a somewhat free mobility on the
surface, through the subsurface region, and with exchange of C atoms in between surface
and subsurface sites.

The attention is now placed into finding descriptors of the diffusion energy barriers.
The ones used for ad/absorption energies, these are &, 83’ , &, Y, and ¢, deliver poor results.
This can be regarded as natural, since such descriptors were developed to seize the
interaction strength, not the heights of energy barriers. Alternatively, we also tested the
most stable position ad/absorption energy as a descriptor, as shown in Figure 42, inspired
by the work of Nilekar and colleagues,'®® who observed that the diffusion energy barrier
depends on the adsorption strength of the adsorbed species, being a twelve per cent of the
latter, with an R of 0.85. Our analysis displays the same trend for the four different
diffusion processes here analyzed, indicating that the stronger the ad/absorption energy,

the larger the diffusion energy barrier, and in all the cases with similar slopes of
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approximately 0.16. However, the regression coefficients are still quite unsatisfactory,

being at most 0.45 for E,- energy barriers.
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Figure 42. Linear evolutions of the different Ey diffusion energy barriers —FEsur, Esub, Esink, and Eeme— with

respect to most stable initial position Eads or Eups.

Another widely used linear correlation for energy barriers are Brensted—Evans—
Polanyi (BEP) relations, linearly expressing the reaction step energy barrier with the step
energy variation, AE.%7-3 In this study we do not deal with reaction steps, as we analyze
diffusion processes, but the same fundamentals apply. BEP relations were investigated,
but only for C sinking and emerging processes, as for surface and subsurface diffusions
AFE equals zero. Figure 43 shows the BEP analysis with a fairly good correlation for Egin,

with a R of 0.83; however, the regression for Eener shows more dispersion, with a smaller

R of 0.63.
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Figure 43. BEP linear evolutions of E» with respect to AE, and the corresponding linear correlations for
each explored barrier type. Dashed lines define latest TS limit, where Ev = AE, or earliest TS limit, where

Ev =0 regardless of AE.

Given the best correlations observed for Esn as described by y and AE, we
performed a multivariable regression involving combinations of AE and y up to a second
order degree, since third degree yielded no improvement, shown in Figure 44. We observe
that the combination of both factors is beneficial, with an enhanced R of 0.86, while the
incorporation of higher-order descriptors translates into a mild improvement. As
discussed in the thermodynamic analysis, this highlights that the description of kinetic
processes should be tackled considering a combination of different descriptors, grasping

the different aspects that influence the kinetic energy barriers.
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Figure 44. Calculated Esine vs. the predicted Esne from different linear, multivariable, and polynomial
regressions involving vy, AE, or different degrees of combinations of them. The black dotted line represents

the ideal correlation.

Finally, we applied a RFR to locate key descriptors governing such processes. The
features used are the same as for the thermodynamic analysis, but now adding most stable
position Euasabs and AE. Moreover, the barrier type, BT —Eur, Esub, Esink, 07 Eemer—, and
the coordination number of the initial and final sites, named CNis and CNrs, respectively,
are also included. We identify the key features as AE, Eudsubs, §, CNrs, and CNis. Results
show a MAE of 32.6 + 2.3 kJ-mol! for the test set, while the training set delivers a MAE
of 13.1 £ 0.4 kI'mol!. The learning curve of this model is shown in Figure 45. Compared
to the thermodynamic analysis, the RFR offers more accuracy for diffusion energy
barriers, which get closer to the usual DFT accuracy of 10-20 kJ-mol !, although this is
far from a model that performs quantitative estimations. Features importance is acquired
from the RFR algorithm, with values of 0.43, 0.27, 0.15, 0.09, and 0.06, for AE, Euds/abs,
¢, CNrs, and CNis, respectively. Notice that AE is the most dominant feature, as expected
from the previous analysis, and particularly true for Esix and Eemer, although it is not as
important as & was for Eudsabs. The next in the line is the most stable position Euds/ass, also

in accordance with the above discussion. It is worth noting that the two most relevant
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descriptors are thermodynamic parameters, which can be used to estimate energy barriers.

The other factors affecting the kinetic barriers are, unexpectedly, ¢, and CNis and CNps,

which reveals that the coordination of the sites involved in the diffusion play a minor role

in the height of the barriers.
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Figure 45. MAE evolution for training (blue) and the test (green) sets as a function of the number of

samples contained in the training set for the prediction of E» using a RFR algorithm. Colored areas around

the lines account for the error dispersion resulting from the cross validation.

Conclusions These results, together with additional data and analyses shown in the

research article below, lead to the following conclusions:

Both thermodynamic and kinetics maps on atomic C interplay with TM surfaces
are provided. The results presented are in line with experimental observations
regarding carbide formation and C poisoning tendency.

Descriptor analyses for ad/absorption energies show that d-band center is the most
successful one at correlating Euasups. We observe that this correlation is only valid
for fcc and hcp TMs, while it presents significant deviations for bec TMs.

We identify Euuvaps and AE, in the cases of sinking and emerging diffusions, as
the most relevant descriptors for diffusion energy barriers.

Clustering analyses through the KM algorithm reveal three different types of TM
thermodynamic and kinetic behavior towards C atoms.

Random forest regressions show that, both for the gained thermodynamic and

kinetic data, a combination of descriptors yield to a better description of minima
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and energy barriers, although the accuracy is so far only valid for a rapid
qualitative assessment.

This work underscores the need of looking for a few number of descriptors biasing
the interaction strength and diffusion possibilities, rather than trying to get a single
perfect descriptor, which may not be the wisest option as different

physicochemical aspects do indeed affect such processes.

147






Charting the Atomic C Interaction with Transition Metal Surfaces
Orniol Pique.”" Iskra Z. Koleva,”' Albert Bruix,” Francesc Vines, ™ Hristiyan A.

Aleksandrov,”” Georgi N, Vayssilov.” and Francesc 1llas”

“ Departament de Ciencia de Materials i Quimica Fisica & Institut de Quimica Teorica
i Computacional (10TCUB), Universitat de Barcelona, ¢/ Marti i Frangués 1,
08028 Barcelona, Spain

" Faculty of Chemistry and Pharmacy, University of Sofia, 1126 Sofia, Bulgaria

*Emails: francesc vinesi@ub.edu and haat@ chem.uni-sofia.bg

Abstract

Carbon interaction with transition metal (TM) surfaces is a relevant topic in heterogencous
catalysis, either for its poisoning capability, for the recently attnbuted promoter role when
incorporated in subsurface, or for the formation of early transition metal carbides, which
are increasingly used in catalysis. Herein we present a high-throughput systematic swmudy,
adjoining thermodynamic plus kinetic evidence obtained by extensive density functional
calculations on surface models (324 diffusion bamriers located on 81 TM surfaces in total),
which provides a navigation map of these interactions in a holistic fashion. Correlation
between previously proposed electronic descriptors and ad/absorption energies has been
tested, with @-band centre being found the most suitable one, although machine learning
protocols underscore also the importance of the surface energy and the site coordination
number. Descriptors have also been tested for diffusion barriers, with ad/absorption
energies and the difference in energy between minima being the most appropriate ones,
Furthermore, multivariable, polynomial, and random forest regressions show that both
thermodynamic and kinetic data are better described when using a combination of different
descriptors. Therefore, looking for a single perfect descriptor may not be the best quest,
while combining different ones may be a beuer path to follow,

Keywords: Carbon Atoms, Transition Metal Surfaces, Adsorption, Absorption, Diffusion,
Descriptors, Machine Learning, Phase Diagrams
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Thermodynamics

A complete roadmap is provided, including both thermodynamic and kinetic aspects, on

the C interaction with 81 different transition metal surfaces.

Introduction
Nowadays, transition metals (TMs) are ubiguitous in many areas of science and
technology, from Solid State Physics through Applied Chemistry up to Materials Science.
with relevance in diverse industrial fields, such as Nanotechnology and Heterogeneous
Catalysis, In fact, late TMs, including noble coinage (Ni, Cu, Ag. Au) and Pt-group (P,
Pd, Rh, Ir, Re, Os) metals, are in widespread use as heterogeneous catalysts' for a large
diversity of reactions of industrial interest, e g. ammonia synthesis, exhaust gas treatments,
or the Fischer-Tropsch reaction, to name just a few.>’ However, early TMs are far too
active for such purposes according to Le Sabatier principle,* adsorbing chemical moictics
too strongly. Their heterogencous catalysis interest though lies into the TM carbides
(TMCs) formation, since the carburization of these metals diminishes their chemical
activity, to the point of making TMCs viable replacements of the above-commented late
TMs in catalysis,’ featuring improved catalytic performances, sclectivities, or poison
resistances compared 1o Pt-group TMs,*’

The relative simplicity of TM systems and the industrial importance of their
applications has prompted state-of-the-art research aimed at unveiling their catalytic

activity improvement, desirably coupled with materials cost reduction, as the one achieved



when using Earth-abundant TMCs. To this end nanostructuration, alloys usage, even the
design of nanoalloys have been contemplated as plausible strategies.™” The rational design
of novel metal and alloy catalysts, backed up by precise ab initio quantum chemistry
calculations on proper catalyst models, has meant a great leap forward in the quest for new,
improved activity TM catalysts.*!""

Still, however, one main drawback of such catalysts is that, in the course of the
catalysed reaction, these get gradually deactivated over time and use, with the concomitant
loss i efficiency and economic profit. The origin of this loss is the presence of poisoning
agents, where carbon excels among others.'"'* Thus, the interaction of C with TMs is
indeed a fundamental field of study in Heterogencous Catalysis, Historically, from the
catalytic deactivation processes point of view, it is quite usual that carbon entities, going
from C atoms to small C, aggregates, are formed on the TM catalyst surface due to
secondary reactions of the on-going surface catalysed process, generally involving organic
molecules. These carbon entities can spread through the surface and eventually
agglomerate forming diverse types of carbon deposits, from graphene through graphite, up
to amorphous C aggregates. These surface carbon structures can cover the catalyst, de
facto restricting the access of reactants to the TM catalytic surface active sites, and
etfectively poisoning it.

Despite this, recent experiments and computational simulations have changed the
paradigm view of the low C content from a poisoner to a promoter role. For instance,
subsurface C into Pd catalysts appears to favour the selective alkyne hydrogenation to
olefins,'? and its presence. explained by simulations based on density functional theory
(DFT), shows how such subsurface C can be casily present gt the surfaces of late T™M
surfaces and nanoparticles (NPs).'*!'" Moreover, subsurface C plays an important role in
the synthesis of graphene and carbon nanotubes (CNT), where segregation of C atoms
diluted in pre-molten or molten TMs appears when cooling down the system, which
induces the growth of graphene layers, ¢ven CNTs, '

Furthermore, subsurface C has been found to bias the appearance of other substitutional
or interstitial carbon residues in Pd,”® which may display even higher reactivity towards
surface O and H adatoms than surface C.*' and to act as a gate opener for H absorption.™
Such subsurface moieties mediated chemistry is non-exclusive to neither C nor Pd. Indeed,
subsurface C has been proposed to be a key player in the electrochemical conversion of
CO: on Cu surfaces,” and interstitial C in Au NPs has been found to affect the metal

electronic structure, being the ultimate responsible of the three-times increment of the



measure turnover frequency in the chemoselective hydrogenation of 3-nitrostyrene.** Apart
from subsurface C, it 1s worth mentioning that, subsurface O can also affect the on-going
surface activity, see e.g. the recent key role of subsurface O on Cu (111) surface in CO2
capture and activation applications, with critical implications in environmental chemistry.*
Subsurface chemistry has often been ignored, but is now growingly attracting attention
within the scientific community, seen as a change of paradigm in what surface chemical
acrivity is concerned.”

Motivated by these results, the primal aim of this work is to deliver, for the first time, a
broad. detailed, and holistic atomistic view of the interaction of C with TM surfaces. This
is achieved by studying, by ab initio DFT calculations on proper surface slab models, the
stability of C atoms on the Miller surfaces with index order of 1 for all those TMs featuring
a face-centred cubic (fee), body-centred cubic (bec), or hexagonal close-packed (hep) bulk
crystallographic structure —see Figs. S1 and S2 of Section S1 of the Electronic
Supplementary Information (ESI). For such surfaces, most stable surface and subsurface
sites are identified and their bond strengths seized, so as 10 gain thermodynamic pictures
and stability phase diagrams, as done carlier for fee T™M (111) surfaces,'s Furthermore, all
sorts of C diffusion energy barriers, Es, are explored, including surface, subsurface,
sinking, and emerging diffusion energy barriers for each metal surface, denoted Eju, Eup,
Emi, and Ewer, respectively —see Fig. 83 in Section S1 of the ESI for a depiction of the
different barrier types. This systematic study will provide a navigation chart of the C
tendency to poison surface active sites, to aggregate into C, moieties, and will also provide
insights on the possible formation of TMCs. Finally, the acquired amount of data allows
for further analysis based on artificial intelligence (Al) and machine-learning (ML)
regression  algonthms, addressed at defining subgroup types of similar behaviour
concerning C bond strength and diffusivity, the main physicochemical descriptors defining
these, as well as regressions of adsorptive and diffusive properties as a function of

physicochemical descriplors,

Computational Details

Present DFT calculations have been performed using the Vienna ab initio simulation
package (VASP) code,”” imposing periodic symmetry. Relaxed geometries and total
energies were acquired using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional,*® known to accurately describe TMs bulks and surfaces and also the interaction

of C with them.'™* Moreover, previous works show that relative stabilities and diffusion



energy barriers, £, are rather unbiased by the used exchange-correlation functional, with
small vanations between 1-5 kJ mol” depending on the used functional.'® The valence
electrons density was expanded in a plane wave basis set with a 415 ¢V cutofT for the
kinetic energy, while the projector augmented wave method was used to describe the
interactions between core and valence electrons.™ Calculations were carried out non spin-
polanzed except for magnetic Ni, Co, and Fe TMs. Geometry optimizations were
performed until all forces acting on relaxed atoms became lower than 0.03 ¢V A, and the
electronic convergence threshold was set to 100 eV.

The TMs most stable surfaces with Miller index with maximum order of 1 have been
modelled using slabs, generally including most stable surfaces, with no step defects, These
are the (001), (011), and (111) Miller indices surfaces of fec and bee TMs; and the (0001),
(1010), and (1120} of kcp TMs, following Miller-Bravais indices notation for hcp metals,
being a total number of 81 modelled surfaces * The simulation of extended surfaces has
been performed using supercell slab models constructed from previously PBE optimized
bulks,’'* see Fig. S2 in Section S1 of the ESI for a depiction of the explored
adsorption/absorption sites. The supercell size depends on the specific surface termination
being modelled; (3%3) supercells composed of 54 atoms were used for fee (111), hep
(1010), bee (001), and hee (111) surfaces, while (2x2) supercells composed of 48 atoms
were used for fec (001), fee (011), hep (0001), hep (1120), and bee (011) surfaces. All
surface slab models contain six atomic layers: with nine atoms per layer for (3=3) slabs or
eight atoms per layer for (2»2) slabs. Consequently, the adsoprtion/absorption of one C
atom implies a similar coverage of '/s or '/ monolayers (ML), respectively, defined as the
number of C atoms with respect the number of surface metal atoms on one side of the slab.

After optimization of the pristine surfaces one C atom was adsorbed/absorbed with the
three bottom layers of the slab fixed, while the other three upper layers were allowed to
relax during the geometry optimization together with the interacting adsorbed/absorbed C
atom, a procedure known as 3+3 approximation. The reciprocal space was sampled with
3x3#1 M-centred Monkhorst Pack™ k-point grid and calculations were performed using a
Gaussian smearing of 0.2 eV energy width to speed up convergence. yet final energies
were extrapolated to 0 K (no smearing).

The adsorption/absorption energies, Eads‘abs have been calculated as

Eaastars = -EC/metal + Ep + Epetar (1),

where Egimerar 18 the total energy of the metal slab with the C atom either adsorbed or



absorbed, E; is the energy of the isolated carbon atom in vacuum, and E,,,¢4 15 the energy
of the optimized clean TM substrate. Within this definition, stable adsorption/absorption
correspord 1o positive Eugune values. Zero-point energies imply negligible variations
between the stability of the different sampled sites, below 0.1 kJ-mol! according to test
calculations, and so have been disregarded in the final analysis.

The surface, subsurface, sinking, and emerging £, these are, the Eu, Eu, Eu, and
Eemer. were determined by using the climbing image nudged clastic band (CI-NEB)
procedure using four images in between initial and final states.™ The approximate
transition  state (TS) peometries were posteriorly refined using a2 Quasi-Newton
optimization algorithm until forces acting on atoms were under 0.03 eV A" All TS were
characterized by vibrational frequency analysis performed vig  construction  and
diagonalization of the corresponding block of the Hessian matrix, with elements estimated
by analytical gradients from finite displacements of 0.03 A length, centifying their saddle
point nature with only one imaginary frequency. The £, values were calculated subtracting
the TS energy from the initial diffusive energy state,

As far as the Al algorithms used in the analysis are concerned, the group analysis was
carried out using the k-means (KM) approach, as implemented in the sklearn python
library.” The number of clusters for each case was determined using the elbow method, ™
consisting in the evaluation of the cluster inertia (or distortion) curve shape —defined as
the sum of squared distances of samples to their closest cluster center plotted against the
number of clusters, and selecting the elbow of the curve, ie the minimum number of
clusters that already yields a sought accuracy. This number of clusters is then used in the
cluster groups descriptions, see more details in Section S2 of the ESI. KM clustering was
used to define subgroup types of TMs with similar activity with respect C atoms, or similar
diffusions. KM was also used to correlate these subgroups with the main descriptors
defining these.

Concemning the tested ML regression algorithms, those were also implemented using the
skiearn python library. Aside, Euswy and £y magnitudes were correlated with a list of TM
features or physicochemical descriptors, commented in the forthcoming sections, using
three different ML regression models: multivanable linear regression (MLR). decision tree
regression (DTR), and random forest regression (RFR). Models were refined by removing
unnecessary features using the leave-one-out procedure, and hyperparameters were tuned
by conducting a grid search involving different parameter combinations and selecting the

best preforming ones.,



Results and Discussion

1. Thermodynamic Analysis

1. 1. Energy landscape

[Let us first start with an analysis of the thorough study of C interaction with the explored
81 transition metal surface models, so as to provide a general view of the C interaction
with TMs. A full list of adsorption and absorption energies of the gained minima is present
in Tables S1-83 of Section S3 in the SI. For a better readability, the top panel of Fig. 1
shows a summarized overview of the results displaying the most stable position adsorption,
E .y, or absorption. E.s, energy values for each surface termination of each metal —thus
presenting three different values per metal— versus the C height, i, defined as the vertical
distance between the C atom and the TM surface plane in each particular position,
compiled in Tables S4-S6 of Section S3 of the ESIL. So as to have clear defined references,
an in-plane situation is shown at zero A, along with the graphite cohesive energy, Foup,
obtained from the literature and obtained through equivalent optimizations as the ones here
presented in terms of employed DFT exchange-correlation functional, plane-wave cutolT,
k-points density, etc.’” As can be seen in Fig. 1, the display defines four different
quadrants, which imply four different behaviors of C atoms when interacting with TMs
surfaces, depending on whether an adsorption or absorption situation is preferred, and
whether the interaction of C with the TM is stronger or weaker compared to that in
graphite,

A first analysis can be camed out with the data colorcoded according to the T™M
crystallographic structure; this is, fce, hep, or bee. At first glimpse, one notices that nearly
all bee values are found to be above the surface limit, implying a preferential adsorption,
except for three cases —V, Nb, and Ta (011) surfaces, all being group V of the Periodic
Table— where carbon prefers to lie subsurface. The £, above Ep implies that C has
more affinity for bec TMs than for other C atoms, a feature that happens in many cases,
and in the above-commented subsurface cases, demonstrating a clear thermodynamic
tendency for C 10 penetrate these metal surfaces. These results are indeed in perfect
agreement with these metals propensity to form TMCs.® However, since the majority of
points imply surface positions, the carburization of bee TMs, implying the interstitial
placement of C, appears to be a non-trivial process. Notice that boe crystallographic
structures are perfect templates to place C in their octahedral interstitials, thus featuring the
final rocksalt crystallographic structure of TMCs. Therefore, crystal reconstruction appears

not to be a restricting aspect in many of these cases exhibiting rocksalt TMCs, such as VC,



NbC. TaC, CrC, 8-MoC, and FeC. although, for other more stable polymorphs, when
necessary, the C incorporation is likely to involve a crystallographic phase transition.
Previous studies on Zn oxidation and other TMs hydrogenation reflect a preferential
subsurface stabilization of O and H atoms, including superficial crystallographic
reconstructions,”” featured at higher atomic coverages, and so, such type of mechanisms
could well explain the eventual subsurface incorporation of C 1o form TMCs, even when
implying a crystal transformation.

Going beyond bee TMs, fee TM values are found in their majority in the lower part of
the panel, i.e. adsorption or absorption energies weaker than in graphite, meaning that C
has more clustering affinity than for these metals. This is in fair agreement with the known
fact of fce TMs being poisoned due to the formation of graphene/graphite layers on them,
blocking their surface active sites. Nevertheless, this preference to form graphenc layers
may be interesting in the context of nanotechnology, e.g. in graphene synthesis from
chemical vapor deposition or segregation.”® There are a couple of cases —Ni and Rh
(001 }— where the C interaction is above the graphite limit, which presents them as a the
least favorable for graphene synthesis, and more favorable conceming carbide formation,
although their preference is on the surface, or in-plane. Note, however, that such strongly
attached C can block still active sites, or perturb the very chemical nature of nearby metal
surface atoms. Finally, there are six fce values that are clearly in the subsurface region: The
two upper-most data points correspond to Ni and Pd (111), in agreement with previous
calculations and experiments that certify the existence of carbide phases of these TMs.'¢
Moreover, the four lowest values correspond to Cu (111), Ag (111), Ag (011), and Au
(011): indicating. as recently showed in the hiterature, that C has a tendency to penetrate
subsurface on such noble metals.'’

Last but not least, and regarding hicp TMs, their values are scattered, as is their position
in the Periodic Table. Still, grouping is observed in the subsurface, highly attached C
region, where C appears to present a tendency to penetrate such TMs. In fact, these values
correspond to Sc, Y, Ti, Zr, HI, Zn, and Cd. The first five belong to groups 111 and IV of
the Periodic Table, known to display a very high chemical activity and a propensity to
form rocksalt TMCs. Thus, clearly the high absorption energy could well contribute in
compensating the energy demands for an eventual phase transition towards a rocksalt
structure, On the other hand, Zn and Cd are d' elements, with an & priori low chemical

activity according to d-band center arguments, see below. However, the strong interaction



calculated here is in line with the existence of such carbides, as reported in previous
studies.*”

The data in Fig. | has been used to carry out a KM clustering to better understand how
this data can be grouped within the £, and & space. As shown in the bottom panel of
Fig. |, the existence of three different clusters is best detected once the elbow method is
applied, see Fig. S4 of Section S4 of the ESL. Data points in the first cluster, C1, have in
common a rather weak interaction with the TM surfaces compared to the graphite £,
with the group centre or centroid —marked by a fictionalerossed point in Fig. |— located
at an E.s of 424 kJ'mol”, and with a & of -32 pm below the surface level. For these
systems, C atoms would thermodynamically tend to merge into graphitic C aggregates on
the surface, eventually poisoning the catalyst surface by site-blocking. However, at low C
concentrations, there could be C adatoms or interstitial C atoms, affecting the electronic
structure of the surrounding metal atoms, particularly, when their mobility and eventual
aggregation would be hindered, see below,

The second cluster, C2, is, on the contrary, characterized by & very strong interaction
between C and the TM surfaces, and a general clear preference for the subsurface region,
reflected in the centroid being located at an Ea. of 843 kI'mol”’, and & of -117 pm. This
implies that these TMs and surfaces are suitable for their carbunzation, with the sole
exception of Ni and Pd (111) surfaces, which feature an £ smaller than £, and so,
similarly to Cl1 members, would imply an eventual formation of surface aggregated
carbonaceous structures, particularly when kinetically allowed, in perfect agreement with
the reported graphene growth by segregation reported on both surfaces.*'!

Finally, the third cluster, C3, groups most of the data points, where C atoms display an
interaction with TM surfaces of similar strength to the cohesive energy of graphite, plus
and general clear preference for staying at the surface. This is reflected with the group
center located at Eyp of 753 kJ-mol”, very close to the E.. of graphite of 757 kJ-mol,
and a height as well of 53 pm. It is in such situations where the subtle imbalance of
interaction strengths and kinetic movement inhibition may finally determine whether such
C isolated moieties exist as such at low C concentrations, or they eventually merge
forming graphitic layers on the catalyst surface, and such imbalance could be potentially
afTected by the DFT uncertainty of ca. 20 kJ-mol'. Even if this is & general trend. there are
situations where C atoms have a significant affinity for TM surfaces, but now generally
preferring to stay on the surface, thus occupying active sites that would be no longer be

available for any other reactants, acting as poisons by site-blecking, exemplified by the



subset of points with an . larger than 850 kJ-mol™'. The exposed KM clustering allows
defiming thus certain general behaviors, but i1s not exempt of singulanities: apart from the
above, a couple of outliers can be caught from a visual inspection, for instance, Cu (001)
and Cu (011) are points that could belong to Cluster |, although the inertia calculation
assigns them to Cluster 3.

Aside from the previous analysis, we inspected suitable reaction conditions at which
such C moicties can be present on the inspected TM surfaces. To this end, thermodynamic
phase diagrams have been built for the different studied TM surfaces, considenng pressure
and temperature working conditions that would turn pristine TM surfaces into early C-
containing surfaces, cither having C on surface or subsurface. To this end, acetylene
(C:;H2) is considered as a carbon source, and the TM surface and molecular chemical
potentials are equaled, see completed details on the phase diagram construction procedure
found in the literature,'*#2* Fig. 2 shows the exemplary phase diagrams corresponding to
all fec TMs (111) surfaces, since such TM surfaces are most relevant to Heterogeneous
Catalysis, but all the other phase diagrams for fee, hep, and bee surfaces can be found in
Figs. S5-§7 of Section S5 of the ESL. Focusing on the cases revealed on Fig. 2, the shown
lines define, for each metal, temperatures, T, and C2H: partial pressures, pe,j, . where C
atoms adsorbed or absorbed would be thermodynamically equally stable to a pristine TM
surface case, see other details in the literature.” Any I"and p. 5, conditions above the
shown curves imply a preference of having C adsorbed, C**, or absorbed, Ciun, while
conditions below the curve imply a preferential TM pristine surface situation. In this
particular case, C** moieties are expected for Pd, Ir, Rh, and Pt (111) surfaces, and C,.; for
Ni (111) at, eg., a standard working pe g, of 10° Pa, and a regular catalytic working
temperature of 600 K. Only Cu, Ag, and Au display their nobility in this aspect, Ag being
the most C-resisting one, known and explained by the Ag deeper d-band center,** joined to
a weaker C-Ag coupling, which prevents antibonding states being above the Fermi level,
eventually destabilizing the C interaction towards Ag.* In any case, Cu and Ag (111)
surface would prefer to incorporate such C moieties, while surface C would be observed on
Au (111) surfaces,

The Group XI —Cu, Ag. and Au— nobility is also shown in (001) and (011) T™
surfaces, see Fig. S5 of Section S5 of the ESI, revealing an enhancement of the surface
chemical activity for (011) and (001) surfaces, being the latter the most chemically active,
to the point of Cu (001) surfaces being C-poisoned at standard conditions of pressure and



working temperatures above ca. 750 K. The rest of fec TMs behave similarly among them,
featuring systematically C*" situations on (001) surfaces and most of (011) surfaces, with
the exception of Ag, Au, and Pd (011) surfaces, where Can would be preferred.

When addressing hcp TMs, see Fig. S6 of Secction S5 of the ESI, three different
behaviors are found: Late TMs with &' electronic configuration, these are, Group XII Zn
and Cd, behave like noble Group XI elements, thus not being C-poisoned at standard
working conditions, Other late TMs, like Group VII (Re, Tc), Group VI (Ru, Os), and
Group IX Co display a chemical affinity more similar to fee Pt-group TMs, while carly
TMs such as Group 111 (Sc. Y) and Group IV (Ti. Zr, and Hf) show a high affinity towards
C. As can be seen in Fig. S6, regardless of the exposed surface, Con Situations are
preferred for the very early Groups 1T and IV TMs (Sc, Y, Ti, Zr, and HY), and very late
XII TMs {Zn, Cd), whereas C*" situations are preferred on middle and late TMs of Groups
VII (Re, Te), VI (Ru, Os), and IX (Co). The sole exceptions are Ti and Hf (1010)
surfaces, where C™" moieties are more stable. Finally, boe TMs, belonging to early Groups
V (V. Nb, Ta), VI (Cr, Mo, W), and VIII (Fe) reveal a high affinity towards C, see Fig. 87
of Section S5 of the ESI, going for a C-moicty presence in any working conditions, and
only avoiding them art ultrahigh vacuum conditions and high temperatures. Such C
moieties are systematically C** for (001) and (111) surfaces, and as well for (0O11)
surfaces, with the exception of Group V TMs (V, Nb, Ta), where Cyp are more stable,
going for the C incorporation within the TM.,

1.2. Descriptors of C behaviour at TMs surfaces

The above trends seem 10 point out that the chemical activity is somewhat influenced by
the position along the d series of the Periodic Table. Thus, an important aspect resides in
the search for descriptors of the ad/absorption energies accounting for the observed trends.
Here, different descriptors proposed in the literature, cither energetic or electronic, are
evaluated so as 1o linearly comrelate ad/absomption energies with them. In particular, surface
energy, ¥.* work function, ¢,*7 d-band center, &' corrected d-band center, &) ,*° and the
highest Hilbert transform d-band peak, &,*° are considered —details on their correct
calculation can be found in the literature *”** Briefly, the description of their independent
evaluations —see Figs. S8-S12 in Section S6 of the ESI for all the analyses details—

reveals that the linear adjustment adequacy decreases in the order & > & > & > 7> ¢. In

the case of d-band center based descriptors, it is clear that any attempt of improvement on



£11s detrimental; still, the expected trend is captured, in the sense that the higher in energy
is & &4, or &, the stronger the C attachment is. Likewise, the larger the surface energy, ¥,
the stronger the attachment energy of C: although the correlation on this energy-based
descripior is poorer when compared to those based on the electronic structure. Finally, the
work function, ¢, is a very bad descriptor: not only because of the very small regression
coefficient, R, of 0.17, but also because one would expect that the larger the work function,
the stronger the bonding, as a result of a TM-+C charge transfer, observed in late TMs, and
expected for earhier and more reducing TMs. However, the observed trend in Fig. S12 of
Scction S6 of the ESI is just the opposite.

Given the above analysis, & could be regarded as the most successful descriptor, at
least, when describing the exhibited thermodynamic data. The most stable Epon vs. &
results are shown in Fig, 3 grouping results as per the different featured crystallographic
structures. Notice that an evaluation with one regression line for each type of surface
termination, shown in Fig. S13 of Scction S6 of the ESI, reveals that the trends for the
three surfaces of each crystallographic have similar slopes, and such slopes are very
different for the different examined crystal structures. These results reinforce the
consideration of crystal packing as a determining aspect concerning the C interaction with
TM surfaces. Focusing on Fig. 3, however, one readily notices that lincar trends can only
be valid for hep and jee structures, which present regression coefficients, R, of 0.94 and
0.90 respectively. On the other hand. the bce TMs trend line is not representative.
presenting a poor regression cocfficient of solely 0.09; showing that there is no correlation
in these cases. This puts the accent in that the & descriptor, typically tested on coinage and
Pt-group TMs,™ all featuring to fee and Jicp close packed situations, does not account for a
possible packing effect that can transfate in changes on the TM surface chemical activity.

Still, the trends based on energetic and electronic structure descriptors, ¢.g. on & and ¥y,
pave the way to inspect whether there exists combined effects of them, tackled here by
evaluating them through multivariable regressions. As shown in Fig. 4, combining & with
v leads to a better correlation than using them alone. Furthermore, one could make
combinations of a larger degree, e.¢. having - & terms or even squared values for each
descriptor, which would be second degree combinations, or even third degree
combinations; including, e.g., ¥-& or & terms, By considering these, one observes a
gradual improvement of the multivariable adjustment, as observed by an increase of the R

value up to 0.90, and the approach of the adjustment to the ideal one. These observations



strongly suggest that, when looking for adsorption and/or ahsorption energy descriptors,
one sheuld not restrain to finding the perfect one, as it may well not exist, as the interaction
is simultaneously influenced by different surface properties, Thus, one should look for
combinations of descriptors, cach of them bringing a different piece of information of the
metal surface one works with.

The above analysis indeed laid the foundations for a proper and deeper multi-variable
analysis, feasible by applying differemt Al machine leaming (ML) regression
methodologies. To this end, the E. or Eu values of most stable positions are expressed as
a function of the above-introduced descriptors (&, £). £. . and ¢), but regarding as well
the crystallographic structure (CS) of the TM case, given the different behaviors of fee,
hep, and bee TMSs, and including as well the surface coordination number (CN), retrieved
from the literature,” so as to differentiate the different studied surfaces for the same metal,
plus the bulk shortest interatomic distance, 8,"** as a geometry measure distinct for every
TM, even when having the same CS and CN. Aside, the number of TM d electrons, ny, are
accounted, as they represent a natural trend across the d series. Finally, to represent the
different adsorption or absorption sites. the number of TM atoms neighboring the C atom
are defined, CNsi, allowing for site specificity, This accounts for a total of ten descriptors
related to the TM surface. Note that, since the same adsorbing or absorbing moiety is
regarded always, this is, C atoms, no descriptors from the ad/absorbed species are
necessary.

Within this set of descriptors and features, we evaluated three different ML algorithms,
including MLR, DTR, and RFR, see details of them in Section 87 of the ESI. and
explicative images of the DTR procedure in Figs. S14 and S15 in Section ST of the ESI. A
first analysis, using all the aforementioned features und default parameters of the
algorithms —e.g. 100 trees in RTR, and a maximal number of allowed features to be used
in each tree to be equal to the total number of considered features— provided by the
sklearn python library was performed using a shuffle split cross validation (CV)
employing 20 splits for the set of the 81 surfaces with C in its most stable position. For the
CV, for each size of the training sct, a number of random data points are taken which
represent R0% of the data set, The remaining 209 are random pomts also taken, but to be
used for the test set.

The analysis results, in terms of mean absolute error (MAE) + standard deviation,
yielded test set values of 66.7 = 12.5, 49.1 = 8.4, and 43,5 = 8.4 kJ-mol” for MLR, DTR,
and RFR, respectively, for the largest training set size. Thus, focusing on RFR, the



regression algorithm that delivered the smaller error, one can successively remove those
features that were less relevant in terms of mimimizing the test set MAE. To this end, we
used the leave-one-out procedure, which consists in removing one feature at a time and
assessing the impact on the test set MAE to decide whether it is worth including or not. In
this case, three parameters emerge as most relevant from the analysis; not surprisingly. &
and ¥, as outlined above, but also the number of metal atoms neighboring the adsorbed or
absorbed C, i.e. the site coordination, CNgw, which brings site-specificity to the analysis.

Once the candidate descriptors are shortlisted according to the leave-one-out approach,
the RFR algorithm hyperparameters were tuned by performing CV evaluations on different
combinations of parameters and sclecting those that mimimized the MAE, exemplified in
Fig. 5 by the learning curve of RFR, displaying the training and test errors when increasing
the number of samples in the training set. Results showed that, by using &, v, and CNgse
only as input features, a RFR with 50 decision trees considering two features for cach split
already provided a very good training set MAE of 13.7 + 0.9 kJ'mol”, although the test set
MAE accuracy is of 39.1 + 8.9 kJ-mol-'. Notice, still that curves are not converged, and
lower MAESs could expected by widening and diversifying the number of cases, usign, e.g.
vicinal surfaces or sites at nanoparticle modcls, or even when differentiating adsorption
from absorption situations.

Notice that the obtained final accuracy for the test set is still far from using such a ML
model to carry out forecasts in a quantitative fashion, where, desirably, one would require
MAEs below the DFT accuracy, estimated to be ca. 20 kJ'mol”'. However, still, it can be
useful for a rapid evaluation and qualitative assessment. Further than that, the most
interesting factor is that, from the RFR algorithm, one can scize the importance of each key
feature. In this case, the importance factors are 0.6, 0.3, and 0.1 for &, 7. and CNge.
respectively, quite in line to the above discussion referring to & as the main descriptor, but
weighting the importance as well of v, as already above detected in the descriptor analysis,
where combinations of them were found to improve the regression quality, see Fig. 4. Sull,
their definition is somewhat modulated by the site coordination, a feature not identified in
the previous analysis.

After having isolated the main physicochemical descriptors through the RFR method,
one could well carry out a KM analysis as done in Fig. 1, but now identifying similarities
in the descriptor space instead of on the target E,sn- and & properties. This three-

dimensional grouping is shown m Fig. 6 (top panel). The components of these three



clusters have been projected into the Euacwndh space in Fig. 6 (bottom panel). Surprisingly,
one observes that clusters in Eyauns/ht space shown in Fig. 1 mostly coincide with gained
clusters in descriptors space, with only few exeptions. Pd (111) surface of Cluster 1,
appearing in Cluster 2; the Pd (011) surface of Cluster 2, appearing in Cluster 3, and the
Au (111) surface of Cluster 3, appearing in Cluster 1. In any case, the resulting grouping
underscores that groups of systems with similar £,a0.6. and & also exhibit similar descriptor
values. From the values in Table 1, one notes that, even when accounting for the standard
deviation, the feature average values mostly do not overlap with cach other for the
different clusters. indicating that their representation is mostly unique. which reinforces

that such descriptor values are key in defining the features groups shown in Fig. 1.

2. Influence of Kinetics

2. 1. The energy barriers landscape

The above analysis dealt only with the energetic stability and, therefore, to reach a holistic
overview would require analyzing the C moieties diffusion Kinetics on all the studied TMs,
as, eg., the subsurface presence may be kinetically hindered when the sinking energy
barrier, Euw, would be too large, and the same applies to the possible C emergence for
Ewer, hindering an eventual surface coke formation from subsurface C atoms. Aside, coke
formation could be as well hindered by surface diffusion, governed by the Eg. kinetic
energy barrier, £y, Finally, we evaluate here the possible diffusion at the subsurface level,
defined by E.., and questioning whether lateral diffusion preferentially happens on the
surface. Notice that such barrier information has been found valuable in a catalytic context,
e.g., serve to obtain the mean lifetimes of such species, and so, in which time frame they
can affect the surface on-going catalyzed process, as recently demonstrated on fee (111)
surfaces by kinetic Monte Carlo simulations.!”

The four different types of diffusion barniers, illustrated in Fig. S3 of Section S of the
ESI, have been obained by CI-NEB algorithm and properly characterized by vibrational
analysis. For cach TM type of surface, different diffusive paths have been investigated,
including non-trivial ones for certain complicated diffusions. The explored paths are listed
in Tables S7-89 of Section S8 of the ESI. For each case, the lowest £y values have been
collected, accounting for a total of 324 diffusion energy barriers, summarized along their
diffusion path in Table S10 of Section S8 of the ESI. Notice that mean values, including
standard deviation, reveal, as expected, Eue diffusion energy bamiers of 86.7 = 55.8
kJ'mol™, being slightly lower than £, of 94.5 £ 63.1 kl-mol . Still, the difference is not



excessively large, and already at this stage one could envisage that surface and subsurface
diffusions are similarly possible. This striking finding can be easily explained, as, on one
hand, surface diffusion TSs get stabilized thanks to a more freedom of flexibility of surface
metal atoms; however, subsurface diffusion TSs get stabilized thanks to a higher metal
coordination, see Figs. S16-S18 of Section S8 of the ESI. Other than that, sinking energy
barriers, £sm. have a sensibly larger value of 117.1 £ 79.0 kJ-mol™', while emerging energy
barriers, Eemer, are noticcably smaller, of the order of 57.9 = 56.3 kJ'mol”, succinctly
implying that is more difficult for C adatoms to dissolve in the metal matnx than to
segregate towards the surface.

Still, the large standard deviation of the points expresses a great variety of situations.
For instance, the largest £y, of 263.2 kJ-mol' corresponds to Ta (001) surface, where such
C atoms would be rather immobile, at variance with Cu (1 11). where, with an E,, of 8.4
kJ'mol”', C atoms would be rather mobile; a point that favors the observed graphene
synthesis by deposition on such surfaces.'®*" Even if subsurface diffusion is less favored,
quite inhibited, e.g. on W (111), with an Eqp of 303.7 kJ-mol”', it is rather easy on Zn
(1010) surface, with an s of 2.4 kJ-mol”' only. Similarly, onc can think that C sinking
into the subsurface region is quite difficult, and it is indeed on W (001), with an E. of
326.6 kJ-mol”', while C sinking through the Zn (1120) surface is essentially barrierless,
with an Egy of 0.8 kI'mol™. Finally, C emergence to the surface is rather easy on Co
(1010) surface, with an Eeme of 0.8 kJ:mol”', while it can be quite difficult on Ta (011),
where C segregation would be rather impeded with an E..; of 229.0 kJ-mol™.

This large set of data, which can be quite difTerent, can also be gathered and analysed in
a four-quadrant plot, in a similar fashion as done for the thermodynamics in Fig. 1. To do
so, Fig. 7 shows the logiofEqp/Esur) V8. 10210 Eging/Egmer), having thus 81 points
correspondling to the same amount of explored TM surfaces. Thus, zero value for
log(E.us/Esy-) tmplies that Eue = Egr, and so, surface and subsurface diffusion are
kinetically equally feasible. Likewise, zero value for logioEsini/Eemer) implies that
surface C sinking diffusion 1s kinetically as hikely as the subsurface C emerging. These two
zero values delimit the four quadrants in Fig. 7. Values larger than zero for
logio(E;yup/Esyy ) implies that Eg ., values are higher than E,,... and hence, for these cases,
C atoms would diffuse more easily along the surface than through the slab subsurface
region, points located on the right side of the zero limit. The opposite behavior is expected

for logidEsup'Eyy) smaller than zcro, located on the left side. When it concems



log10(Esini/ Eormer) values, data above the zero limit imply that emerging is preferred over
sinking, Ze. a preferential location on the surface. On the contrary, values below zero
imply a preference towards C penetrating the subsurface region.

The top panel of Fig. 7 features data colored depending on the crystallographic structure
of the TM. revealing that fec and hce TMs data points behave similarly, being dispersed on
the top half of the plot, implying that for such metals Equw is often larger than Eewer, and
going for a kinetically allowed surface presence of C adatoms. Still, few cases are the early
bottom part of the plot. These belong to fee (111) Ni, Pd, Pt, Cu, Ag, and Au (111) surface
models, where the above situation reverses, implying a more difficult segregation towards
the surface of dissolved C atoms in the bulk metal matrix. Notice that the (111) surface
termination is the most stable and abundant one on such TM metals,”® and so such
subsurface C effect should not be discarded on any on-going surface catalyzed process.
Aside, neither fee nor bee TMs show a clear preference between E,, and E.. with every
metal being somehow unique in this regard. Finally, hcp TMs show sizable dispersion, but
are mainly found in the bottom right part of the quadrants plot. This quadrant gathers
situations with an Eguy barrier lower than Egne, and £, being larger than g, Hence, one
observes that most of kcp TMs feature kinetically favorable penetration of isolated C
atoms towards the subsurface region, but with restricted diffusion along the subsurface, as
the diffusion across the surface is preferred.

Furthermore, the bottom panel shows the KM analysis again using three clusters as
derived from Fig, 1. There, it is clear that Cluster 1 fits values of the right-upper quadrant,
implying E. e bamiers smaller than Egx, and E,,, smaller than E,,,. Altogether, these
features imply a certain preference for C atoms 1o be located on the surface, and diffusing
over it, as shown by the cluster centre, where Eqp is two times larger than Eu, and Ein
39 8 times larger than E.ne. Beyond that, Cluster 3 also nicely fits one quadrant, but now
implying an casier C emergence compared to the sinking, but, more importantly, featuring
Eg.p values sensibly smaller than £, ones, as shown by the cluster centre, located at a
point where Egy values are five times larger than Ege, and Ee 12.8 times larger than Ecner.
This quadrant points out certain TM surfaces where C diffuses more easily going through
the subsurface region, probably due to the aforementioned stabilization of the diffusion TS
states by a higher coordination. In this sense, C moieties would move around in the
subsurface region, and only emerge from time to time, as if they were the targets of a
whack-a-mole game. Finally, Cluster 2 contains the most numerous group, displaying, in

general, well balanced E., 5/ Egyy @00 Ey (i E ammer Tatios near unity, as shown by the center,



being the ratios 1.4 and 0.9, respectively. Only a certain preference is found for a surface
diffusion over the subsurface one. but, aside from that, the general behavior would be that
all diffusion processes should be regarded feasible, implying a somewhat free mobility on
the surface, through the subsurface region, and with exchange of C atoms in between

surface and subsurface sites.

2.2, Descriptors controlling the energy barviers

Similar to the analysis carried out for the adsorption and absorption energies, the attention
is now placed into finding descriptors of the diffusion energy barriers. The ones used for
the thermodynamic minima, these are &. &y, &, 7, and ¢, are listed in Figs. S19-823 of
Section 89 of the ESI, There, even when using different regressions for each barrier type,
the obtained results were unsatisfactory, reaching, at most, a regression coeflicient R of
0.69 for Egm vs. y. Still, the limited applicability of such descriptors can be though as
natural as such descriptors were developed and applied to seize the interaction strength, not
the heights of energy barriers. Still, trends are regularly observed, i.e. the larger the & £,
or & the larger the Ei, and so it applies for y, and ¢, although for these inverse trends are
observed for Eeme and £, respectively.

In any case, the previous discussion underscores the point of similar trends achieved for
adsorption or absorption energies, and diffusion energy barriers. Within this context. one
has to remark the work of Nilekar and colleagues™, who showed in their seminal work that
the diffusion energy barrier depends on the adsorption strength of the adsorbed moiety,
being indeed basically a twelve per cent of the latter, with an R of (.85. Fig. 8 shows this
trend for the four different diffusion processes here sudied. revealing that. indeed, the
stronger the adsorption or absorption energy, the larger the diffusion energy barrier, and in
all the cases with similar slopes of ca. 0.16. However, the regression coefficients, R, are
still quite modest, being at most 0.45 for £y, energy barriers.

Another extended linear correlation used for energy barriers are Bronsted-Evans-
Polanyi (BEP) relations, linearly expressing a reaction step energy barmier with the step
energy variation, AE.°**" In this work we do not deal with reaction steps, as we are
focusing on diffusion processes, but the same principle applies. To this end, the BEP
relations were analyzed, yet only for C sinking and emerging processes, as surface and
subsurface diffusions feature a AE of zero. Fig. 9 shows their BEP analysis with a fairly

good correlation for Esime, with a regression coefficient R of 0.83; however, the regression



for Eome shows more dispersion, with a lower R of (.63, Notice that for sinking process,
the lincar regression is close to the limit of & very late TS, where £y = AE, signaled in Fig.
9 with a dashed black line. Another regression constrain is an earliest TS situation, where
Ey equals zero regardless of the value of AE, Still, there is also a number of cascs located
in between, so no evident trend can be claimed. At variance with the description of Euis
with respect to &, the BEP comrelation coefficients when spliting the data into different
crystallographic groups does not substantially improve the outcome, indicating this time
that the crystal structure is not a determining factor in the BEP correlations for neither £
NOr Eemer; $¢¢ Figs. $24 and S25 in Section S9 of the ESL

Mimicking the above analysis of £ or Eg, dependence on & and vy, and given the best
correlations observed for Eua as described by 1 and AE, we carmmied out a multivanable
regression involving combmations of AE and y descriptors up to a second order degree —
since third degree yielded no improvement— shown in Fig. 10, There, as happened in the
thermodynamic evaluation in Fig, 4, one observes that {) the combination of both factors is
beneficial, with an improved R of 0.86, while ii) the incorporation of descriptors higher
orders translates into a mild improvement. As happened with the thermodynamic analysis,
this underscores that the description of kinetic processes should be tackled considering a
combination of different descriptors, instead of looking for a single, determining one, as
appears that different aspects influence the kinetic energy barriers.

Thus, following the same procedure as for the thermodynamic analysis. we applied here
different machine leamning (ML) regression algorithms to have tools 1o forecast diffusion
energy barriers and locate key descriptors governing such processes. Note that now the
data set is four times larger —324 K, values— than the 81 cases of E., or Eu.. The
features and descriptors used are the same of the thermodynamic analysis, but now adding
most stable position Eqpuie and AE. Moreover. the barrier type. BT —Eu, Eas, Esink, OT
Eenec—, and the CN of the initial and final sites, named CNis and CNgs, respectively, are
also included. The target goal here is to predict Ei, and to this end MLR, DTR, and RFR
have been used. A first analysis was carried out following the procedure and
hyperparameters used for the thermodynamic data, yielding MAEs of 343 + 24,425 +
4.7, and 33.1 = 2.8 kJ-mol" for MLR. DTR, and RFR. respectively. Again, RFR is posed
as the best performing ML algonithm,

By refining the number of descriptors by means of the leave-one-out procedure, the less

relevant features were removed, and left only those that had a significant enough impact in



terms of error minimization, which are AE, Eugeabe, 6, CNps, and CNyg, with weights of
0.43.0.27, 0.15, 0.09, and 0.06. respectively. Notice how AE is the most important feature,
as expected from the BEP analysis, and particularly true for Esa and Eqwe bamers,
although is not as predominant as & was for Eydesns. The next in the list is indeed the most
stable position £.uns, in line with the above discussion where it was found to affect the
barrier heights. Notice that the two most important descriptors are thermodynamic
parameters, which can be used to estimate kinetic energy barriers. Other factors affecting
the energy barriers are, unexpectedly, ¢. even if by scratch does not show good linear
correlations with the kinctic data, and CNgs and CNys, which shows that the coordination
number of the sites involved in the diffusion play minor, yet still relevant role in the height
of the barriers.

As a last step, we selected the best performing hyperparameters of the RFR algorithm
by performing CV evaluations on different combinations of parameters and choosing those
that lead 1o minimal MALE, see the learning curve in Fig. 11. Results showed that, by using
only AE, Eueus, ¢, CNgs, and ONys as the input features, a RFR with 30 decision trees
which considers three features for each split, see Fig. 11, provided the best accuracy, with
a MAE of 32.6 = 2.3 kJ-mol' for the test set, while the training set offers a MAE of solely
13.1 £ 0.4 kJ-mol''. The dimensionality reduction in Fig. 7 avoids using a KM clustering in
the feature space, also because different features are simultaneously affecting the different
Ev values. Other than that, the analysis done in Fig. 11 can actually be carried out
differentiating the four different diffusive processes. This has been done and discussed in
Figs. S26-S29 and Table S11 of Section S10 of the ESI, Bricfly, RFR persisted as the best
performing algorithm, with MAEs very similar to that obtained when considenng all £,
altogether, with best performance found for £« barriers, with a test set MAE of 252 = 6.6
kJ'mol™, and the less accurate case being Ewp, with a test set MAE of 38.2 + 7.1 kJ-mol™,
Compared to the thermodynamic data, the RFR offers more accuracy for diffusion energy
barriers, which get closer to the typical DFT accuracy of 10-20 kJ-mal'!. although one is
still far from achieving an accuracy that would support quantitative estimations. However,
the main descriptors affecting the C diffusions have been unfolded, and estimates can be

argued upon them, allowing for a rapid qualitative assessment and sieving process,



Conclusions
In this work, by performing high-throughput periodic DFT calculations on proper slab
models of 81 TM surfaces using the PBE xc¢ functional, we provide compelling
thermodynamic plus kinetic information on the interplay of C atom on and in TM surfaces,
providing detailed information of adsorption and absorption minima sites and energies, and
diffusive energy barriers along surface and subsurface regions, as well as in between both
regions, summarized in Table S12 of Section S11 of the ESIL The provided thermodynamic
and kinetic results are in line with experimental observations regarding carbide formation
in hee and early hep TMs, also revealing the possibility of a surface reconstruction, being
the key step of such process in some of the cases. Moreover, results are also in line with
the well-known tendency of C w form graphene layers on top of foe TMs surfaces,
effectively poisoning them for heterogeneous catalysis purposes. Thermodynamic phase
diagrams have been built for all the explored surfaces, delimiting temperature and ethylene
partial pressure working conditions at which the presence of C atoms would be favorable.
Further than thai, electronic and energetic descriptors have been analyzed on ad- and
absorptive minima and energy barriers, where the d-band center has been found te be the
most successful one when comelating ad/absorption energies, in a particular reliable
fashion for Acp and fee TMs, whereas presenting significant deviations bec TMs. For
diffusion energy barriers, the adsorption or absorption strength of the departing minimum,
and the difference in energy between minima, AE, in the cases of sinking and emerging
diffusions. Finally, k-means clustering has been used to delimit three types of TM
thermodynamic and kinetic behavior towards C atoms, while machine learming random
forest regression revealed that, both for the gained thermodynamic and kinetic data, a
combination of descriptors yiclds to a better description of minima and encrgy barriers,
although the accuracy is so far only valid for a rapid qualitative assessment. In any case,
the analysis underscores the need of looking for a few number of descriptors biasing the
interaction strength and diffusion possibilities, rather than trying to get a single perfect
descriptor, which may not be the wisest option as different physicochemical aspects do

indeed affect such processes.
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Table 1. Average values for £a 7, and CN, for each of the clusters shown in Fig. 6, plus their standard

deviation.
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Fig. 1. Most stable Eusos situations on every TM surface with respect wo i In the top panel, valees in
blue comespond to foo TMs, green to bhee TMs, and purple o dgp TMs. In the bottom panel, three
different colors are used o mark off the three different clusters determined through a KM analysis, with

centers marked crossed,
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Fig. 2. Phase diagrams for fec TMs (111) surfaces as a function of the acetylene pantial pressure, pe,y,.
and temperature, 7. Diagrams are obtained for a corstant pariial pressure of Hy, py, = 1077 Pa. Reglons
above or below ecach curve indicste conditions at which the C-containing or pnstine surfaces,

respectively, are thermodynamically preferred,
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Fig. 3. Most stable £, situations with respect o &i, and the correspoading linear correlations, Values
in blue correspond 1o fee TMs, green 1o hee TMs. and purple to ficp TMs.
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Fig. 4. Most stable Ews situations vx the predicted £ from diflerent lincar, multivanable, and
polyromial regressions involving v, &, or o combination of them. The black dashed line represents

perfect correlation.
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Fig. 8. MAE evolution for training {buc) and the test (green) sets as o function of the number of samples
coatained in the training set for the prediction of Essun using a RFR algorithm. Colored arcas around the
lines account for the error dispersion resulting from the cross validation using 20 runs.
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Fig. 6. Top panel. the three-dimensional KM dustering of the most important features extracted from the
RFR, nimely ¢4, 7, ind ON,. Bottom panel: a quadrant plot as in Fig, |, but showing the clusters from

the top panel projected in the Eawun'h space,
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Fig. 7. The base 10 loganthm of Eg,, /£, with respect to the base 10 Jogarithm of £/ Eemar- In the
top panel, values in blue correspond to fee TMs, green to Aee TMs, and purple to hep TMs. In the bottom
panel, three different colors are used o mark off the three different clusters determined through a KM
analysis.
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Fig. 8. Lincar evolutions of the different £x ditfusion encrgy barriers —Euwi, Eab, Lk, and Ecna— with
respect 1o most stable initial position Eu or Eue.
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Fig. 9. BEP linear evolutions of Ex with respect 1o AE, and the corresponding linear comelations for each
explored barrier type. Dashed lines define lotest TS limit, where £y = AE, or corlicst TS limit, where £, =
0 regardless of AE.
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Fig. 10. Calculated Euwe vy the predicted L from differemt hingar, multivasiable, and polynomial
regressions involving v, AF, or different degrees of combmations of them. The black dotted line

represents the ideal convelation,
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Fig. 11, MAE cvolution for training (bluc) and the test (green) sets as a function of the number of
samples contained in the training set for the prediction of £» using 8 RFR algorithm. Colored areas around
the lines account for the error dispersion resulting from the cross validation using 20 runs,
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Conclusions

In this thesis, density functional theory (DFT) calculations were used to understand and
improve the electrocatalytic reduction of CO2 (CO2RR) to valuable commodities and
investigate the interactions of C atoms with transition metal (TM) surfaces and
nanoparticles (NPs). Although the individual conclusions resulting from each of the
studies featured in this thesis have been already discussed at the end of each section, some
general conclusions are outlined here along with possible future directions for the
research here presented.

From the modelling point of view, the work presented in this thesis shows that DFT
calculations on periodic systems are a useful tool to describe the interactions of TM
surfaces with ad/absorbed atoms and molecules, to unveil the mechanistic information of
electrocatalytic reactions, and to assess the catalytic activity of different materials
towards a certain reaction. The computational models used in this thesis were able to
describe the underlying cause of key observations from experiments and to predict and
identify the characteristics of active catalytic surfaces. In general, we have shown that:

e Square four-atom islands on top of Cu(100) terraces are suggested as the active
sites responsible for ethanol evolution on OD-Cu.

e The active sites for CORR are different for each C, product. The product
selectivity of Cu electrodes is dictated by the site-specific formation of either
ethylene oxide or acetaldehyde. Highly undercoordinated sites are the active sites
for the electroreduction of acetaldehyde, moderately coordinated sites are active
towards the electroreduction of ethylene oxide, and highly coordinated sites are
dedicated to the evolution of Ho.

e In CuAg composite electrocatalysts, when there is excess *CO, an alternative
pathway to reduce CO; selectively to ethanol is opened. This pathway does not
proceed via *CO dimerization but through the coupling of *CO + *CHx (x =1, 2)
species.

o Certain sites at catalytic surfaces are inactive because of their inability to stabilize
certain adsorbates. They can become active via the opening of an alternative

pathway that circumvents the formation of such problematic species.
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FAR to CH30H can be performed successfully using anodized titanium. Oxygen
vacancies located at steps are the active sites responsible for the formation of
methanol.

There is thermodynamic, kinetic, and dynamic evidence on the presence of
subsurface C species on the (111) surface of groups 10 and 11 TM systems. The
role of surface and subsurface C species in simulation models of some of the fcc
TMs should be reconsidered.

The d-band center is identified as the most successful descriptor of ad/absorption
energies of atomic C at TM surfaces. FEadgsabs and AE are the most relevant
descriptors for diffusion energy barriers.

ML regressions show that a combination of descriptors yield a better description
of minima and energy barriers. This underscores the need for seeking a few
descriptors biasing the interaction strength and diffusion possibilities, rather than
trying to get a single perfect descriptor, which may not be the wisest option as

different physicochemical aspects do indeed affect such processes.

As future directions to continue the research exposed in this thesis, I suggest:

Calculate the CO,RR pathway to C, products using the new solvation method
proposed by Rendon-Calle ez al.,''” and observe the similarities and/or differences
with the present results. Moreover, it would be interesting to explore how to
include cation effects in such method.

Inspect the possible effects of the presence of subsurface C at Cu surfaces on the
activity and selectivity of CO2RR.

Since a large overpotential was found for EOR on Cu, a study featuring
calculations for EOR on different TMs is worthwhile.

Adding an HCOOH-producing co-catalyst to anodized titanium may be of
interest. Experimental observations may be necessary first as to observe the
behavior of such catalytic system.

Calculate all the ad/absorption energies of *O, *N, and *H, together with the
corresponding diffusion barriers on all the same systems. This would increase the
size of the data set together with its variety. Predictions for other atomic species

could be made.
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