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Modeling Single-Atom Catalysis
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Electronic structure calculations represent an essential complement of
experiments to characterize single-atom catalysts (SACs), consisting of
isolated metal atoms stabilized on a support, but also to predict new catalysts.
However, simulating SACs with quantum chemistry approaches is not as
simple as often assumed. In this work, the essential factors that characterize a
reliable simulation of SACs activity are examined. The Perspective focuses on
the importance of precise atomistic characterization of the active site, since
even small changes in the metal atom’s surroundings can result in large
changes in reactivity. The dynamical behavior and stability of SACs under
working conditions, as well as the importance of adopting appropriate
methods to solve the Schrédinger equation for a quantitative evaluation of
reaction energies are addressed. The Perspective also focuses on the relevance
of the model adopted. For electrocatalysis this must include the effects of the
solvent, the presence of electrolytes, the pH, and the external potential.
Finally, it is discussed how the similarities between SACs and coordination
compounds may result in reaction intermediates that usually are not observed
on metal electrodes. When these aspects are not adequately considered, the
predictive power of electronic structure calculations is quite limited.
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reaction. Heterogeneous catalysts often
consist of small aggregates of noble metals
stabilized on a support (typically a bulk ox-
ide or porous material such as a zeolite).!>>]
They are usually prepared by dispersion of a
precursor, e.g., a salt containing metal ions,
on the support followed by a treatment in
hydrogen which leads to the formation of
metal atoms which can diffuse and aggre-
gate to form metal particles if the tempera-
ture is increased. The result is a broad dis-
tribution of metallic particles of different
sizes and shapes, with a certain dimension-
ality dominating the ensemble. For a long
time the presence of smaller entities such as
nanoclusters or even isolated atoms was not
considered in the discussion of their prop-
erties, mainly due to the fact that the avail-
able characterization methods were not able
to identify these tiny minority species.[*!

Today, thanks to spectacular advances
in spectroscopies and microscopies, it is

1. Introduction

The search for new materials to be used in catalytic processes
has a long history, and became an activity of industrial impor-
tance in the early 20th century. An important breakthrough was
the discovery in 1913 of iron oxide as a catalyst for the synthesis
of ammonia by Haber and Le Rossignol.['! Since then, there has
been a continuous search for new materials for advanced catalytic
processes which continues to the present days. The vast majority
of industrial plants and of environmental processes makes use
of heterogeneous catalysts where reactants and products are in
gaseous or liquid phase, while the catalyst is solid, thus allow-
ing the latter to be separated from the products at the end of the
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possible to identify and characterize, at

least to a certain extent, ultrasmall enti-

ties present on the surface of the catalyst
support and reveal their catalytic role.l’l By designing specific
preparation methods, it is also possible to obtain catalysts in
which nanoaggregates, smaller than 1 nm, or even isolated atoms
represent the dominant species. A new branch of heterogeneous
catalysis, nanocatalysis, has emerged with the specific aim of
dealing with catalysts based on very low amounts of precious met-
als dispersed over a surface.l’!

The ultimate limit of this approach is obviously a catalyst con-
sisting of single-atomic species stabilized on a support. Stability
is an essential aspect as the formation of metal-metal bonds is
thermodynamically favorable, and if the atoms are allowed to mi-
grate and diffuse on the support surface they will aggregate lead-
ing to the nucleation and growth of the metal particles. This sin-
tering process is generally a detrimental aspect in heterogeneous
catalysis as it reduces the surface area of  the metal phase, with
severe loss of activity. On the other hand, the chemical activity of
an isolated atom or a metal cluster can be completely different
from that of a metal particle containing hundred thousands or
millions of atoms.I”] One interesting aspect of single-atom cata-
lysts (SACs) is that they are often in positive oxidation state, a con-
dition that should prevent the formation of metal-metal bonds
and make nucleation and growth of nanoparticles less likely. Spe-
cific experimental and theoretical studies conducted in the last
two decades of the last century have contributed to highlighting
the strong changes in the chemical properties of small aggregates
when the size (and shape!) is modified even slightly. The simple
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addition or removal of an atom to a cluster can result in complete
changes in responsiveness. This is the nonscalable size regime
typical of cluster properties.!®! It has advantages and disadvan-
tages: on the one hand it makes possible, at least in principle,
to regulate the activity by selecting the appropriate cluster size;
on the other hand, the practical difficulty of generating monodis-
perse collections of clusters all having the same size inevitably
leads to a variety of reaction paths, with negative consequences
on the selectivity of the process. From this point of view, the possi-
bility of working with isolated atoms bonded and stabilized on an
inert support opens up new and interesting perspectives: one can
work with easily separable solid systems, use a minimum quan-
tity of metal catalysts and expect greater selectivity for a given
reaction.

Some of these advantages are typical of homogeneous cata-
lysts, i.e., catalysts that work in the same phase as the reactants
and products. Typical examples are metal complexes in solution
and enzymes. Due to their molecular nature, homogeneous cat-
alysts are easier to characterize and their activity can be tuned
by playing with the ligands bound to the active metal center.
Unfortunately, many homogeneous catalysts suffer from ther-
mal stability problems, unlike heterogeneous catalysts, which
can sustain high reaction temperatures and pressures. There-
fore, the idea of preparing catalysts based on single site ac-
tive species that all have the same environment is very attrac-
tive and has been studied extensively in the past. For example,
in the 1960s Arlman and Cossee identified under-coordinated
Ti ions near Cl vacancies as the active sites in the a-TiCl,-based
Ziegler—Natta catalyst.l”) A few years later one witnessed the birth
of a still lively catalysis sector, known as surface organometal-
lic chemistry.!% Here the catalytic sites are formed by reacting
an organometallic complex or coordination compound with a
functionalized surface, usually an oxide with a high concentra-
tion of OH groups. The M—OH or M-O-M surface species re-
act with one of the ligands of the coordination compound TM-L,
(TM = transition metal, L =ligand), which is then anchored to the
surface via M—O—TM—L,_, bonds. The supported organometal-
lic compound retains at least a portion of the ligands that were
originally present and is bonded via strong covalent bonds to the
surface which acts as a super bulky ligand. The fields of surface
organometallic and coordination chemistry have been reviewed
extensively also recently.['-14]

Past examples of single-site catalysts are numerous. In 1999
Iwasawa and co-workers demonstrated that isolated Pt atoms de-
posited on MgO and prepared by impregnation showed the same
activity as Pt nanoparticles in promoting propane combustion.!%]
In 2000, some of us reported a model study where mass-selected
Pd clusters, including Pd atoms, were deposited on a MgO(100)
surface and studied their capability to catalyze the trimeriza-
tion reaction of acetylene to benzene.[*) Surprisingly, isolated Pd
atoms were found to be good catalysts for the reaction, provided
they were located on specific defect sites, the oxygen vacancies
present on the MgO surface. The novelty of this result was clear
from the title: “Acetylene cyclotrimerization on supported size-
selected Pd, clusters: One atom is enough!”. The work also con-
tained another relevant concept in this field: the support plays a
key role in determining the properties of the metal atom.

An important step in this field was the discovery in 2003 by
Flytzani-Stephanopoulos and co-workers that Au or Pd atoms
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supported on ceria, CeO,, are active in the water-gas-shift
reaction.l’’] A few years later Gates reported a nice example of
a fully characterized Ir complex stabilized on two different ma-
trices, a zeolite and the MgO surface. Catalytic tests were per-
formed and it was found that the rates of catalytic ethene hydro-
genation and H, /D, exchange were more than an order of magni-
tude higher on the zeolite than on the MgO support, highlighting
the role of the environment in the chemistry of the supported Ir
atom.'8] A few years later Gates and co-workers were able to fully
identify the MgO surface sites where Ir is stabilized, showing that
each Ir atom is bound to three O atoms of the MgO surface.[!]

A dramatic change in the field occurred in 2011 when Zhang
and co-workers reported the preparation, characterization and
catalytic testing of a Pt,/FeO, catalyst consisting of single Pt
atoms supported on iron oxide.?! The presence of individ-
ual Pt atoms was clearly demonstrated and, more importantly,
the term “single-atom catalysis” (SAC) was coined for the first
time. The possibility of identifying individual atoms and study-
ing their activity in a variety of reactions has stimulated a
rapid growth of works devoted to this topic. Various supports
have been tested in addition to the classic oxide surfaces com-
monly used to deposit metal nanoparticles: carbon-based materi-
als, metal-organic frameworks (MOFs), covalent organic frame-
works (COFs), 2D materials (variously doped graphene, sul-
phides, MXenes, etc.).[21"?’] Recently the concept of a single-atom
nanozyme has been formulated, where the goal is to reproduce
the intrinsic activity of enzymes by tuning the spatial configura-
tion of the active single-atom site.[282]

The number of reactions in which SACs are involved has also
grown rapidly, passing from the more classic CO oxidation to hy-
drogenation reactions, water splitting, ammonia synthesis, CO,
reduction, organic synthesis, etc.[223%3!] In addition to thermal
catalysis, SACs are also intensively studied in electrocatalysis and
photocatalysis.[3233]

The name "single-atom catalyst", today commonly used to in-
dicate solid catalysts in which the active site consists of a TM
atom stabilized in a matrix, is  certainly attractive and suggests
that isolated metal atoms are the key catalytic species. The idea of

having a single atom incorporated in a lattice which is respon-
sible for changes in surface reactivity is interesting and reminis-
cent of the more classic notion of dopants or impurities in materi-
als science. When heteroatoms are embedded on the surface of a
solid, e.g., an oxide, they modify the chemical properties through
various mechanisms, which are linked to the specific orbitals of
the dopant and their occupation.**! Dopants can occupy substi-
tutional or interstitial positions on the upper layers of a solid sur-
face. There is an abundant literature on the chemistry of doped
oxide surfaces.[*} In many cases the notion of doped surface and
that of SAC coincide, despite the very different way of naming
them.

2. Role of the Metal and of Role the Support

The term SAC suggests that the properties of the active site are
intimately connected with those of the supported atom. This
is only partially true, and in fact we have already mentioned
cases in which the interaction with the support has been clearly
highlighted.['! The fact that the atoms surrounding the cen-
tral metal atom play important roles not only on the catalytic
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activity but also on the selectivity and stability has been recently
emphasized.[*) Tang et al. have shown that a control on the first
and second coordination spheres of a Co-based SAC determines
the electrocatalytic response in acidic oxygen reduction reaction
(ORR). In particular, the ORR selectivity can be tailored from a
four-electron to a two-electron pathway by modifying the first (N
or/and O) and second coordination spheres (functionalization of
the carbon substrate). The change in selectivity originates from
the shift of the active sites from the center Co atom to the O-
adjacent C atom.[”] Sometimes even the symmetry of the active
site is important: Cho et al. have shown the key role of three-
coordinated Pt"! SACs with broken D, symmetry in electrocat-
alytic chlorine evolution reaction.l*] Possible strategies to manip-
ulate in a desired way the coordination environments of SACs
have been suggested based on: a) the selection of the metal atom,
b) the modification of the local environment to the metal center
metal, and c) the modification of the geometric configuration of
the support.[*]

To further show how the local coordination around a SAC can
determine the overall reactivity let us consider a simple com-
putational experiment based on the density functional theory
(DFT).1*01 A set of 24 TM atoms has been stabilized on a nitrogen-
doped graphene support (4N-Gr) and their reactivity has been
tested in the hydrogen evolution reaction (HER). The adsorption
free energy of a H atom adsorbed on the SAC, AGy,, is considered
a good proxy of the overall reactivity, according to the computa-
tional hydrogen electrode (CHE) model proposed by Nerskov and
co-workers.!] In particular, a AGy close to zero is indicative of
a good catalyst (low overpotential) while conditions where AGy
is large in absolute value indicate a poor catalyst or even a totally
inactive material.

By changing the TM atom in the TM@4N-Gr matrix one ob-
tains a range of AGy values that go from +2.17 eV (Au, inert),
to —1.14 eV (Hf, inert) with Co exhibiting the highest activity,
AGy = 0.1 eV. However, if one fixes the metal atom, e.g., Pt, and
replaces with C or O the N atoms first neighbors to the TM one
can generate about 20 structures that differ only for the local co-
ordination (N, C, and O first neighbors). In this way the hydrogen
adsorption free energy on the Pt atom, AGy,, goes from +1.54 eV
(4 N atoms bound to Pt) to —1.60 eV (1 N and 3 O atoms bound
to Pt). This is more or less the same range of AG; values, about
3 eV, obtained by keeping the matrix fixed and changing the TM
atom.[*] Stated differently, the reactivity of a SAC can be tuned
in the very same way by changing the TM atom or by keeping the
TM atom fixed and varying the neighboring atoms of the support.
At least in principle. One should not forget that one of the main
issues with the preparation of catalysts based on single atoms is
their stability, and that very stable SACs are usually less reactive,
while high reactivity is predicted for less stable species. The in-
terplay between coordination, activity, and stability is central in
the design of new systems.

3. Importance of Structural Characterization

This opens an essential item for the development of new active
SACs: the precise identification and characterization of the active
site. Since the local coordination is so important in determining
the reactivity, the rational design of new SACs based on computa-
tional screening requires a control at atomistic level of the struc-
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ture of the experimental catalyst. While this is rather standard
in homogeneous catalysis where the active species is a TM atom
surrounded by a well-defined ligand shell, it is quite difficult and
challenging when one moves to solid materials and surfaces. No-
tice that here we refer only to the local environment of a SAC in
the as-prepared catalyst, i.e., before the reaction takes place. In
fact, under working conditions, new species and intermediates
can form and coordinate to the metal center, altering the proper-
ties of the active site. This aspect, specifically related to the for-
mation of uncommon reaction intermediates, will be discussed
below in the context of the modeling of the reactivity of SACs.

A variety of techniques and approaches have been developed
or used over the years to better identify the nature of SACs: X-ray
photoemission spectroscopy (XPS) and X-ray adsorption spec-
troscopy provide info on the oxidation state of the metal, extended
X-ray absorption fine structure (EXAFS) spectroscopy is essen-
tial to gain info on the local coordination of the TM atom, of
the bond distances, and to exclude the presence of metal-metal
bonds that occur when metal particles are present. Diffuse re-
flectance spectroscopy in UV or visible light (DRUV-vis) helps to
distinguish isolated sites from aggregates. Solid-state NMR can
also be used to characterize the nature of the catalyst and the dy-
namics of surface sites. Of course, aberration corrected scanning
transmission electron microscopy coupled to high-angle annular
dark-field detection remains an essential component of the char-
acterization of every SAC. Several excellent reviews can be found
on this topic.32:42:43]

In this respect, particularly relevant and useful are studies per-
formed on model systems with advanced characterization meth-
ods that allow an atomistic resolution of the species present on
a surface. This is the case of scanning tunneling microscopy
(STM) and spectroscopy studies combined with DFT simula-
tions on precisely defined single-crystalline supports prepared in
ultrahigh-vacuum. In this way it has been possible to follow, in
particular, nature and evolution of SACs on the surfaces of ru-
tile and anatase TiO,, the iron oxides Fe, O, and Fe;O,, as well as
MgO films and CeO,.l*%]

Recently we have shown that the combination of Fourier trans-
form infrared spectroscopy and thermal desorption spectroscopy
of adsorbed probe molecules with DFT calculations can be ex-
tremely powerful to identify the bonding environment of a metal
atom.[*51 CO is widely used to probe the nature of a surface
site thanks to its high sensitivity and low reactivity. The com-
bined measurement of CO vibrational properties and adsorption
energy, and the comparison of these quantities with DFT calcu-
lations provides a powerful way to unambiguously identify the
nature of the active sites on a solid surface.

The structure of Rh, Ru, and Pt SACs stabilized on anatase
TiO, or tetragonal ZrO, has been elucidated in this way.[*6-0
The strategy consists in performing a series of DFT calculations
where the TM atom is placed in all possible positions on the oxide
surface: the TM can replace a surface cation, TM -, or a lattice
O anion, TM; it can be adsorbed on various sites of the sur-
face, TM, 4, or it can form TM(O), 4, or TM(O,), 4 adsorbed units,
where the TM is anchored to the surface via extra O adatoms.
Finally, it can bind to hydroxyl groups, usually present on ox-
ide surfaces, forming TM(OH), 4 species. Each of these sites can
then be structurally optimized at the DFT level, and CO can
be adsorbed on the TM atom. The corresponding bonding and
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vibrational properties of the resulting TM(CO), TM(CO), or
TM(CO), surface complexes can be computed from first prin-
ciples, generating a library of characteristic features of the site.
These data can be combined with the experimental observations.
The IR and TPD spectra of adsorbed CO can be collected as a
function of increasing temperature, causing the selective desorp-
tion of CO, thus providing changes in the vibrational spectra and
of the TM—CO bond strength (e.g., while symmetric and anti-
symmetric CO stretching are present for TM(CO),, only one band
is present in TM(CO)).

The systematic study of Rh, Ru, or Pt SACs on TiO, and ZrO,
showed that the TM atom is stabilized by the interaction with one
or two O atoms or OH groups on the oxide surface. In these sites,
TM(0),4s, TM(0,),4s» TM(OH), 4, the TM atom is formally in a
positive oxidation state, a result that agrees also with XPS data,
and is thermally stable thanks to the anchoring role of the extra
O atoms or OH groups.®?) Strong evidence for the assignment
comes from the excellent agreement between theory and exper-
iment in CO adsorption energies and vibrational frequencies. It
is important to mention that the agreement of just one of these
properties is not enough to safely conclude about the nature of
the SAC, while the combination of more than one measured and
computed property provides a robust indication that this is the
actual species present on the surface.

However, the calculation of the CO stretching frequency is not
without problems. For instance, the identification of the sites
where Au atoms are bound on the (001) surface of LaFeO; turned
out to be a complex case. A comparison of standard and hybrid
DFT functionals with high-level quantum chemistry methods
has shown the difficulty of advanced DFT approaches to repro-
duce quantitatively the large blue shifts of the C—O vibrational
frequency observed in the experiments, a problem that emerges
when the CO molecule is bound to Au®* atoms in a positive oxi-
dation state.5!]

Despite spectacular progress in identifying isolated atoms
trapped on a given solid material, the exact nature of the local
bonding still remains elusive. This is a problem when compu-
tational studies are used to complement experimental evidence
of SACs activity. Indeed, only if the nature of the active site is
known with sufficient accuracy and reliability, a comparison be-
tween calculated and measured properties is meaningful (not
to talk of predictions of new catalysts). In this regard, even a
cursory analysis of the literature on the subject reveals that in
most cases the exact nature of the active site of a SAC is simply
guessed but not proven beyond any doubt. Even when it is as-
sumed that a SAC corresponds to a given structural model, the
evidence from the characterization methods used is often only
partial.

4. SACs as Dynamic Species

Another problem related to the structural characterization of
SACs is their potential dynamical behavior under reaction con-
ditions. A pioneer in homogeneous catalysts, Jack Halpern, once
said that “if you can identify a compound from a catalytic system,
it is probably not the catalyst”.>3] Indeed, it is well known that
the active site of a catalyst may form in the course of the reaction
and can change as a function of the external conditions of tem-
perature and pressure. For this reason, operando spectroscopies
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Figure 1. Surface stability diagram for a Rh atom on TiO,(110). Au(H)
and Au(O) indicate the H and O chemical potentials. Different colors indi-
cate the various configurations for the Rh and the TiO, surface: blue, light
blue, and green denote regions where Rh is preferentially substituting a
six-coordinated surface Ti with zero, one, or two O vacancies (Rh, @TiO,,
Rh,@TiO,_,, Rh;@TiO,_,,) and orange and pink zones where the sup-
ported Rh structure is favored (Rh;/TiO,_, and Rh,/TiO,_,,), respec-
tively. The amount of hydrogen adsorbed on TiO, and Rh depends on
Au(H) and dashed lines limit the zones corresponding to different hy-
drogen coverage. The red triangle (blue square) line shows the relation
between Ay (O) and Au(H) when water formation reaction is included
with 0.01% (0.001%) conversion. Ay (H) values for 0.1atm H, and various
temperatures are shown on the right vertical axis. Reproduced under the
terms of the CC BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0).153] Copyright 2019, The
Authors, published by Springer Nature.

have been developed with the specific aim to follow the temporal
evolution of a catalyst under reaction conditions.** Of course,
this applies also to SACs, although the number of cases reported
with a detailed characterization of the structural evolution of a
SAC with time are still rare.

Theory is useful in this respect as it can provide phase di-
agrams that show under which conditions a given structural
motif is stable. An example has been reported for the case of
Rh, /TiO, based on first principles atomistic thermodynamics.>)
Using two descriptors, the oxygen and hydrogen chemical po-
tentials, the relative stability of a Rh atom adsorbed or in sub-
stitutional positions of rutile TiO, has been evaluated as a func-
tion of temperature, clearly showing that the Rh single atoms
modify their local coordination (and reactivity!) in response
to various redox conditions, an effect that has been verified
experimentally.l®] In particular, when the catalyst is treated in
a reducing H, atmosphere Rh(OH),,, complexes form, as dis-
cussed above, while under strong oxidizing conditions the Rh
atoms become preferentially incorporated in the oxide lattice,
see Figure 1.

The dynamic nature of SACs has been demonstrated for the
case of Pt, /TiO, based on in situ atomic resolution microscopy
and spectroscopy characterization complemented by first prin-
ciples DFT calculations.[®®] Under oxidizing conditions the Pt
atoms are incorporated into the anatase TiO, lattice, and in par-
ticular replace Tis. ions at the surface or near step edges; this
is the same as predicted for Rh, see Figure 1, since in oxidizing
conditions the TM prefers to be part of the support. However,

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWWOD BAITE8ID 3|qeal|dde Yy Ag peusenob e ssjoie VO ‘85N JO S3|nJ Joj Akeid 1 8uluO A3|1M UO (SUORIPUOD-PUE-SWLBIAL0Y A3 I ARelg U1 |UO//:Sdy) SUONIPUOD pue Swis | 8Y) 885 *[S20Z/T0/8T] UO Akiqi]aullu A9|1M ‘ ©30001g OUR|IN BISIBAIUN - 01817 IQ IUUeAOID Ag 0STZ0EZ0Z BWPe/Z00T 0T/I0P/LL00 A8 | IM Alelq | BUIJUOpeouRADR//SANY WO.J PBPeo(UMOQ ‘9 ‘S202 ‘S60VTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

in mild reducing conditions the substitutional Pt atoms are
pulled out of the surface, and become bound to extra surface
O atoms coming from surface OH groups, forming Pt(O,),q,
species. If the catalysts is further treated in H, at higher temper-
ature (harsh reduction), one observes the formation of Pt(OH),g4,
species adsorbed at steps and terrace sites. Thus, the nature
of the SAC changes significantly with the pretreatment of the
catalyst, with considerable impact on the reactivity.>® To check
this, CO oxidation was studied on the Pt SACs as a func-
tion of the catalyst pretreatment finding that when Pt occu-
pies substitutional sites, Pt ..., or is bound to excess O atoms,
Pt(0,),4s, the reaction proceeds with similar apparent activa-
tion energies, E,, of 70-80k] mol~'. However, after harsh reduc-
tion, the Pt(OH),4, species showed a twofold to fivefold increase
in activity, depending on temperature, and a decrease in E, to
48k] mol~'. Thus, the activity of the Pt SAC is markedly differ-
ent for the three sites structurally characterized. The Pt atomic
species on titania can adopt a range of local coordination environ-
ments in response to changes in the conditions, a phenomenon
that is reminiscent of the dynamic behavior of metal ions in
zeolites.l”]

Of course, under particular conditions of temperature and
pressure, also the structure of the support itself can change and
give rise to new structures and compositions. Several examples
have been reported, in particular for oxide surfaces, after the sem-
inal work of Reuter and Scheffler who introduced the idea of ab
initio thermodynamic analysis for the study of the evolution of
the RuO, surface as a function of the external conditions.>!

In the field of carbon-based support, an example of structural
evolution of a SAC is that reported by Yang et al.>®) who fabricated
Cu-N-C SACs with a well-defined Cu?"-N, structure. By com-
bining operando X-ray absorption spectroscopy with DFT calcu-
lations, the authors showed the dynamic evolution of Cu-N, to
Cu-Nj; and further to HO-Cu-N, under ORR working condi-
tions, and the simultaneous reduction of Cu?* to Cu*. Notice that
the low-coordinated Cut-Nj species that forms in the course of
the reaction is the real active site.

In general, dealing with the fluxional nature of SACs (and
small nanoparticles in general) is extremely important. Partic-
ularly challenging is to distinguish thermodynamic and kinetic
stability. Computationally, the thermodynamic stability can be
addressed relatively easily provided that all relevant deactivation
routes are considered. On the contrary, accessing the correspond-
ing kinetics is very challenging for processes such as dissolution
(under oxidative conditions) or nanoparticle formation (under re-
ducing conditions). A nice approach to these problems has been
proposed recently by Poths and Alexandrova.[®®! This is based
on the utilization of specific computational techniques and ap-
proaches to enable atomistic characterization of the most relevant
catalytic sites under operating conditions.

This brief and incomplete list clearly shows two things that
should always be kept in mind in the discussion of the reactivity
of SACs and the corresponding modeling: 1) the support mat-
ters a lot, and any structural detail or change in the local environ-
ment can have dramatic effects on the reactivity; and 2) even if
the structure of the SAC has been identified with atomistic pre-
cision, one should make sure that the atom stays put during the
reaction as SACs can behave as dynamical species, making their
identification more complex.
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5. First Principles Calculations of SACs: How
Accurate Are They?

The 1998 Nobel Prize in Chemistry went to John Pople, “for his
development of computational methods in quantum chemistry”,
and Walter Kohn “for his development of the density functional
theory”.I®! This is considered the moment when quantum chem-
istry has become a mature field and a fundamental support to
the experiment. Since then, there have been spectacular advances
in modeling complex systems in diverse areas, from medicinal
chemistry, biochemistry, organic synthesis and, of course, catal-
ysis. Unsurprisingly, electronic structure calculations have also
been used to unravel the nature of the new class of catalytic mate-
rials known as SACs.[®?) In recent years we have witnessed an ex-
plosion of calculations performed at various levels to rationalize
observation but above all to predict new active catalysts.[®*%*] The
feeling is that, compared to other more traditional areas of catal-
ysis, the field of SACs has attracted uncommon attention from
the computational chemistry community.

There are various reasons for this interest. One is the fascinat-
ing nature of SACs, where important catalytic reactions can be
performed thanks to a single active center. Other reasons are re-
lated to a classic problem in computational modeling: the com-
plexity of the system to be simulated.[®] In heterogeneous cat-
alysts the catalyst consists of a metal particle stabilized on the
surface of an “inert” support, usually an oxide. This already im-
plies to consider the nature of the metal/oxide interface, a re-
gion which is difficult to access experimentally and which re-
mains structurally and electronically less defined. The catalytic
reaction can occur on the various facets of the metal particle,
on low-coordination metal sites at steps or edges, or even at the
metal/oxide interface, a region where the chemical behavior can
be very different from that of the individual components.[®] Ox-
ide surfaces are rich in morphological and point defects, can be
partially or totally hydroxylated, and exhibit a dynamic behavior
which depends on the external conditions of temperature and
pressure.l”’”] This is even more true for the metal particle, par-
ticularly when the size is small. Here the reactivity can critically
depend on several factors, first of all the size. Metallic clusters can
adopt a variety of shapes, resulting in a myriad of potential struc-
tural motifs, often experimentally unknown. Finally, diffusion of
interstitials from the bulk to the surface or of adsorbates in the
bulk is another phenomenon that can occur. This incomplete list
of phenomena that contribute to the final catalytic activity shows
how difficult it is to build realistic models that mimic the actual
active phase of a heterogeneous catalyst.

From this point of view, SACs are apparently simpler systems.
The active phase consists of a single metal atom, eliminating the
problem of dealing with large distributions of particle sizes and
shapes; the support matrixis  often made up of light materials
considered less defective than the oxide surfaces (e.g., graphene,
carbon nitride, etc.); for 2D supports, the system to be modeled is
much smaller than that of a classical heterogeneous catalyst: in-
stead of supercells containing multiple oxide layers and dozens
of metal atoms, one is dealing with single layers of main group
elements such as carbon. As we will show later, the greater sim-
plicity of SACs compared to the classic supported metal parti-
cles is more apparent than real. In fact, modeling SACs and their
activity presents a greater complexity than often assumed and
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poses several problems for theorists in order to build realistic
models.

The other aspect of the chemistry of SACs that has received
less attention than it deserves is the accuracy of the computa-
tional method used. It is well known that the exact solution of
the Schrodinger equation is possible only for extremely small sys-
tems, while here we are dealing with hundreds of atoms. This
requires approximations in the methodology adopted and results
in error bars in the quantities calculated. While obvious, there is
a tendency to forget this aspect and put an absolute value on the
calculated reaction energies, one of the quantities of central inter-
est in quantum chemistry. This is especially true for DFT calcu-
lations, whose results are strongly dependent on the expression
of the exchange-correlation (xc) functional adopted.(*®!

Different formulations of xc functionals have been proposed
in the literature; they give sometimes slightly different and some-
times quite different estimates of reaction energies. Without go-
ing into details, a broad distinction can be made between semilo-
cal generalized gradient approximation (GGA) functionals that
are uncorrected for the self-interaction error and functionals that
are partly corrected for self-interaction. To the first category be-
long the widely used PBE functionall®! and others (PW91,7°
BLYP[7172]); the second group includes the so-called hybrid func-
tionals (B3LYP,[>74] PBEO,I”>7¢] HSE06!””] are the most common)
and the DFT+U functionals (e.g., PBE+ U”8)). It goes without
saying that the functionals partly corrected for self-interaction are
superior and provide more robust descriptions of the band struc-
ture of semiconductors and insulators, electron localization, and
even thermochemistry.””! In this context, the DFT+U approach
represents a pragmatic view to address the problem, as it is com-
putationally less demanding than the use of hybrid functionals.
However, it suffers from the fact that the results may depend crit-
ically on the choice of the U parameter. Despite this well-known
dependence of DFT results on the choice of the functional, this
aspect is very rarely discussed when it comes to calculating and
predicting properties of SAC: the vast majority of the reported cal-
culations are based on standard functionals, in particular the PBE
one. Itis important to mention in this context that nowadays post-
HF methods (which are self-interaction free) are slowly coming
into the realm of catalysis, for instance in the form of embedded
multireference methods.[3%8!]

In the study of molecular systems with quantum chemical
methods it is common practice to benchmark the results of any
approximate approach against highly accurate, and computation-
ally intensive, wave function-based solutions of the Schrédinger
equation, such as multiconfiguration methods or the coupled-
cluster (CCSD(T)) approach.[8283] While this can be done for rel-
atively small molecular systems, it becomes hardly accessible for
large molecules and periodic crystalline solids. However, in some
cases SACs possess bonding environments that are reminiscent
of those of inorganic complexes, opening the possibility to com-
pute at various levels of theory the catalytic performance of a
given molecular model of SAC.

Patel et al.®* studied the reactivity of a Cu/2-phen system in
the oxygen reduction reaction (ORR) at the CCSD(T) level of the-
ory. The Cu/2-phen complex presents a bonding environment
that is similar to that found in various SACs stabilized on car-
bon matrices. Overall, the binding energies of various interme-
diates predicted by PBEO and HSE06 hybrid functionals were
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found to be in close agreement with the CCSD(T) ones with a
mean absolute error (MAE) of 0.1 eV. The hybrid functionals de-
scribe the electronic structure and the bonding properties of this
system more accurately than the GGA functionals (MAE,q, =
0.6-0.7 eV), thus highlighting the large errors associated to this
approach. In their paper the authors concluded that “the results
suggest that the blind use of GGA functionals to describe single-
atom catalysts may produce inaccurate results”.® This message,
while relevant, is largely neglected in the computational model-
ing of SACs.

A further proof comes from a recent study dealing with the
activity in the HER and oxygen evolution reaction (OER) reac-
tions of 16 SACs consisting of TM atoms embedded in nitrogen-
doped graphene (4N-Gr).®] This work highlighted the impor-
tance of comparing different functionals when searching new
potential catalysts from DFT calculations. Taking the HER as a
reference, the GGA-PBE functional appears acceptable for 4d
and 5d metals. Here the difference in reaction energies between
PBE (standard GGA) and PBEO (hybrid functional) is <0.2 eV,
with some notable exceptions, such as Pt@4N-Gr where the dif-
ference is of 0.44 eV. However, for systems containing 3d TM
atoms the use of PBE instead of PBE+U or even better PBEO
functionals results in errors of 0.5 eV or more, with dramatic
consequences on the prediction of the catalytic activity, Figure 2.
For example, Co@4N-Gr is predicted to have AG, = 0.13 eV
at the PBE level, but this becomes 0.57 or 0.60 eV at PBEO
and PBE+U levels of theory, respectively. This is the difference
between an active catalyst (PBE) and an inert catalyst (PBEO
or PBE+U). Thus, the effect is not only quantitative, but also
qualitative.

The difference between 3d and 4d-5d TM elements is easily
explained by the fact that 3d TM atoms embedded in a solid ma-
trix often assume magnetic ground states, in contrast to 4d and
5d TM atoms which give rise to closed shell systems. The mag-
netic moment of a SAC is a quantity that critically depends on the
adopted computational method, an aspect that is often neglected
in the discussion of the problem.

While the choice of the functional is probably the most deli-
cate aspect, there are many other details of electronic structure
calculations that can affect the final accuracy of the results: the
dimensions of the supercells used (hence the coverage of the ad-
sorbates or the density of active sites), the convergence criteria,
the inclusion of dispersion at various levels of theory, the cut-off
of plane wave basis sets, etc. We recently showed that while these
effects are small in general, they introduce an error bar of at least
0.1 eV on the final calculated reaction energies. 5!

It emerges from the above discussion that several factors con-
tribute to the final accuracy of an electronic structure calculation,
particularly when reaction energies are involved. What can be
considered small and therefore acceptable uncertainties, oscil-
lations of +0.2 eV in thermodynamic quantities or in reaction
barriers, can significantly influence the prediction of an active
SAC. This aspect adds to other problems that should be consid-
ered when using quantum chemistry methods to study catalytic
reactions, related to the stability of the active phases, the interac-
tion with the solvent when the reaction involves a solid/liquid
interface, the formation of unusual intermediates or chemical
species that can block the active site, etc. In the following sections
we will address some of these aspects, demonstrating that the
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Figure 2. Gibbs free energy of hydrogen adsorption, AG,,, for TM@4N-
Gr SACs at PBE, PBE+U and PBEO levels of theory. Reproduced with
permission.!33] Copyright 2022, The Authors, published by Wiley-VCH.

complexity inherent in modeling SACs is no less than that of
more conventional supported metal particles.

6. Modeling Reactivity of SACs

6.1. Thermodynamic Approach

When modeling a catalytic process, the thermodynamic stability
of the reactants and products must be taken into account, thus
passing from the calculated energy differences (A E) to Gibbs free
energies (AG). This implies to add to the calculated DFT energies
(AE) the entropic contribution (AS) that can be taken either from
international tables or determined ab initio using the formalism
of the partition function. In addition, one must consider that re-
action energies should be corrected by the zero-point energy con-
tribution (A E,pg), which is often very important for systems con-
taining hydrogen atoms.[#”#8] Chemical processes typically occur
following activated pathways, and this involves modeling transi-
tion states and reaction barriers. Therefore, thermodynamic sta-
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Figure 3. Calculated transition state energies (E,) vs dissociative
chemisorption energies (AE;) for N,, CO, NO, and O, on a number of
transition metal surfaces. Results for close packed as well as stepped sur-
faces are shown. Reproduced with permission.[#] Copyright 2004, Else-
vier.

bility and reaction barriers are key ingredients. In many cases it
is possible to simplify this picture thanks to the direct correla-
tion between the binding energy of the reaction adsorbates and
the corresponding activation energy. This correlation typically fol-
lows the linear Bronsted—Evans—Polanyi relationship stating that
the difference in activation energy between two reactions is pro-
portional to the difference in their reaction enthalpy.

Norskov and co-workers proposed in 2002 the existence of a
universal relationship between the adsorption energy of differ-
ent adsorbates and the activation energy independent of reac-
tants and catalysts,[®] see Figure 3. This relationship was iden-
tified a few years before by Pallassana and Neurock in a study of
C—H bond activation on Pd surfaces.[!] In the work of Bligaard
et al.® it was shown that the dissociative chemisorption energy
for a number of diatomic molecules, i.e., the energy change as-
sociated to the rate-determining step, is usually a good descriptor
of the catalytic activity of a given metal. If the activity is plotted as
a function of this descriptor, one obtains a volcano curve. Thus,
it is possible to extract relevant catalytic information on the re-
action energy profiles by adopting an ab initio thermodynamic
approach, i.e., neglecting reaction barriers other than those de-
riving from thermochemistry.*!l Later it was shown that these
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scaling relationships can be broken, and, being material depen-
dent, are not universal.

6.2. Kinetic Approach: Reaction Barriers and Microkinetic
Approaches

Once the thermodynamic energy profile is obtained, the relia-
bility of the model can be improved by including reaction bar-
riers. Finding the reaction barriers is a complex problem, as it in-
volves determining the saddle points along the potential energy
surface. In chemistry, once the transition states have been deter-
mined, the lowest energy path that connects reactants and prod-
ucts passing through the transition states defines the reaction
coordinate. An extremely powerful tool for determining transi-
tion states and reaction profiles is the nudged elastic band (NEB)
approach.[2l The NEB is a method for finding minimum en-
ergy paths and identifying putative candidates for the transition
state structures (saddle points between reactants and products)
that need to be characterized by frequency analysis. It is based
on the optimization of a number of intermediate images along
the reaction path where each image corresponds to the lowest
energy while maintaining an equal spacing to the neighboring
images.

Alternative ways to map the potential energy surface are based
on advanced free energy surface sampling techniques such as
metadynamics.[®*°*] Metadynamics is a technique that allows the
estimation of the free energy of complex molecular systems and
the acceleration of rare events. It is based on “filling” the po-
tential energy by a sum of Gaussians centered along the tra-
jectory followed by an appropriate set of collective variables,
thus forcing the system to migrate from one minimum to the
next.

The thermodynamic stability of reaction intermediates and
transition states can be used to feed microkinetic models to calcu-
late reaction rates, assuming specific reaction energy paths and
reaction conditions such as quasi equilibrium or the steady-state
approximation. Indeed, microkinetic modeling allows somewhat
to connect atomistic information (stability of reaction interme-
diates and reaction barriers) with chemical observables such
as reaction rates, or to provide comprehensive understanding
of complex reactions such as oxygen evolution or water gas
shift.[>%] An alternative approach to account for kinetics is based
on kinetic Monte Carlo. This method simulates the time evolu-
tion of chemical reactions. The information about energy min-
ima and transition states is given as input to the algorithm,
as the method itself cannot predict them. The methodology
is quite expensive because it requires to sample the potential
energy landscape through molecular dynamics trajectories that
can be very long and heavy to compute. However, it represents
a potential framework to bridge the nano- and microcatalytic
scales.”’]

7. Modeling SACs under Working Conditions

7.1. Gas-Phase Environment

The ingredients discussed above can be used to model the cat-
alytic reactions that occur at solid/gas interface. Entropic con-
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tributions of gas-phase species can be taken from the interna-
tional tables, when available, or can be determined by calcula-
tion of the partition function including configurational, transla-
tional, and vibrational degrees of freedom. For adsorbed species
entropy contributions can be computed from the vibrational fre-
quencies needed to obtain the zero-point energy and to confirm
the minimum character of the adsorbate on the potential energy
surface. Nevertheless, a common approximation is to neglect the
entropy of the solid-state species. The seminal work by Campbell
and Sellers also proposed a working equation for determining
the entropy of adsorbates from the standard entropy of their gas-
phase counterparts.[®

Finally, we underline that the reaction energies must be cor-
rected for the zero-point energy, since even at 0 K the effective
energy of each chemical system does not correspond to the min-
imum value along the potential energy profile. This is particu-
larly relevant for systems involving hydrogen atoms.® Finally,
the vibrational nature of systems is usually approximated in a
harmonic fashion, which is often reasonable, but one should con-
sider that in some cases anharmonicity plays a role.['®*1% In par-
ticular, a nice overview underlining the importance in activation
energies appeared recently.[1%]

7.2. Electrochemical Environment

Electrochemical processes take place in a solvent under certain
working conditions of pH and applied voltage, and an electrolyte
is present in solution. All these effects can play a role. Before dis-
cussing some relevant strategies for dealing with them, directly
or indirectly, let us recall the already mentioned CHE model,!*!%7]
a popular framework when dealing with electrochemical pro-
cesses. This was originally formulated in a seminal work by
Anderson!!%1% who devised a conceptually equivalent (albeit
with a different hypothesis on the transferability) approach. The
method assumes that the reaction steps involve the simultane-
ous exchange of electrons and protons. This is very difficult to
simulate, requiring modeling a charged electrode and to intro-
duce explicitly a H* ion into the system. The basic idea of CHE
is to consider that in standard conditions the following equation
is verified

AGy = AGy. +AG,—=0.00eV 1)

Based on it one can replace the Gibbs free energies of H* + e~
with that of a H, molecule, much simpler to calculate. Usually,
in electrochemical reactions H* and e~ work together; this allows
to model not only the HER but many other reactions. In the fol-
lowing we briefly analyze the importance of each of the aspects
that contribute to refine the computational model: solvation, elec-
trolyte, pH, and voltage.

7.2.1. Solvation
Solvation has several effects, as the solvent can alter the stability
of a catalyst leading to dissolution of ionic species, can change

the arrangement of exposed atoms, affect the stability of reaction
intermediates, and even open or block specific reaction channels.
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The solvent can be treated in many different ways.l!%] It can be
implicitly included in the model by replacing the vacuum with a
dielectric medium that mimics that of the solvent.['%] This ap-
proach is extremely popular and has proven to be very useful due
to its practical application and relatively low computational cost.
The solvent can also be treated explicitly by adding a large num-
ber of solvent molecules into the simulation box to generate a cat-
alyst/solvent interface and to ensure a bulk-like behavior of the
solvent as one moves away from the interface.l'””] Guo et al.l'?’]
also showed the importance of treating explicitly at an atomistic
level the water—electrode interface.

The typical solvent for electrochemical processes is liquid wa-
ter which is characterized by hydrogen bonds and by relatively
important secondary interactions with a specific directionality.
This often makes the treatment of explicit solvation essential
when dealing with water.[19%19] Water is also very functional and
dynamic effects are important. This implies the use of ab ini-
tio molecular dynamics (AIMD) simulations.[''®113] In a recent
study the OER has been considered on the surface of a RuO,
catalyst. Here a hydrogen bond with a surface OH group stabi-
lizes an unconventional —OO intermediate (—OO—H), besides
the classical —OOH one, before O, evolution takes place. AIMD
is essential to show that both intermediates participate in a hy-
drogen bonding network with water but leading to different in-
terfacial water structures; in particular, the —OOH species can
spontaneously convert into —OO—H. This is a case where the
adoption of static solvation approaches tends to overestimate the
energetic difference between two reaction intermediates, with
important effects on the dynamical structure of the water/oxide
interface.[!!]

AIMD calculations are computationally very intensive and a
critical problem is represented by the propagation times needed
to reach equilibration.l''* A possible solution to overcome this
limitation is to adopt prefitted potential energy surfaces or force
fields parameterized ad hoc. Alternatively, approximate schemes
can be adopted.

We discuss here two examples, the water bilayer model and the
microsolvation approach. In the first, solvation is approximated
by modeling a static layer having a periodic, crystalline arrange-
ment of water molecules. The main limitation is that the model
is quite rigid and it is necessary to work with suitable supercells
capable of accommodating the solvent without introducing spu-
rious strain effects. However, the bilayer model allows solvation
to be accounted for with acceptable computational costs. Recently
this model has been applied to the study of N, reduction reaction
on SACs supported by thiophene-linked porphyrin.'*] In order
to treat solvation with moderate computational cost the micro-
solvation approach has been proposed.[''*118] It was shown that
just three water molecules are sufficient to capture the main con-
tribution of coadsorbed water to the adsorption energies of OH*
and OOH* intermediates in ORR on platinum nanoparticles of
various sizes.[''”] This approach often provides results of compa-
rable accuracy to the bilayer model. Of course, water clusters are
very fluxional and are characterized by several local minima very
close in energy.l11?120] Therefore, one needs to sample the poten-
tial energy landscape with sufficient accuracy in order to avoid
overlooking relevant structures. A comparison between microsol-
vation, extended bilayer, and extended metal/water interface has
been performed recently for the case of oxygenates on Pt(111).[12!]
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7.2.2. Electrolyte

Electrochemical experiments are performed in solution and in
the presence of an electrolyte to ensure charge balance. Although
the counter-electrolyte is formally a spectator of the reaction, in
some cases it can have a direct impact, as it can modulate the
charge at the electrode and the consequent distribution of solvent
molecules and availability of reactants in the active catalytic sites.
A relevant example was recently reported in a joint experimental
and theoretical study by the Koper and Lopez research groups,
which shows that electroreduction of CO, on metal electrodes
requires the presence of positive cations.['??] In this work CO,
reduction was studied on gold electrodes and it was found that,
without a metal cation, the reaction does not take place in a pure
H, SO, electrolyte. CO was produced on Cu, Ag or Au electrodes
only when a metal cation was added to the solution. DFT calcu-
lations demonstrated that the metal cations stabilize the CO,~
intermediate via a short-range electrostatic interaction.

A further relevant example was reported by Bender et al.,[123]
who provided a rationale behind the dependence of hydrogen
production on the size of electrolyte cations. In particular it was
shown that alkali metal cations have no systematic effect on HER
rates in acid solutions while in alkaline media the reaction rates
decrease with increasing cation size for Ir, Pd, and Pt (Li* > Na*
> K* > Cs*) and increase with cation size for Cu, Ag, and Au
(Li* < Na* < K* < Cs*). It was concluded that cations at the
metal/electrode interface lower the activation barrier for water
dissociation, a key step for HER in alkaline media. AIMD cal-
culations helped to formulate the hypothesis that large, weakly
solvated cations can better approach the electrode surface.

7.2.3. Operando Conditions: pH, Voltage

Including pH and applied voltage in a simulation requires ac-
counting for excess protons in the liquid water system and ex-
tra electrons at the electrode, respectively. Both problems have in
common the need to consider extra charges. This can be done
by explicitly simulating charged supercells neutralized either by
using a homogeneous background of charge or by linearized or
modified Poisson—-Boltzmann equation, or by adopting alterna-
tive approaches, such as adding specific defects that inject extra
charges into the catalytic environment keeping the overall system
neutral. The first approach is more robust and does not induce
any alterations to the chemistry of the examined systems, at the
cost of requiring a Grand Canonical DFT formalism.['2#125] This
is a general framework for treating electrochemical thermody-
namics and kinetics as an explicit function of the electrode po-
tential (U), temperature (T), and concentrations or, equivalently,
(electro)chemical potentials (u). Specific applications of this ap-
proach to SACs have been reported.!126:127]

In this approach, protons can be explicitly added to the sol-
vent environment and electrons are added to the electrode to
mimic the working electrode potential. The addition of electrons
causes a shift of the Fermi energy of the system, resulting in
a specific applied potential, dependent on the concentration of
added electrons. A relevant example was reported some time ago
by Goddard and co-workers to explain the pH dependence of
the HER.['?*] Recently, Li and co-workers!'®®] and Wu et al.1?!
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applied the methodology to N, electroreduction. For instance, in
the work of Lee and co-workers the constant charge model (CCM)
was compared to the constant potential model, which is more
representative of a real electrochemical system. The comparison
showed that, in the electrochemical processes, the exchange of
electrons, ignored by the CCM, plays an important role in deter-
mining quantitatively the Gibbs free energy change, particularly
at the potential-determining step.['28]

7.3. Intrinsic Stability of SACs

One important problem that is only rarely addressed when new
SACs are considered based on electronic structure calculations
is their overall stability in the reaction environment. In thermal
catalysis the classical problem with isolated metal atoms as ac-
tive sites is their diffusion and aggregation to form metal clus-
ters and nanoparticles. Furthermore, in the long term, leach-
ing/redeposition processes or amorphization of the support can
occur, thus changing the structure of the catalyst. The other risk
is that the system undergoes the phenomenon of strong metal
support interaction, when part of the support migrates over the
metal nanoparticle that becomes encapsulated in a more or less
thin layer. This is particularly common when metal particles
are supported on reducible oxides. A methodology to determine
the thermodynamic stability of SACs compared to nanoparticles
in the presence of adsorbates at a given pressure and tempera-
ture has been proposed recently.l'3%] The method is based on the
graph-theoretical kinetic Monte Carlo approach where the DFT-
calculated energies and vibrational frequencies are used as input
using the software package Zacros.['*!] The approach has been
applied to the case of Pt(CO) units adsorbed on the CeO, surface
and their diffusion to form (partially) CO-covered Pt nanoparti-
cles, providing some indications on the conditions required to
generate more stable catalysts.

Even more complex is the situation in electrocatalysis where
the catalyst must survive rather harsh conditions of pH, oxida-
tive or reducing environments under an applied external poten-
tial, interaction with metal ions dissolved in solution, etc. One
approach to study the problem is to construct Pourbaix diagrams.
These are plots showing the range of stability of various pos-
sible phases as a function of pH and applied potential. In this
way the thermodynamic stability of various solid-state structures
but also of ions in solution in different oxidation states is deter-
mined. Pourbaix diagrams have been generated also for SACs
based on graphene structures, Figure 4, providing direct theo-
retical evidence that for Fe ions embedded in N-doped graphene
demetallation is a dominant degradation mechanism under re-
active conditions.!1?]

7.4. Scaling Relations and Universal Descriptors

A powerful yet simple interpretative computational approach to
rationalize the catalytic activity of several reactions of interest
is based on the existence of scaling relations between chemical
intermediates.['*3] Scaling relations are correlations (often linear)
that allow one to predict the free energies of all the remaining re-
action intermediates in the catalytic cycle. They allow to reduce
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Figure 4. Stability diagram including FeN,Cy35, HO-FeN,Cj33, Fe(aq)“
(1 ™), and Fe(aq)3+ (1 ™) phases at 298.15 K. Reproduced with
permission.!132] Copyright 2020, American Chemical Society.

the complexity of the problem to the determination the activity of
a few or even a single species, while the others are deduced from
the scaling relations.

Inspired by this research, in the field of SACs a lot of atten-
tion has been devoted to the search for scaling relations.['**] How-
ever, the chemistry of SAC is complex as it is highly dependent
on the local coordination as discussed above, and the reactiv-
ity is subject to the formation of several uncommon adducts.
This makes the development of universal descriptors quite com-
plex, although it opens at the same time the way to break-
ing linear scaling relationships.3>13¢] For instance, theoretical
simulations combined with experimental measurements have
shown that the special properties of SACs and single-atoms al-
loys (SAAs) cannot be properly described by the scaling rela-
tions derived from the Brgnsted—Evans—Polanyi (BEP) relation-
ship that suggests a linear dependence between the reaction
energy of a chemical process and its activation barrier. For in-
stance, for numerous bond dissociation reactions SAAs combine
weak binding and low activation, thus violating the traditional
BEP relationships. The number of cases where a breaking of
scaling relationships has been reported for SACs is surprisingly
high.[136-138)

SAAs are particularly interesting systems. They usually con-
sist of a coinage metal (Cu, Ag, and Au) doped, at the single-
atom limit, with another metal. Based on DFT calculations, it
has been shown that many surface alloys are resistant to clus-
ter formation, and that they have a unique electronic structure
with a very sharp d-band close to the Fermi level, reminiscent of
the electronic structure of molecular species. These studies have
been instrumental to discover and test experimentally new cat-
alytic materials.[139:140]

The interest toward SACs and SAAs has stimulated an in-
tense effort to search “universal” descriptors or direct correla-
tions with observed properties in the attempt to define simple
equations able to predict the behavior of an unknown catalyst
using only some fundamental properties. This activity is facili-
tated by the use of machine learning (ML) algorithms!'*!} that
allow one to explore large sets of data and to extract nonobvi-
ous relationships between the expected catalytic activity and some
more or less elaborated descriptors.['*2-1*4] The literature is full of
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proposed equations of various complexity that have been ob-
tained in this way. There are cases where the relations pro-
posed are relatively simple. For instance, the HER activ-
ity of SACs consisting of TM atoms stabilized on MoS,,
WS,, and ZrS, 2D materials has been shown to correlate
with the electronegativity of the active site, of the neigh-
boring atoms, and of their bond distances.'*! It should be
mentioned, however, that the descriptors developed for this
class of materials cannot be used for other systems, a prob-
lem of transferability that is common to several proposed
descriptors. (8]

One problem with ML-derived descriptors is that they con-
sist of rather complex formulas whose physical meaning is
difficult to identify. Another problem is that often the de-
scriptors are based on quantities that are not physical observ-
ables and must be obtained from DFT calculations (Bader
charges, d-band center, etc.), thus making the whole descriptor
method-dependent.

Thus, statistical learning techniques are very powerful and
help the search for descriptors but often the black-box nature of
these methods renders a physical interpretation difficult not to
say impossible. While useful in principle to screen new poten-
tial catalysts, the number of variables, the complexity of the re-
lations, and the fact that some quantities are not easily defined
limits our understanding of the physical mechanisms that are at
the basis of the chemical reactivity of a SAC. Despite intense ef-
forts, the development of universal descriptors remains the holy
grail in single-atom catalysis. Several papers have appeared in
the literature where the identification of universal descriptors of
SACs is claimed, also based on ML screening of large sets of
data.l1*¢-18] However, SACs are structurally and electronically too
diverse to be described by a unique set of descriptors. It would not
be surprising that universal descriptors of SACs simply do not
exist.

8. Reactivity on SACs: Role of Nonclassical
Intermediates

The concepts illustrated above will be used to discuss some reac-
tions of particular relevance in our contemporary society. These
are four processes that play a fundamental role in the energy
transition and in the solution of critical environmental issues.
We are referring to the two half-reactions involved in the split-
ting of water, the aforementioned HER and OER processes, and
the activation and transformation by chemical reduction of two
very stable molecules, N, to give ammonia or other hydrogenated
species (N, reduction reaction, NRR) and CO, to give formalde-
hyde, methanol, methane or heavier hydrocarbons (CO, reduc-
tion reaction, CO2RR). The idea is not to provide detailed infor-
mation about the four reactions, but rather to highlight the na-
ture of the bonding of these molecules and the nature of reaction
intermediates when the catalyst consists of single atoms. Since
there are close similarities between SACs and coordination com-
pounds and SACs are bridging homogenous and heterogeneous
catalysis,['*] we begin by discussing how H,, O,, N,, and CO,
bind to transition metal complexes in comparison to extended
metal surfaces, the active phase in many thermal catalysis and
electrocatalysis processes.
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8.1. Surface Chemistry versus Coordination Chemistry
8.1.1. Hydrogen, H,

The first case we examine is also the simplest one. In fact, on
metal surfaces H, can only exist in dissociated form or in a ph-
ysisorbed state where the molecule is weakly bound to the sur-
face via dispersion forces.'>" This means that also in the hy-
drogen evolution process H atoms diffuse on the surface until
they recombine to form the H, molecule that immediately des-
orbs. Things are different in coordination compounds since here
H, can interact with a TM atom forming dihydride or dihydro-
gen species.['1152] Tn both cases two H atoms are bound to the
TM center and, depending on the other ligands, the extent of
charge transfer can be modulated so that it results in a complete
breaking of the H—H bond, as in classical dihydride complexes
TM(H)(H), or can be activated with an elongation of the H—H
distance without complete dissociation, as in dihydrogen com-
plexes TM(H,). In dihydrogen complexes the H—H distance is
typically of 0.8-0.9 A, i.e., slightly elongated with respect to the
free molecule, 0.74 A, while in dihydride complexes it can easily
reach 2 A or more.">'>] This is a case where specific bonding
situations can occur for TM complexes and also for SACs but not
on extended surfaces or metal electrodes. 155156

8.1.2. Oxygen, O,

The activation of O, on metal surfaces is relevant in heteroge-
neous catalysis, corrosion phenomena, passivation, etc. In gen-
eral, the reactivity of a metal surface toward O, correlates with
the O atom adsorption strength and the heat of formation of the
oxide. There is a great variability of the reactivity of metal sur-
faces toward O,. This is related to the degree of charge transfer
to the antibonding orbitals of the O, molecule. For instance, on
Au surfaces O, binds very weakly, the interaction is dominated
by dispersion and the experimental desorption temperatures are
very low, <55 K. Some metals such as Ag, Pd, and Pt can form
both superoxo (O,~) and peroxo (O,%7) species, with net charge
transfers to the adsorbed O, molecule, while on Ru and Ir only
peroxo species have been observed. The most reactive metals are
Rh, Co, and Fe, where molecularly adsorbed O, species are not
observed due to the rapid dissociation into adsorbed O atoms,
reflecting the rather low barriers for O, dissociation.['>’]

Similar bonding modes are known to exist on TM com-
plexes and are thus expected also for SACs. Needless to say
that mononuclear metal-O, complexes have attracted great at-
tention as these are key intermediates in the dioxygen activa-
tion by metalloenzymes.['>®! Experimental data indicate a metal—
superoxo TM(O,~) or metal-peroxo TM(O,?") intermediate, de-
pending on the amount of charge transfer. Larger O-O distances
and lower O-O frequencies are expected for peroxo than for su-
peroxo complexes and are used to discriminate the two forms.
O, can bind in a bent end-on fashion, more typical for super-
oxo (O,7) species, or in side-on mode, indicative of the forma-
tion of a peroxo complex, but intermediate situations are also
known.[159.160]

A brief comment is in order when one considers the total
energy of the O, gas-phase molecule as determined from DFT
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calculations. GGA functionals tend to severely overestimate the
O—0 bond strength by ~20%, a problem that is solved by the
use of hybrid functionals.'%!] Sargeant et al. have shown for the
case of the oxygen reduction and evolution reactions (ORR and
OER) that the use of semiempirical corrections for gas-phase O,
is dangerous.!'%2 The error due to oxygen may affect not only the
overall equilibrium potential of the reaction, but also the energies
of individual mechanistic steps.

8.1.3. Nitrogen, N,

N, adsorbs in different states on the surfaces of transition met-
als. Physisorbed N, is formed only at very low temperatures,
<50 K, while in the chemisorbed state the N, molecule can bind
with the N-N axis normal to the metal surface (terminal end-on)
or assuming a side-on orientation. In this case both the N atoms
form a chemical bond with the surface generating a precursor
state of the dissociative adsorption. This hardly occurs on the reg-
ular surface sites, while it is possible on low-coordinated atoms
at steps, as shown for the case of steps created on the Ru(0001)
surface.[163]

The first example of a dinitrogen complex with a TM was re-
ported in 1965 for a Ru species.['*] Since then other examples
have been reported where the N, molecule is bound in a variety
of modes, with two dominating configurations, end-on and side-
on, in analogy with the metal surfaces. These two modes result
in different reaction pathways when involved in reduction pro-
cesses. For instance, end-on N, ligands can be protonated at the
terminal N atom, where the resulting TM(NNH) intermediate is
the first step in a series of reductions and protonations at the
distal nitrogen leading to ammonia and a metal nitride TM=N.
This mechanism is inhibited if N, binds in a side-on mode. On
the other hand, the N—N side-on bonding mode is the precursor
state of the direct NN bond cleavage to form two TM=N nitride
complexes.[16>166]

8.1.4. Carbon Dioxide, CO,

On most low-index metal surfaces CO, binds only very weakly
through dispersion forces. Defected, stepped, or alkali metal pre-
covered metal surfaces, thanks to lower work functions, are more
reactive as they are able to transfer charge to adsorbed CO,. Three
main coordination geometries for the CO, molecule can be iden-
tified, (a) pure carbon coordination, (b) pure oxygen coordination,
(c) mixed carbon—oxygen coordination. Dissociation of CO, has
been reported on powders, stepped Cu surfaces, reactive Ni sur-
faces and a few other systems. On some of these surfaces the
molecule can assume nonlinear structures, indicative of the for-
mation of a CO,° species, which can be considered as a pre-
cursor to carbonate formation. Coadsorption of CO, and oxygen
leads to carbonate formation on some metal surfaces.[1-170]

The relations between the bonding modes of CO, on metal
surfaces and TM complexes have been discussed in the past.['”!]
On TM complexes the CO, molecule exhibits several distinct po-
sitions: see Figure 5.

The #'(C) and #*(C,0) side-on coordination modes have
been confirmed by X-ray crystal structure determinations of
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Figure 5. Bonding modes of CO, to TM complexes.

known metal CO, complexes, e.g., [Rh(diars),(Cl)(#'-CO,)],
[Ni(7-CO,)(PCys),], and [Cp’,Nb(#2-CO, ) (CH, SiMe,)].172 No X-
ray crystal structural data were available of the ' (0) coordination
mode until a complex in which the CO, ligand is linearly coordi-
nated to a uranium complex was reported.!'”3] Of course, CO, can
also bind to two or more metal centers via coordination of C to
one metal and either one or both of the O atoms of the CO, to
other metal(s). This however can be reproduced only when two
metal centers are simultaneously present as in bimetallic com-
plexes or dual-atom catalysts (DACs).

8.2. Reactions on SACs Relevant for the Energy Transition

In the following we will discuss four examples of relevant reac-
tions that may be catalyzed by SACs. These reactions have been
chosen because they provide very useful examples of how the ac-
tivation and conversion of H,, O,, N,, and CO, on SACs occurs
with formation of adsorbed complexes and reaction intermedi-
ates that have strong analogies with corresponding coordination
compounds. The other important message emerging from the
analysis of the four reactions, HER, OER, NRR, and CO2RR, is
that the modeling of the reaction path must consider all possible
intermediates and not only those that normally occur on the sur-
face of metal electrodes: the chemistry of SACs in fact is markedly
different from that of extended metal surfaces.

8.2.1. HER

In standard conditions, the semireaction 2 H* + 2 e~ —» H, is as-
sociated with a change of Gibbs free energy, AG®, equal to zero,
Equation (1). Thus, the potential required to promote the reaction
is also zero, as AG? = —nFE® where n is the number of electrons
involved, F the Faraday’s constant, and E° the reduction poten-
tial. Under real conditions, an overpotential # is required for the
reaction to occur but it is generally assumed that # = 0, which is
of course a very crude approximation.

On a metal electrode the reaction is

H*+e +% > H = (2)

where H* denotes an adsorbed H atom on the metal surface. This
is known as Volmer step. To form H, the reaction can follow two
different paths. According to the Heyrovsky mechanism a second
proton is reduced on the same metal site

H s« +H* +e” —»x +H, (3)

The second possibility, the Tafel mechanism, implies that two
adsorbed H* atoms diffuse and recombine to form H,

2H #— 2 % +H, (4)
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Figure 6. a) 2D volcano plot derived from DFT results for the HER on 55 SACs computed assuming the formation of a H* intermediate. b) 3D volcano
plot derived from DFT results for the HER on 55 SACs assuming the formation of both H* and H*H* (dihydrogen) intermediates. Red: high activity;
blue: low activity. When log(iy) < —10 (extremely low activity) the color is black. Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license (https://creativecommons.org/licenses/by/4.0).1'3%] Copyright 2021, The Authors, published by American Chemical Society.

Both paths are relevant and may occur at the same time, their
predominance depending on the hydrogen coverage.'74]

Once formed, the H, molecule interacts weakly with the sur-
face via dispersion forces and is released to the gas-phase at fi-
nite temperatures. Since the physisorbed intermediate is practi-
cally at the same energy of the separated systems, M + H,, this
minimum in the potential energy surface can be ignored and the
AG®,; of the reaction can be computed using a single descrip-
tor, the strength of the M—H bond. This leads to a volcano curve,
Figure 6a, where the exchange current, i,, of the HER is plotted
against the M—H bond strength, as proposed by Trasatti 50 years
ago (the exchange current is proportional to the amount of H,
produced).'7’]

Thus, the activity of a catalyst, as measured by the exchange
current i, can be predicted simply by evaluating the adsorption
energy of a H atom on a metal surface, AE,;, and deriving the
corresponding Gibbs free energy

AG), = AE, + AE,,; — TAS, (5)

The catalysts that are on the top of the resulting volcano plot
are the best ones since they correspond to the ideal condition
AG®; =0, i.e., to catalysts that bind H not too strongly nor too
weakly, Figure 6a. Recently it has been shown that a small cor-
rection is required and that at # > 0.10 V optimal catalysts have
AG® = +0.2 eV).[77]

This approach is perfectly valid and has been successfully ap-
plied to the theoretical study of several metal catalysts.[*1'177-179]
The very same approach has been used, without change, to study
and interpret the activity of known SACs or, more frequently, to
predict the performances of new SACs not yet synthesized. In
all these studies the original CHE model developed for extended
metal surfaces has been adopted, without considering that the
chemistry of SACs can be markedly different from that of an ex-
tended metal surface.

We already mentioned that TM complexes can bind two H
atoms, forming stable dihydrogen or dihydride complexes (see
Section 8.1.1). Recently it has been shown that similar stable in-
termediates can form on SACs, a result that is not too surprising
in view of the already mentioned analogies of SACs and coordi-
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nation compounds.['*>) However, when the formation of dihydro-
gen complexes occurs, it has major consequences on the reaction
profile and on the kinetics of the reaction. In fact, this means that
besides the H* intermediate usually considered (an isolated H
atom bound to the active center), associated with a AGY, ,, one
has to consider the free energy change for the adsorption of the
second H atom in the H¥*H* dihydrogen complex, AG°

H2)

H"+e +H=#*—> H=x+H=x (6)

The last reaction step, H, evolution

H * H x—* +H, )
is thus function of two variables, AG) , and AG)
AG), =AG), +AG), (8)

This leads to a 3D volcano plot, Figure 6b, and to the fact that
many catalysts that are predicted to be active when only the H* in-
termediate is considered, are indeed inactive or moderately active
when the formation of the second H*H* intermediate is consid-
ered, Figure 6b. Thus, the theoretical study of the HER on SACs
requires to consider two formation energies, and not just one as
it is usually done.

This example shows that: 1) SACs have a different and richer
chemistry that that of extended metal surfaces, and 2) only if all
reaction intermediates are considered one can reasonably expect
to be able to predict the activity of a SAC. In the following we
will show that this is not restricted to the HER, but is a general
message valid for every chemical process.

8.2.2. OER

The OER is the oxidation semireaction of water splitting. It is
generally assumed that on metal electrodes the reaction occurs
via formation of three intermediates, each one releasing one
electron!®]

H,0 + = > OH*+ H*+ e 9)
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Figure 7. Possible OER intermediates on SACs embedded in 2D carbon nanostructures. Reproduced with permission.l'34] Copyright 2023, Elsevier.

OH* - O"+ H* + e (10)
H,0 + O* - OOH"+ H* + e~ (11)

In the last step a fourth electron is released, with formation of
0,

OOH" — % + O,+ H" + e~ (12)

Notice that on oxide surfaces (NiOOH, CoOOH, IrO, or RuO,)
the mechanism can be different and deviate from this assump-
tion. As for the HER, also the OER can be modeled by evaluat-
ing the Gibbs free energies of each intermediate and neglecting
any other reaction barrier, although attempts to include kinetic
effects in similar processes have been reported.['® Also in this
case, the formation of the “classical” OH*, O*, and OOH* in-
termediates has been assumed when dealing with SACs, thus
extending with no modifications the traditional model used for
metal surfaces.['81182] However, the chemistry of SACs toward
O-containing molecular fragments is even richer than that of the
same systems in the HER. As shown by various studies in coordi-
nation chemistry, several other species can form when the active
site consists of a single TM atom. For instance, after formation
of the OH* complex, Equation (9), a second hydroxyl group can
bind to the metal center, leading to two bound OH groups, OH*
OH*, Figure 7(183184]

2H,0 — OH'OH*+ 2H' + 2e (13)

This complex, which implies the release of two electrons, is an
alternative to the formation of the O* intermediate that is nor-
mally considered in all studies on the reactivity of SACs. The for-
mation of the unconventional OH* OH* intermediate can pro-
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ceed following the classical path, i.e., leading to the formation of
the standard OOH* intermediate

OH*OH* — OOH* + H* + e (14)

or can follow another path with formation of an OH* O* complex
where an OH group and an O atom are simultaneously bound to
the TM18]

OH'OH* — OH'O*+ H* + e~ (15)

Thus, the OOH* and the OH* O* intermediates are alterna-
tive possibilities that imply different reaction paths (notice that
in both cases the step involves the release of three electrons). No
matter if the reaction follows the classical OOH* step or the un-
conventional OH* O* one, the next step implies the formation
of peroxo or superoxo O,* complexes

OH'O* — O+ H*+ e (16)
OOH" — O;+ H*+ e~ (17)

These species can form on SACs in full analogy with coordina-
tion chemistry compounds, introducing an additional step before
release of O,. This step is usually neglected in the modeling of
OER on SACs."®] This partial and incomplete list of the possi-
ble intermediates shows that, as for the HER, also for the OER
the formation of the new stable species on SACs has important
effects on the kinetics of the process.

To show how the formation of the new intermediates compli-
cates the picture, we report in Figure 8 a summary of the pos-
sible reaction mechanisms with the classical path based on the
OH*, O*, and OOH* intermediates in red; in blue and green are
shown the alternative paths that include the other possible inter-
mediates. Needless to say, only if the entire mechanism of the
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Figure 8. Oxygen evolution reaction (OER) scheme were all the possible pathways are showed. Red: classical path based on the OH*, O*, and OOH*
intermediates. Blue and green: alternative paths that include the other possible intermediates. Reproduced with permission.l'3*] Copyright 2023, Elsevier.

reaction is properly explored one can formulate reliable sugges-
tions for the expected reactivity of unknown SACs.

8.2.3. NRR

The production of ammonia (NH,) from nitrogen (N,) is prob-
ably the most important chemical process that has been devel-
oped so far. Today the industrial production of ammonia is still
based on the Haber—Bosch process where N, and H, react at high
temperatures and pressures according to the classical reaction
N,(g) + 3H,(g) —» 2NHj;(g). The process occurs on Fe-based bulk
catalyst and is responsible for 1-2% of worldwide energy con-
sumption. Hydrogen is produced via methane steam reforming
and this is also responsible for the large energy input required
for the reaction.

In nature, NHj; is synthesized thanks to the enzyme nitroge-
nase. Differently from the industrial process, enzymes are able to
produce ammonia under ambient conditions, although the pro-
cess is not very efficient from an energy point of view.['¥”] The
overall reaction implies the transfer of 3 electrons per N atom

N, +6 (H*+e”) - 2NH, (18)

Clearly, the enzymatic and electrochemical routes to the am-
monia synthesis are markedly different from that of the Harber—
Bosh process. In particular, in the Haber—Bosch process the rate
determining step is the N, (and H,) dissociation, a process that
implies very high energy barriers (dissociative mechanism); then,
the N and H atoms diffuse on the surface of the catalyst, re-
combine and lead to desorption of the final NH; product. On
the contrary, in electrocatalytic reduction the N, molecules are
sequentially hydrogenated (associative mechanism) with conse-
quent weakening of the N—N bond that thus requires much less
energy in order to be dissociated. The electrochemical reduction
of N, toammonia (NRR) is a potential alternative to thermal catal-
ysis (Haber—Bosch).

In this respect, SACs represent ideal systems to study potential
alternatives to enzymatic catalysis for the electrochemical synthe-
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sis of ammonia, and a large number of studies have been dedi-
cated to the problem, also from the theory point of view.[18818]
There are also specific reasons why SACs represent interesting
alternatives to classical metal catalysts for the reaction. One is
that they can efficiently suppress HER, the alternative process to
NRR. For instance, SACs can have more positive AG,;. than most
metal surfaces, making HER less favorable with considerable im-
provements in the NRR/HER selectivity.'®" Furthermore, sev-
eral SACs show highly negative AGy,., an effect that has been
attributed to the positive oxidation state of TMs and the conse-
quent effective polarization of the adsorbed N, molecule.

As we mentioned before, the entire NRR process includes six
proton-coupled electron-transfer steps, and the study of the reac-
tion requires to consider all possible reaction pathways and com-
pute the corresponding Gibbs free-energy changes. For each ad-
sorption form of the N, molecule, end-on or side-on, two possi-
ble reaction mechanisms must be considered, the distal (Figure
9a) and alternating (Figure 9b) mechanisms for the end-on struc-
tures and the consecutive (Figure 9¢) and enzymatic (Figure 9d)
mechanisms for side-on ones. In the distal and consecutive
mechanisms, the proton—electron pairs sequentially attack one
nitrogen atom to form the first NH; molecule and only then at-
tack the other nitrogen atom to form the second NH; molecule.
On the contrary, for the alternating and enzymatic mechanisms,
the proton—electron pairs alternatively attack the two nitrogen
atoms. The first two steps along all pathways, i.e., N, adsorption
and activation and first protonation with the formation of N, H*,
are the same.

General conditions for the good performance of SACs in NRR
are: 1) the capability to absorb N, spontaneously and 2) the fact
that often AGy,. is more negative than A G,;., thus showing good
selectivity for NRR against the competitive HER. Furthermore,
the potential limiting steps of electrocatalytic NRR are the first
protonation, N,* 4+ (H* + e”) - N-NH¥, and the last protona-
tion, NH,* + (H* + e”) — NH;*. Thus, good SACs for NRR
should be able to stabilize the N,H* intermediate and desta-
bilize the NH,* one to reduce the overpotential. It has been
shown that the number of unpaired electrons and in general the
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Figure 9. Distal, alternating, consecutive, and enzymatic mechanisms for the NRR.

occupation of d orbitals of the TM atom determines the
“acceptance-donation” mechanism.['91192] The possibility to tune
this quantity by playing around with TM atoms embedded in vari-
ous matrices opens the possibility to find particularly well suited
systems for NRR and makes SACs particular attractive for the
design of new catalytic systems able to mimic the enzymatic pro-
cess.

8.2.4. CO2RR

In nature, CO, is converted to sugars or carbohydrates and oxy-
gen via the process of photosynthesis thanks to the energy pro-
vided by solar light in a series of complex chemical steps. The
processes that mimic carbon fixation are known as artificial pho-
tosynthesis. The chemical reduction of CO, via thermal catalysis
or electrocatalysis is one of the most studied processes for the sus-
tainable production of synthetic and solar fuels. The difficulty of
the reaction is related to the high thermodynamic stability of the
CO, molecule, and the even higher potential required to reduce
CO, to CO,™ (—1.90 V vs SHE at pH = 7). The process to reduce
CO, to C1 chemicals (CO, CH;0H, CH,) occurs in a rather com-
plex sequence of steps, and is kinetically hindered, with high bar-
riers involved in the formation of the intermediates. In general,
there are two possible alternative mechanisms for the reaction,
one where the adsorbed CO, molecule binds via C and H atom to
form the formate intermediate (HCOO¥). In thermal catalysis the
H atom is supposed to derive from the dissociation of gas-phase
H, molecules on other sites of the catalysts; in electrocatalysis
HCOO* forms by the addition of a proton H* and an electron e~
to the activated CO, molecule. The reaction is followed by several
steps before methanol or methane are released.['**]

The alternative to the formate mechanism proceeds via dissoci-
ation of the activated CO, molecule. By interacting with H atoms,
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CO, is first converted to CO and H,O. In thermal catalysis this is
known as the reverse water gas-shift reaction; in electrocatalysis
the typical chemical equations are

CO, (g) + 2H* +2e” — CO (g) + H,0 (1) (acidic media) ~ (19)
or
CO, (g) +2H,0(l) + 2¢~ - CO (g) + 20H" (nonacidic media) (20)

Then CO is further hydrogenated to formyl, HCO*, and
formaldehyde HCHO* intermediates.

Examples of CO2RR based on SACs have been reported and
corroborated or complemented by computational studies.!*941%]
Of course, several screening studies have also been performed to
predict ideal catalysts based on single metal atoms.

Differently from the HER or the OER processes, the intermedi-
ates that are usually discussed and considered in the theoretical
analysis of the CO2RR are the same on classical solid catalysts
based on extended metal electrodes, on supported metal parti-
cles, or on SACs. Formate, HCOO*, and CO* are the two classical
products of the initial reduction of CO,. What is less discussed
in the theoretical literature, however, is the bonding and activa-
tion of the CO, molecule to the active site. Due to the already
mentioned high thermodynamic stability, CO, is rather unreac-
tive and binds weakly to several supports. In thermal catalysis the
problem can be overcome by increasing the CO, partial pressure.
In electrocatalysis, where the reaction occurs in a solvent, usually
water, the bonding and activation of the molecule to the active site
becomes essential. If the CO, molecule does not stick to the cat-
alytic center, the reaction will hardly occur. This problem is often
neglected in the theoretical discussions. The state corresponding
to adsorbed CO,* is taken as the zero reference for the Gibbs
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free energy of the process, without discussing the stability of the
CO,* species under the normal reaction conditions.

In this respect, it is important to mention that when the reac-
tion occurs in water, another phenomenon can take place that is
largely (not to say totally) ignored in the literature on the subject.
Water molecules not only can solvate the reactants and intermedi-
ates, leading to changes in the computed barriers and thermody-
namic quantities, but can also act as ligands themselves, binding
to the active metal center via electrostatic forces (when the TM is
in a positive oxidation state) or via more covalent interactions. Re-
cently, it has been shown that H,0 molecules can bind to SACs
with bond strengths that are comparable or can even exceed that
of the reactant, in this case a CO, molecule.l'] This means that
the CO, molecule not only must bind sufficiently strongly to the
active site in order to be activated, but must also displace solvent
molecules that can block the active site.

This problem represents another manifestation of the similar-
ity between SAC and organometallic complexes. The final mes-
sage of this discussion is therefore that while SACs, at a super-
ficial analysis, appear to be simpler than other catalytic systems
such as supported metal particles, in reality their chemistry is
complex and rich, and their modeling requires including a series
of factors and aspects often overlooked, with possible effects on
the reliability of the predictions.

9. Summary and Conclusions

The continuous growth of powerful computers associated to
the impressive development of accurate methods to solve the
Schrodinger equation for complex systems offer today the oppor-
tunity to simulate with desired accuracy the chemistry of molecu-
lar and solid-state systems. It is not surprising that this approach
has been used to better understand and predict the properties of
single-atom catalysts, a very promising branch of heterogeneous
catalysis with interesting connections with homogeneous cataly-
sis.

In the last few years, we have assisted to the explosion of
screening studies of the catalytic activity of large numbers of
unknown and potentially interesting materials where isolated
transition metal atoms are bound to supporting matrices. These
include bulk oxides, single-layer graphene, 2D metal dichalco-
genides, covalent organic frameworks, etc. In principle the pro-
duction of large databases of computed properties can be useful
in the context of using ML algorithms to derive nonobvious cor-
relations or novel descriptors of the activity of a catalyst. This in-
tense activity is intended to facilitate the work of experimentalists
in selecting the most promising systems without wasting time in
the attempt to synthesize and characterize catalysts that are not
expected to be active for a given reaction.

This effort can lead to positive developments provided that the
results produced by the simulations are reliable, realistic, and ver-
ifiable. Simulating a SAC and its catalytic performance is less triv-
ial than often believed and requires including many important
factors and effects that contribute to the final activity. Without
this, it is doubtful that the simulation will produce useful results,
and if it does it is probably fortuitous.

In this brief Perspective we have analyzed some of the most
common limitations and drawbacks of computational studies on
the nature and activity of SACs. We began by mentioning the
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importance of knowing precisely the local coordination of the
active site, as this is essential for determining the chemistry of
the system. It turns out that even the most advanced characteri-
zation methods often fail to give an accurate description of the
catalyst structure at the atomistic level. Even modest changes
in the surrounding environment of the active site can result in
large changes in activity. Furthermore, SACs are not static enti-
ties and can change their structure during the course of the re-
action. These aspects should be carefully considered when com-
paring the theoretical with the experimental results.

We mentioned the importance of the choice of the DFT ap-
proach in determining the quality of the final results. Most of the
calculations of SACs are based on semilocal GGA functionals.
These are good (although not perfect) for extended metals, but
have serious limitations when applied to systems with localized
electronic states, as is the case of TM atoms in a surrounding ma-
trix. The differences can be substantial. For instance, the binding
energy of an adsorbate on the active site can change by 0.5 eV or
more by changing the exchange-correlation functional, with qual-
itative, and not only quantitative, effects on the final results. The
use of hybrid functionals or of DFT+ U methods is highly recom-
mended to reduce this kind of inaccuracies. In general, it is good
praxis to compare results obtained with different functionals.

Next, we moved to the essential ingredients that are required to
construct a reliable model of an actual SAC. The general assump-
tion in virtually all simulation studies on SACs, in particular in
electrocatalysis, is that one can take a thermodynamic approach
where the calculation of the stability of the intermediates pro-
vides an acceptable estimate of the reaction profile. In this ap-
proach, only the thermodynamic barriers are considered, while
the activation energies separating two intermediates are assumed
to be negligible, an approximation that can considerably affect the
reaction kinetics.

More severe are other approximations usually done in the sim-
ulation of SACs. Electrocatalysis occurs in water, and the inclu-
sion of the solvent in the model can alter the adsorption energies
and the stability of the reaction intermediates. For some reactions
there is evidence that the role of solvation is modest and can be
neglected, but there also cases where this is no longer true. The
solvent can be described in various ways, but dynamic aspects of
liquid water can be very important in determining the structure
at the solid/liquid interface. Furthermore, water can act as a lig-
and itself, competing with reactants, products or intermediates
in bonding to the active site.

There are other effects that are usually neglected and that can
be relevant, and sometimes even crucial. This is the case of ions
in solution and their concentration, of the pH, and of the applied
voltage. The presence of the electrolyte and the density of hydro-
gen ions have been shown to be determinant in specific cases.
While it is possible that for some reactions these effects do not
change the general picture, it is good practice to verify this before
performing screening studies of electrochemical reactions.

A key problem very rarely addressed in computational screen-
ing studies is the stability of the predicted structures. It is not
uncommon to find studies where numerous systems are inves-
tigated for their potential activity without assessing if these can
survive the harsh working conditions of the experimental studies.
It is well known that one of the most important aspects in cataly-
sis is, beside the activity, the long-term stability and the resistance
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to sintering and corrosion of the catalyst. In order to be useful,
the prediction of new catalysts should also address the question
of stability in aggressive environments as that of electrocatalytic
processes or of thermal catalysis at high temperatures and pres-
sures.

Finally, we have revisited some relevant processes, HER, OER,
NRR, and CO2RR, to show that on SACs these proceed via re-
action paths that can differ substantially from those found on
metal electrodes. In particular, due to the similarity of SACs with
coordination compounds, several new intermediates can form
on SACs that do not form on metal surfaces. When this occurs
the kinetics of the reaction is heavily affected. Predictions of cat-
alytic activity based on subsets of reaction intermediates have lit-
tle meaning and a high probability to be incorrect.

This incomplete list of aspects shows how delicate and com-
plex is the theoretical description of these systems. This complex-
ity is often underestimated. Unless these effects lead to fortuitous
error cancellations, something that has not been demonstrated
so far, one cannot expect reliable predictions of catalytic activity
from simulations that do not include important effects or do not
use the appropriate methods. The production of large set of data
of low-accuracy can also be detrimental when these data are used
to train ML algorithms or to derive trends or descriptors.

The bottom line is that electronic structure calculations are
very powerful tools provided the key ingredients of a process
are included into the model used. Oversimplified models can
be of interest only after it has been shown that the approxima-
tions made are justified and do not alter the general conclusions.
Generating large sets of data of dubious accuracy on potentially
interesting catalytic systems risks creating distrust of the field
more than being beneficial to the experimentalists. The arsenal of
methods and computer codes available today to theorists allows
one to perform reliable calculations using realistic models. Yet,
there is still room for improvement. The cost of post-Hartree—
Fock calculations for periodic systems remains very high and
exchange-correlation functionals are still susceptible to signifi-
cant (system dependent) errors. This represents a stimulus for
the theoretical community to develop even more accurate and
powerful tools to predict the behavior of complex materials in
catalysis.
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