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Foreword
Avelino Corma

Instituto de Tecnologia Quimica, Universitat Politécnica de Valéncia - Consejo Superior de Investigaciones
Cientificas, Avenida de los Naranjos s/n, 46022 Valencia, Spain

It is always very interesting and most rewarding to look back in the history and to
see how science and scientific research has developed with time. In a subject such
as metal catalysis, research on the nature of the active sites and the mechanism of
catalytic process had already started at the beginning of the nineteenth century when
L.J. Thénord, Sir Humphry Davy, E. Davy, J.W. Déberciner, and M. Faraday, among
others, showed that noble metals as well as finely divided Cu and Fe were able to
accelerate the rate of decomposition of H,, methane, alcohols, and ammonia. This
phenomenon was named “catalysis” by J.J. Berzelius, and it was demonstrated that
the catalyst does not modify the thermodynamic equilibrium but accelerates the rate
toward achieving the equilibrium.

It was at the end of the nineteenth and early twentieth centuries that the work
of P. Sabatier on the hydrogenation of unsaturated hydrocarbons, later extended to
other molecules, on finely divided metallic nickel as well as on Cu, Fe, Co, and Pt,
opened new perspectives. Very soon the importance of the adsorption of reactants
on the catalyst surface was recognized as a key issue for the catalysis to occur, as
was pointed out already by A. Fusieri, J.W. Dobereinter, M. Faraday, J. Liebig, and
P. Sabatier. The latter also claimed that the metal catalyst will be more active when its
surfaceislarger and “in all cases, the catalyst intervened in the reaction by itself or by
one of its derivatives giving a transitory and unstable surface product that reacts very
fast with the other components of the system to generate the product.” The author
belongs to the group of scientists that believe that there is a unified mechanism for
all the forms of catalysis.

It was in early twentieth century when researchers started to discuss on the nature
of the adsorbed species on the surface of the catalyst. In that respect, H. Taylor pre-
sented in 1924 the idea that the solid catalysts show heterogeneities on the surface,
which can be related with the active centers. Langumir indicated that metallic atoms
on the surface have lower coordination than those present in the bulk, and conse-
quently their adsorption and reactivity toward the reactant molecules will be very
different.

XV
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Foreword

At this point, two key concepts on metal catalysis were already established.
(i) Higher metal surface area gives higher catalytic activity. (ii) Surface metal atoms
with lower coordination are responsible for catalysis.

Three prominent catalysis scientists — M. Boudart, G. Ertl, and G. Somorjai -
pushed forward the heterogeneous catalysis on metals in the second half of the
twentieth century. They established basic principles that are used even today,
and sometimes renamed, to explain metal catalysis. Concepts involving reaction
sensitivity to crystal size, changes in adsorption and reactivity on different metal
crystal facets, and surface dynamics of the metal catalysts and the adsorbed species
were already discussed and may need to be revisited today.

It is clear that the synthesis and application of metal and oxide nanomaterials, i.e.
materials with well-defined morphologies and with dimensions of a few nanome-
ters, have been present in catalysis by metals and oxides in the last 100 years. This
is certainly the case for supported metal catalysts where one of the objectives was
to reduce the size of the crystal, following the previously established concept that
the higher the number of atoms at the surface, the higher will be the chemical
interactions and the reactivity at the solid-gas or solid-liquid interface.

It appears reasonable to think that 50 years ago, researchers were probably prepar-
ing supported metal catalysts where some single isolated metal atoms, together with
subnanometric metal clusters and nanoparticles, were present. Unfortunately, the
characterization techniques available at that time were not able to detect single iso-
lated atoms, if any. The direct visualization probably could not be achieved with
nanoclusters with 10 atoms or less either. It is possible that if a fraction of such
subnanometric species were present in the catalyst, chemisorption measurements
could be sensitive to those species and could explain in more detail why the reactiv-
ity for some reactions varies linearly with the number of surface atoms determined
by H, chemisorption, while for other reactions (those sensitive to the structure of
the metal species) the variation was exponential. Boudart’s explanation about het-
erogeneity of metal sites in the supported metal catalysts and the relative variation
of catalytic activity with particle size could today be revisited on the basis of consid-
ering the co-presence of single isolated metal atoms, subnanometric metal clusters,
together with nanoparticles in different catalysts. Furthermore, the contribution of
different types of metal species in the solid catalyst may greatly depend on the cat-
alyst preparation method. Taking into account these points, one should logically
conclude that not all the metal entities named above should be active, or intrinsically
equally active, for all reactions.

Today, we can directly visualize supported single-metal atoms, nanoclusters, and
nanoparticles, and it is possible to “see” the size and the shape of the metal entities.
Moreover, it is now possible to determine the coordination environment of the metal
atoms in supported monometallic or bimetallic catalysts. Techniques such as trans-
mission electron microscopy (TEM), X-ray absorption spectroscopy (XAS), infra-red
spectroscopy (IR), X-ray photoelectron spectroscopy (XPS), and Md&ssbauer spectro-
scopies can give excellent detailed information at the atomic level. With this infor-
mation and the advances made on theoretical calculations, it is possible to model the
different potential catalytic entities and their chemical reactivity. While this type of



Foreword

work is essential to establish structure-reactivity correlations, we have learned from
our predecessors about the dynamic character of the metal catalysts during the cat-
alytic reaction. Then, it becomes essential to figure out the active species under the
reaction conditions by means of operando characterization techniques. Fortunately,
in situ TEM and near-ambient present XPS, as well as operando XAS techniques
are available to elucidate how the supported metal entities may transform during
the catalytic process. Based on those structural transformations, the system can be
modeled in a more realistic way. With these tools, we are now in a much better posi-
tion than our predecessor to ask the right questions and look for explanations to the
experimental observations. More than that, we are in a good position, starting from
the fundamentals, to build the necessary knowledge on surface reactivity to predict
the catalysts to be made for a particular reaction, and then to perform the “a priori”
synthesis. To achieve that goal, the synthesis of solid catalysts with well-defined sin-
gle or multiple sites will be the target. This target has been realized in the case of
structured micro- and mesoporous materials, including zeolites as a paradigmatic
case, where well-defined single metal atoms such as Ti, Sn, Fe, Zn, and Mo have
been incorporated into the framework for unique reactivity.

In the case of transition metals (for instance Au, Pt, Pd, Rh, Ir, Ni, and Cu) on
other supports (for instance carbon-based materials and oxides), it has been pos-
sible to generate single isolated atoms as well as nanoclusters with few atoms on
the solid carrier, and the preparation methods have been described in an excellent
chapter of this book. In those cases, and from what was said above about the dynam-
ics of the catalyst during the reaction, it is of paramount importance to modulate the
support’s property to increase the stability of the metal entities. Then, a combination
of catalyst preparation, structural characterization, and the theoretical modeling of
the adsorption energy of the metal atoms on the particular site of the support versus
the cohesive energy of the metal, is key for redesigning and formulating solid cat-
alysts made by single isolated metal sites (SACs) and/or very small clusters. Notice
that, though the book is centered in SACs, I have also been continuously referring
to metal clusters ranging from 2-10 atoms because, I believe, there is a continuity
between the two types of entities, i.e. single sites and subnanometric metal clusters.

When we refer to supported metal catalysts, and going from nanoparticles to
single atoms, we can see different chemical entities. In the case of nanoparticles
(let’s consider nanoparticles with 2-3 nm or more), a considerable fraction of the
metal atoms are in the crystal bulk and are not accessible to the reactants. There
is another fraction of the metal atoms (whose number depends on the shape of
the crystal for a given crystal size) that are coordinated to atoms from the support
and to other metal atoms, i.e. at the metal-support interface, can be accessible to
the reactants. Finally, there will be a larger fraction of metal atoms located at the
external surface of the metal crystals, which are coordinated with other metal atoms.
There is no doubt that the supported metal crystallites of a few nanometers in size
will present a heterogeneity in terms of the potential active sites. The other extreme
is the “supported” isolated single metal atoms that are stabilized by interaction with
the support. In that case, the composition, structure, and electronic properties of
the surface will determine not only the reactivity of the supported SAC, but also its
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stability. In a first approximation, we think that all those single isolated atoms on a
given support could be equal, and therefore one may have a homogeneous catalyst
in a solid form. However, it has to be considered that a given support can have more
than one type of anchoring sites for accommodation of the isolated metal atoms,
resulting in metal atoms with different adsorption property and catalytic behavior.
In fact, one has to consider the catalytic active site as the metal together with the
coordinating atoms of the support that involves not only the next but also the next
nearest-neighboring atoms of the metal. In fact, the stabilization of the transition
states by the dispersion forces will go beyond the specific metallic center. This
indicates again the relevance of the support on the catalytic properties and stability
of the SACs. The effect can be even more notorious for bimolecular reactions where
one of the reactants is adsorbed and activated on the binding atoms of the support,
while the other molecule will react on the metal site, as it occurs, for instance,
during the catalytic oxidation of CO with Au/TiO, catalyst.

In the case of very small supported metal clusters, all the metal atoms could be
anchored to the support. Also in this case, the interaction with the support is going
to influence the electronic properties of the atoms in the cluster and, consequently,
their catalytic activity and stability. There is still another catalytic system that
deserves to be systematically studied such as the very small bimetallic supported
clusters. One could use in this case the support for fixing a given metal atom whose
final catalytic behavior will also be influenced by the second metal. This is a field
worth further studying, keeping in mind that when we refer to bimetallic clusters
with 2-10 atoms, it may not be appropriate to treat them with the conventional
criteria for alloys. In this respect, a very pertinent chapter on supported double- and
triple-metal atoms catalyst can be found in the book.

In terms of the catalytic performance of SACs, it appears that the interaction of
the single metal atoms with the support will be determinant, and the nearest and
next nearest neighbors of the metal atom in the catalytic surface should be carefully
considered when modeling SACs and their reactivity.

In the present book, the different authors have considered the key issues for the
preparation of SACs, their stability, how to characterize them, and what informa-
tion can extracted from the different characterization techniques available. I think
that the presented considerations about the stability and potential evolution of SACs
under reaction conditions are of paramount importance.

The modeling of SACs has also been introduced and should be of interest to inspire
readers to better understand their systems and to go into better catalyst design.

There are a series of excellent chapters in the book devoted to catalytic appli-
cations of SACs, spanning from activation of small molecules such H,O, CO,
N,, methane reforming to hydrogenation, oxidation, and coupling reactions for
constructing C—C, C—Si, and C—B bonds.

The contribution of the single atoms to the effective separation of the photogen-
erated charge carriers shows the relevance of the advanced synthesis methods for
the preparation of photocatalysis by introducing SACs. Finally, a comprehensive
and very pertinent chapter of metal-N-C electrocatalysis has been presented that
describes the preparation process, structures identification, and progress of very
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relevant electrochemical reactions while presenting the challenges and potential
improvements.

In my opinion, this is a book of much interest not only for postgraduate students
but also for researchers working on metal catalysis in academia and industry.
We have read the book knowing that the use of SAC is not a general solution to
our catalytic problems, but it is one avenue that should be deeply investigated to
improve our knowledge for building a unified theory for catalysis. The recently
considered SACs will complement and introduce new properties to the single-site
metal catalysts that already exist in structured solids and have shown their benefit
for industrial applications. Nevertheless, as we said above, achieving a larger num-
ber of single metal atoms on the surface of transition metal oxides is one avenue
that also expands to other fields than catalysis, such as for instance optoelectronics,
quantum computation and sensing, and medicine.

Valencia Avelino Corma
November 2021
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Preface

Humans have been using natural/synthetic catalysts for thousands of years. The
role of these substances is to speed up chemical reactions, without being consumed
in the process. A good catalyst must have a high activity and selectivity (produce
the right kind of product), and present an acceptable stability/durability, all at an
acceptable cost related to the application. Nowadays, catalysis plays a vital role
in modern societies, providing pharmaceuticals, commodity and fine chemicals,
fuels, and means for protecting the environment. Additionally, catalysis (het-
erogeneous, homogeneous and enzymatic) is a multidisciplinary science, which
has a long-standing importance and impact in pushing forward the frontiers of
chemical sciences, posing major fundamental, and conceptual challenges. This has
been recognized by more than 20 Nobel prizes in chemistry strongly associated
with discoveries related to catalysis. Despite this, still today the precise reasons
why catalysts work are often a mystery, even for specialists. However, this does
not prevent that at some points, catalysts are involved in more than 80% of the
processes of all manufactured products. Consequently, even if most people have
no perception of its importance, almost everything in our daily life depends on
catalysis.

Catalysis residing in the heart of our modern societies, it is of course also impacted
by any paradigm shift. Thus, the relationship between the concepts of resilience and
sustainable development represents one of the key challenges of the twenty-first cen-
tury that also affect catalysis. The ecological and energy transition has an impact on
catalysis, orienting research and development toward cheap and green catalysts for
clean energy and environmental sustainability. This includes research:

(i) on new types of catalysts that incorporate rational use of strategic metals or
their elimination;

(i) on new activation methods for catalyzed reactions that consume less energy
or are compatible with renewable energies and their limitations such as inter-
mittence (photocatalysis, electrocatalysis, magnetic induction, electric internal
heating);

(iii) on the discovery of new catalytic transformation and new modes of chemical
bond activation and formation for energy and chemistry transition; and
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(iv) on the use of new and efficient tools to develop and understand these catalytic
transition processes (in-situ/operando techniques, high-throughput experi-
mentation/artificial intelligence, multiscale modeling).

Since the beginning of this century, a certain number of researches in catalysis,
which integrate the different aspects mentioned above, have developed around
the use of isolated supported metal atoms. Conceptually, this approach applies
the notion of atom economy to supported catalysis (100% atom utilization of often
scarce element), and can be considered as a bridge between conventional supported
heterogeneous catalysis, using sets of metal atoms, and homogeneous or enzymatic
catalysis, very often using isolated and well characterized active centers. In addition
to the economy of atoms, this type of catalysis also makes it possible to envisage
new chemical reactivity compared to conventional supported catalysts, because the
metal atom undergoes strong electronic and geometric effects from the support. In
other words, the same metallic element can have a different reactivity if it appears,
when it is deposited on a support, in the state of a metallic particle, of a cluster or of
an isolated atom. Consequently, as in Robinson Crusoe adventures where the role
of the island has not to be neglected, the role of the support (via the metal-support
interaction) plays a pivotal role on the activity, selectivity, and stability of this type
of catalysts. In this context, the choice of the support becomes out as important
as that of the metal, as for the choice of ligands in homogeneous catalysis. Recent
impressive results already obtained with this new type of catalytic materials in fields
as broad as energy, the environment or fine-, specialty-, and commodity-chemicals
make this type of catalysis one of the most active frontiers in heterogeneous
catalysis. If the fact that the active center is an isolated atom can offer interesting
perspectives for the understanding of reaction mechanisms by modeling, because
of the small size of the systems, the same characteristic also raises important
challenges in terms of synthesis of materials and their advanced characterization.
We believe that a fundamental understanding of this type of catalysis should lead to
a systematic approach for the rational design of innovative catalytic materials with
improved performance, which can participate in the necessary industrial transitions
of this first half of the twenty-first century to ensure a secure energy/environment
future. This is why we have introduced this book.

In the present book, we want to give the reader a comprehensive overview of
what is supported metal single atom catalysis, and to rationalize the advantages
of these catalytic materials regarding their activity, selectivity, and stability. Thus,
each chapter will provide a critical overview of a specific domain through relevant
examples of the literature. In this sense, this book is the first to introduce concepts
and main achievements, while covering the main aspects of supported metal single
atom catalysis. It is our hope that this book will not only prove suitable for self-study
and teaching purposes, but will also inspire further research and discovery, thus set-
ting the standard in the field of supported metal single atom catalysis for the years
to come.
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1.1 Introduction

Supported metal catalysts are extensively used in the chemical industry, from bulk
and fine chemicals production to petrochemicals. In this family of catalysts, the
support contributes to maintain a high dispersion of the active phase, improves cat-
alyst stability (including mechanical) but also determines at a certain extent the
physico-chemical properties of the active phase, and thus its activity. When consider-
ing most of this support effects, the size of metal particles is an important parameter
to consider. For large particles (10-100 nm), the influence of the support will be lim-
ited to the interface (interfacial effects), and will involve a limited number of metallic
atoms, and the support effect can be diluted by the presence of the numerous metal
atoms located far away from the support. The interfacial effects between the sup-
port and catalyst could control electron distribution, tune intermediate adsorption,
prevent catalysts from dense aggregation, and improve stability. Thus, if we con-
sider charge transfer, which can have a substantial influence on adsorption and,
therefore, on reactivity, it can be expected that for large particles the average num-
ber of electron transfer per metal atom will be smaller than for small particles [1].
It is however important to note that due to strong charge screening, the excess of
charge on metal particle could be expected to accumulate at the direct contact inter-
face (sub-nanometer short-range charge transfer) [2]. Interfacial sites can also con-
tribute to tune intermediate adsorption. For example, in the Sabatier reaction, an
enhanced cooperation between nickel and interfacial active sites was reported [3, 4],
which leads to rapid dissociative adsorption of H, on Ni and hydrogen spillover. The
H atoms generated contribute to CO, hydrogenation and create oxygen vacancies
on the reducible support surface, which contribute to CO, adsorption and activa-
tion. In that context, it is interesting to decrease the particle size. As particle size
decreases (1-10 nm), these interfacial effects will be exacerbated, but other phe-
nomena should be taken into consideration, such as the increase in surface defects
(uncoordinated metal atoms) and even quantum size effects in the case of very small

Supported Metal Single Atom Catalysis, First Edition. Edited by Philippe Serp and Doan Pham Minh.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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particles (clusters), which can of course dictated the catalytic activity [5, 6]. In the lat-
ter case, although tremendous variation in the relationships between size and activ-
ity exist depending on the system studied, these relationships are often broken into:
positive size-sensitivity reactions, negative size-sensitivity reactions, size-insensitive
reactions, and a fourth category composed of reactions for which a local minima or
maxima in activity exists at a given particle size [7, 8]. Going back to the Sabatier
reaction, structure sensitivity over nickel catalysts was reported in the 1-7 nm range,
with a maximum in activity at 2.5nm [9]. The smallest Ni particles bind CO too
weakly, facilitating its easy desorption and modifying the selectivity of the reaction.

Downsizing metal catalyst particles to supported metal single atoms is the
ultimate step. In that case, some interfacial effects can be exacerbated like the
electronic metal-support interactions and other intrinsic metal effects, such as
the electronic quantum size effect and the structure-sensitivity geometrical effect
disappear. We thus arrive at a situation where the role of the support, which
one has to see as a ligand as in homogeneous or enzymatic catalysis, becomes
preponderant. Indeed, it will have a direct influence on the charge state, oxidation
state and structure of the frontier orbitals of the active site, which is now limited to
an isolated metal single atom (Figure 1.1). Furthermore, in this case, tuning of the
support surface chemistry can even be as relevant as the selection of the supported
metal itself for regulating the catalytic activity [10].

Of course, such a size reduction raises questions other than chemical reactivity.
How to produce such species and how to characterize them reliably? The progress
made since the beginning of this century in terms of synthesis, characterization
and modeling strategy has made it possible to see the emergence of a new class of
catalysts: metal-supported single-atom catalysts (SACs). The catalysis community

.
L

Single atom

Surface free energy

Support/ligand/interfacial
effects

A J

Size decrease

Figure 1.1 Influence of downsizing of catalyst particles on interfacial effects. Source:
Philippe Serp.
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quickly recognized the importance of metal supported single atom catalysis [11-17],
which can be seen as the ultimate consequence of applying the atom economy con-
cept to heterogeneous catalysis. The First International Symposium on Single-Atom
Catalysis (ISSAC) was organized in 2016 by T. Zhang, J. Li, and J. Liu at Dalian
Institute of Chemical Physics in Dalian, China, in 2016. Since then, an exponen-
tial number of publications, including review articles and patents on that subject
are published every year.

Supported metal single atom catalysis has often been presented as a bridge
between heterogeneous and homogeneous catalysis [17-19]. On one side (where
we mainly find the heterogeneous catalysis community), it is true since at the
active site, a single metallic atom is surrounded by a ligand (the support) just like
in homogeneous system. On the other side (where most molecular chemists stand),
a difference exists linked to the presence of a surface that plays the role of a solid,
“rigid” ligand with specific redox, acid-base, as well as physical properties (e.g.
porosity, hydrophilicity, hydrophobicity, semiconducting properties, etc.). We will
also notice that the diversity of direct environment in supported metal SACs, i.e.
the first coordination sphere is rather limited compared to homogeneous systems.
Indeed, on oxide, it is often limited to a metal-O environment, and on carbon
metal-C, metal-N, (like in metalloporphyrine) metal-O or metal-S bondings have
been regularly reported. Additionally, for oxide supports, beyond the first coordina-
tion sphere (O-coordination), metal cations on oxide supports readily serve as the
second coordination sphere and are involved in catalytic reactions together with the
primary catalytic metal single atoms [20]. The presence of such “macromolecular”
ligands can induce specific properties to the metal and in fine to the resulting
supported catalysts that most of the homogeneous systems do not present [16].
Most, but not all... Thus, Jergensen introduced the term “non-innocent” ligand
in 1966 [21]. He stated “ligands are innocent when they allow oxidation states of
the central atom to be defined,” which correspond to non redox-active ligands [22].
We will see in Section 1.4.3.2 of this chapter that the support can indeed, in some
cases, behave as a “non-innocent” ligand and introduce complexity in the system.
Additionally, in metal-ligand cooperative catalysis [23], ligands are involved (like
in enzyme catalysis [catalytic residues] and in supported metal SACs [24] as we
have seen for the Sabatier reaction) in facilitating reaction pathways that would
be less favorable to occur solely at the metal center. Also, plastic deformation (a
dynamic phenomenon) of the catalytic system can induce difference in reactivity
as observed in heterogeneous catalysts [25-27], supported metal SAC [28], and
enzymatic catalysis (allosteric sites) [29, 30].

From these various considerations, it appears that a number of factors must be
carefully taken into account when trying to make correlation between the structure
of supported metal SACs and their catalytic performances (Figure 1.2). Such a level
of complexity positions supported metal single atom catalysis closer to enzymatic
[31] or supramolecular catalysis [32] than to conventional homogeneous catalysis.

Finally, if metal-support interaction is certainly important for regulating catalytic
performance of SACs, other type of cooperativity that are not specific to SACs,
such as metal-ligand or heterobimetallic cooperativity, and cooperativity that

3
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Figure 1.2 Factors affecting catalytic performances of supported metal SAC. Source:
Philippe Serp.

are SAC-specific such as nanoparticle-single atom or mixed-valence single atom
cooperativity have been reported [33].

1.2 Definition

One discussing about supported metal single atom catalysis, a first question is often
asked how different is tethered homogeneous catalysts or single-site heterogeneous cat-
alysts (SSHCs) to supported metal single atom catalysts (SACs)? To answer this ques-
tion, we will rely on some definitions introduced by Thomas et al. [34], Basset and
coworkers [16], and Liu [35].

For Thomas et al., an SSHC (catalytically active center) may consist of one (or
more in the case of small clusters) atoms spatially isolated from one another. Each
single site presents the same energy of interaction between it and a reactant; and is
structurally well-characterized as for single site homogeneous molecular catalysts
(Figure 1.3a) [34]. SSHCs may be conveniently classified into three main categories:
(i) individual isolated ions, atoms, molecular complexes or well-defined clusters
anchored to high-area supports; (ii) “ship-in-bottle” structures, in which isolated
catalytic molecular entities are entrapped within a zeolite cage; and (iii) solid frame-
works that host the catalytically active centers, zeolitic [36], and metal-organic
frameworks (MOFs) [37] materials occupying an outstanding position since they
are crystalline.

As far as tethered homogeneous catalysts are concerned, Basset distinguishes sur-
face organometallic catalysts (SOMCats) that are directly bound to the surface, and
where the surface acts as rigid ligand, and supported homogeneous catalysts (SHCs)
where the metal atom is tethered to the support surface via flexible linkers coordinat-
ing the metal via covalent or noncovalent interactions (Figure 1.3b) [16]. In SOMCats
and SHCs, the catalytically active sites are formed by reacting organometallic or
coordination compounds with (functionalized) surfaces (oxides, metal nanoparti-
cles, carbon). For these catalysts, the supported organometallic/coordination species
keep at least part of their ligands after grafting. These types of catalysts can be clas-
sified as SSHCs if all of the active sites are structurally identical. This of course will
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Figure 1.3 (a) A single site homogeneous molecular catalysts (iron(ll) phtalocyanine
complex); (b) a supported homogeneous catalysts (SHCs); and (c) a supported metal single
atom catalyst. Source: Philippe Serp.

depend on the nature of the support. Indeed, if the supporting solid exposes different
anchoring situations, the structure of the anchored sites is usually not well known.

In supported metal SACs, only single metal atoms are present, which are dispersed
on a solid support (Figure 1.3c) [35]. The interaction between the single atoms (SAs)
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and the support can be of a different nature involving covalent, coordination, or ionic
bonds. There should be no appreciable interactions among the isolated SAs.

The difference between SACs and SOMCats therefore lies in the presence of
ligands on the metal generally originating from the precursor used during the
synthesis. Of course, if these ligands are removed the SOMCat will transform into
SAC. Likewise, if a supported SAC is modified by the addition of a ligand, it can
be considered as a SOMCat. The active sites in SACs generally consist of the SAs,
but in some cases the immediate neighboring atoms of the support surface can
be involved. The catalytic property of the individual active sites can be similar or
different depending on the interaction between the SA and its neighboring atoms
of the support. When the catalytic behavior of all the metal SAs in a supported SAC
is the same, then the SAC can be considered to be an SSHC as well (Scheme 1.1).
This should not be the case of the SAC shown in Figure 1.3c, since the two Fe
centers do not present the same environment. For supported double and triple
metal atom catalysts discussed in Chapter 15, the same reasoning can be followed.
Supported single, double, triple metal atom catalysts can be considered as a subset
of atomically dispersed supported metal catalysts (ADSMCs) [35], together with
two-dimensional rafts or very small clusters.

Following these definitions, there is no substantial difference between homoge-
neous and heterogeneous single-site catalysts since the ligand sphere around the
metal, which is accurately engineered, should be the same in both cases. Addition-
ally, supported SACs, SHCs or SOMCats can be considered as SSHCs if all of their
active sites are structurally identical (Scheme 1.1), which is not often the case due to
support inhomogeneity in term of anchoring sites.

It is worth noting that when considering supported SACs, the rules of molecular
chemistry apply, and help to rationalize the structure and the reactivity of these
species. This leads us to mention a point that seems important to us in this type
of catalysis. If definitions are necessary to clarify the differences between all these
types of catalysts, they should not make us forget the similarities. As we have
seen, the SSHC family is very large and includes grafted molecular species and
crystalline solids, which are generally studied by different communities (molecular
chemists and materials chemists). Similarly, the objects involved in catalysis are

Is it a supported SAC?
Single metal atoms spatially isolated from one other?
Direct bond with the support?
Presence of ligands (other than the yes no &

support)?

All of the active sites are Not SAC but SHC

structurally identical?

Not SAC but SOMCat
Supported SAC and SSHC Supported SAC

Scheme 1.1 Guide to the definition of supported single metal atom catalysts. Source:
Philippe Serp.
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often studied in different ways. Studies carried out on the most molecular catalysts
(SHCs, SOMCats) are often mechanistic; while those relating to catalytic solids
often also integrate traditional problems of heterogeneous catalysis and associated
processes (transfer, diffusion, etc.). Interestingly, supported SACs lie in between
grafted molecular species and crystalline solids and their study should be performed
by multidisciplinary scientists with solid basic knowledge in molecular and mate-
rial chemistry as well as engineering and technology. In catalysis education, the
separation between catalysis science and catalysis technology is a regular issue, we
believe that as proposed by Pagliaro new courses in catalysis science and technology
should integrate a unified approach [38].

1.3 Origins of Supported Metal Single Atom Catalysts

Most recent reviews dealing with supported metal single atom catalysis underline
the innovative character of this type of catalysis:

o Single-atom catalysis is a recent discipline of heterogeneous catalysis [16];

o One of the earliest heterogeneous catalysts with surface metal atoms was reported in
1999 [12];

o Single-atom catalysis is currently one of the most innovative and fastest growing
research areas in the entire field of catalyst science [14].

While it is true that most of the important work in the field dates from the
twenty-first century [39], an analysis of the bibliography associating the words
“single atoms” and “catalysis” in web of science (WoS) reveals that research had
been initiated long before (Figure 1.4a). We will present below some of the pioneer-
ing works (sometimes forgotten) representative of this research (Figure 1.4b) and
put them in perspective of certain recent (re)discoveries.

If the failure to obtain a high metal loading can be in certain cases a brake
for the industrial development of SACs (for example in electrocatalysis) [40], for
certain reactions at very high tonnages involving the use of noble metals, the
catalyst must be lightly loaded for economic reasons. This is for example the
case of reforming Pt/Al,O, catalysts. A crucial invention was made in 1947 by
Haensel at Universal Oil Products, who suggested the use of platinum supported
on alumina as a bifunctional catalyst in the refining process [41]. Using such
catalyst with an expensive metal for producing a cheap commodity sounded crazy
to most of his contemporaries. However, Haensel and coworkers demonstrated that
the high activity of a 0.01% Pt/Al,O, catalyst combined with long-term stability
and possible in situ regeneration justify a high initial price. In fact, this catalyst
was economically more efficient in the long run than a “cheap” catalyst with a
shorter life. Hydrogen adsorption indicated that 50% or more of the Pt atoms were
surface atoms. This was the first industrial bifunctional catalyst, exposing both
platinum SA and acid sites, and still today researches are conducted on supported
Ptg, as reforming catalysts [42-44]. A combination of nuclear magnetic resonance
(NMR) spectroscopy, and high-angle annular dark-field scanning transmission
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Figure 1.4 (a) Number of publications (research articles or review) per year obtained by
the keywords “single atoms” and “catalysis” from Web of Science. Source: Web of Science.
(b) Important findings related to supported metal single atom catalysis dating from the last
century. Source: Philippe Serp.

electron microscopy (HAADF-STEM) analyses coupled with density functional
theory (DFT) calculations was used to reveal the nature of anchoring sites of a
catalytically active phase of Pt/y-Al,O, catalyst [44]. At low (<1 wt%) Pt loadings, Pt
is atomically dispersed on the support surface, and coordinatively unsaturated Al3*
centers acts as binding sites for Ptg,. Seventy years after Haensel et al. the group
of Hutchings and researchers from Johnson Matthey followed a similar strategy
to replace the conventional Hg/C acetylene hydrochlorination catalyst by an Au/C
catalyst [45]. They set as a target an Au loading smaller than 0.25 wt%, since higher
loadings were considered to be not economically viable. In situ X-ray absorption
fine structure spectroscopy (EXAFS) experiments have definitively shown that the
active catalyst predominantly comprises Au(I) isolated cationic species [46]. Ptg,/C
are also promising for this reaction [47]. These two examples show that the concept
of SA catalysis is attractive, particularly in the context of sustainable technologies
that will make use of critical metals, which are expensive and of limited availability.

Different studies were conducted in the 1970s-1980s on low loading M/Al,O,
catalysts (M = Co [48], Cr [49, 50], Re [51] and more particularly Rh) in order to try
to elucidate: i) the nature of the metal species (SA [52], highly dispersed 2D phase [5
phase] [53] or clusters [54]/nanoparticles [NP]), ii) the reasons why chemisorption
stoichiometries do not prevail for supported Rh catalysts [55], and iii) in some
cases the reason of the difficult reduction of some metal species. We will discuss
below the case of Rh/AL,O;. It was thought that Rh may be present on Al,O; in the
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form of 3D crystallites, 2D “rafts,” and/or isolated SA (ion) sites. This system was
investigated by a variety of techniques including chemisorption [53, 55], infrared
spectroscopy [56-62], X-ray photoelectron spectroscopy (XPS) [54], electron spin
resonance (ESR) [54], EXAFS [52, 54, 63, 64], 13C NMR spectroscopy [65, 66],
luminescence spectroscopy [67], and ultra-high resolution electron microscopy
[53]. Most of these techniques are still used today for the characterization of
supported metal SA (Chapter 5). One of the most powerful techniques for the
study of the surface chemistry of supported high surface area metal deposits is
transmission infrared spectroscopy. The chemisorption of CO by Rh/AlL,O; has
been well studied using infrared spectroscopy. Preliminary experiments performed
by Garland and coworker [56] have shown that three main types of chemisorbed
CO are produced on Rh/AL,O; catalysts: (i) a single CO molecule adsorbed on
one Rh atom, (ii) a band due to bridged CO, and (iii) two CO molecules adsorbed
on one Rh atom (geminal dicarbonyl rhodium species). The latter surface species
was particularly present for catalysts with a low Rh loading presenting highly
dispersed rhodium species. The other two species are related to CO-covered Rh
crystallites. The geminal dicarbonyl rhodium species was associated to a Rh(I)
species, which cannot be completely reduced to Rh(0) even at 400 °C [60]. However,
infrared (IR) analyses were not conclusive about the exact nature of this species
and both monoatomically dispersed Rh(I) species on Al,O; (Rhg,/Al,0;), and 2D
supported Rh “rafts” [53] were proposed. For the latter case, the geminal dicarbonyl
rhodium species formed on the edge atoms of supported Rh “rafts.” Later on, an
important finding was reported by Primet [68], who discovered that the geminal
dicarbonyl species are not formed at low temperature, but develop on warming up
to room temperature. Dissociation of CO was assumed on Rh(0), and CO in excess
adsorbs on the surface Rh-O species to give the geminal dicarbonyl rhodium(I)
species. EXAFS analyses were also conducted on reduced low loading catalysts
[52, 54, 63, 64]. In such samples, the measured average coordination number was
low (1.5 [52] to 4.9 [64] according to the temperature of reduction). Although the
presence of isolated Rh* ions in these low loading catalysts was not completely
ruled out, it was proposed that they mainly contain small metal clusters, consisting
of 6-10 atoms [54]. Another important finding was that adsorption of CO at room
temperature changes the system completely. It results in a significant disruption
of the Rh clusters, ultimately leading to the isolated Rh(I) geminal dicarbonyl
species, in which Rh is surrounded by two CO and three oxygen ions. This study
also confirmed that CO dissociation occurs and is followed by CO adsorption on
the oxidized rhodium.

These results can be put into perspective with more recent results obtained in
studies on supported metal SACs. First, several studies have been published on the
role of CO on the stabilization of SA [69], but also on their (dynamic) formation
by NP disintegration [70, 71] or reconstruction [72-74]. In particular, it was shown
that for CO assisted Ostwald ripening and induced NP disintegration, the strong
interaction between CO and the metal is essential [75]. When the formation
of the metal-CO complexes becomes exothermic with respect to the supported
metal NP of interest, the metal particles will be disintegrated to the individual SA.

9
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Figure 1.5 (a) An illustrative mechanism, with times given as taken from the beginning of
the reaction, of three elementary steps at room temperature for the disintegration of Rh
clusters on Al,0 during CO adsorption by time-resolved DXAFS. Source: Suzuki et al. [70].
Reproduced with permission of Wiley-VCH; (b) Three types of connectivity of Rh'(CO,)
species to the Al,0, observed in the minimum energy geometries obtained by periodic DFT
calculations. Source: Roscioni et al. [76]. Reproduced with permission of American Chemical
Society; (c) Free energy profile obtained by DFT for CO oxidation on Rh'(CO),/AL,O5. Source:
Ghosh et al. [77]. Reproduced with permission of Wiley-VCH.

Second, some studies on SAs are also dealing with the specific Rhg, /Al,O; system
[70, 76, 77]. Thus, time-resolved energy-dispersive EXAFS analyses have revealed
three steps for the structural rearrangement of Rh clusters (Figure 1.5a) [70]. Before
CO exposure, Rh atoms in the cluster composed of seven Rh atoms in the first layer
and three Rh atoms in the second layer interact with the surface oxygen atoms of the
support. Each Rh atom in the lower layer interacts with two O atoms of the support.
Then CO (0-600 ms) rapidly adsorbs on the cluster without Rh—Rh bond breaking.
At the second step after 600 ms, further CO adsorption weakens the Rh—Rh bonds,
and the Rh cluster is completely disintegrated at 3000 ms yielding the [Rh(CO),]
monomer that interacts with three surface O atoms. The slowest step in the cluster
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disintegration (E, = 4.1 kcal/mol) is the formation of [Rh(CO),] monomers, which
occurs concertedly with bond rearrangement at the interface, and probably with
the oxidation of Rh® to Rh* by surface OH groups. It is important to place this
result in the context of the characterization of supported metal SACs. Indeed,
IR spectroscopy using CO as a probe molecule is regularly used to complement
more local electron microscopy analyzes (Chapter 5) in order to distinguish SA,
clusters or NP [78]. The fact that under CO some metallic clusters can disintegrate
at room temperature at the second-scale can of course call into question many
interpretations, and lead to errors or misunderstanding of the system. First principle
plane-wave/DFT calculations were used to determine the exact environment of the
[Rh(CO),] monomer. It was found that Rhg, exhibit a square-planar coordination
geometry [76], and is bound to two oxygen atoms of the support (Figure 1.5b)
[76, 77]. Finally, the CO oxidation was investigated with this catalyst. CO oxidation
over Rhy; is a highly structure sensitive reaction. The observed structure sensitivity
involves the formation and interplay of three structurally discrete supported Rh
species; Rhyp, a Rh,0;-like phase, and monodisperse Rh!(CO), species [79]. Thus,
the reactivity of the Rh!(CO),/Al,O, was investigated for the CO oxidation reaction
by DFT (Figure 1.5c), and compared to that Rh%(CO),/AlL,0; and Rh¢/AL, O, [77].
The computed activation energy for this reaction were 21.2 (Rh'(CO),/Al,0,),
9.7 (Rh%(CO),/Al,0;), and 27.4kcal/mol (Rh¢/Al,0;). The CO oxidation on
Rh4/ALO; is sluggish compared to SA due to strong Rh—CO bonding on the
cluster. For SA, the oxidation of Rh to Rh! has a negative effect on the rate of CO
oxidation, and the first CO oxidation by Rh%(CO), is remarkably faster than that by
Rh!(CO),, for which the free energy barriers are 9.7 and 21.2 kcal/mol, respectively.

It is worth mentioning the pioneering works of Kopp and coworkers, who
investigated in the early 1970s the reactivity of Pd/C catalysts prepared by
metal evaporation (Pdg, or Pdy,) for the reverse methane cracking reaction
(C+2H, = CH,) [80, 81]. The results of their study on isosteric enthalpies of
adsorption of hydrogen on atomically distributed Pd on carbon indicate that the
occupation of H, molecules per Pd atom in SA catalysts was surprisingly small,
and that the Pdg, on the carbon are positively polarized (Pd®*) [80]. Therefore, they
could conclude that the high hydrogenation activity for the investigated reaction
was due to Pd clusters and not due to Pdg,. The fact that Pty, dispersed in sodalite
cages cannot chemisorb hydrogen was also evidenced by Imelik and coworkers
[82]. Three interpretations were proposed: (i) at least 2 Pt atoms are required
to dissociate H,; (ii) Ptg, have lost their metallic properties including hydrogen
chemisorption; and (iii) hydrogen chemisorption is inhibited because a partial
electron transfer between Pt atoms and Lewis acid sites occurs. The poor efficiency
of electron-deficient supported noble metal SACs for dihydrogen dissociation [83]
(and further hydrogenation reactions) [84, 85] has been recently confirmed in
different studies. In fact, several studies have shown that in the electron-deficient
SA sites, the dissociation of H, followed a heterolytic pathway, whose barrier can
be higher than that in metallic clusters with homolytic dissociation [86-90]. In that
case, the electron depletion of metal SAs induces downshift of the d-band center of

11



12 | 1 Introduction to Supported Metal Single Atom Catalysis

O""-H 3 E, = 9.2 kcal/mol O/H }
H2<|3/ oy " 7N\ H2Cl:/ e
HoCe / \o/"'\O H,C~ / \O/""\O
. ? 9
TiO, TiO,
(a)
ﬁ E, = 10.6 kcal/mol
/}-—-%\\
K \\\

Figure 1.6 (a): Heterolytic dissociation of H, on EG-stabilized Pd,/TiO,. Source: Philippe
Serp. (b): Heterolytic dissociation of H, on Pd,,-O/graphene. Source: Yan et al. [92].
Reproduced with permission of Elsevier.

the M®* species and consequently reduces, when compared with the metallic clus-
ters/NP, the binding strength of the dissociatively adsorbed hydrogen atoms. This
is particularly appealing for selective hydrogenation (see Chapter 8), since catalysts
allowing activation of H, and weak adsorption strength of the dissociated H atoms
can exhibit optimal efficiency in balancing activity and selectivity for the targeted
product. On other side, if high hydrogenation activity is aimed, it is necessary to
modify the local environment of the M3+ species in order to facilitate the heterolytic
dissociation of H,, or to favor a homolytic cleavage. Such strategies have been
followed in some studies. A facilitated heterolytic dissociation or H, was obtained
on Pdg, /TiO, by doping the system with ethylene glycol (EG) [91], or by introducing
oxygen functionalities on carbon in Pdg,/C catalysts (Figure 1.6b) [92, 93]. It is
generally accepted that upon homolytic dissociation of H, on Pdyp, hydrides (H®)
are formed. When heterolytic activation of H, occurs, both H>~ and H®" are pro-
duced that should allow better hydrogenation of polar unsaturated bonds. This was
demonstrated in a study on EG-stabilized Pdg, /TiO, catalysts. First, the presence of
EG facilitates the heterolytic dissociation of H, (Figure 1.6a). Second, the authors
observed a much superior catalytic performance by EG-stabilized Pdg, /TiO, than
conventional Pdy,/C catalysts in the hydrogenation of benzaldehyde. The activation
of H, on Pdg, /graphene catalysts was investigated, for which the Pdg, is located in
a carbon vacancy [92-94]. If oxygen surface groups are not present in the vicinity
of the Pdg,, the hydrogen molecule becomes activated but the H—H bond is not
broken. Thus, the electro-deficient Pdg, is not able to dissociate the hydrogen
molecule [94]. However, if an oxygen atom is present (Pdg,-O/graphene), the
reaction proceeds with an activation energy of 10.6 kcal/mol (Figure 1.6b).
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To increase the electronic density on a Pt**g, immobilized on ceria, doping
with phosphorus, an electron acceptor was proposed [95]. Such electronic inter-
actions between the Pty, and the P-modulated neighboring oxygen atoms of the
support led to a remarkable activity enhancement toward the hydrogenation of
styrene, cyclohexene, phenylacetylene, and nitrobenzene. H. Lee and coworkers
proposed a more straightforward solution that controls the oxidation state of Ptg, in
Ptg,/Ce0,-Al, O, catalysts by varying the reduction temperature [96]. Remarkably,
the Pty, were stable up to 500 °C reduction temperature, clusters appearing at 600 °C.
EXAFS and XPS analyses have shown that by increasing the reduction temperature
from 100 to 500 °C, the oxidation state of Pty, could be controlled from highly oxi-
dant (Pt° 16.6%) to highly metallic (Pt 83.8%), while maintaining the SA structure.

The low activity of supported metal SAs compared to metal NPs for the reduction
of nitric oxide by hydrogen was also experimentally evidenced in the 1970s and
1980s when studying the influence of metal loading in Rh/Al,O, [97] and Pt/AlL, O,
catalysts [98]. Two explanations were proposed. First, isolated SAs cannot offer
an optimum site configuration for a transition complex, since the NO reduction
requires at least two nitric oxide molecules and two hydrogen atoms, so that clusters
with a minimum number of metal atoms are required for optimal activity. Second,
the higher oxidation state of the metal in SAs due to strong interaction with the
support is expected to result in a lower turnover frequency, as compared to a lower
oxidation state of the metal in the particulate phase [98]. More recently, nitric oxide
reduction with H, or CO was also investigated on supported metal SA [99-102].
First, in a study on reduction of NO with CO on Rh/SiO, catalysts, Tao and
coworkers have confirmed that Rhg, /SiO, are much less efficient than Rhy,/SiO,
for this reaction [99]. It was shown from DFT calculations that the significant
difference in the reaction mechanisms between Rhg,/SiO, and Rhy,/SiO, is that
NO can directly dissociatively chemisorb on Rhy, due to the multiple adsorption
sites; however, for Rhg,/SiO,, NO hardly dissociates with only one active site.
This leads to much higher activity but also selectivity on Rhy, in comparison to
Rhg,. Nickel SAs supported on g-C;N, nanosheets shows a comparable reactivity
with the Rhg, /SiO, catalyst; i.e. complete NO conversion at around 450 °C [100].
An efficient strategy to overcome the limitations of supported single atoms for
this reaction is to associate them with a second metal. This can be done either
by using single metal alloys (Chapter 4) [101], or by diluting noble metal SAs in
Co;0, [102]. Thus, CusPdg,/AlL,O; exhibited outstanding catalytic activity and
N, selectivity in the reduction of NO by CO since complete conversion of NO to
N, was achieved at 175°C [101]. Kinetic and DFT studies demonstrated that the
rate determining step (N—O bond breaking of the (NO), dimer) was promoted
by the Pdg, (E, = 11.4kcal/mol, to be compared to 25.6 kcal/mol computed for
Nig,/g-C5N,) [100], while N,O decomposition to N, smoothly proceeds on the
Cu surface, which contributes to the excellent N, selectivity. The use of catalysts
containing dispersed bimetallic sites Pt,Co,, and Pd,Co, allowed performing the
reduction of nitric oxide with hydrogen at temperature as low as 150 °C [102].
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1.4 Challenges, Limitations, and Possible Opportunities
in Supported Metal Single Atom Catalysis

The unique structural and electronic properties of supported metal SACs that result
from multiple factors (unsaturated coordination environment, specific interaction
between the SAs and its neighboring atoms) offer great potential in catalysis.
All those merits are based on the stability of these catalysts that people are most
concerned about. The potential of these catalysts has been explored in diverse
thermo- (Chapters 8-12), electro-(Chapter 13), and photochemical (Chapter 14)
applications ranging from small-molecule activation (Chapter 10) to the production
of fine chemicals (Chapter 12). If the key factors controlling the activity, selectivity,
and stability of this new class of catalysts are mastered (cf. discussion in the
following sections of this chapter), thus 100% atom utilization efficiency can be
expected. This is particularly appealing for the replacement of noble-metal-based
catalysts for energy applications and of homogeneous catalysts in organic synthesis.
However, despite 100% atom utilization efficiency, a general question regarding
supported metal SA catalysts is whether a SA on a support represents the optimal
structure to deliver the highest intrinsic catalytic activity for all reactions. The rate
at which an elementary reaction proceeds on the catalyst surface will depend on
the strength of reactants/products/intermediates — surface interaction (electronic
effects), but also on the availability of specific atomic groupings (both in mono- and
bimetallic/alloyed systems) that can provide the number of surface atoms necessary
for chemisorption, by acting as active sites (atomic ensemble effects). In supported
metal SA catalysts, if ligand (electronic) effects can be modulated, the so-called
ensemble (geometric) effect, which is necessary for some reactions, is not present.
Thus, they may be inactive for some complex catalytic reactions where multiple
reactants, intermediates, and products are involved, unless the reaction proceeds via
a distinct mechanism and/or the support itself can fulfill the required catalytic role.
If such reactions are unwanted (undesired side reactions, coking), the isolation of
the metallic atoms is a promising strategy [93, 103]. But if atomic ensemble effects
are necessary for the aimed reaction to proceed (hydrogenolysis), single metal alloys
or double, and triple metal atom catalysts should be preferred [104-106]. Alterna-
tively, the creation of arrays of SAs has been proposed to overcome this limitation of
supported metal SA catalysts while maintaining 100% atom utilization [107, 108].

The grand challenge in the development of supported SACs is their low
metal-atom loading density, uncontrollable localization and ambiguous interac-
tions with supports, posing difficulty in maximizing their characterization and
catalytic performances. The following sections will treat these different aspects of
supported single-atom catalysis, highlighting the challenges, but also presenting
the limitations and possible opportunities through representative examples.

1.4.1 Metal Loading in Supported Metal Single Atom Catalysts

The low metal loadings generally needed to prevent metal NPs in supported metal
SACs is generally presented as a brake on their industrial development. This is a
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somewhat simplistic vision, which does not integrate the specificities of certain cat-
alytic processes. Thus, we discuss in Section 1.3 the Platforming process developed
by Haensel et al. [41], who understood that a Pt-based catalyst presenting a long life
and could be regenerated and reused in situ would, in fact, be economically efficient.
To achieve this goal with an expensive metal as Pt, it was mandatory to minimize
the amount of platinum. In 1947, they showed that a catalyst with 0.01% platinum
on alumina was both active and stable. Hutchings when looking for a gold catalyst
to replace the mercury-based industrial catalyst for hydrochlorination of acetylene
to produce vinyl chloride followed the same strategy [45]. Of course, if for some
reactions the activities obtained with lightly loaded supported metal SACs are not
sufficient, then the low loadings become a major handicap, because their use would
imply increasing the size of the reactors, which is not economically sustainable. A
current trend in catalysis being to replace noble metals (expensive and for some of
them identified as critical elements) by 3d transition metals (Fe, Co, Ni for example),
which are generally less active, it also becomes necessary to significantly increase the
metal loading. Finally, some difficult reactions, i.e. the oxygen reduction reaction in
proton exchange membrane fuel cells, require high loading of an expensive metal as
Pt. If the current tendency in fuel cell electrocatalysis is to try to decrease as much
as possible the Pt loading [109], significant efforts are still needed to reach the Pt
amounts present in catalytic converters [110]. In this context, significant efforts have
been made in recent years to increase the loading of single atoms in supported metal
SACs (see Chapters 2 and 3). To prepare high loading supported metal SACs, three
main aspects have to be considered: (i) large-scale synthesis is still challenging and
new synthetic strategies should be explored; (ii) suitable metal precursors should
be selected to ensure easy decomposition and stabilization; and (iii) the appropriate
supports should present high density of potential anchoring sites and allow strong
metal-support interactions. Pyrolysis and wet-chemistry methods are the most effi-
cient ones up to now to reach high metal loadings (>5wt% of metal) [40]. Pyroly-
sis techniques produce carbon-based catalysts with nitrogen-coordinated metal SA
when zeolitic imidazolate frameworks nitrogen-enriched molecular carbon precur-
sors are used as precursors [111-113]. The high temperatures used in these processes
usually generate a random distribution of My,-N-C sites on/in the carbon matrix
(even if the M-N, environment characteristics of some metalloenzymes is often pro-
posed) [114, 115] making the method relatively unpredictable and difficult to repro-
duce at the atomic level [113]. Furthermore, it is also worth noting that the exposure
and accessibility of the metal SAs is also crucial to fulfill the 100% atomic utilization
[116]. Incorporating metal into MOFs will undoubtedly buries some of the SAs deep
inside the MOF framework, which would reduce atom utilization [117, 118].
Wet-chemistry routes (e.g. co-precipitation, impregnation) have been widely used
to prepare supported metal SACs, due to their simple implementation and poten-
tial for large-scale production. To reach high metal loading by these methods, the
choice of the support and the type of interaction with the SAs (coordination, electro-
static adsorption or ionic bonding) are crucial. Obviously, supports presenting a high
density of well-defined anchoring sites should be preferred. In that context, the use
of nitrogen-doped carbon materials such as graphitic carbon nitride is particularly
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Figure 1.7 (a) Recent advances for supported metal SAC synthesis with high metal
loadings. (b) Relation between the metal loading in high loading supported metal SAC and
the cohesive energy of the bulk metal. Source: Philippe Serp.

interesting [119]. Other well-organized 2D materials such as hexagonal boron nitride
(h-BN) or MoS, have also been used.

Figure 1.7a shows recent advances on supported metal SAC synthesis with high
metal loadings for Mn [120], Fe [121-125], Co [122, 126-130], Ni[122,127,131-133],
Cu [122, 134-136], Zn [122, 137, 138], Mo [139], Ru [85, 122], Rh [122, 140], Pd
[122, 140, 141], Ag [142], W [143], Ir [122, 140, 144, 145], Pt [140, 146-152], and
Au [153]. From this figure, it appears that relatively high metal loadings have been
repeatedly obtained by different methods for some metals like Ni, whereas with some
others like Pt or Pd, it seems difficult to reach such loadings. In order to explain
this tendency, we try to correlate the average value of the (high) metal loading of
Figure 1.7a with the cohesive energy of the metals. Indeed, we could expect that
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metals with a high cohesive energy are difficult to stabilize in the form of isolated
atoms, due to their natural tendency to form metal NPs. If high loading were indeed
reported for Zng, catalysts, a metal that present a low cohesive energy; and low
loading were reported for W, catalysts, a metal presenting a high cohesive energy,
it is obvious from Figure 1.7b that no correlation really exists between these two
parameters. For example, for a metal like ruthenium that presents a relatively high
cohesive energy, high metal loadings were obtained by pyrolyzing coordinated poly-
mers, producing Rug, (13.5wt%) with a Ru-N environment [122]; or by a bottom up
approach, producing Rug, (20% w/w) with a Ru-C environment [85]. Thus, in addi-
tion to the cohesive energy of the metal, the choice of the metal precursor/support
couple, which will ultimately dictate the strength of the metal/support interaction
must be carefully taken into consideration [154].

1.4.2 Metallic Species Homogeneity in Supported Metal Single Atom
Catalysts

Two types of homogeneity can be considered when preparing a supported metal
SAC. The first one deals with the selective deposition or not of metal SAs on the
support (presence of clusters or NPs). The second one deals with the presence or not
of a tailored local environment around the SA (SSHCs or not).

1.4.2.1 Are Clusters or Nanoparticles Present in Supported Metal Single Atom
Catalysts?

As far as selective deposition of SAs (or double, triple atoms) is concerned, many
synthetic strategies are at the disposal of the chemists (see Chapters 2, 3, 4, and 15).
It is however important to ensure the homogeneity of the samples, in particular
by checking the absence of clusters or nanoparticles. If microscopy offers a clear
view, it nevertheless remains local, and analytical techniques offering an overview
of the samples must be used in addition (Chapter 5). For this purpose, IR spec-
troscopy (with a probe molecule such as CO), EXAFS or XPS are commonly used.
We would like to caution the reader here against the use of these techniques, as
they can all present limitations to distinguish supported metal SA from clusters.
We have already discussed in Section 1.3, the phenomenon of clusters disintegra-
tion under CO at room temperature, which can occur on the scale of the second. IR
analyses at sub-ambient temperature is expected to be useful for identifying sam-
ple homogeneity, and monitoring possible catalyst reconstruction due to exposure
of probe molecules via corollary in-situ or ex-situ scanning transmission electron
microscopy (STEM) and X-ray absorption spectroscopy (XAS) characterization is
critical for developing definitive probe molecule IR assignments [78]. For XPS anal-
yses, first supported SACs present some challenges: they are often high surface area
insulating powders and the metal loading can be very low (0.5wt% or lower). In
addition, new or inexperienced practitioners should avoid erroneous data collection
and interpretation [155]. Finally, to make the distinction between SAs and clus-
ters/NPs, the chemical state and most importantly the electronic state of the metal
within a SA-containing material are probed by this technique. Thus, if a significant
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charge transfer is present, the SA is often found to be electron-deficient (M®+) [156],
while the same metal in an NP will be at zero oxidation state (M°). It is neverthe-
less important to note that significant charge transfer can also be measured in the
case of clusters of low nuclearity [157-160], making the distinction between SAs and
clusters very delicate. Synchrotron radiation-based EXAFS is typically used in com-
bination with HAADF-STEM to identify the SAs. However, it was shown that, in
many cases, EXAFS is not sensitive enough to identify SAs, which may easily con-
fuse the contributions from clusters or small nanoparticles due to the polydispersity
and disorder effects and similar spectral shape [161]. A very careful measurement
by HAADF-STEM and detailed IR/XPS/EXAFS analyses with reasonable compari-
son to the control samples are thus highly required to thoroughly identify the SAs
and distinguish them from clusters or small NPs. Finally, if selective production of
supported metal SACs is often the goal to study their specific reactivity, it is impor-
tant to note that mixtures of SAs and clusters/NPs are often present in commercial
catalysts [162]. During a catalytic reaction, all these various “sites” may contribute
differently to the observed catalytic performance. If the very large majority of cat-
alytic studies on supported metal SACs are limited to a comparison of the reactivity
of SAs with that of metallic NPs; some studies have already demonstrated possible
synergy and cooperative catalysis between SAs and NP [163-169]. This is a subject
that definitively deserves more study in the future, and in that context, the control
of the SA/NP ratio in a given catalyst is also challenging.

1.4.2.2 Control of the Local Environment of Single Atoms in Supported Metal

Single Atom Catalysts

Structural regulation of catalytic performances in supported metal SACs involved a
control of metal-support interactions (charge state and coordination environment)
[24, 170, 171]. These characteristics are playing together to induce steric and
electronic effects to determine the catalytic performances of supported metal SACs,
as for homogeneous metal catalysts. Of course, and like in homogeneous catalysis,
the charge state of the metal can have a pronounced effect on the catalytic activity.
The effect of overall charge (particularly of positive charge) on Rh and Ir metal
compound reactivity was discussed by Crabtree [172]. He clearly showed that in
some cases, overall charge is the major factor determining reactivity, independent
of the nature of the ligands. The control of the charge state of a given metal in
supported metal SACs can be achieved by changing the nature of the support, if of
course the interaction established between the SA and the support has not a pre-
dominantly covalent polar nature [173]. Note also that in photo- or electrocatalysis,
other characteristics of the support should also be taken in consideration, such as
the value of the band gap and its electronic conductivity. Thus, it has been shown
that Aug, are positively charged (Au(I)) on TiO, and CeO, but negatively charged
(Au(0)) on ZrO,, HfO,, and ThO, [174]. This support-dependent oxidation states
and charge distribution of Aug, can influence the reactivity toward CO. While CO
adsorbs strongly on Aug,/TiO,, a weaker adsorption occurs for Aug,/ZrO,. But
for a given support the control of the charge state of a given metal (and therefore
its reactivity) can also be achieved by changing the nature of the exposed support
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facet or adsorption site. For example, Aug, on perfect CeO,(111) are reported to
be inactive for CO oxidation due to the formation of negatively charged Au at the
oxygen vacancy [175], but Li and coworkers have shown that the CeO, support with
step sites stabilizes Aug, with a positively charge state of +I, which exhibits much
higher reactivity than the Auy, [73]. Similarly, on the (111) and (100) surfaces of
CeO,, a Ptg, exists at an oxidation state of +IV (upon replacement of Ce**), while
on the (110) CeO, surface, it exhibits an oxidation state of +II due to the formation
of surface peroxide 0,2~ species [176]. For CO oxidation, the order of reactivity
follows Ptg,/Ce0,(110) < Ptg, /Ce0,(111)/(100); but for methanol oxidation the
reactivity order is Ptg,/Ce0,(100) > Ptg,/Ce0,(110) > Ptg, /Ce0,(111). Compared
with Ptg,/Ce0,(110) and Ptg,/CeO,(111), the Pt-O-Ce active interface over
Ptg,/Ce0,(110) exhibits the highest intensity of distortion, which was correlated
to its high activity. This discussion highlights that the local binding environment
plays also a defining role in the catalytic performance, and that for some reactions
the charge state alone is insufficient to explain the catalytic activity. Indeed, many
different geometries can coexist with similar charge state, and perhaps only one
might be catalytically active.

As far as the control of the local environments around the SA is concerned, it is
obvious that the ability to tailor the atomic-scale structure of the active site is going
to be key going forward in the field of supported metal SACs [177]. Indeed, in the
absence of a well-defined coordination sphere around the metal SA, prediction and
tuning of catalytic activity with supported metal SAsC will be challenging if the
charge state of the metal is not the most important parameter, which is of course
system dependent.

Additionally, the applicability of the d-band center and charge states often used
to analyze the catalytic activity of transition metal surfaces/clusters can be unsure
for supported metal SAC. Indeed, the spatial structure and orientation of frontier
orbitals that are closest to the Fermi level of supported metal SACs play also a
key role. This has been nicely illustrated by DFT on a study on Aug, deposited on
various C;N supports [178]. In Aug,/C,;N, by modifying the C;N support, Aug,
can exist with different coordination modes and charge states, including Au*, Au~,
and Au(®. Dioxygen and dihydrogen adsorption was investigated on these different
species. Surprisingly, the Aug,* is more active for gas adsorption than Aug, @ or
Aug,~. In fact, the value of adsorption energy increases with the reduction of the
number of electrons on Au. This appears to contradict with common believes that
Aug, ™ are more active to dissociate these molecules, since they can inject electronic
density in the unoccupied antibonding molecular orbitals of the adsorbates (2r*
for O, or o* for H,), which is essential for the dissociation of these molecules. The
explanation of the difference of reactivity between the Aug, ~ and Aug, * species in
this specific case is the nature of the frontier orbital. For Aug,~ the d,, orbital is the
highest in energy (Figure 1.8a), and for Aug,* it is the d,, (Figure 1.8b). The level
of hybridization between the frontier orbitals of gold and the lowest unoccupied
molecular orbital (LUMO) of the adsorbate dictates the binding energy in these two
cases (see Figure 1.8 for the case of O,). For Aug, ™", the frontier orbital is close to
the Fermi level, Aug,—O, hybridization is strong and the 2rx* orbital of O, extends

19



20 | 1 Introduction to Supported Metal Single Atom Catalysis

PDOS (States/eV)

(b) Energy (eV)

Figure 1.8 Projected density of states (PDOS) of Au d orbitals, calculated Wannier
functions of frontier d orbitals of Aug,, and different adsorption configurations of O, on
Aug, with two different frontier orbitals: (a) Aug,*; and (b) Auc,~ species. Source: Fu et al.
[178]. Reproduced with permission of American Physical Society.

its tail to below the Fermi level and, hence, receives some electrons, even if Au is in
a positively charged state. The partial occupation of the antibonding state certainly
activates the dissociation of O,, which is not the case for the Aug, ~ species. Thus,
the ability of hybridizing with the 2z* orbital rather than the negative charge state of
gold plays a major role in activating O, dissociation on these supported metal SACs.

Finally, beyond the control of the first coordination sphere, the control of the sec-
ond sphere can also be important [24]. Indeed, atoms/functionalities in this second
sphere can participate to the control of the activity [179] or the selectivity [180] of
the supported metal SACs.

Various synthetic strategies have been developed for creating supported metal
SACs with distinct coordination features. These include among others surface defect
engineering, heteroatom doping, functional group grafting, spatial confinement,
alloying, galvanic replacement or ionic liquid coating [170, 181, 182]. One exciting
avenue is combining metal SA with sosme well-defined 2D materials such as g-C;N,,
or MoS,, with the aim to modulate the reactivity of metal atoms through unusual
bonding- and electronic-environments. But even on these supports, different adsorp-
tion sites are present and both the nature of the adsorption site and energy of adsorp-
tion are metal dependent [183, 184]. Thus, the sixfold cavity of g-C;N, is the energet-
ically most favorable site for the deposition of SAs of Ti, Mn, Pd, Ag, Au, and W (site
1 on Figure 1.9a); while for Cr, Fe, Co, Ni, Cu, Mo, Ru, Rh, and Pt, the most favorable
anchoring site is located at the corner of the sixfold cavity (site 2 on Figure 1.9a).

For MoS,, it was found that, except for the Pd, Ag, and Au SAs, which adsorb
preferentially on hollow (site 1 on Figure 1.9b), hollow, and topS sites (site 2 on
Figure 1.9b), respectively, there is an energetic preference for the threefold top Mo
adsorption sites (site 3 on Figure 1.9b). It is obvious that the research of “precise
control” of the microenvironments of supported metal SACs is challenging, still at
its infancy stage, but highly desired.
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Figure 1.9 Adsorption sites for
metal SAs on graphitic carbon
nitride (a) and MoS, sheets (b).
Source: Philippe Serp.
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Another option consists in using bottom-up approaches. Thus, it is known
that transition metal-metallofullerene can be produced easily by reacting the Cg,
fullerene with metallic precursors providing C,,Mg, polymers with high metal
loading [185-187]. These materials, which contain only metal SAs connected by
Cqo With a well-defined coordination could constitute ideal candidates as model
carbon-supported metal SACs.

Unfortunately, precise determination of the active site geometry on a real metal
supported SAC is still extremely difficult; and it is thus probably fair to say that in
general the primary source of local structural information in SACs is DFT-based
calculations. Finally, we should mention that even if a precise location of metal SAsis
achieved after the preparation of the catalyst, metal SA stability and dynamic should
also be considered, as it will be discussed in Section 1.4.3.

1.4.3 Metal Single Atom Stability and Dynamic in Supported Metal
Single Atom Catalysts

1.4.3.1 Thermal and Chemical Stability

The stability of supported metal SACs always comes into question because SAs, if
bound only weakly to a support, are susceptible to aggregation either during cata-
lyst pre-activation and/or reaction processes. Developing an active and stable sup-
ported metal SA catalyst is challenging due to the high surface free energy of metal
atoms. For transition metals commonly used in catalysis, the energy difference (AE)
between the cohesive energy between metal atoms in the bulk phase and the ther-
modynamic driving force to form SA-support bonds is generally positive, i.e. thermo-
dynamically it is more favorable to form M—M bonds rather than M-support bonds.
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For oxide supports, the AE values for Ru, Rh, Pd, Pt, and Au all lay within the range of
100-200 kJ/mol (Figure 1.10a) [188], implying that additional means of stabilization
during or after the SA synthesis need to be considered for those metals. The intrin-
sic stability of SAs arises from the support-assisted lower chemical potential when
compared to NPs. When the free-energy change from NPs to SAs is negative, NPs can
be dispersed to SAs spontaneously, which leads to thermodynamic stability of SAs
(Figure 1.10b, black line). Since the binding strength depends on the p-d coupling
between the SA and the support, the stable metal supported SA requests strong p-d
coupling and deep states, while the unbound states near Fermi level may weaken the
stability. However, if the free-energy change is positive, the SAs will be stable only
if the aggregation barrier is high enough to prevent sintering, which corresponds to
the kinetic stability of SAs (Figure 1.10b, dotted line) [189].

Even though thermally stable supported metal SAs have been successfully pro-
duced using reducible supports prone to generate oxygen vacancies to stabilize SAs
[149, 190-194], chemical stability issues due to the presence of oxidative or reducing
reactants and high temperature under operating conditions should also be consid-
ered [195]. Generally, the more weakly the surface metal atom is attached to the
support, the more strongly it binds small adsorbates [196]. Consequently, both ther-
modynamic and kinetic criteria have to be considered to determine the stability of
supported metal SAs [189]. The thermodynamic part includes: (i) energetics of sup-
ported metal NPs, which is based on the Gibbs-Thomson relation with considering
the adsorbed reactants; and (ii) the chemical potential of monomers (both the metal
SA and SA-reactant complexes) on the support.

The kinetic part includes: (i) the diffusion barrier of monomers on perfect surfaces
and defects; and (ii) the barrier of moving one metal atom from a supported metal
NP to a substrate surface with corresponding sintering rate equations [73, 75].

CO stabilize a Ptg, more than a Pty, because of the stronger adsorption of CO
to a Ptg, and also because only a fraction of the Pt atoms in an NP is covered
by CO, as shown in Figure 1.10c. We already discussed in Section 1.2, the case
of Rhy, that spontaneously disintegrated into Rhg, under CO at room temper-
ature. But at higher temperature, the Rh complexes decomposed, and the Rhg,
released started to agglomerate and form metal NPs. Similarly, reactant-assisted
ripening/disintegration had also been reported when supported metal NPs were
exposed to dioxygen [197-201]. The reason was attributed to the formation of
volatile oxygen-metal complexes [202]. Interestingly, Corma and coworkers have
shown that by controlling the activation treatment (in that case under H, or O,), it
was possible to prepare catalysts in which the nature of the Pt species (Ptg, formed
under O, or Pty, formed under H,) can be tuned reversibly [203]. Note that H,
activation is not always associated to SA instability. Thus, the addition of H, is
beneficial for the stabilization of Irg,/C catalysts by suppressing the formation of
volatile Ir complexes during methanol carbonylation to acetic acid [204]. Of course,
metal supported SA formation by the disintegration of metallic NPs will be strongly
dependent on NP density and the concentration of support defect sites [71, 205]. The
energetics of supported NP/SA during Ostwald ripening and reactant assisted (here
carbon monoxide-assisted) Ostwald ripening are presented in Figure 1.11a,b [75].
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Figure 1.10 (a) Difference (AE) between the cohesive energy between metal atoms in the
bulk phase and the thermodynamic driving force to form metal-oxygen bonds in kl/mol.
The lowest value indicates the highest stability of M—0 bonds and thus the lowest
tendency to form a metal NP. Technetium is not considered here. S